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Abstract Hydroxytyrosol (HT) is a highly potent antioxidant
originating in nature as a second metabolite of plants, most
abundantly in olives (Olea europaea). In the last decade,
numerous research studies showed the health benefits of anti-
oxidants in general and those of HT in particular. As olive oil
is a prime constituent of the health-promoting Mediterranean
diet, HT has obtained recognition for its attributes, supported
by a recent health claim of the European Food Safety
Authority. HT is already used as a food supplement and in
cosmetic products, but it has the potential to be used as a food
additive and drug, based on its anticarcinogenic, anti-inflam-
matory, antiapoptotic and neuroprotective activity.
Nevertheless, there is a large gap between the potential of
HT and its current availability in the market due to its high
price tag. In this review, the challenges of producing HT using
biotechnological methods are described with an emphasis on
the substrate source, the biocatalyst and the process parame-
ters, in order to narrow the gap towards an efficient bio-based
industrial process.

Keywords Hydroxytyrosol - Biocatalyst - Protein
engineering - Antioxidant - Olive oil

Introduction

The growing demand by society for a healthier life style and
extended life expectancy poses a great challenge to the food

Y. Achmon - A. Fishman (P<)

Department of Biotechnology and Food Engineering,
Technion-Israel Institute of Technology, Haifa 3200003, Israel
e-mail: afishman@tx.technion.ac.il

and drug industries to find health-beneficial natural and effec-
tive sources for drugs and food additives (Kotler 2011;
Szakaly et al. 2012). One such chemical is hydroxytyrosol
[3,4-dihydroxyphenylethanol (HT)], a phenolic compound
originating from olives, which is considered as one of the
strongest antioxidants in nature (De Leonardis et al. 2008;
Mateos et al. 2008; Pérez-Bonilla et al. 2013; Rietjens et al.
2007). Accordingly, it is the only phenol that has been recog-
nized by the European Food Safety Authority (EFSA) as a
protector of blood lipids from oxidative damage (Visioli
2012). In order to bear the health claim, 5 mg of HT and its
derivatives (e.g. oleuropein complex and tyrosol) in olive oil
should be consumed daily. These amounts can be easily
consumed in the context of a balanced diet (EFSA Panel on
Dietetic Products Nutrition and Allergies 2011). Besides the
cardioprotective effects (Cabrerizo et al. 2013; Merra et al.
2014), numerous studies, mostly in vitro assays and using
animal models, have shown the potential of HT for preventing
additional diseases. These include protection against metabol-
ic diseases (Bali et al. 2014; Bulotta et al. 2014; Cao et al.
2014; Kaminaga et al. 2006), anti-carcinogenic activity (Anter
etal. 2014; Burattini et al. 2013; Carrera-Gonzalez et al. 2013;
Sun et al. 2014; Weng and Yen 2012; Zhao et al. 2014), anti-
inflammatory activity (Takeda et al. 2014), protection against
digestive disorders (Sanchez-Fidalgo et al. 2012) and antimi-
crobial activity (Bisignano et al. 2014). Some recent examples
are presented in Table 1.

The accumulating disease-preventing evidence and the fact
that HT has no known toxic effects (Aunion-Calles et al. 2013)
emphasize the potential of HT as a nutraceutical in functional
foods, food supplements and even medicine. The benefits of
the Mediterranean diet in general, and olive oil and HT in
particular, have been well documented in recent reviews and
are beyond the scope of this paper (Carrera-Gonzalez et al.
2013; Hu et al. 2014; Liebgott et al. 2009; Rafehi et al. 2012).
Though HT seems to be the perfect candidate for the
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i~ g functional food market, its prices are very high. For instance,
S ; the pure product can reach more than $12,500/g (Sigma-
. = 5 Aldrich), or $1000/g as reported by Zhang et al. (2012), while
§ ;f g the extract from olive leaves in an un-purified form can be as
& 5 § low as $15/g (https://www.prohealth.com/shop/product.cfm/
= = =~ product _code/PH398). It is worth mentioning that most of
the desired health effects have been obtained in recent works
o § by using the purified form (Table 1). Consequently, by
By £ g2 lowering the commercial price of pure HT, a new set of
*‘ZES_‘ g §§ products such as foods enriched with HT could be
% §§ i ;3‘:{; introduced into the markets and benefit consumers that do
E g‘% % % E not consume olives or olive oil on a daily basis (Larrosa et al.
_g § i E :&g . 2003). The high price can be attributed to the low HT
. ® 5 g _ED ; § concentration in its natural sources, low extraction yields
§ £ 2 é E g% §% and difficulty to synthesize HT chemically (Zhang et al.
- %ag E= gig 2012). Therefore, development of biotechnological
% g % g g’g §= _‘§ B approaches is of increasing interest and prospects. Here, we
5 E58T 285 ¢ review these potential bio-processes by looking at the ke
2 SEERSSES P 0processes by 00king & Y
é = ¢ e = ©-=0 factors along the production pipeline including choice of the
source, the biocatalyst and the process itself.
[
Y
E 2 E £3 E Source selection
g %;% %é’ ég § Efficient and feasible production of HT must start with a
. %% EEc B ?g_é suitable source or substrate, implying a chemically stable
_q"g: E £ = E;; E é g‘é compound from an available source, of low cost and high
gl == % % Td <= %‘3 - safety (see Fig. 1). Such a source can derive from the natural
g‘ % g g SE E g G 'é HT synthetic pathway or initiate a new synthetic route while
§ gg i %é ig% E itself originating from a natural source or a synthetic one
E:‘ g g £ 2 ;Ez% EE (Fig. 2). Here, these two possibilities are discussed.
Sources from the natural pathway
g
g Being a phenolic compound, HT can be found in fruits and
%2 vegetables, but it is mostly abundant in olive trees (Olea
;i E europaea) as a metabolite of oleuropein degradation
= = (Charoenprasert and Mitchell 2012; Pérez-Bonilla et al.
2 3 E 2013; Purcaro et al. 2014) (Fig. 2a). The concentration of
A S = HT in olive leaf extracts is 1040 pg/mL (Bali et al. 2014;
Hayes et al. 2011) and in the oil can reach 200 pg/mL
(Romero and Brenes 2012). It can also be found in grapes
and wine but in lower concentrations of 1-2 pg/mL
(Fernandez-Mar et al. 2012; Garcia-Garcia et al. 2013).
Consequently, olive tree derivatives are the most accessible
g = = source for HT. Indeed, the majority of the HT-production
= g § processes described in the literature, and used in the market,
=) = = come from olive sources. Yet, the concentrations achieved
é = - o from any of these sources are still quite low ranging from
§ g s 2 % 0.5 to 1.5 g/L (Rigane et al. 2012). Purified hydroxytyrosol at
- 3 g g % g " a concentration of 2.3 g per 100 g of fresh olive leaves was
= ‘g,) § i g g % obtained by a hydrolysis reaction of leaf extract and subse-
el & = z quent purification using a C-18 silica gel column (Bouaziz
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Fig. 1 A schematic diagram of
the main variables and
interrelationships which should
be considered in the evaluation of
a biotechnological process for the
production of HT
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structure

N ./

Safety

and Sayadi 2005). A lower concentration of 0.2/100 g was
reported by another group (De Leonardis et al. 2008). Instead,
the use of the olive oil industrial waste (olive mill wastewaters
(OMW)) as a source for HT is much favourable due to the fact
that it originates from a by-product, and many processes use it
as the substrate (Feki et al. 2006; Jerman Klen and Mozeti¢
Vodopivec 2011; Kalogerakis et al. 2013; Oral et al. 2014).
Although OMW is a good source for HT production, the
process still suffers from long duration and low recovery
yields as shown in Table 2. Therefore, new routes for HT
synthesis are sought, as well as attempts to produce it de novo.

Sources for new synthetic pathways

Several simple compounds with chemical resemblance to HT
have been used as starting materials for designing new syn-
thetic routes (Fig. 2b). These can be either natural compounds
(such as tyrosol (Allouche et al. 2004) or amino acids (Satoh
et al. 2012)) or synthetic compounds such as 3-nitrobenzene-
ethanol (Bernath-Levin et al. 2014; Zhang et al. 2012). There
are two main considerations for choosing a specific substrate
for the production of HT; the first being the cost of the
substrate, and the second is its compatibility with the biocat-
alyst. For instance, the use of tyrosol as a substrate is an
obvious choice, since it is structurally related to HT. Not
surprisingly, it was used by several research groups for syn-
thesizing HT (Table 2) (Azabou et al. 2007; Bouallagui and
Sayadi 2006; Espin et al. 2001; Liebgott et al. 2009; Orenes-
Piflero et al. 2013). The shortcomings of using tyrosol as a
substrate are the relatively high cost (~$200/g for the purified
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compound, Sigma-Aldrich), possible nonspecific transforma-
tion of the phenyl ring (Brouk and Fishman 2009), and sub-
strate toxicity to the biocatalyst (Allouche et al. 2004). Brouk
and co-workers used a much cheaper substrate, namely 2-
phenylethanol, as the substrate for the biocatalytic reaction
(~$0.15/g for a purified compound, Sigma-Aldrich) (Brouk
and Fishman 2009; Brouk et al. 2010). Depending on the
biocatalyst, formation of other catechols was observed (e.g.
toluene ortho-monooxygenase produced the isomer 2,3-
dihydroxyphenylethanol). A different approach is to choose
the substrate from the main metabolic roots in the cell like the
amino acid tyrosine, the advantage being a very cheap re-
source (~$0.8/g for L-tyrosine, Sigma-Aldrich) which can be
found in any living organism (Satoh et al. 2012). However,
such a synthetic design demands a more sophisticated biocat-
alytic system. The use of amino acids as a substrate gives the
potential to synthesize HT from building block compounds
like sugars which can be very attractive from the commercial
point of view (Satoh et al. 2012). In some transformations, the
substrate was chosen based on its compatibility with a specific
biocatalyst. For example, Bernath-Levin et al. used the sub-
strate 3-nitrophenethyl alcohol (3NPA) (with a price of~$100/
g, Sigma-Aldrich) which is suitable for the biocatalyst nitro-
benzene dioxygenase (NBDO) since 2-phenylethanol failed to
give the desired conversion (Bernath-Levin et al. 2014).
Another substrate that was recently used for HT synthesis by
means of biocatalysis is 3,4-dihydroxyphenylacetic acid
(~$15/g for a purified compound, Sigma-Aldrich) which
was reduced to obtain HT. Napora-Wijata and co-workers
reported a level of 29.2 mg of pure HT in 100-mL working
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Fig. 2 Compounds used as substrates for the production of HT. a The natural pathway in olives and b nonnatural pathways

volume bioreactor, using whole Escherichia coli cells over-
expressing carboxylic acid reductase from Nocardia (Napora-
Wijata et al. 2014). Contrary to using biocatalysis, chemical
synthetic methods often require protection and de-protection
steps. For example, Bovicelli et al. used a five-step protocol
starting with tyrosol to synthesize HT (Bovicelli et al. 2007).
These included monobromination with NaBr/oxone, displace-
ment of the aryl bromide with methoxide in the presence of
CuBr at 120 °C, and acetylation with acetic anhydride follow-
ed by demethylation with BBr3 to obtain hydroxytyrosyl

acetate. HT was obtained from the acetate by enzymatic or
chemical hydrolysis, and the overall yield was 37 %. Zhang
and colleagues also reported a five-step procedure using 2,3-
dihydroxybenzaldehyde as the substrate (Zhang et al. 2012).
The two free hydroxyl groups were first protected by a benzyl
group. Subsequently, one carbon homologation of the
protected aldehyde was achieved by employing oc-(N-
methylanilino)acetonitrile to afford «-cyanoenamine, which
was readily converted to the carboxylic acid under acidic
conditions. The resulting carboxylic acid was then
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transformed to the corresponding alcohol with sodium boron
hydride, and HT was finally obtained by hydrogenolysis under
Pd-C/H, conditions. The overall yield was 27 %. These re-
ports illustrate the advantages of biocatalysts which carry out
reactions selectively and efficiently under mild reaction con-
ditions without the need for protection steps.

Biocatalyst selection and improvements

Catalyst selection does not necessarily come after selection of
the substrate. On the contrary, it is often chosen beforehand or
in parallel (Fig. 1). The biocatalyst may be used in its natural
form, e.g. whole cells such as lactic acid bacteria (Santos et al.
2012) or Pseudomonas putida (Brooks et al. 2006), or it can
be an engineered cell with an artificial pathway (Satoh et al.
2012) or a specific cloned enzyme (Brouk and Fishman 2009)
(Table 2). Advanced molecular tools are now available for
improving natural strains or obtaining better and more effi-
cient enzymes. Furthermore, immobilization is a powerful
tool for stabilizing the biocatalyst and offering its successive
use and cost reduction (Bouallagui and Sayadi 2006; Brooks
et al. 2000) (Fig. 1).

The enzymatic biotransformation for the production of HT
is usually conducted in a whole cell system providing in situ
cofactor regeneration (see examples in Table 2). Isolated
enzymes were reported in few instances in which tyrosinase
was used (Espin et al. 2001; Trincone et al. 2012). This
enzyme not only hydroxylates the phenolic substrate to HT
but also oxidizes the catechol to the respective quinone, and
therefore a reducing agent such as ascorbic acid is required to
maintain HT. 3-Galactosidase from various sources has been
shown to effectively hydrolyse oleuropein into oleuropein
aglycon by removing the glucose moiety. Subsequent chem-
ical rearrangement can transform the aglycon into
hydroxytyrosol (Mazzei et al. 2012; Mazzei et al. 20006).

Processes based on natural bacterial strains frequently use
natural and easily transformed substrates, oleuropein or
tyrosol (Bouallagui and Sayadi 2006; Santos et al. 2012).
Far more interesting are the studies that were done with
heterologous genes. The advantage of using heterologous
genes as mentioned above is the possibility to improve the
biocatalyst. One of the common biocatalyst improvement
techniques is the use of protein engineering tools (Adhami
et al. 2015). For producing HT, oxidizing enzymes such as
monooxygenases and dioxygenases are good candidates (Dror
and Fishman 2012). Brouk et al. used several techniques to
improve toluene 4-monooxygenase (T4MO) for HT produc-
tion. A combination of directed evolution, rational design and
statistical methods enabled a 190-fold improvement in the
transformation of 2-phenylethanol to HT by two successive
oxidation reactions (Brouk and Fishman 2009; Brouk et al.

@ Springer

2010). Bernath-Levin et al. used additional molecular tech-
niques such as neutral drift libraries and family shuftling, as
well as rational design techniques, to improve by 375-fold
nitrobenzene dioxygenase (NBDO) for HT production from
3-NPA (Bernath-Levin et al. 2014). Other researchers used
heterologous genes that are capable of producing HT from a
defined substrate, but without applying protein engineering
techniques (Liebgott et al. 2009; Orenes-Pifiero et al. 2013;
Satoh et al. 2012). In these works, genes from various organ-
isms were cloned into E. coli cells. For instance, Satoh et al.
cloned tyrosine hydroxylase (TH) from mouse, pterin-4-alpha-
carbinolamine dehydratase (PCD) and dihydropteridine re-
ductase (DHPR) from human, and L-DOPA decarboxylase
(DDC) from pig and optimized them for codon usage in
E. coli. Additionally, they cloned the tyramine oxidase (TYO)
gene from the Micrococcus luteus genome for creating a new
metabolic pathway for the production of HT from glucose
based on endogenous tyrosine (Satoh et al. 2012). Orenes-
Pifiero et al. cloned phenol hydroxylase from the thermophilic
bacterium Geobacillus thermoglucosidasiu for the conversion
of tyrosol to HT (Orenes-Pifiero et al. 2013). These efforts to
create HT-producing E. coli can be facilitated in the future by
combining novel bioinformatic techniques with metabolic
engineering and protein engineering to improve the specificity
and the kinetic parameters of known and unknown enzymes
as reviewed elsewhere (Bornscheuer et al. 2012; Shin et al.
2013). As an example, the possibility to produce HT from L-
phenylalanine can be materialized by using the Ehrlich path-
way in yeast (Hazelwood et al. 2008) or a similar pathway in
engineered E. coli (Achmon et al. 2014) to produce 2-
phenylethanol that was already used as a substrate for HT
production (Brouk and Fishman 2009; Brouk and Fishman
2012; Brouk et al. 2010). The use of metabolic engineering
was proved to be very efficient for the production of phenolic
compounds with a similarity to HT (Atsumi et al. 2008; Nozzi
et al. 2014). The only research to date that used a metabolic
engineering approach for producing HT was that of Satoh
et al. that identified an endogenous aromatic aldehyde oxidase
and knocked it down to prevent the formation of a side
product (Satoh et al. 2012).

Still, the natural biocatalyst for producing HT is the olive
tree (O. europaea) or other HT-producing plants. According to
our knowledge, experiments to improve HT production in
olives by advanced molecular engineering tools or breeding
have not been done yet, allowing for considerable research
and development in this direction.

Process optimization and product separation
and purification

Process considerations for HT production are highly affected
by the selection of substrate/source and catalyst (Fig. 1). The
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process can be generally divided between utilization of natural
sources (OMW streams) and utilization of nonnatural sources.

Processes based on natural resources

The main advantage of utilizing a natural resource comes from
its relatively low environmental impact, since the raw material
is a by-product of the olive oil industry (Roig et al. 2006). Yet,
in any process designed to extract HT from OMW, a life cycle
assessment should be done in order to evaluate the ecological
impact especially with regard to the organic solvents used for
extraction (Kalogerakis et al. 2013). The recovery of HT from
OMW usually requires the following stages: (1) collection of
the HT source itself (residual wastewaters out of the mill); (2)
waste treatment (e.g. second oil extraction, combustion, gas-
ification, anaerobic digestion, composting or solid fermenta-
tion (Roig et al. 2006); and (3) extraction and purification of
phenols either by physical means, or using enzyme treatment
(Feki etal. 2006; Hamza et al. 2012; Jerman Klen and Mozeti¢
Vodopivec 2011; Kalogerakis et al. 2013). Any stage along
the HT recovery process can be modified and optimized;
however, it is very difficult to have control over the quality
of'the substrate (OMW) and on the waste treatment stages, due
to many unknown variances. Thus, most of the reported work
concentrates on the last stage, namely, the extraction and
purification of HT (Jerman Klen and Mozeti¢ Vodopivec
2011; Kalogerakis et al. 2013; Oral et al. 2014). Some re-
searchers used olive leaves as the production source (which
has high HT content (De Leonardis et al. 2008; Quirantes-Piné
et al. 2013)), but leaves collection is much more difficult than
OMW collection. As indicated in Table 2, the concentrations
of HT extracted from OMW can be rather high (De Leonardis
et al. 2008; Feki et al. 2006; Kalogerakis et al. 2013).
Nonetheless, it is a seasonal process that depends on the olive
agricultural industry and needs the goodwill of the waste
treatment facilities to invest in advanced separation and puri-
fication abilities such as column separation and ultrasonic
extraction (Adhami et al. 2015; Jerman Klen and Mozeti¢
Vodopivec 2011; Oral et al. 2014).

Processes based on nonnatural resources

The production of HT from of a nonnatural resource usually
involves biotransformation by whole cells (mostly E. coli).
Such processes do not require co-factor regeneration, and the
cells can be easily separated from the medium (Brouk and
Fishman 2012). Unlike extraction from OMW in which an
array of phenols and other chemicals accompany HT, when
producing from a defined substrate, the separation and purifi-
cation steps are easier and a purer product may be obtained,
depending on the selectivity of the biocatalyst. To date, the
main problem with HT production by biocatalysis is the low
titers or the cost of the substrate (Table 2). Brouk et al. had

succeeded in using a relatively low-cost substrate (2-
phenylethanol), but the titers were still rather low (0.8 mM)
(Brouk and Fishman 2012). Satoh et al. have created an E. coli
strain that is capable of producing HT out of sugars. This is an
extremely cost-effective catalyst when considering the sub-
strate, but the titers are very low (0.08 mM) (Satoh et al.
2012). The widely used substrate tyrosol has given good
conversion yields, but the drawback is the substrate price
(Bouallagui and Sayadi 2006; Brooks et al. 2006; Orenes-
Pifero et al. 2013).

Another important aspect of the biotechnological process is
product auto-oxidation and potential toxicity to whole cells.
Several techniques were applied in order to protect HT from
further oxidation into the quinone. In situ product removal
(ISPR) techniques are one of the practical solutions to protect
and separate HT from the biotransformation process
(Woodley et al. 2008). Brouk and Fishman used beads conju-
gated with phenylboronic acid residues for adsorbing HT from
the bioreactor during the biotransformation process (Brouk
and Fishman 2012). That process gave a 2-fold increase in
recovery yield and purity, resulting in 84 % purity with 70 %
recovery yield. Orenes-Pifiero et al. (2013) used hydrophobic
polystyrene resin (Amberlite XAD-4) for the purpose of
collecting the HT from the media after the transformation.
Ascorbic acid was used to reduce any oxidized HT by re-
searchers using tyrosinase (Espin et al. 2001; Trincone et al.
2012). There is need for further development of effective
measures to conduct ISPR of HT.

Conclusions and future perspectives

A holistic view of the three major contributors to a biotech-
nological process was used to assess the challenges and op-
portunities for biocatalysed synthesis of HT. From the source
perspective, inexpensive and catalyst-specific compounds are
required. Substrates that are common in nature such as amino
acids and simple sugars are most likely the preferable direc-
tion. As for the biocatalyst, the construction of new metabolic
pathways, based on improved and optimized enzymes, is of
great potential. Employing novel molecular tools such as
Gibson assembly (Gibson et al. 2009) or Golden Gate DNA
Assembly (Engler et al. 2009) can be used to develop artificial
and optimized pathways for HT production. Another unex-
plored direction is the design of cell-free synthetic enzymatic
pathways by employing synthetic biology tools (Hodgman
and Jewett 2012). Finally, advancement is needed in improv-
ing the direct purification and stabilization of HT from the
process itself. For example, screening of additional potential
resins or specifically tailored materials can be applied for
recovering highly pure products (Achmon et al. 2011; Gao
and Daugulis 2009).

@ Springer
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In conclusion, HT production by means of biocatalysts
appears as the optimal direction for a cost-effective production
process that will enable reasonably priced HT to be used as a
dietary supplement and as a common food additive. From our
point of view, the production of HT from OMW or olive
leaves by extraction will remain a good option with added
value for waste treatment (Kalogerakis et al. 2013; Yangui
etal. 2009). Yet, this process will not fulfil the market require-
ment for a lower cost pure HT, and henceforth other solutions
are needed.

References

Achmon Y, Goldshtein J, Margel S, Fishman A (2011) Hydrophobic
microspheres for in situ removal of 2-phenylethanol from yeast
fermentation. J Microencapsul 28(7):628—-638

Achmon Y, Zelas ZB-B, Fishman A (2014) Cloning Rosa hybrid
phenylacetaldehyde synthase for the production of 2-
phenylethanol in a whole cell Escherichia coli system. Appl
Microbiol Biotechnol 98(8):3603-3611

Adhami H-R, Zehl M, Dangl C, Dorfmeister D, Stadler M, Urban E,
Hewitson P, Ignatova S, Krenn L (2015) Preparative isolation of
oleocanthal, tyrosol, and hydroxytyrosol from olive oil by HPCCC.
Food Chem 170:154-159

Allouche N, Damak M, Ellouz R, Sayadi S (2004) Use of whole cells of
Pseudomonas aeruginosa for synthesis of the antioxidant
hydroxytyrosol via conversion of tyrosol. Appl Environ Microbiol
70(4):2105-2109

Anter J, Tasset I, Demyda-Peyras S, Ranchal I, Moreno-Millan M,
Romero-Jimenez M, Muntané J, Castro MDL, Mufioz-Serrano A,
Alonso-Moraga A (2014) Evaluation of potential antigenotoxic,
cytotoxic and proapoptotic effects of the olive oil by-product
“alperujo”, hydroxytyrosol, tyrosol and verbascoside. Mut Res
Genet Toxicol Environ Mutagen 772:25-33

Atsumi S, Hanai T, Liao JC (2008) Non-fermentative pathways for
synthesis of branched-chain higher alcohols as biofuels. Nature
451(7174):86-89

Aufion-Calles D, Canut L, Visioli F (2013) Toxicological evaluation of
pure hydroxytyrosol. Food Chem Toxicol 55:498-504

Azabou S, Najjar W, Ghorbel A, Sayadi S (2007) Mild photochemical
synthesis of the antioxidant hydroxytyrosol via conversion of
tyrosol. J Agric Food Chem 55(12):4877—4882

Bali EB, Ergin V, Rackova L, Bayraktar O, Kucukboyaci N, Karasu C
(2014) Olive leaf extracts protect cardiomyocytes against 4-
hydroxynonenal-induced toxicity in vitro: comparison with
oleuropein, hydroxytyrosol, and quercetin. Planta Med 80(12):
984-992

Bernath-Levin K, Shainsky J, Sigawi L, Fishman A (2014) Directed
evolution of nitrobenzene dioxygenase for the synthesis of the
antioxidant hydroxytyrosol. Appl Microbiol Biotechnol 98(11):
4975-4985

Bisignano C, Filocamo A, Ginestra G, Giofre SV, Navarra M, Romeo R,
Mandalari G (2014) 3, 4-DHPEA-EA from Olea Europaea L. is
effective against standard and clinical isolates of Staphylococcus sp.
Ann Clin Microbiol Antimicrob 13(1):24-28

Bornscheuer U, Huisman G, Kazlauskas R, Lutz S, Moore J, Robins K
(2012) Engineering the third wave of biocatalysis. Nature
485(7397):185-194

@ Springer

Bouallagui Z, Sayadi S (2006) Production of high hydroxytyrosol yields
via tyrosol conversion by Pseudomonas aeruginosa immobilized
resting cells. J Agric Food Chem 54(26):9906-9911

Bouaziz M, Sayadi S (2005) Isolation and evaluation of antioxidants from
leaves of a Tunisian cultivar olive tree. Eur J Lipid Sci Technol
107(7-8):497-504

Bovicelli P, Antonioletti R, Mancini S, Causio S, Borioni G, Ammendola
S, Barontini M (2007) Expedient synthesis of hydroxytyrosol and its
esters. Synth Commun 37(23):4245-4252

Brooks SJ, Doyle EM, O’Connor KE (2006) Tyrosol to hydroxytyrosol
biotransformation by immobilised cell extracts of Pseudomonas
putida F6. Enzyme Microb Technol 39(2):191-196

Brouk M, Fishman A (2009) Protein engineering of toluene
monooxygenases for synthesis of hydroxytyrosol. Food Chem
116(1):114-121

Brouk M, Fishman A (2012) Improving process conditions of
hydroxytyrosol synthesis by toluene-4-monooxygenase. J Mol
Catal B Enzym 84:121-127

Brouk M, Nov Y, Fishman A (2010) Improving biocatalyst performance
by integrating statistical methods into protein engineering. Appl
Environ Microbiol 76(19):6397-6403

Bulotta S, Celano M, Lepore SM, Montalcini T, Pujia A, Russo D (2014)
Beneficial effects of the olive oil phenolic components oleuropein
and hydroxytyrosol: focus on protection against cardiovascular and
metabolic diseases. J Transl Med 12(1):219

Burattini S, Salucci S, Baldassarri V, Accorsi A, Piatti E, Madrona A,
Espartero JL, Candiracci M, Zappia G, Falcieri E (2013) Anti-
apoptotic activity of hydroxytyrosol and hydroxytyrosyl laurate.
Food Chem Toxicol 55:248-256

Cabrerizo S, La Cruz D, Pedro J, Lopez-Villodres JA, Mufioz-Marin J,
Guerrero A, Reyes JJ, Labajos MT, Gonzalez-Correa JA (2013)
Role of the inhibition of oxidative stress and inflammatory media-
tors in the neuroprotective effects of hydroxytyrosol in rat brain
slices subjected to hypoxia reoxygenation. J Nutr Biochem 24(12):
21522157

Cao K, XuJ, Zou X, Li Y, Chen C, Zheng A, Li H, Li H, Szeto IM-Y, Shi
Y (2014) Hydroxytyrosol prevents diet-induced metabolic syn-
drome and attenuates mitochondrial abnormalities in obese mice.
Free Radic Biol Med 67:396-407

Carrera-Gonzalez M, Ramirez-Exposito M, Mayas M, Martinez-Martos J
(2013) Protective role of oleuropein and its metabolite
hydroxytyrosol on cancer. Trends Food Sci Technol 31(2):92-99

Charoenprasert S, Mitchell A (2012) Factors influencing phenolic com-
pounds in table olives (Olea europaea). J Agric Food Chem 60(29):
7081-7095

De Leonardis A, Aretini A, Alfano G, Macciola V, Ranalli G (2008)
Isolation of a hydroxytyrosol-rich extract from olive leaves (Olea
europaea L.) and evaluation of its antioxidant properties and bioac-
tivity. Eur Food Res Technol 226(4):653—-659

Dror A, Fishman A (2012) Engineering non-heme mono-and
dioxygenases for biocatalysis. Comput Structur Biotechnol J 2(3):
doi: http://dx.doi.org/10.5936/csbj.201209011

EFSA Panel on Dietetic Products Nutrition and Allergies (2011)
Scientific opinion on the substantiation of health claims related to
polyphenols in olive. EFSA J 9(4):2033-2058

Engler C, Gruetzner R, Kandzia R, Marillonnet S (2009) Golden gate
shuffling: a one-pot DNA shuffling method based on type Ils
restriction enzymes. PLoS ONE 4(5):doi: 10.1371/journal.pone.
0005553

Espin JC, Soler-Rivas C, Cantos E, Tomas-Barberan FA, Wichers HJ
(2001) Synthesis of the antioxidant hydroxytyrosol using tyrosinase
as biocatalyst. J Agric Food Chem 49(3):1187-1193

Feki M, Allouche N, Bouaziz M, Gargoubi A, Sayadi S (2006) Effect of
storage of olive mill wastewaters on hydroxytyrosol concentration.
Eur J Lipid Sci Technol 108(12):1021-1027


http://dx.doi.org/10.5936/csbj.201209011
http://dx.doi.org/10.1371/journal.pone.0005553
http://dx.doi.org/10.1371/journal.pone.0005553

Appl Microbiol Biotechnol (2015) 99:1119-1130

1129

Fernandez-Mar M, Mateos R, Garcia-Parrilla M, Puertas B, Cantos-Villar
E (2012) Bioactive compounds in wine: resveratrol, hydroxytyrosol
and melatonin: a review. Food Chem 130(4):797-813

Gao F, Daugulis AJ (2009) Bioproduction of the aroma compound 2-
phenylethanol in a solid-liquid two-phase partitioning bioreactor
system by Kluyveromyces marxianus. Biotechnol Bioeng 104(2):
332-339

Garcia-Garcia MI, Hernandez-Garcia S, Sanchez-Ferrer A, Garcia-
Carmona F (2013) Kinetic study of hydroxytyrosol oxidation and
its related compounds by red globe grape polyphenol oxidase. J
Agric Food Chem 61(25):6050-6055

Gibson DG, Young L, Chuang R-Y, Venter JC, Hutchison CA, Smith HO
(2009) Enzymatic assembly of DNA molecules up to several hun-
dred kilobases. Nat Methods 6(5):343-345

Granados-Principal S, El-azem N, Pamplona R, Ramirez-Tortosa C,
Pulido-Moran M, Vera-Ramirez L, Quiles JL, Sanchez-Rovira P,
Naudi A, Portero-Otin M (2014) Hydroxytyrosol ameliorates oxi-
dative stress and mitochondrial dysfunction in doxorubicin-induced
cardiotoxicity in rats with breast cancer. Biochem Pharmacol
90(1):25-33

Hamza M, Khoufi S, Sayadi S (2012) Fungal enzymes as a powertul tool
to release antioxidants from olive mill wastewater. Food Chem
131(4):1430-1436

Hayes J, Allen P, Brunton N, O’Grady M, Kerry J (2011) Phenolic
composition and in vitro antioxidant capacity of four commercial
phytochemical products: olive leaf extract (Olea europaea L.),
lutein, sesamol and ellagic acid. Food Chem 126(3):948-955

Hazelwood LA, Daran J-M, van Maris AJ, Pronk JT, Dickinson JR
(2008) The Ehrlich pathway for fusel alcohol production: a century
ofresearch on Saccharomyces cerevisiae metabolism. Appl Environ
Microbiol 74(8):2259-2266

Hodgman CE, Jewett MC (2012) Cell-free synthetic biology: thinking
outside the cell. Metab Eng 14(3):261-269

Hu T, He X-W, Jiang J-G, Xu X-L (2014) Hydroxytyrosol and its
potential therapeutic effects. J Agric Food Chem 62(7):1449-1455

Jerman Klen T, Mozeti¢ Vodopivec B (2011) Ultrasonic extraction of
phenols from olive mill wastewater: comparison with conventional
methods. J Agric Food Chem 59(24):12725-12731

Kalogerakis N, Politi M, Foteinis S, Chatzisymeon E, Mantzavinos D
(2013) Recovery of antioxidants from olive mill wastewaters: a
viable solution that promotes their overall sustainable management.
J Environ Manag 128:749-758

Kaminaga Y, Schnepp J, Peel G, Kish CM, Ben-Nissan G, Weiss D,
Orlova I, Lavie O, Rhodes D, Wood K (2006) Plant
phenylacetaldehyde synthase is a bifunctional homotetrameric en-
zyme that catalyzes phenylalanine decarboxylation and oxidation. J
Biol Chem 281(33):23357-23366

Kotler P (2011) Reinventing marketing to manage the environmental
imperative. J Mark 75(4):132-135

Larrosa M, Espin JC, Tomas-Barberan FA (2003) Antioxidant capacity of
tomato juice functionalised with enzymatically synthesised
hydroxytyrosol. J Sci Food Agric 83(7):658—666

Liebgott P-P, Amouric A, Comte A, Tholozan J-L, Lorquin J (2009)
Hydroxytyrosol from tyrosol using hydroxyphenylacetic acid-
induced bacterial cultures and evidence of the role of 4-HPA 3-
hydroxylase. Res Microbiol 160(10):757-766

Mateos R, Trujillo M, Pereira-Caro G, Madrona A, Cert A, Espartero JL
(2008) New lipophilic tyrosyl esters. Comparative antioxidant eval-
uation with hydroxytyrosyl esters. J Agric Food Chem 56(22):
10960-10966

Mazzei R, Drioli E, Giorno L (2012) Enzyme membrane reactor with
heterogenized 3-glucosidase to obtain phytotherapic compound:
optimization study. J Membr Sci 390-391:121-129

Mazzei R, Giorno L, Mazzuca S, Spadafora A, Drioli E (2006) f3-
Glucosidase separation from Olea europaea fruit and its use in

membrane bioreactors for hydrolysis of oleuropein. Desalination
200(1-3):483-484

Merra E, Calzaretti G, Bobba A, Storelli MM, Casalino E (2014)
Antioxidant role of hydroxytyrosol on oxidative stress in
cadmium-intoxicated rats: different effect in spleen and testes.
Drug Chem Toxicol 37(4):420-426

Napora-Wijata K, Robins K, Osorio-Lozada A, Winkler M (2014)
Whole-cell carboxylate reduction for the synthesis of 3-
hydroxytyrosol. ChemCatChem 6(4):1089—1095

Nozzi NE, Desai SH, Case AE, Atsumi S (2014) Metabolic engineering
for higher alcohol production. Metab Eng 25:174-182

Oral RA, Dogan M, Sarioglu K (2014) Recovery of bioactive phenolic
compounds from olive mill waste water, pomegranate peel, and
european cranberrybush (viburnum opulus 1) juice by preparative
MPLC. J Liq Chromatogr Relat Technol 37(13):1827-1836

Orenes-Pifero E, Garcia-Carmona F, Sanchez-Ferrer A (2013) A new
process for obtaining hydroxytyrosol using transformed Escherichia
coli whole cells with phenol hydroxylase gene from Geobacillus
thermoglucosidasius. Food Chem 139(1):377-383

Pérez-Bonilla M, Salido S, van Beek TA, Altarejos J (2013) Radical-
scavenging compounds from olive tree (Olea europaea L.) wood. J
Agric Food Chem 62(1):144-151

Purcaro G, Codony R, Pizzale L, Mariani C, Conte L (2014) Evaluation
of total hydroxytyrosol and tyrosol in extra virgin olive oils. Eur J
Lipid Sci Technol 116(1):805-811

Quirantes-Piné R, Lozano-Sanchez J, Herrero M, Ibafiez E, Segura-
Carretero A, Fernandez-Gutiérrez A (2013) HPLC-ESI-QTOF—
MS as a powerful analytical tool for characterising phenolic com-
pounds in olive-leaf extracts. Phytochem Anal 24(3):213-223

Rafehi H, Smith AJ, Balcerczyk A, Ziemann M, Ooi J, Loveridge SJ,
Baker EK, El-Osta A, Karagiannis TC (2012) Investigation into the
biological properties of the olive polyphenol, hydroxytyrosol: mech-
anistic insights by genome-wide mRNA-Seq analysis. Genes Nutr
7(2):343-355

Rietjens SJ, Bast A, Haenen GR (2007) New insights into controversies
on the antioxidant potential of the olive oil antioxidant
hydroxytyrosol. J Agric Food Chem 55(18):7609-7614

Rigane G, Bouaziz M, Baccar N, Abidi S, Sayadi S, Ben Salem R (2012)
Recovery of hydroxytyrosol rich extract from two-phase Chemlali
olive pomace by chemical treatment. J Food Sci 77(10):C1077—
C1083

Roig A, Cayuela M, Sanchez-Monedero M (2006) An overview on olive
mill wastes and their valorisation methods. Waste Manag (Oxford)
26(9):960-969

Romero C, Brenes M (2012) Analysis of total contents of hydroxytyrosol
and tyrosol in olive oils. J Agric Food Chem 60(36):9017-9022

Sanchez-Fidalgo S, de Ibargiien LS, Céardeno A, de la Lastra CA (2012)
Influence of extra virgin olive oil diet enriched with hydroxytyrosol
in a chronic DSS colitis model. Eur J Nutr 51(4):497-506

Santos M, Piccirillo C, Castro PM, Kalogerakis N, Pintado M (2012)
Bioconversion of oleuropein to hydroxytyrosol by lactic acid bac-
teria. World J Microbiol Biotechnol 28(6):2435-2440

Satoh Y, Tajima K, Munekata M, Keasling JD, Lee TS (2012)
Engineering of L-tyrosine oxidation in Escherichia coli and micro-
bial production of hydroxytyrosol. Metab Eng 14(6):603—610

Scoditti E, Nestola A, Massaro M, Calabriso N, Storelli C, De Caterina R,
Carluccio MA (2014) Hydroxytyrosol suppresses MMP-9 and
COX-2 activity and expression in activated human monocytes via
PKCoa and PKCf1 inhibition. Atherosclerosis 232(1):17-24

Shin JH, Kim HU, Kim DI, Lee SY (2013) Production of bulk chemicals
via novel metabolic pathways in microorganisms. Biotechnol Adv
31(6):925-935

Sun L, Luo C, Liu J (2014) Hydroxytyrosol induces apoptosis in human
colon cancer cells through ROS generation. Food Func 5:1909—
1914

@ Springer



1130

Appl Microbiol Biotechnol (2015) 99:1119-1130

Szakaly Z, Szente V, Kovér G, Polereczki Z, Szigeti O (2012) The
influence of lifestyle on health behavior and preference for func-
tional foods. Appetite 58(1):406-413

Tabernero M, Sarria B, Largo C, Martinez-Lopez S, Madrona A,
Espartero JL, Bravo L, Mateos R (2014) Comparative evalua-
tion of the metabolic effects of hydroxytyrosol and its lipo-
philic derivatives (hydroxytyrosyl acetate and ethyl
hydroxytyrosyl ether) in hypercholesterolemic rats. Food
Funct 5(7):1556-1563

Takeda Y, Bui VN, Iwasaki K, Kobayashi T, Ogawa H, Imai K
(2014) Influence of olive-derived hydroxytyrosol on the toll-
like receptor 4-dependent inflammatory response of mouse
peritoneal macrophages. Biochem Biophys Res Commun
446(4):1225-1230

Trincone A, Pagnotta E, Tramice A (2012) Enzymatic routes for the
production of mono-and di-glucosylated derivatives of
hydroxytyrosol. Bioresour Technol 115:79-83

Visioli F (2012) Olive oil phenolics: where do we stand? Where should
we go? J Sci Food Agric 92(10):2017-2019

@ Springer

Weng C-J, Yen G-C (2012) Chemopreventive effects of dietary phyto-
chemicals against cancer invasion and metastasis: phenolic acids,
monophenol, polyphenol, and their derivatives. Cancer Treat Rev
38(1):76-87

Woodley JM, Bisschops M, Straathof AJ, Ottens M (2008) Future direc-
tions for in-situ product removal (ISPR). J Chem Technol
Biotechnol 83(2):121-123

Yangui T, Dhouib A, Rhouma A, Sayadi S (2009) Potential of
hydroxytyrosol-rich composition from olive mill wastewater as a
natural disinfectant and its effect on seeds vigour response. Food
Chem 117(1):1-8

Zhang Z-L, Chen J, Xu Q, Rao C, Qiao C (2012) Efficient synthesis of
hydroxytyrosol from 3, 4-dihydroxybenzaldehyde. Synth Commun
42(6):794-798

Zhao B, Ma'Y, Xu Z, Wang J, Wang F, Wang D, Pan S, Wu Y, Pan H, Xu
D (2014) Hydroxytyrosol, a natural molecule from olive oil, sup-
presses the growth of human hepatocellular carcinoma cells via
inactivating AKT and nuclear factor-kappa B pathways. Cancer
Lett 347(1):79-87



	The antioxidant hydroxytyrosol: biotechnological production challenges and opportunities
	Abstract
	Introduction
	Source selection
	Sources from the natural pathway
	Sources for new synthetic pathways

	Biocatalyst selection and improvements
	Process optimization and product separation and purification
	Processes based on natural resources
	Processes based on nonnatural resources

	Conclusions and future perspectives
	References


