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Inhibition of Fatty Acid Synthesis Induces Apoptosis
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Abstract. Cancer cells tend to have a high requirement for
lipids, including fatty acids, cholesterol and triglyceride,
because of their rapid proliferative rate compared to normal
cells. In this study, we investigated the effects of inhibition of
lipid synthesis on the proliferation and viability of human
pancreatic cancer cells. Of the inhibitors of lipid synthesis that
were tested, 5-(tetradecyloxy)-2-furoic acid (TOFA), which is
an inhibitor of acetyl-CoA carboxylase, and the fatty acid
synthase (FAS) inhibitors cerulenin and irgasan, significantly
suppressed the proliferation of MiaPaCa-2 and AsPC-1 cells.
Treatment of MiaPaCa-2 cells with these inhibitors
significantly increased the number of apoptotic cells. In
addition, TOFA increased caspase-3 activity and induced
cleavage of poly (ADP-ribose) polymerase in MiaPaCa-2 cells.
Moreover, addition of palmitate to MiaPaCa-2 cells treated
with TOFA rescued cells from apoptotic cell death. These
results suggest that TOFA induces apoptosis via depletion of
fatty acids and that, among the various aspects of lipid
metabolism, inhibition of fatty acid synthesis may be a notable
target for the treatment of human pancreatic cancer cells.

Pancreatic cancer is one of the most lethal of human cancers; it
is the fourth leading cause of cancer-related death in the United
States and the fifth leading cause in Japan. Although standard
chemotherapy regimens consisting of oxaliplatin, irinotecan,
fluorouracil, and leucovorin (FOLFIRINOX) or gemcitabine
and nab-paclitaxel are wildly used to treat patients with
advanced pancreatic cancer, their antitumor effects (progression
and survival rates) in pancreatic cancer are less well known than
their effects on other solid tumors (1, 2).
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Tumors are generally known to need more lipids as energy
sources compared to normal cells. Indeed, several lipogenic
enzymes in various tumors contribute to the production of a
large number of lipids for the survival and proliferation of
cancer cells (3). Acetyl-CoA carboxylase (ACC), which
catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, is
the rate-limiting enzyme for the synthesis of fatty acids (4).
Inhibition of ACC was reported to inhibit the growth and
apoptosis of prostate, ovarian, breast, lung and colon cancer
cells (5-8). Fatty acid synthase (FAS) is involved in the
elongation of fatty acids during their biosynthesis.
Overexpression of FAS has been detected in cancer cells and
was reported to predict a poor prognosis for human gastric,
breast and ovarian cancer (9-15). Murata et al. found that
Inhibition of FAS suppressed the proliferation of colon cancer
cells in mice, which was followed by the induction of apoptosis
(16). Moreover, several groups have suggested that agonists of
peroxisome proliferator-activated receptor (PPAR) o, PPARY
and hydroxymethylglutaryl-CoA (HMG-CoA) reductase exerted
an antitumor effect by reducing the levels of triacylglycerol and
cholesterol (17-21). However, which aspect of lipid metabolism
might be the best target for inhibition in order to provide the
most effective induction of pancreatic cancer cell death is
unclear. We, therefore, hypothesized that such an understanding
would be useful in the development of a therapeutic strategy.

In the current study, in order to test the above hypothesis,
we examined the effect of different lipid metabolism inhibitors
on the proliferation of pancreatic cancer cells. We also discuss
the possibility of using ACC inhibition as a new therapeutic
target for pancreatic cancer cells.

Materials and Methods

Cell cultures and reagents. The human pancreatic cancer cell lines,
MiaPaCa-2 and AsPC-1 were obtained from the American Type
Culture Collection (Manassas, VA, USA). The cells were cultured in
recommended Dulbecco’s Modified Eagle Medium (DMEM) or
RPMI1640 medium, supplemented with 10% heat-inactivated fetal
calf serum (GIBCO, Invitrogen, Carlsbad, CA, USA), penicillin
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100 U/ml and streptomycin 100 pg/ml (Sigma-Aldrich, St. Luis, MO,
USA) in 95% humidified air and 5% carbon dioxide at 37°C. 5-
(tetradecyloxy)-2-furoic acid (TOFA) (ACC inhibitor), irgasan (FAS
inhibitor), cerulenin (FAS inhibitor), simvastatin (HMG-CoA
reductase inhibitor), pravastatin (HMG-CoA reductase inhibitor),
bezafibrate (PPARa agonist), fenofibrate (PPARa agonist),
rosiglitazone (PPARY agonist) and palmitate were purchased from
Sigma-Aldrich. Troglitazone (PPARY agonist) was a gift from Dai-
ichi Sankyo Co., Ltd (Japan).

MTS assay. Cell viability was evaluated using MTS solution
(Promega Corp., Madison, WI, USA). Cancer cells were seeded at a
density of 3,000 cells/well in 96-well flat-bottom plates. After
incubation overnight, the cells were continuously exposed to different
concentrations (0-100 pM) of inhibitors for 24, 48 and 72 h.
Subsequently, after 2 h incubation with MTS reagent at 37°C, the
absorbance was measured at 490 nm in a microplate reader (Biorad,
Hercules, CA, USA). All experiments were repeated three times.

Annexin V and dead cell assay. Live and apoptotic cell numbers were
determined using MUSE Annexin V and Dead Cell kit (Merck
Millipore KGaA, Darmstadt, Germany) according to the
manufacturer’s instructions. Briefly, cells were seeded at a density of
2.0x105 cells/well in six-well plates. After 12 h, inhibitors were added
to each well and incubated for 24 h. The cells were then washed twice
with phosphate buffered saline, were trypsinized and were mixed well
with the Muse Annexin V and Dead Cell Assay kit reagents (Merck
Millipore). Assays were analyzed using a MUSE Cell Analyzer and
were conducted in triplicate.

Caspase-3 activity assay. Cellular caspase-3 activity was measured
using Caspase-3/CRP32 Fluorometric Assay Kit (Biovision, Mountain
View, CA, USA). Briefly, cells were seeded at a density of 2x105
cells/well in six-well plates. After incubation with TOFA for 24 h, the
cells were trypsinized, mixed with Cell Lysis Buffer and incubated
on ice for 10 min. The Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl
coumarin (DEVD-AFC) substrate was then added to the lysed cell
solution and incubated for 2 h. The fluorescent intensity (FI) of
samples was measured at 400 nm excitation and 505 nm emission and
data were analyzed as FI relative to that of controls. Assays were
conducted in triplicate.

Western blot analysis. Cells were seeded at a density of 5.0x10°
cells/well in six-well plates. After 12 h, TOFA was added to each well
and plate were further incubated for 24 h. The cells were washed
twice with PBS, and were then lysed with RIPA buffer (Thermo
Fisher Scientific, San Jose, CA, USA), including a
Protease/Phosphatase Inhibitor Cocktail (Cell Signaling Technology,
Beverly, MA, USA). Aliquots of protein (30-40 pg) were subjected
to polyacrylamide gel electrophoresis (12%), transferred to a
polyvinylidene difluoride membrane, and processed for incubation
with primary antibodies for 1 h, followed by secondary antibodies for
1 h. Membranes were reacted with a chemiluminescence reagent (GE
Healthcare, Piscataway, NJ, USA). Band density values were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Primary antibodies used were specific to poly (ADP-ribose)
polymerase (PARP) and GAPDH (Abcam, Austin, TX, USA). Anti-
PARP antibody and anti-GAPDH antibody were used at x1,000 and
x10,000 dilution respectively.

Palmitate rescue assay. This assay was performed according to the
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method of Chun et al. (8). Briefly, four volumes of 4% fatty acid-free
bovine serum albumin (BSA) in 0.9% NaCl were mixed with 1
volume of 5 mM palmitate (Sigma-Aldrich) in ethanol and incubated
at 37°C for 2 h to form a 1 mM palmitate—-BSA complex. This
complex was added to each well at a concentration of 1 pM with
TOFA. After incubation for 24 h, the cells were then washed twice
with PBS, were trypsinized and were mixed well with the Muse
Annexin V and Dead Cell Assay kit reagents (Merck Millipore).
Assays were analyzed using a MUSE Cell Analyzer and were
conducted in triplicate.

Statistical analysis. The overall differences between groups were
determined by one-way of analysis of variance (ANOVA).

Results

Inhibitor-induced suppression of cell proliferation. To
investigate which lipid metabolism pathways are important for
the proliferation of human pancreatic cancer cells, the effects
of inhibitors of ACC, FAS and HMG-CoA reductase, and of
PPARo and -y agonists, on the viability of MiaPaCa-2 and
AsPC-1 cells were examined (Figure 1A and B, respectively).
Among the inhibitors of fatty acid synthesis, TOFA suppression
of the growth of MiaPaCa-2 and AsPC-1 cells was stronger
than that of cerulenin and irgasan. Both troglitazone and
rosiglitazone suppressed cell growth at concentrations higher
than 10 uM, although the degree of suppression was higher for
troglitazone. Although simvastatin suppressed the growth of
MiaPaCa-2 and AsPC-1 cells, pravastatin had little effect. The
results shown in Figure 1 indicate that inhibitors of fatty acid
synthesis, TOFA, cerulenin and irgasan, suppressed the growth
of MiaPaCa-2 and AsPC-1 cells to a greater extent than
PPARo and PPARY agonists, and inhibitors of HMG-CoA
reductase.

Induction of apoptosis by TOFA. To further investigate the effect
of TOFA, we determined whether treatment with TOFA for 24
h induces apoptosis in MiaPaCa-2 cells. TOFA indeed induced
significant apoptosis (Figure 2A) and increased the number of
total and late apoptotic cells and reduced early apoptotic cells
in a concentration-dependent manner (Figure 2B).

Caspase-3 is known to be activated during apoptosis, when
it catalyzes the specific cleavage of many cellular factors. We
therefore investigated caspase-3 activity in MiaPaCa-2 cells
after treatment with TOFA (Figure 2C). TOFA significantly
increased caspase-3 activity by more than two-fold compared
to control at TOFA concentrations of between 20 and 80 uM.

PARP is cleaved by activated caspase-3 during early
apoptosis. To confirm apoptosis induction by TOFA, we
examined whether TOFA causes the cleavage of PARP. As
shown in Figure 2D, cleaved PARP was indeed generated by
TOFA treatment of MiaPaCa-2 cells. The highest intensity of
the cleaved PARP band on the western blot was observed at
the lowest concentration of TOFA used (20 pM).
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Figure 1. Growth inhibition of MiaPaCa-2 (A) and AsPC-1 (B) cells by inhibitors of different lipid synthesis pathways. The cells were treated with
increasing concentrations of 5-(tetradecyloxy)-2-furoic acid (TOFA), cerulenin, irgasan, rosiglitazone, troglitazone, pravastatin, simvastatin,
bezafibrate and fenofibrate (1-100 uM). After 72 h, viable cells were quantified using the MTS reagent. Each data point indicates the mean of three

independent experiments.
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Figure 2. Induction of apoptosis of MiaPaCa-2 cells by 5-(tetradecyloxy)-2-furoic acid (TOFA). The cells were treated with increasing concentrations
of TOFA (20, 40, 60 and 80 uM). After 24 h, viable, apoptotic and dead cells were quantified using a MUSE cell analyzer. A: The assay distinguishes
live cells (annexin V— and 7-amino-actinomycin (7-AAD)~; lower left quadrant), early apoptotic cells (annexin V* and 7-AAD~; lower right quadrant),
late apoptotic and dead cells (annexin V* and 7-AAD*; upper right quadrant), and cells that have lost their phosphatidylserine or dead cells (annexin
V= and 7-AAD*; upper left quadrant). B: The percentage of early and late apoptotic cells at different TOFA concentrations. Each bar indicates the
mean=SD from three independent measurements. C: Caspase-3 activity in TOFA-treated MiaPaCa-2 cells. Caspase-3 activity was measured as the
[fluorescence intensity of the degradation product of the caspase-3 substrate, Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl coumarin. Each bar indicates
the mean=SD from three independent measurements. D: Western blot of the effect of TOFA treatment on poly (ADP-ribose) polymerase (PARP) cleavage.
MiaPaCa-2 cells were treated with the indicated amounts of TOFA and cell lysates were then analyzed by western blotting to detect the level of cleaved
PARP, as described in Materials and Methods. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was probed to indicate the relative amounts of
loaded proteins.
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Figure 3. Induction of apoptosis of MiaPaCa-2 cells by 5-(tetradecyloxy)-
2-furoic acid (TOFA), cerulenin and irgasan. The cells were treated with
TOFA, cerulenin and irgasan at a concentration of 40 uM respectively.
After 24 h, viable, apoptotic and dead cells were quantified using a
MUSE cell analyzer. Each bar indicates the mean+SD from three
independent measurements.

Effect of fatty acid depletion on induction of apoptosis by
TOFA. To investigate whether apoptosis induction by TOFA is
due to inhibition of fatty acid synthesis, the effect of other
fatty acid synthesis inhibitors was examined. Cerulenin and
irgasan were also found to induce apoptosis in MiaPaCa-2
cells, even though the degree of apoptosis induced by irgasan
was lower than that of TOFA and cerulenin (Figure 3). To
confirm that fatty acid depletion by TOFA induces apoptosis,
the effect of supplementation of the cells with palmitate on
cell death was investigated. Addition of palmitate significantly
blocked the induction of apoptosis by TOFA (Figure 4).

Discussion

In this study, we found that out of the inhibitors of fatty acid
metabolism that were tested, TOFA exhibited the strongest
growth suppression of human pancreatic cancer cells.
Simvastatin, an HMG-CoA reductase inhibitor, inhibited
cellular growth at high concentrations. It was previously
reported that an accumulation of lipid droplets in pancreatic
cancer cells as a result of treatment with simvastatin induce
the suppression of proliferation (22). In addition, Borahay et
al. reported that simvastatin induced calcium-dependent
apoptosis in human leiomyoma cells (23). Conversely, we
found that pravastatin did not significantly suppress cell
growth. A similar experimental result was also reported by the
group of Gbelcova et al. (24). The difference between the
effect of simvastatin and pravastatin may be due to a
difference in their uptake into cells, since simvastatin is more
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Figure 4. Palmitate (PA) rescue of MiaPaCa-2 cells from 5-(tetradecyloxy)-
2-furoic acid (TOFA)-induced apoptosis. The cells were treated with
increasing concentrations of TOFA (0, 20, 40, 60 and 80 uM) with or
without PA (1 uM). After 24 h, the total number of apoptotic cells was
quantified using a MUSE cell analyzer. Each bar indicates the mean+SD
from three independent measurements.

hydrophobic than pravastatin (LogP: simvastatin, 4.7:
pravastatin, 2.2). However, a difference in hydrophobicity
cannot fully explain the difference between the effects of
fenofibrate and bezafibrate on cell growth ( LogP: fenofibrate,
4.9: bezafibrate, 4.0). Therefore, other factors may be involved
in their different effects.

We found that TOFA induced apoptosis in MiaPaCa-2 cells
by using an annexin V and dead cell assay, caspase-3 activity
assay and observation of PARP cleavage. The decrease in the
amount of cleaved PARP that occurred in a TOFA
concentration-dependent manner indicated that higher
concentrations of TOFA induced more late apoptosis of
MiaPaCa-2 cells. Indeed, TOFA increased the late apoptotic
fraction in a concentration-dependent manner (Figure 2A).
Moreover, the findings that cerulenin and irgasan also induced
apoptosis of MiaPaCa-2 cells, and that palmitate rescued the
cells from apoptosis induction by TOFA, suggests that
depletion of fatty acids is fatal for pancreatic cancer cells.

The fact that cancer cells have a high potential for
proliferation and survival even in a nutrient starvation state
may be based on a high potential for cellular fatty acid
synthesis. The high expression of ACC and FAS that is found
in the tumors of patients with pancreatic cancer contributes to
the synthesis of high amounts of fatty acids and high cell
viability under nutrient starvation. The findings of the current
study suggest that inhibition of ACC could be a therapeutic
target of pancreatic cancer.
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