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Abstract Oleuropein (OL) and hydroxytyrosol (HT), the

main olive oil polyphenols, possess anti-proliferative

effects in vitro. Fatty acid synthase, a key anabolic enzyme

of biosynthesis of fatty acids, plays an important role in

colon carcinoma development. Our aim was to investigate

whether gene expression of FAS, as well as its enzymatic

activity, is regulated by HT and OL in two human colon

cancer cell lines, as HT-29 and SW620. In addition, we

investigated the effects of these polyphenols on growth and

apoptosis in these cells. FAS gene expression and activity

in treated HT-29 and SW620 cells were evaluated by real-

time PCR and radiochemical assay, respectively. Cell

growth and apoptosis, after polyphenols treatment, were

measured by MTT test and flow cytometry, respectively.

The inhibition of proliferation, detected after HT treatment,

was mediated by an inhibition of FAS expression and its

enzymatic activity in SW620 cells, while the anti-prolif-

erative effect in HT-29 cells seems to be independent from

FAS. OL exerted an anti-proliferative effect only on

SW620 cells with a mechanism which excluded FAS.

Olive oil polyphenols used were able to induce apoptosis in

both cell lines studied. The increase of apoptosis in these

cells was accompanied by the block of cell cycle in the S

phase. This study demonstrates that HT and OL may

induce anti-proliferative and pro-apoptotic effects only in

certain human colorectal cancer cell types. These effects

are FAS mediated only in SW620 cells after treatment with

HT.
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Introduction

Olive oil is a key component of the Mediterranean diet and

is believed to beneficially affect numerous biological pro-

cesses [22, 29]. Epidemiological studies have shown a

lower incidence of atherosclerosis, cardiovascular diseases

and certain kinds of cancer, in particular colon cancer, in

the Mediterranean countries compared to those in Northern

Europe [7, 21, 25].

In this respect, olive oil consumption has been demon-

strated to reduce the incidence of aberrant crypt foci in

azoxymethane-treated rats [28]. Furthermore, olive oil is

able to down-regulate the expression of COX-2 and BCL-2

proteins that play a crucial role in colorectal carcinogenesis

[2].

In particular, olive oil healthy effects can be attributed

not only to the higher relationship between unsaturated and

saturated fatty acids, but also to the antioxidant property of

its phenolic compounds [18]. Among phenolic compounds,

oleuropein (OL) and hydroxytyrosol (HT) are those which

give to the extra-virgin olive oil its bitter, pungent taste and

possess powerful antioxidant properties in vitro [5]. As
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antioxidants, polyphenols may protect cell constituents

against oxidative damage and act as highly effective che-

mopreventive agents [4, 16, 17].

OL, the most abundant of the phenolic compounds in

olives, inhibits cell growth, motility and invasiveness [6].

OL also exerts direct anti-tumor effects and has been

considered as a new class of anti-cancer compounds which

target multiple steps in cancer progression [6]. Hydrolysis

of OL, which occurs during olive oil storage, results in the

formation of HT, tyrosol and ethanol. HT and OL scavenge

free radicals and inhibit low-density lipoprotein (LDL)

oxidation [17, 18, 27]. These two phenols display dose-

dependent activity and are considered potent antioxidants

also demonstrating activity in the micro-molar range [28].

A substantial subset of common human cancers,

including colon cancer, express elevated levels of fatty acid

synthase (FAS), a key anabolic enzyme that catalyzes the

terminal steps in the novo biosynthesis of fatty acids [8, 13,

20, 23, 24]. In breast and prostate carcinomas, high levels

of FAS expression are associated with poor clinical out-

come, suggesting a relationship between FAS expression

and tumor aggressiveness [1, 24]. FAS expression also

appears to play an important role in the growth and path-

ogenesis of colon carcinoma [20]. Previously, we demon-

strated that FAS activity levels, as well as the expression of

its mRNA are up-regulated in colorectal cancer tissues

[14]. The difference in expression between normal tissues

and cancer has led to the development of a novel strategy

for antineoplastic intervention. In fact, recent studies show

that pharmacological inhibition of FAS led to selective

cytotoxicity in FAS-over-expressing cancer cell lines [9].

Increased levels of FAS expression observed in carcinoma

cells compared with most normal cells led to the notion

that this pathway may represent a potential target for drug

development.

In this study, our aim was to investigate whether gene

expression of FAS, as well as its enzymatic activity, is

regulated by HT and OL in two human colon cancer cell

lines, as HT-29 and one lymph node metastatic cell line,

SW620. In addition, we investigated the effects of HT and

OL on growth and apoptosis in these cell lines.

Materials and methods

Cell culture conditions

The human colon adenocarcinoma cell lines HT-29 and

SW620 were obtained from ICLC (IST, Genoa, Italy).

SW620 cells were grown in Dulbecco’s modified Eagle’s

medium, while HT29 in Mc COY’S 5A, supplemented

with glucose (4.5 g/L), sodium pyruvate (1.1 g/L), peni-

cillin/streptomycin/L-glutamine (19) and inactivated fetal

bovine serum (FBS 10%) in a humidified atmosphere of

95% air, 5% CO2 at 37�C.

FAS gene expression analysis

Analysis of gene expression was performed in HT-29 and in

SW620 treated with HT and OL glycoside obtained from

Extrasynthe‘se Co. Z. I. Lyon Nord, Genay, France and

gifted generously from Prof. Perri [CRA-Research Center

for olive growing and olive oil industry, Rende (CS), Italy] at

different concentrations (10, 25, 50 and 100 lM) after 24 and

72 h of exposure. Each cell line was washed twice in phos-

phate-buffered saline (PBS) and then trypsinized and cen-

trifuged at low speed. The cell pellets were resuspended in

0.3-ml pure distilled water and used for RNA extraction.

Total cell RNA was extracted using Tri-Reagent (Mol.

Res. Center Inc., Cincinnati, Ohio, USA), following the

manufactures’ instruction. About 2 lg total cell RNA,

extracted from both the control and treated cells, was used

for cDNA synthesis. Reverse transcription (RT) was car-

ried out in 20 ll of the final volume at 41�C for 60 min,

using 30 pmol antisense primer (FAS sense 50-TAT GCT

TCT TCG TGC AGC AGT T-30, FAS antisense 50-GCT

GCC ACA CGC TCC TCT AG-30, b-actin sense 50-AAA

GAC CTG TAC GCC AAC ACA GTG CTG TCT GG-30,
b-actin antisense 50-CGT CAT ACT CCT GCT TGC T

GAT CCA CAT CTG C-30) for analyses of the FAS and

the b-actin gene. The b-actin gene was utilized as an

internal control and was chosen as a reference gene

because it is a housekeeping gene.

Real-time PCRs were performed in 25-ll final volume

containing 2-ll cDNA, master mix with SYBR Green (iQ

SYBR Green Supermix; Bio-Rad, Milan, Italy) and sense

and antisense primers for FAS gene and b-actin gene

(Table 1).

Table 1 Assessment of cell cycle analysis and apoptosis in SW620

cell line treated with HT (a) and OL (b) for 72 h

SW620 Control

(%)

10 lM

(%)

25 lM

(%)

50 lM

(%)

100 lM

(%)

Hydroxytyrosol (a)

G1 49 21 17 4.5 nd

S 50 78* 82* 95* nd

G2/M 1 1 1 0.5 nd

Apoptosis 12 20 20 18.6 53*

Oleuropein (b)

G1 49 37 34.5 30 nd

S 50 62 65 69 nd

G2/M 1 1 0.5 1 nd

Apoptosis 12 23 21 21 60*

P value was determined by one way analysis with Dunnett’s post test

* P \ 0.05 versus control
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Real-Time PCR was carried out with iCycler Thermal

Cycler System apparatus (Bio-Rad) using the following

parameters: 1 cycle of 95�C for 1 min and 30 s, followed

by 45 cycles at 94�C for 10 s, 55�C for 10 s and 72�C for

30 s and a further melting curve step at 55–95�C with a

heating rate of 0.5�C per cycle for 80 cycles. The PCR

products were quantified by external calibration curves,

one for each tested gene, obtained with serial dilution of

known copy number of molecules (102–107 molecules). All

expression data were normalized by dividing the amount of

target by the amount of b-actin used as internal control for

each sample. The specificity of the PCR product of each

tested gene was confirmed by gel electrophoresis.

FAS activity assay

FAS enzymatic activity was evaluated in HT-29 and in

SW620 treated with HT and OL at different concentrations

(10, 25, 50 and 100 lM) for 24 and 72 h. Parallel experi-

ments were conducted in untreated control cells.

The cells were washed twice in PBS and then trypsini-

zed and centrifuged at low speed. The cell pellets were

resuspended in 20 mM Tris–HCl pH 7.5, 1 mM DTT,

1 mM MgCl2 and 1 mM EDTA and centrifuged at 10,000g

for 10 min at 4�C. Sample protein content was determined

using Lowry’s method. An aliquot of supernatant (50 ll)

was preincubated with 100 mM potassium phosphate buf-

fer (pH 7) for 15 min at 37�C. Subsequently, 20 ll of

reaction mix [2.5 mM NADPH, 1.25 mM acetyl-CoA,

1.25 mM malonyl-CoA and 0.02 mM 2-14C-malonyl-CoA

(52 mCi/mmol, Amersham Biosciences, Little Chalfont

UK)] was added, and samples were incubated for 10 min at

37�C. Reactions were stopped by the addition of 500 ll

1 N HCl/methanol (6:4 v:v); fatty acids were extracted

with 1 ml of petroleum ether and incorporation of

2-14C-malonyl-CoA was analyzed by scintillation count-

ing. FAS activity was expressed as picomoles of incorpo-

rated 2-14C-malonyl-CoA per minute per milligram of total

proteins (pmol/min/mg protein). Parallel samples were

assayed to evaluate total and non-specific radioactivity. In

all experiments, enzyme assays were carried out in dupli-

cate. The coefficient percentages of intra- and interassay

variation were 3 and 4%, respectively.

Cell viability assay

The viability of HT-29 and SW620 cells treated with HT and

OL was determined by the standard 3-(4,5-Dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells

were plated (15 9 104 per well) in 96-well plates and

incubated overnight at 37�C. The phenolic compounds

were dissolved in methanol 2% (10 mM, stock solution)

and added to the cell culture medium at a concentration not

exceeding 0.1% (v/v); their effects on cell proliferation

were studied at various concentrations (10, 25, 50 and

100 lM) and at different time points (24 and 72 h). The

MTT assay was done in quadruplicate for each drug con-

centration used. At appropriate intervals, 10 ll MTT

solution was added to each well and incubated for 4 h at

37�C, 5% CO2. The supernatant was removed, and 100 ll

of a mixture of DMSO/ethanol (1/1) was then added. Plates

were then read at 570-nm wavelength using a microplate

reader (Multiskan Ascent, ThermoLab Systems). Percent-

age of growth inhibition was determined by comparing the

cell density in the drug-treated cells with that in the

untreated cell controls in the same incubation period

[percentage of inhibition = cell density of a treated group/

cell density of the control group]. All experiments were

repeated three times.

Cell stimulation

To study the effects of HT and OL on cell cycle, every cell

line (HT29 and SW620) was seeded (1.5 9 106) in cell

culture dishes (100 9 20 mm) in complete growth medium

(DMEM or Mc COY’S containing 10% fetal bovine serum,

antibiotics and L-glutamine). The experiments were per-

formed with sub-confluent (70–80%) cultures to avoid the

effects of cell density on cell cycle and gene expression.

After 24 h, the cells were washed once with PBS and

preconditioned for 24 h at 37�C in 8 ml of DMEM con-

taining 1% FBS. After preconditioning, phenolic com-

pounds were then added at various concentrations (10, 25,

50 and 100 lM) for 72 h.

For cell cycle determination, at the end of incubation,

cells were harvested using trypsin/EDTA 1X (Invitrogen),

collected with supernatant and counted with trypan blue.

Cells were then washed twice with PBS. Pellet was

resuspended in 300 ll of PBS and fixed using 700 ll of

absolute ethanol.

Assessment of apoptosis and cell cycle analysis

To investigate the nature of growth inhibition induced by

HT and OL, cell cycle phase distribution and apoptosis

quantification were assessed by flow cytometry in HT-29

and SW620 treated with increasing doses of polyphenols

(10, 25, 50 and 100 lM) for 72 h. Cells were collected,

fixed in 300 ll of PBS plus 700 ll of ethanol and kept at

-20�C overnight. Propidium iodide (10 lg/ml) in PBS

containing 100 U/ml DNase-free RNase A was added to

the cells; after 15 min at room temperature, cells were

subjected to flowcytometric analysis. Data acquisition was

performed in a FACS Calibur flow-cytometer using Cell-

Quest software (BD, Biosciences, Franklin Lakes, NJ).

Analysis was performed using ModFit LT version 3.0 from
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Verity Software House, Inc. (Topsham, ME). Each sample

was analyzed using 10,000 events corrected for debris and

aggregate populations.

Statistical analysis

The significance of the differences in FAS gene expression

and activity, as well as in cell cycle analysis and percentage

of apoptosis between the control group and each experi-

mental group, was evaluated using one-way analysis of

variance and the Dunnett’s post test. Differences were

considered significant at a 5% probability level.

Results

Exposure of SW-620 cells after 24 h to increasing con-

centrations of HT and OL (from 10 to 100 lM) caused no

effect on FAS gene expression and activity (data not

shown). The treatment with HT, but not with OL, elicited a

significant reduction both in gene expression and in activity

of FAS in these cells after 72 h of exposure, starting

from 10 lM of concentration (Fig. 1a and b) (P \ 0.05,

Dunnett’s test).

In SW620, the treatment with different concentrations of

HT and OL for 24 h did not produce an anti-proliferative

action (data not shown). On the contrary, an evident anti-

proliferative effect in SW-620 cell line was present after

72 h of exposure to HT and OL that became significant at

concentrations starting from 10 lM for both compounds

(Fig. 2), (P \ 0.05, Dunnett’s test). Moreover, HT and OL

also gave rise to a marked pro-apoptotic effect (% of sub-

G1 positive cells) in SW-620 cells after 72 h of treatment,

and a cell cycle arrest in the S phase of the cell cycle

compared to the untreated control cells was observed at

concentration starting from 10 lM of HT (Table 1a and b),

(P \ 0.05, Dunnett’s test).

Exposure of HT-29 cells after 24 and 72 h to increasing

concentrations of HT and OL (from 10 to 100 lM) caused

no effect on FAS gene expression and activity (data not

shown).

After 24 h, HT and OL did not cause an anti-prolifera-

tive action in HT-29 cells (data not shown). On the con-

trary, the cell growth inhibition, in these cells, was present

after 72 h of exposure to HT, but not OL, and the inhibitory

effect was only significant at higher concentrations of HT

(Fig. 3) (P \ 0.05, Dunnett’s test). Moreover, HT and OL

also gave rise to a slight pro-apoptotic effect (% of sub-G1

a

b

Fig. 1 HT and OL effects on

FAS gene expression (panel a)

and activity (panel b) in SW620

cells after 72 h of treatment. P
value was determined by one-

way analysis with Dunnett’s

post test. *P \ 0.05 versus

control
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positive cells) in HT-29 cells after 72 h of treatment, and a

slight accumulation in the S phase of the cell cycle com-

pared to the untreated control cells was observed only at

higher concentrations (Table 2a and b), (P \ 0,05, Dun-

nett’s test).

Discussion

Our current findings reveal for the first time, to our

knowledge, that HT suppresses the expression of FAS, as

well as its activity in SW620 human colon cancer cell line.

Moreover, this polyphenolic compound significantly

inhibits cell proliferation in SW620 through a pro-apop-

totic effect. The exposure to increasing concentrations of

HT led to a remarkable reduction in cell proliferation in

HT-29 cells, too. In these cells, the reduction in cancer cell

growth detected after HT exposure seems to be indepen-

dent from FAS gene expression and its enzymatic activity.

In addition, our findings clearly show that OL exerts an

anti-proliferative effect only on SW620 cells eliciting a

slight pro-apoptotic effect (% of sub-G1 positive cells) in

both cell lines.

Nevertheless, caution must be applied when extrapo-

lating in vitro results into clinical practice, the findings of

this study have biological relevance since the changes on

cultured cancer cells were observed at polyphenol con-

centrations corresponding to those daily consumed in some

Mediterranean areas.

The two studied cell lines show a different response to

polyphenols treatment, probably due the fact that HT and

OL can exert differential effects, depending on the genetic

or morphological make-up of the cells upon which they act.

Low grade of differentiation and K-ras mutation [3] could

make SW620 cells more sensitive to the induction of

apoptosis, whereas HT-29 cells, negative for K-ras muta-

tion, seem to be more resistant. Experimental data [5, 6, 19]

suggest a multifaceted action of polyphenols on the mod-

ulation of cell signals and biochemical pathways involved

in cell survival and cell death. These effects depend on the

concentration of polyphenols, the cell system, the cell age

and the type or stage of degenerative process.

The down-regulation of FAS observed after HT treat-

ment in SW620 suggests that FAS might be a molecular

target for anti-proliferative activity of olive oil polyphenols

in a metabolically defined subset of colon cancer.

FAS has been implicated in the natural history of breast

cancer largely through its connection with the activity and/or

expression of key cancer-related oncogenes such as the Type

1 receptor tyrosine kinase HER2 [10, 11]. Transcriptomic,

proteomic and functional analyses have demonstrated that

HER2 overexpression leads to constitutive up-regulation and

maintenance of an exacerbated endogenous FA biogenesis, a

Fig. 2 Effect of increasing HT and OL concentrations on the

conversion of MTT-tetrazolium salt in SW620 cells. A significant

anti-proliferative action was observed starting from 10 lM (P \ 0.05,

Dunnett’s post test)

µ

Fig. 3 Effect of increasing HT and OL concentrations on the

conversion of MTT-tetrazolium salt in HT-29 cells. A significant

anti-proliferative action was observed at 100 lM of HT (P \ 0.05,

Dunnett’s post test)

Table 2 Assessment of cell cycle analysis and apoptosis in HT-29

cell line treated with HT (a) and OL (b) for 72 h

HT-29 Control

(%)

10 lM

(%)

25 lM

(%)

50 lM

(%)

100 lM

(%)

Hydroxytyrosol (a)

G1 62 63 60 57 47

S 37 36 39.4 42 52

G2/M 1 1 0.6 1 1

Apoptosis 17.9 25.8 20.2 35.2 43*

Oleuropein (b)

G1 60 49.5 60 58 59

S 37 50 39 41 40

G2/M 1 0.5 1 1 1

Apoptosis 14.5 20.5 30 29.8 37.3*

P value was determined by one-way analysis with Dunnett’s post test

* P \ 0.05 versus control
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‘‘lipogenic benefit’’ in terms of enhanced breast cancer cell

proliferation, survival, chemoresistance and metastasis [12].

FAS expression appears also to play an important role in

the growth and pathogenesis of colon carcinoma [20, 26].

Elevated expression of FAS protein and higher FAS

activity have been shown in colorectal cancer [14, 20, 26],

demonstrating that the entire fatty acid synthesis pathway

is up-regulated in colorectal carcinoma. Moreover, tumoral

FAS overexpression has been associated with patient out-

come in colon cancer [15].

It has been proposed that inhibition of FAS by phar-

macologic agents is an effective way of reducing prolif-

eration rate and inducing apoptosis in colon cancer cells

[30]. Moreover, studies in prostate and ovarian cancer cells

have demonstrated that FAS inhibitors may provide a

feasible tumor-targeting strategy across a wider spectrum

of tumors [30].

Naturally occurring olive oil polyphenols through their

ability to suppress the lipogenic enzyme FAS may provide

well-tolerated novel cancer therapies, particularly in met-

abolic disorders-related tumors, as colon cancer.

In conclusion, our findings demonstrate that the main

olive oil polyphenols may induce anti-proliferative effects

in human colorectal cancer cells. These inhibitory effects

on cell growth are mediated by FAS in certain human

colorectal cancer cell types, suggesting that more differ-

entiated and specialized cells could be more able to control

the expression of genes involved in cell proliferation.
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