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Abstract The medicinal properties of the leaves and fruit

of Olea Europaea (olive tree) have been known since

antiquity. Numerous contemporary studies have linked the

Mediterranean diet with increased health. In particular,

consumption of olive oil has been associated with a

decreased risk of cardiovascular disease and certain can-

cers. Increasingly, there has been an interest in the biolog-

ical properties of polyphenols, which are minor constituents

of olive oil. For example, hydroxytyrosol has been shown to

be a potent antioxidant and has anti-atherogenic and anti-

cancer properties. The overall aim of this study was to

provide insights into the molecular mechanisms of action of

hydroxytyrosol using genome-wide mRNA-Seq. Initial

experiments were aimed at assessing cytotoxicity, apoptosis

and cell cycle effects of hydroxytyrosol in various cell lines.

The findings indicated a dose-dependent reduction in cell

viability in human erythroleukemic K562 and human

keratinocytes. When comparing the viability in parental

CEM-CCRF and R100 cells (which overexpress the

P-glycoprotein pump), it was determined that the R100 cells

were more resistant to effects of hydroxytyrosol suggesting

efflux by the multi-drug resistance pump. By comparing the

uptake of Hoechst 33342 in the two cell lines that had been

pretreated with hydroxytyrosol, it was determined that the

polyphenol may have P-glycoprotein-modulating activity.

Further, initial studies indicated modest radioprotective

effects of relatively low doses of hydroxytyrosol in human

keratinocytes. Analysis of mRNA sequencing data identi-

fied that treatment of keratinocytes with 20 lM hydroxy-

tyrosol results in the upregulation of numerous antioxidant

proteins and enzymes, including heme oxygenase-1 (15.46-

fold upregulation), glutaredoxin (1.65) and glutathione

peroxidase (1.53). This may account for the radioprotective
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activity of the compound, and reduction in oxidative stress

suggests a mechanism for chemoprevention of cancer by

hydroxytyrosol. Alteration in the expression of transcription

factors may also contribute to the anti-cancer effects

described in numerous studies. These include changes in the

expression of STAT3, STAT6, SMAD7 and ETS-1. The

telomerase subunit TERT was also found to be downregu-

lated in K562 cells. Overall, our findings provide insights

into the mechanisms of action of hydroxytyrosol, and more

generally, we identify potential gene candidates for further

exploration.

Keywords Hydroxytyrosol � Olive polyphenol �
Olive oil � Radioprotection � mRNA-Seq

Introduction

The medicinal properties of the leaves and fruit of Olea

Europaea (olive tree) have been known since antiquity.

Evidence indicates that the Cretans have been cultivating

olive trees and using olive oil for over 5,000 years. Further,

the ancient Spartan (a community renowned for its health

and supreme military prowess) diet was based largely on

organic plant products with a particular emphasis on virgin

olive oil. Numerous contemporary studies have linked the

more modern Mediterranean diet (an adaptation of the

traditional versions) with increased health (Trichopoulou

et al. 2000; Nadtochiy and Redman 2011; Pauwels 2011;

El and Karakaya 2009). In particular, consumption of olive

oil has been associated with a decreased risk of cardio-

vascular disease and certain cancers (Pauwels 2011).

Increasingly, there has been an interest in the biological

properties of polyphenols, which are minor constituents of

olive oil (Raederstorff 2009). For example, hydroxytyrosol

has been shown to be a potent antioxidant and has anti-

atherogenic and anti-cancer properties (Granados-Principal

et al. 2010). Early studies indicated that consumption of

olive oil resulted in changes in lipid profiles, and that it was

beneficial for cholesterol absorption and deposition and

therefore prevention of atherosclerosis (Wagner 1957;

Okey et al. 1959; Member and Bruger 1945). Many other

beneficial effects of olive oil have been described,

including a reduction in hypertension and improvement of

diabetes, and reduced inflammation (Puertollano et al.

2007; Yaqoob et al. 1998). It has also been shown to have

antioxidant properties and to result in the reduction of lipid

peroxidation of membranes (Mataix et al. 2006; Quiles

et al. 1999; Huertas et al. 1992).

Olive oil has been identified as a major component of

the Mediterranean diet accounting for the reduced inci-

dence of cardiovascular diseases in those regions (Huang

and Sumpio 2008; Serra-Majem et al. 2003; Alarcon de la

Lastra et al. 2001). These beneficial effects were initially

believed to be due to the oleic acid content of olive oil;

however, there has been a shift in research interest, with a

growing focus on other minor components of olive oil,

such as the polyphenols (Fig. 1) (Visioli and Bernardini

2011). Hydroxytyrosol is a relatively well-characterised

olive polyphenol (Granados-Principal et al. 2010). It has

been shown to be a potent antioxidant which can scavenge

the superoxide anion, hydrogen peroxide, hypochlorous

acid (Granados-Principal et al. 2010). Also, it has been

shown to have anti-atherogenic, anti-thrombotic and

Fig. 1 Chemical structures of

the relevant olive phenolic

compounds
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anti-inflammatory properties (Gonzalez-Santiago et al.

2006; Marrugat et al. 2004; Puel et al. 2008). Numerous

studies have also shown that hydroxytyrosol may be a

potential anti-cancer agent (Bouallagui et al. 2011; Sirianni

et al. 2010; Han et al. 2009; Fabiani et al. 2002). In pro-

myelocytic leukemic cells and colon adenoma, it has been

shown to induce apoptosis, cause cell cycle arrest and limit

cell growth and proliferation (Della Ragione et al. 2000).

The overall aim of this study was to provide insights into

the molecular mechanisms of action of hydroxytyrosol

using genome-wide mRNA-Seq. Initial experiments were

aimed at assessing cytotoxicity, apoptosis and cell cycle

effects of hydroxytyrosol in various cell lines. Given that

we are interested in the potential topical radioprotective

properties of hydroxytyrosol, we evaluated gene expression

changes in human keratinocytes at the relatively low con-

centration of 20 lM. To obtain some insights into the

mechanism of cell death and apoptosis, we explored gene

changes induced by 20 and 100 lM hydroxytyrosol in

human erythroleukemic K562 cells.

Methods

Chemical compounds

Concentrated stocks of the olive polyphenols hydroxyty-

rosol (2 mg/mL in ethanol, Cayman Chemicals, Ann

Arbor, MI, USA), tyrosol (Fluka—Sigma, St. Louis, MO,

USA), oleuropein (Indofine Chemical, Hillsborough, NJ,

USA) and homovanillic alcohol (Sigma) were prepared in

absolute ethanol and stored at -80�C until use. Prior to use

in experiments, stocks were diluted appropriately in sterile

Dulbecco’s PBS without Ca2?/Mg2?. Stock solutions

(10 mM) of Hoechst 33342 (Sigma) were prepared in 45%

methanol/dH2O and further diluted in dH2O prior to use.

Routine cell culture

Human keratinocytes (FEP-1811) were grown in kerati-

nocyte-SFM (K-SFM) medium (Invitrogen, Carlsbad, CA,

USA—serum-free medium) supplemented with 2 mM

L-glutamine, epidermal growth factor, bovine pituitary

extract and 80 units gentamicin (Hurlin et al. 1991). As

required, single cell suspensions were prepared by tryp-

sinisation (0.05% trypsin/EDTA solution, Invitrogen) for

5–10 min. CEM-CCRF cells were grown in the a-MEM

containing 10% foetal bovine serum (FBS) and 80 units of

gentamicin. Similarly, P-glycoprotein (PGP)-overexpress-

ing R100 cells were grown in a-MEM containing 10%

FBS, 80 units gentamicin and 100 ng/mL vinblastine. R100

cells were cultured in a-MEM/FBS/gentamicin media

without vinblastine for 7 days prior to use in experiments.

K562 cells were grown in RPMI-1640 medium supple-

mented with 10% FBS, 2 mM L-glutamine and 80 units

gentamicin (GIBCO-Invitrogen). All cells were incubated

in a humidified atmosphere at 5% CO2 and 37�C.

Cell growth and apoptosis

Cells were seeded into 25-mL flasks, in 5 mL of the

appropriate media. Cells were incubated at 5% CO2 and

37�C overnight and were treated with various concentra-

tions of hydroxytyrosol (0–1,000 lM). Following 24-h

incubation, the cell numbers were determined using a

haemocytometer. CellTiter-Blue� and ApoOne homoge-

neous Caspase 3/7� kits were used to examine the effects of

HT on cell viability and apoptosis, respectively, according

to the manufacturer’s instructions (Promega, Madison, WI,

USA). Briefly, cells were seeded at a density of 50,000 cells

per well in black 96-well plates and treated with hydroxy-

tyrosol (0–1,000 lM) for 24 h. In relevant experiments,

cells were treated with 20 lM hydroxytyrosol for 24 h and

then irradiated with 2 Gy (137Cs source). CellTiter-Blue

(20 lL) or ApoOne (50 lL) reagent was added, and cells

were incubated in foil for 2 or 4 h, respectively, at room

temperature. Fluorescence was measured using a VICTOR

3 (PerkinElmer, Waltham MA, USA) plate reader.

Cell cycle analysis

Cells were treated with various concentrations of hydroxy-

tyrosol (0–1,000 lM) and incubated for 24 h, after which

cells were harvested and suspended in 2% FBS-PBS.

Cells were washed and suspended in ice-cold 1 mL 2%

FBS-PBS. Three millilitres of ice-cold 100% ethanol was

then added while vortexing. Cells were rotated overnight at

4�C, centrifuged at 4009g for 5 min and then washed with

ice-cold PBS. The cells were then resuspended in 1 mL of

10 lg/mL propidium iodide (PI), to which 20 lL 1 lg/mL

RNase A (Qiagen Inc., Valencia, CA, USA) was added.

Cells were again rotated overnight at 4�C in the dark.

Samples were analysed by flow cytometry (Facs Calibur,

Becton–Dickinson, Franklin Lakes, NJ, USA). Fluorescent

debris were gated using forward scatter versus orthogonal

side scatter, and a secondary gate was placed around the

single cell population using a pulse area versus pulse width

dot plot. The percentage of cells in each phase of the cell

cycle was analysed using FlowJo V7.6 flow cytometry

analysis software (Tree Star Inc., Ashland, OR, USA).

Analysis of apoptosis and cell death using annexin/PI

staining

Keratinocytes were treated with the relevant concentrations

of hydroxytyrosol for 24 h. Cells were then centrifuged and
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suspended in 1 mL annexin-V binding buffer (Invitrogen),

to which 5 lL Annexin-V FITC conjugate (Invitrogen) and

10 lL 10 lg/mL PI were added. Cells were incubated for a

further 30 min before being analysed by flow cytometry as

described above.

Hoechst 33342 uptake studies

CEM-CCRF and R100 cells were incubated with the rel-

evant concentrations of hydroxytyrosol prior to incubation

with 10 lM of Hoechst 33342 for 2 h at 37�C. Following

incubation, cells were treated with 10 lg/mL PI and were

analysed by flow cytometry as described above.

Assessment of PGP expression by flow cytometry

CEM-CCRF and R100 cells in PBS were incubated with

MRK-16 antibody (anti-PGP monoclonal antibody; Enzo

Life Sciences, Farmingdale, NY, USA) for 1 h. Following

incubation, cells were washed and incubated with an

FITC-labelled anti-mouse secondary antibody (Millipore,

Billerica, MA, USA) for a further 1 h prior to analysis by

flow cytometry as described.

Assessment of PGP expression by quantitative reverse

transcriptase PCR (qPCR)

qPCR was performed to determine the fold difference

between the expression of the multi-drug resistance

(MDR1) gene (PGP pump) in CEM-CCRF and R100 cells.

The effect of hydroxytyrosol (0–500 lM) on MDR1

expression in R100 cells was also assessed. An Applied

Biosystems 7500 Fast Real-Time PCR System was used.

Primers were MDR1 (F: 50-ggaagccaatgcctatgacttta-30, R:

50-gaaccactgcttcgctttctg-30) and HMBS (F: 50-ggcaatgcggct

gcaa-30, R: 50-gggtacccacgcgaatcac-30) (van den Heuvel-

Eibrink et al. 2002; Vandesompele et al. 2002). 5 pmol of

forward and reverse primers were added to cDNA template

and FAST SYBR� Green Master Mix (Roche, Basel,

Switzerland) to a final volume of 20 lL. Reactions were

incubated at 95�C for 10 min, followed by 40 cycles of

95�C for 10 s and 60�C for 30 s. MDR1 was normalised to

the level of HMBS.

Sulforhodamine B microtitre plate assay

Keratinocytes were seeded onto 96-well flat-bottomed

plates in 0.5 mL of medium. Cells were treated with var-

ious concentrations (0–1,000 lM) of the phenolic com-

pounds hydroxytyrosol, oleuropein, homovanillic acid and

tyrosol for 24 h. Relevant plates were irradiated with

12 Gy (137Cs source). In separate experiments, cells were

treated with 20 lM hydroxytyrosol and irradiated with

varying doses of c-rays (0–12 Gy). Media was then aspi-

rated, and the cells were fixed with 1 mL 10% trichloro-

acetic acid in 0.9% NaCl by incubation for 1 h at 4�C. The

wells were then washed five times and air-dried for 1 h.

Cells were stained with 1 mL 0.4% SRB in 1% acetic acid

for 30 min at room temperature and then rapidly rinsed

with 1% acetic acid and air-dried. Tris-base (10 mM, pH

10.5, 2 mL) was then added to each well, and absorbance

was measured at 550 nm.

Clonogenic survival

Keratinocytes were incubated for 24 h with various concen-

trations (0–1,000 lM) of hydroxytyrosol in 25-mL filter-

capped flasks at 37�C and 5% CO2. Following incubation,

cells were irradiated with 4 or 12 Gy (137Cs source). Cells

were washed with 3 mL of PBS and treated with 1 mL of

0.01% pronase and detached from the flask. Cells were col-

lected by centrifugation at 4009g and suspended in 5 mL of

fresh media. Cell numbers were determined using a Coulter

counter (Z2 Series Analyser, Beckman-Coulter) and then

cloned in quintuplicate, each petri dish containing a prede-

termined number of cells in 5 mL of media. The dishes were

incubated for 8 days at 37�C and 5% CO2 to allow for colony

formation. Following incubation, media was aspirated and

washed with 5 mL 0.9% saline. Colonies were then fixed

with 3 mL of 4% neutral formalin for 30 min and then

stained with 3 mL of 0.01% crystal violet (Hopkin &

Williams Ltd, England) for 1 h. Dishes were washed with

5 mL dH2O and dried overnight. Colonies were counted

using a dissecting microscope, and each colony is defined as

a cluster of 50 or more cells.

cH2AX immunofluorescence

Keratinocytes were treated with various concentrations of

hydroxytyrosol (0–200 lM) for 24 h. Cells were fixed with

4% paraformaldehyde at room temperature for 10 min,

washed with PBS and permeabilised with the addition of

100 lL of 0.1% Triton X-100 for 10 min at room tem-

perature. Cells were then washed three times with PBS and

blocked with 1% BSA for 20 min. The primary mouse

monoclonal anti-phospho-histone H2AX antibody (Upstate,

New York, USA) diluted in 1% BSA (1:500) was then

added to the cells and incubated for 1 h on a shaker in a

dark, humidified chamber at room temperature. Cells were

then washed three times with PBS and then incubated with

an Alex-488 conjugated secondary goat anti-mouse anti-

body (1:500 in 1% BSA) (Molecular Probes, Oregon, USA)

for 45 min on a shaker in the dark, humidified chamber

at room temperature. 100 lL of Prolong Gold mounting

media containing DAPI (Invitrogen) was used. Images

were acquired with an Olympus FluoView 1000 confocal
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microscope (Olympus America Inc., PA, USA) using a 963

oil immersion objective. Foci were then counted and ana-

lysed using MetaMorph 7.6 (Universal Imaging Corpora-

tion, PA, USA).

Library construction and RNA sequencing

Total RNA was isolated using TRIZOL (Invitrogen). Cells

suspended in TRIZOL were passed through a 21-G needle

5 times to ensure proper lysis and then RNA extraction was

performed following Qiagen protocol. Genomic DNA

contamination was removed by DNAse treatment (Qiagen

Inc., Valencia, CA, USA). First strand cDNA synthesis was

performed using High-Capacity cDNA Reverse Tran-

scription Kit (Applied Biosystems, Carlsbad, CA, USA),

according to the manufacturer’s instructions. RNAseq

libraries were prepared according to Illumina mRNAseq

library preparation kit (cat # RS-100-0801). Briefly, 8 lg

of total RNA was taken for mRNA isolation using poly-T

oligo-attached magnetic beads. Poly-A mRNA was frag-

mented with the presence of divalent cations under

elevated temperatures. The mRNA fragments were reverse-

transcribed via SuperScript II (Invitrogen) with random

primers. The second strand was synthesised with the

addition of RNaseH and DNA Pol I. Double-stranded

complementary DNAs (cDNAs) were end-repaired, fol-

lowed by 30 adenylation using Klenow fragment (30–50 exo

minus). Then, Illumina (San Diego, CA, USA) paired-end

adapters with T-overhangs at their 30 end were ligated to

the cDNAs. Following column purification (Qiagen

MinElute), to remove excess of unligated adapter, library

cDNA was separated on a 2.0% agarose gel. Library cDNA

in the range of 200 ± 10 bp fragments was isolated by gel

purification (Qiagen) and amplified with 15 cycles of

Phusion DNA polymerase mediated PCR (10 s 98�C, 30 s

65�C, 30 s 72�C) using oligonucleotides complementary to

Illumina sequencing adapters. Column purified libraries

were quantified fluorometrically (Invitrogen), and visual-

ised by MultiNA (DNA 2500 kit) electrophoresis for

quality assurance. Libraries were diluted to 10 nM and

stored at -20�C prior to cluster generation. Denatured

DNA samples were diluted to 6 pM prior to cluster gen-

eration (v4 cat # GD-103-4001). Flow cell sequencing of

36-bp tags was conducted on a Genome Analyzer II

apparatus (Illumina) according to the manufacturer’s pro-

tocols using v4 sequencing reagents (cat # FC-104-4001).

qPCR validation

PCR amplification was performed using an Applied Bio-

systems 7500 Fast Real-Time PCR System. Primers used in

the validation were HPRT-1 (F: tgacactggcaaaacaatgca, R:

ggtccttttcaccagcaagct), HMOX-1 (F: tcccctcgagcgtcctcagc,

R: tggggcatgctgtcgggttg), VEGFA (F: tgaggagtccaacatcacca,

R: tctctcctatgtgctggcct), IGFBP-3 (F: cctacctgctgccagcgcc,

R: ggtgcgtgctggagacggac), CASP-1 (F: ccacaatgggctctgttttt,

R: catctggctgctcaaatgaa), JUNB (F: cacctcccgtttacaccaac, R:

ggaggtagctgatggtggtc), JUND (F: cgcctggaagagaaagtgaa,

R: gttgacgtggctgaggactt), IL-6 (F: tccacaagcgccttcggtcc, R:

gtggctgtctgtgtggggcg), IL-8 (F: tgcagctctgtgtgaaggtgc, R:

tgtgttggcgcagtgtggtcc), CASP-8 (F: tccaaatgcaaactggatga,

R: gggcacagactcttttcagg), PECAM-1 (F: tgggtgggagagaggc

tgctg, R: cgagggtccctgcagctgtg), IGFBP-6 (F: gcgcctgctgtt

gcagagga, R: ggctgggagggcgtggtaga), Bcl-2 (F: ggataacgga

ggctgggatgcct, R: caagctcccaccagggccaaa), p21 (F: TGCG

TTCACAGGTGTTTCTG, R: ATTAGCGCATCACAGTC

GC), BCL2L11 (F: AGCCACAAGACAGGAGCCCAG

CA, R: GTTCAGCCTGCCTCATGGAAGCCA), COX11

(F: ACTTACGTGGCCGCTGTCGC, R: TCCTCCAAGT

CCAGTAGTCTGGCA). 5 pmol of forward and reverse

primers, cDNA template and FAST SYBR� Green Master

Mix (Roche) were mixed to a final volume of 20 lL.

Reactions were incubated at 95�C for 10 min, followed by

40 cycles of 95�C for 10 s and 60�C for 30 s. Analysed

genes were normalised to the level of HPRT1.

Statistical analyses

Where relevant, analysis of variance was performed (one

way Anova), followed by a Dunnett’s test. P \ 0.05 was

considered significant.

Results

Hydroxytyrosol reduces cell viability and induces dose-

dependent apoptosis

The impact of hydroxytyrosol on cell viability and induc-

tion of apoptosis was examined in a transformed cell line

(keratinocytes) and three cancer cell lines (K562, CEM-

CCRF and R100 cells), using a cell growth assay (Table 1),

by assessing cell viability and caspase activity (Fig. 2) and

Table 1 EC50 values for hydroxytyrosol in the human cell lines

assessed using cell viability studies

Cell line EC50 (lM)a

CEM-CCRF 338

R100 2,562

K562 147

Keratinocytes 547

a From a minimum of three independent experiments for each cell

line
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with the use of Annexin V/PI staining (Fig. 3). The find-

ings indicate a dose-dependent increase in cell death and

apoptosis in all of the cell lines. Interestingly, the parental

CEM-CCRF cells were more susceptible to hydroxytyro-

sol-induced cell death and apoptosis than the PGP-over-

expressing R100 cells.
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Fig. 2 Caspase 3/7 activity in CEM-CCRF, R100 (a) and K562 (b) cells treated with the indicated concentrations of hydroxytyrosol (HT) for

24 h. Data are representative of at least two independent experiments, and error bars indicate standard error of the mean
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Fig. 3 Flow cytometric analysis of cell death and apoptosis. Cells

were treated with the indicated concentrations of hydroxytyrosol (HT)

for 24 h and stained with PI (cell viability) and Annexin V

(apoptosis). a Percentage of K562 cells that were unaffected,

undergoing apoptosis, undergoing cell death or both cell death and

apoptosis. b Relative fluorescence values for PI (cell death) in the

cells treated with hydroxytyrosol. Data are representative of at least

two independent experiments, and error bars indicate standard error

of the mean
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Effect of hydroxytyrosol on PGP expression

in CEM-CCRF and R100 cell lines

FACS analysis using MRK-16 (anti-PGP antibody) and

qPCR confirmed the overexpression of PGP in R100 cells

compared to CEM-CCRF cells (supplementary Figure 1).

The findings also indicated that treatment with hydroxy-

tyrosol did not significantly affect PGP expression levels in

R100 cells (supplementary Fig. 1). However, the results

indicate a decrease in the uptake of the DNA-binding

ligand Hoechst 33342 in R100 cells relative to CEM-CCRF,

when cells were pretreated with B300 lM hydroxytyrosol

(Fig. 4). At higher concentrations of hydroxytyrosol, the

ratio of uptake of Hoechst 33342 in CEM-CCRF and

R100 cells was similar most likely to the toxic effects of

the polyphenol (Fig. 4).

Radioprotection by hydroxytyrosol

An initial screen of four olive polyphenols for radiopro-

tective potential was performed using a sulforhodamine B

microtitre plate assay in keratinocyte cells. It was found

that when exposed to 12-Gy irradiation, only hydroxyty-

rosol displayed radioprotective properties at concentrations

examined (supplementary Fig. 2), with optimal radiopro-

tection at 20 lM (Fig. 5). Figure 5b shows a dose response

in cells treated with 20 lM hydroxytyrosol and irradiated

at various doses. A dose modification factor (DMF) of 1.35

at D37 was calculated. Figure 5c and d show a comparison

between hydroxytyrosol-treated cells irradiated at 4 and

12 Gy, respectively, highlighting the modest radioprotec-

tive effects of the polyphenol by clonogenic survival.

Figure 6 indicates that hydroxytyrosol protects cells from

radiation-induced DNA double-breaks (Fig. 6b) and

apoptosis (Fig. 6c) as assessed by cH2AX formation and

caspase activity, respectively. Cell cycle analysis indicates

that treatment with hydroxytyrosol results in a dose-

dependent accumulation of cells in the S-phase (Fig. 6a),

where it well known that cells are most radioresistant.

Effects of hydroxytyrosol on gene expression

in keratinocytes and K562 cells

mRNA sequencing was performed by next-generation

sequencing (NGS) at a depth of approximately 20 million

mapped reads per sample (Table 2) to determine the effect

of hydroxytyrosol on genome-wide gene expression, in

keratinocyte cells (treated for 24 h with 20 lM hydroxy-

tyrosol) and K562 cells (24-h treatment, 20 and 100 lM).

Reads generated by the Illumina base calling software V1.6

were aligned with Burrows Wheeler Aligner to the human

transcriptome database curated by RefSeq (Hg18 build).

Raw counts were normalised to adjust for slightly differing

data volume across lanes giving the widely used score

reads per transcript per million reads. These scores were

used to determine relative fold changes, and the conven-

tionally used ±1.5-fold change, which is discernable with

qRT-PCR, was defined a significant change in expression.

The online program MetaCore (GeneGo Inc., St. Joseph,

MI, USA) was used for pathway analysis. Genes examined

included those involved in general cellular function such as

the cell cycle, as well as specifically those involved in

cellular defence against oxidative stress, as well as genes

relevant to cancer formation and prevention. The greatest

changes in gene expression levels were found in kerati-

nocytes treated with 20 lM hydroxytyrosol and K562 cells

treated with 100 lM of the polyphenol, with approximately

3% of genes upregulated and 2% downregulated, respec-

tively (Table 3). K562 cells treated with 20 lM hydroxy-

tyrosol were less responsive to treatment, 0.5% of genes

being regulated by the polyphenol (Table 3). Furthermore,

Fig. 7 shows that there is little overlap of the gene

expression changes between the different cell lines,

reflecting the cell-type specificity of hydroxytyrosol. Sup-

plementary Tables 1, 2 and 3 show the 20 most upregulated

and downregulated genes for each of the treatment groups

and also indicate that there is little overlap between the

genes that are most upregulated and downregulated in the

two cell lines. The mRNA-Seq findings were validated

using qPCR indicating a positive correlation (supplemen-

tary Fig. 3).
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Fig. 4 Flow cytometric analysis of Hoechst 33342 uptake in CEM-

CCRF and R100 cells that had been pretreated with hydroxytyrosol

(24 h). Cells were then analysed for Hoechst fluorescence using a

fluorescence-activated cell sorter. The ratio of Hoechst fluorescence

in the two cell lines was calculated. The data are the mean from a total

of 12 independent experiments, and error bars indicate standard error

of the mean; *P \ 0.5

Genes Nutr (2012) 7:343–355 349

123



Fig. 5 Screening of the

radioprotective effects of

hydroxytyrosol using the

sulforhodamine B microtiter

plate assay (a, b). Human

keratinocytes were treated with

the indicated concentrations of

hydroxytyrosol for 24 h and

irradiated with 12 Gy (a). In

separate experiments, cells were

treated with 20 mM

hydroxytyrosol for 24 h

followed by irradiation with the

indicated doses, and a DMF of

1.35 at D37 was calculated (b).

For both experiments, cells were

washed and incubated for a

further seven days prior to

fixing and staining.

Means ± standard deviations of

optical densities at 550 nm from

a representative of at least five

independent experiments are

shown. Evaluation of the

radioprotective properties of

hydroxytyrosol by clonogenic

survival (c, d). Human

keratinocytes cells were treated

with the indicated

concentrations of

hydroxytyrosol for 24 h prior to

irradiation with either 4 (c) or

12 (d) Gy. Means ± standard

deviations of survival from a

representative of at least three

independent experiments are

shown

Fig. 6 Evaluation of the effects of hydroxytyrosol on cell cycle and

radiation-induced cH2AX formation and apoptosis in human kerat-

inocytes. Cells were treated with the indicated concentrations of

hydroxytyrosol for 24 h prior to cell cycle analysis (a). In separate

experiments, untreated or cells treated with the indicated concentra-

tions of hydroxytyrosol for 24 h were irradiated with 2 Gy. Cells

were then fixed and stained for DNA double-strand breaks using

cH2AX foci as molecular markers (b). In another series of experi-

ments, untreated or cells treated with 20 mM hydroxytyrosol for 24 h

were irradiated with indicated doses. Cells were then washed and

incubated for a further 24 h prior to analysis for apoptosis by

monitoring induction of caspases 3 and 7 (c). Means ± standard

deviations of survival from a representative of at least two indepen-

dent experiments are shown; **P \ 0.01; *** and ###P \ 0.001
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Hydroxytyrosol regulates genes associated

with inflammation, antioxidant systems

and transcription factors

Changes in the expression of genes involved in the cell

cycle, DNA repair and replication and apoptosis are shown

in Table 4. It is interesting to note the upregulation of the

gene for the DNA repair protein Artemis, which has a

major role as a nuclease in the non-homologous end-

joining DNA double-strand break repair pathway. Table 4

indicates changes in inflammation-associated genes.

Upregulation of the IFNc receptor in keratinocytes (1.88-

fold) and downregulation of the IL-10 receptor in K526

cells (-1.82) were the main observations. Also, upregula-

tion of some proinflammatory cytokines was observed in

K562 cells (100 lM), including IL-8, IL-6, IL-23 and

CCL20, and in keratinocytes, there was upregulation of

PGE2 (3.88) and downregulation of IL-11 (-1.52).

Table 4 shows changes in the expression of genes involved

Table 2 Sequence reads and alignment statistics for mRNA-seq experiments

Keratinocytes K562

Untreated HT 20 lM Untreated HT 20 lM HT 100 lM

Total reads 24780637 27833394 26397205 28428413 25594578

Mapped reads 20517834 23032226 20403282 22398818 19973777

% aligned 82.8 82.8 77.3 78.8 78.0

Table 3 Transcript number and percentage of upregulated or

downregulated genes in the three treatment groups

K0cytes,

20 lM

K562,

20 lM

K562,

100 lM

Number of transcripts

No significant change 26,638 27,468 26,535

Downregulated 443 152 626

Upregulated 928 137 915

Percentage of transcripts

No significant change 95.1 99.0 94.5

Downregulated 1.58 0.55 2.23

Upregulated 3.31 0.49 3.26

Fig. 7 Venn diagrams showing a comparison between the number of

genes upregulated and downregulated in keratinocytes (20 lM) and

K526 cells (100 lM) (top) and K562 cells of both treatment groups

(20 and 100 lM) (bottom)

Table 4 Fold change in gene expression in key pathways following

treatment of keratinocytes and K562 cells with hydroxytyrosol

K'cyte K562

Process Gene 20 µM 20 µM
100 
µM

DNA replication Bard1 -1.56 -1.77
RNAPol -1.74

Cell cycle CDK1 -1.69
CDK17 -1.56
CDC20 -1.6

RCC1 -1.53
Aurora A -1.86
Aurora B -1.58

Condensin -1.67
p21 2.28

GADD45α 1.55
GADD45β -2.29

TERT -1.69
Anti-inflammatory IFNγR 1.81

IL-10R -1.82
Pro-inflammatory IL-8 4.56

CCL20 1.88
PGE2 3.88

IL-6 1.85
IL-23 1.52
IL-11 -1.52

Antioxidant proteins GPX3 1.53
GSR 1.84

TXNRD1 2.32 2.17
TXNRD2 -1.95
HMOX-1 15.46

NQO1 2.35 1.55 2.98
Glutaredoxin 1.65 1.82 2.11
Thioredoxin 1.73

Biliveridin reductase 2.31
Ferritin 4.2

Transcription factors Max -1.62 -2.71 -1.65
c-FOS -2.27 1.65
c-JUN 3.3

c-MYC 2.15
STAT3 -1.57
STAT6 -1.5

NFκB 1.66
SMAD7 1.5

ETS-1 -1.64

no change

1.5 to <2

2 to <3

3 to <5 

>5

Key:
relative changes in
gene expression

Genes Nutr (2012) 7:343–355 351

123



in antioxidant defence systems. There was extensive

upregulation of these enzymes in keratinocytes, including

heme oxygenase-1 (HO-1), glutaredoxin, thioredoxin

reductase 1, glutathione peroxidase 3, biliverdin reductase,

ferritin and NAD(P)H dehydrogenase, quinone 1 (NQO-1).

Changes in the gene expression levels of transcription

factors were detected in all cell lines (Table 4). They

include the upregulation of NFjB (1.66), SMAD7 (1.5) and

c-Jun (3.3) and the downregulation of Max (-1.65) and

STAT3 (-1.57) in K562 cells (100 lM).

Discussion

The consumption of relatively large quantities of extra

virgin olive oil has been long been associated with

decreased risk of cardiovascular disease and certain can-

cers in Mediterranean communities (Huang and Sumpio

2008; Serra-Majem et al. 2003; Alarcon de la Lastra et al.

2001). One minor olive constituent is the polyphenol

hydroxytyrosol, which has been identified to be an extre-

mely potent antioxidant and has been shown to induce cell

death and apoptosis in a number of cancer cell lines

(Bouallagui et al. 2011; Sirianni et al. 2010; Han et al. 2009;

Fabiani et al. 2002; Della Ragione et al. 2000). In accor-

dance, our findings indicate that hydroxytyrosol induces

dose-dependent cell death and apoptosis in the cancer and

transformed cell lines tested (Table 1; Figs. 2, 3).

Expression of one or more ATP-dependent efflux

pumps—from the ATP-binding cassette (ABC) transporter

family—in the cell membrane of cells results in broad

chemoresistance, known as MDR, which remains a major

issue in cancer therapy (Litman et al. 2001). The first of

these transporters to be identified and characterised was

PGP, the product of the MDR1 gene (Ambudkar et al.

2003). We assessed the PGP-modulating activity of

hydroxytyrosol using parental CEM-CCRF and R100

(PGP-overexpressing cells) (supplementary Fig. 1). Our

findings indicate that R100 cells are less susceptible to

cell death and apoptosis than CEM-CCRF cells suggesting

efflux by the ABC transporter (Table 1; Fig. 2). Although

our results show no changes in cell-surface protein

or gene expression levels following treatment with

hydroxytyrosol (supplementary Fig. 1), PGP-modulating

activity is indicated by the Hoechst 33342 studies (Fig. 4).

The findings suggest that concentrations of B300 lM

hydroxytyrosol decrease the uptake of Hoechst 33342 in

R100 cells (as highlighted by an increase in the fluores-

cence ratio between CEM-CCRF and R100 cells) (Fig. 4).

Considering that Hoechst 33342 could be a surrogate for a

DNA-binding chemotherapeutic, these drug interactions

could have clinical implications that require further

exploration.

Classical studies in the late 1970s indicated that topi-

cally applied olive oil protects hamster skin from radiation-

induced injury (Smith and Leith 1977). We examined four

different olive oil polyphenols—homovanillic alcohol,

oleuropein, tyrosol and hydroxytyrosol—for radioprotec-

tive activity (supplementary Fig. 2). Initial cell viability

assays indicated that hydroxytyrosol reduces radiation-

induced cell death (Fig. 5). The findings were corroborated

using conventional clonogenic survival assays (Fig. 5).

Further, hydroxytyrosol protected from radiation-induced

DNA double-strand break formation and from radiation-

induced apoptosis (Fig. 6). However, the radioprotective

effect is only modest with a dose modification factor of

1.35 being observed in the cell viability studies. These

findings are in accordance with recent results indicating

that hydroxytyrosol has modest radioprotective activity

(Alcaraz et al. 2009).

The antioxidant properties of hydroxytyrosol have been

widely investigated. Therefore, we carefully analysed the

mRNA-Seq data for regulation of genes associated with

antioxidant activity by hydroxytyrosol (Table 4). A key

change identified was the 15.5-fold upregulation of the

heme-metabolising enzyme heme oxygenase-1 (HMOX-1;

HO-1) in keratinocytes. The breakdown of heme, which is

a pro-oxidant, by HO-1 results in the production of bili-

verdin carbon monoxide and ferrous iron ions. Biliverdin

has antioxidant properties and is readily broken down to

bilirubin, another potent antioxidant that has been shown to

scavenge singlet oxygen. While HO-1 is constitutively

expressed in most tissues, it is upregulated in response to

oxidative stress via the Nrf-2/ARE pathway (Park et al.

2011; Chen et al. 2011; Kang et al. 2005). The upregulation

of HO-1 in keratinocyte cells has important implications

for the potential role of HT in cancer prevention and

radioprotection by prevention of oxidative stress. HO-1 has

been shown to promote the proliferation of keratinocytes; it

is also involved in preventing apoptosis (Petrache et al.

2000; Clark et al. 1997). Its antioxidant role may also help

prevent oxidative stress and therefore DNA damage caused

by irradiation. In one study, it was identified that naso-

pharyngeal carcinomas overexpressing HO-1 were more

resistant to radiotherapy than those not overexpressing

HO-1 (Shi and Fang 2008). This indicates that the mild

radioprotection displayed by hydroxytyrosol may occur in

part due to the upregulation of HO-1. HO-1 has also been

shown to have potent anti-inflammatory properties (Sheikh

et al. 2011). HO-1 deficiency has been associated with the

increased production of proinflammatory cytokines, such

as IL-6, IL-1b, TNF and IFN-c in vivo (Kapturczak et al.

2004).

The enzyme biliverdin reductase, which is intimately

associated with HO-1, was also found to be upregulated

2.31-fold in keratinocyte cells. The enzyme converts
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biliverdin to bilirubin, which is a potent antioxidant and is

involved in cytoprotection and prevention of oxidative

stress. It has been shown that downregulating biliverdin

reductase with RNAi results in reduced production of

bilirubin from biliverdin, and this was associated with an

increase in ROS and apoptosis (Baranano et al. 2002).

Furthermore, ferritin was upregulated 4.2-fold in kerati-

nocyte cells and is involved in the storage of the pro-oxi-

dant, free iron, which is produced as a heme degradation

by-product (Baranano et al. 2002).

Numerous other antioxidant enzymes were also upreg-

ulated in keratinocyte cells. Glutaredoxin, part of the thi-

oredoxin superfamily, is involved in maintaining a reduced

cellular environment and protects thiol bonds from oxida-

tion during oxidative stress (Meyer et al. 2009). This

enzyme is upregulated 1.65-fold in keratinocyte cells.

Although the expression of thioredoxin, which has a sim-

ilar function to glutaredoxin, was not changed in kerati-

nocytes, the enzyme thioredoxin reductase was upregulated

2.32-fold. This enzyme catalyses the reduction of thiore-

doxin, thus maintaining its functionality (Meyer et al.

2009). Further, we observed the upregulation of glutathione

peroxidase 3, an important antioxidant enzyme involved in

catalysing the reduction of hydrogen peroxide and lipid

hydroperoxides, and NAD(P)H dehydrogenase, quinone 1

(NQO-1) which reduces quinones to hydroquinones, thus

preventing the production of radical species. Taken toge-

ther, it appears that hydroxytyrosol promotes an antioxi-

dant cellular environment which, in the context of cancer

prevention, is essential for the protection of DNA and other

cell compartments from oxidative stress.

We also interrogated the sequencing data to allow

speculation on the possible cancer chemopreventive prop-

erties of hydroxytyrosol. It was found that in K562 cells,

the expression of telomerase reverse transcriptase (TERT),

the main functional subunit of telomerase, was downreg-

ulated -1.69-fold (Table 4). Previous studies have shown

that K562 cells overexpress TERT and that when down

regulated it can lead to cell death (Chakraborty et al. 2006;

Yamada et al. 2008). Therefore, this may be a mechanism

by which hydroxytyrosol causes cell death in cancerous

cells and contributes to cancer prevention as part of an

olive oil–rich diet. Another possible mechanism by which

olive phenolics could be chemopreventive is by modulation

of inflammatory processes, as a proinflammatory cytokine

can promote the tumour microenvironment (Table 4)

(Colotta et al. 2009). We observed upregulation of the anti-

inflammatory receptor IFN-c (1.81-fold) and downregula-

tion of the proinflammatory cytokine IL-11 (-1.52-fold)

(Sheikh et al. 2011). Further, the effects of hydroxytyrosol

on the expression of transcription factors were considered

(Table 4). The findings indicate that transcription factors

from the signal transducer and activator of transcription

(STAT) family were downregulated in K562 cells—

STAT3 and STAT6. STAT3 contributes to the survival of a

variety of different tumours, including lung, prostate and

squamous cell carcinomas. It has been shown that inhibi-

tion of STAT3 in such tumours prevents proliferation and

promotes cell apoptosis. Also, it has even been shown that

STAT3 knockout mice are resistant to the development of

skin tumours (Pedranzini et al. 2004). STAT6 is also

overexpressed in a number of cancers (Zhang et al. 2006;

Das et al. 2007). For example, overexpression of STAT6 in

prostate cancer is associated with increased tumour size,

and downregulation results in the induction of apoptosis

(Das et al. 2007).

The proto-oncogene c-Fos, which is involved in cell

cycle, differentiation and transformation, was found to be

downregulated -2.27-fold in keratinocyte cells. Impor-

tantly, c-Fos has been shown to be essential for skin cancer

malignant transformation as one experiment showed that

knockout mice did not progress to malignant transforma-

tion (Saez et al. 1995). Meanwhile, c-Jun was upregulated

3.3-fold in K562 cells. It has been shown that in chronic

myeloid leukaemia, BCR-ABL tyrosine kinase downregu-

lates c-Jun expression, promoting neutrophil differentiation

in the chronic phase of chronic myeloid leukaemia

(Kobayashi et al. 2009). The transcription factor SMAD7

was also found to be upregulated in K562 cells by 1.5-fold,

and overexpression of this transcription factor may lead to

apoptosis (Yan and Chen 2011). Finally, ETS-1 was found

to be downregulated -1.64-fold in keratinocytes. It has

been shown that this transcription factor is upregulated in

some squamous cell cancers. This has been correlated with

increased metastasis and invasion and may be involved in

promoting the epithelial to mesenchymal transition due to

the loss of adherence and increased mobility, which may

lead to metastasis (Nagarajan et al. 2009).

Overall, our findings provide insights into the mecha-

nisms of action of the olive polyphenol, hydroxytyrosol, in

the context of prevention of oxidative stress and cancer

chemoprevention. The results highlight significant upreg-

ulation of enzymes involved in antioxidant defence sys-

tems, most strikingly, HO-1. This indicates that as well as

being itself a potent antioxidant, hydroxytyrosol promotes

the cells own defences against oxidative stress. Further, we

identify potential mechanisms by which hydroxytyrosol

may have cancer chemopreventive properties. In general,

our sequencing data provide numerous gene targets that

may provide the basis for further exploration. Further

experiments will involve the investigation into the effects

of hydroxytyrosol in cardiac and endothelial cells to pro-

vide insights into the potential cardioprotective properties

of the polyphenol.
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