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Polyphenols  from  extra  virgin  olive  oil  (EVOO),  a main  component  of  the Mediterranean  diet,  have  demon-
strated repeatedly  anti-tumor  activity  in  several  in vitro  and  in  vivo studies.  However,  little is  known
about  the  efficiency  of the  absorption  process  and  metabolic  conversion  of  these  compounds  at  cellular
level.  In  this  study,  a  nano  liquid  chromatography–electrospray  ionization–time  of  flight  mass  spec-
trometry  (nanoLC–ESI–TOF  MS)  method  was developed  to  study  the  cellular  uptake  and  metabolism  of
olive  oil  phenols  in JIMT-1  human  breast  cancer  cells.  After  incubation  for different  time  periods  with
EVOO-derived  phenolic  extracts,  culture  media,  cytosolic  fraction  and  solid  particles  fraction  were  sep-
arated and  analyzed.  Most  of  the free  phenols,  mainly  hydroxytyrosol,  its  secoiridoid  derivatives,  and
etabolites
ano-liquid chromatography
lectrospray–time of flight-mass
pectrometry

the flavonoid  luteolin,  disappeared  in the  culture  media  in  different  ways  and  at  different  times.  Besides,
several  metabolites  were  detected  in  the  culture  media,  fact  that  may  indicate  absorption  and  intracel-
lular  metabolism  followed  by  rapid  cellular  export.  Low  intracellular  accumulation  was  observed  with
only  traces  of  some  compounds  detected  in  the  cytosolic  and  solid  particles  fractions.  Methylated  conju-
gates  were  the major  metabolites  detected,  suggesting  a catalytic  action  of  catechol-O-methyl  transferase
(COMT)  in  cancer  cells.
. Introduction

Several studies have reported that the consumption of olive
il has a potential protective effect against several malignancies,
specially in relation to colon and breast cancer [1–4]. The ben-
ficial effects of olive oil are related not only to its high content
n the monounsaturated fatty acid (MUFA) oleic acid [5–7] but

lso to the presence of a nonsaponificable fraction which contains
iologically active phenolic compounds [8–10]. The main families
f phenolic compounds in olive oil are: simple phenols, lignans,

Abbreviations: BPC, base peak chromatogram; COMT, catechol-O-methyl trans-
erase; D-Lig Agl, deacetoxy ligstroside aglycon; DOA, deacetoxy oleuropein agly-
on; EIC, extracted ion chromatogram; EVOO, extra virgin olive oil; Lig Agl, ligstro-
ide aglycon; nanoLC–ESI–TOF MS,  nano liquid chromatography–electrospray
onization–time of flight mass spectrometry; Ol Agl, oleuropein aglycon; RSD, rela-
ive  standard deviation.
∗ Corresponding authors at: Research Group FQM-297, Department of Analytical
hemistry, Faculty of Sciences, University of Granada, Ave/Fuentenueva s/n, E-18071
ranada, Spain. Fax: +34 958 249510.

E-mail addresses: alegriac@ugr.es (A. Carrasco-Pancorbo), albertof@ugr.es
A. Fernández-Gutiérrez).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jchromb.2012.04.021
© 2012 Elsevier B.V. All rights reserved.

flavonoids and secoiridoids [11]. A large body of evidence indi-
cates that polyphenols can exert chemopreventive effects against
different cancers and our research group and some others have
explored the anti-tumor activity of olive oil polyphenols. These
in vitro studies mainly involved incubations of different types
of human cancer cell lines (e.g., colon, prostate, leukemia, and
breast) with individual polyphenols or whole olive oil pheno-
lic extracts [12–16].  These studies have suggested that olive oil
polyphenols are capable of significantly affecting the overall pro-
cess of carcinogenesis due to their abilities to inhibit cell cycle,
cell proliferation or oxidative stress, improve the efficacy of detox-
ification enzymes, induce apoptosis, and stimulate the immune
system. We  have recently assessed the effects of olive oil polyphe-
nols, supplemented individually or in combination, in different
human breast cancer lines naturally exhibiting clinically relevant
molecular markers. We  have revealed that olive oil phenolics,
especially those fractions enriched in lignans and secoiridoids,
had a strong ability to decrease breast cancer cell viability by

promoting an efficient blockade in the activity and expression
of the tyrosine kinase receptor HER2 (erbB-2), one of the most
commonly analyzed proto-oncogenes in human cancer studies
[17–19].

dx.doi.org/10.1016/j.jchromb.2012.04.021
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:alegriac@ugr.es
mailto:albertof@ugr.es
dx.doi.org/10.1016/j.jchromb.2012.04.021
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Despite the strong experimental evidence suggesting that olive
il-derived polyphenols exhibit antitumor activity, the molecular
echanism(s) underlying both the uptake and the metabolism of

hese compounds still remains to be definitely elucidated. This
rompted us to study the efficiency of absorption and metabolic
onversion of different families of phenolic compounds in human
reast cancer cells. Similar works have been recently developed
ith other cell types: Caco-2 cells (model system of the human

ntestinal epithelium) [20,21] and HepG2 (model system of the
uman liver) [22] to investigate the metabolism of these com-
ounds at both the intestinal and hepatic level. Limited metabolism
f olive oil phenolics was observed using Caco-2 cells and the
ethylated conjugates were the major metabolites detected.
epG2 cells showed extensive uptake and metabolism mainly as
lucuronide and methylated derivatives.

A nano liquid chromatography coupled to electrospray
onization–time of flight mass spectrometry (nanoLC–ESI–TOF MS)

ethod was developed to carry out the analyses. This technique
as emerged as a powerful analytical tool, providing a wide num-
er of important applications, especially in proteomics and also

n fields such as pharmaceutical, environmental and enantiomeric
nalysis [23] and, in less extent, in food analysis [24,25]. We have
ecently studied its potential in the determination and quantifi-
ation of polyphenols from olive oil samples [26]. This technique
ffered several advantages over classical analytical methods, high-
ighting its high sensitivity (when techniques to load large samples
olumes are used) what becomes it in a very promising alterna-
ive for the analysis of samples with low concentration of analytes,
s for instance biological samples. However, its potential in the
etabolomic field has not been fully explored and to the best of

ur knowledge there are few works using nanoLC for the analysis of
mall bio-active molecules (i.e., polyphenols) in biological samples
i.e., human breast cancer cells).

The aim of this work was to study the uptake and metabolism of
live oil phenolic compounds in JIMT-1 human breast cancer cells
sing, for the first time in such an application, nanoLC–ESI–TOF MS.

. Material and methods

.1. Materials

All chemicals were of analytical reagent grade. For the extrac-
ion procedure methanol, hexane and ethanol were purchased
rom Panreac (Barcelona, Spain), hydrochloric acid from Scharlau
Barcelona, Spain) and ethyl acetate from Lab-Scan (Dublin Ireland).
cetonitrile from Lab-Scan (Dublin, Ireland) and acetic acid from
luka (Buchs, Switzerland) were used for preparing mobile phase.
ater was deionized by using a Milli-Q-system (Millipore, Bedford,
A,  USA). Culture medium and fetal bovine sure were purchased

rom Sigma–Aldrich (St. Louis, MO,  USA). EVOO sample of the
ornezuelo variety used for the incubation with cancer cells was
btained from CTAEX.

.2. Extraction of phenolic compounds from virgin olive oil

The extraction procedure was based on a specific solid phase
xtraction (SPE) method with Diol-cartridges, previously described
n literature [27]. Briefly, 60 g of EVOO were dissolved in 60 ml  of
exane and passed through a column, previously conditioned with
0 ml  of methanol and 10 ml  of hexane. After removing the non-

olar fraction with 15 ml  of hexane, the phenolic compounds were
luted with methanol (40 ml). The final volume was dried in a rotary
vaporator under reduced pressure at 35 ◦C and the residue was
issolved in 2 ml  of methanol. For the supplementation to the cells,
atogr. B 898 (2012) 69– 77

1 ml  of the methanolic extract was evaporated and reconstituted in
125 �l of ethanol.

2.3. Human breast cancer cell line and culture conditions

We took advantage of the HER2 gene-amplified JIMT-1 cell line
originally established from a ductal carcinoma pleural metastasis of
a 62-year-old patient, who did not respond to HER2-targeted ther-
apies [28,29]. JIMT-1 human breast cancer cell line was established
at Tampere University and is available from the German Collec-
tion of Microorganisms and Cell Cultures (http://www.dsmz.de/).
JIMT-1 cells were grown in F-12/DMEM (1:1) supplemented with
10% FBS and 2 mM l-glutamine. Cells were maintained at 37 ◦C in a
humidified atmosphere of 95% air and 5% CO2. Cells were screened
periodically for Mycoplasma contamination.

When the cells reached 75–80% confluence were washed twice
with serum-free medium and incubated overnight upon serum-
free conditions. Cells were then stimulated to grow in low-serum
(0.1% FBS)-containing medium in the presence of 0.01% of olive
oil extracts dissolved in ethanol and were incubated for 0, 15 min,
30 min, 1 h, 2 h, 6 h and 24 h. Two control experiments were pre-
pared strictly in parallel: culture medium with cells in the absence
of olive oil extracts and culture medium containing only olive oil
extract in the absence of cells.

At each of such time points, the supernatants were collected,
centrifuged at 1000 × g, aliquoted, and immediately stored at
−80 ◦C until use. Cells were rinsed with cold phosphate-buffered
saline (PBS) and immediately solubilized in NP-40 lysis buffer [1%
NP-40, 20 mmol/l Tris–HCl (pH 8.0), 137 mmol/l NaCl, 10% glyc-
erol, 2 mmol/l EDTA, 1 mmol/l sodium orthovanadate, 10 �g/ml
aprotinin, 10 �g/ml leupeptin, 1 mmol/l phenylmethylsulfonylflu-
oride, and complete protease inhibitor cocktail (Sigma-Chemicals)]
by rocking the lysates gently at 4 ◦C for 30 min. Following micro-
centrifugation at 14,000 × g for 5 min, supernatants (i.e.,  cytosolic
fraction) and membrane + nuclear fractions (i.e., solid particles frac-
tion) were obtained. Cytosolic fractions were transferred into a
clean test tube and sample protein concentrations were deter-
mined using the Pierce Protein Assay Kit (Rockford, IL, USA) and
stored immediately at −80 ◦C until utilization.

2.4. Sample preparation

A liquid–liquid extraction with ethyl acetate, including some
slight differences depending on the type of sample, was used. For
the culture medium the extraction procedure was as follows: 1 ml
of the culture medium was  mixed with 1 ml  of ethyl acetate, vor-
texed for 10 min, centrifuged at 13,000 rpm for 10 min  and the
supernatant was evaporated to dryness. The dried sample was
reconstituted in 200 �l of mobile phase (water + 0.5% acetic acid)
with 20% MeOH.

For the cytosolic fraction, the extraction procedure consisted in
stirring 100 �l of the sample with 100 �l of 0.5 M HCl/MeOH and
200 �l of ethyl acetate for 10 min  using a vortex. The mixture was
maintained in the freezer for 1 h at −20 ◦C. After samples reached
the room temperature, they were centrifuged at 13,000 rpm for
10 min and the supernatant was  evaporated to dryness. The dried
sample was reconstituted in 150 �l of mobile phase (water + 0.5%
acetic acid) with 20% MeOH (lower volumes may  lead to erratic
recoveries).

The solid particles fraction was  firstly washed with 100 �l of

hexane to remove lipids. The samples were vortexed for 10 min
and then centrifugated for 10 min  at 13.000 rpm. The supernatant
was removed and the solid parts were extracted as described above
for the cytosolic fraction.

http://www.dsmz.de/
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Table 1
Recovery percentages (%) of the main phenolic compounds identified in olive oil
from culture medium and cytoplasm spiked with ethanolic extracts of olive oil.
Each determination was made in triplicate (in all cases RSD was lower than 5% of
the  mean value).

Compounds m/z Recovery %

Culture medium Cytoplasm

Hydroxytyrosol 153.0557 82 ± 3.2 70 ± 1.4
Tyrosol 137.0608 73 ± 2.5 63 ± 0.8
Luteolin 285.0405 60 ± 1.2 57 ± 0.5
Apigenin 269.0455 64 ± 1.8 64 ± 0.6
Pinoresinol 357.1344 148 ± 3.7 119 ± 3.6
Acetoxypinoresinol 415.1398 157 ± 3.2 134 ± 3.7
Syringaresinol 417.1555 138 ± 2.5 123 ± 2.8
Ligstroside aglycon 361.1293 55 ± 1.6 68 ± 1.3
Oleuropein aglycon 377.1242 62 ± 1.3 48 ± 0.5
R. García-Villalba et al. / J. C

.5. Instrumentation

.5.1. Nano LC
Commercially available instrumentation EASY-nLCTM (Bruker

altonik GmbH, Bremen, Germany), composed by one module and
quipped with three pumps, three pressure sensors, four valves,
wo flowsensors, an autosampler and a touchscreen was used for
he study.

The chromatographic separation was performed in a capillary
olumn BioSphere (75 �m ID, effective length 10 cm,  3 �m par-
icle size) packed with C18 particles. An on-line short capillary
rapping column (100 �m ID, effective length 20 mm,  5 �m par-
icle size) was used before the nanoLC column in order to achieve
oth pre-concentration and clean up of samples. The mobile phases
ere composed of water + 0.5% acetic acid (phase A) and acetoni-

rile (phase B) with the following gradient: 0–20 min, 20–33% B;
0–45 min, 33–40% B; 45–48 min, 40–95% B. Finally, the B con-
ent was decreased to the initial conditions (20%) within 2 min
nd the column rinsed with these conditions for 5 min. Before
tarting the following analysis the pre-column and column were
e-equilibrated with phase A at 6 �l/min for 2 min  and 0.6 �l/min
or 8 min, respectively. The flow rate used to elute the compounds in
he analytical column was 300 nl/min at room temperature and 5 �l
f the sample was injected into the loop (the use of trapping col-
mn  before the analytical column allowed injecting higher sample
olumes).

.5.2. Mass spectrometry
The nanoLC column was coupled to a Bruker Daltonik microTOF

ass spectrometer (Bruker Daltonik, Bremen, Germany) using
 commercial sheatless nano-spray interface with a tapered
used silica sprayer tip. The key parameters of the nano-
SI were adjusted for the flow rate used (300 nl/min) to
chieve stable spray across the entire gradient range: pres-
ure 0.4 bar, dry gas flow 4 l/min and dry gas temperature
50 ◦C.

The mass transfer parameters (radio frequencies and volt-
ges in the different skimmers, hexapoles and lenses) were
ptimized in recent works, where the same olive oil polyphe-
ols were analyzed [30]. The mass spectrometer was run in
he negative mode and was operated to acquire spectra in the
ange of 50–800 m/z. SmartFormulaTM tool within DataAnaly-
is was used for the calculation of elemental composition of
ompounds: it lists possible molecular formulae consistent with
he accurate mass measurement and the true isotopic pattern
TIP).

In order to obtain high mass accuracy, the mass spectrometer
ust be calibrated by analyzing a standard sample with known
asses along the m/z scale and then applying a mass correction.

he calibrant can either be measured within the sample itself (inter-
al calibration) or, alternatively, can be introduced externally, for

nstance, with a pump at the beginning or at the end of the anal-
sis (external calibration). With the instrumentation used in this
ork for the nanoLC analysis was not possible to do an external

alibration because a system to introduce externally the calibrant
as not been developed yet. Instead of this, an internal calibra-
ion was applied using culture medium samples spiked with olive
il extracts (quality control samples) that contained a mixture of
henols with well-known mass values that were used as calibrant,
roviding mass peaks throughout the desired range of 100–450 m/z

26]. The quality control samples were injected every three analyses
nd their calibration parameters were used for the next three sam-
les injected in a row. This procedure resulted in mass accuracies

ess than 5 ppm.
Deacetoxy ligstroside aglycon 303.1238 30 ± 0.9 4 ± 0.08
Deacetoxy oleuropein aglycon 319.1187 21 ± 0.2 3 ± 0.1

3. Results and discussion

3.1. NanoLC analysis of cancer cells treated with olive oil extracts

Different extraction procedures were assayed for the culture
medium and cytosolic fraction in order to extract the major num-
ber of phenolic compounds and metabolites with good recoveries
in a reproducible way. To simulate real samples culture medium
and cytoplasm were spiked with olive oil extracts in ethanol.

These samples were also used to optimize chromatographic and
mass spectrometry conditions of nanoLC–ESI–TOF MS  based on a
previous study with olive oil samples [26].

The most representative components of the olive oil phenolic
fraction were observed during the optimization: simple phe-
nols (hydroxytyrosol and tyrosol), flavonoids (luteolin, apigenin),
lignans (pinoresinol, acetoxypinoresinol and syringaresinol) and
secoiridoids (oleuropein aglycon (Ol Agl), ligstroside aglycon (Lig
Agl), deacetoxy oleuropein aglycon (DOA) and deacetoxy ligstro-
side aglycon (D-Lig Agl)).

Table 1 shows the recoveries of the main olive oil pheno-
lic compounds for both samples culture medium and cytoplasm.
Extraction efficiency ranged from 63% to 82% for simple phenols and
from 57% to 64% for the flavonoids. For the family of secoiridoids,
Lig Agl and Ol Agl were obtained from 48% to 62% but recoveries
were a bit lower for the deacetoxy derivatives (D-Ol Agl and D-
Lig Agl) especially in the cytoplasm samples. Recovery percentages
higher than 100% were obtained for the lignans, perhaps because
of the presence in the medium of coeluting compounds that could
interfere in the ionization of these analytes enhancing their signal.

The precision of the assay was evaluated by three consecutive
injections (n = 3) of the quality control sample (culture medium
spiked with the olive oil extract) in the same day (intra-day
repeatability) and in three different days (inter-day repeatability)
obtaining values of relative standard deviation (RSD%) on the peak
area ratio below 3.8% and 18.6% respectively. These results showed
good intra-day repeatability although poor inter-day repeatability,
one of the disadvantages observed with the nanoLC technique.

The optimum nanoLC–ESI–TOF MS  method was  applied to ana-
lyze all the real samples (culture medium, cytoplasm and solid
parts) before and at different times after the administration of the
olive oil extract. Every three analyses, a quality control sample was
injected for correcting the variability in terms of signal sensitivity.

Fig. 1 shows the base peak chromatogram (BPC) of the cul-
ture medium at time 0 h in the absence of olive oil (blank sample)

(Fig. 1A) and just after the addition of the olive oil extract (Fig. 1B).
In the same figure, the extracted ion chromatograms (EICs) of the
most representative olive oil phenols recovered from the culture
medium can be observed (Fig. 1C). The separation of the most
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Fig. 1. Base peak chromatograms (BPC) obtained by nanoLC–ESI TOF MS  at the optimum conditions for culture medium at time 0 h in the absence of olive oil (blank sample)
(A)  and just after the addition of the olive oil extract (B). Extracted ion chromatograms (EICs) of the most representative olive oil phenols obtained from Fig. 1B (C). m/z
153.0557: hydroxytyrosol; m/z 137.0608: tyrosol; m/z 195.0662: hydroxytyrosol-acetate; m/z 319.1187: deacetoxy oleuropein aglycon; m/z 417.1555: syringaresinol; m/z
2 ; m/z 
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85.0405: luteolin; m/z 357.1344: pinoresinol; m/z 415.1398: acetoxypinoresinol
igstroside aglycon; m/z 377.1242: oleuropein aglycon.

ydrophilic compounds (hydroxytyrosol and tyrosol) showed low
fficiency and resolution, probably due to the higher aqueous con-
ent used at the beginning of the gradient that could interfere in
he spray stability [26]. The method proved specific, since no inter-

ering endogenous compounds could be seen at the elution times
f the polyphenols in the EICs when blank samples were analyzed.

The identification of the phenolic compounds in free form
nd the possible metabolites was easily performed by using the
303.1238: deacetoxy ligstroside aglycon; m/z 269.0455: apigenin; m/z 361.1293:

valuable information provided by TOF analyzer. TOF offers two
dimensions of information to carry out a high-confidence identifi-
cation of the compounds under study. Using the accurate mass and
the isotopic pattern of the peak under investigation, TOF  analyzer

gives us a reduced number of possible molecular formulae than can
be then matched against available databases. Although, as we have
mentioned in Section 2, it was  not possible to do an external cal-
ibration because of the lack of a suitable system to introduce the
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Fig. 2. Time course of cellular uptake of the parent olive oil phenolic compounds in the culture medium at different incubation times: 0, 15 min, 30 min, 1 h, 2 h, 6 h and
24  h. The values show the amount of compounds remaining in the culture medium expressed as % of the quantity initially incorporated. �, culture medium in the absence of
cells  (red line) and �, culture medium in the presence of cells (blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version  of this article.)
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4 R. García-Villalba et al. / J. C

alibrant, a satisfactory internal calibration was developed using a
ombination of well-known phenols present in the quality control
amples.

Additionally, the comparison of both retention time and MS
pectral data with those from available standards, the polarity
f the compounds and the information previously reported in
iterature [11,26] contributed to corroborate the identity of the
ompounds.

Simple phenols, small molecules with high polarity (hydrox-
tyrosol, tyrosol and hydroxytyrosol acetate) appeared at the
eginning of the chromatogram with errors below 2 ppm. The
ompounds with m/z  285.0405 and 269.0455 were identified
s the flavonoids luteolin and apigenin, the luteolin elut-
ng before apigenin because of the presence of one hydroxyl
roup more in the molecule. Lignans with masses 417.1555
syringaresinol), 357.1344 (pinoresinol) and 415.1398 (ace-
oxypinoresinol) eluted close to each other and were identified
ith errors around 3 ppm. The less polar compounds Ol Agl

377.1242) and Lig Agl (361.1293) appeared at the end of
he chromatogram and were identified with errors of 2.5 and
.2 ppm respectively. Lig Agl, with one hydroxyl group less than
l Agl, eluted the last. Their decarboxylated derivatives (DOA and
-Lig Agl) were detected in the same elution order that the original
ompounds but at shorter retention times. This group of secoiroids
howed different isomeric forms that were very difficult to separate
ue to the similar polarity.

.2. Cellular uptake

JIMT-1 human breast cancer cells were incubated in culture
edium exogenously supplemented with olive oil extracts. The
ost representative compounds belonging to different families of

henolic compounds described in olive oil were monitored in the
edium at different incubation times: 0, 15 min, 30 min, 1 h, 2 h,

 h and 24 h. The time course of cellular uptake of the original
ompounds expressed as % of the quantity initially incorporated
n the culture medium can be seen in Fig. 2. Considering that the
isappearance of some compounds could be due to their rapid
egradation in the medium, two experiments were carried out in
arallel: one of them with the culture medium in the presence of
ells to study how the compounds are absorbed and biologically
etabolized and the other, in the absence of cells, to indicate the

pontaneous or basal degradation of compounds.
A different uptake was observed for each compound in relation

o their different chemical structures. In the case of flavonoids, lute-
lin decreased significantly in the culture medium from 2 to 24 h:
8% of the quantity added was present after 6 h of incubation and
nly traces of this compound were observed after 24 h. Apigenin
eemed to be more slowly and poorly taken up with 39% of the
onmetabolized molecules detected in the culture medium after
4 h. This could be explained considering the limited diffusion into
he cell of compounds with a lower degree of hydroxylation, as the
ase of apigenin with one hydroxyl group less than luteolin.

Regarding lignans, pinoresinol and syringaresinol remained
ractically intact in the culture medium for 2 h and were
bsorbed, although poorly, between 2 and 6 h. In the case of ace-
oxypinoresinol, the absorption started a few hours before (around

 h) and the rapid increase between 6 and 24 h could be due to the
ppearance of the acetoxylated metabolite of pinoresinol.

The family of secoiridoids showed to be susceptible to sponta-
eous degradation in free cells culture media, particularly after 2 h
f incubation. The cellular uptake seemed to differ slightly between

he secoiridoids containing a molecule of hydroxytyrosol in their
tructure (Ol Agl and DOA) and those with a molecule of tyrosol
Lig Agl and D-lig Agl). Ol Agl and DOA were absorbed very quickly
fter the administration and a gradual uptake, starting from 15 min,
atogr. B 898 (2012) 69– 77

was observed along the time. Both compounds were taken up at all
exposure time points although the pattern of association differed in
a time-dependent manner, probably due to the differences in their
structures. During the first minutes, the absorption was a bit faster
for DOA whereas the levels of Ol Agl decreased more slowly within
30 min and reached the maximum of absorption between 30 min
and 2 h. Limited uptake of the secoiridoids derived from tyrosol (Lig
Agl and D-Lig Agl) was observed at short incubation time: 15 min to
1 h, reaching the maximum of absorption a bit later, between 1 and
2 h for Lig Agl, and after 6 h of incubation for D-Lig Agl. This slower
uptake could be due to the lower degree of hydroxylation, as men-
tioned before. The remaining amount of compounds disappeared
between 2 and 24 h probably due to the spontaneous degradation,
as can be observed in the experiments in the absence of cells.

The results obtained from simple phenols were more complex
because part of them could come from the decomposition of their
respective secoiridoids in the culture medium. Hydroxytyrosol, as
in the case of its secoiridoid derivatives, was incorporated in the
first minutes, reaching 50% after 1 h of incubation. The increase
observed after 1 h could be due to the decomposition of Ol Agl and
the rapid decrease after 2 h to the absorption and also to its spon-
taneous decomposition in the culture medium. Hydroxytyrosol-
acetate showed high absorption from 2 h and only 4% of the original
compound was  detected after 6 h of incubation. In a previous work
with HepG2 cells hydroxytyrosol and hydroxytyrosol acetate were
present in the culture medium as free molecules at 2 h of incubation
and a high absorption was  observed after 18 h [22].

No significant changes were observed in the concentration of
tyrosol throughout the incubation period what it is also in agree-
ment with the results obtained in literature about the limited
diffusion of this compound in HepG2 cells [22]. Besides, a high
increase in the concentration of this compound was  observed after
2 h, probably due to the decomposition of the secoiridoids contain-
ing this molecule in their structure.

Removal from the culture medium could suggest accumulation
of these compounds in the cells but also in the cell membranes.
However, we  failed to distinguish these compounds when analyz-
ing cytoplasm and solid parts of JIMT-1 cells, maybe due to the
low intracellular accumulation as also occurs in HepG2 cells [22].
Therefore, the decrease of the amount of some compounds in the
culture medium along the time may  indicate the uptake of intact
compounds by the cells.

3.3. Metabolism of olive oil phenolic compounds in breast cancer
cells

Several compounds formed as a consequence of cell metabolism
were observed in the extracellular culture medium at different
incubation times. Table 2 shows all the metabolites tentatively
identified in the culture medium grouped by families, including m/z
experimental, retention time, error and sigma value and molecu-
lar formula. The time range needed for the appearance of these
compounds and the time at which the highest intensity of each
compound was  reached are also indicated in the table. The EICs
of all the metabolites tentatively identified when they showed the
highest intensity can be seen in Fig. 3. Some EICs (m/z 335.1499,
m/z  333.1347, m/z 391.1397) showed several peaks corresponding
to different isomeric forms, typical of the family of secoiridoids.
Control samples cell-free and control samples with no added phe-
nolics were also analyzed because some compounds could also be
formed spontaneously in the culture medium.
3.3.1. Simple phenols
One metabolite with very low intensity and m/z  value of

167.707 was tentatively identified as the methyl conjugate of
hydroxytyrosol. This was one of the most important metabolites
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Fig. 3. Extracted ion chromatograms (EICs) of the main metabolites tentatively identified in culture medium of human breast cancer cells incubated with olive oil extracts.
They  are grouped according with the time at which they presented the highest intensity: (A) 30 min, (B) 2 h, (C) 6 h and (D) 24 h. The identification of the compounds is
indicated in Table 2.
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Table 2
Metabolites tentatively identified at different incubation times in the culture medium of cancer cells exogenously supplemented with olive oil extracts.

m/z
experimental

Retention
time

Error
(ppm)

Sigma Molecular
formula

Proposed metabolite Maximum concentration (range)

Simple phenols 167.707a 18.097 4.2 56.5 C9H11O3 Methyl hydroxytyrosol 24 h (2–24 h)

Secoiridoids 335.1499 25.605 0.3 17.8 C18H23O6 Dihydrogenated methyl DOA 2 h (1–24 h)
333.1347 26.190 −0.9 63.1 C18H21O6 Methyl DOA 2 h (30 min  to 6 h)
379.1390  26.625 2.3 17.1 C19H23O8 Dihydrogenated Ol Agl 30 min (15 min to 2 h)
363.1445 28.933 1.3 4.9 C19H23O7 Dihydrogenated Lig Agl 2 h (30 min  to 24 h)
393.1560 29.602 −1.3 5.3 C20H25O8 Dihydrogenated methyl Ol Agl 2 h (15 min  to 24 h)
391.1397 33.599 0.4 28.2 C20H23O8 Methyl Ol Agl 2 h (15 min  to 2 h)

Flavonoids 317.0305a 19.501 −0.7 95.1 C15H9O8 Dihydroxy luteolin 2 h
303.0495a 21.692 5.2 94.9 C15H11O7 Luteolin hydrated 2 h
301.033 26.709 4.1 58.6 C15H9O7 Hydroxy luteolin 2 h
299.0559 29.117 0.8 3.6 C16H11O6 Methyl luteolin 24 h

Lignans 327.1218a 24.250 6.0 135.6 C19H19O5 Demethoxy pinoresinol 2 h (1–6 h)
437.0923a 24.920 2.5 120.6 C20H21O9S Pinoresinol sulfate 24 h
475.1605a 29.284 0.9 28.5 C24H27O10 Acetoxy-syringaresinol 6 h (2–24 h)

Unknown 463.0865a 20.789 3.6 37.4 C21H19O12 2 h (30 min  to 2 h)
349.0581  20.872 −4.6 32.5 C16H13O9 2 h
447.0939 22.026 −1.5 6.2 C21H19O11 6 h
433.1502 22.880 0.5 57.0 C22H25O9 15 min
431.1000 23.548 −3.8 4.8 C21H19O10 6 h
609.1249a 24.501 9.7 66.5 C23H29O19 2 h
273.1692 25.037 5.8 74.9 C14H25O5 24 h
281.1035 25.672 −1.7 31.4 C14H17O6 2 h
265.1072 27.010 3.5 110.7 C14H17O5 2 h
249.1120 29.267 5.1 2.6 C14H17O4 2 h
437.1130 29.736 −9.4 32.8 C20H21O11 6 h
403.1398a 36.609 0.2 306.2 C21H23O8 1 h (15 min  to 2 h)
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Compounds present in small traces.

ound in experiments with Caco-2 and HepG2 cells incubated with
ydroxytyrosol [20–22].  This compound started to appear in the
ulture medium after 2 h of incubation, when part of the original
ompound had already been absorbed, but reached the maximum
oncentration after 24 h. As it was mentioned before, tyrosol was
oorly absorbed and subsequently none metabolites of this com-
ound were found in the culture medium.

.3.2. Secoiridoids
Compounds belonging to the secoiridoids were the most exten-

ively metabolized, especially those derived from hydroxytyrosol
Ol Agl and DOA). Methylation was the preferential pathway
or both compounds followed or preceded, in some cases, by a
ydrogenation reaction. All the methylated forms increased their
oncentration with the time, in parallel with the decrease of the
arent compounds in the culture medium, reaching the max-

mum value after 2 h of incubation. No methyl conjugates of
ecoiridoids derived from tyrosol (Lig Agl and D-Lig Agl) were
bserved, as could be expected considering the fact that methy-
ation by catechol-O-methyl transferase (COMT) requires and
rtho-diphenolic structure [20]. Two new peaks with m/z values
f 379.1390 and 393.1560 were tentatively identified as dihydro-
enated metabolites of Ol Agl and Lig Agl, respectively. This Ol Agl
etabolite appeared in the medium with high intensity at earlier

imes (30 min), indicating a faster metabolism and excretion com-
ared with the methylation. Regarding the Lig Agl, this was the
nly metabolite detected, confirming the poor metabolism of the
ecoiridoids which contain in their structure a molecule of tyrosol.
esides, this compound appeared with high intensity a bit later (2 h)

han the same metabolite of the Ol Agl, probably because of the
lower uptake of the parent compound, as indicated in the previ-
us section. After 24 h of incubation these compounds were almost
isappeared.
3.3.3. Flavonoids
As can be observed in the above section the cellular uptake

of flavonoids was  slow and only traces of three oxidation prod-
ucts of luteolin (hydroxylated, dihydroxylated and hydrated) were
observed after 2 h, when the absorption of the compound is still
very limited. At longer incubation time (24 h), an intensive peak
with m/z 299.0559 and longer retention time was  tentatively iden-
tified as methyl-luteolin. In previous works this metabolite has
been described in the culture medium of Caco-2 cells after 24 h
of incubation with luteolin [21]. The other flavonoid, apigenin,
seemed to be poorly metabolized, and presumably this compound
cannot take the same metabolic route as luteolin because of the
lower degree of hydroxylation. Only a peak observed after 6 h
of incubation with m/z 447.0939 could be identified as dehy-
drogenated apigenin glucuronide and the same metabolite of
luteolin (dehydrogenated luteolin glucuronide) could be attributed
to another small peak observed at a retention time of 20.789 min
with m/z 463.0865. However, we  have some doubts about this
identification because both metabolites were detected in the cul-
ture medium at too early times (6 and 2 h) when the parent
compounds were poorly absorbed. Besides, according to the lit-
erature, glucuronoconjugates have great difficulty to cross the
membrane because of their polarity and it would be expected
to appear at longer times or even not to appear. Further experi-
ments would be necessary to confirm that human breast cancer cell
contain UDp-glucuronosyl-transferase activity capable of causing
glucuronoconjugated forms of flavonoids.

3.3.4. Lignans
The metabolites formed from the lignan precursors were prac-

tically absent, in part because of their low absorption into the

cells. Two metabolites of pinoresinol appeared in small traces,
one of them (m/z 327.1218) could correspond to the loss of a
methoxy group and the other (m/z 437.0923) to its sulfoconju-
gated metabolite. The sulfate derivative was also observed at high
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oncentrations after 6–24 h of incubation with pinoresinol in Caco-
 cells [21]. At longer incubation time (24 h) a small peak with
/z 475.1605 was identified as acetoxy-syringaresinol, the same
etabolite that was described for pinoresinol in the previous sec-

ion (acetoxypinoresinol).
Other peaks with high intensity were detected in the culture

edium at different incubation times but it was not possible to
dentify them with the instrumentation used in this study and we
an only show their molecular formula. Some molecular formulae
re very similar to each other and could come from the same family
f compounds, as for instance: C14H17O4, C14H17O5 and C14H17O6.

The identified metabolites were also studied in the cytosolic
raction but only small traces were observed after different hours
f incubation. No metabolites were detected in the solid particles
raction either.

Therefore, the decrease of some compounds in the culture
edium along the time and the appearance of metabolites could

ndicate that the compounds are absorbed, intracellularly metab-
lized to different forms and excreted. Alternatively, they could
e produced directly in the medium by secreted cellular enzymes.
either original compounds nor metabolites were detected in the
ytosolic and solid particles fraction. This could be because the con-
entration of the added compounds is too low to detect them in
hese fractions (further studies with higher concentrations should
e developed) or could suggest no intracellular accumulation of the
riginal compounds and metabolites and a rapid excretion into the
ulture medium. New experiment will be necessary in the future
o go into depth regarding this issue and confirm the hypothesis.

Since the methyl conjugates prevailed in the culture medium,
hese results might suggest that JIMT-1 human breast cancer cells
ossess the enzymatic activity of catechol-O-methyltransferasa
COMT), as it has been demonstrated in the case of cells obtained
rom the gastrointestinal tract (Caco-2 and HepG2) [20,22].
owever further studies would be required to confirm that JIMT-

 human breast cancer cells possesses enzymatic activity for
etabolizing flavonoids and lignans to glucuronide and sulfate

onjugates.

. Conclusions

The extent of uptake and the level of metabolism of olive oil
olyphenols in cancer cells will be pivotal to understand the mech-
nisms by which these compounds act as chemopreventive agents
ffecting the overall process of carcinogenesis. In this work, the
ellular uptake and metabolism of olive oil polyphenols in human
reast cancer cells has been evaluated for the first time, taking
dvantage of the sensitivity of the nanoLC–ESI–TOF MS  method
eveloped. The potential of this analytical platform for the analysis
f small molecules in biological samples has been demonstrated.
he analysis of culture medium, cytosolic fraction and solid par-
icles fraction at different incubation times, suggested that some
ompounds, mainly hydroxytyrosol, secoiridoids, and the flavonoid
uteolin are absorbed, metabolized in the cytoplasmic compart-

ent and excreted to the extra cellular medium. The secoiridoids,
specially those derived from hydroxytyrosol (DOA and Ol Agl)
ppeared to be the most rapidly and extensively taken up and
etabolized, mainly as methylconjugates. The methylated deriva-

ives were also predominant for hydroxytyrosol and luteolin, this
ast one together with trace amounts of other oxidation metabo-
ites. The presence of the methylconjugates suggests that this breast
ancer cell line possesses catechol-O-methyltransferase activity.

imited metabolism was observed for the lignans, apigenin, tyrosol
nd their related secoiridoids (Lig Agl and D-Lig Agl), a phenomenon
ikely related to a less efficient transport through human breast
ancer cell membranes.
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