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A hydroxytyrosol triacetyl derivative was very efficiently produced as a highly pure stabilized antioxidant
compound by a short treatment of olive mill waste water (OMWW) organic extracts, rich in
hydroxytyrosol, with an acetylating mixture composed of HCIO4-SiO, and Ac,O (Chakborti and Gulhane
reaction), in mild and safe conditions. A successive single step of middle pressure liquid chroma-
tography (MPLC) purification of the reaction product was performed, with an overall yield of 35.6%.
(This process, including both the Chakborti and Gulhane reaction and the MPLC purification, is
protected by an international patent under PCT/IT2005/000781.) The o-diphenol triacetyl derivative
was also produced by direct reaction of hydroxytyrosol, previously purified by MPLC, with HCIO,-
SiO, and Ac,0, with an overall yield of 29.5%. A further procedure for the production of the
hydroxytyrosol triacetyl derivative was consistent with the direct treatment of raw OMWW with the
acetylating agent and a single step of MPLC purification, with an overall yield of 27.6%. The purified
natural triacetylhydroxytyrosol confirmed the same strong protective effects against the oxidative stress
in human cells as the corresponding synthetic compound, likely because of the biochemical activation
of the acetyl derivative into the active parent hydroxytyrosol by esterases. We therefore propose the
utilization of OMWW for recovering hydroxytyrosol as a natural antioxidant in a chemically stabilized
form, with a good yield, which can be potentially used as a nontoxic functional component in nutritional,
pharmaceutical, and cosmetic preparations.

KEYWORDS: Olive mill waste waters; continuous liquid —liguid extraction; chromatographic purification;
hydroxytyrosol; triacetylhydroxytyrosol; bioantioxidants

INTRODUCTION OCOCH;

OH
Hydroxytyrosol [4-(2-hydroxyethyl)-1,2-benzenedibg] (Fig-
ure 1) is the main polyphenol naturally occurring in olive oil OH
(2). This o-diphenol is also the most abundant polyphenol
present in either olive mill waste waters (OMWW) or in setid
liquid waste (OMW), which are byproducts of three-pha3ge (
3) and two-phase olive oil processing) (plants, respectively.
Compoundla also occurs naturally in virgin olive oil in the CH,CH,OCOCH;
form of a monoacetyl derivativésf and has an antioxidant effect (i,H2(23,H2OH 2
very close to the parent compoung)(
Compoundla is endowed with a free radical scavenging Hydroxytyrosol (1a) Triacetylhydroxytyrosol (1b)
activity (7) and has proven to be more active than the usual rigyre 1. structure of hydroxytyrosol (L) and triacetylhydroxytyrosol (Lb).

industrial synthetic antioxidants such as 2,@aft-butyl-p- damages both in cellulag(10) and in vivo experimental models
hydroxytoluene (BHT) and 3-tert-butyl-6-hydroxyanisole (BHA) (11—13); moreover recent studies have pointed out thas

(8). This o-diphenol confers cell protection against oxidative endowed with significant antithrombotic, antiatherogenic, and
anti-inflammatory activities (14—16).

0OCOCH;
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distributes in all organs and tissues when intravenously injected mental aspects, and cost of production of natural and synthetic

in rats (19). Compounda is rapidly metabolized in vivo,
yielding metabolites modified either in the aromatic moiety or

1b was also performed.

in the lateral chain, some of them sharing the same antioxidant MATERIALS AND METHODS

activity of the parent compound ). Finally, the treatment of
rats with up 2 g kg! induced no significant organ damage,
indicating thatlacan be regarded as a nontoxic compout).(
These properties suggest thatcould be utilized as a potential

Materials. Samples of OMWW (pH 4.5) were supplied by traditional
mills located in Marrakech (Morocco). They were lyophilized in a
Cryodos-Totelstar lyophilisator apparatus equipped with varian vacuum
technologies in the laboratory of Prof. Ismail EI Hadrami (Faculty of

antioxidant for nutritional, pharmaceutical, and cosmetic prepa- semlalia, Marrakech, Morocco) and then redissolved in our laboratory

rations (20).
Sincelais not commercially available, many scientists of

in high purity water (hpw) to the initial volume. Solvents were of
analytical and HPLC grade and were purchased from Carlo Erba (Milan,

methods for its production: by direct recovery from OMWW
(2, 3) and OMW @) or by chemicalZ, 21), biochemical Z22),

or biotechnological (23) syntheses starting from a synthetic
precursor.

system, consisting of a deionized column and a MilliQ (Millipore)
apparatus. Authentic synthetic sampledafind1b, which were used

as standards for chemical and biological antioxidant activity tests, were
synthesized according to our previously reported mett®)dAll of

the other materials used for the chemical and biological antioxidant

The recent recovery methods have been consistent with theactivity tests were the same described in the previous w2k (

extraction of OMW using a water stream under a pressure of

42 kg cnm? at 160—240°C in a pilot reactor 4), or of three-

Analytical TLC. TLC analysis was performed on silica gel plates
(Merck, Kieselgel 60 s40.25 mm) eluted with acetone/petroleum ether

phase OMWW, using ethyl acetate at room temperature in a 50:50 (v/v) for monitoringla and acetone/petroleum ether 40:60 (v/v)

polyethylene mixer settler apparat®.(However, becauska
is unstable, particularly in solution, it has to be preserved dried
and in darkness in the absence of air.

Therefore, the recovery of this compound from OMWW as
a chemically stable and lipophilic derivative proves to be more
advantageous in this form, offering three practical points: (i)
higher yield with respect to the recovery from OMWW in the
native form; (ii) increased efficiency when added to alimentary,

for monitoring1b in the OMWW organic extracts and chromatographic

fractions. The spots were visualized by exposure to UV radiation and/

or by spraying first with 10% sulfuric acid in methanol and then with

5% phosphomolybdic acid in methanol, followed by heating at°X10

for 10 min. The qualitative monitoring of naturdla and 1b was

performed by comparison with the corresponding synthetic standards.
HPLC Analysis. The quantitative and qualitative analysisl@and

1b was performed using an Agilent 1100 series liquid chromatograph

equipped with a DAD array. Detection was accomplished at 264 and

pharmaceutical, or cosmetic matrices as a protective agent280 hm for the compoundtb and1a, respectively. A Nucleosil 100-5
against reactive oxygen species (ROS) in human cells; and (jii) C-18 column (stainless steel 250 4, Macherey-Nagel, wm) was

possible exploitation as a nontoxic additive to lipophilic
matrices. Clearly, a stable derivativeXd should be able to be
biologically converted in vivo into the native form, which is
the effective protective form against ROS in human cells.

In our recent paper, we demonstratealsynthetic triacetyl
derivative [4-(acetoxyethyl)-1,2-diacetoxybenzeh, (Figure

utilized for both the compounds. An isocratic elution at a flow rate of
1.0 mL mim* with acetonitrile/water (45:55, v/v) as mobile phase was
used forlb (tr = 7.62 min), and a flow rate of 1.2 mL niid with a
mixture of acetonitrile (15%) and water (85%, containing 0.35% acetic
acid) was used as mobile phase fer(t; = 3.15 min). A sample volume

of 20 uL was used for the injection. HPLC analysis was conducted
after every extraction and purification step. The quantitative analysis

1) to be the most suitable compound able to satisfy these of 1b andlafrom OMWW samples was performed elaborating their

objectives since it is transformed inl@ and nontoxic acetate
by esterases in human cells. This investigation, ind&&), (
showedlb to be as effective as the pareha in protecting
human cells from oxidative stress-induced toxicity, after the

metabolization by esterases, although it is devoid of chemical

antioxidant activity. Therefore, the aim of this paper is to select
the most efficient method for the production of pure from
OMWW.

In this perspective, both crude samples of OMWW and their

corresponding calibration curves (100—2000 and 50—1060nL,
respectively) using the synthetic standards.

Liquid—Liquid Extraction of OMWW. OMWW samples of 50
mL at native pH (4.5) were extracted with 100 mL of ethyl acetate by
refluxing for 8 h in acontinuous liquig-liquid Friedrich extractor,
obtaining a total organic extract of 1102.0 mg. The amouriteoivas
quantitatively monitored by HPLC analysis during the extraction process
until a total recovery of 252.2 mg was obtained.

Middle Pressure Liquid Chromatography (MPLC). The purifica-
tion procedure was performed using a column of 36 mm (xd460

organic extracts were comparatively treated with three different mm (A) packaged with silica gel (Merck, Kieselgel 0.64D.063um)

acetylating agents, consisting of A& mixed with HSO,,
pyridine, or HCIQ fixed on SiQ (Chakborti-Ghulane reagent),

and the acetylated mixtures were submitted to middle pressure

chromatography (MPLC) purification to obtain pute. Pure
1b was also produced by direct acetylationlaf, obtained by

a previous chromatographic purification of an aliquot of the
same organic extracts stated previously. Finallg,and 1b
purified from OMWW were comparatively tested to the cor-

and eluted under middle pressure (20 bar) using a Buchi 681 pump.
The homogeneous fractions with the safen the TLC analysis were
pooled and evaporated under reduced pressure &30

IH NMR, EI-MS, and FAB-MS Analysis. The la and 1b
compounds obtained pure from OMWW were identified'bly NMR
(400 MHz on a Bruker AC 400 spectrometer, using tetradeuterated
methanol as solvent fata and deutochloroform folb), EI-MS (70
eV on a Fisons Trio 2000 spectrometer), and FAB-MS (Kratos MS
50, xenon as the bombarding atoms at 8 kV acceleration potential)

responding synthetic compounds, to confirm their chemical and analyses.

biological antioxidant behavior.

The exploitation of naturallb from OMWW for use as
stabilized lipophilic antioxidant additives in pharmaceutical,
nutritional, and cosmetic preparations should be worth while
because this waste material represents an economic source

Production of Triacetylhydroxytyrosol [4-(Acetoxyethyl)-1,2-
diacetoxybenzene, 1b]Preparation of HCIQ-SiO,. The preparation
of the HCIQ-SIO, catalyst to perform the acetylation reaction with
Ac,0 was carried out according to our modified procedure of Chakborti
nd Gulhane @. HCIO, (1.25 mmol, as a 65% aqueous solution) was
dded to the suspension of silica gel (2.37 g,-2800 mesh) in 7.5

1a, a potential high added value substance. Its recovery couldm of diethyl ether. The mixture was keptrf8 h atroom temperature

also contribute toward resolving the disposal problem of this
waste material. A brief comparative study on safety, environ-

under magnetic stirring and successively was heated &C70r 28 h
under vacuum to afford HCIESIO; as a free flowing powder.
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RAW OMWW (50 mL) LYOPHILIZED RAW OMWW
(1g, containing 30 mg of 1a )
FRIEDRICH EXTRACTOR
(ETHYL ACETATE, 100 mL}) l HCIO, (Si0y) +Ac,0
ORGANIC EXTRACTS RAW ACETYLATED MIXTURE ()
(167 mg) (155 mg)
HCIO; -Si0, MPLC
+AcO MPLC

RAW ACETYLATE MIXTURE PURE 1a PURE 1b (15.0 mg, yield 27.6%)
(a) (260 mg) (13mg)  (b)

MPLC HCl10,.-Si0; +Ac,0

(24.8 mg, 35.6%) PURE 1b (16.9 mg, 29.5%)
Figure 2. Production scheme of triacetylhydroxytyrosol (1b) according to the protocols a, b, and c.

Production of Purelb by Treatment of OMWW Organic Extracts  Appropriate amounts of antioxidant were added to 1 mL of working
with a Mixture of HCIQ-SiO, and AcO and a Success MPLC solution, prepared by mixing 25 mL of 300 mM acetate buffer [pH
Purification Step (Figure 2, Protocolk). An aliquot of 167 mg 3.6], 2.5 mL of TPTZ solution [10 mM TPTZ in 40 mM HCI], and 2.5
(containing 38.3 mg ofla) of extract obtained by liquidliquid mL of 20 mM FeCi-6H,0; after incubation for 6 min at room
extraction of OMWW was acetylated using as a catalyst HE, temperature (23—28C), the absorbance was read at 593 nm.

(22.5 mg) and AgO (1 mL) in the presence of diethyl ether (1 mL) Biological Tests for the Antioxidant Activity of 1a and 1b in
under magnetic stirring and at room temperature. The reaction, Caco-2 Cells and Human Erythrocytes.The antioxidant protective
monitored by TLC, showedb to be quantitatively obtained after 5  effects on human Caco-2 cells and erythrocytes against oxidative injury
min. The reaction mixture was then washed with ethyl acetate, filtered exerted by naturalaandlb isolated from OMWW or by the synthetic
under vacuum, and evaporated under reduced pressuré@f &@ving ones were measured using the tests of cellular viability and hemolysis,
a residue of 262 mg. An aliquot of the raw acetylated mixture (260 respectively.

mg) was purified on column A using as eluent hexane/ethyl acetate  Human colon carcinoma (Caco-2) cells were grown, and oxidative
1:1 (v/v) and a flow rate of 2.5 mL/30 s (fraction volume collected  stress was induced iyBHP-treatment as previously reporte&0j. At

was of 2.5 mL). The pooled fractions monitored by TLC and the end of 6 h incubatiort;BHP-induced cytotoxicity was measured
quantitative HPLC showed 24.8 mg of pufis, which was also  eyaluating cell viability using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
identified by*H NMR and EI-MS analyses. These analytical procedures  dgiphenyltetrazolium bromide (MTT) assa36] , as previously described
were also carried out on the same compound obtained following the (20).

other protocols described next. » _ _ Human erythrocytes were selected as a second model system to test

Production of Purelb by Treatment of Purifieda with a Mixture  the antioxidant activity of the tested compounds. Cell suspensions (2%
of HCIOx-SIi0; and AeO (Figure 2, Protocolb). An aliquot of 155 hematocrit) were treated withBHP (500xM final concentration). At
mg (containing 35.5 mg ola) of the organic extracts obtained by  the end of 2 h ofincubation, the extent of hemolysis was measured
liquid—liquid extraction of OMWW was purified by column A using  spectrophotometrically, as previously described (20).
as eluent hexane/ethyl acetate_ 15:85' (v/v) and a flow rate of 2._5 mL/ Evaluation of Lipoperoxidation. After the removal of the medium,

30 s. The homogeneous fractions with the s#fnef the synthetic Caco-2 cells were solubilized, and lysates were centrifuged at $2000
standa_rdlawere pooled, leaving a residue of 14.6 mg of pure nat_ural for 5 min; the obtained supernatants were assayed for TBARS
1a. This compound was analyzed as reported previously. An aliquot yhioharhituric acid reactive substances) formation (9). Aliquots of

of 13 mg of purifiedlawas completely acetylated infth after 5 min supernatants were added to thiobarbituric acid (TBA) in 0.05 N NaOH
(the reaction was monitored by TLC) using the mixture of HEIO ¢ 504wy final concentration) and heated in a boiling water bath for
SiC; (17.5 mg)_ and_ A_m (0.70 mL) In the presence of diethyl ether, 10 min. The absorbance of the developed pink chromophore was
under magnetic stiring. The reaction mixture was worked up as getermined at 532 nm. For the measure of lipoperoxidation extent in
described _prewously, 'ea"'”g a residue of 16.9 mg O_f,mhe human erythrocytes, samples were mixed with trichloroacetic acid (10%
Production of Purelb by Direct Treatment of Lyophilized OMWW \\n/ final concentration) and centrifuged at 5@06or 15 min;

with a Mixture of HCIQ-Si0; and AgO and a Success: MPLC supernatants were finally assayed for lipoperoxidation products as
Purification Step Figure 2, Protocolc). A sample ¢ 1 g of lyophilized reported previously (20).
OMWW (containing 30.24 mg ola) was acetylated under constant Statisti . - .

- ; . ; tatistical Analysis. The results of the biological tests are reported
stirring using as c_atalyst HCIEBIO;, (106 mg) and AgO (4 _mL) n as meanst SD, n = 4; Student’s pairetttest (p< 0.05) (Stat-Works
the presence of diethyl ether (6 mL). After 24 h, the reaction mixture software running on Apple Macintosh LC) was routinely utilized.
was washed with ethyl acetate, filtered under vacuum, and evaporated

under reduced pressure at 30. The residue was purified on column
A using as eluent hexane/acetone 70:30 (v/v) and a flow rate of 10 RESULTS AND DISCUSSION

mL/50 s (the fraction volume collected was 10 mL). The homogeneous The production of purdb by treatment with HCI@-SiO;

fractions with the sam®&; of the synthetic standartb were pooled, e - : . .
leaving a residue of 15'0 mg. y P and AgO and MPLC purification either directly by the organic

Ferric Reducing Antioxidant Power (FRAP) Assay. The ferric extracts of OMWW or by the previously purifieda was

reducing ability of the tested compounds was measured using the FRAPF’erfOr_med 'according to the respective protocelsand b,
assay, a colorimetric method based on the reduction of a ferric— described in the scheme &figure 2. Both methods have a

tripyridyltriazine (ferric-TPTZ) complex to its ferrous form26). common first step consistent with the continuous ligtliquid



9066 J. Agric. Food Chem., Vol. 54, No. 24, 2006 Capasso et al.

1200 confirmed to be coincident with those of the corresponding
synthetic and natural compoudd previously described?( 28,
1000 a 29)
800 The acetylating agent composed of HGISIO, and AcO
. appeared to be the most effective for the productiohixfyield
g 800 of 35.6%), as compared with the mixtures of,@cand HSO,

or pyridine, which gave a yield of 26.1 and 29.8% (experimental
data not shown), respectively.

400 4

200 The reaction of Chakborti and Gulhane provides many
advantages with respect to those shown by the reaction
T 2 s . T T T T T performed with the other two reagents. In particular, the first
o Time (min.) reaction is performed in 5 min, at room temperature; in addition,
its work-up is simpler, safer, and of lower cost because the
120 reagents of Chakborti and Gulhane are fixed on;SiO
100 b Both the mixtures composed of 4@ and BSO, or pyridine
represent the usual acetylating agents, described in our previous
2 " papers for the acetylation of purified polyphenols, either those
5 s naturally occurring in OMWW Z28) or synthetic ones2j.

However, the acetyl derivativEb was prepared in our previous
studies as a main goal, to chemically charactefiaeand to

40

2 investigate the mass spectrometry behavior and the structure
A bioactivity relationship of the phenol compounds from agricul-

S tural waste (228,29). The efficiency of the acetylation method
Time min.) and its possible industrial applications were not investigated.

300

The increased efficiency of the catalyst HGI8IO, with respect
to the traditional HSO, or pyridine can be attributed to the
fact that the former probably limits the secondary reactions that

250

200 ¢ occur in the latter reagents, consequently producing a higher
. yield of the acetyl compounds. The higher yieldldfobtained
g1 using the first mixture is further confirmation of the efficiency
. of this reagent for the preparation of acetyl phenols with high
yield, according to the results shown by Chakborti and Gulhane
5 (24). In addition, these authors demonstrated that the catalyst
could also be recycled, with obvious economical advantages in
0 potential industrial applications.
0 1 2 3 4 5 6 7 8 9 10 11 12
Time (min.} With regard to the production oib, obtained with the
Figure 3. HPLC chromatogram of the OMWW extract (a), acetylated protocol b Figure 2), the organic extracts first underwent
OMWW extract (b), and triacetylhydroxytyrosol (1b) (c). MPLC purification obtaining purda (yield 41%). The HPLC

analysis of this compound showed a corresponding single and

extraction of raw OMWW with ethyl acetate. The total organic Sharp peak atz = 3.15 min (data not shown). Moreover, its
extracts showed the maximal amount of 1102.0 mg containing respective'H NMR and EI-MS data Table 1) proved to be
252.2 mg ofla, quantitatively detected by HPLC analysis fully consistent with the corresponding structuféigure 1).
(Figure 3a). The purifiedla was then acetylated using the same procedure

This revealed itself to be the most efficient extraction followed protocola (Figure 2), with ayield of 72%. Therefore,
procedure as compared with those described previously for thethe overall yield for the production otb using this latter
extraction of phenols from OMWW2{). As shown in the  Protocol proved to be 29.5%.
previous work, this method provided higher yield, and the It is worth noting that the preparation af from the same
simpler work-up required smaller volumes of ethyl acetate, OMWW source for the production dfb was also motivated
therefore reducing its overall cost as compared to the continuousby the necessity to homogeneously compare the data on the
liquid—liquid counter-current extraction method or the discon- chemical and biological antioxidant effects of tbediphenol

tinuous one, in batch mode. with those of its corresponding acetylated form. The findings
Protocol a (Figure 2) produced a raw acetylated mixture of this comparative investigation are illustrated later.

containing the acetyl derivativéb as revealed by TLC (see In summary, protocoé appeared to be more efficient than

Materials and Methods) and HPLC controlBigure 3b). protocolb (Figure 2), 1b being produced by the first method

Compoundlb was quantitatively obtained after 5 min and at With a yield of 35.6% and by the second with an yield of 29.5%.
room temperature. The reacted mixture was chromatographedvery probably, compounda is adsorbed more strongly than
by a single MPLC step giving purkb (24.8 mg), with a yield 1b on the silica gel stationary phase and undergoes oxidative
of 35.6%, related to the amount dfa (38.3 mg) naturally and photochemical processes during the preparation by protocol
occurring in the organic extracts (167 mg). The high purity grade b, whereas it is protected by the acetyl groupgirduring the

of 1b was indicated by the corresponding single and sharp peakpreparation by protoca.

attg = 7.62 min, as shown in the relative HPL-Echromato- The only work that describes the production of ester deriva-
gram (Figure 3c). In addition, théH NMR, EI-MS, and FAB- tives of la with the perspectives of industrial applications
MS data reported ifTable 1 proved to be fully consistent with  regards a recent paten8Q). This work reports a general
the structure of this compoundrigure 1, 1b) and were production ofla esters that proved to be more resistant than
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Table 1. H NMR , EI-MS, and FAB-MS Data of 1a and 1b

1b

la

FAB-MS [m/Z] (rel. int.)

EI-MS [m/Z] (rel. int.)

IHNMR () (CDCly)
291 (t, 2H, Jr» = 6.9 Hz)

4.25(t, 2H, Jy >

EI-MS [m/Z] (rel. int.)

154 [M]* (58)

1HN MR () (CD3 OD)

2.61(t, 2H, Jup = 7.2 H2)

3.67 (t, 2H, Ji»

MH — CHsCOOH — 2CH,COJ* (22)
93 [MH — CHsCOOH — 2CH,CO — CH, — COJ* (10)

MH — CHsCO OH — CH,COJ* (28)

281
239
221
179
137

(8)
M — CH,COJ* (12)
M — CHsCOHJ* (7)

M — 2CH,COJ* (5)
M — 3CH,CO — H;0 — HCOJ* (4)

77 [CeHs]* (3)

M — 3CH,CO — H,0]* (100)
65 [CsHs]* (3)

M — 2CH,CO — H,0]* (10)

43 [CH:COJ* (10)

279
238
220
196
178
136
107

6.9 Hz)

s, 3H)

(
(
(

7.05-7.17 (m, 2H)
2,02 (s,3H)

7.02 (brs, 1H)
2.26 (s, 3H)

2.26

H-3, H-6

CH3CO -3
CH;CO -4
CH3CO,CoHs — 1

2H-1
2H-2'
H-5

M — CH,OH — CHOJ* (43)
M — CH,OH — 2H,0]* (60)

123 [M — CH;0H]* (100)
105 [M - CH;0H — H,0]* (82)

136 [M — H0]* (45)

43
87
77
51

2.0 Hz, Jsg = 8 H2)

7.2 Hz)
8 Hz)

6.65 (d, 1H, J = 2 Hz)
6.55 (dd, 1H, Js 5
6.70 (dd, 1H, J

2H-1
2H-2
H-3
H-5
H-6
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lato air oxidation in an edibile matrix at 12GC. Moreover,

this work reports on formulations in juice, nutritional beverages,
and butter preparations and on beneficial effects against oxida-
tive stress and inflammatory diseases. In particular, it describes
the production of a tristearyl derivative dé& by the reaction of

la with stearic acid, with a yield of 32%. This production
obviously requires a preliminary preparation of synthetic or
natural 1a, which is usually obtained with a yield ranging
between 41%—the amount of the natural compound obtained
in the present workand 79%, which is the amount reported in
the literature (2). Therefore, the production of a tristearyl
derivative oflacan be obtained with an overall maximum yield
of 25.6%. In our work, the production of the acetyl derivative
1b according to the protocd (Figure 2) is more convenient
(vield of 35.6%) because it is obtained by the direct treatment
of the OMWW organic extracts with the acetylating mixture,
without any previous isolation and purification bé.

Another method for the production @b, described ifrigure
2, protocol ¢, was consistent with the direct treatment of
lyophilized OMWW (see Materials and Methods) with HGIO
SiO; and AcO and a successive MPLC step. But, the yield of
this procedure was lower (27.6%) than that obtained by treating
the organic extracts because of the chemical complex composi-
tion of the raw lyophilized OMWW mixture. In addition, this
procedure requires proportionally larger amounts of a chro-
matographic stationary phase and solvents for the purification
of the acetylated product considered, and consequently, it is
more laborious and expensive than the other methods considered
previously. The comparative yield for the production 1df,
obtained by the different methods, is reportedrable 2.

In conclusion, the production db appears to be much more
efficient and advantageous using the method that employs the
treatment of the phenol extracts with HGISIO, and AcO
(protocol a, Figure 2), as compared with the other methods
summarized inrable 2.

A brief evaluation of the production dfb from OMWW as
compared to that of the synthetic form, using as a common step
the Chakborti and Gulhane reagent, with regard to safety,
environmental aspects, and cost, led us to assess the production
of natural 1b to be more effective than the corresponding
synthetic compound. In particular, assuming the production of
naturallb to be obtained according to protocbf Figure 2,
it is performed in three steps, with an overall yield of 35.6%.
Instead, the production of synthetiio would require four
steps: (i) the synthesis @& from 3,4-hydroxyphenylacetic acid;

(ii) the work-up of this reaction; (iii) the chromatographic
purification of the impurela [these first three steps and the
corresponding yield % are reported in detail by Capasso et al.
(2)]; and (iv) the Chakborti and Gulhane reaction. The yield of
this production is calculated to be 56%. The production of
synthetic1b involves additional costs with respect to that of
the natural compound: (i) the reactor for the synthesidaf

(i) 3,4-hydroxyphenylacectic acid and reagents and solvents
related to the transformation of the substrate itég (iii) the
disposal or recycle of the considered reagents and solvents; and
(iv) the expenses for one additional step (cost efficiency). Even
if the yield % of the production of synthetith is higher than
that of the corresponding natural compound by almost 20%,
this increased production is not likely to justify the additional
costs considered previously. Moreover, the first step relative to
the synthesis ola also implies additional environmental and
safety problems with respect to the production 1dif from
OMWW. Finally, the utilization of this agricultural waste
material for the recovery of the natural stabilized antioxidant
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Table 2. Comparative Yield of Overall Production of 1b and Tristearyl-1a from OMWW

overall yield%

production of 1b by treatment of OMWW organic extracts with HCIO4-SiO; and Ac,0 35.6
production of 1b by treatment of OMWW organic extracts with H,SO4 and Ac,0 26.1
production of 1b by treatment of OMWW organic extracts with pyridine and Ac,0 29.8
production of 1b by treatment of preliminarily purified 1a from OMWW organic extracts with HCIO4-SiO, and Ac,0 29.5
production of tristearyl-1a by reaction of purified 1a with stearic acid® 25.6
production of 1b by treatment of lyophilized OMWW with HCIO4-SiO and Ac,0 27.6

2 This method has been published in a recent patent (30). It is reported with a yield of 32% because it is related to the reaction with a preliminary purified synthetic or
natural 1a. Since the production of pure 1a is reported in literature with a maximum yield of 80% (2, 3), we calculated the maximal yield of 25.6% considering the overall
process.

120 extent of the native compountia (Figure 4a). Similarly, a
complete protection against oxidative stress-induced hemolysis
was observable in the antioxidant-treated erythrocytes, the
antioxidant effect ofLb being of some order of magnitude of
la (Figure 4b). Finally, 1a and its acetyl analogue equally
prevented at the same concentration the oxidative alterations
of membrane phospholipids, as indicated by TBARS evaluation
as a lipoperoxidation marker (data not shown).

It is worth noting that naturafla and 1b, obtained by
treatment of OMWW extracts as described in the present work,
show protective effects to be very close to those of the
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& Q RS RS © © corresponding synthetic compounds (Figure 4) prepared and
Q\‘ 0‘?‘ O > & > . . . . . .
&F M & & & & assayed as described in our previous w@®){( indicating the
& N = N efficiency as biological antioxidants also of the compounds

obtained from the OMWW source; the data also indicate that
both the synthetic and the natural compounds have been obtained
12 with the same high purity grade.

b All together, the findings of both the chemical and the
biological tests performed using natuia and1b confirm our
previous datad0), indicating that synthetitb is endowed with

a strong biological antioxidant activity similar to that of the
parent compound, although devoid of ferric reducing ability,
4 likely after its activation intdla at a cellular level by esterases.

T It should be stressed, in this respect, that stdlilethat is
preserved against possible chemical oxidation and is activated
into 1a only at the cellular level could ensure the highest
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oo“O\ &Qg g @'@ é@*’ @'@ gntipxidant activity and therefore the highest protecting effect
© \\o&“ & ‘\&& & in vivo.

) T © ) On the basis of these considerations, we propose a possible
Figure 4. Comparative antioxidant effects of natural and synthetic industrial production of naturalb for its use as a nontoxic
hydroxytyrosol (1a) and triacetylhydroxytyrosol (1b) on- ¢-BHP-induced functional component in a wide range of biological matrices
oxidative stress in Caco-2 cells (a) and erythrocytes (b). These effects for human purposes, not only in cosmetic and pharmaceutical
were measured using the tests of cellular viability (MTT assay) and preparations, but mainly as an active ingredient in food
hemolysis, respectively. preparation.

. . . ) . The food industry, indeed, is deeply involved in the identi-
can contribute to an integrative solution for disposal problems fication of new functional ingredients with health-promoting
since the exhausted material from the phenol organic extraction ,qherties for designing high added value so-called functional
is recyclable potentially as an amendment because of its hightoogs, innovative foodstuffs claiming to improve health and/or

organic content (3132). to reduce the risk of diseases, by beneficially affecting one or
We then comparatively tested the chemical antioxidant more target functions in the bod®3, 35).

activity of naturallaand its acetyl derivativéb. As expected, Antioxidants have being amply used by the food industry as

differently from its precursoia endowed with a high antioxi-  additives in food production to prevent any alteration in their

dant capacity, the acetylated compound does not shown anytaste, appearance, and safety. They play such an important role
ferric reducing activity, as measured using the FRAP assay, in delaying the spoiling of foodstuff, including oxidation, a
confirming thatl1b, lacking theo-diphenol moiety, is totally  chemical process due to exposure to air or to the effects of heat
inactive as a hydrogen donor and therefore does not exert anyand light, responsible for a decrease in the shelf life of products.
antioxidant effect (data not shown). It is important to underline that protection against oxidation
The biological antioxidant activity of naturdb was evaluated = exerted by antioxidants results in a loss of their concentration
using human cells, including colon carcinoma cells (Caco-2 in food, and a further decrease can occur during cooking;
cells) and erythrocytesF{gure 4a,b). Preincubation in the therefore, only a small part of the antioxidant originally present
presence of 5&M 1b significantly prevents the decrease in in the raw material is ingested. Therefore, specific compounds,
cell viability induced by t-BHP in Caco-2 cells to the same such aslb, which do not exert antioxidant properties in food
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but are converted in vivo in the active antioxidant compound,
could be regarded as a tool designed to specifically increase
the antioxidant potential in humans for delaying the progression
of several ROS-related pathologies, including CHD. However,
there are two important aspects that must always be taken into
account, including bioavailability and safety of the potential
additive. As pointed out in the Introduction, several observations
on both humansi, 14) and animal 12, 13) models indicate

the high bioavailability and safety dfa.

Referring to the possibility to uskh in cosmetic preparations,
several authors have proposed that topically applied phenolic
antioxidants could represent a tool for protecting the skin against
UV-mediated oxidative damag@&8, 37). In particular, recent
data indicate that caffeic acid and, at a higher degree, ferulic
acid (because of its higher lipophilicity) are able to permeate
through the stratum corneum and to exert significant protection
against UVB-induced skin erythema in healthy human volun-
teers.

Moreover, based on the important biological and pharmaco-
logical activities exerted bga, we consider that its acetylated
form could be proposed as a therapeutic agent in pharmacologi-
cal preparation. In this case, however, further studies should
provide unequivocal evidence of the therapeutic efficacylof
and, more important, its safety at pharmacological doses.
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