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Abstract
Biophenols encompass a major group of secondary plant metabolites that display a wealth
of structural variety and a large diversity of significant biological activities. An area of
special interest concerning olive and flaxseed is their phenolic profile and its direct
influence on the quality of derived-products and the production of potential functional
foods.

In response to this opportunity, the role of phenolic compounds during olive oil extraction
process and their presence in flaxseed was the basis of the doctoral investigation.

Two important areas: transfer and antioxidant function of phenolics during olive oil
extraction were investigated. The influence of irrigation treatments, ripening index of olive
fruit and different technological aspects in the production of olive oil allowed having a
better understanding of the transference and transformations of the phenolic compounds.
Quantitative data, in terms of transfer, were established for concentrations of phenolics in
olive paste, pomace, wastewater and olive oil phases. Some of these products and byproducts have been studied and proven to be effective source of phenolic antioxidants.
Therefore, isolation and purification of particular phenolics were performed to evaluate
their individual antioxidant activity through the oxidative stability parameter. The bitter
index, a sensorial attribute, was also evaluated as function of the addition of phenolic
compounds.

Simple

alcohols,

phenolic

acids,

secoiridoids,

secoiridoid

derivatives,

flavonoids and lignans were studied. The addition of the mentioned phenolic compounds
on refined and extra virgin olive oil had a remarkable effect on the oxidative stability of
the oils. Gallic acid, hydroxytyrosol (3,4-DHPEA), caffeic acid, luteolin and the dialdehydic
form of elenolic acid linked to hydroxytyrosol (3,4-DHPEA-EDA) were found to be effective
antioxidants.

Flaxseed phenolic fraction was also studied. Diverse studies on the extraction of phenolics
provided a basis for establishing an analytical method to evaluate the phenolic composition
of flax. A solvent extraction followed by hydrolysis treatments resulted in the identification
of the main phenolic compounds occurred in flaxseed including secoisolariciresinol
diglycoside (SDG). A subsequent study to understand the flaxseed antioxidant system was
developed using reconstituted flour meals with commercial oil and analyzing hulls and
dehulled flour meals. Peroxide and aldehyde values were determined during two weeks of
storage. It appeared that SDG and phenolic acids (ferulic and p-coumaric glycosides)
might not be responsible of the main flaxseed antioxidant function.
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Resumen
Los biofenoles abarcan un amplio grupo de metabolitos secundarios de diversa estructura y
reconocida actividad biológica. Específicamente el interés en el fruto de la oliva y en la semilla de
lino está relacionado con su perfil fenólico y con su influencia directa en la calidad de productos
derivados, así como con su posible uso en la producción de alimentos funcionales.

Como respuesta a este reciente planteamiento, la tesis doctoral se centró en la investigación del
papel de los compuestos fenólicos en el proceso de extracción de aceite de oliva y en la semilla
de lino.

Se tuvieron en cuenta dos importantes aspectos: la transferencia y la función antioxidante de los
compuestos fenólicos implicados en el proceso de obtención de aceite de oliva. La influencia de
tratamientos de irrigación, el índice de madurez y otros asuntos tecnológicos del procesamiento
del fruto de la oliva trajeron como consecuencia un mejor entendimiento de la transferencia y
transformación de los compuestos fenólicos. Se determinaron, entonces, datos cualitativos y
cuantitativos en términos de transferencia, correspondientes a las concentraciones de fenoles en
la pasta de oliva, orujo, alpechín y aceite de oliva. Algunos de estos productos y subproductos se
han reconocido como valiosa fuente de compuestos antioxidantes. Por esta razón se procedió al
aislamiento y purificación de determinados fenoles con el fin de evaluar su capacidad
antioxidante a través del parámetro de estabilidad oxidativa. Igualmente se determinó el efecto
de los compuestos fenólicos sobre el atributo sensorial de índice de amargor. Se estudiaron
alcoholes simples, ácidos fenólicos, secoiridoides, derivados secoiridoides, flavonoides y
lignanos, encontrándose un significativo efecto al adicionar dichos compuestos a distintas
matrices de aceite de oliva (refinado y extra virgen). El ácido gálico, el hidroxitirosol (3,4DHPEA), el ácido cafeico, la luteolina y la forma dialdehídica del ácido elenólico ligada al
hidroxitirosol (3,4-DHPEA-EDA), mostraron tener efectividad como antioxidantes.

De igual forma se investigó la semilla de lino en función de su composición fenólica. La
existencia de disímiles métodos de extracción de los fenoles se convirtió en el punto de partida
para el estudio analítico de la fracción fenólica de la linaza. La extracción con solventes
orgánicos, seguida de un proceso de hidrólisis, permitió la

identificación de los principales

compuestos característicos de la semilla de lino, como el Secoisolariciresinol diglucosídico (SDG).
Posteriormente se pasó al estudio del sistema antioxidante de la linaza, para lo cual se evaluó el
contenido de peróxidos y aldehídos en muestras de harina de semilla reconstituidas con aceite
comercial de lino después de una y dos semanas de almacenamiento. También se analizaron
harinas procedentes de semilla sin cascarilla y con cascarilla. La investigación preliminar permitió
concluir que el SDG y otros compuestos, tales como las formas glucosídicas de los ácidos ferúlico
y p-cumárico, no están implicados directamente en el sistema responsable de los procesos
antioxidantes de la semilla de lino.
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Resum
Els biofenols comprenen un gran grup de metabòlits secundaris que presenten una àmplia
varietat d’estructures i una gran diversitat d’activitats biològiques. Específicament, l’interès en
l’oliva i la llavor del lli (llinassa) està relacionat amb el seu perfil fenòlic i amb la influència
directa d’aquest en la qualitat de productes derivats, Així com en el possible ús en aliments
funcionals.

Com a resposta a aquest plantejament, la tesi s’ha centrat a la investigació del paper dels
compostos fenòlics durant el procés d’extracció de l’oli d’oliva i de llinassa.

Es van tenir en compte dos importants aspectes: la transferència i les funcions antioxidants dels
compostos fenòlics relacionats en el procés d’obtenció d’oli d’oliva. La influència dels tractaments
d’irrigació, de l’índex de maduració i d’altres aspectes tecnològics del processament de l’oliva es
traduí en un millor enteniment de la transferència i transformació dels compostos fenòlics.
S’establiren les concentracions de fenols, en termes de transferència, corresponents a les
fraccions de pasta d’oliva, pinyola, oliassa i oli d’oliva. Es reconegueren alguns d’aquests
productes i subproductes com a valuosa font de compostos antioxidants. És per això que es va
procedir a l’aïllament i purificació de determinats fenols amb la finalitat d’avaluar la seva
capacitat antioxidant a través del paràmetre d’estabilitat oxidativa. També es va determinar
l’efecte dels compostos fenòlics sobre l’atribut sensorial “índex d’amargor”. Es van estudiar els
alcohols simples, àcids fenòlics, secoiridoids, derivats secoiridoids, flavonoids i lignans. Es trobà
un efecte significatiu a l’addicionar aquests compostos sobre diferents matrius d’oli d’oliva
(refinat i verge extra). L’àcid gàlic, l’hidroxitirosol (3,4-DHPEA), l’àcid cafeic, la luteolina i la
forma aldèhidica de l’àcid elenòlic lligat a l’hidroxitirosol (3,4-DHPEA-EDA), mostraren tenir una
important activitat antioxidant.

Es va investigar també la llinassa en funció de la seva composició fenòlica. L’existència de
diversos i no comparables mètodes d’extracció de fenols es va prendre coma punt de partida per
a l’estudi analític de la fracció fenòlica de la llinassa. L’extracció mitjançant solvents orgànics
prèvia a una hidròlisi va permetre la identificació del principals compostos fenòlics de la llinassa,
com ara el secoisolariciresinol diglucòsid o SDG. Posteriorment es va passar a l’estudi del
sistema antioxidant de la llinassa, pel què es va avaluar el contingut de peròxids i aldèhids en
mostres de farina de llavor reconstituïdes amb oli comercial de llinassa després d’una i dues
setmanes de magatzematge. També s’analitzaren farines procedents de llavor sense clofolla i
amb clofolla. La investigació preliminar va permetre concloure que l’SDG i d’altres compostos
com ara les formes glucosídics del àcids ferúlic i p-cumàric no estan implicats directament al
sistema responsable dels processos antioxidants de la llinassa.
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PREFACE AND JUSTIFICATION

Preface and Justification

Polyphenolic compounds are among the most talked about dietary ingredients
nowadays. Hence, they have been focus of much research activity. Studies on
their transfer and function during olive oil extraction process and in flaxseed
were performed to contribute to a better knowledge of their role in food matrices
and help in recognizing their value in a healthy diet.
Scientific studies on olive oil and its process are the great importance for several
countries. Spain maintains its international prominence as the major olive oil
producer and exporter in the world (FAOSTAT, 2005). Moreover, recent studies
have been shown the potential effects of olive oil on human health (Visioli &
Galli, 2002; Tuck & Hayball, 2002, Owen et al, 2000b). Understanding the
composition of flaxseed is also a significant contribution to the industrial
processing. Flaxseed is an economically important oilseed crop, especially for
Canada, which produces about 40% of the world’s flaxseed and is the world’s
largest exporter of flaxseed (Thomson & Cunnane, 2004; Oomah, 2001).
Theory:
Polyphenols belong to a class of phytochemicals found in high concentrations in
wine, tea, grapes and a wide variety of other plants. They have been associated
with cardiovascular disease and cancer prevention (Manach, et al, 2004;
Hollman, 2001, Hertog et al, 1995; Hertog et al, 1993) In general terms,
phenolic compounds or polyphenols, have a similar basic structural chemistry
including an aromatic ring structure. It is also important to note that at least
8.000 phenolic compounds have already been identified in a dozen chemical
sub-categories. Phenolic compounds are responsible for the brightly colored
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pigments of many fruits and vegetables. They protect plants from diseases and
ultraviolet light helping preventing damage to seeds until they germinate.
One of the more nutritionally important classes of polyphenols widely distributed
in plant foods includes:
•

Lignins (nuts, whole grain cereals)

•

Proanthocyanins (grapes, pine bark)

•

Anthocyanins/Anthocyanidins (brightly colored fruits and vegetables,
berries)

•

Isoflavones – genistein/daidzein (soybeans)

•

Catechins (tea, grapes, wine)

•

Tannins (tea, nuts)

•

Quercetin (grapes, wine, onions)

•

Naringenin/Hesperidin (citrus fruits)

Natural polyphenols can range from simple molecules such as phenolic acid to
large highly polymerized compounds such as tannins. Conjugated forms of
polyphenols are the most common forms, where various sugar molecules,
organic acids and lipids (fats) are linked with the phenolic ring structure (Bravo,
1998). Differences in this conjugated chemical structure account for different
chemical classification and variation in the modes of action and health properties
of the various compounds.

Flavonoids are among the most potent phenolic plant antioxidants. They can
form complexes with reactive metals such as iron, zinc and copper – reducing
their absorption. This might seem to be a negative side effect (reducing nutrient
absorption), but excess levels of such elements (metal cations) in the body can
promote the generation of free radicals and contribute to the oxidative damage
of cell membranes and cellular DNA. In addition to their chelating effect on
metal cations, polyphenols also function as potent free radical scavengers within
the body, where they can neutralize free radicals before they can cause cellular
damage. Epidemiologic studies have shown a relationship between high dietary
intakes of phenolics and reduced risk of cardiovascular disease and cancer. In
general,

polyphenols are thought to deliver health benefits by several

mechanisms, including: (1) direct free radical quenching, (2) protection and
2
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regeneration of other dietary antioxidants, (3) chelation of metal ions (Bravo,
1998; Cieslik et al. 2006)
Besides competing for moisture, light and soil nutrients, plants have developed
chemical defense mechanisms (allelopathy), through the use of simplestructured, low molecular weight secondary metabolites, whose effectiveness
depend on the speed with which soil micro-organisms are able to detoxify and
metabolize them (Harborne, 1993). Chemical interactions involving plants and
micro-organisms may be compatible or incompatible and begin with elicitormediated genetic recognition, which triggers signal amplification and gene
activation, and culminate by the activation of defense mechanisms, such as
hypersensitive

response,

systemic

acquired

resistence

and

phytoalexin

induction. This latter can also be triggered by stress conditions, intense cold,
ultraviolet radiation, tissue injury, osmotic stress, abiotic agents (fungicides,
metallic ions, fosfite, ethylene and glutation) and biotic agents (Cordeiro & Sá,
2000).
Claims:
Antioxidant activity (Manach et al, 2004)
Antibiotic / Antiviral activity (Bravo, 1998)
Anti-inflammatory activity (Bravo, 1998)
Protection from diseases (Scalbert et al, 2005)
Contribution to original knowledge:
This manuscript provides useful information on the study of phenolic compounds
during olive oil extraction process and the role of phenolic compounds in the
flaxseed system. The document has been organized into chapters and sections
to offer a better flow of material. The Literature Review reports a state-of-theart of the definition, classification and occurrence in foods in a general view as
well as their role in the olive fruit and flaxseed. The result of the whole
investigation during the doctoral process is presented in papers published and
submitted in recognized scientific journals. A global discussion is also provided
as a supplementary text for the general interest to senior undergraduate and
graduate students in food engineer or food system. Conclusions are given in a
last chapter. Additionally, extensive references have been provided to facilitate
further reading of the original reports.
3

OBJECTIVES

Objectives

The general aim of this doctoral thesis was to investigate the presence,
behaviour and biological importance of phenolic compounds in two
different food matrices: virgin

olive oil and flaxseed. The work

presented here derives from two different projects, each one with
defined objectives:

Project: Phenolic Fraction of Virgin Olive Oil: Identification, function and
transfer from olive fruit to oil
The overall objectives of this project included two main objectives:
1

To study the transfer of phenolic compounds fraction during the extraction
process

of

virgin

olive

oil

(Arbequina

cultivar)

considering

some

technological variables.
This was accomplished by:
1.1

Determination of the partition of phenolic compounds between the

olive paste, pomace, olive oil and wastewater in relation to ripening stage
of the olive fruit during olive extraction
1.2

Evaluation of the effect of irrigation practices on the partition of

phenolic compounds between different fractions during extraction process
of olive oil considering Natural Micro-Talc (NMT) addition.

OBJECTIVES

1.3 Study of the partition of phenolic compounds between olive paste and
by-products resulting from olive oil extraction process at industrial level.

2. Investigation of the antioxidant activity of diverse compounds of the
olive oil phenolic fraction and their effect of on the bitter sensorial
attribute.
This objective encompasses:
2.1 Isolation and purification of phenolic compounds from virgin olive oil
by semipreparative liquid chromatography.
2.2 Evaluation of individual antioxidant activity of the compounds from
virgin olive oil phenolic fraction by Rancimat method.
2.3 Study of the effect of different phenolic compounds on the bitter
sensorial attribute by the bitter index (K225).

Project: Phenolic Compounds in Flaxseed (Linum usitatissimum)
This project was developed attending to the next objectives:

3. Development and validation of analytical methods to determine phenolic
compounds in flaxseed (Linum usitatissimun).

This first objective includes:
Optimization of methods to extract, hydrolyze, and quantify phenolic
compounds in flaxseed.

4.

Investigate the role of the phenolic compounds on flaxseed antioxidant
system

5
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The objective was reached by:

4.1 Measure of evolution of oxidation parameters (peroxide and aldehyde)
of flaxseed from breeder lines to asses the antioxidant properties of seeds.

4.2 Application of the new developed method to analyze phenolic
compounds

in

flaxseed

breeder

lines

having

different

antioxidant

properties.

4.3 Study of the relation between phenolic compounds and antioxidant
activity.
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Working Plan

Projects on Scientific Research and Technological Development
in Food Science Field
Doctoral Thesis: January 2003 - December 2006

Project Reference: AGL2002-00289ALI Ministry of Education and
Science (Spain)
PROJECT TITLE: Phenolic Fraction of Virgin Olive

Starting

Finishing

Oil: Identification, Function and Transfer from

date

date

Olive Fruit to Oil
Product: Scientific papers published in recognized

January,

January,

journals

2003

2006

WORKING PLAN

GLOBAL CONTEXT

Justification and Goals
Justification

Goals

Fats & Oils Laboratory is a recognized research

1.

group

phenolic

of

the

Food

Technology

Department

To

evaluate
fraction

the
during

(University of Lleida). It has been working during

the processing of olive oil

the last years on different projects related to the

considering

composition of virgin olive oil obtained from

technical variables

different

Arbequina cultivar in Catalonia, especially in Les
Garrigues, a region located in the province of

2. To complete the

Lleida (Catalonia, Spain).

identification of the

Arbequina virgin olive oils are characterized by

different compounds of the

their excellent sensorial characteristics. However,

phenolic fraction in olive oil,

they show some drawbacks in relation to their

and once they are isolated

resistance to the autoxidation of the oil. Several

and purified, evaluating

studies

their involvement, as

have

put

in

evidence

the

direct

involvement of the phenolic fraction in the high

individual components, in

resistance against oxidation and in the sensory

oil properties such as

attributes of virgin olive oils.

oxidative stability and
sensory attributes.

METODOLOGY

1. Preliminary Scientific Study
Actions: Apprehension of deep knowledge of the research topic
Activities

Responsible

Dates

Centers
involved

1. Study of the investigations

L.S. Artajo

January, 2003

related to the project

April, 2003

2. Learning of the laboratory

May, 2003

established methodologies for

October, 2003

experimental work
8
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2. Analytical Procedures
Actions: Evaluation of the phenolic compounds transfer during extraction
process in Pilot Plant

Activities

Responsible

Dates

Centers
involved

1. Sampling Design

2. Extraction of virgin olive oil:
ABENCOR System

L.S. Artajo

November,

CRDOP/

T. Ramo

2003

UdL

J.R. Morelló

January, 2004

UdL

L.S. Artajo
M.J. Motilva
M.P. Romero

Experimental variables:
Ripening index of olive fruit
Irrigation Treatment

In processing:
a.

3.

Addition of coadyuvants

Extraction of phenolic

L.S. Artajo

compounds in olive paste and

M.J. Motilva
phases obtained by processing M.P. Romero

November,

4. Analysis of phenolic fraction

2003

by HPLC

February, 2004

9
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Actions:
Determination of the phenolic compounds function in virgin olive oil
Activities

Responsible

Dates

Centers
involved

L.S. Artajo

May, 2004

phenolic compounds from

M.J. Motilva

August, 2004

virgin olive oil

M.P. Romero

1. Isolation and purification of

UdL

J.R. Morelló
September,

2. Identification of phenolic

2004

compounds

October, 2004
3. Enrichment of different virgin

L.S. Artajo
olive oil matrices with phenolic M.J. Motilva
compounds
M.P. Romero

October, 2004

CRDOP/

December,

UdL

2004

Student of
agronomical
4. Measurement of the oxidative

engineering

stability: Rancimat System
5. Quantification of the bitter
index in the oil matrices

10
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Actions:
Determination of the phenolic compounds transfer during olive oil industrial
process
Activities

Responsible

Dates

Centers
involved

1. Sampling Design
Experimental variables:
Production period

L.S. Artajo

November,

CRDOP/

M.J. Motilva

2004

UdL

M.P. Romero

January, 2005

Student of

3.

In Processing:

agronomical

a.

Malaxation time

engineering

b.

Horizontal Centrifugation

c.

Vertical Centrifugation
UdL

Extraction of phenolic
compounds in olive paste
and phases obtained by
processing: wet pomace,
wastewater and olive oil

4. Analysis of phenolic fraction

November,

by HPLC

2004
March, 2005

3. Analysis of Results
Actions: Interpretation of Experimental Data
Activities

Responsible

Dates

Centers
involved

1. Organization of Data

L.S. Artajo

October, 2005
February, 2006

2. Statistical Analysis
3. Interpretation of Results
4. Internal Discussion

11
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4. Elaboration of Papers
Actions: Writing the research papers:
1. “Transfer of phenolic compounds during olive oil extraction in relation of
ripening stage of the fruit”a
2. “Effect of irrigation applied to olive trees (Olea europaea L.) on phenolic
compound transfer during olive extraction process”b
3. “Partition of phenolic compounds during the virgin olive oil industrial
extraction process."c
4.

“Enrichment of refined olive oil with phenolic compounds: Evaluation of their
antioxidant activity and their effect on the bitter index”d

5. “Enhancement in the oxidative stability of extra virgin olive oil matrices by
adding phenolic compounds”e
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March, 2004
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M.P. Romero

information
3. Preparation of the
document
4. Presentation to internal
revision
5. Submission of the paper to
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a

September, 2004

b

July, 2005

c

February, 2006

d

February, 2006

e
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GLOBAL CONTEXT

Justification and Goals
Justification
The

Grain

Goals
Research

Laboratory

(GRL)

is

an 1.

To

quantitatively

internationally known research centre and the Canadian extract,

identify

centre for research on the quality of grain. Its scientists measure

and

phenolic

ensure that the processing quality of grain is maintained compounds

(free,

from cargo to cargo and from year to year. They engage esterified

and

in research to expand our scientific knowledge of what etherified) in flaxseed.
constitutes quality in grain. With the recent concern in
“healthy food”, consumers are seeking foods that have 2.

To

evaluate

the

potencial antioxidant activity. Currently, attention is effect of the phenolic
focused

on

antioxidants

and

phytoestrogens

as compounds

on

the

evidenced by the interest in soy isoflavones. An antioxidant properties
important phytochemical that has both phytoestrogenic of flaxseed.
and

antioxidant

properties

is

the

lignan

“Secoisolariciresinol Diglucoside” (SDG) occurring in
flaxseed. Flaxseed (Linum usitatissimum) is an ancient
crop used for fiber (linen), oil (linseed oil) and food. It
can be grown in North and South America, Europe, Asia,
and Australia. Canada is a major producer and exporter
country. Flaxseed also contain phenolic acids such as pcoumaric and ferulic in the free form and glycosilated
forms. However, research on the identification of some
compounds

is

so

far

from

being

concluded.

The

presence of other phenolic compounds have also been
reported in flaxseed, phenylpropanoids such as phydroxibenzoic acid, gentisic acid, vanillic acid and
sinapic acid.
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METODOLOGY

1. Preliminary Scientific Study
Actions: Apprehension of deep knowledge of the research topic
Activities

Responsible

Dates

Centers
involved

1. Study of the investigations

L.S. Artajo

related to the project

August, 2005

CGC

September,

UdL

2005
2. Analytical Procedures
Actions: Method development and validation for extracting phenolic compounds
in flaxseed
Activities

Responsible

Dates

Centers
involved

L.S. Artajo

September,

CGC–GRL /

compounds in flaxseed and

V.J. Barthet

2005

UdL

solin seed by different

R. Bacala

November,

1. Extraction of phenolic

2005

methods: stirring, using
homogenizer and using vortex.
2. Application of hydrolysis
treatments:
Alkaline Hydrolysis
Acid Hydrolysis
Experimental variables:
a.

Time and Temperature

b.

Concentration of the acid
or alkali

3. Measure of total phenolic
content by Folin-Ciocalteau
assay
4.

Analysis and identification of
phenolic compounds by HPLC
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Actions
Determination of antioxidant mechanism of the flaxseed system
Activities

Responsible

Dates

Centers
involved

November,

CGC /

compounds of different fatty V. J. Barthet
R. Bacala
acid compositions using

2005

UdL

breeder lines.

2006

1. Extraction of phenolic

L.S. Artajo

2. Measure of total phenolic
content in breeder lines by
Folin-Ciocalteau assay

3. Identification of phenolic
compounds in the breeder
lines samples by HPLC
Analysis

4.

Induction of oxidation in

V. Barthet

reconstituted breeder

L.S. Artajo

samples by artificial light
and O2 exposition

5.

Measure of peroxide and
aldehyde values in the
breeder samples oil.
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3. Analysis of Results
Actions: Interpretation of Experimental Data
Activities

Responsible

Dates

Centers
involved
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L.S. Artajo

October, 2005

UdL
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2. Statistical Analysis
3. Interpretation of Results
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4. Elaboration of Papers
Actions: Writing the research paper:
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2. “Flaxseed antioxidant system”b
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Dates

Centers
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1. Bibliographic Revision

L.S. Artajo

March, 2006

V.J. Barthet

June, 2006

2. Organization of the Information
3. Preparation of the document
4. Presentation to internal
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July, 2006a

5. Submission to Scientific
Journal

2007b

18

UdL

Phenolic Compounds: Their Role During Olive Oil Extraction and in Flaxseed–Transfer and Antioxidant Function

FINANCING SUPPORT

Costs- Budget and Financing
Costs- Budget

Financing

Experimental Work

Canadian Grain Commission (Canada)

Scholarship and grant for research stay

Agència de Gestió d’ Ajuts

outside of Catalonia (6 months).

Universitaris i de Recerca – AGAUR,

2005BE 00116

Catalonia
European Social Fund

DOCTORAL MANUSCRIPT

Actions: Elaboration of the Thesis Document and Defense
Activities

Responsible

Dates

Centers
involved

1. Bibliographic Revision

L.S. Artajo

April, 2006 August, 2006

2. Preparation and writing of
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October, 2006
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LITERATURE REVIEW

1. Literature Review

1.1. PHENOLIC COMPOUNDS
Phenolics belong to a group of compounds identified in plants that appears to
have no intrinsic role in the physiological processes of the producer. They are
known as secondary metabolites and have their own specific complement of
specialized enzymes and different energetic and metabolic requirements. They
are the most studied group of secondary metabolites.
The term phenolic is used to define substances that possess one or more
hydroxyl (OH) substituents bonded onto an aromatic ring. The name derives
from the simple parent substance phenol and compounds with several phenolic
hydroxyl substituents are commonly referred to as polyphenols. Althought, not
all hydroxyl groups are phenolics since they are equally likely to occur bonded to
non-aromatic cyclic or to non-cyclic structures in which case they do not have
the properties of a phenol (Waterman & Mole, 1994).
Distinguished properties that are of consequence in the biosynthesis of phenolic
compounds include:



The ability of the phenoxide ion to delocalize, the negative charge can
move into the aromatic ring system to form hemiquinone anions in
which the charge resides on a carbon rather than on the oxygen.



The potential for the phenoxide ion to form the corresponding radical
which can also delocalize. Two such radicals can undergo a process
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known as oxidative coupling in which covalent carbon-carbon or carbonoxygen bonds are formed.


The capacity of the phenols to form hydrogen bonds with other
molecules through interaction between the acidic (positively charged)
phenolic hydrogen and basic (negatively charged) centres in others
molecules.

1.1.1 Classification

The versatility of organisms, especially plants, in the production of secondary
metabolites is quite confounding, particularly when the limited range of building
blocks that they employ are considered. Many structural classes of secondary
metabolites such as alkaloids, flavonoids and triterpenes, include some
compounds that can be classified as phenolics.
The classification of the phenolic ompounds is very complex. Phenolics can be
classified in several groups according to their structural skeleton which can
range from simple molecule to highly polymerized compounds. They happen
primarily in conjugated form with one or more sugar residues linked to hydroxyl
groups, direct linkages of the sugar unit to an aromatic carbon atom also exist.
Associations with other compounds, such as carboxylic and organic acids,
amines and lipids, and linkages with other phenols are also frequent (Bravo,
1998). Harborne (1989) reviewed all the phenolic compounds and their
classification.

A summary, the main classes of phenolic compounds in plants is

provided in Table 1. The structure of the various phenolic influences their
diverse roles in the plant. They could be a structural barrier (lignin), a colour
(anthocyanin), a toxic agent against microorganism (pinoresinol) or a molecule
involved in plant defense (salycilic acid).

1.1.2 Biosynthetic Origin of Phenolic Compounds

The vast majority of phenolic molecules owe their origin to one or more of the
three following building blocks, erythrose-4-phosphate, phosphoenol pyruvate
and/or acetyl co-enzyme A.
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Table 1. Main Classes of Plant Phenolics
Number of C
atoms

Basic skeleton

Class

6

C6

Simple phenols, benzoquinones

7

C 6 – C1

Phenolic acids

8

C 6 – C2

Phenylacetic acids

9

C 6 – C3

Hydroxycinnamic acids

Polypropene
Isocoumarins

10

C 6 – C4

Naphtoquinones

13

C 6 – C1 – C6

Xanthones

14

C6 – C 2 – C 6

Stilbenes

Anthrachinones

15

C6 – C3 – C6

Flavonoids, isoflavonoids

18

(C6 – C3 )2

Lignans, neolignans

30

(C6 – C3 – C6)2

Biflavonoids

N

(C6 – C3 )n
(C6)n
(C6 - C3 – C6)n

Lignins
catecholmelanine
(condensed tannins)

Source: Harborne, 1989
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Erythrose-4-phosphate and phosphoenol pyruvate are both responsible for the
known shikimic acid pathway, whereas acetyl co-enzyme A and its activated
form (malonyl co-enzyme A) are the central point of the polyketide or acetate
pathway. Acetyl co-enzyme A may also be converted into mevalonic acid which
is the beginning for a wide range of terpene compounds (Waterman & Mole,
1994).

Shikimic Acid Pathway. The shikimic acid route is more complex than the
acetate pathway. Gallic acid is the fully aromatized form of shikimic acid and its
formation is complex. In the shikimic acid pathway products are not generate
until structural developments beyond shikimic acid happened. Addition of a
second molecule of phosphoenol pyruvate to shikimic acid leads to the formation
of chorismic acid; at this point, the route to aminoacid tryptophan separates.
From the formation of the typical shikimate C6C3 skeleton, the amino acids
phenylalanine and tyrosine are generated from phenylpyruvic acid and phydroxyphenylpyruvic acid, respectively by the addition of nitrogen. These three
amino acids (tryptophan, phenylalanine and tyrosine) are the most important
precursors of the alkaloid synthesis (Figure 1) (Waterman & Mole, 1994).

Shikimate-derived non-nitrogenous phenolic synthesis occurs mainly through
phenylalanine. Phenylalanine ammonia lyase (PAL) catalyzes the release of
ammonia from phenyl-alanine and leading to the formations of a carbon-carbon
double bond to yield trans-cinnamic acid. In some plants and grasses tyrosine is
converted into-4-hydroxy-cinnamic acid via the action of tyrosine ammonia lyase
(TAL). Introduction of a hydroxyl group into the para position of the phenyl ring
of cinnamic acid proceeds via catalysis by monooxygenase utilizing cytochrome
P450 as the oxygen binding site. The formed p-coumaric acid could be
hydroxylated in position 3 and 5 by hydroxylases, possibly methylated via an Omethyl transferase with S-adenos-ylmethionine as methyl donor. This result in
the synthesis of caffeic, ferulic and sinapic acids. All possess a C6 phenyl ring
and a C3 side chain, they belong to the phenylpropanoid group. These
compounds act as precursors of the synthesis of lignins and many other
compounds (Shahidi & Naczk, 2004).
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Benzoic acids and derivates are produced via removal of a two-carbon moiety
from phenylpropanoids. Similar to phenylpropanoid series, hydroxylation and
possibly

methylation

of

hydroxybenzoic

acids

lead

to

the

formation

of

dihydroxybenzoic acid (protocatechuic acid), vanillic acid, syringic acid and gallic
acid. Some evidence shows that gallic acid may also be formed, in some plants,
directly from shikimic acid (Waterman & Mole, 1994).

Source: Waterman & Mole, 1994

Phosphoenol
pyruvate
Chorismic acid

Shikimic acid
Erythrose-4-phosphate

Tryptophan

Phenylalanine

p-hydroxyphenylpyruvic acid

Tyrosine

Phenylpyruvic acid

Figure 1. Biosynthesis of Aromatic Acids Via the Shikimic Acid Route

Hydroxybenzoic acids are commonly present in a bound form in foods. They are
often part of a complex structure like lignins or hydrolysable tannins. They are
also found in the form of organic acids and sugar derivatives. Normally,
phenylpropanoids (cinnamic acid family) and benzoic acid derivatives are
conventionally referred as phenolic acids.
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Simple

phenols

are

formed

by

decarboxylation

of

benzoic

acid

and

phenylpropanoid derivatives (Figure 2). Thermal degradation or microbial
transformation of lignin may also produce simple phenols in food. In addition,
reduction products of phenylpropanoids also yield various phenolic compounds
such as sinapyl, coniferyl, and coumaryl alcohols. Lignin is found covalently
bound to cellulose in cell walls (Shahidi & Naczk, 2004).

In almost all naturally occurring coumarins, the precursor appears to be pcoumaric acid which has to undergo two critical modifications. The double-bond
must change from the trans to the cis configuration and the aromatic nucleus
must undergo oxidation in the side-chain to give 2,4-hydroxy-cis-cinnamic acid.
The

main

compounds

are

the

simple

coumarins,

furanocoumarins

and

pyranocoumarines, present in free and glycosidic forms in foods.

Another group of simple shikimate-derived secondary metabolites are the
lignans from NDGA (nordihydriguaiaretic acid) which is probably a derivative of
p-coumaric acid of the corresponding alcohol. From p-coumaric acid a series of
radicals can be formed culminating in that in which the β-carbon of the 3-C sidechain is the activated position and return to the fully phenolic form by regaining
the hydrogen lost in the initial radical formation to give NDGA. The biosynthesis
of pinoresinol is more complex. From coniferyl alcohol, the initial formation of
the β-β bond needs to be followed by two further cyclizations involving, in each
case, an alcohol or one monomer for the first one and α-C for the second one
(Waterman & Mole, 1994).

Combination of Shikimate and Acetate Pathways. The combination of
shikimate and acetate, in the form C6C3 + (C2)n, where n is usually three
(C6C3C6) generate several groups of phenolics which the flavonoids are by the
far the most important (Figure 3).

Flavonoids are formed via condensation of a phenylpropane (C6-C3) compound
with the participation of three molecules of malonyl coenzyme A. This results in
the formation of chalcones, that subsequently cyclize under acidic conditions.
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Once formed, the flavanone nuclei can undergon modifications involving the
pyran-4-one ring. Oxidation (either adding oxygen or removing hydrogen to
form a new double-bond) or reduction (addition of hydrogen), give a wide
variety of flavonoid classes such flavonoids as flavonols, flavones, and flavonols.
Source: Shahidi & Nackz, 2004

Figure 2. Biosynthesis of Phenylpropanoids of Cinnamic Family and Benzoic Acid Derivatives
and their Corresponding Alcohols from Phenylalanine and Tyrosine.
PAL = Phenylalanine Ammonia Lyase, TAL = Tyrosine Ammonia Lyase
Source: Shahidi & Nackz, 2004
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Figure 3. Biosynthesis of Stilbenes, Lignans, Lignins,
Suberins, Cutins, Flavonoids, and Tannins

PAL = Phenylalanine Ammonia Lyase

Individual flavonoids may also vary with the number and distribution of hydroxyl
groups as well as in their degree of alkylation or glycosylation. The formation of
flavonol

and

flavone

glycosides

depends
27

on

the
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monoglycosides occur greatly as 3-O-glycosides whereas glycosylation in
positions 5, 7, 3´ and 4´ is rarely reported for flavonols in fruits and vegetables.
In the case of diglycosides, the two sugar moieties may be linked to the same or
two different carbons. Rutin is an example of a diglycoside found in a number of
fruits and vegetables. Dimerization and polymerization could also be found in
the flavonoid family. Biflavonoids can be explained by oxidative coupling
reactions. The condensed tannis seem to be formed from flavan-3,4-diols, the
precursors of the catechins. Among flavonoids, anthocyanis and catechins are
known as flavans due to the lack of a carbonyl group in the 3-position.
Anthocyanins are glycosidically bound anthocyanidins present in many flowers
and fruits. Chalcones and flavones are yellow, while anthocyanins are watersoluble pigments responsible for the bright read, blue and violet colors of fruits
and other foods (Shahidi & Nackz, 2004).

Phenolic Compounds Originating from Mevalonic Acid. Mevalonate or
terpene pathway is formerly regarded as the universal route to terpenoid, and
steroid biosynthesis. It is less prominent in secondary metabolism than the more
recently

discovered

mevalonate-independent

pathway

via

deoxyxylulose

phosphate. Meroterpenoids contain a terpenoid unit as part of a more complex
structure and iridoids represent a large group of monoterpenoid compounds that
apparently seem to be formed in plants by an alternative cyclization of geranyl
diphosphate. The structures of these compounds based on a cyclopentan-[C]pyran skeleton, carbocyclic iridoids, and oxidative cleavage at the 7,8-bond of
the cyclopentane moiety give the called secoiridoids (Dewick, 2002).

1.2. FUNCTION OF PHENOLICS

1.2.1 Antioxidant Function

One of the main roles of phenolic compounds is that they act as antioxidants. An
antioxidant could be defined as any substance that, when present at low
concentration compared to those of an oxidisable substrate, significantly delays
or inhibits oxidation of that substrate. An effective antioxidant in one system is
not necessarily an effective agent in another (Halliwel & Gutteridge, 1995). The
activity of antioxidant can be estimated by quantitatively determining primary or
28
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secondary products of the autoxidation of lipids or by monitoring other variables
such as oxygen consumption (Shahidi & Wanasundara, 1997). Furthermore,
antioxidants are hypothesized to play an important role in chronic disease
prevention, because they might be able to prevent oxidative damage caused by
reactive oxidant species to vital biomolecules, such as lipids and proteins
(Halliwel & Aruoma, 1997).

Autoxidation is a natural process that takes place between molecular oxygen
and unsaturated fatty acids (Figure 4). The autoxidation of unsaturated fatty
acids occurs via a free radical process involving three steps (1) initiation, (2)
propagation and (3) termination. In a fatty acid (RH), the initation starts with
the abstraction of a hydrogen atom adjacent to a double bond. It could be
catalized by light, heat, or metal ions. The formed unstable peroxy free radical
(R•) reacts with atmospheric oxygen to form another free radical. The new alkyl
free radical initiates further oxidation and contributes to the chain reaction or
propagation. The propagation may be ended by formation of non-radical
products resulting from the combination of two radical species (Shahidi &
Wanasundara, 1997).

Phenolics act as antioxidants because of their hydroxyl groups attached to the
phenyl ring and interfer with lipid oxidation by rapid donation of a hydrogen
atom to form lipid radicals. The antioxidant activity of plant phenolics is similar
to or even higher than the antioxidant capacity of well-known dietary antioxidant
vitamin E. Some phenolic compounds are classified as free radical terminators.
Peroxidation can also be reduced by antioxidants which may be natural (phenolic
compounds and α-tocopherol) or synthetic (butylated hydroxytoluene). Lipid
peroxidation reduces the content of essential fatty acids and vitamins and can
give rise to products with significant negative health effects (cancer or
arteriovascular disease) (Harwood & Yaqoob, 2002).

Mechanism of Action of Phenolic Antioxidants. Phenolics are able to act as
antioxidants following several mechanisms. Assessing their antioxidant effect
implies evaluating the mechanism of action. According to their type of action,
antioxidants may be classified as free radical terminators, metal chelators or
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oxygen scavengers that react with oxygen in closed systems (Shahidi &
Wanasundara, 1997).

Source: Shahidi & Wanasundara, 1997

Figure 4. Autoxidation of Polyunsaturated Fatty Acids of Lipids

Primary antioxidants react with high energy lipid radicals to convert them to
thermodynamically more stable products. Secondary antioxidants, also called
30
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preventive antioxidants, function by retarding the rate of chain initiation by
breaking down hydroperoxides (Hall III & Cuppett, 1997).

Boland and ten-Have (1947) were the first researchers to report an exhaustive
kinetic study on antioxidant activity. They postulated reactions for free radical
terminators (1) and (2). Phenolic antioxidants (AH) interfere with lipid oxidation
by rapid donation of a hydrogen atom to lipid radicals (3) and (4). The latter
reactions compete with chain propagation reactions (5).

ROO˚+ AH → ROOH + A˚

(1)

RO˚ + AH → ROH + A˚

(2)

ROO˚ + A → ROOA

(3)

RO˚ + A → ROA

(4)

RO˚ + RH → ROOH + R˚

(5)

The above reactions are exothermic in nature. The activation energy increases
with increasing A-H and R-H bond dissociation energy. Consequently, the
efficiency of the antioxidants (AH) increases with the decrease of A-H bond
strength. The resulting radical itself must not initiate a new free radical reaction
or be subject to rapid oxidation by a chain reaction. Phenolic antioxidants are
excellent hydrogen or electron donors and, moreover, their radical intermediates
are relatively stable due to resonance delocalization and lack of suitable sites for
attack by molecular oxygen (Belitz & Grosch, 2004; Nawar, 1985). The phenoxy
radical formed by reaction of a phenol with a lipid radical is stabilized by
delocalization of unpaired electrons around the aromatic ring. However, phenol
itself is inactive as an antioxidant. Substitution of the hydrogen atoms in the
ortho and para positions with alkyl groups increases the electron density of the
OH moiety by an inductive effect and therefore enhance its reactivity towards
lipid radicals. Substitution at the para position with and ethyl or n-butyl group
rather than a methyl group increases the antioxidant activity of the phenolic
whereas, the presence of chain or branched alkyl groups in this position
decreases the antioxidant activity.
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The stability of the phenoxy radical is improved by bulky groups at the ortho
positions. The substituents increase the steric hindrance in the region of the
radicals reducing the rate of possible propagation reactions that may occur (6),
(7) and (8) involving antioxidant free radicals (Gordon, 1990).

A˚ + O2 → AOO˚

(6)

AOO˚ + RH → AOHH + R˚

(7)

A˚ + RH → AH + R˚

(8)

The effect of antioxidant concentration on autoxidation rates depends on many
variables including structure of antioxidant, oxidation conditions, and nature of
the sample being oxidized (Hall III & Cuppett, 1997). Normally, phenolic
antioxidants lose their activity at high concentrations and act as pro-oxidants by
involvement in initiation reactions such as those in reactions (6), (7), and (8).
The antioxidant activity by donation of a hydrogen atom is unlikely to be limited
to phenolics. Some authors have suggested that the antioxidant effect of
chlorophyll in the dark occurs by the same mechanism as phenolic antioxidants
(Cillard et al, 1980).

Antioxidant Activity Determination. The activity of antioxidants can be
estimated by quantitatively determining primary and secondary products of lipid
auto-oxidation or by monitoring other variables such oxygen comsumption. The
delay in hydroperoxide or secondary product syntheses by chemical or sensory
methods are also used. These procedures can be applied to either intact food
matrices, their extracts or to model systems. Studies on food have been
performed under normal storage conditions or under accelerated oxidation by
using the active oxygen method (AOM), oxygen uptake/absorption, oxygen
bomb calorimetry, Schaal oven test or Rancimat test. The increase of the
induction time by adding an antioxidant has been related to the antioxidant
efficacy and expressed as a protection factor or antioxidant index. Phenolic
antioxidants appear to be more effective in extending the induction period when
added to an oil which has not deteriorated to any great extent. They are
ineffective, however, in retarding decomposition of already deteriorated lipids. In
consequence, antioxidants should be added to food matrices as early as possible
to achieve maximum protection against oxidation (Shahidi & Naczk, 1995).
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The Trolox equivalent antioxidant capacity (TEAC) assay is based on the
scavenging of the 2,2’-azinobis-(3-ethyl-benzothiazoline-6sulphonic acid (ABTS)
radical and can be used for aqueous and lipophilic systems. The biological
approach involves the generation of free radicals of pathological significance,
such as peroxyl radicals. The most common assay in antioxidant analysis is the
oxygen radical antioxidant activity (ORAC) assay (Hollman, 2001).

According to the method selected for the assay to measure the radical different
results will be obtained. The relative ranking of phenols depends on the type of
radical used and on whether the assay is performed in aqueous or lipid systems.
This creates limitations for the in vivo relevance of the methods since they only
reflect a trend in the antioxidant capacity of phenolic compounds (Warner,
1997).

The formation of hydroperoxides can also be measured using an iodometric
tritation of released iodine hydroperoxides, this number is called peroxide value
(PV). Aldehydic compounds, products of the decomposition of hydroperoxides,
can be determined by measuring malonaldehyde with the 2-thiobarbituric acid
(TBA) test or aldehydes with the para-anisidine test. Model systems for testing
the antioxidant activity of food compounds and some additives have been used
extensively. Peroxidation and AOM methods may be performed on linoleic acid
instead of food to evaluate antioxidant activity. Although a great disadvantage is
present in model systems in comparison with the intact food matrix since foods
also contain natural compounds which may possess antioxidant or synergistic
properties (Shahidi & Wanasundara, 1997).

1.2.2 Nutritional and Sensorial Functions
Many properties of plant products are associated with the presence, type and
content of phenolic compounds. Potential antinutritional properties, beneficial
health effects or bitterness when phenolic compounds are present in large
quantities, are important to both processors and consumers.

For example, astringency is frequently a desirable sensorial attribute for some
beverages, e.g. black tea and red wine. Oxidation of polyphenols during
33

LITERATURE REVIEW

processing in food during processing or storage lead to beneficial (cocoa
browning or the oxidative polymerization of tea polyphenols during black tea
processing) or underisable (banana or mango browning) results (Shahidi &
Nackz, 2004).

Plant phenolics could be used as phytochemicals and nutraceuticals in the dried
and powderized form from fruits or fruits by-product sources (Ferrari, 2004).

1.2.3 Biological Functions.

Functions in plant. The biological functions of phenolic compounds in plants
are related to their role as structural polymers, UV screens, attractants, defense
agents and signal compounds.

UV Screens. The phenolics naturally occurring within the plant cuticle, but
especially flavones and flavonols, act as evolved barriers to absorb this UV
radiation before the photochemical degradation produced by UV light appears.
Therefore, they have the right absorption spectrum to be functional in this
aspect (Parr & Bolwell, 2000). Flavonoids are habitually concentrated in or
around epidermal tissues where their screening potential would be the highest.
It appears that plants respond to the increase of UV light by increasing their
accumulation of flavonoids (Cuadra et al, 1997; Halbrock & Scheel, 1989).

Structural Polymers. It is suggested that the evolution of a phenylalanine/PAL
based

phenolic

biosynthetic

pathway

was

a

major

early

event

in

the

development of land plants due to the ubiquitous nature of phenolic compounds
in plants and ferns and their relative absence in lower organisms and animals.
This has been associated with the lignin effect on the mechanical support for
plants and their ability, with other compound such as cutin and suberin, for
providing water transport systems. Lignin and some recent identified compounds
may reflect some of the biochemistry involved in the initial period and control of
the lignification process (Parr & Bolwell, 2000).
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Defense response. Another role of phenolics, even questionably, is the defense
process by which plants attempt to protect themselves from pathogens and
herbivorous predators. Lignans and their higher oligomers act as defense
substances (Davin & Lewis, 1992). The most frequently occurring defense
response of the plant is the hypersensitive response (HR), which occurs early
during the infection process. The HR involves the death of a few cells in the local
region of pathogen attack to form a necrotic lesion that may contain
antimicrobial compounds. Other biochemical changes include the generation of
reactive oxygen species (the oxygen burst) and the production of phenolics (Parr
& Bolwell, 2000).

Another essential aspect of the defense role of phenolics is related to the
unpalatability of plants to herbivores. Tannins are capable of interacting with
proteins to precipitate them. They have an astringent taste and an ability to
inhibit digestive enzymes. Foods containing a large variety of phenolic derivates
(phenols, phenylpropanoids, benzoic acid derivatives, flavonoids, stilbenes,
tannins, and lignans) are well recognized for their contribution as antifeedants
(e.g. the intense bitter taste of the flavanone glycoside and naringin in
grapefruits) (Harborne, 2001; Butler, 1992). More specific actions based on
discrete phenolic/host receptor interactions of individual compounds have
recently been studied (Robins et al, 1990).

Attractant agents. Phenolic compounds play an important role in making flowers
attractive to pollinating animals. There is a close relationship between flower
color and the nature of the pollination process. Red flowers, owing to
anthocyanins, are generally pollinated by birds whereas insect-pollinated flowers
are often yellow as a result of carotenoid accumulation (Harborne, 2001; Parr &
Bolwell, 2000).

Signal compounds. The transmission of signals to certain parts of the plants can
be a response mechanism to localized pathogen attack and induce the defense
synthesis. This event is known as systemic acquired resistance (SAR), and one
of the signals involved is salicylic acid, which is synthesized locally to the
infection and transported around the plant in the phloem. Dehydrodiconiferyl
alcohol glucoside (DCG) is another phenolic compound signal, acting as a
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secondary messenger involved in aspects of cytokinin action via compounds
such as gallic acid glucoside-6’-sulphate and cis-p-coumarroyl-agmatine. Some
plants produce signal compounds to act in an external way. Bacteria from the
general Rhizobium and Agrobacterium have a close association with plants in
which symbiotic or pathogenic relationships are established (Raskin, 1992;
Teutonico et al, 1991).

In summary, based on their biological functions, phenolic compound can be
classified as Table 2 shows.

Functions in man. Many plant phenolics appear to have evolved as part of the
plant´s antipathogen and antipredator strategies, several of their actions in man
can be expected to relate to induced effects on human physiology. Interest in
phenolic compounds has been increased over the past years due to their
potential antioxidant activities and potential effects against degenerative illness
(Parr and Bolwell P, 2000).

Hydrogen donation/radical scavenging. Free radicals originated wthin the body
can produce extensive damage to macromolecules, including DNA and lipids.
This phenomenon is assisted by the autocatalytic nature of many of the
processes involved. Radicals abstract a proton from such macromolecules
generating highly reactive macromolecular radical forms. These can then decay
by interactions with neighboring molecules to produce a degraded product and a
further cycle of degradation. Plant polyphenols are multifunctional and can act
as hydrogen-donating antioxidants reacting with radicals in a termination
reaction breaking the generation of new radicals (Halliwell & Auroma, 1997;
Rice-Evans et al, 1996).

Inhibition of radical generation. Enzymes such as various cytochrome P450
isoforms, lipoxygenases, cyclo-oxygenases and xanthine oxidase, are likely prooxidant and can generate radicals. Particularly, flavonoids and phenylpropanoids
are

effective

inhibitors

of

these

enzymes.

For

example,

3,4-

dihydroxyphenylethanol from olives inhibits arachidonic acid lipoxygenase
(Manach et al, 2004).
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Table 2. Biological Effects of Some Plant Phenolics

Function

Group

Example(s) and Plant Species
Where the Effect Was Studied

Flower pigments

Fruit pigments

Anthocyanes

Cyaniding-3,5-diglucosid in Rosa

Chalcons

Coreopsin in Coreopsis tinstoria

Aurones

Areusin in Anthirrhinum majus

Yellow flavonoids

Gossypetine-7-glucoside in Gossypium

Flavones

Apigenin-7-glucoside in Bellis perennis

Anthocyanines

Petunidin glucoside in Atropa
belladonna

Isoflavones

Osajin in Maclura pomifera

Chalcons

Ocanin in Kyllingi brevifolia

Quinines

Juglon in Juglans regia

Phenols

Hydroquinone in Arctostaphylos

Phenolcarboxylic acids

Sialic acid in Quercus falcate

Hydrocinnamic acid

Ferulic acid in Adenostoma

Quinines

Fuglon in Carya ovata

Tannines

Gallotannine in Quercus robur

Flavonols

Quercitine-glycosids in Gossypium

Fungicide

Isoflavones

Luteon in Lupinus

Phytoalexines

Stilbens

Reservatrol in Arachis hypogaea

Allelopathic substances

Protection against pests

Source: Harborne, 1989
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Enzyme Inhibition. Phenolics have the potential to interact strongly with proteins
mediated by their hydrophobic benzenoid rings and hydrogen-bonding potential
of the phenolic hydroxyl groups. In the case of some tannins and other
polyhydroxy-substituted phenolics this interaction can be largely non-specific,
and therefore be considered as a relatively general inhibitory effect. On the
contrary, discrete interactions can occur between individual phenolics and the
active sites of enzymes resulting in a more specific type of inhibition. This
capacity to modify selected enzymes is presumed to have a role in the
physiological action of these phenolics, even the multiple interrelated actions of
phenolic compounds make difficult to obtain a detailed understanding of their
mode of action (Parr & Bolwell, 2000).

Anticarcinogenic Action. This is another biological function to be considered in
the human system. Anticarcinogens can be classified as blocking and suppressor
depending on the point of action with some compounds having both activities.
The most important function of blocking agents is to stimulate the carcinogendetoxyfying enzymes and to inhibite enzymes which have the portential to
activate precarcinogens into carcinogens. Suppressing agents can act by
different methods. For example, curcumin inhibits phorbol ester-mediated cell
proliferation,

possibly

by

interfering

with

the

induction

of

ornithine

decarboxylase activity and by producing subsequent changes in polyamine
metabolism (Scalbert et al, 2005; Manach et al, 2004; Hollman, 2001).

Inhibition of tyrosine kinase (TK) activity is an indication for compounds which
can potentially modulate signal transduction pathways, and this may have
relevance as potential anti-carcinogenetic compounds (Manach et al, 2004).

1.3 FACTORS AFFECTING PHENOLIC COMPOSITION

Factors affecting the phenolic composition of food such as genetic (internal)
factors, agronomic (environmental) conditions, germination, ripening degree,
variety, processing and storage have been studied. (Tomás-Barberán & Espín,
2001).
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1.3.1

Genetic Factors

The plant species, subspecies and cultivars produce particular phenolics whose
analysis may be used to establish taxonomic affinities and/or differences. For
example, some of lettuce cultivars (“iceberg” and “butter leaf” type) are very
poor in flavonoids, caffeic and acid derivates, whereas others species (“lollo
rosso” and “oak leaf”) contain large amounts of flavonols, caffeic acid and
derivates and anthocyanins (DuPont et al, 2000; Tomás-Barberán et al, 1997).
Some apples cultivars are intensely red because of the accumulation of
anthocyanins whereas some show a complete lack of these phenolic compounds
(Amiot et al, 1992).
The susceptibility to browning associated with PPO (polyphenooxidase) activity
varies widely in some plants. Interest has been focused on the cloning of
genomic DNA encoding both polyphenol oxidase and peroxidase to explain
different PPO and POD activities depending on the cultivar and plant tissue.
Induction

of

PAL

(phenylalanine

ammonia-lyase)

is

essential

for

the

accumulation of different phenolic compounds in plants. It is considered the key
enzyme

in

phenolic

phenylpropanoid

biosynthesis

compounds

(lignin,

as

a

catalyser

flavonoids

and

of

the

synthesis

hydrocinnamic

of

acids)

(Morelló et al, 2005). PAL is encoded by a small multigene family in several
plant species such as pea (Kawamata et al 1992), tomate (Lee et al, 1992),
parsley (Lois et al, 1989) and rice (Minami et al, 1989).

1.3.2

Agronomic Factors

The environment also plays an important role in the phenolic compounds
occurring in fruits and vegetables. Irrigation factor (water availability) and soil
composition (mineral and organic nutrients) have a remarkable effect on the
plant phenolic profile and content. These external conditions may limit the ability
of plant products to suffer browning and other phenolic physiological disorders
that appear during plant growth and postharvest stages. Data have been
reported about the effect of the irrigation on the quantity of polyphenols in the
olive oil (Patumi et al, 2002; Romero et al, 2002). Water stress during a specific
period of the olive cycle, pit hardening and fruit growth, could influence the total
amount of phenolic content as well as its profile. It is generally accepted that the
level of phenolic compounds is higher in oils obtained from drought stressed
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crops than in those from irrigated crops, and that phenolic compounds in the oil
are significantly affected by the irrigation regime (Tovar et al, 2001).

1.3.3 Postharvest Factors.
Fruits and vegetables handling during harvest and postharvest storage may
have a significant effect on phenolic compounds and enzymes related to phenolic
metabolites, potentially resulting in the decrease of quality. PPO can be found in
both

soluble

and

membrane-bound

forms

in

chloroplasts,

mitochondria,

microsomes, peroxisomes and cytoplasm. POD can be found either soluble in the
cytoplasm or cell wall-bound. Mechanical damages produce the synthesis of PAL
in plant tissues, probably via signaling pathways including compounds such as
salicylic and jasmonic acids. In some plant tissues (lettuce and tomato) the
activation of latent POO and the induction of PAL and POD after cutting process
and storage at refrigerated conditions have been reported. The wound induction
of PAL was concurrent with that of the induction of the first enzyme of the
shikimate pathway (Cantos et al, 2001).
Some authors have demonstrated the positive and negative impact of storage at
low temperature on fruit and vegetable phenolics. An increase in anthocyanins
was observed when red plant tissues were stored in these conditions. Low
temperatures can also increase the content of hydroxycinnamic acid derivatives
in some vegetables, e.g. artichokes, however, some cold storage can produce
undesirable effects when the phenolic compounds play an important rolev such
as scald in apples. Some fruits such as berries presented higher antioxidant
activity when they were stored at ambient temperatures. In some cases, an
increase in PAL activity produced peel damage of mandarins and oranges
(Martínez-Tellez & Lafuente, 1997).

1.3.4 Technological Aspects–Processing
The phenolic content may be affected by food-processing technologies.
Industrial

treatments

such

as

minimal

processing

(fresh-cut

fruits

or

vegetables), pressing (single strength or concentrated juices), mixing (olive oil),
fermentation (wine, cider, table olives), drying (raisins, prunes), thermal
treatments, and radiation greatly determine the composition of phenolic
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compounds and therefore food quality. During processing, phenolic biosynthesis
is interrupted by the destruction of enzyme and or cell structure degradation. In
other cases, processing increases the release of phenolic compounds from plant
tissues producing biochemical changes that could affect quality characteristics.

1.4 FOOD PHENOLICS.

Phenolic compounds are ubiquitous in the plant kingdom being found in cereals,
legumes and nuts, oilseeds and plant oils, fruits and vegetables. They are in
virtually all parts of the plant but with quantitative distributions that vary
between different tissues of the plant and within different populations of the
same plant species (Robards, 2003). Beverages, herbal and nutraceutical
products are also an important sources of phenolics. As in plants, phenolics
could be found free, esterified, etherified or in an insoluble bound form (Shahidi
& Naczk, 2004).

Phenolic compounds may be responsible of the dark color, bitter taste and
astringency of seed meals (Naczk et al, 1998; Matsuura et al, 1989). They can
form complexes with essential aminoacids, enzymes and other proteins. Fruits
(grapefruits, oranges, berries, black and red currants, dark grapes and apples),
green leafed, yellow, and red vegetables (onion, cabbage, broccoli, cauliflower,
Brussels sprouts, pulse seeds, tomatoes and peppers) are abundant in flavonoid
compounds. Data related to the quality and quantity of phenolics in fruits and
vegetables have been reported. There are variations between the total phenolic
content of the different fruits or vegetables or even for the same fruits or
vegetables

due

mainly

to

the

extraction

methodologies

and

analysis

(Balasundram et al, 2006; Clifford, 2000; Parr & Bolwell, 2000; Robards et al,
1999).

Some studies have been performed in order to determine not only the content of
polyphenols in fruits and vegetables but also their influence in the quality
(Cieślik et al, 2006; Tomás-Barberán & Espín, 2001). Phenolic acids can occur in
the free, esterified and insoluble bound forms. Some of them may be linked
convalently to amine functionalities through a “pseudo peptide” bond. Wet
processing (alkaline hydrolysis), cooking or baking may release of some bound
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phenolics increasing their contribution to the sensory characteristics of the
products.

Many of the essential oils contain phenolic compounds, such as eucalyptol from
Eucalytus globules or clove oil from Syzygium aromaticum, although these
volatile chemicals are often classified as terpenes. As the terpenes, many
phenolic compounds are attached to sugar molecules. Beverages, including fruit
juices, tea and wines are important sources of phenolic compounds. Reductions
or losses of phenolics reported in commercial juices have been attributed to
technological variables. Some studies have showed an increase in the level of
phenolics during processing, e.g. compounds of apple mash and juice. In
general, the storage does not seem to influence directly the phenolic content
(Balasundram et al, 2006). Analytical strategies dealing with the determination
of bioactive phenolics have appeared during the last years; analyses of total
phenolic content (Folin assay) or individual quantification of phenolics (HPLC
analysis) have been performed by several research groups (Naczk & Shahidi,
2004; Robards, 2003; Antolovich et al 2000; Makkar, 1989).
Tables 3a, 3b and 3c illustrate the phenolic content of the main food groups.

1.5 OLIVE FRUIT AND VIRGIN OLIVE OIL

1.5.1 Olive Fruit (Olea europaea L.)
The olive, Olea europaea L., belongs to the Oleaceae family. This family contains
about 29 genera and 500 species, most of which are placed in the Oleoideae
subfamily. Olive is by far the most economically important member of the
family. Several important ornamentals also belong to this family: Fraxinus
(Ash), Syringa (Lilac), Ligustrum (Privet), Jasminum (Jasmine), Forsythia,
Osmanthus (Fragrant olive), and Chionanthus (Fringe tree). The genus Olea
contains about 35 species (Boskou, 1996).
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Table 3a. Content of Main Phenolic Compounds in Different Foods: Vegetables and Fruits

Food

Total

Food

Food

Total

Phenolic

Phenolic

Phenolic

Compounds

Compounds

Compounds

Vegetables

Broccoli

Total

Fruits

101.6 ± 1.24a

Fruits

Apple

296.3 ± 6.4a

Papaya

57.6 ± 4.1a

Banana

90.4 ± 3.2a

Pineapple

94.3 ± 1.5a

143.5 ± 40.6b

Plums

174 – 375

417 ± 555a

Prunes

184.0 ± 85.5a

270 – 930a

Raisins

399.4 ± 57.6b

87.5 ± 8.1b
Brussels

68.8 ± 1.3b

11.8 ± 0.4a

sprouts
Cabbage

54.6 ± 7.0a

Black

b

plum

a

Black

92.5 ± 2.4
Carrot

56.4 ± 7.0

Berry
Cucumber

a

19.5 ± 1.6

Blue

48.0 ± 0.9b

Berry

Mint

399.8 ± 3.2b

Cherry

105.4 ± 27.0b

Rambutan

1.64 ± 0.04d

Spinach

91.0 ± 8.5a

Cram

527.2 ± 21.5a

Raspberry

114.0 – 178.0a

Tomato

c

126.4 ± 6.0a

Red Grape

220.6 ± 61.2d

Starfruit

142.9 ± 7.1a

Berry
25.9 – 50.0

Guava

(pink)
247.3 ± 4.5a
(white)
Onion

a

73.3 – 180.8

Litchi

3.35 ± 0.05d

varieties
Yellow Onion

(acidic)
76.3 ± 1.9

a

a

Mango

6.25 ± 0.05

Peach

a

Starfruit

209.9 ± 10.4a

(sweet)
---

---

84.6 ± 0.7

Straw

160.0 ± 1.2a

Berry
Source: Balasundram et al (2006)
a

Gallic acid equivalents/100 g fresh weight , b Catechin equivalents/100 g fresh weight,
equivalents/100 g fresh weight, d Chlorogenic acid equivalents/100 g fresh weigh
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Table 3b. Content of Main Phenolic Compounds in Different Beverages:
Fruit Juices, Tea and Coffee.

Food

Total
Phenolic
Compounds

Food

Total
Phenolic
Compounds

Food
c

Total
Phenolic
Compounds
c

Fruit Juice

Tea

Coffee

Commercial
Juices

Black
Tea

80.5 ± 134.9

Instant
Coffee

146-151

52.5 – 57.0

Apple

339 ± 43a

Black
Tea

154.9 ± 162.9

Ground
Coffee

Grape Fruit

535 ± 11a

Black
Tea

62 – 107

---

Orange

755 ± 18a

Green
Tea

65.8 – 106.2

---

Pineapple

358 ± 3a

Green
Tea

117.3

---

Prune

441 ± 59b

Green
Tea

61 – 200

---

---

Fresh
Juices
Grape (red)

1728a

---

---

Grape
(white)

519a

---

---

Orange

382 – 1147b

---

---

Source: Balasundram et al (2006)
a

Gallic acid equivalents/L,

b

Ferulic acid equivalents/L,
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Table 3c. Content of Main Phenolic Compounds in Different Beverages: Wines

Beverage

Total
Phenolic
Compounds

Beverage

a

Total
Phenolic
Compoundsa

Total
Phenolic
Compoundsa

Rose
Wines

White
Wines

Red
Wines

Beverage

Argentine

1593 – 1637

Argentine

216

Italian

1304

Brazilian

1947 – 1984

Brazilian

256 – 353

Japanese

340

Californian

1800 - 4059

Californian

165 – 331

---

Chilean

2133

Californian

220 – 306

---

French

1847 - 2600

French

245

---

French

1018 – 2151

French

262 – 1425

---

Greek

1217 – 3722

Italian

439 – 854

---

Italian

3314 – 4177

Italian

191 – 296

---

Japanese

1810 – 2151

Japanese

295 – 556

---

Portuguese

1615

Spanish

292

---

Spanish

1869

---

---

Source: Balasundram et al (2006)
a

mg gallic acid equivalents/ L
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Cultivar. Olives are large evergreen shrubs in their native state, but are trained
as stout trees on massive trunks, especially in older plantings. Most trees have
round, spreading crowns, however, tall, cylindrical trees are also grown in some
parts of Europe. Trees in neglected groves grow almost imperceptibly slow.
Leaves are small, linear, with entire margins and acute tips, silver-green in
color, and fairly thick. As for all members of the Oleaceae, leaf arrangement is
opposite.
Flower. Small, off-white flowers are borne in racemose panicles of 15-30 flowers
in axils of one year old wood. Most flowers are staminate by pistil abortion,
leaving only 1-2 perfect flowers per inflorescence, which may set fruit. The
ovary is superior, and there are 4 sepals and petals, and 2 stamens. Flowering
occurs rather late relative to other tree crops.
Fruit. The fruit of the Olea europaea is an oval-shaped drupe consisting of a
pericarp and endocarp (pit, kernel). The pericarp has two parts: the epicarp
(skin), and the mesocarp (pulp, flesh) that accounts for about 65-83% of the
total weight. The endocarp may vary form 13% to 30% or the total fruit weight.
The fruit type is a drupe oblong with smooth, waxy surfaces. Color is green
when immature, turning yellow-green in autumn, with red, purple, or black
coloration at full maturity. Dark coloration results from anthocyanin production
in the exocarp and mesocarp. Olives require 6-8 months for full maturation, but
table olives are harvested earlier when firm, and oil olives are left on trees until
oil reaches 20-30% (early winter) (Boskou, 1996; Raina, 1995).

There are approximately 2500 known varieties of olives of which 250 are
classified as commercial cultivars by the International Olive Oil Council (IOOC).
These cultivars are used for the production of either virgin olive oil or table
olives depending on the oil content and size of the fruit. Different cultivars are
generally used for oil (e.g., Arbequina, Hojiblanca, Picual, Leccino, Frantoio) and
table olives (Manzanillo, Sevillano, Ascolano, Calamata) (Ryan & Robards,
1998).
Table 4 shows the olive oil fruit composition.
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Table 4. Olive Fruit Composition
Constituent (%)

Flesh

Stone

Seed

Water

50-60

9.3

30.0

Oil

15-30

0.7

27.3

Proteins

2-5

3.4

10.2

Sugars

3-7.5

41.0

26.6

Cellulose

3-6

38.0

1.9

Ash

1-2

4.1

1.5

Phenolics

2-2.5

0.1

0.5 – 1.0

Source: Raina et al, 1995

Harvest, Postharvest Handling. Most table olives are harvested when they
change from green to yellowish-green in color and are firm usually mid-autumn.
Oil olives are harvested in late autumn or in winter when they have turned black
and reach their maximum oil content (20-30%). Delaying harvest results in poor
oil quality due to loss of essential oils and aromas and an increase in acidity.
Delaying harvest also results in increased alternate bearing; trees used for table
olives often fluctuate and yield less than trees used for oil.
Olives are traditionally hand harvested a process that is not only tedious and
laborious, but represents the major proportion of the costs of production. Hand
harvest is accomplished by three techniques: 1) collection of fallen fruit from the
ground, 2) "milking", or the stripping of fruit with half open hands from limbs
which falls into picking bags or onto nets below the tree, 3) beating limbs with
large sticks to dislodge fruits, which are also collected on nets. Collecting fruits
which fall naturally to the ground is inexpensive, but seriously compromises oil
quality. Milking or beating are most commonly used.

Mechanical harvest of olives has been studied and attempted in various forms
for years. It is used to a limited extent in more intensive orchards. Compared to
other tree fruits that are mechanically harvested, olive trees are problematic.
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Olives require about 5 times more shaking energy than other fruits such as
prunes and almonds, due to the willowy nature of the tree and the resistance to
detachment of fruit. Using mechanical shakers, only 65-80% of the fruit can be
removed from the tree at best. The remaining fruits are either lost or must be
hand harvested (Di Giovacchino, 1996a).

1.5.2 Virgin Olive Oil Process
Production of Olive Oil. Conventional discontinuous pressing cycle, the
continuous centrifugation and the percolation-centrifugation systems are in use
to process olive fruits. The olive oil extraction process includes crushing,
malaxation (kneading)

and

separation

of

must

into

oil and

water

by

centrifugations. The resulting products are oil, husk (solid waste) and vegetable
water (wastewater).
Discontinuous extraction is an ancestral procedure that only distinguishes two
phases by pressing or centrifugation. The liquid phase is later filtered in order to
obtain oil. In this case, the by-product is a plastic paste which has the
advantage of avoiding the production of vegetable waters. However, although it
is more ecological, this technique provides a lower yield and is not always seen
as an advantage for the main producing countries. In the traditional cycle,
millstone (hammer stone) and hydraulic presses are used for milling and
pressing of olives, respectively. Continuous systems use metal crushers
(hammer, disc and roller types) to grind olives, and a horizontal centrifugal
decanter for centrifugation of the olive paste. A vertical centrifuge is used for
separation of the oily must into oil and water (Figure 5) (Soler-Rivas et al,
2000).
The extra virgin olive oil is obtained by the first physical, cold pressing of the
olive paste. Phenolic content in the oils is the result of a complex interaction
between several factors such as cultivar, ripening index and climate (Morelló, et
al, 2004; Criado et al, 2004; Rotondi et al, 2004; Motilva et al, 2000). Phenolic
profile and concentration are also influenced by processing factors, the most
important being pressing and centrifugation operations (Salvador et al, 2003; Di
Giovacchino et al, 2002, Di Giovacchino et al, 2001). The oil extraction method
has a significant effect on the content of total phenols and 1,2-diphenols.
Various extraction systems differ in two essential aspects, the physical forces
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used to recover the oil, and the amount of water added to the olive paste during
extraction. Oil extraction is more effective with olives of low water content.
Phenolic compounds are water soluble and consequently addition of water to the
olive paste reduces

significantly phenolic content and quality of the oil

produced. This has been been supported by the findings of Di Giovacchino et al
(1996b), who studied the effect of the three different types of extractions
systems on virgin olive oil quality. Table 5 shows selected results from this
study. Total phenolic and o-diphenol contents of oils obtained by pressing were
significantly higher than that of centrifugally extracted oils. However, sensorial
evaluations of the oils obtained by the two processes showed the same results.
It is therefore, possible to choose an extraction system to ensure the highest oil
quality.
Source: Olive Oil Industry
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Figure 5. Olive Oil Processing Line
Table 5. Quality Parameters of Virgin Olive Oil Obtained by Pressing and Centrifugation

Parameter

Experimental Systema

Industrial Systema

Pressing

Centrifugation

Pressing

Centrifugation

Free Fatty Acids

0.23

0.22

0.35

0.29

Peroxide Value
(meq O2/kg)
Total Phenolic
Content (mg/L as
gallic acid)
o-Diphenols (mg/L
as caffeic acid)
Oxidative Stability
(induction time, h)
Chlorophyll
pigments (mg/kg)
K232

4.0

4.9

4.8

5.7

158

121

155

114

100

61

106

62

11.7

8.9

12.0

9.5

5.0

9.1

6.6

9.9

1.93

2.01

1.91

1.96

0.120

0.127

0.108

0.122

K270

Source: Di Giovacchino et al, 1996
a

Mean Values

Products of Processing.
Virgin Oil. This is the leat processed oil. It has three subcategories (extra, fine,
and ordinary) based largely on acidity and flavor. Extra virgin olive oil has less
than 0.8% acidity (by weight from oleic acid) and excellent flavor. Fine oil is
often just termed "virgin" and has acidity of <2%. Ordinary virgin oil has acidity
of up to 3.3%. Virgin oils with acidity greater than 3.3% are not used for human
consumption, and are designated "lampante" meaning lamp oil.
Refined Oil. This virgin olive oil has been refined to remove off-flavors and odors
by lye or other treatments, which do not alter the glyceridic structure of the oil.
It has an acidity of < 0.3%.
Blended Oil. This is a virgin oil blended with a refined oil with an acidity <1%. It
is labeled "pure".
Olive-Pomace Oil or Residue Oil. Oil recovered from pressed olive paste by
solvents falls into this category. It cannot be submitted to re-esterification
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processes or mixed with other plant oils. Olive-pomace oils are classified as
"crude" or "refined". Refined oils have a lower acidity than crude olive oil. A third
category, called "olive pomace oil", is a blend of refined pomace oil and virgin
olive oil with acidity <1%.
By-products. Pomace is the solid residual derived after first pressing or
centrifugation (a little of olive, pieces of nut, etc.). It may be used for livestock
feeding or going through a chemical extraction to produce olive-pomace oil.
Vegetable water is the liquid phase obtained as a result of centrifugation. They
are abundant in the three phases extraction method due to the injection of
water made to the paste before centrifugation. As vegetable waters still contain
oil, they are re-treated to recover the maximum amount of oil. However, since
this is a combination of water and fat, it is difficult to recycle them. Vegetable
waters are highly polluting and negatively affect underground waters. The most
serious ecological problem in olive oil production is the recycling of vegetable
waters.
Technological Development. The three phase system is the most widely used
in intensive production areas. It dates back to the seventies and eighties. The
main disadvantage of this process is the huge amount of water needed and
therefore the production of vegetable waters and their resulting pollution. Since
1991 new industrial techniques of continuous extraction have been used. The
production of vegetable water is reduced and there is an increase in the pomace
obtained. This process does not need much water and is being more and more
widely used.
Traditional olive oil extraction using a pan crusher and hydraulic press is not a
continuous process and transformation costs are high. In 1965, olive oil
production began with the extraction by means of a three-phase centrifuge, with
horizontal axle, which separates oil, water, and husk from the olive paste. The
centrifuge system reduces processing time and therefore excessive storage
period of olives; the obtained oils have usually a higher quality. Even though,
this extraction system requires the addition of lukewarm water which produces a
decrease in phenolic compounds due to their high water solubility. The
production of vegetable water generated by milling plants is considered an
important technological problem due to the increase in waste disposal as well as
costs. In 1992, a new olive oil extraction system was introduced in processing
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plants consisting in a decanter faciliting the separation of the oil phase from the
olive paste without the addition of warm water. Moreover, the amounts of
vegetable water generated are not significant (Angerosa & Di Giovacchino,
1996). Oils obtained from a two-phase system possess higher concentration
level of phenolics and tocopherols and show higher antioxidant stability in
comparison with oils extracted by three-phase decanter. The continuous twophase process is the most accepted extraction process throughout the olive oil
industry in Spain, as shown by its use in 90% of the olive mills. It is achieving a
very wet pomace with a water content varying from 65% and 70%. In Italy the
centrifugal decanters employed rather have three exits (oil, pomace and
vegetable wastewater) and are able to separate the oil requiring the addition of
a small quantity of water to dilute the olive paste if needed (Di Giovacchino et
al, 2001).
1.5.3 Phenolic Fraction
Phenolic compounds in olive pulp and oil constitute a complex mix that has not
been

elucidated

yet.

The

nature

of

many

phenolics

occurring

in

low

concentrations remains unidentified and their significance and action still
unknown.
Olive Fruit Phenolics. The main classes of phenolics occurring in olive fruit are
phenolic alcohols, phenolic acids, secoiridoids and flavonoids (Servilli &
Montedoro, 2002). Considerable differences in the content of hydroxytyrosol
(3,4-DHPEA), tyrosol (p-HPEA) and tyrosol glucoside have been found in the
fruits during growth and ripening of the drupe. The increase in their levels is
correlated to the hydrolysis of the compounds with higher molecular weight.
Hydroxytyrosol or elenolic acid contents are considered an indicator of the
maturation of olives (Ryan et al, 2002a).
In the fruit, a wide range of phenolic structures has been reported including
simple phenolic acids such as the isomers of coumaric acid (Romani et al, 1999).
Caffeic acid occurs in pulp, olive leaf, (Baldi et al 1995) and peel (Servilli et al
1999a; Brenes et al, 1995). Seed and husk possess caffeic acid in a relative high
quantity (Ryan et al, 2002b), whereas its presence has been reported in oil by
several authors (Akasbi et al, 1993; Montedoro et al 1992; Tsimidou et al 1992).
Mousa et al (1996) reported that ferulic and gallic acids occur in pulp tissue. In
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some Spanish cultivars hydroxytyrosol, tyrosol, vanillic acid, p-coumaric and
ferulic acid have also been found (Montedoro et al, 1993; Pirisi et al 1997).
Biochemically, members of the Oleaceae family can be characterized by the
presence of a number of coumarin like compounds known as secoiridoids which
are related to the iridoids. Secoiridoids, characterized by an exocyclic 8,9olefinic function, are known as oleosides. These compounds are restricted to the
oleaceous plant. They are not considered as phenolics but may include a
phenolic moiety as a consequence of esterification via a branching in the
mevalonic acid pathway in which terpene and phenolic synthesis fuse (Damtoft
et al, 1993) (Figure 6). Oleuropein, demethyloleuropein, ligstroside and oleoside
are the main phenolic oleosides in Olea europaea (Servilli et al, 1999b). In the
development of the olive fruit, three phases are usually distinguished:
accumulation of oleuropein during a growth phase, reduction in the levels of
chlorophyll

and

oleuropein

(green

maturation),

and

the

appearance

of

anthocyanins and continuous falling of oleuropein, a phase coinciding with the
black maturation. Oleuropein is found in higher amounts in the early stages of
maturity reaching 14% on a dry matter basis (Soler-Rivas et al, 2000).
Oleuropein is easily extracted as part of the phenolic fraction of leaves and
seeds but it has not been reported in olive oil. Elenolic acid glucoside and
demethyloleuropein appear at the beginning of the green maturation while the
oleuropein decrease. They reach their maximum level during black maturation.
Because of its interaction with a diphenol oxidase, oleuropein is also involved in
the browning that occurs in green table olives either after impact and wounding
during harvesting or during the consequent industrial treatments.
Some studies resulted in the detection of oleuropein, demethyloleuropein,
oleuroside, and ligstroside in the olive leaves, pulp, peel and husk (Ryan et al,
1999; Rovellini et al 1997; Brenes et al, 1995; Baldi et al, 1995; Movsumov et
al 1987; Gariboldi et al 1986). Very few studies have been performed on the
phenolic compounds of olive seeds. Compounds such as salidroside, nüzhenide,
and nüzhenide oleoside were recently found in seed at all ripening stages
(Maestro-Durán et al, 1994; Servili et al 1999a).
Color change during olive fruit maturation is associated with the decline in
chlorophyll and oleuropein levels and the appearance of anthocyanins. Cyaniding
and delphinidin glucoside are the most common anthocyanins found in olive
(Servilli et al, 1999a). However, information concerning this latest is more
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scarced than that on cyanidin glycosides. The distribution of these compounds is
extremely restricted, being limited to the maturation stage where the first
appearance is in the fruit skin at either the proximal or distal end of the fruit and
spread from there to the rest of the skin and then to the mesocarp. Aglycones
have not been reported and are hardly ever found in fresh plant matter other
than other materials. Cyanidin-3-glucoside and cyaniding-3-rutinoside have
reported only in pulp (Vlahov, 1992; Romani et al, 1999) whereas cyanidin-3glycosides have been detected in pulp and leaf matrices.
Source: Damtoft et al, 1993

Figure 6. Proposed Biosynthetic Pathway for Oleuropein in Oleaceae
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In young small olives, verbascoside was present only in traces, although
verbascoside is the predominant hydroxycinnamic derivative of olive fruit at
maturation stage (Ryan et al, 2002a). Its chemical structure was assigned by
Andary et al (1982) and confirmed by Servilli et al (1999b). Verbascoside
content has been related to an inverse oleuropein concentration in olive fruit.
Heimler et al (1992) detected and isolated flavonoids glucosides and biflavonoids
in olive leaves. Some of them were identified as quercitrin (quercitrin-3rhamnoside), rutin (quercetin-3-rutinoside), luteolin and chlorogenic acid (5caffeoylquinic acid). In addition, olive leaf hairs contained UV-screening
pigments, which have been characterized as phenolics with a considerable
flavonoid contribution (Karabourniotis et al, 1992). Rovellini et al (1997)
reported the presence of luteolin-glucoside (the commonest of all flavone
glycosides) in leaf and luteolin-7-glycoside has been detected in the same olive
matrix (Heimler et al, 1992). The pulp and leaf matrix has been characterized by
the occurrence of apigenin, apigenin-7-glucoside, apigenin-7-glycosides and
apigenin-7-rutinoside (Ryan et al, 2002a).
The detection of lignans presumable in fruits of Olea europaea has been
reported since the beginning of this decade (Owen et al, 2000a). 1acetoxypinoresinol and 1-hydroxypinoresinol glucosides have been isolated from
bark of olive trees (Tsukamoto, 1984; Tsukamoto, 1985). Pinoresinol glucoside
linked to oleoside 11-methyl ester, which is a secoiridoid as oleuropein, has
been isolated form oleaceous plants (Tanahashi et al, 1987). Therefore, the lipid
affinity of the lignans detected in olive oils could be originated via hydrolysis of
compounds similar to lignan linked to secoiridoid glucoside. Figures 7a, 7b and
7c show the main phenolic compounds occurring in olive fruit.

Virgin Olive Oil Phenolics. Some of the major phenolic compounds identified
in virgin olive oil (VOO) also occur in olive fruit. VOO contains differtent classes
of phenolic compounds such as phenolics alcohols, phenolic acids, secoiridoids
derivarives, flavonoids and lignans. Hydroxytyrosol, tyrosol, caffeic, p-coumaric
and vanillic acids have been reported by several authors (Brenes-Balbuena et al,
1992; Nergiz & Unal, 1991). Similarly, ferulic, homovanillic p-hydroxybenzoic,
syringic and gallic acids have been identified by Poiana et al, (1997), Mannino et
al (1995), and Nergiz & Unal (1991). Flavonoids such as apigenin and luteolin
have been reported in olive oil by Artajo et al (2006), Rovellini et al (1997) and
Criado et al (2004).
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Source: Ryan & Robards, 1998

Figure 7a. Chemical Structures of Secoiridoid Compounds Occurring in Olive Fruit

Source: Obied et al, 2005

Figure7b. Chemical Structures of Phenolic Alcohols, Phenolics Acids and Derivates Ocurring
in Olive Fruit
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Source: Ryan et al, 2002a

Figure 7c. Chemical Structures of Flavonoids Occurring in Olive Fruit

Recently, Brenes et al (2000) identified two new phenolic compounds in olive oil,
1-acetoxy-pinoresinol and pinoresinol. Pinoresinol is formed biosynthetically by
stereospecific reductive coupling of two molecules of coniferyl alcohol (Katayama
& Davin, 1992).
The prevalent phenolic compounds, however, of virgin olive oil are secoiridoid
derivatives, the dialdehydic form of elenolic acid linked to 3,4-DHPEA or p-HPEA
(3,4-DHPEA-EDA or p-HPEA-EDA) and the aldehydic form of elenolic acid linked
to 3,4-DHPEA and p-HPEA (3,4-DHPEA-EA or p-HPEA-EA) (Servilli & Montedoro,
2002) (Figure 8).
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Source: Servilli & Montedoro, 2002

p-HPEA-EA

3,4-DHPEA-EA

p-HPEA-EDA

3,4-DHPEA.EDA

Figure 8. Chemical Structures of the Main Secoiridoid Derivatives and Lignans
Ocurring in Olive Oil
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Wastewater Phenolics. Some phenolic compounds have been reported in the
wastewater phase from olive oil obtained by laboratory scale press (Servilli et al,
1999b) and processing plants (Mulinacci et al, 2001; Visioli et al, 1999a). A
method was developed for the measurement of simple phenolics such
hydroxytyrosol, tyrosol and caffeic acid by liquid chromatographic (Ceccon et al,
2001). Other studies have reported the characterization of the biophenolic
extract from wastewaters (Obied et al, 2005). Hydroxytyrosol and verbascoside
were found in an important concentration in wastewater, but caffeic acid was not
quantified.

1.5.4 Transformation of Biophenolic Compounds During Processing
The iridoids are of terpenoid origin and their biosynthesis has been fairly well
investigated (Jensen, 1991; Inouye & Uesato, 1986). It is known that two main
routes

exist.

One

route

is

leading

to

deoxyloganic

acid

via

iridotrial.

Deoxyloganic acid is the known precursor of many carbocyclic iridoids with the
b-stereochemistry such as loganin and loganic acid, secologanin and secologanic
acid as well as the derived secoiridoids and complex indole alkaloids. Most of the
iridoids reported from Oleaceae formally belong to the secoiridoid group, but it
has been shown that their biosynthesis is different from that of the ordinary
secoiridoids from the Gentianales, which are usually derived from secologanin or
secologanic acid.
Metabolites isolated from natural sources are not necessarily metabolites found
in living tissues. Extraction process and purification must perturb the status quo
of the organisms. Chemical changes produced by exposure to oxygen, solvents,
and change of pH are especially common with phenolic metabolites. Moreover,
fruits are in a dynamic state with the level of metabolites representing a
combination of both catabolic and anabolic processes.
The leaf hairs play an important role in plant protection serving to ward off biotic
attack and reducing the level of UV radiation able to reach the leaf interior.
Flavonoids (luteolin, apigenin and quercetin) in their glucoside and aglycone
forms were detected; it appears that these compounds play also an important
role in UV-B radiation. The high UV-B absorptive capacity of the hairs of young
leaves shows a metabolic priority for flavonoid production during the early
stages of leaf development (Ryan et al, 2002a).
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Manifest routes are described for the degradation of oleuropein and related
compounds (Ryan et al, 2002a). Cleavage by specific esterases gives rise to
either elenolic acid glucoside or demethyloleuropein, which both occur in ripe
olives. Even though, the source of these compounds either from catabolic or
anabolic processes has not been completely established. The mechanism that
could make clear the quantitative modification of secoiridoids in the oil matrix
during malaxation is far from being elucidated (Vierhuis et al, 2001); very
complicated isomerisations and equilibrium between different functionalities
have been shown. Different mechanisms have been reported for the formation of
the derivatives compounds (De Nino et al, 2000; Bianco et al, 1999a; Limiroli et
al, 1995).
On the opposite, secoiridoid aglycons such as 3,4-DHPEA-EDA, p-HPEA-EDA, pHPEA-EA and 3,4-DHPEA-EA are originated, during crushing, by the hydrolysis of
oleuropein, demethyloleuropein and ligstroside; the reaction is catalysed by the
endogenous β-glucosidases, according to the proposed mechanism reported by
Servili et al (2004) (Figure 9). Servili & Montedoro (2002) reported that the
concentration of oleuropein and demethyloleuropein was not significantly
modified

in

olives

blanched

before

crushing,

to

inactivate

endogenous

glycosidases; as a consequence of the enzymatic inhibition; furthermore the
aglycon derivatives such as 3,4-DHPEA-EDA, p-HPEA-EDA and 3,4-DHPEA-EA
were not found in the olive pastes and in the corresponding VOO. However,
while

the

production

of

3,4-DHPEA-EDA

as

final

product

of

the

demethyloleuropein enzymatic hydrolysis is well known (Lo Scalzo & Scarpati,
1993), the formation mechanism of 3,4-DHPEA-EDA and p-HPEA-EDA from
oleuropein and ligstroside, respectively, are still unknown. Bianco et al (1999b)
studied the hydrolysis of oleuropein glucoside by β-glucosidase in a model
system and showed the formation of the dialdehydic form of oleuropein aglycon
as

final

product

of

the

enzymatic

reaction;

the

dialdehydic

form

of

decarboxymethyl elenolic acid linked to 3,4-DHPEA (3,4-DHPEA-EDA), on the
contrary, was not found.

1.5.5 Phenolics and Fruit Quality
Phenolics, especially oleuropein, may contribute to fruit quality in a number of
ways, e.g. by contributing to sensory attributes such as color, flavor and
bitterness intensity of the olive fruit, particulary oleuropein. Other bitter
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phenolics happening in the olive fruit encompass salidroside, nuezhenide and
nuezhenide oleoside, in conjunction with two secoiridoid glucosides of uncertain
structure containing tyrosol, elenolic acid and glucose moieties.
Source: Servilli et al, 2004

p-HPEA-EA, R= H

3,4-DHPEA-EA, R=OH
Ligstroside, R= H
Oleuropein, R= OH

Dialdehydic form of oleuropein
aglycon, R= OH

Dialdehydic form of ligstroside
aglycon, R= H

igure 10. Proposed Biochemical Transformations of Secoiridoid into Derivatives

p-HPEA-EDA, R = H

3,4-DHPEA-EDA, R = OH

Figure 9. Proposed Biochemical Transformations of Secoiridoids into Derivatives

Phenolics also contribute to olive quality in relation to browning reactions.
Oxidation products of oleuropein, together with those of other native phenolics
are known to be responsible for the black color of mature olive fruits. Enzymatic
oxidation

of

endogenous

o-diphenols
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which

can

then
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polymerise into brown compounds results in the formation of the discoloration
and softening of olive fruits. This reaction is catalyzed by polyphenols oxidases,
large group of enzymes characterized by their ability to use molecular oxygen in
the oxidation of phenolic substrates. The susceptibility of olive fruits to browning
can be established using model solutions since browning reactions are mediated
by metal ions, iron (III) and manganese. These reactions correspond to complex
interactions between polyphenol oxidase activity and phenolic content. Some
studies have shown a positive correlation between the content of oleuropein, the
mayor substrate for the reaction, and the polyphenol oxidase activity (Ryan &
Robards, 1998).
Similarly, the phenolic profile of olive oil depends on the olive variety
(Stefanoudaki

et

al,

2000;

Brenes

et

al,

1999).

Variation

in

phenolic

concentration with harvesting period and its effect on oil quality has been
reported (Cimato et al, 1990). Several studies showed that phenolic levels were
higher during the first harvesting period irrespectively of environment and
cultivar and then gradually decreased with the olive ripening (García et al, 1996,
Deidda et al, 1994; Alessandri et al, 1999).
The phenolic composition of olive fruit and olive oil reveal significant differences
which are attributed to a series of chemical and enzymatic modifications of some
compounds during oil processing. These changes include hydrolysis of glycerides
by lipases, with the formation of free fatty acids, hydrolysis of glycosides and
oligosaccharides

by

glucosidases,

oxidation

of

phenolic

compounds

by

phenoloxidases and polimerisation of free phenols.
1.5.6 Biological and Nutritional Properties
Olives and olive oil are a natural part of Mediterranean diet and culture (Willett
et al, 1995). The antioxidant potential of phenolic compounds in olive oil has
also been the subject of a great interest due to its chemoprotective effect in
human beings; their beneficial health properties have been studied for many
years (Wahrburg et al, 2002; Visioli & Galli, 1995).
The high content, over 70%, of the monounsaturated fatty acid (MFA), oleic
acid, is also important because it is far less susceptible to oxidation than the
polyunsaturated fatty acid, linoleic acid. A significant prevention against
particular diseases due to the olive olive oil is also recognized because of the
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occurrence of squalene, and natural antioxidants in the oil (α-tocopherol, and
phenolic compounds) (Owen et al, 2000b, Owen et al, 2000c).
Establishing a biological function for phenolic compounds is very difficult because
their metabolic pathways and their alternative metabolic fates vary markedly
from tissue to tissue, from one growth condition to another, and in response to
environmental stimuli. Alll of the phenolic compounds possess several common
biological and chemical properties and therefore, they are able to inhibit lipid
peroxidation and exhibit various physiological activities. Extra virgin olive oil
contains phenolic compounds with antioxidant activity (Vissers et al, 2002). As a
result of their fundamental chemical properties, Oleuropein, responsible for the
bitterness of raw olives, is one of the phenolics. Other simple phenols (e.g.,
tyrosol) and lignans (pinoresinol) also function as antioxidants (Visioli & Galli,
1995; Visioli & Galli, 1998).
Those eating the Mediterranean diet (rich in olive oil, fruits, vegetables, and
fish) are known to have lower rates of colon, breast, and skin cancer, and
coronary heart disease (Visioli & Galli et al, 2002; Harwood & Yaqoob, 2002;
Tuck & Hayball, 2002; Owen et al, 2000c). Extra virgin oils are higher in these
protective compounds that processed oils. Olive oil may act by reducing the LDL
and raising the HDL forms of cholesterol in the blood (Vissers et al, 2002). Olive
extracts have been shown to have hypoglycemic activity, and oil reduces
gallstone formation by activating the secretion of bile from the pancreas. In
addition, antioxidant and anti-inflammatory activities were measured in a
complete

investigation

of

recovery

and

bioactivity

of

biophenols

from

wastewaters. Extracts containing elenolic acid, hydroxytyrosol and tyrosol
showed good antioxidant and anti-inflammatory activities (Visioli et al, 1999b).
Hydroxytyrosol also had a remarkable effect as an antibacterial activity (Capasso
et al, 1995).
The antioxidant potential of phenolic compounds is also considered the major
factor in the high stability (shelf life) of olive oils. Papadoupoulos & Boskou
(1991) have studied the antioxidant effect of natural phenolic compounds on
olive oil. The addition of extracts from virgin olive oil containing 200 mg/kg of
polyphenols to a refined, bleached, and deodorized oil not containing phenolics,
demonstrated significant inhibition of autoxidation (peroxide value) over time
compared with control samples without phenolics addition. A study of the effect
of individual compounds naturally occurring in olive oil showed that this effect
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was more pronounced in the presence of hydroxytyrosol than caffeic acid, and
protocatechuic acid, while other simple phenolics were only marginally effective
(Owen et al, 2000d).
Total hydrophilic phenols and the oleosidic forms of 3,4-dihydroxyphenylethanol
(hydroxytyrosol) were high correlated (r = 0.97) with the oxidative stability of
virgin olive oil while tocopherols showed low to no correlation (r=0.05) (Baldioli
et al, 1996). Other authors have also reported a positive relation between 3,4DHPEA-EDA, p-HPEA-EDA and 3,4-DHPEA-EA concentrations and the oxidative
stability of the olive oils measured by Rancimat test at 120 ºC and 20 L/h air
flow (Tovar et al, 2001).

1.6 FLAXSEED
1.6.1 Linum usitatissimum

Cultivar. Flax (Linum usitatissimum), also known as Common Flax or Linseed is
a member of the genus Linum in the family Linaceae. It is an erect annual plant
growing to 120 cm tall, with slender stems. The leaves are glaucous green,
slender lanceolate, 2-4 cm long and 3 mm broad. The flowers are usually pure
pale blue, 1.5-2.5 cm diameter, with five petals. The fruit is a round, dry capsule
5-9 mm diameter, containing several glossy brown seeds shaped like an apple
pit, 4-7 mm long.

Flaxseed is used for both its fiber and its edible seed. It is said to have
originated in the Mediterranean region of Europe. Stone Age dwellings in
Switzerland contained remnants of flax, ancient Egyptians made some of their
finer linens (often used to wrap mummies in tombs) from flax fiber. In the
United States, early colonists grew flax for home use; commercial flax
production for fiber began in 1753 (Wescott & Muir, 2000).
Flax is an annual oilseed that only accounts for approximately one percent of the
world’s oilseed supplies. It is used in industrial applications, for human
consumption, and as a component in livestock feed. Two main types of flax
grown throughout the world: seed flax and fiber flax. Seed flax is grown for the
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oil in its seed. Linseed or flax oil, a primary product of seed flax, is obtained by
compressing the flaxseed and the application of a petroleum solvent. It is a nonedible drying oil used for manufacturing paints, varnishes linoleum, printing ink,
oil cloth, putty, and plastics. Linseed oil production results in residual products
such as linseed meal for livestock feed, and flaxseed stems that are used to
make paper products such as cigarette paper (Daun et al, 2003).
Harvesting. Flax is more difficult to harvest than other small grain oilseeds,
however, flax does not shatter or lodge as easily. Because of green weeds and
uneven ripening, flax is usually windrowed and allowed to dry before combining.
If swathed, a stubble height of 4-6 inches should be maintained to hold the
windrow off the ground and aid in drying. Flax may be direct combined if it is
relatively weed free and appears to be uniform in maturity. Flax is ready to
harvest when 75 to 90% of the bolls have turned brown and the seeds contain
less than 12% moisture.
In wet summers, the stems may remain green and the plants could continue to
flower long after the early bolls are ripe. Under such conditions, flax should be
harvested when all but the late bolls are ripe. Delaying harvest too long can lead
to weathering of seeds in fall rains and blackening of seed from frost. It is also
important to harvest soon after flax is mature because weeds could become an
important problem. If left standing for a long period of time, the seed quality for
oil purposes could be seriously reduced. Sharp, well-adjusted cutter bars are
essential when combining, because the seed coat of flax is easily broken during
combining (especially that of yellow-seeded varieties). Flax straw should be
chopped and spread to speed decomposition and avoid problems with
subsequent field operations.
Composition. Flaxseed is recognized as having about 35-40% oil, 35-50%
dietary fiber, 20-30% protein and 4-6% ash. Values of proximate composition
vary significantly according to the samples and the methodology employed to
measure each of the components. Oilseed flax is characterized as being made up
of about 45% oil and 55% meal on a dry basis. Flax has been utilized for
production of linseed oil. Linseed oil was not used for human consumption
because it contains high amounts of fatty acids and goes rancid faster than
several other vegetable oils. Linseed oil was strictly used in industrial processes.
Human consumption of flaxseed and flax oil has recently increased. An edible
vegetable oil-type flaxseed called “Linola” or Solin has been developed to give
65

LITERATURE REVIEW

heat stable oil. These new lines of flaxseed contain less α-linolenic acid (less
than 3%) and can be used in food processing (Daun et al, 2003; Babu &
Wiesenfeld).
Flaxseed has been used as food for centuries in Asia, Europe, and Africa. Flax is
beneficial to humans and animals alike because it has a very high content of αlinolenic acid, a high percentage of dietary fiber (both soluble and insoluble),
and the highest content of plant “lignans” of all plant or seed products used for
human food (Daun et al, 2003).
Table 6 shows the proximate analysis of flaxseed reported from different
sources.
Table 6. Proximate Analysis of Flaxseed
Fat

Fibera

Fiberb

Protein

Moisture

Ash

Energy
(cal)

(g/100g)
Source
University of
Saskatchewan

41.0

28.0

---

26.0

0

4.0

ND

USDA

34.0

27.9

---

19.5

8.74

3.5

492

Flax Council of
Canada

41.0

28.0

---

20.0

7.00

4.0

450

Canadian Grain
Commission

39.8 - 45.6

---

30.5 – 36.8

17.4 – 24.1

4.2-4.9

ND

ND

Source: J. Daun et al (2003)
a

Total dietary fiber
Sum of soluble and insoluble fiber
Abbreviation: ND, no data

b

1.6.2 Processing of Flaxseed
Commercial processing of flaxseed and other oilseeds is performed to extract
the oil and to produce a residual meal. The processing operations include seed
cleaning, flaking, cooking, pressing, solvent extraction, and solvent removal.
Recent data on modern oilseed processing have been reported by Eskin et al,
1996, Kolodziejcy & Fedec, 1995 and Unger, 1990. Before flaking, the seeds are
passed through shaker screens and aspirators to remove foreign material (weed
seeds, stones and soil). The clean seeds which may be conditioned by heating
treatment, are rolled into flakes and passed to the cooker where the seed
66

Phenolic Compounds: Their Role During Olive Oil Extraction and in Flaxseed–Transfer and Antioxidant Function

temperature is maintained at 65ºC for 20 min. The flakes are then transported
from the cooker to a press where 60-70% of the oil is expelled. The remaining
oil in the residual cake is extracted with hexane at 70ºC. Hexane is removed
under vacuum with the addition of steam in a desolventizer toaster. The
extracted cake generally enters the desolventizer toaster at 75ºC and is
discharged at 105ºC for 30 min and then ground to obtain meal. Cold-pressed
flaxseed oil is considered unsuitable for frying at high temperatures because of
its high poly unsaturated fatty acid (PUFA) content, but a market has developed
for it among health conscious consumers, who either consume it directly or take
it in an encapsulated form. An oil suitable for use in cooking is obtained from
solin, the yellow-seeded flax varieties low in linolenic acid. Brown-seeded flax
and golden flax, a yellow-seeded flax variety called Omega have the same
nutritional properties and human health potential benefits whereas solin offers
different properties because of its low omega-3 fatty acid content (α-linolenic
acid) and high linoleic acid content (Oomah & Mazza, 1998).
Some uses of flax for human consumption include ready-to-eat breakfast
cereals, breakfast drinks, salad dressings, salad toppings, biscuits, crackers,
soups, bagels, energy bars, and cakes. Flaxseed flour is used commercially in
breads and cookes in the United States (Babu & Wiesenfeld, 2003; Daun et al,
2003; Westcott & Muir, 2000).
1.6.3. Phenolic Fraction
Flaxseed is a rich source of phenolic acids, containing 800 to 1000 mg of these
compounds per 100 g of seed. Esterified phenolic acids can be up to 500
mg/100 g and etherified phenolic acids can reach 300 to 500 mg/100 g of seed
(Shahidi & Naczk, 2004). Esterified phenolic acids represent 48 to 66% of the
total phenolic compounds independently of the cultivar (Oomah et al, 1996)
Some studies have shown that soluble and insoluble phenolic acids constitute 54
and 26 to 29% of total phenolic acids of total phenolic acids in flaxseed flour,
respectively (Varga & Diosady, 1994). Trans- ferulic and trans–cinnamic acids
were reported as the major phenolic aids and trans- caffeic, p-coumaric and phydroxybenzoic acid the minor compounds found in dehulled and defatted
flaxseed meal (Dabrowski & Sosulski, 1984). However, further data showed that
the content of ferulic and chlorogenic acids accounted for 84% of total phenolic
acids in methanolic extracts of defatted flaxseed meal (Harris & Haggerty,
1993).
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Flaxseed also contains phenolic acids such as p-coumaric and ferulic in the
glucosilated forms and phenylpropanoids such as gentisic, vanillic, and sinapic
acids (Eliasson et al, 2003; Johnson et al, 2002). Flavonoids, coumarins and
lignans have been reported as an important part of the phenolic compounds
occurring in flaxseed. Total flavonoid content of flaxseeds ranges from 35 to 71
mg/100 g (Oomah et al, 1996); flavone C- and O-glycosides are the main
flavonoids found in flaxseed cotyledons. An important phytochemical that has
both phytoestrogenic and antioxidant properties is the secoisolariciresinol
(SECO), the major lignan identified in flaxseed and the main precursor of the
mammalian lignans (Charlet et al, 2002; Meagher et al, 1999; Mazur et al,
1996), whereas isolariciresinol, pinoresinol, and matairesinol have been reported
as minor lignan components (Meagher et al, 1999).
The particular phenolic findings in flaxseed depend on the extraction performed
to analyze them. Various organic solvents followed by hydrolysis treatments
have been used in several studies to lead the release of phenolic compounds.
For the analysis of SDG, alkaline hydrolysis with sodium hydroxide have been
reported as effective method (Cacace et al, 2006; Coran et al, 2004; Eliasson et
al, 2003; Johsson et al, 2002; Fritsche et al, 2002; Madhusudhan et al, 2000;
Muir et al, 2000) (Figure 10). However, research on the identification of some
compounds is so far from being concluded since phenolics such as pinoresinol,
matairesinol have been found after solvent extraction followed by acid and
enzymatic hydrolysis (Milder et al, 2004; Charlet et al, 2002; Meagher et al,
1999). Additionally, some studies have shown that the extraction of flaxseed
meal with methanol-ammonia results in a decreasing of the content of soluble
esterified phenolic acids and insoluble bound phenolic acids by 20 and 29%,
respectively (Varga & Diosady, 1994).
Different techniques have also been used to identifie the lignans in flaxseed and
other food sources. Various chromatography (HPLC) and gas chromatography
(GC) with mass spectrometry (MS) have been found as valuable for the
separation of these compounds (Slanina & Glatz, 2004). Quantification of lignans
in food using isotope dilution gas chromatography/mass spectrometry have been
reported by Peñalvo et al (2005). Milder et al (2004) reported a method for the
quantification of the four major enterolignan precursors (secoisolariciresinol,
matairesinol, lariciresinol and pinoresinol) based on a liquid chromatographytandem

mass

spectrometry

chromatographic-densitometric

(LC-MS/MS).
(HPTLC)
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diglucoside in flaxseed was also reported by Coran et al (2004). The method
showed precision and accuracy and could be used for the direct quantitative
determination of SDG both in simple and in complex matrices using an external
standard approach. In addition, isolation of SDG from flaxseed have been
performed

by

high-speed

counter-current

chromatography

(HSCCC)

(Degenhardt et al, 2002) with advantages when compared to conventional
chromatographic methods avoiding adsorption losses and the formation of
artifacts due to the lack of active surfaces. Fritsche et al (2002) used liquidchromatography-nuclear magnetic resonance spectroscopy-mass spectrometry
(LC-NMR-MS)

coupling

for

the

separation

and

characterization

of

secoisolariciresinol diglucoside isomers in flaxseed.

1.6.4 Effect of Processing
Compositional changes occurring during processing of flaxseed are of primary
importance in adding value to flaxseed products. Cold-pressed flaxseed oil is
considered unsuitable for frying at high temperatures, but a market has
developed for it among health conscious consumers, who either consume it
directly or take it in an encapsulated form.
The physicochemical characteristics of flaxseed products at four stages of
commercial processing, cleaning, flaking, pressing and solvent extraction have
been studied by Oomah and Mazza, 1998. The processes of flaking, heating,
solvent extraction and solvent extraction and solvent removal significantly
increased the contents of protein, ash and soluble carbohydrate, and decreased
oil content, total phenolics and protein solubility. In particular, total phenolic
acid decreases in a significant way on processing flaxseed from flakes to meal
maybe because of the the strictness of heat treatment during these processing
stages.
Oomah & Mazza (1997) reported that abrasive dehulling of the flaxseed
concentrated phenolic acids in the dehulled flaxseed and observed that those
changes in phenolics are highly cultivar dependent (p< 0.0001). At the same
time, SDG content of flaxseed is significantly affected by cultivar, year of
harvest, and, to lesser extent, growing location. Additionally, upon the dehulling,
the total content of phenolic acids of Mc Greegor seeds changes from 700 to
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1980 mg/100 g, but only marginal changes are observer for cultivars such as
NorMan, Omega, and Vimy (Westcott and Muir, 1996).
Source: Johsson et al, 2002

(+)-secoisolariciresinol diglucoside, SDG

4-O-β-D-glucopyranosyl-p-coumaric acid, R= H
4-O-β-D-glucopyranosyl ferulic acid, R=OCH3

Figure 10. Chemical Structures of Phenolic Compounds Ocurring in Flaxseed

1.6.5 Biological and Nutritional Properties
Throughout history, flaxseed has been primarily used as a mild laxative. It is
high in fiber and a gummy material called mucilage. These substances expand
when in contact with water; they add bulk to stool and help it move more
quickly through the gastrointestinal tract, thereby acting as a laxative.
The seeds and oil of the flax plant also contain substances that promote good
health. α-linolenic acid (ALA) contributes to moren than 50% of the total fatty
acids of the flaxseed lipids. In addition to the important omega-3 fatty acid ALA,
flaxseed is the reachest soucoisolariciresinol (SECO) and matairesinol (Milder et
al, 2005). In addition, pinoresinol, isolariciresinol are reported to exist in
flaxseed. A few lignans have phytoestrogen activity they are able to mimic the
action of the hormone estrogen in mamals. Secoisolariciresinol and matairesinol
are converted into into metabolites, enterodiol (ED) and enterolactone (EL),
known as enterolignans (mammalian lignans) once hydrolyzed by intestinal
microfloral enzyme (Milder et al, 2005, Rafaelli et al, 2002; Heinonen et al,
2001). Lignans possess several biological activities including antioxidant and
anti-oestrogenic properties. They may play a role in the reduction the risk of
certain cancers and cardiovascular deseases (Arts & Hollman, 2005; Rafaelli et
al, 2002; Oomah, 2001; Harris & Haggerty, 1993).
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Antioxidant activity of SDG is expected to be strong because its chemical
structure is very similar to nordihydroguaiaretic acid (NDGA) which is known to
be a strong antioxidant (Shukla et al, 1997). Recent studies have shown that
when flaxseed is eaten regularly and in moderate amounts, flaxseed improves
regulation of the intestinal system, moderately reduces low-density lipoprotein
(LDL) cholesterol, and increases urinary lignan formation and excretion (HornRoss et al, 2000)

In addition, aqueous ethanolic (95%) extracts of flaxseed meal exhibited
moderate antioxidant properties as evaluated in β-carotene-linoleate model
system. Chromatographic profile of ethanolic extract of flaxseed gave four
fractions in which the highest antioxidant activity was detected in fractions
containing lignans (Shukla et al, 1997).
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Abstract: The transfer of phenolic compounds of Olea europaea L. cv. Arbequina variety during olive
oil extraction in relation to ripening stage was investigated. The parameters of oil extraction by the
Abencor system are shown together with mass balances of the products and by products from the olive oil
extraction in relation to olive paste. The phenolic compounds in olive paste, pomace, oil and wastewater
were identified and measured by HPLC. Throughout the study, the concentrations of simple phenols,
secoiridoids and flavonoids were higher in the olive paste and pomace phases than in oil and wastewater
phases. High concentrations of 4-(acetoxyethyl)-1,2-dihydroxybenzene (3,4-DHPEA-AC) and secoiridoid
derivatives such as the dialdehydic form of elenolic acid linked to 3,4-DHPEA (hydroxytyrosol) or p-HPEA
(tyrosol) (3,4-DHPEA–EDA, p-HPEA–EDA, where EDA is elenolic acid dialdehyde) and an isomer of
oleuropein aglycone (3,4-DHPEA–EA, where EA is elenolic acid aldehyde) were found in olive oil, together
with lignan compounds. It was observed that 3,4-DHPEA–EDA was the most abundant polyphenol present
in the wastewater phase. This indicates that biotransformation occurred during olive extraction, especially
in the crushing and malaxation operations, and reflects the possible chemical changes that lead to the
formation of new compounds. Moreover, the distribution of compounds showed their affinities toward
different phases.
 2005 Society of Chemical Industry

Keywords: polyphenols; olive oil process; olive ripening stage; olive paste; pomace; olive oil; wastewater

INTRODUCTION
Phenolic compounds in food originate from one
of the main classes of secondary metabolites in
plants derived from phenylalanine and also, to a
lesser extent, from tyrosine in some plants.1 The
occurrence of this complex group of substances in
plant foods is extremely variable, ranging from simple
phenolic molecules to highly polymerized compounds
with molecular weights >30 000 Da. Most of these
compounds have relative low molecular weights and
have variable solubility depending on their polarity and
chemical structure, such as degree of hydroxylation,
glycosylation or acylation. Some of them, however, can
be linked to cell wall components (polysaccharides,
lignin). Owing to the nature of the ester linkages, these
compounds can be solubilized in alkaline conditions
or are otherwise retained in the fiber matrix.2
Oleuropein is the major phenolic compound in the
pulp of many olive cultivars in which its concentration
reaches relatively high levels in immature olive fruit
during the growth phase.2 However, its concentration
declines with the physiological development of the

fruit in what is termed the green maturation phase
and this may be correlated with the increased activity
of the hydrolytic enzymes with maturation.3,4 The
level continues to decline rapidly during the black
maturation phase characterized by the appearance of
anthocyanins.5
These changes in drupes are directly reflected in
the composition of the olive oil since virgin olive
oil is obtained by mechanical or physical methods
under conditions, especially temperature, guaranteed
to avoid any alteration to the oil. However, many
modifications take place in olive compounds as a consequence of cellular destruction and the mixing of cellular content during olive oil extraction (crushing and
malaxation). These include hydrolysis of glycerides by
lipases, hydrolysis of glycosides and oligosaccharides
by glucosidases, oxidation of phenolic compounds by
phenol oxidases and polymerization of free phenols.6
During crushing, secoiridoid aglycones such as 3,4DHPEA–EDA, p-HPEA–EDA and 3,4-DHPEA–EA
can be produced by the hydrolysis of oleuropein,
demethyloleuropein and ligstroside [throughout, the
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following abbreviations are used: 3,4-DHPEA-AC,
4-(acetoxyethyl)-1,2-dihydroxybenzene; EDA, dialdehydic form of elenolic acid; 3,4-DHPEA, hydroxytyrosol; p-HPEA, tyrosol; EA, aldehydic form of
elenolic acid]. Besides secoiridoid aglycones, virgin
olive oils contain several compounds such as phenolic acids (caffeic, vanillic and p-coumaric), phenolic alcohols (3,4-DHPEA and p-HPEA), lignans
(acetoxypinoresinol and pinoresinol) and flavonoids
(luteolin and apigenin).6
During the first steps of the oil extraction process,
the crushing of the olives in order to break down
the cellular membranes and thus release small drops
of oil results in an olive paste that is a multiphasic
system and the antioxidant partitioning into phases
is thermodynamically according to their affinities
toward these phases.7 Moreover, the proportions of
antioxidants residing in the three different phases (oil,
water and solids) depend on the relative polarities
of the antioxidants and the relative amounts of the
phases.7 All operations included in the oil extraction
process allow the highest quantity of oil to be obtained
from olive fruits and the malaxation step, where small
oil droplets formed during milling merge into large
drops, is especially useful for achieving high and
satisfactory yields of extraction.8 Several studies have
shown that malaxation is the step in oil extraction that
especially modifies their qualitative and quantitative
composition.9
The purpose of this work was to determine the
transfer of phenolic compounds during the virgin
olive oil extraction process, between the olive paste,
pomace, oil and wastewater, in relation to ripening
stage of the olive fruits from Arbequina cultivar.

MATERIALS AND METHODS
Method for picking olive fruit
The experiment was carried out during the olive harvest period in 2003. Homogeneous batches of 3 kg
of olive fruits from the Arbequina cultivar, planted on
a predominantly clay loam soil located in the Segrià
region (Catalonia, Spain), were recollected by hand
at three different times from the green stage to black
stage in a period of 45 days (November–December).
The ripening index (RI) of olive fruit was determined
according to the guidelines of the Spanish National
Institute of Agronomic Research, based on a evaluation of the olive skin and pulp colours.10 The
procedure consists of distributing a randomly taken
sample of 100 fruit into eight groups: intense green
(group N = 0), yellowish green (group N = 1), green
with reddish spots (group N = 2), reddish brown
(group N = 3), black with white flesh (group N = 4),
black with <50% purple flesh (group N = 5), black
with >50% purple flesh (group N = 6) and black with
100% purple flesh (group N = 7). The ripening index
is given by (ini )/N where i is the number of the
group, ni is the number of olives in it and N is the
total number of olives. The ripening indexes used in
J Sci Food Agric 86:518–527 (2006)

this study were 2, 5 and 6, which represent different
stages of the olive fruit (first, intermediate and black
stages, respectively).
Olive oil extraction
The Abencor system (MC2 Ingenierı́a y Sistemas,
Seville, Spain) consists of three essential elements: the
mill, the thermobeater and the olive paste centrifuge.
The olives were crushed with a hammer mill, the
olive paste obtained was malaxated at 28 ± 1 ◦ C for
20 min, then 300 g of water were added at 50 ◦ C
and homogenization for 10 min was carried out
at 32 ± 1 ◦ C. Finally, centrifugation (1 min, 40 ◦ C,
1445.5 × g) was performed, adding 100 g of water,
at 50 ◦ C in order to obtain the by-products: pomace,
oil and wastewater. The oil was separated from the
wastewater by decantation and all oil samples were
filtered through a filter-paper of 100 µm porosity
(Ahlstrom, Helsinki, Finland). In order to asses mass
balance of products and wastes from the Abencor in
relation to olive paste, samples with the same ripening
index were processed in four lots.
Olive paste and pomace analyses
Moisture content
Samples of 10 g of olive paste and pomace were
weighed, then dried for 24 h at 105 ◦ C, cooled for
30 min in a desiccator and reweighed according to the
UNE Standard Spanish method (Asociación Española
de Normalización y Certificación, Spanish Standard
Method UNE 55020, 1973).11
Lipid content
Dried samples of olive paste and pomace were
measured in duplicate with an NMS 100 Minispec
NMR Analyzer (Bruker Analytik, Silberstreifen,
Germany) using ExpSpel Version 2.10 software
(Bruber BioSpin GmbH, Rheinstetten, Germany).
The results were expressed as the percentage of oil
obtained with respect to the raw material.
Both analyses were necessary to obtain a mass
balance approach.
Extraction of phenolic compounds
The phenolic extracts of olive paste and pomace
were obtained using the method of Tovar et al.12
with modifications. Briefly, 200 g of each sample were
crushed with a refrigerated cleaver mill (temperature
4 ◦ C) for 3 min in order to obtain a homogeneous
paste. The extraction, purification and separation
were done as follows: 4 g of sample were extracted
with 80 ml of 80:20 (v/v) ethanol–water containing
sodium metabisulfite (400 mg kg−1 ). The mixture
was homogenized using a Polytron homogenizer
(Kinematica, Switzerland), centrifuged at 637 × g for
10 min and the supernatant was filtered under vacuum
conditions. The pellet was re-extracted as above. The
ethanol extract was removed by rotatory evaporation
at reduced pressure with a vacuum pump at 31 ◦ C
to a volume of 1–2 mL (syrupy consistency). The
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purification was carried out with 120 mL of acidified
methanol (0.1 mol L−1 HCl, pH 2.5) and 40 mL of
n-hexane were added in order to eliminate the residual
oil of the resulting methanolic extract. The separation
of the phases was performed by using separating
funnels. The purification was done in triplicate. The
methanolic extracts were combined (phenolic extract)
and rotatory evaporated to dryness under reduced
pressure at 31 ◦ C and the residue was dissolved in
methanol for HPLC analysis.
Phenols were extracted from olive oil using the
method described by Morelló et al.13 Methanol–water
(80:20 v/v) (2 × 20 mL) was added to 45 g of virgin
olive oil and homogenized for 2 min with a Polytron.
The two phases were separated by centrifugation
at 637 × g for 10 min. The extracts were combined
and concentrated under vacuum at 31 ◦ C until a
syrupy consistency was reached. The phenol extract
was dissolved in 5 mL of acetonitrile and washed

with 3 × 20 mL of n-hexane. The apolar phases were
treated with 5 mL of acetonitrile. The acetonitrile
solution was then rotatory evaporated to dryness under
vacuum and the residue was dissolved in 5 mL of
acetonitrile. Finally, an aliquot of 2 mL was evaporated
under a nitrogen stream.
The wastewater was separated from oil by decanting
and then filtered through a filter-paper (10 µm) under
vacuum. The extract obtained was filtered through a
0.45 µm filter and injected into the chromatograph as
described by Romero et al.14
HPLC analysis of phenolic compounds
The extracted phenolic fractions were dissolved in
1 mL of methanol and analyzed by HPLC (injection
20 µL). The HPLC system included a Waters
600 E pump, a Waters column heater (column
temperature 22 ◦ C), a Waters 717 Plus autosampler
and a Waters 996 photodiode-array detector (Waters,

Table 1. Total mass balance during the olive oil extraction processa

Input (g)

Output (g)

RI

Olive paste

Malaxing water

Centrifugation water

Total

Oil

Wastewater

Pomace

Total

2
5
6

801.93
700.00
712.97

301.32
305.00
302.62

105.97
100.00
103.59

1209.21
1105.00
1119.19

99.51
102.48
154.41

363.33
332.18
215.42

718.61
636.84
706.61

1181.45
1071.49
1076.44

30.05
30.06
19.26

59.43
57.63
63.12

97.71
96.96
96.18

Input (%)
2
5
6
a

73.76
63.34
63.70

Output (%)
24.92
27.60
27.04

8.76
9.05
9.26

100.00
100.00
100.00

8.23
9.27
13.79

Values represent the means from four experiments. RI, ripening index.

Table 2. Component balance during the olive oil extraction processa

Input (g)

Output (g)

RI

Olive paste

Malaxing water

Centrifugation water

Total

Water balance in process
2
5
6

404.70
308.95
292.04

301.32
305.00
302.62

105.97
100.00
103.59

811.99
713.95
594.66

Input (%)
2
5
5

49.84
43.76
41.87

Oil

Wastewater

Pomace

Total

334.27
272.15
188.77

461.22
415.16
449.05

795.49
687.31
637.82

41.18
38.14
27.05

56.80
58.13
64.30

97.98
96.27
91.35

0.00
0.00
0.00

86.87
66.41
75.15

186.38
185.36
229.55

0.00
0.00
0.00

42.01
34.23
32.30

90.04
96.15
98.69

0.00
0.00
0.00
Output (%)

37.11
41.86
43.27

13.05
14.38
14.88

100.00
100.00
100.00

0.00
0.00
0.00

Oil balance in process
Input (g)
2
5
6

207.42
193.37
232.86

Output (g)
0.00
0.00
0.00

0.00
0.00
0.00

207.42
193.37
232.86

Input (%)
2
5
6
a

100.00
100.00
100.00

99.51
118.95
154.41
Output (%)

0.00
0.00
0.00

0.00
0.00
0.00

100.00
100.00
100.00

48.03
61.92
66.40

Values represent the means from four experiments. RI, ripening index.
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Milford, MA, USA). The column was an Inertsil
ODS-3 (5 µm, 15 cm × 4.6 mm i.d.) (GL Sciences,
Tokyo, Japan) equipped with a Spherisorb S5 ODS-2
precolumn (5 µm, 1 cm × .6 mm i.d.) (Technokroma,
Barcelona, Spain). Empower software was used and
chromatograms were obtained at 278 and 339 nm.

curve on the basis of standards obtained from commercial suppliers or from semi- preparative HPLC
as described above. Quantification of the phenolic
compounds was carried out at 278 and 339 nm. Individual phenols of olive paste, pomace, olive oil and
wastewater are expressed as mg kg−1 .

Reference compounds
Oleuropein, verbascoside, apigenin, luteolin, tyrosol
and p-coumaric acid were obtained from Extrasynthèse
(Genay, France) and vanillic acid and vanillin
from Fluka (Buchs, Switzerland). Hydroxytyrosol
was donated by Professor Montedoro (University of
Perugia, Italy). The rest of the phenolic compounds
were isolated from olive oil extract samples using a
Spherisorb ODS-2 semi-preparative HPLC column
(5 µm, 25 cm × 10 mm i.d. (Technokroma) and a
flow-rate of 4 mL min−1 . The mobile phases and
gradient have been described elsewhere.13 Individual phenols were quantified by a four-point regression

RESULTS AND DISCUSSION
Mass and component balance during the oil
extraction process
During the olive oil extraction process, the
temperature and malaxation time were considered
constants in order to asses the real influence of the
ripening index of olive fruit on phenol transfer between
the different phases. The olive fruits were crushed and
destruction of the tissue structure occurred, then the
olive paste (input solid phase) obtained was malaxed to
make a continuous oily phase. Finally, centrifugation
allowed the oil contained in the paste to be separated.

Figure 1. Chromatographic profiles of the phenolic compounds of the solid phases. (A) Olive paste; (B) pomace. See Table 3 for identification of
peaks.
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The system has two inputs, olive paste and water,
and two outputs with three by-products: pomace and
wastewater–oil (Table 1).
In the experimental process, olive paste (raw
material) is processed with water in order to obtain
a complex matrix system and the input of water
in the process is around 32% of the total material
input. From the results shown in Table 1, it is clear
that among the by-products, pomace represents the
majority of the products obtained, whereas oil does
not reach 14% in all three samples. The higher the
ripening index of olive fruit, the greater is the oil yield
in the process. Water and oil balances were performed
to observe the distribution of each component in all
the by-products. The moisture and lipid contents
were calculated in every case. Thus, with previous
calculations, the data shown in Table 2 refer to the
amounts of water and oil present in the olive paste and
during the process. Table 2 also reveals a decrease
in moisture content in olive paste with increase in

ripening index. Direct comparison of the by-products
shows an increase in the percentage of water in the
pomace phase with olive ripening.
Phenolic profile of the solid and liquid phases
The chromatographic profiles of the phenolic compounds of the solid phases, olive paste and pomace
and flavonoids from the Arbequina cultivar are showed
in Fig. 1 and the identified phenolic components,
retention times and average concentrations of the
solid phases are shown in Table 3. The olive paste
compounds include simple phenols, phenolic acids,
aldehydes, secoiridoid glycosides and flavonoids. Peak
4 could be considered simple phenols based on their
retention time and spectral characteristics. This would
imply that the derived products formed with olive paste
are probably related to the crushing operation, which
allows the biotransformation of hydroxytyrosol. Moreover, peak 17 presents similar spectral characteristics
to those of oleuropein and it could be a derivative
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Figure 2. Chromatographic profiles of the phenolic compounds of the liquid phases. (A) Olive oil; (B) wastewater. See Table 4 for identification of
peaks.
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Table 3. Identification, retention time (RT) and concentration of polyphenolic compounds in the solid phases, olive paste and pomace from olive oil
extraction process (cv. Arbequina)

Concentration (mg kg−1 )
Olive paste
Peak No.

RT (min)

1
2
3
4
5

11.2
12.0
14.2
15.9
16.0

6
7

17.9
18.4

8

19.4

9
10

22.9
25.0

11
12
13
14

27.4
27.7
28.3
29.1

15

29.6

16

30.1

17

32.2

18
19

37.3
38.7

Phenolic compounda
Simple phenols
3,4-DHPEA
3,4-DHPEA species
p-HPEA
Peak 4
Peak 5
Phenolic acids
Vanillic acid
Homovanillic acid
Aldehydes
Vanillin
Secoiridoid
Dimethyloleuropein
Verbascoside
Flavonoids
Peak 11
Peak 12
Luteolin-7-glucoside
Rutin
Secoiridoid
Oleuropein
Flavonoid
Apigenin-7-glucoside
Secoiridoid
Peak 17
Flavonoids
Luteolin
Apigenin

Pomace

Meanb

Rangec

Meanb

Rangec

125.39
106.40
86.49
51.14
trd

93.77–161.04
81.94–134.90
82.84–92.59
45.74–59.42

68.92
46.91
77.74
488.47
tr

58.82–78.38
36.36–53.96
45.66–110.45
257.01–653.25

15.37
31.85

12.58–18.29
31.00–32.60

7.55
17.88

5.04–9.04
13.66–20.93

17.62

13.50–25.33

28.39

25.89–32.73

tr
tr

tr
tr

NDe
ND
50.65
84.87

26.85–63.86
41.52–114.80

tr
tr
30.06
52.69

38.06

33.25–43.37

ND

6.81–7.52

4.00

68.92

54.59–92.58

tr

113.11
5.18

96.51–136.39
4.65–6.09

91.87
3.07

7.06

25.33–36.73
32.57–67.48

2.86–5.10

70.64–115.79
2.33–3.91

a

3,4-DHPEA, hydroxytyrosol; p-HPEA, tyrosol.
Values represent the means from three experiments.
c Range of concentration varies from the first to the third sampling.
d tr = trace amount.
e ND = not detected.
b

secoiridoid compound formed during the crushing
operation as a result of the activation of the endogenous β-glucosidases.3 Flavonoids constitute the rest
of the polyphenols quantified. Phenolic derivatives of
secoiridoid compounds were not identified in the olive
paste, as observed by Ryan et al.3
The chromatographic profiles of the phenolic
compounds of the liquid phases, olive oil and
wastewater are shown in Fig. 2 and the identified
phenolic compounds, retention times and average
concentrations of the liquid phases are shown in
Table 4. The phenolic compounds found in olive
oil were in accordance with those reported in other
studies of the Arbequina cultivar by our group.15 It was
observed that virgin olive oil shows low concentrations
of simple phenols and phenolic acids and large
amounts of secoiridoid derivatives, such as 3,4DHPEA–EDA, 3,4-DHPEA–EA and p-HPEA–EDA
(Table 4). This is in agreement with the results
reported by Servili et al.16 and may reflect a chemical
change during the oil extraction process, where
J Sci Food Agric 86:518–527 (2006)

a mechanical operation leads to the formation of
derivatives of the phenolic compounds that occur in
olive fruit.
The wastewater phase is a complex matrix system,
where a number of secoiridoid derivatives were
observed (Table 4). These identification results have
been confirmed in several studies.17 – 19 Moreover, it
should be noted that Romero et al.14 reported a very
polar phenolic compound, 4-β-D-glucoside, which
appears before hydroxytyrosol, for the first time. In
our study, the compound corresponding to peak
1 was found only in the wastewater phase, hence
it seems likely to be a hydroxytyrosol species with
higher affinity for the aqueous phase. Moreover, the
compound called a hydroxytyrosol species was found
in wastewater and not in oil and a different polar
affinity could reflect its behavior.
The presence of all derivative compounds mentioned (Table 4) could be supported by the fact that
the degradative pathways of the phenolic oleosides
(oleuropein) would lead to the formation of derivative
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Table 4. Identification, retention time (RT) and concentration of polyphenolic compounds in the liquid phases, olive oil and wastewater from olive oil
extraction process (cv. Arbequina)

Concentration (mg kg−1 )
Olive oil
Peak No.

RT (min)

1
2
3
4
5
6

10.6
11.0
11.8
14.1
15.6
16.2

7
8

17.8
18.3

9
10
11

19.9
22.6
22.9

12

26.6

13
14

28.7
30.0

15
16
17

30.9
31.8
31.9

18
19

32.5
36.1

20
21

37.1
38.6

Phenolic compounda
Simple phenols
Peak 1
3,4-DHPEA
3,4-DHPEA specie
p-HPEA
Peak 5
Peak 6
Phenolic acids
Vanillic acid
Homovanillic acid
Aldehydes
Vanillin
3,4-DHPEA-AC
p-Coumaric acid
Secoiridiod derivative
3,4-DHPEA–EDA
Flavonoids
Luteolin 7-glucoside
Apigenin 7-glucoside
Secoiridoid derivative
p-HPEA–EDA
Verbascoside
Lignans
Secoiridoid derivatives
p-HPEA–EA
3,4-DHPEA–EA
Flavonoids
Luteolin
Apigenin

Meanb
NDd
0.11
ND
0.24
ND
ND

Wastewater
Rangec

0.07–0.13
0.16–0.36

Meanb
10.86
22.00
37.86
29.63
tre
tr

6.63–13.71
14.35–21.37
31.15–44.56
19.78–38.91

1.68
11.79

1.68
7.65–15.94

0.08
ND

0.07–0.09

0.08
17.24

0.07–0.09
16.48–18.73

tr
tr
tr

131.77

78.08–163.41

406.48

ND
ND
7.84–15.66

Rangec

230.67–590.25

8.25
1.25

5.89–10.61
0.99–1.06

4.48–6.73

11.31
ND
13.34

11.78–16.24

tr
5.61
ND

0.61
12.31

0.59–0.65
8.91–17.12

ND
ND

0.94
0.29

0.49–1.23
0.25–0.32

ND
ND

a 3,4-DHPEA, hydroxytyrosol; p-HPEA, tyrosol; 3,4-DHPEA-AC, 4-(acetoxyethyl)-1,2-dihydroxybenzene; 3,4-DHPEA–EDA, dialdehydic form of
elenolic acid linked to hydroxytyrosol; p-HPEA–EDA, dialdehydic form of elenolic acid linked to tyrosol; p-HPEA–EA, aldehydic form of elenolic acid
linked to tyrosol; 3,4-DHPEA–EA, oleuropein aglycone.
b
Values represent the means from three experiments.
c
Range of concentration varies from the first to the third sampling.
d
ND = not detected.
e tr = trace amount.

products especially during crushing and malaxing
operations. Taking into account that the aglycone
formed by the action of β-glucosidases is degraded
in aqueous solution in order to form dialdehydes, the
addition of malaxing water and centrifugation water
could allow the formation of these derivatives.20 The
high levels of 3,4-DHPEA–EDA observed throughout the study indicate its significance in the overall oil
extraction products and by-products, especially in the
wastewater phase.
Effect of the olive ripening index on phenol
transfer during oil extraction process
The transfer of polyphenols from olive paste to pomace
(solid phase) during the oil extraction process in
relation to the ripening index of the olive fruit is
shown in Table 5. It should be noted that the simple
phenols constitute an important group to be analyzed.
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The hydroxytyrosol concentration in olive paste varies
during ripening without a clear trend, as in pomace.
However, the transfer percentage to pomace is 45%,
being higher in the second sampling. An increase in
hydroxytyrosol species (peak 2) was found in paste
with an increase in ripening index, although the
transfer to pomace decreased only slightly. Despite
the high tyrosol concentration in pomace in the
second sampling, the concentration of this compound
remained relatively constant in all olive paste samples,
transferring around 48% at the final ripening index.
As can be seen, the concentration of the phenol in
olive paste corresponding to peak 4 (Fig. 1) was the
lowest relative to the peaks of the rest of the simple
phenols in that phase. However, this peak had a
very high concentration in pomace, increasing with
ripening index. In fact, it is possible to suggest a
biotransformation rather than a compound transfer.
J Sci Food Agric 86:518–527 (2006)
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Table 5. Distribution of common polyphenols in olive paste and pomace (solid phases) during the oil extraction process in relation to the ripening
index of the olive fruit

Ripening index (RI)b,c
2
Phenolic compound (mg kg−1 )a
3,4-DHPEA
3,4-DHPEA species (peak 2)
p-HPEA
Peak 4
Peak 5
Vanillic acid
Homovanillic acid
Vanillin
Demethyloleuropein
Verbascoside
Luteolin 7-glucoside
Rutin
Oleuropein
Apigenin 7-glucoside
Peak 17
Luteolin
Apigenin
Total

5

6

Olive paste

Pomace

Olive paste

Pomace

Olive paste

Pomace

121.36
81.94
92.59
59.42
trd
18.29
31.00
25.33
tr
tr
26.85
41.52
130.13
6.81
92.58
96.51
6.09
830.44

58.82
36.36
77.10
257.01
tr
8.56
19.05
26.56
tr
tr
25.33
32.57
tr
5.10
ND
70.64
3.91
621.01

93.77
102.36
82.84
48.26
tr
12.58
31.95
14.02
tr
tr
63.86
98.28
33.25
6.86
54.59
106.43
4.80
753.84

69.57
50.43
110.45
653.25
tr
5.04
13.66
25.89
tr
tr
28.13
58.01
tr
4.05
ND
89.18
2.99
1108.81

180.92
151.55
94.41
51.39
tr
17.12
36.62
15.16
tr
tr
68.82
128.97
115.68
8.45
59.6
153.22
5.22
1087.15

78.38
53.96
45.66
555.15
tr
9.04
20.93
32.73
tr
tr
36.73
67.48
tr
2.86
NDe
115.79
2.33
1022.90

a

3,4-DHPEA, hydroxytyrosol; p-HPEA, tyrosol.
Ripening index: 2, skin green with reddish spots; 5, skin black with <50% purple flesh; 6, skin black with >50% purple flesh.
c Values are means of eight determinations.
d tr = trace amount.
e
ND = not detected.
b

As the fruits were very ripe, crushing and malaxation
may have caused the rupture of intracellular tissues,
leading to the formation of new compounds.
In relation to phenolic acids, the percentage transfer
of vanillic and homovanillic acids from paste to
pomace was similar at all ripening indexes. Vanillin
decreased with increase in ripening index in the olive
paste, although a high transfer was observed with
the values reached at the third sampling. Among
flavonoids, the luteolin 7-glucoside concentration in
the olive paste was low at the first sampling in relation
to the second and third sampling, where it remained
high. Meanwhile, the highest transfer to pomace was
identified at the second ripening index. The rutin
concentration increased in the paste with increase in
the ripening stage whereas, in contrast, the transfer to
pomace decreased until it reached 52%.
Oleuropein, the most important secoiridoid and
the precursor of important antioxidant compounds
occurring in oil, was only detected at low concentrations in olive paste, as reported by Morelló et al.21
for the Arbequina variety in similar date samplings.
In the same way, demethyloleuropein was detected
but its concentration was not quantified. Apparently,
this could imply no formation of derivative products
in oil. However, the peak with a 32.2 min retention
time (peak 17) had similar characteristics to the secoiridoid compounds and could explain the presence
of derivative products in oil. This peak was only
found in paste and its concentration was higher at
J Sci Food Agric 86:518–527 (2006)

the first sampling than the second and third samplings. Apigenin 7-glucoside shows an increase in the
olive paste in proportion with the increase in the ripening index. However, a decrease was observed in the
pomace throughout the study. Luteolin showed a clear
increasing trend in all the samplings. In contrast, its
concentration reflects a constant transfer from olive
paste to pomace from the first to the third sampling.
The amounts of apigenin in the paste phase are similar when compared with those of its non-glycosylated
form; a decrease in the percentage transfer through
the study was also observed.
The transfer of the phenolic compounds between
liquid phases showed that the hydroxytyrosol concentration increased slightly in the oil phase in addition to
its transfer in relation to olive paste (raw material) with
ripening (Table 6). The partition to the wastewater
phase was high in the second sampling. The behavior of tyrosol was similar to that of hydroxytyrosol in
oil and wastewater, indicating the affinity of simple
phenols for liquid phases, being low compared with
that in solid phases. Vanillic acid remained constant
in oil during all analyses and its transfer to liquid
phases reached a maximum in wastewater in the
last sampling. However, homovanillic acid was not
found in oil. The compound 3,4-DHPEA-AC and
secoiridoid derivatives, such as 3,4-DHPEA–EDA,
p-HPEA–EDA, HPEA–EA and 3,4-DHPEA–EA,
whose main precursors are oleuropein and dimethyloleuropein, were identified and quantified in the oil
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Table 6. Distribution of common polyphenols in olive oil and wastewater (liquid phases) during the oil extraction process in relation to the ripening
index of the olive fruit

Ripening index (RI)b,c
2
Phenolic compound (mg kg−1 )a
3,4 DHPEA species (peak 1)
3,4-DHPEA
3,4-DHPEA species (peak 3)
p-HPEA
Vanillic acid
Homovanillic acid
Vanillin
3,4-DHPEA-AC
p-Coumaric acid
3,4-DHPEA–EDA
p-HPEA–EDA
Lignans
p-HPEA–EA
3,4-DHPEA–EA
Luteolin 7-glucoside
Apigenin 7-glucoside
Verbascoside
Luteolin
Apigenin
Total

5

6

Oil

Wastewater

Oil

Wastewater

Oil

Wastewater

NDd
0.07
ND
0.16
0.07
ND
0.07
16.52
ND
78.08
7.84
12.00
0.60
10.92
ND
ND
ND
0.49
0.25
127.19

13.71
21.37
31.15
19.78
1.68
7.65
tr
tr
tr
230.67
tr
ND
ND
ND
ND
1.06
4.48
ND
ND
318.31

ND
0.12
ND
0.21
0.07
ND
0.09
16.48
ND
153.81
10.44
11.78
0.59
8.91
ND
ND
ND
1.11
0.29
204.04

12.23
30.29
44.56
38.91
tre
15.94
tr
tr
tr
582.30
tr
ND
ND
ND
10.61
1.70
6.73
ND
ND
731.48

ND
0.13
ND
0.36
0.09
N.D.
0.09
18.73
ND
163.41
15.66
16.24
0.65
17.12
ND
ND
ND
1.23
0.32
234.24

6.63
14.35
37.15
30.20
tr
8.5
tr
tr
tr
590.25
tr
ND
ND
ND
5,89
0,99
tr
ND
ND
187.54

a
3,4-DHPEA, hydroxytyrosol; p-HPEA, tyrosol; 3,4-DHPEA-AC, 4-(acetoxyethyl)-1,2-dihydroxybenzene; 3,4-DHPEA–EDA, dialdehydic form of
elenolic acid linked to hydroxytyrosol; p-HPEA–EDA, dialdehydic form of elenolic acid linked to tyrosol; p-HPEA–EA, aldehydic form of elenolic acid
linked to tyrosol; 3,4-DHPEA–EA, oleuropein aglycone.
b Ripening index: 2, skin green with reddish spots; 5, skin black with <50% purple flesh; 6, skin black with >50% purple flesh.
c Values are means of eight determinations.
d ND = not detected.
e tr = trace amount.

phase. However, it should be noted that the affinity of 3,4-DHPEA–EDA with wastewater was really
significant.
Among the group of glycosylated flavonoids,
luteolin 7-glucoside and apigenin 7-glucoside were
not identified in oil at any ripening stage. Moreover,
their transfer to wastewater was low. Verbascoside was
only quantified in the wastewater phase, although its
concentration showed an undetermined trend at all
three ripening indexes. Finally, luteolin and apigenin
reflected a slight increase in oil with increase in the
ripening stage of the olive fruit and they were not
transferred to wastewater.

CONCLUSIONS
It can be stated that the olive oil extraction process
results in molecular biotransformations and chemical
reactions in the phenolic compounds.
The simple phenols constitute an important group
to study owing to their transfer and transformation
through the olive process being especially notable in
solid phases. In general, an increase in the ripening
index implies an increase in the hydroxytyrosol concentration found in pomace. The flavonoids luteolin7-glucoside, rutin and luteolin show a clear trend
to increase with the increase in ripening index in
526

all phases evaluated (olive paste, pomace, oil and
wastewater). Finally, the phenolic compound 3,4DHPEA-AC and the secoiridoid derivatives 3,4DHPEA–EDA, p-HPEA–EDA, p-HPEA–EA and
3,4-DHPEA–EA, whose main precursors are oleuropein and demethyloleuropein, are present in the oil
phase. It should be noted that the affinity of 3,4DHPEA–EDA with wastewater was very significant.
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REFERENCES
1 Shahidi F and Naczk M, Phenolics, in Food and Nutraceuticals.
CRC Press LLC, Boca Raton, FL, pp 1–16 (2004).
2 Bravo L, Polyphenols: chemistry, dietary sources, metabolism
and nutritional significance. Nutr Rev 56:317–333 (1998).
3 Ryan D, Antolovich M, Prenzler P, Robards K and Lavee S,
Biotransformations of phenolic compounds. Sci Hort
92:147–176 (2002).
4 Amiot MJ, Fleuriet A and Macheix JJ, Accumulation of
oleuropein derivatives during maturation. Phytochemistry
28:67–69 (1989).

J Sci Food Agric 86:518–527 (2006)

Transfer of phenolic compounds during olive oil extraction
5 Limiroli R, Consonni R, Ottolina G, Marsilio V, Bianci G
and Zetta L, 1 H and 13 C NRM characterization of new
oleuropein aglycones. J Chem Soc, Perkin Trans 1 1519–1523
(1989).
6 Ryan D and Robards K, Phenolic compounds in olives. Analyst
123:31R–44R (1998).
7 Rodis PS, Karathanos VJ and Mantzavinou A, Partitioning of
olive oil antioxidants between oil and water phases. J Agric
Food Chem 50:596–601 (2002).
8 Angerosa F, Mostallino R, Basti C and Vito R, Influence of
malaxation temperature and time on the quality of virgin olive
oils. Food Chem 72:19–28 (2001).
9 Montedoro G, Baldioli M and Servili M, Sensory and nutritional relevance of phenolic compounds in olive oil. G Ital
Nutriz Clin Prevent 1:19–32 (1992).
10 Hermoso M, Uceda M, Garcı́a A, Morales B, Frı́as ML and
Fernández A, Elaboración de Aceite de Calidad (Serie Apuntes
5/92). Consejerı́a de Agricultura y pesca, Seville (1991).
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Effect of irrigation applied to olive trees (Olea
europaea L.) on phenolic compound transfer during
olive oil extraction
The main objective of this research was to determine the extent to which irrigation
practices affect the partitioning of phenolic compounds between olive paste, pomace,
olive oil and wastewater. The current paper also aimed to study the effect of technological natural micro-talc (NMT) addition during the oil extraction process on the partitioning of the phenolic compounds between solid and liquid phases. The results
obtained in this study showed that irrigation applied to olive trees let to a considerable
decrease in the phenol content of the olive paste. The water status of the trees affected
the phenol synthesis in the olive fruit, and consequently the phenol content of the olive
paste, more than the partitioning of the phenolic compounds during the olive oil
extraction process. The most remarkable point of the phenol partitioning was related to
the simple phenols. While in the samples from non-irrigated trees the greater proportion of these phenols partitioned into the pomace, in samples from irrigated trees most
of them were lost in the wastewater. After comparison of the results obtained from the
experiments with and without NMT addition, it was concluded that the use of that coadjuvant did not significantly alter either the phenolic profile of the oil phase obtained or
the content of the individual phenolic compounds.
Keywords: Irrigation, virgin olive oil, phenol transfer, olive oil extraction, natural micro-talc.

The scientific and commercial interest in food phenolics
has greatly increased as a result of reports about the
antioxidant and free-radical-scavenging abilities of some
of these compounds and their potential effects on human
health, contributing to the prevention of degenerative
processes. Furthermore, there has been renewed interest
in natural sources of antioxidants, which generally belong
to the phenolic group of compounds.
It is widely known that the composition of the phenolic
fraction of oils depends on the cultivar, the climatic conditions during growth, the degree of maturation and the
agronomic practices related to irrigation treatment [1, 2].
Different studies have demonstrated the influence of
these factors, as well as of the production and extraction
technologies, on the quality of olive oil in terms of oxidative stability and sensory analysis. A higher quality of the
olive oil was obtained at the initial ripeness stage due to
its composition in phenolic compounds. At the same
time, a decrease in positive sensorial parameters of olive
oil with increasing ripening degree was observed [3, 4].
Correspondence: Maria-José Motilva, Food Technology
Department, CeRTA-TPV, University of Lleida, Av/Alcalde Rovira
Roure 191, E-25198 Lleida, Spain. Phone: 134 973 702817, Fax:
134 973 702596, e-mail: motilva@tecal.udl.es

Industrial production and low-scale processing of olive oil
determined a different phenolic profile of the resulting
product. In general, the content of o-diphenols and the
oxidative resistance were higher in oils obtained by the
low-scale mill process [5, 6].
Moreover, prior studies carried out by our research group
proved that different irrigation strategies applied to olive
trees (Arbequina cv.) – linear irrigation strategy and regulated deficit irrigation strategy – not only affected the total
amount of phenolic compounds present in virgin olive oil but
also their HPLC profiles [7, 8]. Different hypotheses were
developed to explain the differences in the phenol content
of oils from olive trees under irrigation. Water availability,
considered as water stress, could influence phenolic metabolism and increase the synthesis of phenolic compounds in the fruit, and therefore in the oil obtained from
these. This theory was supported by the results obtained by
Patumi et al. [9] and our research group [10] which showed
that the phenolic content of the oils depended on the
L-phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) activity in
the fruit, which varied with changes in water status.
Another factor that could explain the differences in the oil
phenol content is the higher water content of the olives
from the trees under irrigation. As phenolic compounds
are soluble in both water and oil, significant amounts of
these constituents are carried away from the oily phase
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during the process of oil extraction because of partitioning between two non-mixable liquids. Consequently, the
phenolic content is closely dependent on the extraction
process as this determines the partitioning behavior of the
phenolic compounds and hence their distribution between the oil and waste fractions [11].
During crushing and malaxation, steps that break cell
walls and expose the matrix to enzymes, oxygen and mild
heat, many chemical and enzymatic processes take
place. Phenolic compounds are reactive chemical species, vulnerable to oxidation, conjugation, hydrolysis, polymerization and complexation. This is compounded by
direct contact with enzymes and their substrates as the
cells are no longer intact [12]. In addition, the lipoprotein
membranes that surround the oil droplets are removed
and re-formed, resulting in a mutual exchange of components between the oil and the water phase. On the other
hand, such membranes bind the minute oil droplets to the
water droplets and the vegetable colloids, forming stable
emulsions, which cannot be isolated or removed by
mechanical means. The emulsion is carried away with the
by-products, pomace and vegetation water [13].
Some olive varieties and, in general, only olive fruits
slightly ripe give rise to the so-called “difficult olive paste”
during the olive oil extraction process. In such cases, part
of the oil is lost with the residues, lowering the oil yield. In
order to break the emulsion, mixing time or temperature
could be increased, leading to a loss of oil quality. In order
to avoid this problem, the addition of micronized talc
(hydrated magnesium silicate of particle size lower than
40 mm) was introduced in the late 1970s. This adjuvant
helps to yield oil with lower water and to suspend solid
contents, as well as residues with a lower fat content [14].
Moreover, it is eliminated during centrifugation together
with the solid residue.
The main objective of this research was to determine the
extent to which irrigation practices affect the partitioning
of phenolic compounds between olive paste, pomace,
olive oil and wastewater. Furthermore, the current paper
aimed to study the effect of technological natural microtalc (NMT) addition during the oil extraction process on
the partitioning of phenolic compounds between the solid
and liquid phases.

Eur. J. Lipid Sci. Technol. 108 (2006) 19–27
mogeneous batches of 3 kg of olive fruit from the Arbequina variety grown under non-irrigation (control) and
irrigation treatment were hand-picked at a similar ripening index (green with reddish spots). The experimental
irrigation implementation was based on a linear irrigation
design in which the total applied irrigation water changed
linearly with the effective crop coefficient (Kc) used when
the water budget method, proposed by the FAO [15],
was applied to determine the crop water requirements
(ETc). This used the reference crop evapotranspiration
(ETo) from an agronomic weather station and the effective crop coefficient (Kc) (Etc = ETo6Kc). The water budget method calculates the irrigation requirements by
subtracting the effective precipitation (Pef) from the ETc.
The irrigation treatment applied had a Kc = 0.85, corresponding approximately to an annual water application
of 260 mm.

2.2 Ripening index
The olive ripening index was determined according to the
proposals of the Spanish National Institute of Agronomic
Research [16], based on the evaluation of the olive skin
and pulp colors.

2.3 Olive oil extraction process
The Abencor system (MC2 Engineering and Systems,
Seville, Spain), a pilot plant scale installation, was used to
process the olives. The extraction process consisted of
the following: The olives were crushed with a hammer
mill, the olive paste obtained was malaxated at 28 6 1 7C
for 20 min; then, 300 g water at 50 7C was added and the
mixture homogenized for 10 min. Before centrifugation,
another 100 g of water at 50 7C was added in order to
obtain the by-products: pomace, oil and wastewater. The
oil was separated from the wastewater by decantation
and all oil samples were filtered through a paper filter.
To study the effect of the addition of a technological coadjuvant in the process of oil extraction, the samples from
the non-irrigation treatment (control) were malaxated with
and without addition of NMT (10 g). All the samples were
processed in two batches.

2.4 Phenolic extraction

2 Materials and methods

The experiment was carried out during the olive harvest
period (November, 2003) in the Segrià district in the producing area of “Les Garrigues” (Catalonia, Spain). Ho-

The phenolic compounds from the olive paste and
pomace were extracted following the modified method of
Fantozzi and Montedoro, as reported by Chimi and
Atouati [17] with some modifications. Briefly, 200 g of
each sample were crushed with a refrigerated cleaver mill
for 3 min in order to obtain a homogenous paste. Extrac-
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tion, purification and separation were done as follows: 4 g
sample was extracted with 80 mL 80% vol/vol ethanolwater mixture containing sodium metabisulfite (400 mg/
kg). The mixture was homogenized using a Polytron
homogenizer, centrifuged at 16856g for 5 min and filtered under vacuum conditions. Then, the remaining
ethanol extract was evaporated under vacuum at 31 7C
to a volume of 1–2 mL (a syrupy consistence). The purification was carried out with 120 mL acid methanol and
40 mL n-hexane, repeated three times. The final methanol
extract was evaporated at 31 7C and the phenolic extract
was re-diluted in methanol for HPLC analysis.

nols were quantified by a four-point regression curve on
the basis of the standards obtained from commercial
suppliers or from semi-preparative HPLC as described
above. Quantification of the phenolic compounds of olive
paste, pomace, olive oil and wastewater was carried out
at 278 nm and 339 nm.

The phenols were extracted from the olive oil following the
procedure of Montedoro et al. [18].

Fig. 1 shows the chromatographic profile of the phenolic
compounds in the olive paste and the corresponding
pomace, olive oil and waste water, and Tab. 1 shows the
tentatively identified phenolic compounds in the solid and
liquid phases and their retention times.

The wastewater was separated from the oil by decanting
and filtering under vacuum. The resulting extract was filtered through a 0.45-mm filter. All the extraction procedures were done in triplicate.

2.5 HPLC analysis of phenolic compounds
The phenolic fraction extracted from olive paste, pomace
and olive oil was dissolved in 1 mL methanol and analyzed
by HPLC (loop 20 mL). The wastewater was directly
injected into the chromatograph based on the method
reported by Romero et al [19].
The HPLC system consisted of a Waters 600 E pump, a
Waters column heater module, a Waters 717 plus auto
sampler and a Waters 996 photodiode array detector
(PDA) (Waters Inc., Milford, MA, USA). The column was an
Inertsil ODS-3 (5 mm, 15 cm64.6 mm i.d.; GL Sciences
Inc., Tokyo, Japan) equipped with a Spherisorb S5 ODS-2
(5 mm, 1 cm64.6 mm i.d.; Technokroma, Barcelona,
Spain) pre-column. HPLC analysis was performed following the same procedure as Montedoro et al. [18]. The
chromatograms were extracted at 278 nm and 339 nm.
Empower Software 2002 (Waters Corporation, Milford,
USA) was used to manage the system and to process the
information.

2.6 Reference compounds
Tyrosol and p-coumaric acid were obtained from Extrasynthèse Co. (Genay, France). Vanillic acid and vanillin
were obtained from Fluka Co. (Buchs, Switzerland).
Hydroxytyrosol was obtained by acid hydrolysis of oleuropein glucoside [20]. The rest of the phenolic compounds
were obtained using a semi-preparative HPLC column
Spherisorb ODS-2 (5 mm, 25 cm610 mm i.d.; Waters,
USA) and a flow rate of 4 mL/min. The mobile phases and
the gradient are described elsewhere [7]. Individual phe-
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3 Results and discussion
3.1 The phenolic profile of solid and liquid
phases

Tab. 1. Summary of the identified phenolic compounds
and retention times in the solid and liquid phases
obtained during the oil extraction process.
Peak
No.

Retention
time [min]

Phenolic compound

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

10.6
11.1
11.9
14.2
15.8
17.9
18.4
19.7
22.6
22.9
25.0
26.6
28.5
29.1
29.6
30.1
30.9
31.9

19
20
21
22
23

32.2
32.5
36.1
37.2
38.5

3,4-DHPEA 4-b- D -glucoside
3,4-DHPEA
3,4-DHPEA specie
p-HPEA
Peak unknown
Vanillic acid
Homovanillic acid
Vanillin
3,4-DHPEA-AC
Demethyloleuropein
Verbascoside
3,4-DHPEA-EDA
Luteolin-7-O-glucoside
Rutin
Oleuropein
Apigenin-7-O-glucoside
p-HPEA-EDA
Lignans (acetoxypinoresinol 1
pinoresinol)
Peak unknown
p-HPEA-EA
3,4-DHPEA-EA
Luteolin
Apigenin

#

3,4-DHPEA, hydroxytyrosol; p-HPEA, tyrosol; 3,4DHPEA-AC, 4-(acetoxyethyl)-1,2-dihydroxybenzene;
3,4-DHPEA-EDA, dialdehydic form of elenolic acid
linked to hydroxytyrosol; p-HPEA-EDA, dialdehydic
form of elenolic acid linked to tyrosol; p-HPEA-EA,
aldehydic form of elenolic acid linked to tyrosol; 3,4DHPEA-EA, oleuropein aglycone.
www.ejlst.com
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Fig. 1. HPLC chromatograms, at 278 (—) and 339 nm (- - -), of phenolic extracts from olive paste (A), pomace (B), olive oil (C) and wastewater (D). See Tab. 1 to identify the peaks.
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The HPLC profile of the olive paste was similar to that of
the pomace. The predominant phenolic compounds of
these phases were secoiridoid oleuropein and other
classes of phenolic compounds including phenyl alcohols, such as hydroxytyrosol (3,4-DHPEA) and tyrosol (pHPEA), phenyl acids, such as vanillic and homovanillic
acids, and vanillin. Peaks 2 and 5 could be considered
simple phenols as they showed similar UV spectrum
characteristics and due to their retention time. Moreover,
peak 19 presented similar UV spectrum characteristics to
those of oleuropein and was included in the oleoside
group. Flavonoids constitute the rest of the phenolic
compounds quantified. Secoiridoid aglycons, which
originate from oleuropein and demethyloleuropein during
mechanical oil extraction, were not detected in the
crushed paste.
The phenolic compounds found in the olive oil were in
accordance with those reported from the Arbequina cultivar in other studies by our research group [7–8, 21]. The
olive oil showed low amounts of phenyl acids and phenyl
alcohols, the prevalent phenolic compounds being the
secoiridoid derivatives, such as the dialdehydic form of
elenolic acid linked to hydroxytyrosol (3,4-DHPEA-EDA),
the dialdehydic form of elenolic acid linked to tyrosol (pHPEA-EDA), the aldehydic form of elenolic acid linked to
tyrosol (p-HPEA-EA) and oleuropein aglycon (3,4DHPEA-EA), and lignans. The appearance of these compounds in oil raises the issue of the degradative pathways
of the phenolic oleosides. It has been assumed that
crushing and malaxation of the olive fruits during oil production activates the endogenous b-glucosidases, which
produces the aglycones [22].
Most of the phenolic compounds found in the oil were
also present in the wastewater, except for the less polar
ones which elute at retention times greater than 32 min.
The prevalent phenolic compound in the wastewater was
the secoiridoid derivative 3,4-DHPEA-EDA, although high
concentrations of phenyl alcohols were also found. The
3,4-DHPEA 4-b- D -glucoside and verbascoside were only
quantified in the wastewater. This phase also contained
glycosidic forms of flavonoids, luteolin-7-glucoside and
apigenin-7-glucoside that were not detected in the oil.

3.2 Effect of irrigation treatment on the
partitioning of phenolic compounds
The phenolic compound contents of olive paste from nonirrigated and irrigated olive trees and their partitioning into
the pomace, oil and wastewater are shown in Tab. 2. The
results are expressed as mg of each phenol related to 1 kg
of olive paste from non-irrigated and irrigated olive trees,
respectively.
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The compound 3,4-DHPEA 4-b-D-glucoside was only
detected and quantified in the wastewater, independently
of the origin of the sample (irrigated, non-irrigated). It is a
very polar compound. In fact, it is much more polar than
hydroxytyrosol; therefore, it is reasonable that it should
not be found in the oil phase. This compound can be
found either as a simple phenol or esterified with elenolic
acid to form oleuropein and its aglycon, and as a part of
the verbascoside molecule [19]. If the amount of this
phenolic compound in the olive paste was not detectable,
it could be formed during processing.
The most abundant simple phenols, 3,4-DHPEA and pHPEA, were affected by irrigation and showed the same
trend. The content of these two phenyl alcohols was significantly higher in samples from non-irrigated trees.
However, the most remarkable was their partitioning into
the pomace and wastewater. While the highest proportion
of them partitioned into the pomace in the samples from
non-irrigated trees, in those from irrigated trees most of
them was lost in the wastewater. The proportion of phenolic compounds residing in the different phases depends
on their relative polarities and the relative amount of the
phase. The solubility of 3,4-DHPEA and p-HPEA in the
aqueous phase is higher than in the oil phase, with partition
coefficients (oil/water) of 0.01 and 0.08, respectively [11].
These results may be due to the different quantities of the
water in the olive paste. The initial water content of the
samples from irrigated trees is significantly higher than of
the samples from the non-irrigated trees (61.7 and 47.1%,
respectively), and since the amount of water added during
the oil extraction process is the same, the volume of the
aqueous phase is higher in the samples from the irrigated
trees. The amount of water modifies the concentration of
the soluble substances in the oil and aqueous phases
obtained during malaxation. During this operation, the
phenolic compounds dissolve into the oil and the aqueous
immiscible phases in contact, according to the corresponding value of the partition coefficients.
The 3,4-DHPEA content was also higher in samples from
non-irrigated trees. However, there was an increase in the
wastewater in samples from irrigated trees in relation to
the initial content in the olive paste. It could be supposed
that this amount was enriched by hydrolysis of secoiridoid derivatives and verbascoside. Peak 5 (retention
time 15.8 min in the solid phases) was considered a simple phenol according to its spectral characteristics and
could only be quantified in the solid phases from non-irrigated trees. In the liquid phases, it was not detected in
samples from non-irrigated trees or irrigated trees.
Phenolic acids and vanillin were not greatly affected by
irrigation. Vanillin and vanillic acid did not differ in the
samples from non-irrigated and irrigated trees, although
www.ejlst.com
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Tab. 2. Partitioning of phenolic compounds (expressed as mg per kg of olive paste) during the olive oil extraction process,
comparing olives from non-irrigated and irrigated olive trees. See Tab. 1 for abbreviations of the phenolic compounds.
Phenolic compounds

3,4-DHPEA 4-b- D -glucoside
3,4-DHPEA
3,4-DHPEA specie
p-HPEA
Peak 15.8 min
Total simple phenols
Vanillic acid
Homovanillic acid
Total phenolic acids
3,4-DHPEA-EDA
p-HPEA-EDA
p-HPEA-EA
3,4-DHPEA-EA
Total secoiridoid derivatives
Demethyloleuropein
Oleuropein
Peak 32.2 min
Total oleosides
Luteolin-7-glucoside
Rutin
Apigenin-7-glucoside
Luteolin
Apigenin
Total flavonoids
Vanillin
3,4-DHPEA-AC
Lignans
Verbascoside

Non-irrigated

Irrigated

Olive
paste

Pomace

Oil

Wastewater

Olive
paste

Pomace

Oil

Wastewater

ND
95.00
101.00
100.55
48.73
345.28
18.42
28.03
46.45
ND
ND
ND
ND

ND
65.17
34.29
43.41
27.66
170.53
5.59
13.69
19.28
ND
ND
ND
ND

ND
9.52
5.03
8.11
TR
22.66
5.58
3.95
9.53
ND
ND
ND
ND

TR
9.45
12.36
21.81
27.09
56.99
2.73
107.79
2.94
197.54
24.64
ND
ND
TR

10.47
28.85
37.12
35.16
ND
111.60
2.69
7.09
9.78
630.81
TR
TR
TR
630.81
ND
ND
ND

ND
42.54
12.17
37.01
TR
91.72
14.21
9.08
23.29
ND
ND
ND
ND

TR
31.00
58.78
89.78
45.05
107.00
7.55
124.12
5.32
289.04
15.72
ND
ND
TR

ND
0.09
ND
0.18
ND
0.27
0.05
ND
0.05
136.24
9.83
0.61
11.53
158.21
ND
ND
ND

TR
TR
ND

6.45
25.06
36.26
22.26
ND
90.03
3.66
4.49
8.15
16.92
ND
ND
ND
16.92
ND
ND
ND

ND
ND
ND
0.88
0.27
1.15
0.06
19.7
10.28
ND

10.37
ND
2.19
ND
ND
12.56
TR
9.9
ND
6.53

TR
TR
13.58
13.58
16.97
25.67
2.82
28.55
1.21
75.22
20.32
ND
ND
TR

ND
0.10
ND
0.11
ND
0.21
0.07
ND
0.07
4.64
1.20
0.28
ND
6.12
ND
ND
ND

10.03
5.48
1.14
24.60
1.11
42.36
17.44
ND
ND
TR

ND
ND
ND
0.16
0.06
0.22
0.04
9.86
5.65
ND

3.05
ND
1.09
ND
ND
4.14
ND
TR
ND
5.73

TR, trace amounts; ND, not detected.

the homovanillic acid content was higher in samples from
non-irrigated trees. The partitions for these phenolic
compounds were similar in samples from non-irrigated
and irrigated trees.
Secoiridoid derivatives represented the main phenolic
fraction in oil and wastewater where they were detected.
They were responsible for the decrease of total phenolic
content in samples from irrigated trees. The partition
coefficients of 3,4-DHPEA-EDA and 3,4-DHPEA-EA were
0.19 and 1.5, respectively, according to Rodis et al. [11],
thus suggesting a considerable solubility in the oil phase,
especially of oleuropein aglycone which was only detected in the oil. The secoiridoid derivatives are supposed to
be degradation products of the oleosides, formed during
the oil extraction process. Oleuropein was not present in a
quantifiable amount in samples from irrigated trees; this
could be the reason for the drastic diminution of the

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

secoiridoid derivative contents in the oil from the irrigated
trees. The characteristics of Peak 19 (retention time 32.2 in
the solid phases) were similar to those of the secoiridoid
compounds, and its presence in the olive paste in samples
from irrigated trees could explain the presence of secoiridoid derivative products in the oil of those samples.
Flavonoids are another important group of phenolic
compounds found in the different phases of the oil
extraction process. The flavonoid content was noticeably higher in the samples from non-irrigated trees than
from irrigated trees. Rutin was detected in the solid
phases, while luteolin and apigenin were found in all the
phases apart from the wastewater. Although their content was higher in the samples from the non-irrigated
trees, partitioning between the different phases was
similar for the samples from irrigated and non-irrigated
trees.
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Not all the phenolic compounds quantified in the different
phases were affected by the addition of NMT during the
malaxation step. Among the simple phenols, there were
no significant changes in the partitioning into the different
phases for 3,4-DHPEA 4-b- D -glucoside and peak 5
(retention time 15.8 min in the solid phases). However, a
significant trend was observed for 3,4-DHPEA, 3,4DHPEA specie and p-HPEA. When comparing the samples with the addition of NMT to those without the addition of NMT, a slight decrease in the contents of these
phenolic compounds in the pomace and a more marked
increase in their contents in the wastewater were
observed. Nevertheless, the oils were not enriched with
these antioxidant compounds.

The compound 3,4-DHPEA-AC was only detected in the
liquid phases. It was present in higher amounts in oils
from non-irrigated than irrigated trees and there were no
quantifiable amounts of it in the wastewater from the
samples from irrigated trees. Lignans were only quantified
in oil and verbascoside in wastewater, with no remarkable
differences between samples from irrigated and non-irrigated trees.

3.3 Effect of adding NMT on the partitioning of
phenolic compounds
The contents of phenolic compounds in olive paste with
and without the addition of NMT and their partitioning into
the pomace, oil and wastewater are shown in Tab. 3. The
results are expressed as mg of each phenol per kg of olive
paste.

During the extraction process, stable emulsions between
oil droplets, water droplets and vegetable colloids (made
up of hemicellulose, protein, pectin, etc.) are formed. The
malaxation operation, inducing coalescence phenomena,

Tab. 3. Partitioning of phenolic compounds (expressed as mg per kg of olive paste) comparing the oil extraction process
without (NMT–) and with (NMT1) addition of natural micro-talc. See Tab. 1 for abbreviations of the phenolic compounds.
Phenolic compounds

3,4-DHPEA 4-b- D -glucoside
3,4-DHPEA
3,4-DHPEA specie
p-HPEA
Peak 15.8 min
Total simple phenols
Vanillic acid
Homovanillic acid
Total phenolic acids
3,4-DHPEA-EDA
p-HPEA-EDA
p-HPEA-EA
3,4-DHPEA-EA
Total secoiridoid derivatives
Demethyloleuropein
Oleuropein
Peak 32.2 min
Total oleosides
Luteolin-7-glucoside
Rutin
Apigenin-7-glucoside
Luteolin
Apigenin
Total flavonoids
Vanillin
3,4-DHPEA-AC
Lignans
Verbascoside

NMT–

NMT1

Olive
paste

Pomace

Oil

Wastewater

Olive
paste

Pomace

Oil

Wastewater

ND
93.77
102.36
82.84
48.26
327.23
12.58
31.95
44.53
ND
ND
ND
ND

ND
69.57
50.43
110.45
34.46
264.91
5.04
13.66
18.7
ND
ND
ND
ND

ND
65.17
34.29
43.41
27.66
170.53
5.59
13.69
19.28
ND
ND
ND
ND

TR
ND
ND

9.50
23.54
34.62
30.23
ND
97.89
TR
12.38
12.38
452.47
TR
ND
ND
452.47
ND
ND
ND

ND
95.00
101.00
100.55
48.73
345.28
18.42
28.03
46.45
ND
ND
ND
ND

TR
35.19
49.81
85.00
68.36
98.28
6.86
106.43
4.80
280.23
14.02
ND
ND
TR

ND
0.08
ND
0.14
ND
0.22
0.05
ND
0.05
107.46
7.29
0.41
6.22
121.38
ND
ND
ND
ND
ND
ND
0.78
0.20
0.98
0.06
11.51
8.23
ND

8.24
ND
1.32
ND
ND
9.56
TR
TR
ND
5.23

TR
9.45
12.36
21.81
27.09
56.99
2.73
107.79
2.94
197.54
24.64
ND
ND
ND

15.02
41.40
53.26
50.45
ND
160.13
3.87
10.17
14.04
905.07
TR
ND
ND
905.07
ND
ND
ND

28.13
58.01
2.86
89.18
2.33
180.51
25.89
ND
ND
ND

TR
31.00
58.78
89.78
45.05
107.00
7.55
124.12
5.32
289.04
15.72
ND
ND
TR

ND
0.09
ND
0.18
ND
0.27
0.05
ND
0.05
136.24
9.83
0.61
11.53
152.21
ND
ND
ND
ND
ND
ND
0.88
0.27
1.15
0.06
13.53
10.28
ND

14.88
ND
3.15
ND
ND
18.03
TR
TR
ND
9.37

TR, trace amounts; ND, not detected.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ejlst.com

26

L.-S. Artajo et al.

causes the minute bound oil droplets to merge into large
drops, thus separating them from both colloids and water
droplets. In addition, this step disrupts a proportion of the
oil cells that had remained uncrushed during the first step
(crushing), allowing the recovery of another oil fraction
[13]. The formation of emulsions, which are too stable to
be removed by mechanical means, may be involved in the
loss of phenolic compounds during processing. The
addition of NMT may reduce the stability of the emulsions
by absorbing part of the water, reducing the complexation
of the phenolic compounds trapped in the emulsion and
by improving their release into the oil and wastewater
during the extraction process. The addition of NMT
increased the release of simple phenols (which show a
higher affinity for the aqueous phase) into the wastewater.
In relation to vanillin and phenolic acids, only vanillic acid
was affected by the addition of NMT, with its concentration in the wastewater increasing.
Among the secoiridoid derivatives, only 3,4-DHPEA-EDA,
the main phenolic compound in the liquid phases, was
affected by the addition of NMT during the oil extraction
process; its concentration showed an important increase
in the wastewater. There was a significant amount of
oleosides in the pomace when NMT was added; in contrast, they were not detectable without addition of NMT.
The addition of NMT might have improved the extraction
of those compounds from the olive paste, implying an
increase in their concentration in the pomace and thus the
formation of more secoiridoid derivatives, such as hydrosoluble 3,4-DHPEA-EDA. This could result in their sizable
loss in the wastewater during processing.
None of the flavonoids quantified in the different phases,
3,4-DHPEA-AC, lignans and verbascoside, were affected
by the addition of NMT during the oil extraction process.
According to the results observed in this study, it is possible to conclude that the irrigation applied to olive trees
leads to a considerable decrease in the olive paste’s phenol content. The water status of the tree affects the phenol
synthesis in the olive fruit, and consequently the phenol
content of the olive paste, more than the partitioning of the
phenolic compounds during the olive oil extraction process. The most remarkable point of the phenol partitioning
concerned the simple phenols. While the biggest proportion of them partitioned into the pomace in samples from
non-irrigated trees, in samples from irrigated trees, part of
the phenol compounds was lost in the wastewater.
After comparison of the results obtained from the experiments with and without NMT addition, it was concluded
that the use of this co-adjuvant did not significantly alter
either the phenolic profile of the oil phase obtained or the
content of the individual phenolic compounds.
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Abstract Phenolics have been considered an important
group of natural antioxidants. The type and quantity of phenolics vary in olive matrices (leaves, fruit, stones, seeds,
and paste). However, the relationships linking the products
from the olive oil extraction process are poorly studied. This
manuscript deals with the partition of phenolic compounds
during olive oil production season at three times. Samples
were taken during malaxation to determine the phenolic content in the olive paste at 0, 15, and 45 min. The wet pomace
and oil phases were analyzed and the phenolics quantified
in terms of kilogram of olive paste. Malaxation time had an
important effect on the alcohols and secoiridoids. Hydroxytyrosol and tyrosol decreased, and their hydrophilic character was proved through their presence in the wet pomace and
wastewater. Oleuropein and ligstroside degradation results in
the formation of secoiridoid derivatives, mainly the dialdehydic form of elenolic acid linked to hydroxytyrosol (3,4DHPEA-EDA). A molar transfer index (MTI) was established between the 3,4-DHPEA-EDA in the olive paste and
olive oil (as the liquid phase) and wet pomace (as the solid
phase). An increasing trend was observed for the molar transference to virgin olive oil with the advance of the crop season.
Keywords Phenolic partition . Phenolic compound . Olive
oil . Two-phase system . Virgin olive oil extraction
Introduction
Biophenols, a wide range of secondary metabolites from the
shikimate pathway and phenylpropanoid metabolism, play
L.-S. Artajo · M.-P. Romero · M. Suárez · M.-J. Motilva ()
Food Technology Department, CeRTA-TPV, University of Lleida,
Av/Alcalde Rovira Roure 191,
25198 Lleida, Spain
e-mail: motilva@tecal.udl.es

an important role in human health. Interest in phenolic compounds has increased over recent years, given their potential
antioxidant activity and possible effects against degenerative illness. In fact, among the hydrosoluble compounds,
polyphenols in olive fruit are highly significant due to their
wide range of biochemical and pharmaceutical effects including anticarcinogenic, antiatherogenic, and antimicrobial
properties [1–3].
It is widely known that the composition of the phenolic
fraction in olive oil depends on the cultivar, climatic conditions during growth, degree of maturation, and the technology used for oil extraction [4, 5]. The degree of olive
ripening has a notable effect on the quantity of o-diphenols
and secoiridoid compounds [6, 7]. Moreover, several studies
have focused on the study of variables, such a time, temperature and the use of enzymes during olive oil processing and
their effect on the quality and nutritional properties of the
oil [8–11]. Crushing and malaxation operations influenced
the total phenolic and o-diphenols contents in virgin olive oil
[4–6].
Since the beginning of the 1970s, the technology for olive
oil extraction process has progressed significantly with the
introduction of the three-phase system and, later, the twophase system. The resulting solid phases (pomace and wet
pomace) and liquid phases (oil and wastewater) can be separated in a continuous process. The continuous two-phase
process is the most widely accepted extraction process in the
Spanish olive oil industry, as shown by its use in 90% of the
olive mills, achieving a very wet pomace with a water content that varies between 65 and 70%. In contrast, the common
extraction system in the olive oil industry in Italy consists of
three-phase decanters with the possibility of adding a small
quantity of water [4, 12, 13].
Interest has also focused on the influence of the extraction
methodologies on the sensory attributes, volatile compounds,
Springer
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Fig. 1 Virgin olive oil
industrial extraction process
(two phases)

and natural antioxidants such as the phenolic compounds [12,
14, 15].
Different studies have continued to report on the composition of the extra virgin olive oil and its nutritional properties.
Previous works reported a higher antioxidant power for the
phenolic compounds naturally occurring in extra virgin olive
oil [16–19]. Olive oil residues were tested for their composition of simple phenolic compounds as a function of the
extraction systems [20]. Moreover, prior studies carried out
by our research group proved that an increase in the ripening
index of the olive fruit implied an increase in the hydroxytyrosol concentration in pomace. Similarly, the flavonoids
showed a clear increase over the different phases (olive paste,
pomace, oil, and wastewater) [21]. The water status of the
olive trees affected the phenol synthesis in the olive fruit,
and consequently the phenol content of the olive paste, more
than the partitioning of the phenolic compounds during the
olive oil extraction process [22]. However, there is limited
information available about the partitioning of the phenolic compounds during the whole virgin olive oil industrial
extraction process.
The main objective of this study was to investigate the
effect of the malaxing process on the phenolic profile of
the olive paste. Additionally, the partition of the phenolic
compounds from olive paste to virgin oil was evaluated,
together with the by-products resulting from the olive oil
extracting process at an industrial level, considering three
different harvest periods during the crop season.

(Spain) at three times during the harvest period (First period: November 1, 2004, middle period: December 10, 2004,
and final period: January 5, 2005). A two-phase continuous
cycle modular machinery (Pieralisi system, Italy) was used
for extracting olive oil. The harvested olives were washed
with mains water and the leaves were removed in order to
avoid them adversely affecting the flavor of the resulting
product and damaging the equipment used [4]. Olives from
the Arbequina cultivar were crushed by metal crushers and
the paste was mixed in a tank kneader (malaxation step) with
a horizontal shaft (spiral steel mixing blades) equipped with
a heating jacket (Fig. 1). This operation was carried out at
30 ◦ C for 1 h. The paste was then sent to a decanter with
a maximum water flow rate of 35,000 L/h and 15–25% of
water was added in order to induce the extraction of the oil
during the horizontal centrifugation, depending on the initial moisture content of the olive paste. This operation was
performed at “2412 × g” and two separate products were
obtained after a second centrifugation using a vertical separator, these being a sloppy paste of olive pulp with pits (wet
pomace) and oil must (edible oil and vegetable water).
Homogenized olive paste samples were obtained from
the semi-cylindrical vat at 0, 15, and 45 min. Samples of wet
pomace and olive oil must were taken from the output of the
horizontal centrifuge after 1 h in order to obtain the fractions
from the same batch. Then, liquid nitrogen was added to
every sample to avoid oxidative damage and each sample
was kept in cold storage at − 40 ◦ C before analysis. Olive
oil and wastewater samples were selected from the vertical
centrifuge. Sampling was performed in triplicate.

Materials and methods
Olive paste and wet pomace
Samples
Moisture content
The experimental work was performed during the olive oil
crop season (November 2004–January 2005) in an olive oil
mill from the Les Garrigues production area of Catalonia
Springer

Moisture was measured following the UNE Standard Spanish method (Asociación Española de Normalización y Cer-
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tificación) [23]. About 10 g of olive paste and wet pomace
were weighed, then dried for 24 h at 105 ◦ C, cooled for
30 min in a desiccator and reweighed.
Oil content
Dried samples of olive paste and wet pomace were measured in duplicate with a NMS 100 Minispec NMR Analyzer (Bruker Analytik, Silberstreifen, Germany) using the
ExpSpel Version 2.10 software. The results were expressed
as a percentage of oil obtained with respect to the raw
material.
Extraction of phenolic compounds
The phenolic compounds were extracted from the olive paste
and wet pomace as reported by our research group [21] with
modifications. A 10 g sample was mixed with 80 ml of
aqueous ethanol 80% containing sodium methabisulphide
(400 mg/l). The solution was homogenized with a Polytron
for 2 min and centrifuged at “1685 × g” for 5 min and
filtered under vacuum conditions. Then, the ethanolic extract
was evaporated until dryness in a rotary evaporator under
vacuum conditions at 32 ◦ C to a volume of 1 ml (syrup
consistence). A second alcoholic extraction was performed
with 120 ml of acidified methanol (pH 2.5) and 40 ml of
n-hexane. The final methanol extract was rotary evaporated
at 32 ◦ C to dryness and the phenolic extract was diluted in
methanol grade HPLC. The extraction was done in triplicate.
The phenolic compound extracted from the olive paste and
wet pomace was dissolved in 1 ml of methanol and analyzed
by HPLC.
Olive oil and oil must
Extraction of phenolic compounds
The extraction of phenolic compounds from oil must and
olive oil was done following the method described in a previous work [7]. Analyses were done in triplicate. The resulting extract was filtered through a 0.45-µm filter (Whatman
Inc., Clifton, NY), and dissolved in 1 ml of methanol before
HPLC analysis.
Evaluation of oxidative stability
Stability is expressed as the oxidation induction time (hours)
measured with a Rancimat 679 apparatus (Metrohom Ltda,
Switzerland) using an oil sample of 2.5 g warmed to 120 ◦ C
and 120 l/h air flow. The time taken to reach a fixed level
of conductivity was measured. Each assessment was done in
triplicate.

HPLC analysis of phenolic compounds
The phenolic fraction extracted from the olive paste, wet pomace, and oil was analyzed by HPLC. The wastewater was
centrifuged, filtered through the 0.45-µm filter, and injected
into the chromatograph. The Waters system (Milford, USA)
included a pump (600 E), a column heater, an autosampler
(717 plus) equipped with a 20-µl loop injector and a photodiode array detector (996). Separation was achieved on a
5 µm, 15 cm × 4.6 mm i.d., Inertsil ODS-3 column (GL
Sciences Inc.) equipped with a 5 µm, 1 cm × 4.6 mm i.d.,
Spherisorb S5 ODS-2 precolumn (Technokroma, Barcelona,
Spain). The mobile phases were degassed under vacuum
using continuously sparged with high-purity helium during
analysis. Water/acetic acid (100:02 v/v) was used as solvent
A and methanol as solvent B. Solvent A was held isocratically at 95% for 2 min, then decreased to 75% at 10 min
followed by further linear reduction to 60% at 20 min, then
decreased to 50% at 30 min, and reduced to 0% at 40 min
with 5 min isocratic time, followed by a strong linear ramping to 95% at 55 min and then held constant for 5 min.
Empower software (Milford, USA) was used to operate the
system and the output of the photodiode array detector was
monitored at 240, 280, and 339 nm. Each phenolic compound
was tentatively identified by its retention and UV spectrum
characteristics. The quantification was performed by using
a four-point regression curve on the basis of the reference
compounds.
Reference compounds
Commercial standards from the following sources
were used without further purification: apigenin 7-Oglucoside; hydroxytyrosol (3,4-DHPEA); luteolin; luteolin7-O-glucoside, oleuropein, tyrosol (p-HPEA), and vanillin
from Extrasynthese (Genay, France); caffeic acid; ocoumaric acid; vanillic acid from Fluka Co. (Buchs, Swiss);
homovanillic acid from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). Non-commercial phenolic compounds
were obtained from phenolic extracts from virgin olive oil
by semi-preparative HPLC [16].
Molar Transfer Index (MTI)
Molar transfer indexes (MTIs) were established in order to
compare the partitioning of the more important secoiridoid
derivative of virgin olive oil (the dialdehydic form of elenolic
acid linked to hydroxytyrosol or 3,4-DHPEA-EDA) from
olive paste to olive oil (MTIp), and the partitioning of the
3,4-DHPEA-EDA from olive paste to wet pomace (MTIw)
at the three different periods over the olive oil production
season.
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MTIp = MOV/MOP, where MOP is the molar concentration of the 3,4-DHPEA-EDA in 1 kg of olive paste at the
end of the malaxation step (t = 45 min) and MOV is the
molar concentration of the 3,4-DHPEA-EDA in the olive oil
extracted from 1 kg of olive paste.
MTIw = MWP/MOP, where MOP is the molar concentration of the 3,4-DHPEA-EDA in 1 kg of olive paste at the end
of the malaxation step (t = 45 min) and MWP is the molar
concentration of the 3,4-DHPEA-EDA in the wet pomace
obtained from 1 kg of olive paste.

Results and discussion
Effect of processing on the phenolic compound partition
Tables 1, 2 and 3 respectively show the phenolic compounds
identified in the solid and liquid phases obtained during the
industrial oil extraction process in the three olive oil production periods. Hydroxytyrosol, hydroxytyrosol derivative,
and tyrosol, the most important phenolic alcohols occurring in olives, were detected in significant amounts in the
olive paste. With regard to the secoiridoid group, it can
be noted that after the crushing operation, the ligstroside
(secoiridoid characterized by an exocyclic 8,9-olefinic functionality) was the predominant compound in the olive paste
during the three samplings, whereas oleuropein showed a
decreasing trend not only during the malaxation operation
but also over the three samplings. The degradation of oleuropein and related compounds could be performed by two
main routes: enzymatic cleavage by esterases or activation
of the β-glucosidades. The theory of this previous cleavage
by specific esterases with the consequent rise of either elenolic acid glucoside or demethyloleuropein has been proposed.
However, it is generally accepted that crushing is the first
step toward the activation of the endogenous β-glucosidases
found in the olive fruit, resulting in a multi-phased system.
Demethyloleuropein, derived from esterase activity, may act
as a substrate and a solid stable aglycone product is then
formed [1].
The most important secoiridoid derivative, 3,4-DHPEAEDA (the dialdehydic form of elenolic acid linked to hydroxytyrosol) was detected in a significant quantity in the
olive paste system showing a decrease with the increase in
the malaxation time. This could confirm the previous action
of β-glucosidases in the crushing, even though the other secoiridoid derivatives were not detected as partition products.
The hydrocinnamic derivate, verbascoside, was also found
in the olive paste. Some authors have reported its presence
in peel, pulp, and seed matrices [24–28]. Flavonoids, such as
luteolin 7-O-glucoside and rutin, have only been reported in
olive peel. This could explain that the mechanical operation
results in a transference of these compounds to both the olive
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paste and wet pomace phases. To sum up, a wide range of
phenolic compounds have been reported in olive paste and
wet pomace, including simple phenolic alcohols and acids,
phenolic glucosides, phenolic oleosides, and flavonoids. The
olive paste could be considered a dynamic state in which
biophenols are partitioned into different phases according to
their affinity for water or oil.
In the liquid phases, olive oil is dominated by secoiridoid
derivatives, followed by flavonoids and phenolic alcohols.
The presence of the secoiridoid derivatives is an indicator of
the above-mentioned degradation pathways for the phenolic oleosides shown in the solid phases. It was assumed that
some phenolic compounds found in olive oil are naturally occurring as a result of processing. In the two-phase extraction
system, water was added (ranging from 15 to 25%) at the end
of malaxation step. This could contribute to a degradation of
the oleoside compounds, although the mechanism in terms of
quantity for the transformations is far from being elucidated
completely. The final products of the different mechanisms
proposed in previous works [29, 30] occur at a lipidic/water
interface, resulting in complicated isomerisations and equilibrium. Moreover, the partition of antioxidants in the two
different phases (wet pomace and oil must) depend on their
relative affinity toward solid and liquid phases [21, 31].
Effect of the period of the production season on the
partitioning of phenolic compounds
The phenolic compound contents of olive paste from the
three periods of the production season, (first, middle, and
final) and their partitioning into wet pomace and oil are
shown in Tables 1, 2 and 3, respectively. The results are expressed as milligram per kilogram olive paste immediately
after crushing (time = 0 min) taking into account both mass
and component balances during the oil extraction process.
The concentration of the different phenolic groups happening in the solid and liquid phases decreased significantly in
the second and third samplings in relation to the first season
period, maybe as a consequence of the advanced ripening
stage of the olive fruit, especially at the end of the harvesting
period. In olive paste, the matrix obtained after the crushing
step, a significant amount of phenolic alcohols were detected and hydroxytyrosol (3,4-DHPEA) and its derivatives
were the most abundant at the beginning of the malaxation
operation (Tables 1a, 2a and 3a). The 3,4-DHPEA derivatives found in olive paste phase are probably related to the
crushing operation, which allows the transformation of hydroxytyrosol compounds. The increase in the total simple
phenols in the wet pomace from the first sampling should
be noted and the hydrophilic character of the simple phenols
could explain their affinity for the aqueous phase with an
increase around of 17% in relation to the olive paste (Table
1a). In the three sampling periods, the oil phases (oil must

alcoholsa

330 ± 49
154 ± 13
271 ± 24
762 ± 39
1516
nd
3788 ± 140
nd
nd
nd
nd
3788
nd
184 ± 38
45.4 ± 2.3
98.4 ± 3.1
20.3 ± 3.0
164
24.9 ± 2.9
92.1 ± 13.6
11.9 ± 2.7
60.4 ± 13.5
9.1 ± 2.0
198
nd

359 ± 64
343 ± 16
348 ± 91
895 ± 42
1944
nd
3690 ± 153
nd
nd
nd
nd
3690
nd
168 ± 3
53.9 ± 1.8
109 ± 17
34.4 ± 1.3
197
30.6 ± 1.9
91.3 ± 4.8
12.3 ± 3.5
113 ± 2
10.0 ± 1.3
245
nd

nd

23.1 ± 4.7
80.2 ± 7.5
11.1 ± 1.4
66.4 ± 1.9
8.7 ± 1.7
190

42.9 ± 3.1
80.5 ± 8.0
23.0 ± 1.1
146

nd
3259 ± 93
nd
nd
nd
nd
3259
nd
182 ± 4

172 ± 19
141 ± 10
236 ± 27
761 ± 23
1310

21.8 ± 2.6
48.6 ± 1.4
116 ± 11
71.6 ± 8.2
258

nd

27.8 ± 2.8
89.0 ± 3.3
9.0 ± 2.0
96.2 ± 3.4
9.3 ± 0.1
231

45.4 ± 2.3
98.4 ± 3.1
33.3 ± 0.9
177

nd
3375 ± 62
nd
nd
nd
nd
3375
nd
179 ± 6

170 ± 10
nd
356 ± 30
nd
526

27.0 ± 1.4
114 ± 9
119 ± 5
94.7 ± 7.5
355

nd
nd
nd
0.71 ± 0.10
0.30 ± 0.05
1.01
22.7 ± 2.4

nd
nd
nd
0.68 ± 0.07
0.31 ± 0.03
0.99
24.8 ± 2.2

0.042 ± 0.002
0.021 ± 0.004
0.097 ± 0.002
0.160

8.3 ± 1.1
83.1 ± 5.2
15.8 ± 2.1
9.9 ± 0.9
19.0 ± 1.3
1.2 ± 0.2
137
22.2 ± 1.8
nd

5.5 ± 0.8
41.2 ± 4.0
16.1 ± 1.1
10.5 ± 2.1
18.3 ± 2.0
1.2 ± 0.5
92.8
24.8 ± 1.0
nd
0.064 ± 0.005
0.033 ± 0.004
0.118 ± 0.010
0.215

nd
nd
nd
nd
nd

nd
0.023 ± 0.006
nd
0.032 ± 0.012
0.055

Olive oil

nd
nd
nd
nd
nd

nd
0.032 ± 0.003
nd
0.084 ± 0.012
0.115

Oil must

Vertical centrifuge
Final Products

nd

nd
nd
nd
nd
nd
nd

0.0003 ± 3.66 e−6
0.0009 ± 3.70 e−5
0.0002 ± 5.30 e−5
0.0014

nd
tr
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd

0.0003 ± 7.58 e−6
0.0010 ± 9.61 e−5
0.0006 ± 7.88 e−5
0.0010 ± 1.00 e−4
0.0029

Wastewater

Values are the mean ± SD of four experiments. nd, not detected; tr, traces.
a 3,4-DHPEA, hydroxytyrosol; p-HPEA, tyrosol; 3,4-DHPEA-AC, 4-(acetoxyethyl)-1,2-dihydroxybenzene; 3,4-DHPEA-EDA, dialdehydic form of elenolic acid linked to hydroxytyrosol; p-HPEA-EDA,
dialdehydic form of elenolic acid linked to tyrosol; p-HPEA-EA, aldehydic form of elenolic acid linked to tyrosol; 3,4-DHPEA-EA, oleuropein aglycone; ME 3,4-DHPEA-EA, methylated form of oleuropein
alycone; Luteolin-7-O-G, luteolin-7-O-glucoside; Apigenin-7-O-G, apigenin-7-O-glucoside.
b Not phenolic compound.

29.5 ± 8.3
59.0 ± 9.9
129 ± 19
77.9 ± 12.7
296

31.9 ± 1.8
95.6 ± 5.1
87.0 ± 5.7
88.1 ± 4.7
303

Wet pomace

t = 45 min

t = 0 min

t = 15 min

Horizontal centrifuge
Intermediate products

Malaxation (time)
Olive paste

Partition of phenolic compounds (expressed as milligram per kilogram of olive paste) during the olive oil extraction process: first period of the production season

(a) Phenolic
3,4-DHPEA derivate
3,4-DHPEA
3,4-DHPEA derivate
p-HPEA
Total
Secoiridoids
Demethyloleuropein
Oleuropein
Demethyl-ligstroside
Ligstroside
Total
Secoiridoid derivates
3,4-DHPEA-AC
3,4-DHPEA-EDA
p-HPEA-EDA
p-HPEA-EA
3,4-DHPEA-EA
ME 3,4-DHPEA-EA
Total
Elenolic acidb
Verbascoside
(b) Phenolic acids and derivatesb
Vanillic acid
Homovanillic acid
Vanillin
Total
Flavonoids
Luteolin-7-O-G
Rutin
Apigenin-7-O-G
Luteolin
Apigenin
Total
Lignans
Acetoxypinoresinol + pinoresinol

Table 1
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t = 45 min

43.3 ± 2.8
63.1 ± 4.2
89.3 ± 2.1
68.4 ± 4.3
264
238 ± 16
tr
133 ± 4
nd
371
nd
502 ± 50
nd
nd
nd
nd
502
nd
126 ± 3
20.5 ± 7.7
53.0 ± 16.6
13.4 ± 0.9
86.9
32.5 ± 1.9
52.0 ± 3.2
7.8 ± 0.4
85.3 ± 2.4
5.7 ± 0.3
184
nd

29.0 ± 3.0
43.2 ± 2.2
109 ± 8.7
61.2 ± 4.1
243
337 ± 7
94.8 ± 9.2
158 ± 7
190 ± 4
781
nd
1732 ± 88
nd
nd
nd
nd
1732
nd
120 ± 27
25.4 ± 2.1
70.2 ± 18.6
16.4 ± 3.5
112
31.5 ± 5.2
86.1 ± 18.8
9.7 ± 0.3
56.4 ± 10.2
2.6 ± 1.1
186
nd

nd

34.0 ± 1.0
51.9 ± 1.6
8.3 ± 1.4
86.1 ± 1.2
5.7 ± 0.2
186

31.6 ± 2.4
57.6 ± 3.9
14.1 ± 0.7
103

nd
449 ± 32
nd
nd
nd
nd
449
nd
129 ± 2

243 ± 13
tr
101 ± 5
nd
344

42.1 ± 3.5
68.8 ± 1.3
91.9 ± 2.3
75.5 ± 2.4
278

nd

25.5 ± 0.6
37.2 ± 0.8
6.6 ± 0.2
64.7 ± 0.4
4.1 ± 0.1
138

23.3 ± 3.0
36.9 ± 0.3
15.1 ± 0.6
75.3

nd
472 ± 9
nd
nd
nd
nd
472
nd
117 ± 6

179 ± 8
nd
101 ± 3
nd
280

24.0 ± 2.5
64.1 ± 1.3
68.4 ± 0.8
56.6 ± 3.5
213

nd
nd
nd
0.648 ± 0.016
0.310 ± 0.030
0.958
26.0 ± 2.3

nd
nd
nd
0.381 ± 0.004
0.275 ± 0.027
0.656
26.7 ± 1.5

0.031 ± 0.009
nd
0.080 ± 0.001
0.111

7.60 ± 0.27
25.70 ± 0.91
13.50 ± 0.45
8.5 ± 0.45
nd
0.70 ± 0.04
56.0
10.8 ± 1.19
nd

5.20 ± 0.05
12.10 ± 0.07
14.00 ± 0.13
9.20 ± 0.44
nd
0.90 ± 0.06
41.4
13.1 ± 0.63
nd
0.047 ± 0.004
nd
0.088 ± 0.001
0.135

nd
nd
nd
nd
nd

nd
0.017 ± 0.001
nd
0.109 ± 0.005
0.126

Olive oil

nd
nd
nd
nd
nd

nd
0.011 ± 0.001
nd
0.137 ± 0.01
0.148

Oil must

Wet pomace

t = 15 min

t = 0 min

nd

nd
nd
nd
nd
nd
nd

0.0008 ± 5.1 e−4
0.0015 ± 4.3 e−4
0.0010 ± 2.5 e−4
0.0033

nd
tr
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd

0.0013 ± 7.6 e−5
0.0029 ± 8.1 e−5
0.0015 ± 9.8 e−5
0.0004 ± 3.3 e−4
0.0061

Wastewater

Values are the mean ± SD of four experiments. nd, not detected; tr, traces.
a 3,4-DHPEA, hydroxytyrosol; p-HPEA, tyrosol; 3,4-DHPEA-AC, 4-(acetoxyethyl)-1,2-dihydroxybenzene; 3,4-DHPEA-EDA, dialdehydic form of elenolic acid linked to hydroxytyrosol; p-HPEA-EDA,
dialdehydic form of elenolic acid linked to tyrosol; p-HPEA-EA, aldehydic form of elenolic acid linked to tyrosol; 3,4-DHPEA-EA, oleuropein aglycone; ME 3,4-DHPEA-EA, methylated form of oleuropein
alycone; Luteolin-7-O-G, luteolin-7-O-glucoside; Apigenin-7-O-G, apigenin-7-O-glucoside.
b Not phenolic compound.

alcoholsa

Horizontal centrifugation
Intermediate products

Malaxation time
Olive paste

Vertical centrifugation
Final products

Partition of phenolic compounds (expressed as milligram per kilogram of olive paste) during the olive oil extraction process: middle period of the production season

(a) Phenolic
3,4-DHPEA derivate
3,4-DHPEA
3,4-DHPEA derivate
p-HPEA
Total
Secoiridoids
Demethyloleuropein
Oleuropein
Demethyl-ligstroside
Ligstroside
Total
Secoiridoid derivates
3,4-DHPEA-AC
3,4-DHPEA-EDA
p-HPEA-EDA
p-HPEA-EA
3,4-DHPEA-EA
ME 3,4-DHPEA-EA
Total
Elenolic acidb
Verbascoside
(b) Phenolic acids and derivates
Vanillic acid
Homovanillic acid
Vanillin
Total
Flavonoids
Luteolin-7-O-G
Rutin
Apigenin-7-O-G
Luteolin
Apigenin
Total
Lignans
Acetoxypinoresinol + pinoresinol

Table 2
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alcoholsa

17.3 ± 7.7
tr
nd
nd
177
nd
266 ± 13
nd
nd
nd
nd
266
nd
68.7 ± 3.8
19.9 ± 0.7
42.4 ± 4.8
7.0 ± 0.2
73.6
24.3 ± 0.6
39.5 ± 1.7
6.2 ± 0.3
60.8 ± 5.2
3.9 ± 0.2
135
nd

179 ± 9
tr
nd
nd
179
nd
329 ± 16
nd
nd
nd
nd
329
nd
74.5 ± 4.3
26.4 ± 2.3
66.6 ± 4.3
10.7 ± 2.8
104
28.3 ± 3.3
50.5 ± 6.3
7.0 ± 1.4
67.1 ± 5.9
4.0 ± 0.9
157
nd

nd

23.1 ± 4.7
80.2 ± 7.5
7.8 ± 3.3
66.4 ± 1.9
4.2 ± 0.7
162

24.3 ± 6.9
23.6 ± 0.6
6.9 ± 0.5
50.5

nd
145 ± 9
nd
nd
nd
nd
145
nd
44.9 ± 1.9

144 ± 9
tr
nd
nd
144

37.5 ± 1.4
36.0 ± 2.0
63.3 ± 7.9
52.5 ± 6.0
189

nd

20.4 ± 3.7
33.8 ± 2.3
5.6 ± 1.1
56.0 ± 6.1
3.5 ± 0.7
120

22.2 ± 5.0
34.6 ± 7.5
12.7 ± 3.6
69.6

nd
122 ± 6
nd
nd
nd
nd
122
nd
20.7 ± 1.9

112 ± 9
nd
nd
nd
112

23.7 ± 1.4
29.3 ± 6.0
54.1 ± 6.2
48.9 ± 2.3
156

nd
nd
nd
0.610 ± 0.004
0.270 ± 0.012
0.880
19.7 ± 2.1

nd
nd
nd
0.260 ± 0.001
0.200 ± 0.002
0.460
21.9 ± 1.6

0.042 ± 0.002
nd
0.061 ± 0.002
0.086

0.30 ± 0.01
1.92 ± 0.02
10.5 ± 0.2
7.5 ± 0.2
nd
0.23 ± 0.03
20.7
13.0 ± 1.2
nd

0.20 ± 0.08
2.92 ± 0.10
10.3 ± 0.5
5.1 ± 0.2
nd
0.70 ± 0.04
18.7
16.6 ± 2.1
nd
0.031 ± 0.002
nd
0.373 ± 0.004
0.404

nd
nd
nd
nd
nd

nd
0.021 ± 0.001
nd
0.027 ± 0.003
0.048

nd
nd
nd
nd
nd

nd
0.012 ± 0.002
nd
0.057 ± 0.002
0.069

Olive oil

Vertical centrifugation
Final products

nd

nd
nd
nd
nd
nd
nd

0.0017 ± 3.7 e−4
0.0023 ± 6.4 e−4
0.0044 ± 4.1 e−4
0.0023

nd
nd

nd
tr
nd
nd
nd
nd

nd
nd
nd
nd
nd

0.0027 ± 5.8 e−5
0.0037 ± 9.6 e−5
0.0033 ± 5.4 e−4
0.0028 ± 6.7 e−4
0.0029

Wastewater

Values are the mean ± SD of four experiments. nd, not detected; tr, traces.
a 3,4-DHPEA, hydroxytyrosol; p-HPEA, tyrosol; 3,4-DHPEA-AC, 4-(acetoxyethyl)-1,2-dihydroxybenzene; 3,4-DHPEA-EDA, dialdehydic form of elenolic acid linked to hydroxytyrosol; p-HPEA-EDA,
dialdehydic form of elenolic acid linked to tyrosol; p-HPEA-EA, aldehydic form of elenolic acid linked to tyrosol; 3,4-DHPEA-EA, oleuropein aglycone; ME 3,4-DHPEA-EA, methylated form of oleuropein
alycone; Luteolin-7-O-G, luteolin-7-O-glucoside; Apigenin-7-O-G, apigenin-7-O-glucoside.
b Not phenolic compound.

49.5 ± 9.4
32.0 ± 0.6
67.0 ± 0.7
50.3 ± 2.2
199

50.8 ± 9.7
38.2 ± 4.1
66.7 ± 6.8
52.8 ± 10.4
209

Oil must

Wet pomace

t = 45 min

t = 0 min

t = 15 min

Horizontal centrifugation
Intermediate products

Malaxation
Olive paste

Partition of phenolic compounds (expressed as mg per kg of olive paste) during the olive oil extraction process: Final period of the production season

(a) Phenolic
3,4-DHPEA derivate
3,4-DHPEA
3,4-DHPEA derivate
p-HPEA
Total
Secoiridoids
Demethyloleuropein
Oleuropein
Demethyl-ligstroside
Ligstroside
Total
Secoiridoid derivates
3,4-DHPEA-AC
3,4-DHPEA-EDA
p-HPEA-EDA
p-HPEA-EA
3,4-DHPEA-EA
ME 3,4-DHPEA-EA
Total
Elenolic acidb
Verbascoside
(b) Phenolic acids and derivates
Vanillic acid
Homovanillic acid
Vanillin
Total
Flavonoids
Luteolin-7-O-G
Rutin
Apigenin-7-O-G
Luteolin
Apigenin
Total
Lignans
Acetoxypinoresinol + pinoresinol

Table 3
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and olive oil) resulted in an insignificant amounts of phenolic
alcohols in partition conditions.
The highest concentrations of oleuropein and ligstroside and their demethylated structures were detected in
olive pastes from the beginning of the production season
(Table 1a). There was an significant decrease in these concentrations in the second and, mainly, the third sampling periods, where only demethyloleuropein was quantified (Tables
2a and 3a, respectively). The partition of these compounds
only took place between the solid phases and their presence
in olive oil has not been reported, reiterating the theory that
compounds derived from oleoside are formed during the processing of olive oil. Moreover, the origin of the secoiridoid
derivatives in the olive paste could be attributed to the activation of the endogenous β-glycosidase during the crushing
operation and its continuous action in the malaxation, as
mentioned above [1].
The quantities of secoiridoid derivatives were similar in
the oil phases resulting from both horizontal decanting (oil
must) and vertical centrifuging (olive oil). However, it appears that the addition of water to the vertical centrifuge
implied a slight increase in the 3,4-DHPEA-EDA compound in the virgin olive oil. Such an effect was mainly
observed in oils from the beginning of the production season
(Table 1a). Moreover, this rise was correlated with the oxidative stability measured by Rancimat. At the first sampling,
the oil must had an oxidative stability of 10.1 h, whereas
in the extra virgin olive oil, this value reached 11.9 h. At
the middle of the season, the oxidative stability was 7.3
and 8.7 h in the oil must and olive oil, respectively. Finally, the oxidative stability measured in the olive must was
5.9 h, compared with 6.6 h for the olive oil at the third
sampling.
Free elenolic acid was only found in the oily phases. The
concentration of verbascoside, a heterosidic ester of caffeic
acid and hydroxytyrosol, did not vary significantly between
the olive paste and wet pomace, indicating a significant retention in the solid phases. It should be noted that an opposite
relationship between oleuropein and verbascoside content
has been reported [24], since the partial degradation of oleuropein is responsible for the formation of verbascoside [1].
However, in this study, it is difficult to establish whether the
slightly increased verbascoside content observed during the
malaxation step in the first and second samplings (Tables 1a
and 2a) corresponded to a decrease in oleuropein.
With regard to the phenolic acids (Tables 1b, 2b and 3b),
homovanillic acid was the most abundant compound of this
group in the olive pastes, although there was slight decrease
in the amount in wet pomaces. In general, a good transference was observed between the olive paste and the wet
pomace, and the concentration of this phenolic group decreased throughout the production season, mainly in the solid
phases.
Springer

In olive paste and wet pomace, the solid phases, the main
flavonoids quantified were luteolin followed by rutin. At the
same time, low concentrations of the 7-O glycoside forms
of luteolin and apigenin were observed, but the transference
of the flavonoids was only reflected in the presence of nonglycosides forms in olive must and final virgin olive oil.
These results could agree with the information reporting that
luteolin has been found not only in pulp but also in olive
husks and olive oil [32], whereas rutin has not been detected
in olive oil. Lignans (acetoxypinoresinol + pinoresinol) were
quantified in both the oil must and the virgin olive oil but were
not detectable in the olive paste or wet pomace (solid phases).
This could be explained by their lipidic character and by
the fact that these compounds could be releasable from the
vegetable sources after hydrolysis treatments [33]. The effect
of the harvest period on the concentration of flavonoids and
lignans was proportionally lower than the effect on the other
phenolic fractions.
Molar transfer index
The MTIs were established in order to compare the partitioning of the more important secoiridoid derivative (3,4DHPEA-EDA) from the olive paste at the end of the malaxation step (t = 45 min) to the olive oil (MTIp) as liquid phase,
and the partitioning to the wet pomace (MTIw) as solid
phase, in the three different periods of the olive oil production season. This allowed the evaluation of the behavior of
the main phenolic compound during olive oil process.
The MTIp values of 0.025, 0.057, and 0.089 corresponding to the three samplings (first, middle, and final production
periods, respectively) indicated that the transfer of the secoiridoid derivatives from the olive paste to virgin olive oil
(lipophilic behavior) increased with the length of the production period, in spite of the lesser secoiridoid content in olive
pastes from the final period, which was probably related to
the more advanced ripening stage of the olive fruit. Related
to this trend, the MTIw values of 1.036, 1.051, and 0.845
corresponding to the first, middle, and final production periods, respectively, indicated that the more important losses of
the secoiridoid derivatives with the wet pomace during olive
oil extraction process were observed during the early part
of the season when the secoiridoid derivatives in olive paste
were higher.

Conclusions
In terms of partition, the more important losses of the different phenolic groups present in olive paste occur in the
solid phase (wet pomace), and the low lipophilic behavior of the phenolic structures led to a low concentration
in virgin olive oil. The transformation of secoiridoid struc-
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tures, which took place in the olive paste during the crushing and malaxation operations, led to the formation of secoiridoid derivatives and their detection in the final products of oil must, olive oil, and wastewater. In general, the
malaxation step had an important effect on some phenolic
groups, mainly on the secoiridoids, and there was a progressive decrease in the total amount of phenolic alcohols
as the malaxation time increased. Demethyloleuropein and
oleuropein decreased significantly after 45 min of malaxation. This could indicate the beginning of the degradation
process of the secoiridoid compounds or their transformation
into secoiridoid derivatives, mainly in the 3,4-DHPEA-EDA.
However, demethyl-ligstroside and ligstroside showed more
stable phenolic structures under the effect of the enzymatic
activities during the crushing and malaxation operations.
The differences found between the samplings directly infer that the production season time affects the total phenolic
compound content as well as the phenolic profile of olive
paste and virgin olive oil. The MTI showed a minor retention of the secoiridoid compounds in wet pomace in the last
period of the crop season and a major transference of the
secoiridoid derivatives to the final virgin olive oil. This was
in spite of the lower phenol content in the olive oil from the
end of the production period that corresponds to lower phenol content in olive fruit as a consequence of the advanced
ripening process.
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7. Morelló JR, Motilva MJ, Tovar MJ, Romero MP (2004) Food Chem
85:357–364. DOI: 10.1016/j.foodchem.2003.07.0128

8. Ranalli A, Gomes T, Delcuratolo D, Contento S, Lucera L (2003)
J Agric Food Chem 51:2597–2602. DOI: 10.1021/jf026176x
9. Brenes M, Garcia A, Garcia P, Garrido A (2001) J Agric Food
Chem 49:5609–5614. DOI: 10.1021/jf0107860
10. Servili M, Begliomoni A, Montedoro G, Petruccioli M, Federici F
(1992) J Sci Food Agric 58:253–260
11. Ranalli A, Serraiocco A (1996) Grasas y Aceites 47:227–236
12. Di Giovacchino L, Ostantini N, Serraiocco A, Surricchio G, Basti C
(2001) Eur J Lipid Sci Technol 103:279–285. DOI: 10.1002/14389312(200105)103:53.0.CO;2-I
13. Alburquerque JA, Gonzalvez J, Garcia D, Cegarra J (2004) Bioresour Technol 91:195–200. DOI: 10.1016/S0960-8524(03)001779
14. Angerosa F, Mostallino R, Basti C, Vito R, Serraiocco A (2000) J
Sci Food Agric 80:2190–2195
15. Gimeno E, Castellote AI, Lamuela RM, De la Torre MC,
Lopez MC (2002) Food Chem 78:207–211. DOI: 10.1016/S03088146(01)00399-5
16. Morelló JR, Vuorela S, Romero MJ, Motilva MJ, Heinonen
M (2005) J Agric Food Chem 53:2002–2008. DOI:
10.1021/jf048386a
17. Antolovich M, Bedgood DR Jr, Jardine D, Prenzler PD, Robards K
(2004) J Agric Food Chem 52:962–971. DOI: 10.1021/jf0349883
18. Briante R, Patumi M, Terenziani S, Bismuto E, Febbraio F,
Nucci R (2002) J Agric Food Chem 50:4934–4940. DOI:
10.1021/jf025540p
19. Carrasco-Pancorbo A, Cerretani L, Bendini A, Segura-Carretero
A, Del Carlo M, Gallina-Toshi T, Lercker G, Compagnone D,
Fernández-Gutiérrez A (2005) J Agric Food Chem 53:8918–8925.
DOI: 10.1021/jf0515680
20. Lesage L, Navarro D, Maunier S, Sigoillot JC, Lorquin J, Delattre
M, Simon TL, Asther M, Labat M (2001) Food Chem 75:501–507.
DOI: 10.1016/S0308-8146(01)00227-8
21. Artajo LS, Romero MP, Motilva MJ (2006) J Sci Food Chem
86:518–527. DOI: 10.1002/jsfa.2384
22. Artajo LS, Romero MJ, Tovar MJ, Motilva MJ (2006) Eur J Lipid
Sci Technol 108:19–27. DOI: 10.1002/ejlt.200500227
23. Spanish Standard UNE 55020 (1973). Instituto Español de Normalización (IRANOR)
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Enrichment of Refined Olive Oil with Phenolic Compounds:
Evaluation of Their Antioxidant Activity and Their Effect on the
Bitter Index
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The study of the antioxidant effects of biophenolic compounds is supported by the current interest in
natural products and the ongoing replacement of synthetic antioxidants by natural antioxidants from
plant sources. Olives and olive oil, especially extra virgin olive oil, contain a variety of bioactive
compounds (phytochemicals) widely considered to be potentially beneficial for health. This research
was focused on evaluating the antioxidant activity of the enriched refined olive oil to discover a possible
functional food application. Different concentrations of individual and combined phenolic compounds
were added to the refined olive oil as lipid matrix, and the antioxidant activity expressed as oxidative
stability in hours was determined by using the Rancimat method. Additionally, the bitter index was
evaluated to assess the effect of the enrichment in relation to the organoleptic quality. The results
showed that the antioxidant activity depends on the concentration of the phenol used for the assay
and the chemical structure. In general, the most positive effects were observed in 3,4-dihydroxy and
3,4,5-trihydroxy structures linked to an aromatic ring that conferred to the moiety a higher proton
dislocation, thus facilitating the scavenging activity.
KEYWORDS: Phenolic compounds; enrichment; antioxidant activity; bitter index

INTRODUCTION

The study of the antioxidant effects of biophenolic compounds
is supported by the current interest in natural products and the
ongoing replacement of synthetic antioxidants by natural
antioxidants from plant sources, as well as the screening of raw
materials to identify new antioxidants (1-3). Synthetic antioxidants are widely used used in the food industry. However,
concerns about their safety have switched interest to natural
antioxidants. Tocopherols, ascorbic acid, rosemary extracts,
lycopene, and some flavonoids are now available for adding to
foods as replacements for synthetic products.
The enrichment of processed food with polyphenols protects
against oxidation and means better keeping quality because the
formation of toxic oxidation products, such as cholesterol oxides,
is prevented. Such enrichment also benefits human health. Both
of these benefits, however, depend on the availability of the
phenolic substances (4). In that sense, functional foods, including
whole foods and fortified, enriched, or enhanced foods, have a
potentially beneficial effect on health when consumed on a
regular basis as part of a varied diet, at effective levels (5).
Foods preserved with added natural antioxidants could be
considered as functional foods because these products can
provide better health conditions to the consumer (6). The use
* Corresponding author (telephone + 34 973 702817; fax + 34 973
702596; e-mail motilva@tecal.udl.es).

of plant material and plant extracts as food ingredients will go
beyond antioxidative effects. The “green revolution” for the food
ingredients industry is to modify plants to produce molecules
that combine emulsifying and/or thickening effects with antioxidative and antimicrobial effects. Olives and olive oil,
especially extra virgin olive oil, contain a variety of bioactive
compounds (phytochemicals) widely considered to be potentially
beneficial for health (7). The responsibility for such beneficial
properties is assigned to both an adequate fatty acid profile and
the presence of antioxidants such as the phenolic compounds.
Evidence demonstrates that olive oil phenolic compounds are
powerful antioxidants, both in vitro and in vivo (8). Although
further studies are required, the water-soluble olive oil polyphenols might be good candidates as functional food ingredients
in the future, potentially combating the development of cardiovascular disease, cancer, and inflammatory reactions.
There is scientific evidence for the availability of a qualified
health claim for monounsaturated fat from olive oil and reduced
risk of coronary heart disease (CHD). In 2004, the U.S. Food
and Drug Administration (FDA) reported that there is limited
but not conclusive scientific evidence to suggest that eating ≈23
g of olive oil daily may reduce the risk of coronary heart disease
due to the monounsaturated fat in olive oil (9). To achieve this
possible benefit, olive oil must replace a similar quantity of
saturated fat without increasing the total daily calorie intake.
However, virgin olive oil is not an important source of phenols
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compared with other plant sources. The phenol concentration
in virgin olive oil is between 20 and a maximum of 800 mg/
kg. That concentration does not suppose an important daily
intake of phenols considering virgin olive oil as a source of
dietetic phenols related to the limitation of this consumption
and the supply of calories. As a consequence, the enrichment
of olive oil with phenols could be an important development in
functional food.
The antioxidant power of phenolic compounds occurring in
olive fruit, olive oil, and olive mill wastewater has been studied
recently, and different systems and methods have also been
tested. These studies have focused on the evaluation of the
antioxidant activities of phenol extracts or their fractions (3,
10-13). Farag et al. (14) found that phenolic extracts obtained
from the olive plant (fruit, leaves, and pomace) showed
remarkable antioxidant activity in retarding sunflower oil
oxidative rancidity. Gordon et al. (15) compared the antioxidant
activity of hydroxytyrosol acetate synthesized with that of other
olive oil polyphenols in different lipid systems.
Adding antioxidants to food matrices leads to the evaluation
of the real effect of these compounds and their possible
interaction with other components occurring naturally in the
product. Olive oil, the primary source of fat in the Mediterranean
diet, is a good matrix for enrichment processes, not only as a
product of direct consumption but also as an ingredient in new
industrial foodstuffs.
A previous study carried out by our research group characterized the antioxidant activities of phenolic compounds that appear
in olive pulp and olive oil using both radical scavenging and
antioxidant activity tests (16). As an extension of these studies,
this research was focused on evaluating the antioxidant activity
of the enriched refined olive oil in order to discover a possible
functional food application. Different concentrations of individual and combined phenolic compounds were added to the
lipid matrix. and the antioxidant activity expressed as oxidative
stability in hours was determined by using the Rancimat method.
Additionally, the bitter index was evaluated to assess the effect
of the enrichment in relation to the sensorial quality.
MATERIALS AND METHODS
Reference Compounds. R-Tocopherol was purchased from SigmaAldrich Chemical Co.. Phenolic standards from the following sources
were used without further purification: 4′,5,7-tihydroxyflavone (apigenin), apigenin 7-O-glucoside, trans-4-hydroxycinnamic acid (pcoumaric acid), 2-(3,4-dihydroxyphenyl) ethyl alcohol (hydroxytyrosol)
(3,4-DHPEA), 3′,4′,5,7-tetrahydroxyflavone (luteolin), luteolin 7-Oglucoside, oleuropein, 2-(4-hydroxyphenyl) ethyl alcohol (tyrosol) (pHPEA), and vanillin from Extrasynthese (Genay, France); 3,4dihydroxycinnamic acid (caffeic acid), trans-2-hydrocinnamic acid (ocoumaric acid), ferulic acid, 3,4,5-trihydroxybenzoic acid (gallic acid),
and 4-hydroxy-3-methoxybenzoic acid (vanillic acid) from Fluka Co.
(Buchs, Switzerland); and 3,4-dihydroxyphenylacetic acid (DOPAC),
4-hydroxybenzoic acid, 4-hydroxy-3-methoxyphenylacetic acid (homovanillic acid), and 3-phenyl-2-propenoic acid (trans-xinnamic acid) from
Sigma-Aldrich Chemical Co.
Isolated and Acquired Compounds. Secoiridoid derivatives 4(acetoxyethyl)-1,2-dihydroxybenzene (3,4-DHPEA-AC), 4-hexenoic
acid, 4-formyl-3-(2-oxoethyl)-2-(3,4 dihydroxyphenyl) ethyl ester (3,4DHPEA-EDA), 4-hexenoic acid, 4-formyl-3-(2-oxoethyl) 2-(4-hydroxyphenyl) ethyl ester (p-HPEA-EDA), 2H-pyran-4-acetic acid, 3-formyl3,4-dihydro-5-(methoxycarbonyl)-2-methyl-2-(4-hydroxyphenyl) ethyl
ester (3,4-DHPEA-EA), and 2H-pyran-4-acetic-, 3-formyl-3,4-dihydroxy-5-(methoxycarbonyl)-2-methyl-2-(4-hydroxyphenyl) ethyl ester
(p-HPEA-EA) were isolated from virgin olive oil by using the
semipreparative HPLC method.
Lipid Matrix. Refined olive oil (ROO) obtained from an industrial
process was used as lipid matrix to perform the enrichment experiment
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with the phenolic compounds and to carry out further studies on
antioxidant activity and bitter index. The ROO was obtained by physical
refining, a technology not commonly used for seed oils. The olive oil
was bleached under vacuum with amixture of synthetic silicas
(aluminum silicate and magnesium silicate) and filtered. The bleached
oil was deodorized in a continuous distillator operating at a vacuum
(<2 mmHg) to remove the free fatty acids and volatiles. Then, the oil
was alkali refined (sodium hydroxide) in a continuous system to
eliminate the remaining free fatty acids. The ROO was stored at 5 °C
in dark bottles with nitrogen in the headspace.
Lipid Matrix Characterization. Quality Parameters. The free fatty
acid content, peroxide value, and ultraviolet absorption at 270 and 232
nm were determined according to the European Union Commission
Regulation EEC/2568/91 (17). The results were expressed as a
percentage of oleic acid, milliequivalents of active oxygen per kilogram
of oil (mequiv of O2/kg), and absorbance at 270 nm, respectively.
Oil Composition. R-Tocopherol was quantified by high-performance
liquid chromatography (HPLC) with direct injection of an oil-in-hexane
solution (18). Chromatograms were recorded at 295 nm, and R-tocopherol was quantified by using an external standard method. The results
are expressed as milligrams per kilogram of oil.
The total phenol content was analyzed using the modified isolation
method described by Vazquez-Roncero et al. (19). The total concentration of phenols was estimated with Folin-Ciocalteau reagent at 725
nm. The results are expressed as milligrams of caffeic acid per kilogram
of oil. The phenolic profile was analyzed according to the method
described in Romero et al. (20). Chromatograms were obtained at 280
and 339 nm.
The chlorophyll fraction at 670 nm and the carotenoid fraction at
470 nm were evaluated from the absorption spectrum of each olive oil
sample dissolved in cyclohexane (21). The chlorophyll and carotenoid
contents are expressed as milligrams of major pigment, pheophytin a,
and lutein per kilogram of oil, respectively.
The fatty acid composition was determined by gas chromatography
(GC) as fatty acid methyl esters (FAMEs). FAMEs were prepared by
saponification/methylation with sodium methylate according to the
European Union Commission modified Regulation EEC 2568/91 (17).
Isolation of Phenolic Compounds from Olive Oil by Semipreparative HPLC. Phenolic extracts were obtained from virgin olive
oil according to the method of Romero et al. (20). The semipreparative
system includes a Waters 1525EF binary HPLC pump, a Waters
Flexinject, an Inertsil ODS-3 column (5 µm, 25 cm × 10 mm i.d., GL
Sciences Inc.) equipped with a Spheisorb S5 ODS-2 (5 µm, 10 cm ×
10 mm i.d., Technokroma, Barcelona, Spain) precolumn, a Waters 2487
dual λ absorbance detector (280 and 339 nm), and a Waters Fraction
Collector II. The HPLC semipreparative system was operated using
Brezze software.
Phenolic compounds were isolated from phenolic extract using the
method reported by Morelló et al. (16) with modifications. Extract (500
µL aliquot) was injected manually into the injector module (sample
loop of 1 mL). The gradient elution program employed water/acetic
acid (100:0.2 v/v) as solvent A and methanol as solvent B with a flow
rate of 4 mL/min. Solvent A was decreased linearly from 90% at 0
time to 70% at 8 min with a 17-min isocratic time, then reduced to
60% at 35 min, followed by a further linear decrease to 50% at 40
min, held constant for 5 min, and then reduced to 40% at 49 min,
followed by a further linear decrease to 0% at 51 min, held isocratically
for 2 min, then ramped to 90% at 60 min, and held constant for 5 min.
The fractions were collected manually by observing the detector output
on the recorder and according to their retention time. The collected
fractions were concentrated to dryness by rotary evaporation at reduced
pressure, lyophilized, and stored at -40 °C and N2 atmosphere before
the enrichment of lipid matrices. Each selected (purified) fraction was
confirmed by its retention time and UV spectra (diode array detector)
in HPLC analytical conditions by comparison of HPLC chromatograms
of phenolic extracts from virgin olive oil (20). Additionally, the mass
spectra of selected (purified) fractions were performed on a ZMD mass
spectrometer (Waters Inc., Milford, MA). The specific operating
parameters for the electrospray mass spectrometry included the following: capillary voltage, 2.5 kV; cone voltage, 5 V; desolvation
temperature, 400 °C; source temperature, 120 °C; ion mode, ESI-.
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Figure 1. Semipreparative HPLC chromatogram (280 nm) of the phenolic extract from virgin olive oil and chemical structures of isolated phenolic

compounds.
Figure 1 shows the semipreparative HPLC chromatogram of
phenolic (280 nm) and chemical structures of the phenolic compounds
isolated from virgin olive oil: 4-(acetoxyethyl)-1,2-dihydroxybenzene
(3,4-DHPEA-AC), the dialdehydic form of elenolic acid linked to
hydroxytyrosol (3,4-DHPEA-EDA), the dialdehydic form of elenolic
acid linked to tyrosol (p-HPEA-EDA), lignans (1-acetoxypinoresinol
+ pinoresinol), oleuropein aglycon (3,4-DHPEA-EA), and the new
compound (peak 6).
Figure 2 shows the chemical structures of the phenolic standards:
hydroxytyrosol, tyrosol, apigenin; apigenin 7-O-glucoside, luteolin,
luteolin 7-O-glucoside, vanillin, vanillic, p-coumaric, o-coumaric,
caffeic, ferulic, gallic, 3,4-dihydroxyphenylacetic, 4-hydroxybenzoic,
homovanillic, and trans-cinnamic acids, verbascoside, and oleuropein.
NMR. The NMR spectra of peak 6 were recorded on a Varian
Mercury 400 spectrometer operating at 400 MHz for 1H and at 100 for
13C using TMS as external standard in methanol-d . About 20 mg of
4
the sample was dissolved in 0.6 mL of deuterated methanol. 1H, 13C,
2D-HMBC, 2D-TOCSY, and 2D-HSQC were performed. All of the
experiments were performed using standard Varian.

Phenolic Stock Solutions. Stock solutions of commercial standards
were prepared by dissolving 1.0 mg of phenolic compound in 1 mL of
Me-OH/H2O (80:20 v/v). Stock solutions of phenolic compounds
isolated from virgin olive oil were prepared by dissolving the dried
collected fractions in MeOH/H2O (80:20 v/v) to reach a final concentration depending on the quantity in which they occurred in virgin olive
oil ranging from 0.5 to 1.0 mg/mL. Each solution was sonicated and
stored at -40 °C before the enrichment of the lipid matrices.
Evaluation of Antioxidant Activity (AA). The AA was evaluated
with Rancimat equipment model 679 (Metrohom, Ltda.). An air flow
of 20 L/h and a temperature corresponding to 120 °C were the
established parameters. Changes in conductivity caused by ionic volatile
organic acids, mainly formic acids, were measured automatically and
continuously. The peroxidation curve was recorded, and the flex point
was selected as the induction time (IT, expressed in hours). The higher
the IT value, the higher the oxidative stability of the sample.
Each phenolic stock solution was added to a reaction vessel
containing 2.5 g of the lipid matrix (ROO) at the desired concentration,
ranging from 40 to 320 mg/kg of oil. When the desired temperature
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Figure 2. Chemical structures of standard phenolic compounds.
was reached, the analysis was started. Two replicates of two sets of
experiments were done, and a control sample (lipid matrix without
added phenolic) was evaluated in each experimental set. To normalize
the effect of enrichment with different phenolic compounds at the
evaluated concentrations, the antioxidant activity was expressed as the
antioxidant activity index (AAI): AAI ) ITs/ITc, where ITs is the
induction time of the enriched sample and ITc is the induction time of
the control sample.
The effect of antioxidant mixtures on the lipid matrix was evaluated
through the Rancimat test as described above. 3,4-DHPEA-EDA, the
most abundant compound in olive oil, was evaluated in combination
with some standards and isolated phenolic compounds (hydroxytyrosol,
caffeic acid, luteolin, apigenin, oleuropein, and lignans) at 200 and
400 mg/kg ol oil concentrations. To measure the effect of phenolic
compound mixtures, two sets of experiments were performed with two
replicates in each case. ROO was used as a reference, and the induction
time (hours) was recorded. The antioxidant activity was reported as
the increase in the oxidative stability (hours) of the ROO containing
phenolic compound mixtures with respect to the stability of the control
sample (ROO).
Bitter Index (K225) (BI). Phenol stock solution was added to 1.0 g
of the lipid matrix (ROO) to the desired concentration ranging from 0

to 200 mg/kg of oil. The bitter index was measured as follows: a C18
column (Waters Sep-Pak cartridges) was activated with 6 mL of
methanol and then washed with 6 mL of hexane; 1.00 ( 0.01 g of oil
dissolved in 4 mL of hexane was passed through the column. After
elution, 10 mL of hexane was passed to eliminate the fat, and the
retained compounds were eluted with 25 mL of methanol/water (1:1).
The absorbance was measured at 225 nm against methanol/water (1:1)
in a 1-cm cuvette (22).
Statistical Analysis. Regression analysis was carried out with the
6.12 version SAS System package (SAS Institute Inc., Cary, NC) to
evaluate the correlation between the induction time (hours) and the
enrichment concentration of individual phenolic compounds.
RESULTS AND DISCUSSION

NMR Characterization of the Phenolic Compound (Peak
6). The peak number and retention time (RT) of the unknown
compound are those quoted in the semipreparative HPLC
chromatogram reported in Figure 1. The 13C and 1H NMR data
are reported in Tables 1 and 2, respectively. Peak 6 in
methanol-d showed that resonances of the carbons 1′-8′ relative
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13C NMR Data (Parts per Million) of Reference and New
Phenolic Compound (Figure 1, Peak 6)a

Table 1.

carbon

Montedoro
et al. (23)

peak 6

carbon

Montedoro
et al. (23)

peak 6

1
2
3
4
5
6
7
8
9
10
COOMe

99.0
156.2
156.2
108.0
28.5
39.8
174.0
47.7
73.2
20.3
169.5

98.98
156.28
156.17
108.05
28.48
39.83
174.12
47.52
73.22
20.36
169.47

1′
2′
3′
4′
5′
6′
7′
8′
COOM
OMe

66.5
35.4
130.8
116.4
144.9
146.2
117.0
121.2
51.6
49.3

66.57
35.41
130.77
116.38
146.24
144.93
117.0
121.2
51.66
48.0

a

Figure 3. Methylated form of oleuropein aglycone (ME 3,4-DHPEA-EA)
(A) (Figure 1, peak 6) and oleuropein aglycone (3,4-DHPEA-EA) (B).
Table 3. Quality Parameters and Composition of the Refined Olive Oil
(ROO) Used as a Base for Phenolic Enrichmenta

Data obtained using metanol-d4 as solvent.

moisture (%)
acidity (% oleic acid)
peroxide value (mequiv of O2/kg of oil)
UV absorbance
K270
K232
palmitic fatty acid (C16:0) (%)
palmitoleic fatty acid (C16:1) (%)
margaroleic fatty acid (C17:1) (%)
stearic fatty acid (C18:1) (%)
oleic fatty acid (C18:1) (%)
linoleic fatty acid (C18:2) (%)
linolenic fatty acid (C18:3) (%)
arachidic fatty acid (C20:0) (%)
gadoleic fatty acid (C20:1) (%)
behenic fatty acid (C22:0) (%)
R-tocopherol content (mg/kg of oil)
pigment content (mg/kg of oil)
chlorophylls
carotenoids
total phenol content (mg/kg of oil)
oxidative stabilility (h)
bitter index (K225)

Table 2. 1H NMR Data (Parts per Million) of Reference and the New

Phenolic Compound (Figure 1, peak 6)a
proton
1
2
3
4
5
6
7
8
9
10
COOMe
a

Montedoro
et al. (23)

peak 6

4.25 m
7.49 s

7.55

3.8 m
3.20 m

2.17

4.51 m

4.49

1.25 d
3.60 s

1.95
3.67

proton
1′
2′
3′
4′
5′
6′
7′
8′
COOM
OMe

Montedoro
et al. (23)

peak 6

4.13 m
2.71 t

4.21
2.8

6.80 d

6.68

6.77 d
6.63 dd

6.66
6.54

3.29 s

Data obtained using metanol-d4 as a solvent.

to 3,4-DHPEA-EA were present. The 3-4-5-6-7 fragment
similar to that of 3,4-DHPEA-EA agreed with that reported by
Montedoro et al. (23), excluding the resonances of C1, which
give information about the presence of a -OCH3 and a hydroxyl
group linked to it.
Confirmation of the structure of this compound was done by
comparing the results obtained by NMR with those assigned
theoretically that correspond to the 3,4-DHPEA-EA described
by Montedoro et al. (23). It was observed that the results
obtained in the first part of the moiety were identical. Because
hydroxytyrosol is a hydrocarbonate supplied by two constituent
hydroxyls, carbon displacements were similar. On the other
hand, part of the moiety formed by an elenolic ring with a high
concentration of oxygen atoms in the structure interacts with
the solvent used (methanol deuterinated). This could explain
why the theoretical displacements were not equal to theoreticals
corresponding to the 3,4-DHPEA-EA. A second mass spectrometry was carried out, and the proposed structure is shown
in Figure 3 with the denomination of the methylated form of
oleuropein aglycone (ME 3,4-DHPEA-EA) and the structure
of oleuropein aglycone (3,4-DHPEA-EA), the most similar
secoiridoid derivative, previously identified by Montedoro et
al. (23).
Lipid Matrix Characterization. The quality parameters,
composition, oxidative stability, and bitter index of the lipid
matrix used for phenolic compound enrichment are shown in
Table 3. The olive oil refining process, especially the bleaching
and the alkali refining, removes a considerable proportion of
the antioxidant components, mainly phenols and pigments. The
role of the individual phenolic compounds on the oxidative
stability and the bitter index of olive oil could be evaluated

a

0.04 ± 0.01
0.03 ± 0.01
2.9 ± 0.3
0.54 ± 0.05
2.2 ± 0.3
12.5 ± 0.3
1.3 ± 0.02
0.10 ± 0.01
3.3 ± 0.2
74.2 ± 0.5
7.2 ± 0.4
0.45 ± 0.02
0.52 ± 0.03
0.46 ± 0.02
0.11 ± 0.02
118.9 ± 1.9
0.24 ± 0.03
0.16 ± 0.02
3.2 ± 0.4
2.7 ± 0.4
0.014 ± 0.002

Values represent the mean of five analyses ± standard deviation.

because of the minor phenolic content. The values of these
parameters in refined olive oil were considered as a control
during the study.
Antioxidant Activity Index (AAI). Rancimat test limitations
are known well because the phenolic compound activity could
decrease considerably at high temperatures. The fast decomposition of the products of the alkyl-peroxy radical reaction with
the antioxidant results in propagation rather than chain breaking
under extreme conditions. However, this test has been widely
used as a simple and useful measure of the oxidative stability
of vegetal oils and animal fats. Moreover, a good correlation
has been found between the concentration of total phenols (18)
and the secoiridoid derivatives (3,4-DHPEA-EDA, p-HPEAEDA, and 3,4-DHPEA-EA) (24) with the oxidative stability of
the virgin olive oils measured by Rancimat test at 120 °C and
20 L/h air flow. A similar study by Carrasco-Pancorbo et al.
(25) evaluated the antioxidant capacity of olive oil phenols in
a lipid model system by accelerated oxidation using the oxidative
stability instrument (OSI) working at 110 °C.
Table 4 shows the AAI of standard phenolic compounds and
Table 5 the AAI of the phenolic compounds purified from virgin
olive oil. This measure would be considered a reliable evaluation
of the susceptibility to oxidative degeneration and can be used
to specify the shelf life of olive oil containing different groups
of phenolic compounds.
Phenolic Alcohols. The antioxidant activity expressed as the
AAI of hydroxytyrosol and tyrosol was evaluated at concentrations from 0 to 300 mg/kg of oil. Hydroxytyrosol did have an
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Table 4. Antioxidant Activity Index (AAI) of Standard Phenols Added

to Refined Olive Oila
phenolic compound addition
40 mg/ 80 mg/ 160 mg/ 240 mg/ 320 mg/
kg of oil kg of oil kg of oil kg of oil kg of oil

phenolic compound
phenolic alcohols
hydroxytyrosol
tyrosol
phenolic acids and derivatives
vanillic
homovanillic
vanillin
caffeic
ferulic
gallic
o-coumaric
p-coumaric
3,4-dihydroxybenzoic
4-hydroxybenzoic
trans-cinnamic
hydrocinnamic derivative
verbascoside
flavonoids
luteolin
apigenin
luteolin 7-O-glucoside
apigenin 7-O-glucoside
secoiridoid
oleuropein

2.05
1.19

2.88
1.20

3.68
1.22

4.43
1.26

5.13
1.19

1.07
1.07
1.00
1.17
1.12
3.00
1.14
1.09
1.04
1.15
1.00

1.08
1.19
1.02
1.71
1.23
4.34
1.21
1.11
1.13
1.18
0.90

1.06
1.42
1.00
3.34
1.29
7.89
1.29
1.11
1.19
1.15
0.77

1.21
1.48
1.14
4.39
1.32
10.4
1.35
1.21
1.21
1.19
0.64

1.22
1.57
1.09
4.62
1.44
10.5
1.33
1.23
1.22
1.15
0.67

1.23

1.26

1.22

1.23

1.47

1.76
1.23
1.38
1.09

1.94
1.34
1.35
1.28

2.25
1.50
1.70
1.31

2.47
1.62
1.76
1.49

3.00
1.71
1.78
1.67

1.02

1.13

1.13

1.19

1.76

a AAI ) induction time of enriched sample IT /induction time of control IT (AAI
s
c
value of the control equal to 1.00 corresponds to a mean value of the induction
time ) 2.7 h). Values represent the mean of two replicates of two sets of
experiments.

Table 5. Antioxidant Activity Index (AAI) of Phenolic Compounds
Isolated from Virgin Olive Oil, Added to Refined Olive Oila
phenolic compound addition
phenolic
compound

40 mg/
kg of oil

80 mg/
kg of oil

160 mg/
kg of oil

240 mg/
kg of oil

320 mg/
kg of oil

3,4-DHPEA-AC
3,4-DHPEA-EDA

1.11
1.14

1.08
1.16

1.13
1.28

1.19
2.06

0.92
2.11

phenolic
compound

20 mg/
kg of oil

40 mg/
kg of oil

100 mg/
kg of oil

150 mg/
kg of oil

200 mg/
kg of oil

p-HPEA-EDA
3,4-DHPEA-EA
lignans

0.94
1.08
1.06

0.92
1.06
1.00

0.77
1.05
1.11

0.64
1.07
1.13

0.60
1.11
1.21

phenolic
compound

5 mg/
kg of oil

10 mg/
kg of oil

20 mg/
kg of oil

30 mg/
kg of oil

40 mg/
kg of oil

ME 3,4-DHPEA-EA

1.05

0.97

1.13

1.24

1.31

a AAI ) induction time of enriched sample IT /induction time of control IT (AAI
s
c
value of the control equal to 1.00 corresponds to a mean value of the induction
time ) 2.7 h). Values represent the mean of two replicates of two sets of
experiments.

important effect on the concentration range with a positive trend,
reaching an AAI value of 5.13 at 300 mg/kg of oil. Differences
found between the oxidative stability of hydroxytyrosol and
tyrosol were probably due to chemical structure, because
hydroxytyrosol possesses a 3,4-dihydroxy structure linked to
an aromatic ring that confers to the moiety a higher proton
dislocation, facilitating a higher scavenging activity than
observed with tyrosol, which possesses only a hydroxyl group
linked to an aromatic ring (Figure 2).
Phenolic Acids. Gallic acid exhibited the most antioxidant
effect with an important increment in the AAI, which reached

the value of 10.5 at 320 mg/kg of oil in the enrichment
concentration. The antioxidant activity of gallic and caffeic acids
could be explained by the presence in their structure of a 3,4dihydroxyl structure linked to a phenolic ring as occurs in
hydroxytyrosol. The higher antioxidant activity of gallic acid
could be explained by the presence in its structure of a 3,4,5trihydroxy structure linked to a phenolic ring that permits a
higher proton dislocation than that observed in caffeic acid.
FlaVonoids. The structural differences between apigenin and
luteolin are characterized by the presence of a hydroxyl in the
luteolin C ring, which appears in the ortho position. That
structure could be responsible for the higher activity of luteolin
versus apigenin. Luteolin and luteolin 7-glucoside fulfill all of
the criteria for maximum radical scavenging activities as
described by Morelló et al. (16). Luteolin and apigenin presented
higher AAIs in the ROO matrix in relation to their 7-position
glycosylated forms due to the presence of a sugar moiety in
the flavonoid glycoside, which substitutes the hydroxyl group
at C7 linked to the phenolic ring. This agrees with the
information reported in previous works (26-28).
Enrichment with oleuropein and Verbascoside, the major
phenolic compounds in olive fruit, showed an increase of the
AAI from 1 to 1.47 and 1.76, respectively, at a concentration
of 320 mg/kg of oil.
Secoiridoid and DeriVatiVes. Secoiridoid derivatives of oleuropein were assayed at different enrichment concentrations
related to their concentration in the virgin olive oil used as a
source of the phenolic compounds isolated (Table 5). The
secoridoid derivate 3,4-DHPEA-EDA is a compound of especial
interest because of its presence as one of the major secoiridoid
antioxidant compounds in virgin olive oil (15), and it showed
a positive result as an antioxidant with a maximum AAI index
value of 2.11 at a concentration of 320 mg/kg of oil. However,
the AAI index was not affected by enrichment with 3,4-DHPEAAC. The results showed a slight antioxidant activity of 3,4DHPEA-EA (oleuropein aglycone) with a maximum AAI index
value of 1.11 in the range of evaluation (0-200 mg/kg of oil).
This disagrees in part with the study that reported strong
antioxidant activity by oleuropein aglycone in several lipid
systems including oil emulsions (15) and triolein (25). It would
thus appear that the lipid model system of the study could
change the antioxidant activity of the phenolic structures.
Moreover, enrichment with the methylated form of the oleuropein aglycone (ME 3,4-DHPEA-EA) showed an increase of
the AAI to 1.31 at the concentration of 40 mg/kg compared
with the AAI of 1.06 by the enrichment with the 3,4-DHPEAEA at similar concentration (Table 5). The lack of a carboxymethyl group in the C9-position of the oleuropein aglycone
structure (methylated form of 3,4-DHPEA-EA) supposed an
important effect on the antioxidant activity. Similarly, in a
previous study, this phenolic structure (nominated as peak RT
36) was found to be one of the most active virgin olive oil
antioxidants, showing an important radical scavenging activity
(16).
The ligstroside derivative (p-HPEA-EDA), bearing one hydroxyl substituent, had a negative effect on antioxidant activity,
decreasing to an AAI of 0.60 at a concentration of 200 mg/kg
of oil with respect to the control sample.
Lignans. Lignans (acetoxypinoresinol and pinoresinol) provided a slight increase in the oxidative stability at the higher
concentration studied (200 mg/kg of oil). This does not agree
with the data reported by Carrasco et al. (25) because their study
showed a pro-oxidant effect (OSI test) when triolein was
enriched with (+)-1-acetoxypinoresinol and (+)-pinoresinol at
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Figure 4. Relationship between phenol concentration of enrichment (CE, mg/kg of oil) of refined olive oil and oxidative stability expressed as induction

time (IT) in hours. DOPAC, 3,4-dihydroxyphenylacetic. (Values represent the mean of two replicates of two sets of experiments.)

a concentration of 50 mg/kg. Differences observed could be
attributed to the lipid matrix used in each study; the presence
of R-tocopherol and the minor content of carotenoids (Table
3) could have a synergistic effect with lignans.
Relationship between Induction Time and Phenol Concentration of Enrichment. The antioxidant effects of phenolic
compounds added to ROO, expressed as induction time (IT)
by Rancimat, with different concentrations of enrichment are
shown in Figure 4. As can be observed, gallic acid, hydroxytyrosol, and caffeic acid showed the most positive effect on the
oxidative stability of ROO (control sample). The increase in
the induction time to 21.5, 13.1, and 9.2 h, respectively, at the
highest concentration (320 mg/kg of oil) showed a huge
difference with respect to the other phenolic alcohols and acids
evaluated. However, there was also an important increase in IT

values with the addition of homovanillic and ferulic acids,
indicating the antioxidant activity of a wide range of phenolic
compounds occurring in olive fruit and olive oil. This is in
agreement with some studies that have demonstrated the
antioxidant activity of the phenolic compounds tested using
different antioxidant methods (7, 16, 27). Conversely, tyrosol
had little effect; it would appear that the monohydroxy aromatic
group without the secoiridoid moiety gives it a weak antioxidant
activity.
The main flavones occurring in olive fruit and olive oil also
had a strong effect on oxidative stability when they were added
to a ROO control sample at concentrations ranging from 40 to
320 mg/kg of oil. An order of IT increase (hours) may be
given: luteolin (4.47) > luteolin 7-O-glucoside (2.08) >
apigenin (2.05) > apigenin 7-O-glucoside (1.78). Regarding
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Table 6. Model To Describe the Relationship between Oxidative
Stability (Induction Time) and Phenolic Concentrationa
correlation parametersb

b

phenolic compound

a

b

c

r2

hydroxytyrosol
caffeic acid
gallic acid
o-coumaric acid
homovanillic acid
luteolin
luteolin 7-O-glucoside
apigenin
apigenin 7-O-glucoside
oleuropein
3,4-DHPEA-AC
3,4-DHPEA-EDA
p-HPEA-EDA
3,4-DHPEA-EA
ME 3,4 DHPEA-EA
lignans

3.72
2.29
1.73
2.95
2.44
2.98
2.81
3.23
2.85
2.26
2.77
2.46
2.47
2.85
2.75
2.63

6.56 × 10-2
3.26 × 10-2
1.33 × 10-1
7.70 × 10-3
8.09 × 10-3
1.17 × 10-2
1.57 × 10-2
5.93 × 10-3
5.09 × 10-3
4.80 × 10-3
−3.00 × 10-4
9.30 × 10-3
−6.50 × 10-3
5.00 × 10-4
2.17 × 10-2
2.50 × 10-3

−8.4 × 10-5

0.989
0.956
0.985
0.983
0.988
0.907
0.955
0.924
0.936
0.740
0.019
0.892
0.973
0.081
0.899
0.856

−1.94 × 10-4
−1.54 × 10-5
−1.09 × 10-5
−2.68 × 10-5

a Values represent the mean of two replicates of two sets of experiments.
Simple regression y ) a + bx; polynomial regression y ) a + bx + cx2.

verbascoside, a hydrocinnamic derivative with o-dihydroxy
structures, it was observed to have a positive result as an
antioxidant with the increase of 1.3 h in the IT value at a
concentration of 320 mg/kg of oil in relation to the control.
The aldehydic form of elenolic acid linked to hydroxytyrosol
(3,4-DHPEA-EDA), at a concentration of 320 mg/kg of oil, was
the most powerful antioxidant among the secoiridoids and
derivatives, whereas oleuropein, containing an o-dihydroxy
functional group esterified to a secoiridoid glycone, also
produced a remarkable increase in induction time (1.84 h in
relation to the control). On the contrary, 3,4-DHPEA-AC did
not have an important effect on the oxidative stability of ROO
even at concentrations higher than those of the other secoiridoid
derivatives. Unlike the antioxidant effect of the phenolic
compounds mentioned above, trans-cinnamic acid showed prooxidant activity. A decrease of 1 h with respect to the IT of the
control sample was observed at 320 mg/kg, whereas p-HPEAEDA also had similar behavior at lower concentrations. The

methylated form of 3,4-DHPEA-EDA demonstrated a considerable contribution to oxidative stability, taking into account the
concentration range it was evaluated in.
The regression curve values of standard phenols with a good
correlation coefficient (r2) of >0.90 and the regression curve
values of the isolated phenolic compounds are shown in Table
6. A positive linear trend between the IT and the concentration
of antioxidant with a good correlation coefficient and higher
slope could be established for some phenolic compounds. Gallic
acid, hydroxytyrosol, caffeic acid, 3,4-DHPEA-EDA, and
luteolin showed the highest slopes, indicating a significant
increase in the IT at different concentrations. However, the
regression coefficients obtained for hydroxytyrosol, gallic,
o-coumaric, and homovanillic acids, and luteolin 7-O-glucoside
were fitted to a second-order polynomial equation.
Effect of Mixing Antioxidants. Considering the results of
the individual antioxidant activities, it was of interest to study
the possible synergistic effect of some phenolic compounds
(Figure 5). It was observed that 3,4-DHPEA-EDA produced
increases of 0.8 and 2.6 h in relation to the control (average )
2.7 h, Table 3) at 200 and 400 mg/kg of oil, respectively. With
respect to hydroxytyrosol, it was shown that this phenolic
alcohol possessed the highest antioxidant power compared with
the rest of the phenolic compounds evaluated. Moreover, it is
of special interest to notice that a synergistic effect was not
observed when hydroxytyrosol was added in combination with
3,4-DHPEA-EDA. The antioxidant effectiveness was similar
when hydroxytyrosol was tested at 200 mg/kg of oil and when
the phenolic compound mixture, 3,4-DHPEA-EDA plus hydroxytyrosol, was added at a total concentration of 400 mg/kg
of oil. The same effect was observed for hydroxytyrosol at 400
mg/kg of oil and for the combined 3,4-DHPEA-EDA plus
hydroxytyrosol solution at 800 mg/kg of oil. With regard to
caffeic acid, the antioxidant activity was remarkable at the two
concentrations (200 and 400 mg/kg of oil), and a positive
synergistic effect was observed in combination with 3,4DHPEA-EDA. The flavonoid luteolin in combination with 3,4DHPEA-EDA showed a synergistic effect at a concentration of
400 mg/kg of oil, reaching a higher experimental increase in
oxidative stability with the phenolic compound mixture than

Figure 5. Effect of 3,4-DHPEA-EDA (EDA) and different phenolic compounds on the oxidative stability of refined olive oil matrix (ROO) at two concentrations.
Values represent the mean of two replicates of two sets of experiments. OH-Tyr, hydroxytyrosol; CFA, caffeic acid; LUT, luteolin; APG, apigenin; LIG,
lignans; OLE, oleuropein. Concentration [a] ) 200 mg/kg of oil; concentration [b] ) 400 mg/kg of oil.
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Table 7. Effect on the Bitter Index (BI) of the Individual Phenols
Added to Refined Olive Oila
phenolic compound addition
phenolic compound

50 mg/
kg of oil

100 mg/
kg of oil

200 mg/
kg of oil

hydroxytyrosol
tyrosol
vanillin
oleuropein
3,4-DHPEA-AC
3,4-DHPEA-EDA
p-HPEA-EDA
3,4-DHPEA-EA
ME 3,4-DHPEA-EA
lignans

1.76
1.72
1.02
1.03
0.95
1.11
2.78
1.37
2.29
1.14

2.25
3.46
1.29
1.14
1.16
2.17
5.66
1.42
3.44
1.60

4.24
5.77
1.37
2.24
1.37
2.35
7.57
3.54
8.57
2.10

a

Bitter index of sample BIs/bitter index of control BIs (BI value of the control
equal to 1.00 corresponds to the mean value of the bitter index ) 0.014). Values
represent the mean of two replicates of two sets of experiments.

that obtained with the theoretical sum of individual increases
given by each phenolic compound. On the contrary, the resulting
data for apigenin were not significant in relation to the oxidative
stability of refined olive oil. Even at high concentrations, the
antioxidant activity was not effective.
Lignans (1-acetoxypinoresinol and pinoresinol) and oleuropein provided a slight increase in the oxidative stability with
respect to the control sample at concentrations of 200 and 400
mg/kg of oil. In addition, the phenolic compound mixtures with
3,4-DHPEA-EDA at the lowest concentrations had a synergistic
effect. A higher increase in oxidative stability was observed
than that resulting from the sum of the individual increments
produced by lignans and oleuropein at 200 mg/kg of oil.
Bitter Index (K225). The bitter index (K225), an analytical
determination to evaluate the bitter taste, is an important index
to take into account because sensory quality plays a vital role
in orientating the preference of consumers. To evaluate the effect
of the enrichment on the sensory attributes of the lipid matrix,
it was of interest to evaluate the bitter index of ROO with the
addition of some selected phenolic compounds. The resulting
data (Table 7) showed that the bitter index increased mainly
with the enrichment with secoiridoid derivatives in the following
order: the methylated form of 3,4-DHPEA-EA > p-HPEAEDA > tyrosol > hydroxytyrosol > 3,4-DHPEA-EA. Although
there is no clear or established limit, experience has shown that
K225 values of the order of g0.360 correspond to quite bitter
oils, which are rejected by many consumers (22). The values
reached in the bitter index of the ROO with the phenolic
enrichment in the concentrations used in this study were much
lower than this value. In relation to the chemical structure of
the phenols, the highest effect on the bitter index was found
with ligstroside derivatives, such as p-HPEA-EDA, bearing only
one hydroxyl substituent. The phenolic compounds that possess
a 3,4-dihydroxyl structure linked to an aromatic ring showed a
lower effect, excluding the methylated form of 3,4-DHPEAEA, with a carboxymethyl group in the C9-position of the
oleuropein aglycone structure, which supposed an important
effect on the bitter index.
As consequence of the results, higher antioxidant activities
were found with phenolic compounds that possess 3,4-dihydroxyl and 3,4,5-trihydroxy structures linked to an aromatic ring
(oleuropein, 3,4-DHPEA-EDA, and the methylated form of 3,4DHPEA-EA) that conferred to the moiety a higher proton
dislocation, thus facilitating the scavenging activity. The antioxidant activity among secoiridoid derivatives varies depending
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on the elenolic acid structure, whether it is open (dialdehydic
form) or closed (aldehydic form). Therefore, 3,4-DHPEA-EDA,
which bears a dialdehydic form of elenolic acid linked to
hydroxytyrosol, exhibited a higher antioxidant activity than 3,4
DHPEA-EA (closed ring, aldehydic form) toward lipid matrix
oxidation.
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ENHANCEMENT IN THE OXIDATIVE STABILITY OF EXTRA VIRGIN OLIVE
OIL MATRICES BY THE ADDITION OF PHENOLIC COMPOUNDS
Luz S Artajo, M Paz Romero, and M José Motilva
Abstract:
The study of the antioxidant effects of biophenolic compounds is supported by the current interest in
natural products and the on-going replacement of synthetic antioxidants by natural antioxidants from
plant sources. This research was focused on the enrichment of olive oil matrices with individual
compounds from the phenolic fraction of virgin olive oil, and the evaluation of its antioxidant capacity in
order to discover possible functional applications in food. Two commercial extra virgin olive oil matrices
(EVOO) from Arbequina and Morrut cultivars were used to perform the antioxidants assays through
enrichment with different phenolics. They differed in their percentages of saturated, monounsaturated
and polyunsaturated fatty acid content. Diverse concentrations of individual phenolic compounds
(commercial standards and isolated from virgin olive oil by semipreparative HPLC) were added to the
lipid matrices, and the antioxidant activity (AA), expressed as oxidative stability in hours, was
determined. Regression analysis was carried out to evaluate the correlation between the induction time
(IT) (hours) and the enrichment concentration of individual phenols. A positive linear trend was
established between IT and the concentration of phenol with a good correlation coefficient (r2 ≥ 0.90)
and higher slope for gallic acid and luteolin compounds.
Keywords: Phenolic Compounds, Antioxidant Activity, Oxidative Stability, Virgin Olive Oil

Introduction

significantly retards oxidation of that substrate
[5]

Phenolic compounds, as a diverse range of
secondary metabolites from the shikimate
pathway and phenylpropanoid metabolism,
play an important role on human health.
Interest in phenolic compounds has been
increased during last years since they have
potential antioxidant activity and potential
effects
against
degenerative
illness.
Polyphenols are significant in olive fruit
because of their wide range of biochemical and
pharmaceutical
effects
such
as
anticarcinogenic,
antiatherogenic
and
antimicrobial [1-3]. Some authors have
estimated their contribution to the increase of
oil stability close to 30% in terms of induction
time [4].

Fruits and vegetables are important sources of
antioxidants such a polyphenols [6]. A
polyphenol must delay, retard or prevent the
autoxidation or free radical-mediated oxidation
to be considered antioxidant. Therefore, the
resulting radical formed after scavenging must
be stable through intramolecular hydrogen
bonding on further oxidation [7].

Free radicals are formed as natural byproducts when the human body converts
oxygen
into
energy.
However,
their
overproduction as well as the exposure to
various
environmental
factors
such
as
pollution, smoke and pesticides causes
damage to the body. This process, known as
oxidation, causes harm to cells and can
contribute to any number of debilitating
diseases, including cancer and heart disease.
Antioxidants prevent oxidation from happening
and could be considered substances that,
when present at low concentrations, compared
with those of an oxidizable substrate,

On the other hand, the study of antioxidant
effects
of
biophenolic
compounds
was
supported with the current interest in natural
products and the continuously replacing of
synthetic antioxidants by natural antioxidants
from plant sources as well as the screening of
raw materials to identify new antioxidants [810]. The effectiveness as antioxidants is
demonstrated
by
structure–activity
relationships [11]. Enrichment of processed
food with polyphenols protects against
oxidation and has better keeping quality
because formation of toxic oxidation products,
like cholesterol oxides, is being prevented
such enrichment also benefits human health.
Both of these benefits, however, hinge on the
availability of the phenolic substances [12].
Olives and olive oil, in particular extra virgin
olive oil, contain a variety of bioactive
compounds considered to be potentially
beneficial to health. There are consistent
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evidences regarding the health-beneficial
properties (protection against cardiovascular
diseases and cancer) of the virgin olive oil. The
responsible for such beneficial properties are
both an adequate fatty acid profile and the
presence of antioxidants such as the phenolic
compounds. The most important phenolic
compound is the antioxidant hydroxytyrosol
which has been widely studied demonstrating
its health-beneficial properties as well as its
good bioavailability [13].
Studies have shown the biological antioxidant
effects of the olive phenols through in vitro,
rat and human studies. In vitro, the phenols
inhibited LDL oxidation, leukocyte activation,
superoxide anion production, and the enzyme
glutathione-S-transferase.
It
has
been
suggested
that
water-soluble
olive
oil
polyphenols might be a good candidate as a
functional food ingredient in the future,
potentially influencing the development of
cardiovascular
disease,
cancer
and
inflammatory reactions. In that sense,
functional foods are foods or dietary
components that may provide a health benefit
beyond basic nutrition [14].
In addition, the synergism effect between
diverse natural antioxidants has been studied.
Polyphenols and α-tocopherol influence the
stability of some food systems, it can be
described as an effect of regeneration of the
more-active by the less-active antioxidant.
The synergism between ascorbate and the
tocopherols rather depends on the phase
distribution of the two types of antioxidants.
When a better understanding of the
mechanism behind antioxidant synergism is
available, protective systems based on such
an understanding will probably be developed.
The use of green tea extract in meat systems
may present a breakthrough in exploitation of
synergism between nutrient and non-nutrient
antioxidants [15]. The use of plant material
and plant extracts, as food ingredients will go
beyond antioxidative effects. The “green
revolution” for the food ingredients industry is
to modify plants to produce molecules that
combine emulsifying and/or thickening effects
with antioxidative and antimicrobial effects.
In this study, the enrichment of Extra Virgin
Olive Oil with different polyphenols was
evaluated trough the antioxidant capacity
measured by Rancimat. Individual and
combined phenolic compounds- standards and
isolated- were added to different lipid
matrices. Thus, to develop a potential
functional olive oil.
Materials and Methods
Lipid Matrices. Extra Virgin Olive Oil (EVOO)
from both Arbequina and Morrut cultivars were

used to perform the antioxidant assay.
Samples were collected from olive oil mills
established in the region “Les Garrigues”
(Lleida-Catalonia, Spain). After sampling, olive
oil was filtered through a paper filter Ahlstrom,
d.150mm, dark bottling with nitrogen in head
sace and finally stored at 5ºC

.

Acidity,
peroxide
value
(PV)
and
spectroscopic indices, K270, K232. These
parameters were determined according to the
UE official method [16].
K225 (Bitter index). A C18 column (Waters
Sep-Pack cartridges) was activated with 6 mL
of methanol (6 mL) and then washed with 6
mL of hexane. 1.00±0.01 g of oil dissolved in
4 mL of hexane was passed through the
column. After elution 10 mL of hexane were
passed to eliminate the fat and the retained
compounds were eluted with 25 mL of
methanol/water (1/1). The absorbance was
measured at 225 nm against methanol/water
(1/1) in a 1 cm cuvette.
Fatty acid composition analysis. The fatty
acid composition of the oils was determined by
gas chromatographic (GC) according to the
European
Union
Commission
Modified
Regulation EEC 2568/91) [16].
α-Tocopherol determination. α-Tocopherol
was evaluated by High-Performance LiquidChromatographic with direct injection of an oil
dissolved in hexane. [17].
Phenolic and Pigment Characterization.
Phenolic compounds from olive oil were
extracted as reported by Artajo [18].
The chlorophyll and carotenoid compounds
were evaluated following the HPLC method
reported by Mínguez-Mosquera [19].
Reference Compounds. α-Tocopherol was
used form Sigma-Aldrich Chemical Co. (USA).
Phenolic standards were used without further
purification: apigenin, apigenin 7-O-glucoside,
p-coumaric acid, hydroxytyrosol, luteolin,
luteolin 7-O-glucoside, oleuropein, tyrosol, pHPEA, and vanillin from Extrasynthese (Genay,
France); caffeic acid, o-coumaric acid, ferulic
acid, gallic acid, and vanillic acid from Fluka
Co.
(Buchs,
Swiss),
and
3,4dyhydroxyphenilacetic
acid
(DOPAC),
4hydroxybenzoic acid; homovanillic acid, transCinnamic acid from Sigma-Aldrich Chemical
Co. (USA). Chlorophylls a (No. C-6144 from
algae), chlorophyll b (No. C-5878 from
spinach) and β-carotene (No. C-4582) were
supplied by Sigma (St. Louis, MO).
Isolated
and
Acquired
Compounds.
Secoiridoids derivatives 4-(acetoxyethyl)-1,2dihydroxybenzene
(3,4-DHPEA-AC);
4Hexenoic acid, 4-formyl-3-(2-oxoethyl)-2-(3,4
dihydroxyphenyl) ethyl ester (3,4-DHPEA-
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EDA);
4-Hexenoic
acid,
4-formyl-3-(2oxoethyl) 2-(4-hydroxyphenyl) ethyl ester (pHPEA-EDA); 2H- Pyran-4-acetic acid, 3-formyl
-3,4-dihydro-5-(methoxycarbonyl) -2-methyl2-(4-hydroxyphenyl) ethyl ester (3,4-DHPEAEA);
2H-Pyran-4-acetic-,
3-formyl-3,4dihydroxy-5-(methoxycarbonyl)-2-methyl-2(4-hydroxyphenyl) ethyl ester (p-HPEA-EA)
and methylated form of 3,4-DHPEA-EA were
isolated from EVOO by using semipreparative
method.

column used for HPLC analyses was used in
conjunction with the gradient program
described for routine HPLC. A flow rate of 1
mL/min was used with a split ratio of 20:1
(PDA detector/MS). The photodiode array
detector output was monitored at 280 nm.
Masslynx Data System (Micromass) for
alignment with the mass spectral data. The
mass spectral data were acquired at four
alternating scans from m/z 100 to 700 in 2 s
using both positive and negative ion modes at
cone voltages of 30 V and 70 V.

Pheophytins a and b were obtained from the
respective solutions of chlorophylls by shaking
the ether solution with 2 – 3 drops of 13% HCl
until the green chlorophyll colour changed to
the greyish pheophytin colour (Holden, 1976;
Sievers & Hynninen, 1977). Pheophorbide a
was formed by enzymatic de-esterification of
pheophytin
a
(Hynninen,
1973).
Chlorophyllides a and b were obtained from
the respective solutions of chlorophylls by
enzymatic de-esterification (Jones, Butler,
Gibbs & White, 1972). The enzymatic extract
of chlorophyllase was obtained from Ailanthus
altissima leaves (Terpstra & Lambers, 1983).
Lutein, antheraxanthin, violaxanthin and
neoxanthin were obtained from a pigment
extract of fresh spinach and separated by TLC
on silica gel GF254 (0.2 mm) on 20 x 20 cm
plates using petroleum ether (65 – 95º
C)/acetone/diethylamine (10:4:1, v/v/v) [19].

Evaluation of Antioxidant Activity (AA).
The AA was evaluated according to Rancimat
method (Metrohm, Ltda). A flow of air (20 L/h)
was bubble through the heated oil at 120 ºC
and cold water and Induction Time (IT) were
recorded. Standard and isolated compounds
were prepared in Me-OH/H2O (80:20 v/v) to
the desired concentration in a range of 0.05 to
2.00 mmol/kg oil (μM) and added to a reaction
vessel containing 2.5 g of the lipid matrix and
then the mixtures were homogenized with
vortex. Each analysis was done in duplicate.

High
Performance
Liquid
Chromatographic.
HPLC analyses were
performed using a Waters 600 E pump, a
Waters column heater, a Waters 717 plus
autosampler equipped with a 20 μL loop
injector and a Waters 996 photodiode array
detector. Separation was achieved on a 5 μm,
15 cm x 4.6 mm i.d., Inertsil ODS-3 column
(GL Sciences Inc.) equipped with a 5 μm, 1 cm
x 4.6 mm i.d., Spherisorb S5 ODS-2
precolumn (Technokroma, Barcelona, Spain).
The mobile phases were degassed under
vacuum using continuously sparged with highpurity helium during analysis. Water/acetic
acid (100:02 v/v) was used as solvent A and
methanol as solvent B.
Semipreparative Isolation of Compounds
from Olive Oil.
Phenolics compounds
extracted from olive oil were isolated following
the proceeding reported by Artajo et al [20].
Liquid
Chromatography
Mass
Spectrometry.
Samples
extracts
corresponding to phenolic compounds in
methanol/water (50:50 v/v) were analyzed
using a Waters System (Alliance 2596
Separations Modul, and a Micromass Quattro
II
quadrupole
mass
spectrometer
by
electrospray ionization (ESI). A Inertsil ODS-3
(5 μm, 15 cm x 4.6 mm i.d., GL Sciences Inc.)

Lipid matrices without any added compounds
were analyzed as control samples and the
antioxidant activity was expressed as the
antioxidant activity index: AAI= ITs/ITc,
where ITs is the induction time of a stabilized
sample and ITc is the induction time of a
control sample.
Statistical analysis. Regression analysis was
carried out with the 6.12 version SAS System
package (SAS Institute Inc. Cary, NC, USA) to
evaluate the correlation between the induction
time (hours) and the enrichment concentration
of individual phenolic compounds.
Results and Discussion
Characterization of Lipid Matrices. Adding
antioxidants to food matrices lead to evaluate
the real effect of these compounds and their
possible interaction with other components
naturally occurring in product. Olive oil,
primary source of fat in the Mediterranean diet
is a good matrix to be studied for enrichment
processes, not only as product of direct
consumption but also as part of ingredient of
new
industrial
foodstuffs.
Thus,
characterization of the olive oil matrices
contributes to establish the basis of this study.
Table 1 shows the quality parameters of
Extra Virgin Olive Oil (EVOO) matrices. The
fatty acid compositions of the two extra virgin
olive oil matrices are shown in Table 2. Table
3 and Table 4 show the phenolic and pigment
profile of both EVOO.
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Table 1. Physical - Chemical Profile and Pro-oxidant and Antioxidant Factors. Extra Virgin Olive Oil
(EVOO). [Means Values]
EVOO (Arbequina cultivar)

EVOO (Morrut cultivar)

0.06 ± 0.01

0.05 ± 0.01

QUALITY PARAMETERS
Moisture (%)
Acidity (% oleic acid)

0.11 ± 0.02

0.40 ± 0.08

Peroxide Value (meqO2/kg oil)

6.03 ± 0.95

15.92 ± 1.01

K270

0.07 ± 0.01

0.15 ± 0.02

K232

1.60 ± 0.2

2.84 ± 0.1

Tocopherols (mg/kg oil)

151.49 ± 1.2

149.96 ± 1.4

Total Phenol content (mg/kg oil)

129.37 ± 0.9

178.15 ± 1.1

Chlorophylls

5.40 ± 0.02

6.38 ± 0.02

Carotenoids

5.77 ± 0.3

11.9 ± 0.5

β-Carotenoid

0.93 ± 0.02

1.41 ± 0.02

9.38 ± 0.8
0.160 ± 0.02

5.72 ± 0.4
0.170 ± 0.03

Absorbance en el UV

COMPOSITION

Total Pigments content (mg/kg oil)

OXIDATIVE STABILITY (h)
BITTER INDEX (K225)

Table 2. Fatty Acid Composition of Refined Olive Oil (ROO) and Extra Virgin Olive Oil (EVOO) [Means
Values]
EVOO (Arbequina cultivar)

EVOO (Morrut cultivar)

Palmitic Acid (C16:0)

12.07 ± 0.5

13.51 ± 0.4

Palmitoleic Acid (C16:1)

1.29 ± 0.06

1.11 ± 0.04

Margaroleico Acid (C17:1)

0.20 ± 0.03

0.20 ± 0.01

Stearic Acid (C18:0)

1.84 ± 0.01

2.52 ± 0.03

Oleic acid (C18:1)

74.44 ± 0.6

69.33 ± 0.5

Linoleic acid (C18:2)

8.88 ± 0.3

11.70 ± 0.2

Linolenic acid (C18:3)

0.45 ± 0.02

0.51 ± 0.01

Arachidic acid (C20:0)

0.40 ± 0.01

0.58 ± 0.01

Gadoleic acid (C20:1)

0.37 ± 0.02

0.41 ± 0.03

Behenic acid (C22:0)

0.11 ± 0.02

0.13 ± 0.01

Saturated

14.42 ± 0.8

16.73 ± 1.1

Mono-unsaturated

76.30 ± 1.5

71.04 ± 1.9

Poly-unsaturated

9.33 ± 0.9

12.21 ± 1.0

Fatty Acid (%)
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Table 3: Phenolic profile of Extra Virgin Olive Oil (EVOO) from Arbequina and Morrut cultivars Means
Values] N.D= not detected
EVOO
(Arbequina cultivar)

EVOO
(Morrut cultivar)

2.64 ± 0.3

10.36 ± 0.9

Phenolic compound
(mg/kg oil)
Phenolic acids and Derivatives
Hydroxytyrosol
Tyrosol

2.90 ± 0.9

6.04 ± 0.4

Vanillic Acid

0.17 ± 0.03

1.44 ± 0.02

Vanillin

0.22 ± 0.02

0.53 ± 0.02

p- coumaric acid

ND

0.24 ± 0.03

Luteolin

2.40 ± 0.07

1.28 ± 0.03

Apigenin

1.34 ± 0.03

1.38 ± 0.02

3,4-DHPEA-AC

30.12 ± 1.9

2.66 ± 0.06

3,4-DHPEA-EDA

47.84 ± 2.1

43.65 ± 1.7

p-HPEA-EDA

19.33 ± 0.5

26.15 ± 0.8

p –HPEA-EA

3.03 ± 0.02

3.95 ± 0.03

Flavonoids

Secoiridoid Derivatives

3,4-DHPEA-EA

50.71 ± 1.9

75.73 ± 2.3

Methylated form of 3,4 -DHPEA-EA

22.63 ± 0.8

25.08 ± 1.1

38.79 ± 1.3

46.44 ± 1.1

Lignans
Acetoxypinoresinol and pinoresinol

EVOO (Extra Virgin Olive Oil) matrices had a
remarkable difference in peroxide value and
K232 parameter as well as carotenoid content.
Total phenol content gave an important
dissimilarity
between
samples
and
in
consequence the oxidative stability. The fatty
acid profile showed a slight difference in
stearic, oleic and linoleic acids. At the same
time, the α- tocopherol content was similar in
the two extra virgin olive oils.
In extra virgin olive the most abundant
phenolic
compounds
were
secoridoid
derivatives. 3,4-DHPEA-EDA, p-HPEA-EDA, pHPEA-EA, methylated form of 3,4-DHPEA-EA
(maxim absorption at 210 and 280 nm)
followed by lignans (maxim absorption at 230
nm and 280 nm) and 3,4-DHPEA-AC (maxim
absorption at 205 nm and 280 nm) and simple
phenols
such
as
phenolic
alcohols
(hydroxytyrosol and tyrosol) and phenolic
acids
(caffeic,
ferulic,
p-coumaric,
ocoumaric). Flavones aglycones such as luteolin
and apigenin played also an important role.

These compounds have been previously
identified
by
spectrum
characteristics.
Although, methylated form of 3,4-DHPEA-EA
was
recently
found
as
an
important
component present in olive oil [20].
The chemical properties of polyphenols, in
terms of the availability of the phenolic
hydrogens, as hydrogen-donating radical
scavengers, could predict their antioxidant
activity. Free radicals had an unpaired
electron, which they tried to find a matched
for by stealing an electron from another
molecule. Antioxidants cleaned up as possible
by stabilizing the free radicals before damage
occurred by giving up one of their electrons.
Relation between Oxidative Stability and
Antioxidant Compounds. A positive linear
trend between IT and concentration of
antioxidant (Table 5) with a good correlation
coefficient (r2 ≥ 0.90) and higher slope could
be established for some phenolic compounds
evaluated in EVOO matrices at concentration
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range of evaluation. Gallic acid and luteolin
showed the highest slopes in both matrices
from Arbequina and Morrut cultivar, indicating
a significant increase in induction time at
different concentrations. However, 3,4-DHPEA-

EDA did not show a good linear trend as it was
observed on Refined Olive Oil in previous
studies [20].

Table 4. Pigment profile of Extra Virgin Olive Oil (EVOO) from Arbequina and Morrut cultivars [Means
Values± SD] Tr = trace amount N.D= not detected
EVOO
(Arbequina cultivar)

EVOO
(Morrut cultivar)

Feoforbide a

0.02 ± 0.001

Tr

Neoxanten

0.10 ± 0.02

0.03 ± 0.002

Violaxanten

0.12 ± 0.09

0.15 ± 0.02

Luteoxanten

0.09 ± 0.02

0.09 ± 0.01

Anteraxanten

0.11 ± 0.04

0.10 ± 0.03

Mutatoxanten

0.05 ± 0.01

ND

Lutein

1.84 ± 0.1

1.99 ± 0.3

Chlorophyll b

0.10 ± 0.02

ND

B-criptoxanten

0.07 ± 0.01

0.04 ± 0.01

Chlorophyll a

0.02 ± 0.001

ND

Mono-Estherified Violaxanten

0.02 ±

ND

Feofitin b

0.18 ± 0.03

0.08 ± 0.01

Estherified Neoxanten

ND

ND

Feofitin a

2.21 ± 0.3

4.89 ± 0.9

α-tocopherol

0.01 ± 0.001

0.01 ± 0.001

Pigments (mg/kg oil)

Effect of Individual Phenolic Compounds
Addition on Olive Oil Matrices. The
systematic study of the antioxidants on EVOO
makes more understandable the individual
behavior of phenolic compounds against
oxidative process. During recent years the
antioxidant or pro-oxidative effect of natural
antioxidants has been widely studied and it
has been highlighted that many factors
influence their response on lipid matrices. In
general, free radicals have an unpaired
electron, which they try to find a match for by
stealing an electron from something around it.
Antioxidants clean up as many free radicals as
possible by stabilizing the free radicals before
damage occurs by giving up one of their
electrons.
In spite of the fact that wide data on the
importance
of
natural
antioxidants
in
conferring stability towards or protection from
oxidation have been reported [10, 22], the

connection between antioxidant activity and
chemical structure (the position and the
degree of hydroxylation) is has not been
entirely elucidated. Factors such a system of
assay, temperature, pH, and concentration
could be influenced founded results by
researchers [7, 23].
Phenolic antioxidants are primary antioxidants
which act as free-radical terminators. The
position and the degree of hydroxylation are of
primary importance in determining antioxidant
activity and chemical structure could be
criteria to evaluate the activity of polyphenols
in enhancing the Rancimat stability of oils. The
specific mode of inhibition of oxidation by the
individual polyphenols is not clear but they
may act by chelating copper ions via the ortho
dihydroxy phenolic structure scavenging lipid
alcoxyl and peroxyl radicals or by acting as
chain breaking antioxidants, as hydrogen
donors.

Table 5. Model to describe the relationship between oxidative stability (Induction Time) and phenolic
concentrationa
Correlation Parameters

b

EVOO (Extra Virgin Olive Oil, Arbequina cultivar)
Phenolics Acids and Derivatives

a

B

c

r2

Caffeic Acid

10.01

5.57

---

0.985

Gallic Acid

11.33

11.20

---

0.966

9.42

2.67

---

0.991

Flavonoids
Luteolin
Secoiridoids and Derivatives
Oleuropein

9.97

1.65

---

0.809

3,4-DHPEA-EDA

10.04

-2.5 x 10-3

3.00 x 10-5

0.874

Methylated form of 3,4-DHPEA-EA

9.97

3.07

---

0.889

c

r2

EVOO (Extra Virgin Olive Oil, Morrut cultivar)
Phenolics Acids and Derivatives

a

B

Caffeic Acid

6.25

3.62

---

0.988

Gallic Acid

6.90

4.80

---

0.923

5.76

1.06

---

0.963

5.75

2.45

---

0.905

-1.00 x 10-5

0.711

Flavonoids
Luteolin
Secoiridoids and Derivatives
Oleuropein
a
b

3,4-DHPEA-EDA
5.34
7.7 x 10-3
Values represent the mean of two replicates of two set of experiments
Simple regression y = a + bx; Polynomial regression y = a +bx + cx2

Phenolic Alcohols. The antioxidant activity
expressed as AAI of hydroxytyrosol and
tyrosol were evaluated at concentrations from
0.25 to 2.0 µM. Hydroxytyrosol do have a
significant effect in the concentration range.
The introduction of a second hydroxyl group in
the ortho position increases antioxidant
activity; this effect was corroborated with the
AAI maximum values reached (1.76 and 2.36)
in Arbequina and Morrut EVOO respectively.
This is in agreement with the study performed
by Baldioli et al [24,25], considering this
phenolic compound the main ortho-diphenol
occurring in olive fruit and olive oil.
Conversely, tyrosol as a monophenol, was far
less efficient than the polyphenols, which is
reflected in a no significant effect on EVOO
matrices. This agrees with the information
reported by several authors [20,26,27].
The results obtained from phenolic acids were
expected. Gallic acid exhibited the most
antioxidant effect on refined olive oil matrix
[20], while the increment in AAI was more
important in EVOO from Arbequina cultivar.
Caffeic acid was founded to have a very huge
antioxidant activity compared to some of the
other phenolic acids in EVOO matrices; it
might be due to its ortho phenolic condition. In

addition, derivates of cinnamic acid, such as
ferulic and p-coumaric were more active than
hydroxyl derivatives of benzoic such as vanillic
acid and 4-dihydroxybenzoic acid, which
exhibited only a weak antioxidant activity due
to the presence of the CH=CH-COOH [21, 28].
Flavonoids, As can be observed in this study,
luteolin and apigenin present a higher AAI
related to their 7 position glycosilated forms,
this agree with the information reported in
several studies [29-31]. Although, there is,
occasionally,
unpredictable
relationship
between the structure of some flavonoids and
their antioxidant activities.
Secoiridoid and Derivatives. 3,4-DHPEA-EA
has been reported as strong antioxidant in
several lipid systems including oil emulsions.
However, our result showed slight antioxidant
activity. 3,4-DHPEA-EDA is the compound of
especial interest because of its presence as
one of the major secoiridoid antioxidant
compounds in virgin olive oil [32]. This
compound had a positive result as an
antioxidant having evidence that bear two
hydroxyl groups linked to an aromatic ring on
the ortho position. Ligstroside derivative (pHPEA-EA), bearing one hydroxyl substituent,
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had a negative effect on antioxidant activity
evaluated in EVOO matrices from Arbequina
and Morrut cultivars, the antioxidant activity
was lower than 1, having an evidence of its
potency pro-oxidant action. These results are
in agreement with those reported by Morelló
et al [26].

The Antioxidant Activity Index expressed in
terms of Induction Time is shown in Table 6.
This measure could be considered a reliable
evaluation of the susceptibility to oxidative
degeneration and specifies the shelf life of an
olive oil.

Table 6. Antioxidant Activity Index (AAI) of EVOO (Arbequina and Morrut cultivar). Induction Time of
sample ITs / Induction Time of control ITs
PHENOLIC COMPOUND CONCENTRATION
(mmol/kg oil) (μM)
( EVOO Arbequina / EVOO Morrut)
PHENOLIC COMPOUNDS
Phenolic Alcohols

0.00

0.25

0.50

1.00

1.50

2.00

Hydroxytyrosol

1.00

1.11 / 1.23 1.32 / 1.55 1.49 / 1.76 1.70 / 2.11 1.76 / 2.36

Tyrosol

1.00

0.99 / 1.01 1.00 / 1.03 1.02 / 1.06 1.03 / 1.07 1.01/ 1.04

Phenolic Acids and Derivatives

0.00

Vanillic Acid

1.00

1.04 / 0.98 1.02 / 1.00 1.02 / 1.02 1.04 / 1.05 1.05 / 0.98

Homovanillic Acid

1.00

1.02 / 1.05 0.93 /1.00 1.00 / 1.05 0.93 / 1.05 0.93 / 1.05
1.00 / 0.94 1.06 / 0.96 0.99 / 0.4 1.01 / 0.91 0.97 / 0.92

0.25

0.50

1.00

1.50

2.00

Vanillin

1.00

Caffeic Acid

1.00

1.22 / 1.12 1.28 / 1.25 1.56 / 1.48 1.96 / 1.91 2.12 / 2.08

Ferulic Acid

1.00

1.06 / 0.97 1.01 / 0.97 1.04 / 1.08 1.08 / 1.08 1.04 / 1.08

Gallic Acid

1.00

1.47 / 1.34 1.88 / 161 2.65 / 2.21 2.92 / 2.53 3.42 / 2.55

o-coumaric Acid

1.00

0.99 / 1.00 0.98 / 0.96 1.06 / 1.04 1.04 / 1.05 0.98 / 1.06

p-coumaric Acid

1.00

1.00 / 0.98 1.00 / 1.00 1.02 / 1.01 1.03 / 0.98 0.98 / 1.01

DOPAC

1.00

1.05 / 0.99 1.02 / 1.02 1.00 / 1.00 1.01 / 1.05 1.02 / 1.06

4-hidroxybenzoic Acid

1.00

0.97 / 1.07 0.97 / 1.04 0.99 / 1.03 1.01 / 1.09 0.97 / 1.07

trans-cinnamic Acid

1.00

0.96 / 1.05 0.99 / 1.01 0.95 / 1.06 0.85 / 1.03 1.01 / 1.04

Hydrocinnamic Derivative

0.00

Verbascoside

1.00

Flavones

0.00

Luteolin

1.00

1.07 / 1.07 1.08 / 1.13 1.18 / 1.17 1.25 / 1.34 1.36 / 1.36

Apigenin

1.00

1.04 / 0.96 1.02 / 0.97 1.03 / 0.98 1.06 / 1.01 1.02 / 1.00

0.10

0.20

0.30

0.40

0.50

1.03 / 1.04 1.00 / 1.04 1.02 / 1.10 1.00 / 1.13 1.03 / 1.13
0.15

0.30

0.60

0.90

1.20

Luteolin 7-O-glucoside

1.00

1.04 / 1.06 0.97 / 1.05 0.97 / 1.07 1.02 / 1.11 0.96 / 1.05

Apigenin-7-O-glucoside

1.00

0.96 / 0.97 0.97 / 0.99 1.03 / 1.01 0.98 / 0.99 0.94 / 1.02

Secoiridoids and Derivatives

0.00

Oleuropein

1.00
0.00

3,4-DHPEA-AC

1.00
0.00

3,4-DHPEA-EDA

1.00
0.00

0.10

0.15

0.30

0.45

0.60

1.02 / 1.05 1.07 / 1.17 1.06 / 1.20 1.11 / 1.20 1.10 / 1.30
0.20

0.40

0.80

1.20

1.60

1.00 / 1.01 1.01 / 1.11 1.10 / 0.98 1.00 / 1.00 0.93 / 0.99
0.10

0.20

0.40

0.60

0.80

1.07 / 1.17 1.03 / 1.25 1.07 / 1.23 1.09/ 1.22 1.24 / 1.35
0.05

0.10

0.20

0.30

0.40

p-HPEA-EDA

1.00

0.92 / 0.96 0.96 / 0.94 0.99 / 0.92 0.97 / 0.90 0.92 / 0.84

3,4-DHPEA-EA
Methylated form of
3,4-DHPEA-EA

1.00

0.96 / 1.03 0.98 / 1.08 0.99 / 1.08 0.98 / 1.11 0.97 / 1.08

1.00

0.96 / 1.08 1.02 / 1.08 1.06 / 1.10 1.09 / 1.07 1.12 / 1.10

Lignans

0.00

Acetoypinoresinol + pinoresinol

1.00

0.05

0.10

0.20

0.30

0.40

1.05 / 1.00 1.06 / 1.00 1.07 / 1.08 1.11 / 1.10 1.13 / 1.10

CONCLUSIONS
The position and the degree of hydroxylation
are of primary importance in determining
antioxidant activity and chemical structure
could be a criteria to evaluate the activity of
polyphenols in enhancing the Rancimat
stability of oils.
Gallic and caffeic acid had a good linear trend
relationship (r2 ≥ 0.90; high slope) in EVOO
matrices. Luteolin
showed
a
similar
behavior. However, it appeared that the
differences in the oxidative stability of extra
virgin olive related to the addition of phenolic
compounds might be affected by the fatty
acid, α-tocopherol, phenolic and pigment
composition.
In conclusion, a great antioxidant activity
corresponded to 3,4-dihydroxy and 3,4,5trihydroxy structures linked to an aromatic
ring that conferred the moiety
with
a
higher proton dislocation, thus facilitating the
scavenging activity.
ACKNOLEGMENTS
This work was supported by grant AGL200200289 from the “Comisión Interministerial de
Ciencia y Tecnología” (CICYT, Spain) and by
the “Comissió Interdepartamental de Recerca i
Innovació Tecnològica” (CIRIT, Catalonia
Government, European Social Fund).
REFERENCES

6. Antolovich, M.; Bedgood Jr., D.R.; Bishop,
A.G.; Jardine, D.; Prenzler, P.D.; Robards, K.
LC-MS Investigation of Oxidation Products of
Phenolic Antioxidants. J. Agric. Food Chem.
2004, 52, 962-971.
7. Rice-Evans, C.A.; Miller, N.J.; Paganga, G.
Structure-antioxidant activity relationships of
flavonoids and phenolic acids. FREE RADIC.
BIOL. MED. 1996, 20, 933-956.
8. Ka hko nen, M.P.; Hopia, A.I.; Vuorela,
H.J.; Rauha, J.-.; Pihlaja, K.; Kujala, T.S.;
Heinonen, M. Antioxidant activity of plant
extracts containing phenolic compounds. J.
Agric. Food Chem. 1999, 47, 3954-3962.
9. Ryan, D.; Antolovich, M.; Herlt, T.;
Prenzler, P.D.; Lavee, S.; Robards, K.
Identification of phenolic compounds in tissues
of the novel olive cultivar Hardy's Mammoth.
Journal of Agricultural & Food Chemistry
2002, 50, 6716-6724.
10. Briante, R.; Febbraio, F.; Nucci, R.
Antioxidant Properties of Low Molecular Weight
Phenols Present in the Mediterranean Diet. J.
Agric. Food Chem. 2003, 51, 6975-6981.
11. Zhongkai Zhou, Robards, K., Helliwell,
S.,Blanchard, C. The distribution of phenolic
acids in rice. Food Chem. 2004, 87, 401-406.

1. Ryan, D.; Antolovich, M.; Prenzler, P.;
Robards, K.; Lavee, S. Biotransformations of
phenolic compounds in Olea europaea L. Sci.
Hort. 2002, 92, 147-176.

12. Britt, C.; Gomaa, E.A.; Gray, J.I.; Booren,
A.M. Influence of Cherry Tissue on Lipid
Oxidation and Heterocyclic Aromatic Amine
Formation in Ground Beef Patties. J. Agric.
Food Chem. 1998, 46, 4891-4897.

2. Patumi, M.; D'Andria, R.; Marsilio, V.;
Fontanazza, G.; Morelli, G.; Lanza, B. Olive
and olive oil quality after intensive monocone
olive growing (Olea europaea L., cv.
Kalamata) in different irrigation regimes. Food
Chem. 2002, 77, 27-34.

13. Visioli, F.; Romani, A.; Mulinacci, N.;
Zarini, S.; Conte, D.; Vincieri, F.F.; Galli, C.
Antioxidant and other biological activities of
olive mill waste waters. J. Agric. Food Chem.
1999, 47, 3397-3401.

3. Bravo, L. Polyphenols: Chemistry, dietary
sources,
metabolism,
and
nutritional
significance. Nutr. Rev. 1998, 56, 317-333.

14. Galli, C. and Visioli, F. Antioxidant and
other activities of phenolics in olives olive oil,
typical components of the Mediterranean diet.
Lipids 1999, 34, S23-S26.

4. Morello, J.R.; Romero, M.P.; Motilva, M.J.
Effect of the maturation process of the olive
fruit on the phenolic fraction of drupes and oils
from Arbequina, Farga, and Morrut cultivars. J.
Agric. Food Chem. 2004, 52, 6002-6009.

15. Hu, M. and Skibsted, L.H. Kinetics of
reduction
of
ferrylmyoglobin
by
(-)epigallocatechin gallate and green tea extract.
J. Agric. Food Chem. 2002, 50, 2998-3003.

5. Shahidi, F. and Naczk, M. Food phenolics:
sources, chemistry, effects and applications.
Technomic
Publishing
Company,
Inc.:
Lancaster, Pennsylvania, 1995; pp. 331.

16. European Union Commission Regulation
EEC 2568/91 on the characteristics of olive
and olive pomace oils and their analytical
methods. Off. J. Eur. Communities 1991,
L248.

10

17. Romero, M.P.; Tovar, M.J.; Ramo, T.;
Motilva, M.J. Effect of crop season on the
composition of virgin olive oil with protected
designation of origin "Les Garrigues". J. Am.
Oil Chem. Soc. 2003, 80, 423-430.

27. White, P.J. and Xing, Y. Antioxidants from
cereals and legumes, In Natural Antioxidants
Chemistry, Health Effects, and Applications,
AOCS Press; Shahidi, F.: Champaign, Illinois,
1977; pp. 25-63.

18. Artajo, L.S.; Romero, M.P.; Motilva, M.J.
Transfer of phenolic compounds during olive
oil extraction in relation to ripening stage of
the fruit. J. Sc. Food Agric. 2006, 86, 518527.

28. Marinova, E.M. and Yanishlieva, N.V. Effect
of lipid unsaturation on the antioxidative
activity of some phenolic acids. JAOCS, J Am
Oil Chem. Soc. 1994, 71, 427-434.

19. Minguez-Mosquera, M.I.; Rejano-Navarro,
L.; Gandul-Rojas, B.; Sanchez-Gomez, A.H.;
Garrido-Fernandez,
J.
Color-pigment
correlation in virgin olive oil. JAOCS J Am Oil
Chem Soc 1991, 68, 332-336.
20. Artajo, L.-.; Romero, M.-.; Tovar, M.-.;
Motilva, M.-. Effect of irrigation applied to olive
trees (Olea europaea L.) on phenolic
compound transfer during olive oil extraction.
Eur. J. Lipid Sci. Technol. 2006, 108, 19-27.
21. Marinova, E.M. and Yanishlieva, N.V.
Antioxidant activity and mechanism of action
of some phenolic acids at ambient and high
temperatures. Food Chem. 2003, 81, 189197.
22. Moure, A.; Cruz, J.M.; Franco, D.; Manuel
Domínguez, J.; Sineiro, J.; Domínguez, H.;
Núñez, M.J.; Carlos Parajó, J. Natural
antioxidants from residual sources. Food
Chem. 2001, 72, 145-171.
23. Skerget, M.; Kotnik, P.; Hadolin, M.; Hras,
A.R.; Simonic, M.; Knez, Z. Phenols,
proanthocyanidins, flavones and flavonols in
some plant materials and their antioxidant
activities. Food Chem. 2005/2, 89, 191-198.
24. Servili, M. and Montedoro, G. Contribution
of phenolic compounds to virgin olive oil
quality. Eur. J. Lipid Sci. Technol. 2002, 104,
602-613.
25. Montedoro, G.; Servili, M.; Baldioli, M.;
Miniati, E. Simple and hydrolyzable phenolic
compounds in virgin olive oil. 1. Their
extraction, separation, and quantitative and
semiquantitative evaluation by HPLC. J. Agric.
Food Chem. 1992, 40, 1571-1576.
26. Morelló, J.; Romero, M.; Ramo, T.;
Motilva, M. Evaluation of l-phenylalanine
ammonia-lyase activity and phenolic profile in
olive drupe (Olea europaea L.) from fruit
setting period to harvesting time. Plant Sci
2005, 168, 65-72.

29. Das, N.P. and Pereira, T.A. Effects of
flavonoids on thermal autoxidation of palm oil.
Structure-activity relationships. JAOCS J. Am.
Oil Chem. Soc. 1990, 67, 255-258.
30. Shahidi, F. and Wanasundara, P.K.
Phenolic antioxidants. Crit. Rev. Food Sci.
Nutr. 1992, 32, 67-103.
31. Cuppet, S.; Schnepf, M.; Hall III, C.
Natural antioxidants- Are they a reality? In
Natural Antioxidants Chemistry, Health Effects,
and Applications, AOCS Press; Shahidi, F.:
Champaig, Illinois, 1997; pp. 12-24.
32. Paiva-Martins, F. and Gordon, M.H.
Isolation
and
characterization
of
the
antioxidant
component
3,4dihydroxyphenylethyl
4-formyl-3formylmethyl-4-hexenoate from olive (Olea
europaea) leaves. J. Agric. Food Chem. 2001,
49, 4214-4219.

2.6 ANALYSIS OF FLAXSEED (Linum usitatissimum)
PHENOLIC COMPOUNDS

Journal of the American Oil Chemists´Society. Submitted
Objective 3

1

Submitted
Journal of American Oil Chemists’s Society
__________________________________________________________________________

Analysis of Flaxseed (Linum usitatissimum) Phenolic Compounds
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Abstract:
Defatting the seeds before the phenolic extraction did not improve or worsen the total phenolic
compounds of an ethanolic extract hydrolyzed or not. The most widely used extraction method in the
literature was a 15h single extraction in aqueous methanol or dioxane. Results showed that a triple
extraction (2 min) with an electric homogenizer yielded twice the total phenolics obtained from a single
15 h stirred extraction. Literature shows that flaxseed phenolics are integrated in a complex matrix and
must be hydrolyzed for analysis. HPLC analysis and total phenolic assays showed that NaOH hydrolysis
was an important step of any flaxseed phenolic compound analysis. However, acid hydrolysis decreased
the total phenolic compound content by about 50%. HPLC showed a decrease in SDG without a
corresponding increase in AHNSEC as reported in literature. Furthermore, acid hydrolysis of standard
SDG resulted in a complex pattern of hydrolysis products that could not be easily quantified when
following methods reported in the literature. HPLC analyses of the alkaline hydrolyzed extract showed
that p-coumaric acid glucoside, ferulic acid glucoside, ferulic acid and SDG were the main phenolic
compounds found in flax and solin seeds.
Keywords: alkaline hydrolysis, acid hydrolysis, flaxseed, solin, Linum usitatissimum, lignans, phenolic
compounds, secoisolariciresinol diglucoside, p-coumaric acid, ferulic acid.
Introduction
Flaxseed (Linum usitatissimum) is an ancient
crop used for fiber (linen), oil (linseed oil) and
food. Currently, there is an increase of the
use of flaxseed in food because of the
nutritional effects of flaxseed on human or
animal health due to high content of ω-3 fatty
acid, fiber and lignans (1).
Phenolic compounds are one of the main
classes of secondary metabolites derived from
phenylalanine (most plants) or tyrosine. The
occurrence of this complex group of
substances in plants is extremely variable,
ranging from simple phenolic molecules to
highly polymerized compounds with molecular
weights of greater than 30,000 Da. Simple
phenolic compounds have relatively low
molecular weights and are soluble in water.
Their degree of hydroxylation, glycosylation or
acylation might vary influencing their solubility
in organic solvents. Some phenolics can also
be
linked
to
cell
wall
components
(polysaccharides, lignin).
Flaxseeds
most
well-known
phenolic
compound is its lignan, secoisolariciresinol
diglucoside
(SDG)
which
has
both
phytoestrogenic and antioxidant properties.
The health potential of SDG being significant,
a process to extract significant quantities of
pure SDG and cinnamic acid derivatives from
flaxseed has been developed (2). This work
showed that flaxseed phenolics, including
SDG, were not free but bound by ester and
glycosidic bounds. Later study suggested that
flax lignans were composed of a straight chain
formed of five SDG molecules connected by

four molecules of 3-hydroxy-3-methyl glutaric
acid (3).
Additional research showed that
there were in fact two optical active SDG
molecules; the main SDG isomer being
[2R, 2’R] -2,3-bis[(4-hydroxy-3methoxyphenyl)-methyl]-1,4-butanediyl-bis-βglucopyranoside whereas the minor SDG
stereoisomer
was
[2R, 2’S] -2,3-bis[(4hydroxy-3-methoxyphenyl)-methyl]-1,4butanediyl-bis-β-glucopyranoside (4).
It has been reported that the quantification of
the bound phenolic acids in seeds could not be
accomplished; no solvolytic method could
release all the bound phenolics, as a result
total phenolics were always underestimated
(5).
Extraction methods, performed with various
organic solvents, followed by a variety of
hydrolysis treatments (acidic or alkali) have
been reported showing dissimilarities in the
qualitative and quantitative analyses of
flaxseed phenolics. Various organic solvent
mixtures have been used to extract SDG (1,4dioxane-ethanol,
aqueous
ethanol
or
methanol). It has been shown that aqueous
aliphatic alcohol solutions were the best
solvent to extract SDG from flaxseed when
compared to dioxane solvent mixtures (2, 6).
Extracting
flaxseed
with
acetone:methanol:water
(7:7:6,
v/v/v)
followed by first an alkaline hydrolysis (4N
NaOH for 4 h) and then an extraction with
diethylether:ethyl-acetate:tretrahydrofuran
(1:1:1, v/v/v) showed that trans-ferulic acid
was the main phenolic acid; minor quantities
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of trans-sinapic acid and trans-p-coumaric and
trans-caffeic acid were also found (7).
Hydrolytic conditions are also important to
properly
measure
the
bound
phenolic
compounds.
Mild alkaline hydrolysis (2M
NaOH for 2h at 37oC) was used to hydrolyze
ester links (8). However, chlorogenic acid (5O-caffeoyl-quinic acid) was not found in the
hydrolyzed extracts due to the hydrolysis of
the ester binding of quinic and caffeic acids.
Moreover,
caffeic
acid
(3,4-dihydroxycinnamic) might be underestimated because of
the oxidation of the o-dihydroxycinnamyl
group, unstable in alkaline condition (9, 10).
Johnsson et al. (11) submitted ground
defatted flaxseed to an ethanol-dioxane
extraction followed by an alkaline hydrolysis
and isolated two phenolic glycosides. After
LC-MS and two dimensional NMR studies of
the purified phenolic glycosides, they were
identified
as
4-O-β-D-glucopyranosyl-pcoumaric acid and 4-O-β-D-gluco-pyranosylferulic acid.
These results agreed with the data reported by
Westcott et al (12) using a 75% aqueous
methanol extract but disagree with an earlier
study (13). It was suspected that in this early
study (13), an interpretation error was made
in the reading of the C13 spectral data leading
to a misidentification of the isolated
compound.
Acidic hydrolyses using HCl at
high temperature are also reported. Defatted
flaxseed treated with a mixture of ethanol:
water:12 M HCL (2:2.5:0.5, v/v/v/) under
reflux
and
analyzed
by
HPLC
with
coulombimetric
detection
showed
that
matairesinol was present in the extract (14).
The authors also reported the presence of
another
unknown
compound
exhibiting
coulombimetric (current-voltage) characteristic
similar to matairesinol, unfortunately, due to
lack of standards they were unable to identify
it. This unknown had a peak height 55 times
higher than the identified matairesinol peak,
suggesting that matairesinol was present in
trace amount compare to this unknown.
Charlet et al. (15) suggested that in hot acidic
conditions (2M HCL at 100oC) SDG was
hydrolyzed to its aglycone secoisolariciresinol
(SECO) and then further degraded into
anhydrosecoisolariciresinol (ANHSEC). Charlet
et al. (15) used the measure of ANHSEC to
estimate the SDG content of some flax organs.
Unfortunately, no comparison with flaxseed
SDG results from known content was reported.
Although there are numerous publications
dealing with flax phenolics there are still many
unknowns regarding the qualitative and
quantitative analyses of these compounds.
Each reported method was different and due
to the lack of standards lack of comparison to
existing methods and an over-emphasis in the
literature on detecting traces of known
phenolics rather than properly quantitating the
major compounds.
This paper focused on

dealing with the comparison of the various
methods used in flax phenolic analyses and on
evaluating the transferability of methods used
for the analyses of phenolics in other plant
matrices to flaxseeds.
Materials and Methods
Material:
Flax and solin seeds were obtained from the
Canadian Grain Commission Harvest survey.
Flax (cv. Vimy) and Solin (cv. Linola 2047)
samples were from a single batch of seeds
used for all experiments.
Caffeic acid (>99%), tannic acid and FolinCiocalteu’s reagent were purchased from
Sigma-Aldrich (Mississauga, ON, Canada).
Secoisolariciresinol diglucoside was purchased
from ChromaDex (Santa Ana, CA, USA).
Methods:
Before extraction, all seed samples were
ground using a ZM 200 Retsch mill (Retsch,
Germany) with a 1mm sieve.
Seed defatting
Ground seeds (flax and Solin seeds) were
defatted by shaking seeds (3 g) in petroleum
ether (50 mL) for 30 min in Butt-tubes with 3
ball-bearings. The extract was filtered and the
solid extract desolventized under high vacuum
for 30 min. Petroleum ether was removed
from the oil by rotary evaporation followed by
high vacuum for 30 min.
Phenolic extraction from whole seeds
Ground seed samples (flax and Solin seeds)
were extracted with 80% aqueous ethanol
containing 400 mg/L sodium metabisulfite (16)
using one of three methods: (A) stirring for 15
h in the extraction solvent (30 mL/g of seed),
(B)
triple
extraction
with
an
electric
homogenizer
(10 mL/g
of
seed
and
extraction), or (C) triple extraction with vortex
mixing (10 mL/g of seed and extraction).
Extracts were clarified by centrifugation (3 min
at 1500 x g), pooled (methods B and C) and
concentrated to dryness by rotary evaporation
(30oC water bath). The dried extract was
resuspended in methanol (2 mL/g of seed
extracted)
using
sonication.
These
suspensions, called ethanol extracts, were
o
stored at -20 C and were thoroughly resuspended prior to sampling for further
experimentation.
Total phenolics were
measured by colorimetric Folin method (17)
immediately after extraction.
Phenolic extraction from defatted seeds
The ground defatted samples were extracted
using the extraction method B, a triple
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extraction
described.

with

electric

homogenizer,

as

Phenolic extraction from oil
Oils were extracted prior to Folin assay. Oil (2
g) was dissolved in 10 mL hexane and
extracted three times with aqueous methanol
(60%) using a separatory funnel according to
the method reported by Morelló et al (18)
using a smaller oil quantity (2 g instead of
45 g) while keeping the sample/solvent ratio
identical. Extracts were pooled and adjusted
to 25 mL in a volumetric flask using deionized
water. Total phenolics in the extracts were
measured using the Folin method.

mm, 5 µm particle size) (GL Sciences, Japan)
coupled with an Inertsil ODS2 guard column
(4.6 mm × 7.5 mm, 5 µm particle size)
(Alltech, PA, USA). The mobile phase
components were acetonitrile (A) and 2%
aqueous acetic acid (B). Phenolics were eluted
using a linear gradient, from 5% A to 66.5% A
over 30 min at 1 mL/min. The elution program
also contained a cleaning step using 100%
acetone at 1 mL/min for 10 min, followed by a
10 min re-equilibration to initial gradient
conditions. Excitation/emission spectra of
phenolic standards were obtained from 100 µM
solutions in 5% aqueous methanol using an
Agilent 1100 series fluorescence detector in
stopped flow mode.

Alkaline hydrolysis
Ethanol extracts (0.5 mL) were placed in glass
test tubes and the solvent was removed under
nitrogen prior to sodium hydroxide (1 mL, 2 to
10 M) being added to each tube.
After
incubation (8 to 72 h), hydrochloric acid (300
µL, 6 M) was added to stop the alkaline
hydrolysis. Hydrolysates were filtered through
a 0.45 µm syringe tip filter and immediately
Total phenolics were
placed at -20oC.
measured by Folin assay on the same day.
Acid hydrolysis
Ethanol extracts (0.5 mL) were placed in glass
test tubes and the solvent removed under
nitrogen gas. Hydrochloric acid (1 mL, 2 M)
was added to each tube and incubated at 95oC
for 1.5 and 2.5 h. Hydrolysates were filtered
through a 0.45 µm syringe tip filter and placed
at -20oC immediately. Samples were analyzed
by Folin assay on the same day.
Measure of total phenolics by Folin assay
The Folin assay was performed by combining
deionized water (7 mL), sample (50 µL) or oil
extract (1 mL) and Folin-Ciocalteu’s reagent
(0.5 mL) in a 10 mL volumetric flask. Each
sample was mixed and allowed to stand for 3
min before addition of saturated sodium
carbonate (1 mL) and dilution to the mark with
deionized water. Samples were mixed and
placed in the dark for 60 min prior to analysis.
Absorbance at 725 nm was determined on a
Cary Biospec 100 (Varian Inc., CA, USA).
Unless otherwise indicated, samples were
quantified against a caffeic acid calibration
curve; results were expressed as equivalent
mass of caffeic acid (µg) per gram of seed (or
ppm seed).
HPLC Analysis
Analysis was conducted on an Agilent 1100
series HPLC equipped with a column
thermostat, diode array detector (DAD),
fluorescence detector, a Polymer Labs 2100
evaporative light scattering detector (ELSD)
and an Inertsil ODS3 column (4.6 mm × 250

Results and Discussion
Westcott and Muir (12) suggested that
aliphatic
alcohols
(methanol,
ethanol,
propanol, isopropanol and butanol) in aqueous
solution with a concentration of alcohol higher
than 50% gave superior extraction yields for
phenolic compounds.
They suggested that
methanol was the best suited for the
extraction but ethanol was also very effective
without the safety considerations needed when
large amount of methanol are used. For this
project, all the extractions were performed
with a 80% aqueous ethanol solution
containing 400 mg/L sodium metabisulfite as
antioxidant (16).
Effect of defatting
Methods have been developed to measure
phenolics on defatted seed (2, 12, 19) but
little to none has been done on the effect of
seed de-fatting on the measurement of
phenolic
compounds.
Phenolics
were
extracted from defatted and non defatted
flaxseeds (flaxseed and solin) and total
phenolics were measured (Table 1).
Total
phenol contents of alcohol extracts were
higher in non-defatted seeds than in defatted
seeds (statistically different, 1.3 and 1.14
times higher for flaxseed and solin seed,
respectively) but similar in the ethanol
extracts submitted to alkaline hydrolysis for
flaxseed (p = 0.7544) and 1.13 times higher
for non-defatted solin seed versus defatted
seeds. This experiment showed that overall,
phenolic contents of the defatted were lower
than phenolic content of non-defatted seeds.
The oil contained a small amount of total
phenolics (0.027 and 0.019 mg caffeic acid/kg
of oil for flax and solin oils, respectively)
corresponding to less than 1% of the total
phenolics found in the seed extract (Table 1).
These results suggested that defatting the
seeds did not improve and even reduced the
extraction of the phenolic compounds from
flaxseeds and therefore removing the oil from
the seeds before phenolic extraction was not

4

recommended. Subsequent extractions of the
phenolic compounds from flax and solin seeds

were done on the non-defatted ground seeds.

Table 1. Total phenolic content (mean ± SD, N = 6) of ethanol extracts from defatted and nondefatted seed using different extraction and hydrolysis methods

Extraction
method
Stirring

Vortex

Homogeniz
er

a
b

Total phenolic content (g caffeic acid/kg seed )
Hydrolysi
Flaxseed
Solin seed
s
Non-defatted
Defatted
Non-defatted
Defatted
None
1.94 ± 0.07
---2.79 ± 0.10
---Acida
1.09 ± 0.05
---1.54 ± 0.22
---3.13 ± 0.17
---3.79 ± 0.35
---Alkalineb
None
3.09 ± 0.07
---3.40 ± 0.18
---Acida
1.08 ± 0.11
---1.68 ± 0.09
---Alkalineb
4.02 ± 0.51
---4.57 ± 0.37
---None
3.67 ± 0.12
2.82 ± 0.18
4.00 ± 0.07
3.05 ± 0.31
Acida
1.32 ± 0.02
---1.66 ± 0.06
---Alkalineb
4.87 ± 0.24
4.95 ± 0.56
5.63 ± 0.23
4.99 ± 0.63

2 M hydrochloric acid, 100oC, 1.5 h
2 M sodium hydroxide, 25oC, 24 h

Effect of extraction
Literature usually reported that flax phenolics
are extracted with long stirring times varying
from 1 to 16 h (2, 12, 19). Usually, sequential
extractions allowed higher recoveries of
material than single extractions. Three
physical extraction methods were tested in
order to determine the most efficient method
for the phenolic extraction from non-defatted
seed: (a) single extraction by stirring for 15 h,
(b) triple extraction using a high speed electric
homogenizer and (c) triple extraction using
vortex mixing. The ratio of extraction solvent
volume (80% aqueous ethanol) to seed mass
was kept constant to test the three methods.
Compared to the 15 h single extraction, triple
extraction with homogenizer extracted more of
phenolics than the 15 h stirring extraction,
despite the 15 h extraction time (Table 1)
(1.89 and 1.43 times higher for flax and solin
seeds, respectively for ethanol extracts and
1.56 and 1.49 times higher for flax and solin
seeds, respectively for alkaline extracts).
Triple extraction with vortex mixing yielded
about 1.2 times less phenolics in the ethanol
and alkaline extracts for both flax and solin
seeds than the triple extraction with the
electric homogenizer.
The main factors
identified as potential causes for these
differences were (1) the higher efficiency of a
triple extraction versus a single extraction and
(2) the further particle size reduction due to
the electric homogenizer at each extraction
step. Particle size reduction was likely a lesser
factor due to the aggressive sample grinding
performed before extracting the samples using
the Retch mill. It is likely that the initial
sample grinding being less rigorous, the vortex
extraction efficiency would have been lower.

Each ethanol extract, from the three extraction
methods, was submitted to alkaline hydrolysis
and then analyzed by HPLC (data not shown).
The HPLC profile of the phenolic extracts did
not
show
any
qualitative
difference,
suggesting that the various methods affected
the quantitative analysis of the flaxseed
phenolics but not their qualitative analysis.
Effect of hydrolysis
Flaxseed phenolic compounds are not free but
bound by ester and glycosidic bounds (2),
therefore a hydrolysis step was necessary to
obtain free phenolic acids. Acidic and alkaline
hydrolyses are both reported in the literature
and
both
methods
were
evaluated
quantitatively (total phenolics by Folin assay)
and qualitative (HPLC) on the ethanol extracts.
Total phenolic compounds were higher (p <
0.0001 for flax and solin seeds) in samples
submitted to alkaline hydrolysis than nonhydrolyzed samples (Table 1).
The total phenolic content of the acid
hydrolyzed extracts were lower for both flax
and solin when compared to the total phenolic
contents of the ethanol extracts (p < 0.0001)
and the alkaline extracts (p < 0.0001). The
lower Folin response from acid hydrolyzed
extracts may be attributable to the aglycones
and their degradation products having a lower
response than caffeic acid to the Folin oxidoreduction reaction, or more rampant oxidation
during the acid hydrolysis decreased the
amount of total phenolics measured.
For both hydrolyses, it was important to
optimize the hydrolysis time and temperature,
maximizing the hydrolysis of the ester bounds
to allow solubilsation of phenolics while
minimizing the loss of phenolics.
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there was no significant change in total
The results of the alkaline hydrolyses
phenolic contents (Table 2) whatever the
conducted with various NaOH concentrations
NaOH strength and the incubation time.
over various incubation times suggested that
Table 2: Total phenolic compounds (mean, N = 2) of ethanol extracts from non-defatted flax and solin
seeds submitted to alkaline hydrolysis.
Total phenolic content (g caffeic acid/kg seed)
Variable incubation time
Variable NaOH strength
2 M, room temperature
24 h, room temperature
Time
Flax
Solin
Concentration (M)
Flax
(h)
8
4.23
4.07
2
3.54
16
4.29
4.18
4
3.57
24
4.20
4.35
6
3.13
48
4.23
4.01
8
3.16
72
4.21
4.00
10
3.25
HPLC (Figure 1) suggested a slight effect of
the incubation time on the relative phenolic
compounds analyzed, especially for solin
seeds: maximum peak areas were obtained
after 16 h incubation, but there was no
significant difference between the various
incubation times. The HPLC chromatograms
showed the presence of (a) SDG (20.03 min),
the main phenolic compound found in flax and
solin seeds, (b) ferulic acid (25.33 min) and

Solin
5.10
5.74
4.79
5.43
4.89

two compounds that were identified as pcoumaric acid glycoside (12.78 min) and
ferulic acid glycoside (14.35 min) by their
retention time and their spectral properties.
These results agreed with results presented by
other researchers (11, 12).
Moreover, an
unknown
compound,
probably
another
phenolic acid glycoside eluting at 11.27 min
was also found in both flax and solin seeds.

Figure 1: HPLC chromatogram of phenolic compounds from flax and solin seed ethanol extracts
submitted to alkaline hydrolysis for 4 to 24 h.

Phenolic glycosides have a different redox
potential than their free phenolic counterparts
with conjugated systems generally having a
lower redox potential due to their increased
electron delocalization. The maximum total
phenolic recovery was obtained after 4 h
hydrolysis, no significant degradation was
observed even after 72h incubation. Several
compounds were tested as standards with the
Folin assay, caffeic acid was chosen because
(a) it is the most used compound in the
literature and (b) caffeic acid gave the highest
response when compared to other phenolic
acids of esters (chlorogenic acid) which more
over would be destroyed by alkaline
hydrolysis. Diethyl-ether extraction is used
widely in literature for the extraction of
phenolic compounds from a variety of plant
matrices.
Diethyl-ether extraction was performed on the
NaOH extract, but the Folin assay results
showed very low level of phenolic acids (data
not shown). Phenolic acids were extracted by
the diethyl-ether, however the phenolic
glycosides were not. It has been suggested
that any phenolic acid glycosides, such as pcoumaric glycoside, present in the alkaline
extract, would not be recovered in an organic
solvent mixture containing diethyl-ether, this
solvent only being able to recover phenolic
acids in a free form (20).
HPLC analysis of these samples showed very
poor extraction of the phenolic glycosides,
suggesting that although they were present in
the alkaline hydrolysate, they were too polar
to be extracted by diethyl-ether.
As the
majority of phenolic compounds in flaxseeds
are present as glycosides, it was concluded
that diethyl-ether extraction did not extract a
quantitative
or
even
representative
complement of phenolics and therefore would
be inappropriate for use with flaxseed.
Acid hydrolysis has been used to analyze
phenolics from flaxseeds, usually HCL (1.5 to
2 M) for 1 to 3 h (14, 15). The acid hydrolysis
of the ethanolic extracts showed that whatever
the incubation time, there was a decrease in
total phenolics, suggesting oxidation of the
flax phenolic without any hydrolysis into free
phenolic acid (Table 3). After 1.5 and 2.5h of
incubation about 70% and 80% of the total
phenolics were lost in flax and solin seeds,
respectively.
A standard solution of SDG was submitted to
acid hydrolysis and analyzed by HPLC (figure
2). After 1.5 h treatment, most of the SDG,
from the standard solution, was hydrolyzed

into two compounds with a higher retention
time, i.e. less polar than SDG. Literature (15)
suggested that these products could be the
aglycone secoisolarici-resinol (SECO) and its
degradation
product
anhydrosecoisolariciresinol (ANHSEC).
With the
hydrolysis conditions used in this study,
increasing the hydrolysis time increased the
number of SDG degradation products, making
any quantification difficult.
The HPLC chromatogram of the acid
hydrolyzed ethanol extracts from flax and solin
seeds showed a peak eluting at 10 min,
suggesting a degradation product that was
more polar than SDG degradation product
obtained with the standard solution.
This
compound had also a very high absorption at
280 nm (Figure 2). Several compounds eluted
faster than 15 min making them more polar
than any of the phenolic acid standards tested
(chlorogenic, sinapic, syringic, gentisic, phydroxybenzoic,
o-coumaric,
p-coumaric,
ferulic, caffeic and vanillic acids) in this
experiment. We were unable to identify any of
these compounds. Other minor peaks, with
retention time higher than 15 min, were
identified
as
the
phenolic
acids:
p-hydrobenzoic acid (17.14 min), p-coumaric
acid (23.90 min), sinapic acid (24.90 min) and
ferulic acid (25.38 min).
These compounds have been previously
reported in flaxseed (7, 11, 21). These results
suggested that these phenolic acids were
present as glycosides and were freed by acid
hydrolysis. The number of peaks and the very
low abundances of identified components
(compared to alkaline hydrolysis) observed in
the HPLC chromatograms (Figure 2), coupled
with the poor phenolic yield by acid hydrolysis
(compared to unhydrolyzed and alkaline
hydrolyzed extracts) demonstrated that acid
hydrolysis under harsh conditions such as 2M
HCl at 95oC should not be used to identify or
quantify phenolic compounds in flaxseeds.
This is supported by studies by Nuutila et al.
(22) who reported that phenolic acids where
degraded by acid hydrolysis whatever the
hydrolytic conditions, presence or absence of
antioxidant or incubation temperatures (35
versus 80oC).
Acid hydrolysis is necessary to identify the
phenolic acids since phenolic glycoside
standards are not commercially available and
glycosidic bonds resist alkaline hydrolysis,
however much milder conditions are required,
such
as
using
an
acid
at
catalytic
concentrations
and
ambient
or
lower
temperature.
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Table 3: Total phenolic compounds (mean ± SD, N = 6) of ethanol extracts from non-defatted flax and
solin seeds submitted to acid hydrolysis.

Total phenolic content (g caffeic acid/kg seed ± SD)
Flax
Solin
None
3.67 ± 0.12
4.00 ± 0.07
Acid hydrolysis, 1.5 h
1.76 ± 0.22
2.03 ± 0.15
Acid hydrolysis, 2.5 h
1.40 ± 0.11
1.62 ± 0.15

Figure 2. HPLC chromatogram of phenolic compounds from flax and solin seed ethanol extracts
submitted to acid hydrolysis (2M HCl for 1.5 to 2.5 h). A: p-hydroxybenzoic acid, B: p-coumaric acid,
C: ferulic acid and D: SDG and its degradation products.
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FLAXSEED ANTIOXIDANT SYSTEM
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Abstract:
Flaxseed is grown mostly for industrial processes. Some cultures have used the oil for medicinal
purposes and as a source of edible oil. Flaxseed oil contains the highest level of α-linolenic acid (ALA) in
comparison to the other oilseeds. The recently concern about the main responsible antioxidant system
of both whole and ground flax was the base of this study. The results showed that flax antioxidant
system is a water-soluble system. Hull had no effect on the antioxidant properties of the meal,
suggesting that SDG, mainly present in the hull, was not implicated in the flax antioxidant system. After
alkaline hydrolysis of an ethanol extract, SDG ferulic and p-coumaric acid glycosides were found. Water
extracts of flax meals showed some antioxidant properties but their effect was minimal compared to the
antioxidant properties of the non-extracted meal. This suggested that the main flaxseed antioxidant
system is water-soluble. Flax phenolic compounds were found to have some antioxidant properties but
they are not the main flaxseed antioxidant system.

Keywords: flaxseed, solin, antioxidation, SDG (Secoisolariciresinol diglucoside),
Introduction
For
many
years,
flaxseed
(Linum
usitatissimum) has been used mainly for
industrial purposes to produce paint or
linoleum. However, nowadays, there is an
increase of the use of flaxseed food because of
the nutritional effects of flaxseed on human or
animal health [1-4].
The phenolic content of flaxseed is constituted
for phenolic acids and lignans where SDG
(Secoisolariciresinol diglucoside) is the major
compound [5]. Lignans may have antioxidant
actions and may help protect against certain
cancers.
Flaxseed oil contains the highest
level of α-linolenic acid (ALA) when compare
to the other oilseeds. This fatty acid is an
essential fatty acid with beneficial effects for
heart disease, inflammatory bowel disease and
arthritis. Solin is a form of linum, whose fatty
acid composition has been modified to contain
less than 5% ALA compared to more than
50% in flaxseed oil, producing a light oil
suitable for cooking. Lipid oxidation is
responsible most for flavors deterioration in
high fat content foods. In seeds, several
parameters are implicated in deterioration
(mould, bacteria); in oilseeds this usually
translated as an increase in the oxidation of
the seed lipids. Both whole flax and ground
flax were stable a room temperature for
several days [6,7].

The study involving the flaxseed system
responded to a lately concern about the
mechanism of the stability of samples of both
whole and ground flax.
Materials and Methods
Samples. Flax and solin were obtained from
the Canadian Grain Commission harvest
survey. Dehulled flaxseed and flax hull were
obtained from Natunola Health (Nepean, ON,
Canada). Petroleum ether, acetonitrile, acetic
acid and ethanol (ACS reagent) were
purchased from Fischer Scientific. Commercial
flax oil was purchased from a local health food
store. Aldehyde and peroxide test kits were
purchased from SafTest Inc. (Tempe, AZ,
USA). The Folin-Ciocalteu reagent, ferulic acid
and caffeic acid were purchased from SigmaAldrich (MI, USA). SDG was purchased from
Chromadex (Santa Ana, CA, USA).
Peroxide and Aldehyde Value. Aldehyde
and peroxide values were measured using
SafTest Inc test kits [8]. Oil samples were
diluted with a preparation reagent (peroxidefree iso-propanol) and then mixed with
reagents specific to each assay and incubated
at room temperature. Peroxide values were
determined using the Peroxysafe assay and
aldehyde values are measured using the
Alkalsafe test.

2

Deffating. Cleaned seed samples were ground
in a Retch mill, using a 1 mm sieve. Ground
seed (approximately 4 g per tube) was placed
into stainless steel tubes, with 35 ml organic
solvent (petroleum ether) and three stainless
steel ball bearings (16mm). Tubes were
capped with fluorosilicone stoppers and
shaken for one hour. Samples were filtered
into beakers through Whatman 25 cm folded
filter paper. The extraction was repeated; the
filtrates pooled and then evaporated using a
rotary evaporator at room temperature. The
meals were left at room temperature in the
fume-hood for 12 h to allow complete
evaporation of the solvent. Oils and meals
o

were stored at –18 C until further use.
Sample Reconstitution. Oil was added to the
sample to reconstitute it to 40% oil content.
Briefly, for 1.2 g of meal, 0.8 g of commercial
oil was added (reconstitution to 40% oil
content), petroleum ether was added and the
sample was mixed by manual stirring with a
stainless
steel
spatula
until
complete
evaporation of the petroleum ether. Samples
were stored in open glass jars under
fluorescent light up to 2 weeks. The added oil
was extracted with petroleum ether by mixing
5 ml of petroleum ether with the reconstituted
sample. The mixture was filtered through filter
paper (VWR Scientific Products), the organic
solvent was evaporated under nitrogen and
o

the recovered oil was stored at –20 C until
further analysis.
Extraction of phenolic compounds. Ground
samples (1 g, 0.25g hull) were extracted with
three times with 80% aqueous ethanol (10
mL/g of seed per extraction) containing 400
ppm sodium metabisulfite by triple extraction
using an electric homogenizer. The ethanol
extracts obtained by centrifugation (3 min,
1500g) were concentrated to dryness by
o

rotary evaporation (30 C in a water bath) and
the resulting residue resuspended in methanol
(2 mL/g of seed extracted) by sonication.
o

These suspensions were stored at -20 C and
were thoroughly re-suspended prior to
sampling for further experimentation. Total

phenolics were determined using the Folin
method immediately after extraction.
A portion of the ethanol extract (0.5 mL) was
evaporated to dryness with nitrogen gas and
subjected to alkaline hydrolysis by addition of
1mL sodium hydroxide (2M) at room
temperature for 24 h. The hydrolysis was
terminated with the addition of 0.3 mL
hydrochloric acid (6 M). Hydrolyzed extracts
were also analyzed by HPLC.
Folin-Ciocalteau assay for total phenolics.
The assay was performed by combining 7 mL
of deionized water, 0.5 mL of Folin-Ciocalteu’s
reagent and 50 μL of phenolic extract in a 10
mL volumetric flask. Each sample was mixed
and allowed to stand for three minutes before
addition of 1 mL of saturated sodium
carbonate and dilution to 10.0 mL with
deionized water. Samples were mixed and
placed in the dark for 60 min prior to analysis.
Absorbance at 725 nm was determined on a
Cary Biospec 100 (Varian Inc., CA, USA).
Samples were quantified against a caffeic acid
(≥ 99% purity) calibration curve and the
results expressed as equivalent mass of caffeic
acid (mg) per Kg of sample.
HPLC Analysis. Analysis was conducted on an
Agilent 1100 series HPLC equipped with a
column thermostat, diode array detector
(DAD), fluorescence detector and an Inertsil
ODS3 column (4.6 mm × 250 mm, 5 μm
particle size) (GL Sciences, Japan) coupled
with an Inertsil ODS2 guard column (4.6 mm
× 7.5 mm, 5 μm particle size) (Alltech, PA,
USA). The mobile phase components were
acetonitrile (A) and 2% aqueous acetic acid
(B). The mobile phase program was a linear
gradient from 5% A to 66.5% A over 30 min
at 1 mL/min. The mobile phase program also
contained a cleaning step using 100% acetone
at 1 mL/min for 10 min, followed by a 10 min
re-equilibration to initial gradient conditions.
Calculation and statistical analysis. The
statistical analyses of the results were done
using Origin® 6.0 (Microcal Software Inc.,
Northampton, MA, USA).

Results and Discussion
There is a need in addressing the special
needs of seed oxidation. The amount of
unsaturation in the oil has an important effect
on the oil oxidation; C18:3 fatty acid oxidized
about 50 times faster than C18:2 [9]. To be
able to compare the different matrices, the oil
was removed by cold extraction and the
samples were reconstituted with a known oil
content and composition.
The meals of reconstituted brown and golden
flax and solin samples exhibited very strong
antioxidant effects and there was no real
difference between the three types of flaxseed
(Figure 1). The peroxide content of the oils
decreased during the two weeks storage for

flax, solin and golden flax. Usually, during the
oxidation process of the oil, peroxide and
aldehyde contents of the oil increase since
peroxides are the sources of aldehydes. The
re-extracted oils were not highly oxidized
(peroxide <2 mEq/kg); good quality oils
usually have peroxide values below 2 mEq/kg.
The aldehyde content of the solin oils did not
change during the two week storage, whereas
there was an increase in aldehyde in the oils
from golden flax and flax. There was no
statistical
difference
in
total
phenolic
compounds between solin and flax when
expressed as g of caffeic acid/kg (Table 1).
However, this did not mean that each sample
had the same content in individual phenolic
compounds.

Figure 1. Comparison of flax and solin antioxidant system. All seeds were etracted with petroleum
ether (cold extraction)
The HPLC profiles (Figure 2) of the two types
of flax (brown flax and solin) used in this
oxidation study showed a different phenolic
compound composition, even if the total
phenolic contents were similar (Table 1). The
HPLC chromatogram showed that the peak

areas of p-coumaric and ferulic acids
glycosides were more important than SDG
areas, however, the standard curves showed
that SDG was the main phenolic found in
flaxseed (Table 2). The λmax absorption was
found at 208 nm.
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Table 1. Total phenolic content by Folin-Ciocalteau (mean + SD, n=3) of flax and solin

Figure 2. Phenolic compound analysis. HPLC profile of flax and solin after alkaline hydrolysis (2M NaOH
for 24 h at room temperature).
Solin seed contained more polar phenolic
compounds. Acid and stronger alkaline
treatments were not able to free the phenolic
acids, it was hypothesized that the phenolics
were bound by an ether link to the sugar
moiety.
Phenolic compounds have been shown to be
powerful antioxidants [10]. Flaxseed has been

shown to contain SDG and some phenolic
acids [11]. SDG is mainly found in the hull of
the seeds.
To test if SDG was part of the flaxseed
antioxidant system, hulls and dehulled meals
from two types of flaxseed were reconstituted
with commercial oil and the results are
presented in Figure 3.
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The flax hull was not able to prevent the
oxidation of the commercial flax oil, both
peroxide and aldehyde contents of the oil
increased during the two week storage for
both hull samples. The dehulled meals showed
little to no loss of antioxidant effect; the
peroxide and aldehyde contents of the oils

from the dehulled meals were lower than the
peroxide and aldehyde contents of the flax
meal and seed. This suggested that SDG, pcoumaric acid glycoside and ferulic acid
glycoside might not be implicated in the main
flaxseed antioxidant system as expected.

Table 2. Phenolic composition of hull and dehulled meals of flax, water-extracted meals of flax, solin
and golden flax (all results are expressed in mg/kg of deffated meal)

Figure 3. Comparison of antioxidant system in processed flaxseed. Samples extracted with petroleum
ether (cold) and reconstituted to 40% oil content with commercial flax oil.

As expected, SDG was mainly found in the
hull; p-coumaric acid and ferulic acid
glycosides were found both in the hull and the
dehulled meal (Figure 4, Table 2). The meal
was not completely dehulled, intact seeds and
part of the hull was found in the sample, this
might explain its relatively high content in
SDG. A water extract containing phenolic
compounds was prepared from defatted
flaxseed to see if they had an antioxidant
effect, even if they were not implicated in the
main flaxseed antioxidant system. The waterextracted meal and the water extract showed
different total phenolic content (Table 1) and
composition (Table 2). SDG, p-coumaric acid
glycoside and ferulic acid glycoside were
mainly found in the water-extracted meal with
little of these found in the water extract

(Figure 5). The peroxide and aldehyde
contents of the oil from the water-extracted
meal increased. The results suggested that
watr extract strongly reduced the antioxidant
properties of the flax meals.
Although the water extracts contained low
level of phenolic compounds, an antioxidant
effect was still observed. The peroxide and
aldehyde content of the commercial flax oil
stored in the same condition were doubled the
peroxide and aldehyde contents of the oils
supplemented with the water extracts (Figure
6). There was no relationship, however
between the amount of extract and the
antioxidant effect.

Figure 4. Phenolic compound analysis HPLC profile of flax dulled and dehulled flax meal after alkaline
hydrolysis (2M NaOH for 24h at room temperature).

Figure 5. Phenolic compound analysis, HPLC profile of flax water extract and water extracted flax meal
after
alkaline
hydrolysis
(2M
NaOH
for
24h
at
room
temperature).

Figure 6. Comparison of antioxidant system after water extraction. Samples reconstituted to 40% oil
content with commercial flax oil.

CONCLUSION
The flax antioxidant system appears to be a
water-soluble system. Hull had no effect on
the antioxidant properties of the meal,
suggesting that SDG, mainly present in the
hull, was not involved in the flax antioxidant
system.
After alkaline hydrolysis of an ethanol extract,
SDG ferulic and p-coumaric acid glycosides
were found. Water extracts of flax meals
showed some antioxidant properties but their
effect was minimal compared to the
antioxidant properties of the non-extracted
meal. This suggested that the main flaxseed
antioxidant system is water-soluble.
Flax phenolic compounds were found to have
some antioxidant properties but they are not
the main flaxseed antioxidant system.
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3. GENERAL RESULTS AND DISCUSSION

There is a rapidly growing area of research concerning the isolation and
identification of plant secondary metabolites and their potential effects on
human health. The general purpose of the projects collected in this doctoral
thesis was to highlight the role of phenolic compounds during the olive oil
extraction process at both plant pilot and industrial levels and to investigate
their function as antioxidants in olive oil matrices. This project also investigated
the role of the phenolic fraction of the flaxseed system and their antioxidant
effects.
GENERAL CONTEXT
Previous works performed by the Fats & Oils laboratory group of the University
of Lleida covered different aspects of study including changes in the HPLC
phenolic profile of Arbequina olive oil from trees grown under different deficit
irrigation strategies (Romero et al, 2002) and the activity of L-Phenylalanine
ammonia-lyase (PAL) in developing olive fruit (Tovar et al, 2002). At the same
time, the composition of virgin olive oil with Protected Designation of Origin “Les
Garrigues” in relation to the crop season (Romero et al, 2003) and the influence
of regulated deficit irrigation strategies applied to olive tress on oil composition
during fruit ripening were studied (Motilva et al, 2000). It was concluded that
regulated deficit irrigation applied to Arbequina olive accelerated fruit ripening
and affected fruit and oil composition during the early stages of ripening.
Additionally, the content of secoiridoid derivatives 3,4-DHPEA-EDA, p-HPEA-EDA
and 3,4-DHPEA-EA increased under water stress conditions, whereas vanillin
concentration increased with the increase of the water applied. Lignans content
was lower in the oils from the least irrigated treatments. Therefore, the sensorial
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characteristics and antioxidant capacity were also affected. PAL activity and the
polyphenol and ortho-diphenol content of olive flesh decreased with fruit
ripening and were affected by irrigation. The positive correlation observed
between PAL activity and the phenolic content of olive flesh could evidence that
this enzyme conditioned the phenolics concentration in virgin olive oil.
Subsequently, the effect of freeze injuries in olive fruit on virgin olive oil
compositions and the effect of maturation process of the phenolic fraction of
drupes and oils from Arbequina, Farga and Morrut cultivars were investigated
(Morelló et al, 2003; Morelló et al, 2004a). Some conclusions from these studies
showed an important decrease in the concentration of secoiridoid derivatives
and 3,4-DHPEA-AC, which played a remarkable role in oil stability and sensorial
attributes such as bitter index. Moreover, it can be noted that olive oil from the
last stages olive fruit maturation presented lower levels of antioxidants such as
α-tocopherol and phenol content. Significant differences have been shown in the
phenolic

content

of

olive

drupes,

mainly

hydroytyrosol

and

oleuropein

compounds decreased with the increase of the ripening degree. In addition,
qualitative study of the minor fractions of virgin olive oil demonstrated a
common pattern not depending on growing region and environmental conditions.
Significant quantitative differences were observed in the composition of phenolic
fraction. The most important differences were detected in hydroxytyrosol and
tyrosol content with values higher in oils from Tarragona, probably due to
growing region low altitude (Criado et al, 2004). Changes in commercial virgin
olive oil (cv Arbequina) during 12 months of storage was also studied. There was
a noticeable decrease in the secoiridoid derivatives and 3,4-DHPEA-AC, during
12 month storage after harvesting and lignans were the more stable phenolic
compounds (Morelló et a, 2004b). A first study of the antioxidant activity of olive
pulp and olive oil phenolic compounds of the Arbequina cultivar was performed.
It was concluded that part of the antioxidative effects of phenolics present in
olive pulp and olive oil can be explained by their radical scavenging activity. The
radical scavenging properties of phenolic compounds assessed by the DPPH test
seem to be explanatory factors, but not conclusive for the MeLo and liposome
models (Morelló et al, 2005).
The flaxseed study completes the research projects performed by the Canadian
Grain Commission referred to oilseeds. A method development of analysis of
phenolic fraction in flaxseed and their potential function as antioxidants were the
first approach for the Grain Research Laboratory in this area.
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2.1 PHENOLIC COMPOUNDS DURING OLIVE OIL EXTRACTION ROCESS:
EFFECT OF DIFFERENT TECHNOLOGICAL VARIABLES

Three important premises were considered in this part of study:
1. During the first steps of the oil extraction process the crushing of the olives
produces a rupture of the cellular membranes releasing small drops of oil and
obtaining a multiphasic system called olive paste phase (Ryan et al, 2001).
2. The antioxidant partition into phases is thermodynamically according to their
affinities toward these phases. The proportion of phenolics in the three different
phases (solids, oil, and water) depends on their relative polarities and the
relative amounts of the phases (Rodis et al, 2002).
3. The malaxation is the step in oil extraction that especially modifies their
qualitative and quantitative composition (Montedoro et al, 1992).

It was also taken into account the reports of various authors about the effect of
irrigation factor on virgin olive oil composition. Water stress during a specific
period of the olive cycle, pit hardening and fruit growth, could influence the total
amount of phenolic content as well as its profile. It is generally agreed that the
level of phenolic compounds is higher in oils obtained from drought stressed
crops than in those from irrigated crops, and that phenolic compounds in the oil
are significantly affected by the irrigation regime. (Patumi et al, 2002; Tovar et
al, 2001). Although, a little information is available in relation to transfer of
phenolic compounds during olive oil processing in relation to different variables.

2.1.1. Transfer of phenolic compounds during olive oil extraction at pilot
plant

The first studies of the doctoral thesis were related to the transfer of phenolic
compounds at a pilot plant scale. Different variables during olive oil extraction
were considered: ripening stage of the olive fruit, irrigation applied to olive trees
(Olea europaea L), and addition of natural microtalc (NMT) during malaxation
operation. Extraction of olive oil from olives of Arbequina variety was performed
by using the Abencor system. The transfer and transformations of phenolics
were quantitatively evaluated in all olive matrices. Analytical strategies dealing
with the bioactive phenols in olive matrices were optimized in a first approach
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for the recovery of these compounds. For most phenolics, the general analytical
strategy involved recovery of the phenolic from the sample matrix followed by
separation, identification and quantification. The phenolic fraction of olive paste
and pomace phases were analyzed with a modified extracting method based on
an ethanolic sample preparation followed by a methanolic purification. (Artajo et
al, 2006) and separation by reversed-phase HPCL.

Effect of Ripening Index. Many modifications took place in olive compounds
as a consequence of the maturation process. Further cellular destruction and
mixing of the cellular content during olive oil extraction (crushing and
malaxation) also produced significant changes in the composition of olive
matrices. These transformations included hydrolysis of glycerides by lipases,
hydrolysis of glycosides and oligosaccharides by glucosidases, oxidation of
phenolic compounds by phenoloxidases, and polymerisation of free phenols as
reported by Ryan and Robards (1998). Crushing implied the release of
secoiridoid aglycons such as 3,4-DHPEA-EDA, p-HPEA-EDA and 3,4-DHPEA-EA
due to the hydrolysis of oleuropein, demethyloleuropein and ligstroside. In
addition to secoiridoid aglycons. Phenolic acids (caffeic, vanillic, and pcoumaric),

phenolic

alcohols

(3,4-DHPEA

and

p-HPEA),

lignans

(acetoxypinoresinol and pinoresinol) and flavonoids (luteolin and apigenin) were
detected in olive paste, pomace, wastewater and oil.

The transfer of phenolic compounds during the extracting process was evaluated
using olive fruits at three different stages, from green to black stage,
corresponding to ripening indexes of 2, 5 and 6. The concentration of
hydroxytyrosol and derivatives showed a clear increase trend while increasing
ripening index in olive paste and pomace phases. At the same time, a slightly
decrease in the transfer from olive paste to pomace was observed for the
majority of these phenolic compounds. Detection of an unknown high polarity
compound was observed, probably a degradation product of the hydrolysis of
secoiridoids, which increased its concentration in pomace with the increase of
ripening index. The partition of vanillic and homovanillic acids between solid
phases remained almost constant throughout the three different ripening
indexes.
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Oleuropein, the major phenolic compound in the pulp of many olive cultivars,
was detected at low concentrations in the olive paste phases, suggesting an
early degradation of this compound during crushing leading to the formation of
new derivative compounds. Oleuropein concentration did not follow the expected
decrease with the physiological development of the fruit during the green
maturation phase. Even though, an increased activity of the hydrolytic enzymes
with maturation could have happened. (Ryan et al, 2002; Amiot et al, 1989).
Luteolin was the main flavonoid found in the olive paste, showing an increase
with the raise of maturation index. The content of apigenin ant its glucosilated
form was similar in the solid matrices.

Simple phenolics had comparable behaviours when their partition in liquid
phases (oil and wastewater) was analyzed. A slight increase of hydroxytyrosol
and tyrosol concentrations was observed in the oil phase with the increase of
ripening degree. The transfer from olive paste (raw material) to liquid phases
also increased between sampling. Vanillic remained constant in oil during all
analyses, however, its transfer to liquid phases reached a maximum value in
wastewater at the ripening index of 6. Secoiridoid derivatives, 3,4-DHPEA-EDA,
P-HPEA-EDA, p-HPEA-EA, and, 3,4-DHPEA-AC were detected in both oil and
wasterwater matrices, whereas 3,4-DHPEA-EA was only identified in oil. A great
affinity of 3,4-DHPEA-EDA to wastewater should be remarked. Conversely,
luteolin and apigenin were not transferred to wastewater.

These results emphasise the importance of the ripening index factor to produce
virgin oil of different compositional characteristics. An increase in phenolic
fraction could be obtained when olive fruit with high ripening index (RI of 6) is
processed. It is important to highlight the hydroxytyrosol (3,4-DHPEA) content
in all phases due to its potential antioxidant properties. 3,4-DHPEA-EDA
concentration was also significant in the virgin olive oil obtained from olive fruit
with RI equal to 6. In view of the results of this study, the next step was to
analyze the effect of irrigation treatment on olive oil processing.

Effect of irrigation treatment.

The moisture and fat content in samples from olive fruits with a Ripening Index
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value equal to 5 were analyzed. The differences between moisture and fat
content in the solid phases obtained during olive oil extraction were considered
to observe the behaviour of the phenolic compounds in each phase because of
their hydro-soluble nature and their affinity toward aqueous or oil phases. The
moisture content of olive paste phase in non- irrigation treatment was close to
47.1%, while the irrigated samples had moisture of 61.7%. The pomace phase
presented values of moisture content around 62.5%, higher at irrigated regime.
Fat content of 26.9% was found for olive paste phase in non-irrigated samples.
The pomace obtained from non-irrigated samples reached 13.3% in fat content,
three units higher than the results from samples issued of irrigated strategy.

The olive paste, pomace, olive oil and wastewater extracts obtained from
Arbequina variety during olive oil extraction process presented different phenolic
chromatographic profile. These compounds were classified in groups such as
simple

phenols,

phenolic

acids,

aldehydes,

secoiridoid,

hydrocinnamic

derivatives, secoiridoid derivatives, and flavonoids. The partition of phenolic
compounds between the phases obtained during olive oil extraction process
responded to a transfer and transformation that was observable through all
groups of phenolic compounds found in olive paste, pomace, olive oil and
wastewater.

A high reduction in polyphenolic content was observed in each phase of olive oil
extraction (raw material and all by-products) under irrigation regime compared
to non-irrigated. This is in agreement with results reported by Salas et al (1997)
who found that phenolic concentration is reduced because of the irrigation,
probably as a consequence of water stress produced by water reduction.
Phenolic content from samples of non-irrigated olive fruits were higher than that
of irrigated, with the exception of volatile compound vanillin, that remained
constant in both non-irrigated and irrigated sampling.

Phenolic compounds found in solid phases in non-irrigation and irrigation
sampling included simple phenols, phenolic acids, aldehydes, secoiridoids and
flavonoids. 3,4-DHPEA specie found in olive paste phase in both non-irrigated
and irrigated samples, was probably related to crushing operation, which
allowed the bio-transformation of hydroxytyrosol compound. An unknown peak
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with a 15.75 min of retention time was found. It showed spectral characteristics
similar of those of oleuropein, suggesting a secoiridoid derivative compound. The
origin of this product for catabolic or anabolic processes could be attributed to
the activation of the endogenous β-glycosidases during crushing operation
(Servilli et al, 2004; Ryan et al, 2002). Phenolic derivatives of secoiridoids
compounds have not been identified in olive. Similarly, these compounds were
not found in olive paste during this study. Irrigation treatment affects the
occurrence

of

hydroxytytosol

specie

(simple

phenolic),

oleuropein,

dimethyloleuropein, and verbascoside in paste. Water stress suffered by the
trees could influences the synthesis of phenolic compounds in the fruit and in
the subsequent olive paste obtained from it during crushing operation.

The prevalent phenolic compound found in the Arbequina olive paste phase was
a flavonoid, luteolin, in both non-irrigated and irrigated sampling, followed by
rutin (non-irrigated regime) and luteolin-7-glucoside (irrigated regime). Second
most important group quantitatively was simple phenols with hydroxytyrosol and
hydroxytyrosol specie. This was the first comparative study dealing with phenolic
compounds in olive paste phase from irrigation and non-irrigation treatments.

There were significant differences between antioxidants compounds found in
pomace phase obtained from olive fruits grown under non-irrigated and irrigated
regimes. Luteolin was the major phenolic found in pomace phase. Simple
phenols and flavonoids were the compounds of major interest in this part of the
study. It was important to take into account the vanillin since its concentration
increased in this phase relative to olive paste but remained relatively constant in
non-irrigated and irrigated samples.

Many studies reported the presence of simple phenols such as hydroxytyrosol
3,4-DHPEA) and tyrosol (p-HPEA) in olive fruit. Vanillic acid, vanillin and pcoumaric acid, 4-(acetoxyethyl)-1,2-dihydroxybenzene (3,4-DHPEA-AC) and
lignans have also been found in different olive cultivars. Dialdehydic form of
elenolic acid linked to hydroxytyrosol (3,4-DHPEA-EDA), dialdehydic form of
elenolic acid linked to tyrosol (p-HPEA-EDA), and oleuropein aglycon (3,4DHPEA-EA) were found in previous investigations. Tovar et al (2001) showed
that with an irrigation treatment of Kc=0.85 (crop coefficient), all phenols
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occurring in olive oil at harvest time had lower concentrations as compared with
those in irrigation treatment of Kc=0.25. However, in this study the phenols
concentrations in the irrigation treatment did not reach similar values as those
reported by Tovar et al (2001) likely due to the sampling period.

Oil composition was affected by irrigation treatment, especially polyphenol
content. Oil stability increased with decreased water supply. As it is also known,
phenylalanine

ammonialyase

(PAL,

EC

4.3.1.5)

catalyses

the

reductive

deamination of L-phenylalanine into trans-cinnamic acid. This is the first step of
the biosynthesis of plant phenylpropanoid compounds, which lead to the
formation of lignin, flavonoids and hydroxycinnamic acids. It has been reported
by Tovar et al (2002) that there is a probable correlation between changes in
enzyme activities and changes in levels of phenolic compounds in the oil, the
activity of this enzyme in the fruit varied as a result of changes in water status.

The total phenolic compounds between the phases were negatively affected by
irrigation. The hypothesis that the different water content of the pastes could
imply a different solubilisation of phenols, which are more soluble in water than
in oil (Romero et al, 2002) could be confirmed at the present study due to the
results obtained. This behaviour could not be attributed to a different degree of
Ripening Index since the olive fruit presented the same Ripening Index as other
authors reported (Patumi et al, 2002). Additionally of the results reported by
Romero et al (2002), this study showed that irrigation strategy, with a fixed
percentage of water applied during the whole growth cycle of the olive tree,
affected the transfer from the olive paste to the olive oil during extraction
process.

The results confirm the direct effect of agronomical practices on quality of virgin
olive oil. At this point, it can be concluded that olive fruits from non-irrigated
olive trees with RI equal to 5 have good quality characteristics to obtain virgin
olive oil containing significant amounts of important phenolic compounds such as
simple phenols and secoiridoid derivatives.

To complete the study about partition of phenolic compounds during olive oil
extraction at pilot plant scale, the addition of Natural Micro-Talc was studied as
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an important technological variable.

Effect of the addition of NMT. A similar profile of phenolic compounds in olive
paste and pomace was obtained, including simple phenols, phenolic acids,
aldehydes, secoiridoids and flavonoids.

The addition of the NMT directly influenced the phenolic compound concentration
in oil. Significant increases in the solid phases, olive paste and pomace, was
observed when the co-adjuvant was used. However, tyrosol reached its highest
concentration in pomace obtained without addition of NMT during the extraction
process. Olive oil and wastewater presented a high concentration of secoiridoid
derivatives produced especially during malaxation operation. 3,4-DHPEA-AC was
found in a greater amount in olive oil phase, while hydroxytyrosol, tyrosol and
3,4-DHPEA-EDA

concentrations

were

higher

in

wastewater.

Flavonoids

glycosilated in 7 position were extracted only in wastewater, which was in
agreement with results reported by García et al (2001) in Arbequina and Picual
varieties. In general, phenolic compound concentration in olive oil increased with
the use of NMT, this fact could confirm its positive effect on the phenolic
extraction. However, vanillic acid and vanillin levels remained relatively constant
in this phase. This results suggested that phenolic compounds present in the
wastewater occurred in a higher concentration when the co-adjuvant was added
during process.

In summary, it is possible to affirm that a control of some agronomical practices
on olive trees growing areas such as irrigation treatment and selected picking
could contribute to an enhancement of the phenolic content in all phases during
olive oil processing. Irrigation appeared to be the most significant variable with
effect on simple phenols and secoiridoid derivatives concentrations when
compared with ripening index of olive fruit. In processing, NMT has a remarkable
influence in 3,4-DHPEA-EDA released in the wastewater phase.

2.1.2 Partition of phenolic compounds during industrial olive oil process

The second study dealing with the partition of phenolic compounds was achieved
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with samples from industrial olive oil process. Because of the complexity to scale
the pilot plant conditions to industrial level, a direct study of the phenolic
transfer was performed with a two-phase processing line. In this case,
production period was considered a dependent agronomical variable to assess
the main differences in the phenolic profile as well as in the quantification of the
individual phenolics. In processing, phenolic compounds were evaluated at three
times during malaxation operation.

Hydroxytyrosol and tyrosol, the most important phenolic alcohols occurring in
olives, were detected in significant amounts in the olive paste. Hydroxytyrosol
derivatives and secoiridoid compounds were also found in high quantities.
Oleuropein and ligstroside were the most significant oleosides (secoiridoids
characterised by an exocyclic 8,9-olefinic functionality) occurring in olive paste.
This agreed with the information reported by Ryan et al (2002), who showed
that these two compounds were the most important phenolics found in olive
fruit. Previous studies of extraction systems showed that phenolic content varied
in relation to the extraction methodology (Angerosa & Di Giovacchino, 1996;
Ranalli & Angerosa, 1996). During this first operation, the crushing of the olives
resulted in a breaking down of the cellular membranes releasing small drops of
oil results in a multi-phased system. Crushing is a softer operation in which olive
break determine the release of the oil. It is generally accepted that the crushing
operation is the first step leading to the activation of the endogenous βglucosidases present in the olive fruit. Oleuropein and demethyloleuropein act as
substrates for this enzyme to give asolid stable aglycone product is then formed.
In aqueous system, however, this product could be further degradated into
other products (Limiroli et al, 1995).

After crushing operation some of the native oleosides of olive fruit were present
in olive paste; one of the most important secoiridoid derivatives, 3,4-DHPEAEDA, was detected in a significant concentration, suggesting the beginning of
enzymatic activity. Hydrocinnamic derivative, verbascoside, was also found in
olive paste as expected; its presence has been reported in peel, pulp and seed
matrices (Ryan et al, 1999; Servilli et al, 1999; Brenes et al, 1995; Amiot et al,
1986; Gariboldi et al, 1986). Flavonoids such as luteolin 7-O-G and rutin have
been reported only in olive peel. It was likely that mechanical operation resulted
in the transfer of these compounds to both olive paste and wet pomace phases.
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A lot of studies have shown the presence of the secoiridoid derivatives in olive
oil matrix and wastewater. The presence of these compounds was an indicator of
the degradation pathways of the phenolic oleosides. The degradation of
oleuropein could be performed by two main routes: enzymatic cleavage by
specific esterases or activation of the β-glucosidades. During hydrolysis the
lypophilic compounds (secoiridoid aglycons) are transformed into hydrophilic
substances (hydroxytyrosol and tyrosol) (Brenes et al, 2001). It has been
assumed that some phenolic compounds found in olive oil are naturally occurring
as a result of processing. In the two-phase extraction system water was added
(ranging from 14%-26%) at the end of malaxation step. This could contribute to
a degradation of the oleosides compounds, although the mechanism for the biotransformations in terms of quantity is far from being elucidated completely. The
final products of the different mechanisms proposed in previous works (De Nino
et al, 2000; Bianco et al, 1999) were occurring at a lipidic/water interface, which
results in complicated isomerisations and equilibrium. The antioxidant partition
in the three different phases (wet pomace, oil and wastewater) depended on
their relative affinity toward solid and liquid phases (Artajo et al, 2006; Rodis et
al, 2002).

Differences found between samples infer that the production season time affects
the total phenolic compound content and the phenolic profile of olive paste and
virgin olive oil. 3,4-DHPEA-EDA content, by the far, presented the most
important decrease with the increase of the production period. This could have
implied the decrease in the substrates compounds of olive fruit responsible to
the biosynthesis of secoiridoid derivatives.

In conclusion, it seemed to be relevant to control the production period as a
crucial factor affecting the phenolic composition of all phases during olive oil
extraction. This could help to obtain products with added value, in terms of their
phenolic fraction.

3.2 FUNCTION OF PHENOLIC COMPOUNDS IN OLIVE OIL

Enrichment of Olive Oil with Phenolic Compounds.
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In view of the nature of the analytical challenge to measure the antioxidant
function of natural compounds, several methods can be used. Screening of
bioextracts from matrices played a strategic role in the phytochemical
investigation of olive extracts.
The next affirmation was considered the scientific support for this study.
The chemical properties of phenolic compounds in terms of the availability of the
phenolic hydrogens as hydrogen-donating radical scavengers predicts their
antioxidant activity (Rice-Evans et al, 1996).
The first approach involved the determination of previously identified phenolic
compounds. This study was simplified to the preparation of an extract, HPLC
analysis followed by a determination of the retention time, UV spectral
characteristics, and mass spectral analysis of the phenolic compounds using a
liquid chromatographic-mass spectrometry system when needed, and finally, the
quantification of the phenolic compound. The second step included the
preparation

of

an

extract,

fractionation,

isolation

and

purification.

The

confirmation of structure elucidation of a new compound occurring in olive oil
was also performed.
The addition of phenolics (standards and isolated) to food matrices was the base
of the antioxidant research. Refined (ROO) and two extra virgin olive oils
(EVOO) with different composition profile were used in the study. Individual and
combined phenolic compounds were added to the lipid matrices and the
antioxidant activity was determined trough the oxidative stability using a
Rancimat equipment. This measure of the oxidative stability is a common
practice used at industrial level that report reproducible data and could be
established as quality parameter in oil processing companies.
Results showed that the antioxidative activity depended on the phenolic
concentration and it was closely related to the chemical structure. Higher
antioxidant activities were found with phenolic compounds that posess 3,4
dihydroxyl

and

3,4,5-tryhydroxy

structures

linked

to

an

aromatic

ring

(oleuropein, 3,4-DHPEA-EDA, and the methylated form of 3,4-DHPEA-EA. The
difference found between the effect of the same phenolic on the ROO and EVOO
matrices suggested that some interactions could take place with other
components of the oils such as the initial phenolic and pigment content.
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At this point with this first approach in the research on enrichment of food
matrices, it is important to see if the food industry could be capable of produced
olive oil-enriched products aimed to those seeking healthier food products.

3.3 PHENOLIC COMPOUNDS IN FLAXSEED
It is widely known the occurrence of phenolic compounds in plant foods is
extremely

variable,

ranging

from

simple

phenolic

molecules

to

highly

polymerized compounds. Majority of these compounds have relative low
molecular weights and are soluble in water depending on their polarity and
chemical structure: degree of hydroxylation, glycosylation or acylation.

The next affirmations were considered in this study:

1.

Some

phenolic

compounds

can

be

linked

to

cell

wall

components

(polysaccharides, lignin). Owing to the nature of the ester linkages, these
compounds can be solubilized in alkaline conditions or are otherwise retained in
the fiber matrix. Phenolic compounds in flaxseed occur in association with fibre
in plant cell walls.

2. Extraction of phenolic compounds in flaxseed is usually performed using
organic solvents, acid or alkaline hydrolysis, or combination of these. Alkaline
hydrolysis is mainly used to release secoisolariciresinol diglucoside (Milder et al,
2004).
3.2.1 Method for extracting phenolics
Two forces drove the application of alkaline hydrolysis treatments. Initially,
many phenolics and mainly the phenolic acids exits in a wide range of
conjugated forms and the free phenolic compounds are liberated following
alkaline hydrolysis. Therefore, alkaline conditions have been employed in the
isolation of phenolic acids from different samples including cereals (Andreasen et
al, 2000) and oilseeds (Xu et al, 1997) and medicinal plants (Andrade et al,
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1998) in order to determine bound phenolics. The loss of o-diphenols by
oxidation via the corresponding quinones is a concern under alkaline conditions.
In many cases, an inert atmosphere and addition of an antioxidant stabilizer was
used as a routine precaution due to the poor stability of some phenolic acids in
alkaline room conditions.
The research dealing with the phenolic compounds in flaxseed implied different
analytical strategies. Studies on non-defatted and defatted seeds from flax and
solin were performed to see the differences between samples. The experimental
work

showed that

using non-defatted samples the total

phenolic level

(expressed as g caffeic acid/Kg seed) was higher when compared to deffated
samples. Phenolic content of the oil from seed samples were also analyzed.
Results demonstrated that phenolics are present in low quantities in the oil
phase.
Diverse methods are reported for extracting phenolic in flaxseed. The most
widely used extraction method in the literature was a single 15h stirred
extraction in aqueous ethanol or dioxane. Results demonstrated that rapid triple
extraction for 2 min with an electric homogenizer (Polytron type) yielded twice
the phenolics obtained from a single stirred extraction. Triple extraction was
found to have a much higher effect on yield than the additional particle size
reduction achieved with the polytron. The literature reports that flaxseed
phenolics are incorporated in a complex matrix and must be hydrolyzed for
analysis. HPLC analysis and total phenolic assays showed that alkaline hydrolysis
was an important step of flaxseed phenolic compound analysis.
It was of interest to study the effect of acid hydrolysis on flaxseed. Acid
hydrolysis decreased the total phenolic compound content by about 50%. HPLC
analysis of the acid hydrolyzed extracts showed a decrease in the lignan SDG
without a corresponding increase in AHNSEC as reported in literature (Jonhson
et al, 2002). Furthermore, acid hydrolysis of standard SDG resulted in a complex
pattern of hydrolysis products that could not be easily quantified when following
methods reported in the literature. HPLC analyses showed that p-coumaric acid
glucoside and ferulic acid glucoside were the main phenolic compounds of solin
seed whereas ferulic acid glucoside and SDG were the main phenolic compounds
of flaxseed. Therefore, there was no a completely satisfactory procedure that
was suitable for extraction of all phenolics compounds occurring in flaxseed.
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In conclusion, it appears affirm that solubility of phenolic compounds is
governed by the type of solvent (polarity) used, degree of polymerization, as
well as interaction of phenolics with other food components and formation of
insoluble complexes.
3.2.2

Flaxseed as an antioxidant system

The knowledge that flaxseed contains SDG and flaxseed oil contains the highest
level of α-linolenic acid (ALA) when compare to the other oilseeds, was the
guideline to perform the second study.
Solin (form of linum) contain less than 5% ALA compared to more than 50% in
flaxseed oil; fatty acid composition has been modified to obtain a light and
suitable oil for cooking. Lipid oxidation is responsible most for flavors
deterioration in high fat content foods. Diverse parameters are involved in
deterioration of seeds (mould, bacteria); in oilseeds this usually translated as an
increase in the oxidation of the seed lipids.
Whole flax and ground flax were stable a room temperature for several days
(Malcolmson et al, 2000). Therefore, the study involving the flaxseed system
responded to a lately concern about the mechanism of the stability of samples of
both whole and ground flax
The effect of dehulling on chemical composition and physical properties of
flaxseed has been studied (Oomah & Mazza, 1997). Hull and dehulled samples
were analyzed. The SDG was mainly found in the hull whereas p-coumaric acid
and ferulic acid glycosides were found both in the hull and the dehulled meal.
The meal was not completely dehulled, intact seeds and part of the hull was
found in the sample, this might explain its relatively high content in SDG. A
water extract containing phenolic compounds was prepared from defatted
flaxseed to see its antioxidant effect, even if they were not implicated in the
main flaxseed antioxidant system. The water-extracted meal and the water
extract showed different total phenolic content and composition. SDG, pcoumaric acid glycoside and ferulic acid glycoside were mainly found in the
water-extracted meal with little of these found in the water extract. The
peroxide and aldehyde contents of the oil from the water-extracted meal
increased. Hence, the results suggested that water extract strongly reduced the
antioxidant properties of the flax meals.
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Although the water extracts contained low level of phenolic compounds, an
antioxidant effect was still observed. The peroxide and aldehyde content of the
commercial flax oil stored in the same condition were doubled the peroxide and
aldehyde contents of the oils supplemented with the water extracts. There was
no relationship, however between the amount of extract and the antioxidant
effect.
In summary, more studies involving flaxseed components and its relationships
with oxidation are needed. It could lead to elucidate how non-phenolic
compounds could be responsible for the antioxidant effect.
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CONCLUSIONS
1.

Transfer of phenolic compounds fraction during olive oil extraction
process considering some technological variables.

The results corresponding to the transfer of phenolic compounds during olive oil
extraction demonstrate the existence of this type of compounds in olive fruit,
products and by-products. The identification and quantification of phenolics in
the different olive-derived fractions could lead to the understanding of their role
as antioxidants in these products as well as its further utilization as functional
foods.


Phenolic profiles of olive paste and pomace were found to be
qualitatively similar but quantitatively different in relation to the ripening
stage of the olive fruit.



The newly identified simple phenols detected in olive paste as well as the
high concentration of 3,4-DHPEA-EDA suggested that oleuropein (and
related compounds) are degraded by β-glucosidases during crushing
operation.



An

increase

in

the

ripening

index

implied

an

increase

in

the

hydroxytyrosol concentration found in pomace.


Flavonoids luteolin- 7-glucoside, rutin and luteolin showed a clear trend
to increase with the increase in ripening index in all phases evaluated
(olive paste, pomace, oil and wastewater).



The liquid fractions, olive oil and wastewater were found to be a rich
source of phenols such as 3,4-DHPEA-EDA, 3,4 DHPEA-EA and p-HPEAEDA, p-HPEA-EA and ME 3,4-DHPEA-EDA.



The irrigation applied to olive trees implied a considerable decrease in
the phenolic content of olive paste. The water status of the tree affected
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the phenolic synthesis in the olive fruit, and as a consequence, the
phenolic content of the olive paste.


The most remarkable point of the phenolic partition concerned the
simple phenolics. The higher proportion of them partition into the
pomace in samples from non-irrigated trees. Samples of irrigated trees
showed that simple phenols were lost in the wasterwater phase.



The partition of phenolic compounds during the virgin olive oil industrial
extraction process showed an important effect of the production season
time on the total phenolic compound content as well as the phenolic
profile of olive paste and virgin olive oil.



The molar transfer index showed a minor retention of the secoiridoid
compounds in wet pomace in the last period of the production season.
Despite of the lower phenolic content in the olive oil at the end of the
production period, corresponding to a lower phenolic content in olive
fruit due to the advanced ripening process, a major transference of
secoiridoid derivatives to the virgin olive oil happened.



The qualitative and quantitative data corresponding to the partition of
phenolic compounds between the different phases resulting from olive
processing, provides an approach to understand their formation,
solubility and affinity to liquid or oil matrices.

2.

Investigation of the antioxidant activity of compounds of olive oil
phenolic fraction and their effect of on the bitter sensorial attribute

The systematic study of the addition of phenolic compounds to Refined Olive Oil
(ROO) described the individual behavior of phenolics as natural antioxidants.


There was evidence of protection of the oil matrices against oxidation as
a result of the phenolic addition. The antioxidant activity depended on
the oil matrix and the concentration of phenolic compound used in the
assay. In general, the most positive effects were observed in ROO
followed by EVOO (Extra Virgin Olive Oil) matrix obtained from Morrut
cultivar and EVOO from Arbequina cultivar.
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A clear positive linear trend between Induction Time (IT) and phenolic
compound concentration in ROO highlighted gallic acid, hydroxytyrosol
(3,4-DHPEA), caffeic acid, dialdehydic form of elenolic acid linked to
hydroxytyrosol (3,4-DHPEA-EDA), and luteolin as effective antioxidants,
in terms of their effect in enhancement the oxidative stability of oil
matrix at concentrations ranging from 40 mg/Kg oil to 320 mg/kg oil.



Gallic and caffeic acid had a good linear trend relationship in Extra Virgin
Olive Oil (EVOO) matrices. Luteolin showed a similar behavior. However,
it appears that the differences in the oxidative stability of EVOO related
to the addition of phenolic compounds might be affected by the fatty
acid, α-tocopherol, phenolic and pigment composition.



A synergistic effect was only observed for caffeic acid and luteolin in
combination with 3,4-DHPEA-EDA when compared to hydroxytyrosol,
apigen, lignans (1-acetoxy-pinoresinol and pinoresinol) and oleuropein.
However, the mixture of phenolic compounds induced a significant
increase in the oxidative stability when it was added to refined olive oil.



Highest effect on the bitter index was found for ligstroside derivatives,
bearing only one hydroxyl substituent. Phenolic compounds that possess
a 3,4-dihydroxyl structure linked to an aromatic ring showed a lower
effect, excluding the methylated form of 3,4-DHPEA-EA,

with a

carboxymethyl group in the C9 position of the oleuropein aglicone
structure, that supposed an important effect on the bitter index.


The findings of this research emphasize the new concept that olive
biophenols can be recognized as potential targets for the food
industries.

Project: Phenolic Compounds in Flaxseed (Linum usitatissimum)
3. Develop and validate analytical methods for analysis of phenolic
compounds in flaxseed.
4.

Investigate

the

role

of

the

phenolic

antioxidant system
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Flaxseed is the most prominent oilseed studied to date as a functional food due
to its content in omega 3 fatty acids, fiber and lignans.


After alkaline hydrolysis of an ethanol extract, SDG ferulic and pcoumaric acid glycosides were found.



The flax antioxidant system appears to be a water-soluble system. Hull
had no effect on the antioxidant properties of the meal, suggesting that
SDG, mainly present in the hull, was not involved in the flax antioxidant
system.



Water extracts of flax meals showed some antioxidant properties but
their effect was minimal compared to the antioxidant properties of the
non-extracted meal. This suggested that the main flaxseed antioxidant
system is water-soluble.



Flax

phenolic

compounds

were

found

to

have

some

antioxidant

properties but they are not the main flaxseed antioxidant system.
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FUTURE RESEARCH LINES
Progress in finding out how food matrices can potentially work as functional
foods is an important step in encouraging their consumption. It is similarly
rewarding to see that the food industry is attuned to the scientific evidence and
to consumer demand, and is competent of producing enriched products
designed to those seeking healthier food alternatives.
Research on the following subjects is a providing guidance for future scientific
projects:


Study of the complete plant phenolic metabolism and transfer studies
involving the total range of the olive tissues and matrices during the
olive oil extraction as well in flaxseed processing.



Optimization

of

instrumental

techniques

for

improved

extraction

efficiency for phenolic compounds in different olive, flaxseed matrices
and other foods.


Elucidation of the chemical structure of phenolic-derived compounds
occurring in olive matrices, flaxseed and potential “functional foods”.



Maintenance of the study of the biological and antioxidant properties of
olive and flaxseed compounds (individual compounds or extracts) via
different measurements in vitro in the body and in food, such as:
Body:
DNA damage/base modification
Protein modification
Lipid peroxidation
Antioxidant status
Food:
Physical and organoleptic
Lipid peroxidation
Reactive oxygen species
Inherent chemicals (nonlipid)
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Determine the functionality of the different phenolic compounds as
ingredients in the developing process of functional foods to provide a
scientific basis and insights enabling food technologists to design and
control food sensory and structural properties of food products.



Investigation

of

the

metabolism

and

bioavailability

of

different

“functional foods” containing phenolic compounds or new identified
components with potential biological properties.
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