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Abstract

During aerobic metabolism, a small amount of partially reduced oxygen is produced, yielding reactive oxygen species (ROS)
Peroxisomes and mitochondria are major contributors to cellular ROS production, which is normally balanced by consumption b
antioxidants. The fatty acid analogue tetradecylthioacetic acid (TTA) promotes mitochondrial and peroxisomal proliferation, and may induc
oxidative stress and change the growth potential of cancer cells. In the present study, we found that TTA ridjticgaidine
incorporation in the glioma cell lines BT4Cn (rat), D54Mg (human), and GaMg (human) in a dose- and time-dependent manner. The 50¢
inhibitory TTA doses were approximately 128V for BT4Cn and D54Mg cells and 4QM for GaMg cells after 4 daysx-Tochopherol
counteracted this inhibition in GaMg cells. TTA enhanced the oxidation df€]palmitic acid, which could be explained by stimulation
of enzymes involved in peroxisomal (fatty acyl-CoA oxidase) and/or mitochondrial (carnitine palmitoyltransferase) fatty acid oxidation. The
glutathione content and the activities of glutathione peroxidase, glutathione reductase, and glugthamséerase were differentially
affected. Increased malondialdehyde (MDA) production was seen in TTA-treated GaMg and D54Mg cells, but not in BT4{@rvitedls,

In BT4Cn tumor tissue from TTA-treated rats, MDA was increased whilenth@copherol content tended to decrease. TTA increased the
level of cytosolic cytochrome in BT4Cn cells, which suggests induction of apoptotic cascades. Although several mechanisms are likely
to be involved in the TTA-mediated effects on growth, we propose that modulation of cellular redox conditions caused by changes in fatt
acid metabolism may be of vital importance. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction the production of peroxides or other ROS that affect specific
cellular pathways or irreversibly injure the cell.

For several years, we have investigated the metabolic
effects of a novel sulfur-substituted fatty acid analogue,
tetradecylthioacetic acid (CHCH,),5+S-CH,-COOH), that
has major impacts on cellular metabolism [13,14]. This
analogue has many chemical and physical properties in
common with normal saturated fatty acids, but it cannot
undergop-oxidation [15]. It is established that TTA is a
ligand for nuclear receptors in the PPAR family [16,17].
The PPARs are reported to contribute to the regulation of
differentiation, proliferation, and apoptosis [18]. In rat liver,
TTA leads to increased amounts of mitochondria and per-
* Corresponding author. Tel:+47 55 97 30 97; fax:-47 55 97 31 15. oxisomes [19,20], and the oxidation of fatty acids are en-
E-mail addresskarl.tronstad@ikb.uib.no (K.J. Tronstad). hanced [21-23].

Abbreviations: CPT, carnitine palmitoyltransferase; EFA, essential | ts TTA h b f dtoi the h fi
fatty acid; FAO, fatty acyl-CoA oxidase; MDA, malondialdehyde; PPAR, .n. rats, a; €en found to I.ncrease € hepatic
peroxisome proliferator-activated receptor; PUFA, polyunsaturated fatty activity of the peroxisomal bD,-producing fatty acyl-CoA

acid; ROS, reactive oxygen species; and TTA, tetradecylthioacetic acid. oxidase (FAO), and this was followed by increased lipid

Several compounds modulating cellular lipid metabolism
also affect the growth of cancer cells. Such compounds
include fatty acids such as EFAs [1-8] as well as more
complex compounds such as fibrates and aromatic fatty
acids [9,10]. The cytotoxic potential of the EFAs depends
on the number and localization of double bonds and the
chain length [11,12]. A commonly suggested mechanism
behind the EFA-mediated antitumoral influence is genera-
tion of oxidative stress and production of lipid peroxides.
Reduced growth, or loss in cell viability, may result from
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peroxidation [24]. The hepatic content of glutathione in 2.3. Cell growth

TTA-treated rats increased, while the activities of glutathi-

one peroxidase, glutathioretransferase, and glutathione Cell growth was assayed by measuring the incorporation
reductase decreased [24,25]. Our work was previously of [°H]thymidine. One thousand cells per well were seeded
largely focused on physiologically normal cells such as in flat-bottomed 96-well plates (Costar). At the end of the
hepatocytes, but it was recently found that TTA has anti- growth period, fH]thymidine, 1.0uCi per well, was added.
proliferative properties in human breast cancer cells Following 4 hr of incubation, the cells were harvested, and
(MCF-7) [4,26]. In the present work, we expanded our the nuclear radioactivity was measured by liquid scintilla-
research on cancer cells and studied the effects of TTA intion counting. Cell number was determined in trypsinized

three glioma cell lines.

It is well documented that mitochondria are major pro-
ducers of ROS [27], and this may affect their pivotal role in
the regulation of apoptosis [28,29]. The mitochondrial pro-
duction of ROS is closely related to energy metabolism,
associated as it is with respiratory activity. It is likely that
TTA affects ROS generation by modulating the mitochon-
drial and/or peroxisomal oxidative function. TTA itself is
reported to possess antioxidant properitiegitro due to the
sulfur atom [30]. In this study, we investigated the effects of
TTA on cell growth, fatty acid metabolism, and the redox
situation in cancer cells.

2. Materials and Methods
2.1. Chemicals

L-[methyt*“C] Carnitine hydrochloride and®fl]thymi-
dine (TRA 310) were purchased from Amersham Interna-
tional. [1-“C]Palmitic acid (50 mCi/mmol) was obtained
from New England Nuclear. TTA was prepared at the De-
partment of Chemistry, University of Bergen, as previously
described [31]. All other chemicals and solvents were of
reagent grade from common commercial sources.

2.2. Cells

The rat glioma cell line BT4Cn [32] and the human
glioma cell lines D54Mg and GaMg [33] were routinely
kept in a standard culture incubator (37°, 5% £0d 95%
air). The cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% newborn calf
serum (NBCS),.-glutamine (0.58 mg/mL), streptomycin
(200 pg/mL), penicillin (100 1U/mL), and three times the

cell suspensions using a Coulter Z1 Counter (Coulter Elec-
tronics).

2.4. Acid-soluble products and GO

The glioma cells were grown in 25-cnflasks. After 6
days with treatment, the medium was removed, followed by
addition of 5 mL medium containing [¥*C]palmitic acid
(200 uM, 0.25 pCi/mL) complexed to BSA (molar ratio
2.5:1). Each flask was sealed with a rubber stopper contain-
ing a filter paper in a holder. Following incubation, the
monolayers were placed on ice, 0.75 mLacdlM HC1Q,
was added to the medium, and the filter paper was moist-
ened by 0.3 mL DL{)-a-methylbenzylamine £)-1-phe-
nyl-ethylamin and methanol mixed 1:1. The cultures were
left for 1 hr at room temperature fot4C]CO, trapping. The
filter papers (containing trappet’]CO,) were then trans
ferred to vials for scintillation measurements. Acid-soluble
products were extracted by addition of 5 mL of cold 1 M
HC10, into the flask. Following centrifugation (10 min,
1800 X g@), radioactivity was measured in 1 mL of the
supernatant.

2.5. Enzyme activities

The cell cultures were washed with PBS before they
were harvested by scraping. After centrifugation (5 min,
200 X @), the cells were suspended in PBS before they
again were centrifuged. For CPT | measurements, the pellet
was suspended in H-buffer (0.25 M sucrose, 2 mM HEPES,
0.2 mM EGTA, pH 7.40) followed by homogenization by
repeatedly forcing the cell suspensions through a ball-bear-
ing homogenizer [34] or by using a Dounce hand homoge-

prescribed concentration of non-essential amino acids (all nizer. For measurements of enzyme activities not depending

from Sigma Chemical Co.). For experimental purposes,

cells were seeded at a density of 4000 cells pef anud
10,000 cells/mL in tissue culture flasks. The cells were

on intact mitochondrial membrane integrity, the cells were
suspended in distilled J© after harvesting, and then stored
at —80°. After thawing, nuclei and cell debris were removed

allowed to settle overnight before the fatty acid treatments by centrifugation for 15 min at 75 g in a table-top

were started.

TTA (25 mM) was prepared in 0.1 M NaOH at 80°. The
25-mM TTA stock solution was diluted in NBCS (40°) to a
concentration of 2 mM. This TTA-supplemented NBCS

centrifuge. CPT | and CPT Il activities were determined in

total homogenates essentially as described by Bremer [35]
and modified as described in [36]. FAO activity was assayed
in total homogenates as described in [37]. Glutathione per-

was used in the preparation of growth medium. The control oxidase activity was measured as described by Fhoick
medium was prepared in the same way, i.e. by replacing 25Gunzler [38], witht-butyl hydroperoxide as substrate. Glu-

mM TTA with 0.1 M NaOH. «-Tochopherol was dissolved
in NBCS to a stock solution of 0.8 mM.

tathione Stransferase activity was measured according to
the method of Habigt al [39], while the activity of glu-
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tathione reductase was measured as described byEklo
al. [40].

2.6. Glutathione
Cells suspended in distilled J@ were extracted with

equal volumes of cold 5% sulfosalicylic acid with M
dithioerythritol before they were maintained-aB0°. Sam-

ple preparation and HPLC analysis were performed accord-

ing to the method described by Svaradlal. [41].

2.7. In vivo experiments

641

(GaMg and D54Mg) and in the rat glioma line (BT4Cn)
(Fig. 1). GaMg cells appeared to be most sensitive, showing
50% inhibition in PH]thymidine incorporation at 4uM
TTA after 4 days of treatment (Fig. 1A), while a 50%
reduction in fH]thymidine incorporation was found at ap
proximately 125uM TTA in both D54Mg and BT4Cn (Fig.

1, B and C, respectively). The TTA concentration giving a
50% reduction in H]thymidine incorporation decreased
after 6 days to 3QuM and to near 10QuM in GaMg and
D54Mg, respectively (Fig. 1, A and B). A dose-dependent
reduction in cell number was found in BT4Cn cultures that
were treated with TTA (Fig. 1D), showing that reduced
proliferation is associated with decreased incorporation of

Animal experiments were conducted in accordance with [*H]thymidine (Fig. 1C).

institutional guidelines. BT4Cn cells were intracranially im-
planted into male BD-IX rats (Gades Institute, Haukeland

Addition of a-tocopherol to the growth medium coun-
teracted the effect of TTA orfH]thymidine incorporation

Hospital, Norway) using a stereotactical technique [42]. The in GaMg cells (Fig. 2). IncreasedH]thymidine incorpora

rats were treated daily with palmitic acid or TTA (300
mg/kg body weight per day) using oro-gastric administra-
tion. Near the time of death, the rats were killed and the
tumors collected and frozen in liquid nitrogen.

2.8. Lipid peroxidation

MDA in tumor tissue was determined according to the
method described in [43].

2.9. a-Tocopherol

The a-tocopherol content was measured by HPLC as
described in [43].

2.10. Cytochrome c in cytosol

Cells were homogenized as described in “Enzyme activ-

ities” and the suspension was centrifuged at 1839for 15

tion was also found irx-tocopherol-supplemented D54Mg
cultures, but in contrast to what was seen in GaMg cells, the
stimulation was evident both in control and TTA-treated
cultures.a-Tocopherol had a concentration-dependent in-
fluence on BT4Cn cellsx-Tocopherol (40uM) stimulated
whereas 8QuM a-tocopherol decreasedH]thymidine in
corporation. Supplementation of BT4Cn cultures witto-
copherol did not improve>H]thymidine incorporation in
TTA-treated cells (Fig. 2).

3.2. Fatty acid oxidation

TTA is a potent mitochondrial and peroxisomal prolif-
erator in tissues exhibiting PPARregulated catabolism of
fatty acids [16]. In our experiments, TTA increased the total
oxidation of [13‘C]palmitic acid in both human glioma
lines (Fig. 3C). In D54Mg cells, total [}2C]palmitic acid
oxidation increased dose-dependently, exceeding 3-fold
stimulation in 150uM TTA (Fig. 3C). In contrast, total

min. The supernatant (total homogenate) was centrifuged at[1-*C]palmitic acid oxidation in GaMg cells was not sig

111,000 g for 90 min for preparation of cytosolic (su-
pernatant) fraction. Cytochronewas determined using a
rat/mouse cytochrome immunoassay (MCTCO) provided
by R&D Systems.

2.11. Statistical analysis

The data are presented as meanSD. The results were
evaluated by a two-sample variance Studetwsst (two-
tailed distribution). The level of significance was sePat
0.05.

3. Results

3.1. Cell growth

nificantly increased until the TTA concentration reached
150 uM (Fig. 3C). A moderate dose-dependent stimulation
of total [1-**C]palmitic acid oxidation, with a maximum at
150 uM, was found in the rat BT4Cn line (Fig. 3C). Gen-
erally, since the production of acid-soluble products is the
major contributor to the calculated total ff€]palmitic
acid oxidation, the effects on the production of acid-soluble
products closely resemble those seen on total
[1-*“C]palmitic acid oxidation (Fig. 3, A and C). Acid-
soluble products are produced both in mitochondria and in
peroxisomes, but complete oxidation to £@hly occurs in
mitochondria. Although the production of acid-soluble
products was higher in untreated GaMg cells than in
D54Mg cells, CQ production was higher in the latter (Fig.
3, A and B). Both cell lines responded to TTA by increasing
their CO, production (Fig. 3B). This effect was most sig
nificant in D54Mg cells, in which C@production increased

The presented results demonstrate that TTA reducedto a plateau at nearly 3-fold in 50M TTA, without show-

[*H]thymidine incorporation in the two human glioma lines

ing a further increase at higher concentrations (Fig. 3B).
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Fig. 1. Effects of TTA on fH]thymidine incorporation in three glioma cell lines: GaMg (A), D54Mg (B), and BT4Cn (&J]Thymidine incorporation was
measured after 2 (4—), 4 (—l—), and 6 (—A—) days of TTA treatment (A—C). BT4Cn cell number (D) was measured after 6 days. Each point, with

error bars, represents the meanSD of triplicates.
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Fig. 2. Effect ofa-tocopherol on TTA-mediated reduction itH]thymidine incorporation in glioma cells. GaMg, D54Mg, and BT4Cn cells were grown for
4 days without (open bars) or with (striped bars) 40, 125, and IM5T TA, respectively, supplemented witirtocopherol. The TTA doses were based on
the concentrations known to give 50% reduction YH]fhymidine incorporation. Each bar represents the measD (N = 4). *Significantly different

compared to uM «a-tocopherolP < 0.05.
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Fig. 3. Oxidation of [1}“C]palmitic acid in glioma cell cultures. D54Mg, GaMg, and BT4Cn cells were grown for 6 days in growth medium supplemented
with different concentrations of TTA (0, 50, 100, 150, and 200). The cultures were then incubated for 4 hr with 1001 [1-“C]-labeled palmitic acid.

Each bar represents the meanSD of triplicates. [1*C]-Labeled acid-soluble products (A) and €@B) were assayed in the same cultures. Total
[1-**C]palmitic acid oxidation (C) was calculated as the sum of acid-soluble products apd8ignificantly different from controP < 0.05.

Increased CQ production was evident in GaMg cells from TTA-treated cell cultures, it was not possible to mea-
treated with 150 and 20pM TTA. CO, production also sure enzyme activities in GaMg and D54Mg cells at TTA
increased in the rat BT4Cn line although, at concentrations doses higher than 50 and 150/, respectively.
exceeding 10QuM, this effect was clearly reversed (Fig. CPT I activity was not affected by TTA in the absence of
3B). Generally, the stimulating effect of TTA on the oxi- malonyl-CoA, but in the presence of 20M malonyl-CoA
dation of [1*“C]palmitic acid was more evident in the this activity increased 3.7-fold in homogenates of TTA-
human cell lines than in the rat cell line. treated (100uM) D54Mg cells compared to control cells
3.3. Enzyme activities (Table 1). Although TTA s_timulated CPT I a_ctivit_y in the
absence of malonyl-CoA in BT4Cn cells, this stimulation
To further localize the TTA-mediated effects on fatty was more evident in the presence of malonyl-CoA (Table
acid oxidation, we measured the activities of key enzymes 1). Thus, in both D54Mg and BT4Cn cells, TTA treatment
in both mitochondrial (CPT | and CPT II) and peroxisomal decreased the malonyl-CoA sensitivity of CPT I. This is in
(FAO) p-oxidation. Due to the reduction in protein amounts contrast to what we previously observed in rat liver [44].
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Table 1 In D54Mg cells, TTA increased CPT Il activity dose-
Effect of TTA on the activity of CPT | in two glioma cell lines dependently up to 15QM (Fig. 4B). No change in CPT I
—Malonyl-CoA +Malonyl-CoA activity was present in GaMg cells grown in M TTA
D54Mg control 116+ 0.06 0,09+ 0.01 (Fig. 4A). CPT Il activity in BT4Cn cells was increased by
TTA 1.28+ 0.13 0.33+ 0.06* the TTA treatment (2.5-fold at 100M TTA), although the
BT4Cn control 0.21* 0.03 0.04+ 0.01 induction was reversed in doses exceeding b0 TTA
TTA 0.38+ 0.08* 0.16+ 0.03* (Fig. 4C).

Cells were grown for 6 days in growth medium supplemented with 100 Peroxisomal FAO activity in GaMg and D54Mg cells
uM TTA. After homogenization, a postnuclear fraction was prepared for \yas not significantly affected by TTA treatment (Fig. 4, A

enzyme activity measurements. The CPT | activity was measured with and o4 g) | contrast, FAO activity in BT4Cn cells increased
without addition of 20uM malonyl-CoA. The specific enzyme activities

(recorded as nmol/min/mg protein) are presented as meaS® (n = in a dose-dependent manner up to 4-fold induction in 100
3-6). uM TTA, without giving an additional increase at higher
* Significantly different from controP < 0.05. TTA concentrations (Fig. 4C).
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Fig. 4. Effects of TTA on the activities of FAO and CPT Il. GaMg (A), D54Mg (B), and BT4Cn (C) cells were grown for 6 days in growth medium
supplemented with different concentrations of TTA (A: 0 andu®®; B: 0, 50, 100, and 15@M; C: 0, 50, 100, 150, and 200M). The cultures were then
harvested and suspended ingHbefore they were maintained at80° until the enzyme activities were assayed. Each bar represents thetm@Banof
triplicates. *Significantly different from contrd? < 0.05.
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Fig. 5. Changes in cellular content of glutathione. Cells were grown for 6 days in the absence (C) or presenqeMfTI0Q Following harvesting, the
cells were extracted with an equal volume of cold 5% sulfosalicylic acid containingVb@ithioerythritol, and then frozen. Determination of glutathione
was performed as described in “Materials and Methods”. The bars give mean val8Bsof triplicates. *Significantly different from contrét < 0.05.

3.4. Glutathione and associated enzymes tivities of glutathione peroxidase, glutathione reductase, and
glutathioneS-transferase were increased by TTA (Table 2).
The cellular glutathione content decreased in TTA-
treated GaMg cells while remaining unaffected in D54Mg 3.5. Oxidative damage in glioma cells in vitro and in vivo
cells (Fig. 5). In the rat glioma line BT4Cn, the cellular
glutathione content was positively affected by TTA (Fig. 5).
Glutathione peroxidase activity was not affected by TTA in
the two human cell lines, but was 4.8-fold higher in un-
treated D54Mg cells compared to untreated GaMg cells
(Table 2). Glutathione reductase activity was not affected in
D54Mg cells, but decreased in GaMg cells after TTA treat-
ment (Table 2). TTA did not affect the activity of glutathi-
oneS-transferase in D54Mg cells (Table 2). The rat glioma Berge K, Tronstad KJ, Flindt EN, Rasmussen TH, Bjerkvig R, Madsen
line BT4Cn differed from the two human lines as the ac- L, Kristiansen K, Berge RK, manuscript in preparation.

Fig. 6 shows that TTA, at a dose giving an approximate
50% reduction in JH]thymidine incorporation (Fig. 1), in
duced a slightly increased production of MDA in GaMg and
D54Mg cells, but not in BT4Cn cells, after 2 days.

Administration of TTA increased the survival time of
rats with intracranially implanted BT4Cn glioméasn con

Table 2
Effects of TTA activities of glutathione-associated enzymes in three glioma cell lines

GaMg D54Mg BT4Cn

Control TTA control TTA control TTA
GPx 49+ 25 7.6%6.2 23.4+ 59 25.1+ 3.3 419+ 75 62.1+ 5.0*
GR 40.2x 4.0 19.7+ 3.3* 55.9+ 9.0 62.0+ 0.7 16.7+ 2.2 31.4+ 0.1*
GST ND ND 10.5*+ 4.0 8.9+ 0.1 18.9+ 8.8 40.2+ 2.4*

Cells were grown for 6 days in growth medium supplemented withilddOr TA. The cells were homogenized by suspending in@Hbllowed by freezing
at —80°. The specific enzyme activities are given as nmol/min/mg protein (me8D of triplicates).
ND = not determined, GPx glutathione peroxidase, GR glutathione reductase, GS¥ glutathioneS-transferase.

* Significantly different from controP < 0.05.
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Fig. 6. Effect of TTA on production of MDA in glioma cells. GaMg, D54Mg, and BT4Cn cells were grown for 2 days without (control, open bars) or with
(striped bars) 25, 150, and 1%M TTA, respectively. Each bar represents the measD (N = 3). *Significantly different from controP < 0.05.

trol rats, thea-tocopherol content in glioma tissue was the glioma tissue compared to normal brain tissue, and a mod-
same as in normal brain tissue, but there was a tendencyerate increase was seen in the TTA-treated rats compared to
toward a decrease in glioma tissue from TTA-treated rats the control rats given palmitic acid. The discrepancy be-
(Fig. 7A), although this was not statistically significant. Fig. tween then vivo andin vitro measurements may be due to
7B shows that MDA production was relatively high in the the duration of the treatment, since the cell cultures were
treated for 2 days and the rats with intracranial tumor were
treated for approximately two weeks.
(A) O PA 6. C h [ I
oc-tocopherol 3.6. Cytochrome c in cytoso

60 1 TTA Cytochromec was measured in the cytosolic fraction of
T BT4Cn cells after 0, 3, 6, 12, and 18 hr of TTA treatment
(Fig. 8). Up to 12 hr, the amount of cytosolic cytochrome
was approximately 2% of the amount present in the total
homogenate. After 12 hr, the cytosolic cytochromeon-
centration exceeded 10% of the amount present in the total
homogenate.
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Brain Tumor 4. Discussion

w

) This study demonstrates that TTA reduces the growth of
MDA glioma cells, as can be seen from the reduéegthymidine
incorporation and the reduction in cell number (Fig. 1).

However, the cell lines differed in their degree of sensitiv-
ity. GaMg cells clearly appeared most sensitive, while
D54Mg and BT4Cn cells tolerated higher doses (Fig. 1).
Different mechanisms seemed to be involved in the TTA-
mediated growth reduction in the different cell lines.

All three glioma cell lines were able to oxidize palmitic
acid as a source of energy (Fig. 3). A TTA-mediated in-
crease in palmitic acid oxidation was evident in all three cell

0 ! ! lines, although in GaMg cells this effect was not seen with
: TTA concentrations lower than 150M (Fig. 3). The dose-
Brain Tumor dependent increase in palmitic acid oxidation in the D54Mg
Fig. 7. Effects of TTA ona-tocopherol (A) and lipid peroxidation (B) in  ¢e|js can be explained by increased mitochondrial oxida-
normal brain and intracranially |mp|_antec_i BT4Cn_gI|0ma tissue. The ex- tion, since the activity of CPT Il increased (Fig. 4B) and the
periments were performed as described in “Materials and Methods”. Con- ! i
trol rats were given palmitic acid (PA). The bars represent the measB malonyl-CoA sensitivity of CPT | decreased (Table 1). The
(N = 3-6). *Significantly different from controP < 0.05. mitochondrial capacity to oxidize palmitic acid to G@as
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Fig. 8. Effect of TTA on amount of cytochromein cytosol. BT4Cn cells were treated with 2@M1 TTA. Cytochromec was determined in homogenates
and cytosolic fractions after different time intervals. The amount of cytosolic cytochcdmdisplayed as a percent of the amount of cytochrarpeesent
in the total homogenate. Each point represents the mean of duplicates.

maximized at low doses of TTA (Fig. 3B), although the the mechanisms behind the effect of TTA GHRiJthymidine
oxidation of palmitic acid to acid-soluble products was incorporationa-Tocopherol did not enhancéq]thymidine
further stimulated at higher concentrations (Fig. 3A). The incorporation in TTA-treated BT4Cn cells.
dose—response of G(roduction in BT4Cn (Fig. 3B) re Glutathione peroxidase activity, which is reported to
sembled the dose—response of mitochondrial CPT Il activity protect against PUFA-induced cell death [3], appeared to be
(Fig. 4C). This is in accordance with the fact that mitochon- very low in the GaMg cells (Table 2). It was previously
dria are the main cellular producers of g@nd indicates  suggested that low glutathione peroxidase activity contrib-
that increased mitochondrial oxidation can account for the utes to the sensitivity of cancer cells to PUFAs [45], and
TTA-mediated changes in CQroduction in BT4Cn cells.  from our data this suggestion may also be valid for TTA.
However, it seems likely that the small increase in the TTA seemed to weaken the glutathione machinery in GaMg
production of acid-soluble products (Fig. 3A) can be attrib- cells, whereas the glutathione content was unchanged in
uted to increased peroxisom@loxidation, since the FAO  D54Mg cells (Fig. 5 and Table 2). Interestingly, both human
activity responded rather vigorously compared to the CPT Il cell lines responded to TTA by increasing MDA production
activity (Fig. 4C). Although the activities of FAO and CPT (Fig. 6). In contrast, the glutathione system in the BT4Cn
Il could not be obtained in GaMg cells at TTA doses line seemed to be stimulated upon TTA treatment (Fig. 5
exceeding 5QuM, the increased COproduction indicates  and Table 2). However, the activity of the,BL-producing
that elevated mitochondrial oxidation contributes to the ob- enzyme FAO was significantly increased in TTA-treated
served stimulation of palmitic acid oxidation in this cell ine BT4Cn cells (Fig. 4C). Although TTA did not increase
as well (Fig. 3). These results indicate that the TTA-medi- MDA production in BT4Cn cells in culture, the tendency
ated increase in fatty acid oxidation in the human glioma toward a decrease ia-tocopherol may account for the
line D54Mg can be explained by increased mitochondrial increase in MDA observed in BT4Cn tumor tissue from
oxidation, while peroxisomal activity is more important in TTA-treated rats (Fig. 7).
the rat glioma line BT4Cn. This is in line with the obser- Cytosolic long-chain acyl-CoA esters inhibit mitochon-
vation that peroxisomal activation is more evident in rodent drial adenine nucleotide translocators, resulting in an intra-
cells than in human cells after treatment with peroxisome mitochondrial ADP deficiency [46]ln vitro, such a defi-
proliferators such as TTA. ciency is a potent stimulator of mitochondrial ROS
Increased oxidative stress leading to lipid peroxidation is production [47]. It has been suggested that this situation
thought to be the mechanism behind growth reduction me- results in accumulation of electrons along the electron trans-
diated by several PUFAs (reviewed in [11]). In our studies, fer chain in the inner mitochondrial membrane, which sub-
a-tocopherol was supplemented to the growth medium to sequently leads to increased superoxide production [48]. It
investigate whether improved antioxidant status could coun- has also been proposed that the level of long-chain fatty
teract TTA-mediated growth reduction-Tocopherol spe-  acyl-CoA may play a role in palmitic acid-induced apopto-
cifically counteracted the inhibiting effects of TTA on sis, and that CPT I, which is situated in the mitochondrial
[*H]thymidine incorporation in GaMg cells (Fig. 2). In outer membrane, removes long-chain fatty acyl-CoA from
contrast, a-tocopherol seemed to improve the general the cytoplasm and thus protects against this type of apopto-
growth conditions for D54Mg cells without interacting with  sis [49,50]. Paumeat al. [49] used etomoxir to inhibit CPT
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I, which enhanced palmitic acid-induced cell death. The to Professor Rolf Bjerkvig for his assistance and for pro-
antiapoptotic Bcl-2 protein was found to directly interact viding the cell lines. This work was supported by the Re-
with CPT I in a yeast two-hybrid system [50]. As we have search Council of Norway and Kaptein L.A. Hermansen og
shown in this work, TTA stimulates fatty acid oxidation Hustru I. Hermansens legat.

(Figs. 3 and 4) and could thus change the concentration of
cellular acyl-CoAs. On the other hand, TTA itself is hardly
oxidized and may therefore accumulate in the cell as
TTA-CoA [51], which may cause intramitochondrial
ADP deficiency, increased ROS production, and apopto-

References

[1] Begin ME, Das UN, Ells G, Horrobin DF. Selective killing of human
cancer cells by polyunsaturated fatty acids. Prostaglandins Leukot

sis. Furthermore, TTA caused a release of cytochreame Med 1985:19:177—86.
into cytosol in BT4Cn cells (Fig. 8), possibly affecting  [2] Begin ME, Ells G, Das UN, Horrobin DF. Differential killing of
the accumulation of electrons in the electron transfer human carcinoma cells supplemented with n-3 and n-6 polyunsatu-
chain and the mitochondrial production of ROS. Another rated fatty acids. J Natl Cancer Inst 1986,77:1053-62.

be the inducti f tosi . [3] Begin ME, Ells G, Horrobin DF. Polyunsaturated fatty acid-induced
Conseq_uence may be . € Induction 0 apoptosis, S_mce cytotoxicity against tumor cells and its relationship to lipid peroxi-
cytosolic cytochromec is known to bind to apoptosis dation. J Natl Cancer Inst 1988:80:188—94.

protease activation factor-1 and activate an apoptotic [4] Abdi-Dezfuli F, Froyland L, Thorsen T, Aakvaag A, Berge RK.
program [52-54]. These considerations are very interest- Eicosapentaenoic acid and sulphur substituted fatty acid analogues

ing since several cell lines, when treated with TTA, show inhibit the proliferation of human breast cancer cells in culture. Breast
characteristic apoptotic features such as blebbing and cancer Res Trealt 1997,45:229 ~39.
st P p : u u Ing [5] Maehle L, Eilertsen E, Mollerup S, Schonberg S, Krokan HE, Haugen
nuclear condensatioh. _ _ _ A. Effects of n-3 fatty acids during neoplastic progression and com-
We conclude that the TTA-mediated increase in fatty parison ofin vitro andin vivo sensitivity of two human tumour cell
acid oxidation is due to increased mitochondrial fatty acid lines. Br J Cancer 1995;71:691-6.
[6] Hostmark AT, Lystad E. Growth inhibition of human hepatoma cells

oxidation in the human line D54Mg, while both the mito- ; ; _
hondri d th . tribute to thi . (HepG2) by polyunsaturated fatty acids. Protection by albumin and

chondria an e peroxisomes _Con ribute to this _respo_n_se in vitamin E. Acta Physiol Scand 1992;144:83-8.

the rat BT4Cn line. The expe_rlments revealed insufficient 7] chow sc, Sisfontes L, Bjorkhem I, Jondal M. Suppression of growth

data for us to draw a conclusion as to GaMg, although the in a leukemic T cell line by n-3 and n-6 polyunsaturated fatty acids.

increased CQproduction indicates that mitochondria take Lipids 1989;24:700—4. o _

part in the oxidative stimulation. Increased oxidative stress [8] Pas UN, Prasad VV, Reddy DR. Local application of gamma-lino-

. e . . . lenic acid in the treatment of human gliomas. Cancer Lett 1995;94:
can be justified as a possible mechanism behind the reduced ;"¢ 9

growth in the most sensitive glioma cell line, GaMg. HOwW- (9] pineau T, Hudgins WR, Liu L, Chen LC, Sher T, Gonzalez FJ, Samid
ever, we cannot exclude that redox conditions may also play D. Activation of a human peroxisome proliferator-activated receptor

a role in D54Mg and BT4Cn. The increased amount of by the antitumor agent phenylacetate and its analogs. Biochem Phar-
cytochromec in the cytosol of TTA-treated BT4Cn cells macol 1996,52:659-67. : .

. . . . [10] samid D, Ram Z, Hudgins WR, Shack S, Liu L, Walbridge S,
may be of m_amr relevance to the antlprqllferatlve eff(_ect, Oldfield EH, Myers CE. Selective activity of phenylacetate against
since cytosolic cytochromeis known to activate apoptotic malignant gliomas: resemblance to fetal brain damage in phenylke-
cascades. This is in line with preliminary results on the tonuria. Cancer Res 1994;54:891-5.

induction of apoptosis in our laboratory. Our observations [11] Jiang WG, Bryce RP, Horrobin DF. Essential fatty acids: molecular

increase our suspicion that mitochondria are targets for TTA and cellular basis of their anti-cancer action and clinical implications.
action Crit Rev Oncol Hematol 1998;27:179-209.
: [

. . 12] Hawkins RA, Sangster K, Arends MJ. Apoptotic death of pancreatic

It must be decided whether some of the described TTA- cancer cells induced by polyunsaturated fatty acids varies with double

mediated effects actually contribute to the antiproliferative bond number and involves an oxidative mechanism. J Pathol 1998;
properties or if they only parallel the growth effects. Are the 185:61-70.

changes in fatty acid metabolism linked to the increased [13] Berge RK, Hvattum E. Impact of cytochrome P450 system on li-

. . . . . . poprotein metabolism. Effect of abnormal fatty acids (3-thia fatty
formation of ROS or is the increased lipid peroxidation acids). Pharmacol Ther 1994:61:345—83.

caused by other factors? These aspects are currently invesp4) skrede S, Sorensen HN, Larsen LN, Steineger HH, Hovik K, Spy-

tigation in our laboratory. devold OS, Horn R, Bremer J. Thia fatty acids, metabolism and
metabolic effects. Biochim Biophys Acta 1997;1344:115-31.

[15] Lau SM, Brantley RK, Thorpe C. The reductive half-reaction in

Acyl-CoA dehydrogenase from pig kidney: studies with thiaoctanoyl-

Acknowledgments CoA and oxaoctanoyl-CoA analogues. Biochemistry 1988;27:5089—
95.
The authors would like to acknowledge the technical [16] RaspeE, Madsen L, Lefebvre A-M, Leitersdorf I, Gelman L, Pei-
contribution of Kari Helland Mortensen, Bj;arn Netteland, nado-Onsurbe J, Dallongeville J, Fruchart J-C, Berge R, Staels B.

Modulation of rat liver apolipoprotein gene expression and serum
lipid levels by tetradecylthioacetic acid (TTA) via PPARalpha acti-
vation. J Lipid Res 1999;40:2099-110.
[17] Forman BM, Chen J, Evans RM. Hypolipidemic drugs, polyunsatu-
2Data not shown. rated fatty acids, and eicosanoids are ligands for peroxisome prolif-

Svein Kryger, and Liv Kristine @ysaed. We are also grateful



K.J. Tronstad et al. / Biochemical Pharmacology 61 (2001) 639—-649

erator-activated receptors alpha and delta. Proc Natl Acad Sci USA
1997;94:4312-7.

649

rat liver during mitochondria and peroxisome proliferation. J Lipid
Res 1998;39:583-93.

[18] Vanden Heuvel JP. Peroxisome proliferator-activated receptors: a [37] Small GM, Burdett K, Connock MJ. A sensitive spectrophotometric

(19]

(20]

[21]

[22]

(23]

[24]

(25]

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

(35]

(36]

critical link among fatty acids, gene expression and carcinogenesis. J
Nutr 1999;129:575S—-80S.

Berge RK, Aarsland A, Kryvi H, Bremer J, Aarsaether N. Alkylthio
acetic acids (3-thia fatty acids)—a new group of non-beta-oxidizable

assay for peroxisomal acyl-CoA oxidase. Biochem J 1985;227:205—
10.

[38] Flohe L, Gunzler WA. Assays of glutathione peroxidase. Methods

Enzymol 1984;105:114-21.

peroxisome-inducing fatty acid analogues—II. Dose-response stud- [39] Habig WH, Pabst MJ, Jakoby WB. GlutathioSeransferases. The

ies on hepatic peroxisomal- and mitochondrial changes and long-
chain fatty acid metabolizing enzymes in rats. Biochem Pharmacol
1989;38:3969-79.

Froyland L, Helland K, Totland GK, Kryvi H, Berge RK. A hypo-
lipidemic peroxisome proliferating fatty acid induces polydispersity
of rat liver mitochondria. Biol Cell 1996;87:105-12.

Asiedu D, Aarsland A, Skorve J, Svardal AM, Berge RK. Fatty acid
metabolism in liver of rats treated with hypolipidemic sulphur-sub-
stituted fatty acid analogues. Biochim Biophys Acta 1990;1044:211—
21.

Skrede S, Narce M, Bergseth S, Bremer J. The effects of alkylthio-
acetic acids (3-thia fatty acids) on fatty acid metabolism in isolated
hepatocytes. Biochim Biophys Acta 1989;1005:296—-302.

Skrede S, Bremer J. Acylcarnitine formation and fatty acid oxidation
in hepatocytes from rats treated with tetradecylthioacetic acid (a
3-thia fatty acid). Biochim Biophys Acta 1993;1167:189-96.

Demoz A, Svardal A, Berge RK. Relationship between peroxisome-
proliferating sulfur-substituted fatty acid analogs, hepatic lipid per-
oxidation and hydrogen peroxide metabolism. Biochem Pharmacol
1993;45:257-9.

Demoz A, Asiedu DK, Lie O, Berge RK. Modulation of plasma and
hepatic oxidative status and changes in plasma lipid profile by n-3
(EPA and DHA), n-6 (corn oil) and a 3-thia fatty acid in rats. Biochim
Biophys Acta 1994;1199:238-44.

Abdi-Dezfuli F, Berge RK, Rasmussen M, Thorsen T, Aakvaag A.
Effects of saturated and polyunsaturated fatty acids and their 3-thia

fatty acid analogues on MCF-7 breast cancer cell growth. Ann NY  [46]

Acad Sci 1994;744:306-9.

Boveris A, Oshino N, Chance B. The cellular production of hydrogen
peroxide. Biochem J 1972;128:617-30.

Kroemer G, Zamzami N, Susin SA. Mitochondrial control of apopto-
sis. Immunol Today 1997;18:44-51.

Brenner C, Marzo |, Kroemer G. A revolution in apoptosis: from a
nucleocentric to a mitochondriocentric perspective. Exp Gerontol
1998;33:543-53.

Muna ZA, Doudin K, Songstad J, Ulvik RJ, Berge RK. Tetradecyl-
thioacetic acid inhibits the oxidative modification of low density
lipoprotein and 8-hydroxydeoxyguanosine formatianvitro. Arte-
rioscler Thromb Vasc Biol 1997;17:3255-62.

Spydevold O, Bremer J. Induction of peroxisomal beta-oxidation in
7800 C1 Morris hepatoma cells in steady state by fatty acids and fatty
acid analogues. Biochim Biophys Acta 1989;1003:72-9.

Laerum OD, Rajewsky MF, Schachner M, Stavrou D, Haglid KG,
Haugen A. Phenotypic properties of neoplastic cell lines developed
from fetal rat brain cells in culture after exposure to ethylnitrosourea
in vivo. Z Krebsforsch Klin Onkol Cancer Res Clin Oncol 1977;89:
273-95.

Akslen LA, Andersen KJ, Bjerkvig R. Characteristics of human and
rat glioma cells grown in a defined medium. Anticancer Res 1988;8:
797-803.

Balch WE, Rothman JE. Characterization of protein transport be- [52]

tween successive compartments of the Golgi apparatus: asymmetric
properties of donor and acceptor activities in a cell-free system. Arch
Biochem Biophys 1985;240:413-25.

Bremer J. The effect of fasting on the activity of liver carnitine
palmitoyltransferase and its inhibition by malonyl-CoA. Biochim
Biophys Acta 1981;665:628-31.

Madsen L, Froyland L, Dyroy E, Helland K, Berge RK. Docosa-
hexaenoic and eicosapentaenoic acids are differently metabolized in

first enzymatic step in mercapturic acid formation. J Biol Chem
1974,249:7130-9.

Eklow L, Moldeus P, Orrenius S. Oxidation of glutathione during
hydroperoxide metabolism. A study using isolated hepatocytes and
the glutathione reductase inhibitor 1,3-bis(2-chloroethyl)-1-nitro-
sourea. Eur J Biochem 1984;138:459—-63.

Svardal AM, Mansoor MA, Ueland PM. Determination of reduced,
oxidized, and protein-bound glutathione in human plasma with pre-
column derivatization with monobromobimane and liquid chroma-
tography. Anal Biochem 1990;184:338—46.

Marienhagen K, Pedersen PH, Terzis AJ, Laerum OD, Arnold H,
Bjerkvig R. Interactions between fetal rat brain cells and mature brain
tissuein vivoandin vitro. Neuropathol Appl Neurobiol 1994;20:130—
43.

Vaagenes H, Muna ZA, Madsen L, Berge RK. Low doses of eicosa-
pentaenoic acid, docosahexaenoic acid, and hypolipidemic eicosapen-
taenoic acid derivatives have no effect on lipid peroxidation in
plasma. Lipids 1998;33:1131-7.

Madsen L, Berge RK. 3-Thia fatty acid treatment, in contrast to
eicosapentaenoic acid and starvation, induces gene expression of
carnitine palmitoyltransferase-Il in rat liver. Lipids 1999;34:447-56.
Schonberg SA, Rudra PK, Noding R, Skorpen F, Bjerve KS, Krokan
HE. Evidence that changes in Se-glutathione peroxidase levels affect
the sensitivity of human tumour cell lines to n-3 fatty acids. Carci-
nogenesis 1997;18:1897-904.

Soboll S, Seitz HJ, Sies H, Ziegler B, Scholz R. Effect of long-chain
fatty acyl-CoA on mitochondrial and cytosolic ATP/ADP ratios in the
intact liver cell. Biochem J 1984;220:371-6.

[47] Skulachev VP. Role of uncoupled and non-coupled oxidations in

maintenance of safely low levels of oxygen and its one-electron
reductants. Q Rev Biophys 1996;29:169-202.

] Bakker SJ, 1Jzerman RG, Teerlink T, Westerhoff HV, Gans RO,

Heine RJ. Cytosolic triglycerides and oxidative stress in central obe-
sity: the missing link between excessive atherosclerosis, endothelial
dysfunction, and beta-cell failure? Atherosclerosis 2000;148:17-21.
Paumen MB, Ishida Y, Muramatsu M, Yamamoto M, Honjo T.
Inhibition of carnitine palmitoyltransferase | augments sphingolipid
synthesis and palmitate-induced apoptosis. J Biol Chem 1997;272:
3324-9.

Paumen MB, Ishida Y, Han H, Muramatsu M, Eguchi Y, Tsujimoto
Y, Honjo T. Direct interaction of the mitochondrial membrane protein
carnitine palmitoyltransferase | with Bcl-2. Biochem Biophys Res
Commun 1997;231:523-5.

Skorve J, Rosendal J, Vaagenes H, Knudsen J, Lillehaug JR, Berge
RK. Fatty acyl-CoA oxidase activity is induced before long-chain
acyl-CoA hydrolase activity and acyl-CoA binding protein in liver of
rat treated with peroxisome proliferating 3-thia fatty acids. Xenobi-
otica 1995;25:1181-94.

Yang J, Liu X, Bhalla K, Kim CN, lbrado AM, Cai J, Peng Tl, Jones
DP, Wang X. Prevention of apoptosis by Bcl-2: release of cyto-
chromec from mitochondria blocked. Science 1997;275:1129-32.

[53] Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. The release

of cytochromec from mitochondria: a primary site for Bcl-2 regula-
tion of apoptosis. Science 1997;275:1132—-6.

[54] Liu X, Kim CN, Yang J, Jemmerson R, Wang X. Induction of

apoptotic program in cell-free extracts: requirement for dATP and
cytochromec. Cell 1996;86:147-57.



