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Abstract Fatty acid synthetase (FAS) is overexpressed in
various tumor tissues, and its inhibition and/or malonyl-
CoA accumulation have been correlated to apoptosis of tu-
mor cells. It is widely recognized that both 

 

�

 

-3 and 

 

�

 

-6
polyunsaturated fatty acids (PUFAs) depress FAS expres-

 

sion in liver, although epidemiological and experimental
reports attribute antitumor properties only to 

 

�

 

-3 PUFA.
Therefore, we investigated whether lipogenic gene expres-
sion in tumor cells is differently regulated by 

 

�

 

-6 and 

 

�

 

-3
PUFAs. Morris hepatoma 3924A cells were implanted sub-
cutaneously in the hind legs of ACI/T rats preconditioned
with high-lipid diets enriched with linoleic acid or 

 

�

 

-linole-
nic acid. Both-high lipid diets depressed the expression of
FAS and acetyl-CoA carboxylase in tumor tissue, this effect
correlating with a decrease in the mRNA level of their com-
mon sterol regulatory element binding protein-1 transcrip-
tion factor. Hepatoma cells grown in rats on either diet did
not accumulate malonyl-CoA. Apoptosis of hepatoma cells
was induced by the 

 

�

 

-linolenic acid-enriched diet but not by
the linoleic acid-enriched diet.  Therefore, in this experi-
mental model, apoptosis is apparently independent of the
inhibition of fatty acid synthesis and of malonyl-CoA cyto-
toxicity. Conversely, it was observed that apoptosis induced
by the 

 

�

 

-linolenic acid-enriched diet correlated with a de-
crease in arachidonate content in hepatoma cells and de-
creased cyclooxygenase-2 expression.

 

—Vecchini, A., V. Cec-
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High expression of fatty acid synthetase (FAS) and up-
regulation of fatty acid synthesis are typical features of tu-

 

mor tissues (1–5). Population studies of human cancer
suggest that high FAS expression and tumor virulence are
closely related (6).

Although the mechanisms underlying FAS overexpres-
sion in cancer are largely unknown, recent evidence (7–
10) strongly suggests that, as in liver, FAS gene transcrip-
tion in tumor cells is modulated by the sterol regulatory
element binding protein-1 (SREBP-1).

SREBP-1 is synthesized as an integral protein of the en-
doplasmic reticulum membranes. As its C-terminal regula-
tory domain interacts with SREBP cleavage-activating pro-
tein (SCAP), the SREBP/SCAP complex migrates to the
Golgi membranes, where a two-step cleavage catalyzed by
a serine protease [site-1 protease (S1P)] and a metallopro-
tease [site-2 protease (S2P)] is responsible for the release
of the N-terminal sequence of SREBP-1 in the cytoplasm.
At the nuclear level, mature SREBP-1, a transcription fac-
tor of the basic helix-loop-helix leucine zipper family, acti-
vates genes encoding FAS and other lipogenic enzymes by
interacting with sterol response elements present in their
promoter region (11). Insulin and dietary carbohydrates
activate FAS gene transcription by this mechanism,
whereas dietary polyunsaturated fatty acids (PUFAs) of
both 

 

�

 

-6 and 

 

�

 

-3 series negatively modulate FAS expres-
sion by depressing SREBP-1 mRNA level and reducing the
cleavage of the native protein (12, 13).

Recently, it was found that pharmacological inhibitors
of FAS are selectively cytotoxic to tumor cells in culture
and in vivo (14–17). In particular, the FAS inhibitors ceru-
lenin (2

 

S

 

,3

 

R

 

-epoxy-4-oxo-7

 

E

 

,10

 

E

 

-dodecadienamide) and
C75 (3-carboxy-4-octyl-2-methylenebutyrolactone) induce

 

Abbreviations: ACC, acetyl-CoA carboxylase; C/EBP, CCAAT en-
hancer binding protein; COX-2, cyclooxygenase-2; CPT-1, carnitine
palmitoyltransferase-1; FAS, fatty acid synthetase; PPAR

 

�

 

, peroxisome
proliferator-activated receptor-

 

�

 

; SCAP, sterol regulatory element bind-
ing protein-1 cleavage activating protein; S1P, site-1 protease; S2P, site-2
protease; SREBP-1, sterol regulatory element binding protein-1.
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a rapid decline of fatty acid synthesis in tumor cells, with
subsequent reduction of DNA synthesis, cell cycle arrest,
and apoptosis (16, 17).

The hypothesized link between the depression of de
novo fatty acid synthesis and cytotoxicity to tumor cells is
reinforced by the observation that 

 

�

 

-3 PUFAs possess anti-
cancer properties. Indeed, 

 

�

 

-3 PUFAs, whose role as phys-
iological modulators of FAS gene transcription is widely
recognized, have been demonstrated to induce necrosis
and apoptosis of tumor cells and to affect tumor growth
and metastatic invasion (18–24). Nevertheless, it has to be
pointed out that although PUFAs of both the 

 

�

 

-3 and 

 

�

 

-6
families act as negative modulators of FAS gene expres-
sion (12, 13), only some of them retard tumor cell growth
and induce cell death (18–25).

In light of this evidence, a cause-and-effect relationship
between the depression of fatty acid synthesis and tumor
cell cytotoxicity appears unlikely. This critical observation
is reinforced by recent data demonstrating that a depres-
sion of fatty acid synthesis per se is not responsible for
apoptosis of tumor cells. Indeed, 5-(tetradecyloxy)-
2-furoic acid, an inhibitor of acetyl-CoA carboxylase (ACC),
depresses fatty acid synthesis but is not cytotoxic to human
breast cancer cells (26). Because both FAS and ACC inhib-
itors depress fatty acid synthesis but only FAS inhibitors in-
duce malonyl-CoA accumulation in the cytoplasm, it has
been inferred that malonyl-CoA mediates cytotoxicity in-
duced by FAS inhibitors (26).

This last hypothesis has been taken as the starting point
for the present investigation, which aims to examine the
possibility that dietary 

 

�

 

-3 PUFAs, but not 

 

�

 

-6 PUFAs, se-
lectively affect apoptosis of hepatoma cells by increasing
their cytoplasmic malonyl-CoA level.

In addition to the malonyl-CoA hypothesis, we also con-
sidered the possibility that the cytotoxicity of 

 

�

 

-3 PUFAs to
hepatoma cells might depend on the modulation of the
mechanisms involved in eicosanoid production (27).

MATERIALS AND METHODS

 

Chemicals

 

[

 

�

 

-

 

32

 

P]UTP (specific activity, 800 Ci/mmol) was obtained from
Amersham Biosciences Europe (Milan, Italy). Rabbit polyclonal
antibody against the N-terminal region of SREBP-1 (H-160: sc-8984)
was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Horseradish peroxidase-conjugated anti-rabbit immuno-
globulin secondary antibody and all other chemicals were ob-
tained from Sigma-Aldrich Co. (Milan, Italy).

 

Animal treatments

 

The animal-use protocol was approved by the Istituto Superi-
ore della Sanità (Italian National Health Institute), Rome, Italy.
Thirty-six male inbred ACI/T rats (

 

�

 

200 g body weight), ran-
domly divided into three groups, were housed individually in
cages and placed in light-cycling rooms with alternating 12 h pe-
riods of light and darkness. All animals had free access to food
and water.

The first group was fed a standard pellet chow diet (Altromin-
Rieper, Bolzano, Italy). The diet of the second and third groups

 

was enriched with polyunsaturated lipids containing an excess of

 

�

 

-6 and 

 

�

 

-3 PUFAs, respectively. The 

 

�

 

-6 PUFA-enriched diet was
prepared by milling equal amounts of standard pellet and sun-
flower seeds (SS diet), whereas the 

 

�

 

-3 PUFA-enriched diet was
prepared by milling the standard pellet with an equal amount of
linseeds (LS diet). The resulting powders were pelleted again.
The gross composition of the three diets is reported in 

 

Table 1

 

.
The fatty acid content of the three experimental diets was evalu-
ated by gas chromatographic analysis of the fatty acid methyl es-
ters obtained by transmethylation of the extracted lipids using
methyleptadecanoate as an internal standard. Gas chromato-
graphic analysis of fatty acid methyl esters was performed using a
Carlo Erba Instruments (Milan, Italy) model HRGC 5300 gas
chromatograph equipped with an SP-2330 capillary column
(30 m 

 

�

 

 0.25 mm; Supelco, Inc., Bellefonte, PA) and a flame
ionization detector.

After 10 days of dietary conditioning, rats were subjected
to subcutaneous transplantation of fast-growing Morris hepa-
toma 3924A cells, as previously described (18). In particular,
hepatoma excised from anaesthetized donors was trimmed of
fat, muscle, connective tissue, blood, and obvious necrotic tissues
and then gently homogenized in 10 vol of 0.9% NaCl. One milli-
liter aliquots of the cell suspension were inoculated subcutane-
ously in both hind legs of ACI/T acceptor rats. Tumors became
palpable at 11 to 12 days after transplantation. On day 19 after
transplantation, rats were killed, tumors were excised, and speci-
mens of each tumor were separately frozen at 

 

�

 

80

 

�

 

C for future
analyses. The percentage of apoptotic cells was determined using
the TUNEL technique (18, 28).

 

Fatty acid analysis of tumor lipids

 

Aliquots of the frozen tumor tissue (about 0.5 g fresh weight)
were homogenized in 10 vol of 0.25 M sucrose. Lipids were ex-
tracted according to Folch, Lees, and Sloane-Stanley (29), and
fatty acid methyl esters obtained by acid-catalyzed transmethyla-
tion were analyzed by gas-liquid chromatography, as described
above.

Fatty acid composition of phosphatidylcholine was analyzed
according to the same procedure after chromatographic isola-
tion of the lipid class on SiO

 

2

 

 plates using chloroform-methanol-
water (65:25:4, v/v/v) as a developing mixture.

 

TABLE 1. Composition of experimental diets

 

Nutrients 

Diets

C SS LS

 

Carbohydrates (mg/g pellet) 521.8 343.1 286.8
Lipids 49.1 210.7 212.8
Proteins 204.7 211.2 217.2
Fiber 44.6 90.8 104.3

Energy (kJ/g) 15.82 19.16 18.42
Fatty acid distribution (%)

16:0 15.8 7.8 8.3
18:0 2.5 3.8 5.0
18:1 

 

�

 

-9 22.7 24.1 19.7
18:2 

 

�

 

-6 51.5 63.4 21.1
18:3 

 

�

 

-3 5.8 0.7 45.7
20:5 

 

�

 

-3 0.5 0.1 0.1
22:6 

 

�

 

-3 0.6 0.1 0.1

Rats were fed either standard pellet chow (C) or high-lipid diets
obtained by milling equal weights of standard pellet with sunflower
seeds (SS) or linseeds (LS). The powdered mixtures were pelleted
again and analyzed for composition. Fatty acid distribution in the three
diets was assessed by gas chromatographic analysis of fatty acid methyl
esters.
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RNase protection assays

 

Total RNA was extracted from frozen specimens of liver and
hepatoma tissues (about 0.5 g fresh tissue) by the cesium chlo-
ride purification procedure (30).

For RNA probes, fragments of mRNA encoding the proteins
listed in 

 

Table 2

 

 were amplified by reverse transcriptase-PCR from
ACI/T rat liver RNA using the primers listed in the same table
(31–45). The amplified products were subcloned into pCR 2.1
TOPO vector (Invitrogen) and verified by nucleotide sequencing.
After plasmid linearization, antisense RNAs were transcribed with
[

 

�

 

-

 

32

 

P]UTP (800 Ci/mmol) using T7 RNA polymerase (Promega).
As preliminary tests indicated that 

 

�

 

-actin mRNA level in
hepatoma cells is significantly affected by dietary manipulations,
18S mRNA was used as an internal control for RNase protection
assays (46).

RNA samples were subjected to RNase protection assay using
the RPA III™ kit (Ambion, Inc., Austin, TX), 10 

 

�

 

g of RNA from
ACI/T rat liver or hepatoma, 100,000 cpm of the specific anti-
sense probe, and 2,000–20,000 cpm of antisense pTRI RNA 18S
(80 bp protected fragment; Ambion) with a 5- to 50-fold lower
specific activity, to give an 18S signal comparable to that of the
test mRNAs. After digestion with RNase A/T1, the protected
fragments were separated on 8 M urea/6.0% polyacrylamide
gels. The gels were dried and subjected to quantitative analysis
using an Instant Imager autoradiography system (Packard Bio-
Science Co., IL).

 

Immunoelectrophoretic analysis of native and 
mature SREBP-1

 

Frozen specimens from ACI/T rat liver and tumor tissue were
homogenized in 7% SDS. Aliquots of the homogenates contain-
ing 30 

 

�

 

g of protein were added with 0.5 vol of 3

 

�

 

 PAGE sample
buffer. The resulting suspensions were kept for 1 min at 100

 

�

 

C
and centrifuged for 10 min at 3,000 

 

g

 

. The supernatants were
loaded in the wells of 10% polyacrylamide gels (90 

 

�

 

 90 

 

�

 

 1.5
mm). After the electrophoretic run (30 mA/gel), proteins were
blotted on nitrocellulose membranes and stained with Ponceau.
After destaining with water, blots were rinsed with PBS and sub-
mitted to the reaction with antibody against SREBP-1. The
bound antibody was revealed by peroxidase-conjugated, affinity-
purified, anti-rabbit IgG antibody using the SuperSignal CL-HRP
substrate (Pierce, Rockford, IL) according to the manufacturer’s
instructions. SDS-PAGE gels were calibrated with molecular
weight markers (Bio-Rad, Hercules, CA). Blots were exposed to
Kodak X-Omat film at room temperature.

The effect of dietary fat on the nuclear content of mature
SREBP-1 was determined by Western blot analysis of nuclear pro-
teins, as described previously (47).

 

HPLC quantification of malonyl-CoA

 

Frozen liver and tumor specimens (

 

�

 

0.5 g fresh weight) from
rats fed different diets were homogenized in ice-cold 5% sulfosal-
icylic acid in 50 mM dithioerythritol to obtain 10% (w/v) homo-

 

TABLE 2. Sequences of PCR primers used for cloning cDNA fragments

 

Copy RNA Probe
Primer 

Pair Primer Sequences

National Center 
for Biotechnology 

Information 
Accession Number

PCR 
Product Ref.

 

bp

 

SREBP-1 5

 

	

 

5

 

	

 

-AACCAAGACAGTGACTTCC-3

 

	

 

L16995 220 31
3

 

	

 

5

 

	

 

-ACGGGTACATCTTTACAGC-3

 

	

 

SREBP-1a 5

 

	

 

5

 

	

 

-ATGGACGAGCTGCCTTCGGTGAGGCGGCT-3

 

	

 

NM_011480 (mouse) 247 32
3

 

	

 

5

 

	

 

-CCAGAGAGGAGCCCAGAGAAGCAG-3

 

	

 

SREBP-1c 5

 

	

 

5

 

	

 

-GCGCGGACGACGGAGCCAT-3

 

	

 

L16995 172 31
3

 

	

 

5

 

	

 

-GCAGGAGAAGAGAAGCTCTC-3

 

	

 

Fatty acid synthase 5

 

	

 

5

 

	

 

-TTGCCCGAGTCAGAGAACC-3

 

	

 

M76767 241 33
3

 

	

 

5

 

	

 

-CGTCCACAATAGCTTCATAGC-3

 

	

 

Acetyl-CoA carboxylase 5

 

	

 

5

 

	

 

-GTCATGCCTCCGAGAACC-3

 

	

 

J03808 180 34
3

 

	

 

5

 

	

 

-GCCAATCCACTCGAAGACC-3

 

	

 

ATP citrate lyase 5

 

	

 

5

 

	

 

-GATCAAACGTCGAGGAAAGC-3

 

	

 

J05210 230 35
3

 

	

 

5

 

	

 

-CCCTTCATGGTGGAACAGG-3

 

	

 

Peroxisome proliferator 
activated receptor-

 

�

 

5

 

	

 

5

 

	

 

-ACTGGATGACAGTGACATTTCC-3

 

	

 

NM_013196 238 36
3

 

	

 

5

 

	

 

-CTTGATGACCTGCACGAGC-3

 

	

 

Carnitine palmitoyltransferase-1 5

 

	

 

5

 

	

 

-CAGAACACGGCAAAATGAGC-3

 

	

 

L07736 227 37
3	 5	-GAGGTTGACAGCAAATCCTG-3	

Acyl-CoA oxidase 5	 5	-CCACATATGACCCCAAGACC-3	 J02752 219 38
3	 5	-GATATCCCCGACAGTGATGC-3	

SREBP-1 cleavage-activating 
protein 5	 5	-CTGAGAGACAGCTCAGGGACC-3	 U67060 (Cricetus) 302 39

3	 5	-GATGGTGTACGAGACCGTCCT-3	
Site-1 protease 5	 5	-TGCTCACACTTGAAGATCACC-3	 AF094821 297 40

3	 5	-GACATTAGCACCTGTGTATCC-3	
Site-2 protease 5	 5	-TGCAACTTATATCACCAGTCCA-3	 AF019611 200 41

3	 5	-CACAAAAAGGCCTCTGGGTC-3	
C/EBP� 5	 5	-GGCTGGAGCCCCTGTACGAGC-3	 NM_012524 209 42

3	 5	-GCAGTGTGCGATCTGGAACTGC-3	
C/EBP� 5	 5	-CCTCTTCGCCGACGACTACG-3	 NM_024125 216 43

3	 5	-CAGGGCGAACGGGAAGCCG-3	
C/EBP
 5	 5	-AGAGCGCCATCGACTTCAGC-3	 NM_013154 280 44

3	 5	-CCAAGCTCACCACTGTCTGC-3	
Cyclooxygenase-2 5	 5	-AAGATAGTGATCGAAGACTACG-3	 S67722 254 45

3	 5	-GAATGACTCAACAAAGTGAGC-3	

C/EBP, CCAAT enhancer binding protein; SREBP-1, sterol regulatory element binding protein-1.
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genates. The cellular levels of malonyl-CoA were quantified in
the 100,000 g supernatant by reversed-phase HPLC on Supelcosil
LC-18 columns (Sigma-Aldrich), as previously described (48).

RESULTS

The daily food intake was not significantly different in the 
three groups of animals

Although the caloric intake of the rats on SS and LS di-
ets exceeded by �20 and 16%, respectively, that of con-
trols, no significant differences in weight gain were found
among the three groups during tumor growth.

Hepatoma cells contain high levels of mRNAs encoding 
lipogenic enzymes

It has been reported that FAS mRNA is overexpressed
in many tumors (1–5). We found that FAS mRNA also is
highly expressed in Morris 3924A hepatoma cells com-
pared with liver cells (Fig. 1). Also, ACC and ATP citrate
lyase (ATP-CL) mRNAs were more abundant in tumor tis-
sue than in liver. The high mRNA levels for enzymes in-
volved in fatty acid biosynthesis in hepatoma cells were

paralleled by a high content of SREBP-1 mRNA. In partic-
ular, SREBP-1a mRNA, which was barely detectable in
liver, was the predominant SREBP-1 isoform in hepatoma
tissue, whereas SREBP-1c mRNA, less potent than SREBP-1a
as a transcription factor, was expressed at much lower lev-
els in tumor tissue than in liver.

Additionally, genes encoding proteins involved in na-
tive SREBP cleavage were overexpressed in hepatoma
cells. In particular, SCAP mRNA, S1P mRNA, and S2P
mRNA were �3-, 4-, and 5-fold more abundant in tumor
cells than in liver, respectively (Fig. 1).

In parallel with the overexpression of lipogenic genes,
hepatoma cells exhibited a low expression of genes in-
volved in fatty acid degradation. Indeed, peroxisome pro-
liferator-activated receptor-� (PPAR�) mRNA and acyl-
CoA oxidase mRNA were approximately five times less
abundant in tumor tissue than in liver, whereas carnitine
palmitoyltransferase-1 (CPT-1) mRNA levels were compa-
rable in both tissues (Fig. 1).

Effect of dietary lipids on apoptosis
It has been reported previously that specific dietary lip-

ids can influence tumor cell growth and apoptosis (18–
25). The results obtained in the present study demonstrate
that the percentage of apoptotic cells was significantly
increased in tumors isolated from rats receiving the �-lin-
olenic acid-enriched diet (LS diet) compared with rats on
the control diet (Fig. 2). On the contrary, no significant
changes in the percentage of apoptotic cells was induced
when the diet was enriched with linoleic acid (SS diet).

Dietary PUFAs affect the expression of lipogenic enzymes 
in hepatoma cells

FAS, ACC, and ATP-CL mRNA content in hepatoma tis-
sue was significantly lower in rats fed high-lipid diets than
in rats on the unsupplemented diet (Fig. 3). The low ex-
pression of lipogenic enzymes in the hepatoma cells
grown in rats on PUFA-enriched diets was paralleled by
low SREBP-1a and SREBP-1c mRNA levels. On the con-
trary, dietary PUFA supplements did not induce signifi-

Fig. 1. Expression of genes involved in the synthesis and degrada-
tion of fatty acids. Total RNA was isolated from hepatoma tissue and
liver of ACI/T rats. Ten microgram aliquots of total RNA were hy-
bridized to 32P-labeled copy RNA (cRNA) probes specific for each
protein using 18S cRNA as an internal standard. After RNA diges-
tion, protected fragments were separated by gel electrophoresis
and the radioactivity associated with each band was quantified us-
ing a PhosphorImager autoradiographic system. For each probe,
one representative from six autoradiographic images is shown. The
ratio between the mRNA content in hepatoma cells (H) and liver
(L) was calculated after correction for loading differences with 18S.
The H/L ratio values are reported below each blot. ACC, acetyl-
CoA carboxylase; ACO, acyl-CoA oxidase; ATP-CL, ATP citrate
lyase; CPT-1, carnitine palmitoyltransferase-1; FAS, fatty acid syn-
thetase; PPAR�, peroxisome proliferator-activated receptor-�;
SCAP, sterol regulatory element binding protein-1 cleavage-activat-
ing protein; S1P, site-1 protease; S2P, site-2 protease; SREBP-1, ste-
rol regulatory element binding protein-1 (total); SREBP-1a, iso-
form a of SREBP-1; SREBP-1c, isoform c of SREBP-1.

Fig. 2. Effect of high-lipid diets on Morris hepatoma 3924A cell
apoptosis. Apoptosis of tumor cells was evaluated by the TUNEL
method. Labeling index indicates the percentage of positively la-
beled cells. Values are means � SE of six determinations. The aster-
isk indicates a value significantly different (P � 0.01) from those of
control animals on the unsupplemented diet (one-way ANOVA fol-
lowed by Fisher’s test). C, control pellet diet; LS, linseed (high-
�-linolenic acid diet); SS, sunflower seed (high-linoleic acid diet).
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cant changes of SCAP, S1P, S2P, PPAR�, acyl-CoA oxidase,
and CPT-1 mRNA content.

When whole hepatoma proteins from rats fed different
diets were submitted to SDS-PAGE and immunoblotting,
two electrophoretic bands with approximate molecular
masses of 125 and 65 kDa immunoreacted with the anti-
body against the N-terminal domain of SREBP-1 (Fig. 4A).
The 125-kDa band is the membrane-bound native form of
SREBP-1, whereas the low-molecular-mass band, corre-
sponding to the unique immunoreactive polypeptide re-
vealed when proteins of isolated nuclei were submitted to
electrophoresis and immunostaining, represents the ma-
ture form of SREBP-1 (Fig. 4B).

The nuclear-to-membrane-bound SREBP-1 signal ratio
was not significantly different in hepatoma cells grown in
rats fed unsupplemented or high-lipid diets (Fig. 4A), in-
dicating that dietary PUFA did not affect SREBP-1 cleav-
age in tumor tissue.

Malonyl-CoA levels, assessed by HPLC analysis of the cy-
tosolic fraction (48), were not significantly different in tu-
mors isolated from rats on the control diet (2.2 � 0.7
nmol/g wet tissue), on the linoleic acid-enriched diet (2.4 �
0.4 nmol/g wet tissue), and on the �-linolenic acid-
enriched diet (2.2 � 0.6 nmol/g wet tissue).

The fatty acid composition of tumor lipids is changed by 
dietary conditioning

The fatty acid composition of whole lipids from
hepatoma cells grown in rats on different diets is shown in
Table 3. Both high-lipid diets induced an accumulation of
saturated fatty acids in tumor lipids. Moreover, tumors
from rats on the linoleic acid-enriched diet (SS diet) accu-

mulated 18:2 �-6, 20:4 �-6, and 22:4 �-6, whereas the LS
diet, containing high amounts of �-linolenic acid, in-
duced the accumulation of 18:3 �-3, 20:5 �-3, and 22:5
�-3 and decreases of 20:4 �-6 and 22:4 �-6 in hepatoma

Fig. 3. Effect of high-lipid diets on the mRNA levels of genes in-
volved in the synthesis and degradation of fatty acids. ACI/T rats on
the C diet, the SS diet, or the LS diet were killed, and total RNA was
isolated from the tumor tissue. For each sample, RNase protection
assay was carried out on 10 �g aliquots of total RNA, as described in
the legend to Fig. 1. For each probe, one representative from six
autoradiographic images is shown. The fold change in mRNA level
induced by high-lipid diets with respect to the control diet was cal-
culated after correction for loading differences with 18S, and these
values are reported below each blot.

Fig. 4. Western blot analysis of native and mature SREBP-1 pro-
tein. A: Whole hepatoma proteins from rats on the C diet, the SS
diet, or the LS diet were separated by PAGE (30 �g protein/lane)
and blotted to a nitrocellulose membrane. Native (125 kDa) and
mature (65 kDa) SREBP-1 protein forms were immunodetected us-
ing a polyclonal antibody against the N-terminal domain of the
polypeptide. The relative content of the nuclear mature form and
the native precursor protein (M/N ratio) was quantified by photo-
densitometric analysis of the autoradiographic images. One repre-
sentative from three experiments is shown. B: Nuclear proteins
from hepatoma cells grown in rats on different diets were separated
electrophoretically and blotted to a nitrocellulose membrane. Only
one immunoreactive band with an approximate molecular mass
(MW) of 65 kDa was obtained.

TABLE 3. Fatty acid composition of hepatocarcinoma lipids

Fatty Acids in 
Whole Lipids

Diet

C SS LS

14:0 2.4 � 0.2 2.9 � 0.7 2.6 � 0.5
16:0 26.3 � 4.6 33.1 � 7.8a 33.9 � 6.7a

16:1 6.6 � 1.5 5.6 � 1.1 7.1 � 1.4
18:0 18.8 � 0.9 28.4 � 3.6b 26.3 � 1.1b

18:1 (�-9) 20.0 � 0.9 24.7 � 3.7a 26.2 � 7.8a

18:1 (�-7) 1.9 � 0.5 1.5 � 0.4 1.8 � 0.3
18:2 (�-6) 15.9 � 7.1 26.7 � 2.1b 21.8 � 7.2a

18:3 (�-6) 0.9 � 0.2 1.4 � 1.1 1.4 � 0.2
18:3 (�-3) 0.4 � 0.3 0.4 � 0.2 6.5 � 2.2b

20:0 0.2 � 0.1 0.3 � 0.1 0.2 � 0.1
20:1 0.3 � 0.1 0.3 � 0.1 0.2 � 0.1
20:2 0.5 � 0.2 0.8 � 0.4 0.4 � 0.2
20:3 (�-6) 0.7 � 0.2 1.0 � 0.2b 0.6 � 0.2
20:4 (�-6) 10.6 � 1.4 15.0 � 2.0b 6.2 � 0.5b

20:5 (�-3) 0.3 � 0.1 0.1 � 0.1 4.1 � 0.4b

22:1 0.4 � 0.1 0.5 � 0.2 0.5 � 0.2
22:4 (�-6) 1.2 � 0.3 2.9 � 0.4b 0.4 � 0.1b

22:5 (�-6) 0.2 � 0.1 0.5 � 0.2a 0.1 � 0.1
22:5 (�-3) 1.0 � 0.3 0.6 � 0.2 3.0 � 0.2b

22:6 (�-3) 2.2 � 0.8 1.7 � 0.5 1.2 � 0.1a

Tumor lipids from rats on the C diet, the SS diet, and LS diet were
extracted and transesterified in 3% methanolic sulfuric acid. Fatty acid
methyl esters were analyzed by gas-liquid chromatography using
methyl eptadecanoate as an internal standard. Data are expressed as
micrograms of fatty acid per milligram of protein.

a P � 0.05 compared with tumors from rats on the C diet.
b P � 0.01 compared with tumors from rats on the C diet.
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tissue. As a consequence, the 20:4 �-6/20:5 �-3 molar ra-
tio, which was �35 and 150 in whole hepatoma lipids
from rats fed standard diet and the SS diet, respectively,
decreased to 1.5 in rats on the LS diet. Dietary manipula-
tions induced changes of the same molar ratio in phos-
phatidylcholine. Indeed, the percentage content of 20:4
�-6 was 5.1 � 1.1 or 3.7 � 0.7 in phosphatidylcholine iso-
lated from tumors grown in rats fed the standard or the SS
diet, respectively, and was 1.7 � 0.1 in rats on the LS diet.
On the contrary, the percentage content of 20:5 �-3,
which accounted for less than 0.1% in tumors from rats
on the control and SS diets, was 1.3 � 0.1 in tumors from
rats on the LS diet. Dietary manipulations did not affect
-6 desaturase and -5 desaturase mRNA levels (data not
shown).

Dietary �-linolenic acid reduces cyclooxygenase-2 
expression in hepatoma cells

Cyclooxygenase-2 (COX-2) was overexpressed in hepatoma
cells compared with control liver (Fig. 5A). Because
COX-2 expression is modulated by members of the CCAAT
enhancer binding protein (C/EBP) family of transcription
factors (49, 50), C/EBP�, C/EBP�, and C/EBP
 mRNA
levels were determined in hepatoma tissues from rats on
different diets.

C/EBP� mRNA was significantly less abundant in
hepatoma cells than in liver, whereas the expression of
C/EBP� and C/EBP
 was approximately five and six
times higher, respectively, in tumor cells than in the liver
of animals on the control diet (Fig. 5A).

Dietary conditioning with high-lipid diets did not affect
C/EBP� and C/EBP
 mRNA abundance in hepatoma

cells. On the contrary, the levels of COX-2 mRNA and of
C/EBP� mRNA in hepatoma cells were significantly re-
duced (Fig. 5B) when the diet was enriched with �-linole-
nic acid (LS diet).

The linoleic acid-rich diet, although not significantly af-
fecting the mRNA level of C/EBP isoforms, induced a
high increase of COX-2 expression.

DISCUSSION

In the present study, evidence is given that FAS and
other lipogenic enzymes are highly expressed in Morris
hepatoma 3924A cells compared with normal liver. The
high expression of lipogenic genes correlates with the
high expression of SREBP-1a and of proteins (SCAP, S1P,
and S2P) involved in SREBP maturation.

High FAS expression is not a unique feature of
hepatoma cells, because most tumors exhibit high levels
of both FAS mRNA and the encoded protein (1–5). The
role played by FAS overexpression in tumorigenesis has
been greatly emphasized because of the apparent link be-
tween FAS expression level and tumor malignancy (6).
This role appears to be validated by the evidence that
some FAS inhibitors, besides depressing fatty acid synthe-
sis, possess anti-tumor activity (14–17).

Nevertheless, further studies made clear that inhibition
of fatty acid synthesis per se could be not responsible for
apoptosis and could not affect tumor cell proliferation. In
fact, ACC inhibitors, although reducing fatty acid synthe-
sis, do not exhibit antitumor properties (26). Because FAS
inhibition causes an increase in the cytoplasmic malonyl-
CoA concentration, it was postulated that malonyl-CoA ac-
cumulation, rather than the depression of fatty acid syn-
thesis, is responsible for the cytotoxicity of FAS inhibitors.
A possible outcome of this postulate is that any manipula-
tions able to increase the malonyl-CoA level by acting on
the FAS/ACC activity ratio might elicit the apoptotic re-
sponse of tumor cells.

Based on these premises, the present work was aimed at
investigating the mechanism underlying the cytotoxicity
of �-3 PUFAs to Morris 3924A hepatoma cells. The work-
ing hypothesis was that FAS and ACC expression in
hepatoma cells is differently modulated by dietary �-3 and
�-6 PUFAs and that �-3 PUFAs, but not �-6 PUFAs, induce
malonyl-CoA accumulation in the cytoplasm of hepatoma
cells.

With this aim, Morris hepatoma 3924A cells were grown
subcutaneously in rats on control diet and in rats fed high-
lipid PUFA-enriched diets. Two high-lipid diets were used
throughout the study: the SS diet was mainly enriched
with linoleic acid (18:2 �-6), and �-linolenic acid (18:3
�-3) was the most abundant fatty acid in the LS diet.

Twenty days after the inoculation of hepatoma cells in
rats on different diets, the cytoplasmic malonyl-CoA con-
centration and FAS mRNA level in hepatoma cells were
evaluated. Although FAS mRNA content was similarly de-
pressed in tumors grown in rats on either high-lipid diet,
the percentage of apoptotic cells was significantly in-

Fig. 5. Abundance of cyclooxygenase-2 (COX-2) mRNA and of
CCAAT enhancer binding proteins (C/EBPs) in hepatoma cells
grown in rats on different diets. Total RNA was isolated from liver
and hepatoma tissues from rats on the C diet, the SS diet, or the LS
diet. RNase protection assay was carried out as described in the leg-
end to Fig. 1. For each probe, one representative from six autora-
diographic images is shown. A: For each gene, the mRNA content
was measured in hepatoma tissue (H) and liver (L) of ACI/T rats
on the control diet. H/L ratio was calculated after correction for
loading differences. B: The changes induced in tumor tissue by the
SS and LS diets on mRNA levels were examined. The values re-
ported below each blot represent the ratio between the mRNA con-
tent in tumors from rats on the SS or LS diet and that measured in
rats on the C diet.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


314 Journal of Lipid Research Volume 45, 2004

creased only in tumors grown in rats on the LS diet. This
finding, although corroborating previous evidence that
�-3 PUFAs interfere with tumor cell dynamics, also im-
plies the lack of a relationship between FAS expression
and hepatoma cell apoptosis. In addition, it was found
that cytoplasmic malonyl-CoA levels were not significantly
different in tumors grown in rats on the different diets.
This result was expected because the enzymes involved in
malonyl-CoA production (ACC) and utilization (FAS)
were similarly affected by both PUFA-enriched diets.

In conclusion, at least in the experimental model used
throughout the present investigation, apoptosis of hepatoma
cells might be independent of the PUFA-induced depres-
sion of fatty acid synthesis and of the cytoplasmic malonyl-
CoA concentration.

The apparent link between enhanced apoptosis and di-
etary �-3 fatty acids was further investigated by evaluating
the changes induced by high-lipid diets on the fatty acid
composition of hepatoma lipids and on the expression of
COX-2 and of -5 and -6 fatty acid desaturase in tumor
tissue.

This part of the experimental work was based on the
following points: a) an aberrant expression of COX-2 has
been implicated in the pathogenesis of cancer (51) and in
the early stages of human liver carcinogenesis (27, 52–58),
whereas its inhibition retards cell growth and increases
the apoptosis rate and the apoptotic index of human liver
tumor cells (59–62); b) a high dietary intake of �-linolenic
acid could enrich tumor lipids with eicosapentaenoic acid
(20:5 �-3), which competes with arachidonic acid for
COX-2; and c) dietary �-linolenic acid could compete with
linoleic acid for -5 and -6 fatty acid desaturases in
hepatoma cells, thus inhibiting the biosynthesis of arachi-
donic acid, the precursor of eicosanoids that affect cell
proliferation, immune response, tumor cell invasion, and
metastasis (27, 52–54).

The results obtained in the present investigation dem-
onstrate that diets enriched with linoleic or �-linolenic
acid induce significant changes of the fatty acid composi-
tion of whole hepatoma lipids. In particular, tumor lipids
from SS-fed rats accumulated �-6 tetraenoic fatty acids
(20:4 and 22:4), whereas the content of the same PUFAs
decreased in rats on the LS diet. On the contrary, tumor
lipids from rats on the �-linolenic acid-enriched diet (LS
diet) exhibited a high content of �-3 pentaenoic PUFAs
(20:5 and 22:5) compared with those from rats on the
control diet. Therefore, the 20:4 �-6/20:5 �-3 ratio was
very low in whole tumor lipids isolated from rats fed the
LS diet compared with rats on the control or SS diet. The
20:4 �-6/20:5 �-3 molar ratio was very low also in 1,2-
diradyl-sn-glycerophosphocholine isolated from tumors
grown in rats on the LS diet compared with the control
diet. In addition, it was found that these compositional
changes were not attributable to changes of -5 and -6
desaturase expression in tumor tissue.

Besides changing the fatty acid composition of tumor
lipids, high-lipid diets also significantly affected COX-2 ex-
pression in hepatoma tissue. In fact, COX-2 mRNA con-
tent was higher in hepatoma cells grown in rats on the SS

diet than in tumors grown in rats on the unsupplemented
diet. On the contrary, the mRNA content for the same
gene was significantly reduced in rats fed the LS diet.

Therefore, considering that the LS diet reduced the cel-
lular level of arachidonic acid, depressed COX-2 expres-
sion, and selectively induced apoptosis of hepatoma cells,
we hypothesize that the modulation of metabolic path-
ways leading to the biosynthesis of antiapoptotic prosta-
glandins might justify the cytotoxic activity of �-linolenic
acid to hepatocarcinoma cells.

As far as the factors involved in COX-2 expression are
concerned, it is known that transcriptional modulation of
the encoding gene is cell-specific (62). In the liver, COX-2
expression is mainly regulated by C/EBPs, C/EBP� play-
ing a prominent role (50). In particular, it has been shown
that C/EBP� induces growth arrest and differentiation
and negatively modulates COX-2 expression, whereas
C/EBP� and C/EBP
 are positive modulators of COX-2
expression (63). The mRNA levels of the three C/EBP iso-
forms were measured in tumors from rats on the different
diets. Tumors from rats on the �-linolenic acid-enriched
diet (LS) contained low C/EBP� mRNA levels compared
with tumors from rats on the control diet. On the con-
trary, C/EBP� mRNA level was significantly higher in rats
on the SS diet than in rats on the control diet. C/EBP�
and C/EBP
 mRNA levels were unaffected by dietary con-
ditioning.

Although the hypothesis that dietary �-linolenic acid cy-
totoxicity to hepatocarcinoma cells is mediated by a de-
pression of antiapoptotic prostaglandin biosynthesis is in
good agreement with the recent evidence that prostaglan-
din E2 level decreases in livers and tumors of rats on a lin-
seed oil-enriched diet (64), the role of C/EBPs in the reg-
ulation of COX-2 expression in hepatoma cells needs
further investigation.

This work was supported by a grant from the Italian Space
Agency and by the Fondazione Cassa di Risparmio di Perugia.
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