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Abstract

Theobroma cacao L. (Sterculiaceae) and cocoa-derived products are phenolics-rich food; these products are largely studied
because of the antioxidant and antiradical in vitro properties of phenolic constituents. Cocoa hulls are the principal by-product
of cocoa, separated from the cotyledons during the pre-roasting process or after the roasting process of 7. cacao beans (de-hull-
ing/de-husking step). This by-product is a matrix rich in fiber (namely insoluble, but also represented by pectins) and phenolics.
Supercritical CO, is a powerful mild technology able to extract and fractionate from plant or animal foods without the use of
organic solvent. This approach was used to extract some phenolics fractions from cocoa hulls. Only two recovered fractions,
(150 bar, 50 °C, re-dissolved in acetone; 200 bar, 50 °C, re-dissolved in acetone), apparently free from (-)epicatechin, catechin
and phenolic acids, showed protective action in an in vitro test (SH-SYS5Y cells, differentiated to a neuronal phenotype using retinoic
acid and then exposed to ischemic damage), similar to the action of cabergoline and vitamin E. We suggest the use of supercritical
CO, for the isolation of bioactive fractions from cocoa hulls and an in vitro model as a useful model to study the antioxidant/anti-
radical properties of isolated phenolic pigments.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Theobroma cacao L.; Antioxidant; Antiradical; Phenolics; Supercritical CO, extraction

1. Introduction lics of cocoa (as well as those of other plant species)

have been reported in many studies as bio-active

Cocoa-derived foods (cacao powders, chocolate, co-
coa-related products) are phenolics-rich foods derived
from the fermented, roasted and milled seeds of Theo-
broma cacao L. (Sterculiaceae). These products, con-
sumed all over the world, are largely studied because
of the antioxidant and antiradical in vitro properties
of some phenolic constituents (phenolic acids, procyani-
dins, flavonoids) (Wollgast & Anklam, 2000a). Pheno-
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compounds (antioxidant, antiradical, anticarcinogenic
properties) (Ren, Qiao, Wang, Zhu, & Zhang, 2003;
Sanbongi et al., 1998; Wollgast & Anklam, 2000b). Also
the anti-microbial properties of cocoa phenolics against
some food bacterial pathogens as well as against some
cariogenic bacteria (Osawa et al., 1990) were previously
shown. The anti-microbial activity is directly correlated
to the property to penetrate the bacterial cell wall
(Arlorio, Coisson, Turri, & Martelli, 2000; Osawa
et al., 1990). The in vivo bio-activity of cocoa phenolics
(as well as phenolics from other foods like coffee and
vegetables) was well studied. This activity is strictly
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correlated with their absorption and metabolism
(Shahidi & Naczk, 2003). In 1994, the estimated per
head consumption of cocoa/chocolate and chocolate
confectionery in European Union ranged from 1.3 (Por-
tugal) to 8.8 kg/year (Germany). Chocolate (particularly
dark chocolate) can be seen as a relevant source for phe-
nolic antioxidants. About bioavailability of polyphe-
nols, above all flavonols, reliable data on the real
content of polyphenols in food are still scarce. Recently,
the flavonoids intake in Dutch diet (based on five flavo-
nols and flavonons) was calculated as 23 mg/day. This
estimation didn’t include catechins and proanthocyani-
dins. Anyway, the bioavailability of flavonols (as well
as all phenolics) is still largely discussed. For exemple,
independently of the doses of chocolate and cacao in-
gested, only 0.5% of catechin was recovered in the free
unbound form in the plasma and in the urine (Wollgast
& Anklam, 2000b).

Phenolic compounds of cacao (7. cacao L.) belong to
many classes of molecules: catechins, epicatechins,
anthocyanins, pro-anthocyanidins, phenolic acids, con-
densed tannins, other flavonoids and some minor com-
pounds (Sanchez-Rabaneda et al., 2003; Wollgast &
Anklam, 2000a).

(-)Epicatechin is quantitatively the main compound
of cocoa phenolics (approximately 35% of polyphenol
content of unfermented Forastero cocoa beans). Total
soluble phenolics of good fermented dried cocoa beans
ranges from 2 to 6%, strictly depending on the variety
as well as the geographic origin. Forastero typical con-
tent is about 6%; soluble phenolics content in Criollo
cacao is about 2/3 of Forastero. Major content are of-
ten an index of bad fermentation. The fermentation
step involves some changes in phenolic content of co-
coa nibs: a strong decrease of total soluble phenolic
content and the polymerisation of some constituent
(above all (-)epicatechin with one other (-)epicatechin
or with anthocyanidins, to form high molecular weight
tannins) occurs (Shahidi & Naczk, 2003). Free low
molecular weight polyphenols still present in chocolate
are responsible of astringent and bitter taste. Some
polyphenolic compounds are clearly involved in colour
development of 7. cacao beans, as well as other molec-
ular classes (mainly proteins and reducing sugars in-
volved in Maillard reactions) that act during the
fermentation step and during the roasting process. “Co-
coa red” is the common name of the typical pigment
colour of “good fermented cocoa beans”, obtained by
mean of different kind of natural microbial fermenta-
tion. So, roasting process involves some changes in ca-
cao nibs colour; also in this case some inter-variety
difference exist (different phenolics and different natural
colorant chemotypes).

The antioxidant properties of cocoa were largely
studied during last years by mean of different
approaches: chemical characterization of involved anti-

oxidant species (HPLC, HPLC-MS) (Adamson et al.,
1999), in vitro chemical studies (in order to study the
ability to scavenging some stable radicals like DPPH",
ABTS™) (Hatano et al., 2002), in vitro biological studies
and nutrigenomic-based studies (bioavailability, in vivo
interaction with cellular/molecular species) (Motohashi
et al., 1999). Some bio-active properties of cocoa are
strictly related to phenolic content as well as to some
compounds from the Maillard reactions (non-enzymatic
brown pigments).

Cocoa hulls are the principal by-product for cocoa
industries, commonly used as secondary source of
theobromine, caffeine and cocoa lipids (often not con-
sidered as ‘““‘cocoa butter”, because of their high acidity
and high unsaponifiable content). Cocoa hulls are part
of the cocoa bean, separated from the cotyledons to-
gether with the germ during pre-roasting process or
after the roasting process of T. cacao (de-hulling/de-
husking step).

Only few studies on 7. cacao husks and hulls are
developed (Martin-Cabrejas, Valiente, Esteban, Molla,
& Waldron, 1994). Recently, because of their high
content in pectin soluble fiber, a novel use of this by-
product has been suggested (Arlorio, Coisson, Restani,
& Martelli, 2001). Supercritical CO, is a powerful mild
technology useful to extract and fractionate without
the use of organic solvent. CO, in supercritical condi-
tions was previously used to extract from cocoa nibs
theobromine, lipids as well as some aromatic com-
pounds. The studies about the extraction of phenolics
from hulls by mean of supercritical CO, are still
lacking.

Ischemia-induced neuronal degeneration is a good
model to evaluate the in vitro activity of phenolic
bio-active molecules. In fact, dopamine has a role in
the ischemic damage; the dopamine released by dam-
aged cells could be oxidized by non-enzymatic or enzy-
matic systems; both processes generate free radicals.
Moreover, the dopamine released induces the gluta-
mate release; also glutamate could be the reason of
the secondary production of free radical species. A
drug (cabergoline, an ergot-related compounds, a
dopamine D2 receptor agonist) as well as an antioxi-
dant bio-active molecule (vitamin E) both showed a
protective antioxidant activity in an in vitro model,
based on the use of human neuroblastoma cells (SH-
SY5Y) (Miglio et al., 2004). This in vitro approach is
a useful method to assess the bioactivity of antioxidant
molecular species.

Aims of this work were (i) to apply the SFE
(Supercritical Fluid Extraction) using CO, to extract
some pigmented phenolic fractions from cocoa hulls,
(i1) to characterize their composition by HPLC and
(ili) to evaluate the anti-oxidative/protective effect
using an in vitro model able to simulate the cellular
ischemia.
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2. Materials and method
2.1. Samples and chemical analyses

T. cacao L. (Sterculiaceae) hulls (obtained by pre-
roasted beans) were kindly obtained from Ferrero SpA
(Alba, Italy). Cocoa hulls were grinded and sieved be-
fore the analysis; the powders obtained were directly
used for the chemical characterisation as well as for
the in vitro studies. Cocoa hulls were chemically charac-
terised (total nitrogen content, % proteins, fats content,
total dietary fiber, total phenolic content, ashes and
moisture). The methods and protocols used for these
analyses are reported in Arlorio et al. (2001).

2.2. SFE conditions

A pilot-plant for supercritical CO, extraction was
employed; the conditions of extraction (from 50 g of co-
coa hulls) are reported in Table 2, as well as the relative
phenolic fractions recovered in different solvents (C1-
C5). The supercritical extraction did not require the
use of organic entreiners. The same table reports the sol-
vents used to dissolve the extract after the CO,
fractionation.

2.3. Antiradicallantioxidant activity

Antiradical/antioxidant property was evaluated by
mean of the scavenging of the DPPH. radical, as
described by Brand-Williams, Cuvelier, and Berset
(1995). The antioxidant properties were expressed
as IP (inhibition percentage; %); the IP of DPPH
radical was calculated as: IP = (Absorbance; — o mijn —
Absorbance; — |5 min)/Absorbance, — ¢ min*100.

2.4. HPLC analysis

The analyses of methanolic extract from cocoa hulls
as well as all extracts obtained by supercritical CO,,
were performed as described in a previous work, using
a Shimadzu Class VP 5 HPLC system (Cofisson et al.,
2003).

2.5. Biological activity test

Human neuroblastoma cells (SH-SYSY), differenti-
ated into a neuronal phenotype using retinoic acid
(10 uM) for 15 days, were exposed to ischemic damage
by mean of deprivation of oxygen and glucose for 5h
(oxygen glucose deprivation-OGD-phase) and then
re-oxygenated (20 h). All the extracts were evaporated
under vacuum (RVC 2-18-Christ, GMBH) and re-dis-
solved in 500 pl of pure ethanol (1 pl/ml). After filtration
(0.45 um syringe filter) a dilution (1:1000) was prepared
using the colture buffer (glucose-free, oxygen-glucose

deprivation buffer: NaCl 154 mM, KCl1 5.6 mM, HEPES
5.0 mM, NaHCO; 3.6 mM, CaCl, 2.3 mM, pH 7.4, bub-
bled with an anaerobic gas mixture of 95% N,, 5% CO,
for at least 2 h before use) for each sample. Ethanol di-
luted with buffer, used as positive—negative control, did
not show effect in all tests (data not showed).

During all the OGD phases, the cells were exposed to
cocoa hulls extracts (C1-C5) obtained by mean of super-
critical CO, extraction as well as to some control mole-
cules with antioxidant/protective properties, in standard
conditions fixed in previously works (a-tocopherol:
50 uM; cabergoline: 10 uM). The contact between cocoa
hulls extracts and cells was maintained throughout
reoxygenation phase.

The cellular vitality (expressed as % of viable cells)
was measured after the re-oxygenation step, using a
colorimetric method (MTT), described by Mosmann
(1983).

3. Results and discussion

The proximate composition (average of three differ-
ent analyses on different batch samples) of the cocoa
hulls is reported in Table 1. As previously reported,
the main hulls component is fiber, principally composed
by insoluble fiber and also containing pectin character-
ized by with high methylation degree. A mean of 1.8%
of total phenolic compounds was detected from the hulls
by means of Folin Ciocalteu’s method (Arlorio et al.,
2001).

The evaluation of total antioxidant activity of the
“whole” phenolic extract from cocoa hulls, obtained
with methanol using Soxhlet apparatus, was then per-
formed using DPPH" method. The scavenging properties
of the methanolic extract of phenolic pigments from co-
coa hulls are shown in Table 2. A methanolic extract
(1:500 diluted in methanol) from cocoa hulls showed
an inhibition percent (IP%) similar to those obtained
with BHA (butyl-hydroxy-anisole) 107°M (66.06 and
54.08 for hulls and BHA, respectively). The highest
radical scavenging activity has been showed by the

Table 1
Proximate composition of cocoa hulls (g kg™! + SD, dry weight)
Composition

Fat 68.1 +2.5
Nitrogen 29.0+1.3
Proteins (N x 6.25) 181.2 + 8.1
Ashes 81 £3.9
Fiber 606 + 6.4
Phenolics (Folin-Ciocalteu’s method) 182+ 84
Phytic acid (spectrophotometric method) 59+0.6
Moisture 101.2 £ 6.0
Theobromine (HPLC) 129+ 1.8
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Table 2

Antiradical activity measured with DPPH" method (IP%)

Samples and reference antioxidants 1P (%)

Trolox (107* M) 97.90

Caffeic acid (107 M) 97.70

BHA (107> M) 54.08

Cocoa bean (methanolic extract, Arriba) 1:500 85.58

Cocoa bean (methanolic extract, Ivory Coast) 1:500 80.14

Cocoa bean (methanolic extract, Ghana) 1:500 96.55

Cocoa hulls (methanolic extract) 1:500 66.06

C1 (SFE Conditions: CO, 100 bar, 50 °C) 33.33
(dissolved in methanol)

C2 (SFE Conditions: CO, 150 bar, 50 °C) 71.71
(dissolved in methanol)

C3 (SFE Conditions: CO, 150 bar, 50 °C) 40.40
(dissolved in acetone)

C4 (SFE Conditions: CO, 200 bar, 50 °C) 69.60
(dissolved in methanol)

C5 (SFE Conditions: CO, 200 bar, 50 °C) 2.50

(dissolved in acetone) dil. 1:200

methanolic extracts obtained from whole fermented co-
coa beans diluted 1:500 (96.55 and 85.58 for Ghana and
Arriba cacao, respectively; Table 2).

The phenolic composition of the methanolic hulls ex-
tract was determined in previous studies (Azizah, Nik
Ruslawati, & Swee Tee, 1999; Coisson et al., 2003).
All phenolic compounds identified in hulls methanolic
extract were described as antioxidant or antiradical
molecules; this fact confirms the behaviour of the whole
cocoa hulls extract underlined in our in vitro study. The
major components in hulls are epicathechin and
p-hydroxybenzoic acid (2753 and 2252 ppm, respec-
tively). The HPLC method used in this study showed
the presence of some minor “unknown” compounds;
we suppose the presence of some anthocyanins and pro-
anthocyanidins. Also these compounds are reported as
strong in vitro antioxidant (Adamson et al., 1999). Fur-
ther studies (HPLC-MS characterization of each pheno-
lic extract) are actually in the course of development.

All fractions obtained by supercritical CO, showed a
light contamination with lipids; the optimisation of the
extraction conditions could be fundamental to limit this
co-extraction phenomenon. Nevertheless, the co-extrac-
tions of some fats from hulls could be avoided by mean
of the previous fat extraction from the matrix. Concern-
ing this point, we have selected the used parameters
(50 °C at 100, 150 and 200 bar) considering all works
published in this topic, with the aim to limit the co-
extraction of lipids (Li & Hartland, 1992; Li & Hart-
land, 1996; Rossi, Arnoldi, Savioni, & Schiraldi, 1989;
Saldana, Mohamed, & Mazzafera, 2002; Saldana, Zetzl,
Mohamed, & Brunner, 2002). The phenolic extracts
fractionated by supercritical CO, were analysed by
HPLC; contrary to our expectation, all chromato-
graphic profiles did not show the presence of phenolic
acids as well as of flavonoid. Only caffeine and some

low-retained high-hydrophilic unidentified peaks were
present (data not shown). Caffeine concentration ranged
from 0.014 to 0.031 mg/ml (Cl: 0.014 mg/ml; C2:
0.031 mg/ml; C4: 0.015 mg/ml). The evaluation of the
antioxidant-antiradical activity of the extract fraction-
ated by supercritical CO, was then measured by mean
of an in vitro model optimised for the evaluation of
the protection from ischemic damage, as reported in
materials and method section. This test showed that
fraction C3 and C5 extracted by CO, (150 bar, 200
Bar) and re-dissolved in acetone, exhibited the highest
biological activity. The fractions C1, C2 and C4 (rich
in caffeine content) did not show positive biological
activity, but they have promoted ischemic damage
(Fig. 1). In fact, only caffeine-free samples (C3 and
C5), showed a protective action from ischemia damage
in our in vitro model. The protective effect of C3 and
C5 fractions was similar to those obtained by cabergo-
line (10 pm) and vitamin E (50 pm).

We suppose that some oligomeric polyphenol as
procyanidins (as well as some not-polymerized anthocy-
anins) could be the bio-active molecules involved in
damage protection. As recently described (Hatano et
al., 2002), pro-anthocyanidin glycosides of cacao show
inhibitory effects on nicotinamide adenine dinucleotide
phosphate-dependent lipid peroxidation in microsomes
and on the auto-oxidation of linoleic acid. These actions
were attributed to the high radical scavenging activity in
the peroxidation chain reaction. Another hypothesis
could be the presence of clovamide, a strong antioxidant
compounds recently described in 7. cacao. Even if the
literature recently reported the protective action of caf-
feine from stroke as well as other ischemic problems
(Aronowski, Strong, Shirzadi, & Grotta, 2003), above
all if in combination with ethanol (caffeinol), our results

100
80+
60+

40

% cell survival

20

ctrl isch vitE cab C1 C2 (Cc3 C4 C5
(50uM)(10uM)

Fig. 1. Effect of protection from ischemic oxidative damage with
cocoa hulls extract and some reference antioxidants (~ P < 0.01).
Legend: ctrl: control cells; isch: ischemic cells; Vit. E: a-tocopherol;
Cab: carbegoline; C1-CS5: fractionated pigment extracts.
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confirmed the protective action of the “unknown” sub-
stance extracted from hulls.

Our results established these extracts as novel impor-
tant antioxidant ‘“solvent-free” matrices in food (i.e.,
dietary, nutraceutical, flavouring) according to other re-
sults previously obtained from the use of whole cocoa
hulls methanolic extract. The protective bioactivity of
these fractions, namely C3 and C5, should be an inter-
esting result about the study of oxidative damage related
to the ischemic processes. For this reason, we suggest the
performing further analysis (HPLC-MS) to confirm/ex-
clude the presence of other class of phenolic in traces
(namely pro-anthocyanidins and free phenolics) with
antioxidant properties.

Finally, cocoa hulls phenolic-rich extracts are very
interesting bio-active compounds with peculiar colorant
and functional properties.

4. Conclusion

The supercritical CO, extraction is a powerful tech-
nique to obtain some pigmented phenolic fractions from
cocoa hulls with bio-active antioxidant and antiradical
properties. The use of an in vitro evaluation-test to
assess the antioxidant activity of these phenolics from
cocoa hulls was optimised. The use of SH-SY5Y cells
for the in vitro evaluation of antioxidant properties of
cocoa hulls extracts is useful to asses the protection
against the OGD damage.

We suggest the better characterization of the bioac-
tivity of phenolic pigments from cocoa hulls for their
safe use in food technology as functional colorant ingre-
dients or antioxidant complex extract.
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