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Effect of domestic processing on bioactive compounds
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Abstract Nowadays, most of the consumed foods
are rarely ready for direct consumption. Food can be
purchased at the local supermarket as fresh raw
product such as meat, fruit, fish etc. or as manufac-
tured product after an industrial processing (canned
meat, dried fish, packed fruit etc.). But later on, both
food types are usually submitted to culinary treat-
ments which will transform the selected food into a
cooked dish ready to eat. Domestic methods of food
processing have been developed over the centuries to
make the final product more attractive in flavour,
appearance, taste and consistency. But, until the last
centuries, none of the gourmets realize that at the
same time, the cooking process was making their
foods more digestible, microbiologically safer and
more or less nutritive depending on the selected
cooking technology. Besides consumer preferences,
the selected cooking method is an important factor
affecting not only the food chemical composition, but
also the intake of bioactive compounds under normal
dietary conditions. Therefore, in this work, the
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different culinary treatments and domestic cooking
methods will be compared to define the optimal
process to reduce the degradation of biologically
active metabolites present in foods commonly con-
sumed as an elaborated dish. Compounds such as
carotenoids, glucosinolates, flavonoids and other
phenolic compounds, w-3 fatty acids, tocopherols,
phytosterols, etc. have been pointed as bioactive
compounds beneficial for human health. Apparently,
they are able to prevent cardiovascular diseases
(CVD), tumour formation, hiper-cholesterolemia in
blood and other deleterious disorders. An adequate
domestic practice might help to increase in taking of
those functional molecules enhancing their function-
ality and reducing the risk of chronic diseases.
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Abbreviations
AA Arachidonic acid
ALA Linolenic acid

ACSO  S-alk(en)yl-L-cysteine sulfoxide
CVD Cardiovascular diseases

DF Dietary fibres

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

GSNs Glucosinolates

HHT High heat transfer
HNE 4-Hydroxy-2-trans-nonenal
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LA Linoleic acid

LOX Lipoxygenase activity peroxidase
LHT Low heat transfer

MA Malonaldehyde

PO Peroxide value

POD Peroxidase activity
PUFAs Polyunsaturated fatty acids
SDA Stearidonic acid

SFAs Saturated fatty acids

TBA 2-Thiobarbituric assay

TS Thiosulfinates

TG Triglyceride

Carotenoids and retinol

Carotenoids are yellow, orange or red pigments with
a symmetrical tetraterpene skeleton as basic structure
that might suffer hydrogenation, cyclisation, oxida-
tion etc yielding other carotenoid derivatives
(Fig. 1a). They are widely found in edible vegetables
and fruits with those colours (carrot, tomato, orange,
banana etc), but also, in those leafy vegetables with
green colour where chlorophylls cover the colour of
these compounds (lettuce, pepper, spinach etc.).
Animal tissues (trout, salmon and seafood) have
certain types like astaxanthin but most of them
transform these carotenoids into retinol or vitamin A
(found in eggs, milk and liver). Vegetarian ready-to-
eat foods also contain carotenoids but in significantly
lower levels than traditionally cooked meals (Agte
et al. 2002).

They were first included in the list of functional
ingredients because of their provitamin A activity
(p-carotene, a-carotene and f-cryptoxanthin) but
epidemiological studies demonstrated that they exert
beneficial activities for human health acting as radical
scavengers in lipidic matrix, protecting against
tumour formation, macular degeneration, cardiovas-
cular diseases (CVD) etc.

Domestic processing

Domestic processing and cooking methods are prob-
able one of the most important factors affecting the
daily intake of carotenoids (van den Berg et al. 2000).

Before cooking selected vegetables, meats, fishes
etc. are submitted to different treatments in order to
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Fig. 1 Chemical structures of a few molecules examples of
the bioactive compounds (a) f-caroteno, (b) a-tocopherol, (c)
EPA, (d) quercetine, (e) 3-hidroxy-cis cinnamic acid, (f)
cellulose, (g) folic acid, (h) glucobrassicin, and (i) -sitosterol

modify or adapt their size and characteristics facil-
itating the later heat application. These domestic pre-
treatments such as washing, removing of skin or
non-edible parts, cutting, drying and also their
maintenance stored at room temperature in a refrig-
erator or a freezer might influence negatively the final
carotenoid content of the prepared dish. For instance,
boiling of an entire piece of chicken liver resulted in
5% retinol loss and if the liver was previously cut in
small pieces 8% retinol was lost (Sungpuag et al.
1999).

Cutting of vegetables allows exposure of inner
tissues to oxygen and light. This, together with the
disintegration of tissues due to acids additions
(lemon, vinegar etc.) result in the destruction of the
provitamin A carotenoids and rest of carotenoids.
Acid and light have been reported to cause
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isomerization of carotenoids from the all-frans form
to the cis form which is biologically less active
(Gayathri et al. 2004).

Peeling and juicing result in substantial losses of
provitamin A, often surpassing those associated with
heat treatment, although lycopene in tomatoes seems
to be more stable (both retention and isomer distri-
bution) with these treatments (van den Berg et al.
2000).

Automatic peeling followed by shredded and
maintained at room temperature (27-28°C) for
approximately 3 h and placed on workbenches under
transparent plastic sheets simulating the awaiting
time between preparation and distribution in a
catering service showed more carotenoid losses than
boiling, pressure-cooking or steaming. Carrots after
such a treatment retained only 59% of total carote-
noids (62.2% of a-carotene and 74.5% of f-carotene)
while still after the most heavy heat treatment 64% of
the total pigments were still intact inside the carrot
matrix (Pinheiro Sant’Ana et al. 1998). Obviously,
domestic chopping or mashing is less aggressive
since chopped food is almost immediately consumed
(Singh and Kulshrestha 2006) but other short pro-
cessing such as making an omelette can be very
aggressive because breaking of the shell leaves the
egg yolk directly exposed to air (Sungpuag et al.
1999).

In some countries, solar drying is a common
practice for preserving different plants (amaranth,
cowpea, peanut, pumpkin sweet potato leaves) lead-
ing to significant reductions in carotenoid and
vitamin A content (50-60%) (Mosha et al. 1997).

Smoke-curing of rainbow trout, another typical
home processing in certain countries only produced
carotenoids concentration (astaxanthin and cantha-
xanthin) (Choubert et al. 1992).

The enzyme lipoxygenase occurs widely in veg-
etables and the loss of carotenoids in peas has been
linked to its activity during storage. However, if the
heat treatment is rapidly applied the enzyme is
inactivated. Storage of spinach in polyethylene bags
at 5°C and 30°C (24-48 h) lead to f-carotene lost
between 0-1.3% and 1.5-2.1% respectively (Kala
Yadav and Sehgal 1995).

Freezing (on a domestic freezer) produced a
slightly reduction of trans-f-carotene (Howard et al.
1999) depending on the freezing temperature.
Blanching before freezing improved carotenoid

retention (Gebczynski and Lisiewska 2006) but long
thawing was detrimental. The lag time after thawing
decreased the carotene concentrations of carrots,
broccoli and spinach, severe degradation was
observed 6 h after thawing (Park 1987).

Cooking methodologies

The carotenoid content in elaborated dishes depends
on the ingredients chemical nature, even when they
are submitted to similar cooking conditions their
values might change depending on the matrix in
which they are involved (high/low fat content,
antioxidants, metals, ripening status, etc). This is
one of the reasons which explain the differences and
even opposite results found among different authors
concerning the carotenoid stability during cooking
processes in diverse foods (Table 1).

Some authors have reported losses of total carote-
noids with cooking, some others observed
insignificant changes and on the contrary, some
concluded that thermal processing increase carote-
noids concentration.

Baloch et al. already in 1977 pointed the enzy-
matic destruction of carotenoids in unblanched
vegetable tissues, the incomplete extraction of pig-
ments from raw vegetables and/or leaching of soluble
solids during processing of the vegetables as the
possible explanations for the apparent increase in
carotenoid content during processing, since values
increased only if results were expressed on a
percentage dry weight basis of the processed mate-
rial. When carotenoid content was expressed on a
water-insoluble solids basis, no increases were
observed, indicating that leaching of soluble solids
was the cause of the apparent increases.

Other reports pointed enzyme activities as the
reason for increasing values since they might catalyze
degradation of specific protein-carotenoid aggregates
(Johnson 2000) similarly as those responsible for the
colour change observed during cooking of seafood.
Blue crabs change from blue-green to red-orange
because their xanthophylls are complexed with
certain protein, with heating, dissociation takes place
and allow the pink-reddish colour to appear. The best
known example is o-crustacyanin, the carotenopro-
tein responsible for the blue coloration of the lobster
carapace. It contains the carotenoid astaxanthin,
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Kim et al. (2007)
Kim et al. (2007)
Kim et al. (2007)
Kim et al. (2007)
Kim et al. (2007)
Kim et al. (2007)
Kim et al. (2007)
Kim et al. (2007)

Microwaved Reference

Baked

Stir-fried

Preassure cooked Steamed

Boiled
0.0018

nd
nd

Raw

Pigment (mg/100 g)

Zeaxanthin

Table 1 continued

Food
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Lycopene

o-Catonete

Spinach

1.3775
nd

p-Xarotene

p-Cryptoxanthin

3.2704

nd
nd

Lutein

Zeaxanthin

Lycopene

nd: not detected

which is bound in a stoichiometric but non-covalent
way to the apoprotein (Weesie et al. 1995).

According to Hart and Scott (1995) boiled green
vegetables showed an increase of 31% of total
carotenoids. Furthermore, in case of cooked broc-
coli, a higher increase of f-carotene (38%) than
lutein (24%) was observed, however for green
cabbage the opposite trend was noted. The cooking
of frozen Brussels sprouts in water for 15 min
resulted in 28% and 2% increases in cis-[3-carotene
and lutein contents respectively and 7% decrease of
p-carotene level (Podsedek 2007). Gliszczynska-
Swiglo et al. (2006) found an increase on both
p-carotene and lutein content in steam-cooking and
boiling of broccoli as compared with fresh broccoli
but Lim (2007) observed in spinach that cooking did
not alter the carotenoid profiles of the samples, only
the level of all carotenoids that was greater in
cooked samples than in fresh samples. Steaming
increased the total carotenoids contents, especially
that of trans-f-carotene. Lutein was little affected
by cooking method while 9-cis and 13-cis-f-caro-
tene isomers were the major types formed during
cooking.

As previously mentioned, thermal processing
swings to greater chemical extractability, it provokes
the breakdown of food structures, leading (probably
also in vivo) to increased bioavailability. In deed, Liu
et al. (2004) demonstrated using in vitro test (using
Caco-2 cell lines) that cooking corn grain signifi-
cantly enhanced carotenoid bioavailability. Cooking
in boiling water within 4 min increased the extract-
able lutein content in chekup manis (Sauropus
androgynus) Indian leaves by almost 20% (Liu
et al. 2007).

However, carotenoids are highly unsaturated
structures which make them sensitive o light oxygen
and heat therefore; they are extremely susceptible to
degradation. The degradation level was dependent on
the cooking methodology utilised including temper-
ature and time conditions. Higher carotenoids
degradation was observed with longer processing
time, higher temperatures and cutting in smaller
pieces or maceration of the food (van den Berg et al.
2000). Nevertheless, their decomposition rate was
lower than that of chlorophylls (Kim et al. 2003).

Effect of various cooking methods on levels of
carotenoids in raw and cooked (microwaved, boiled,
steamed, stewed) green vegetables and tomatoes was
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studied and it was shown that while the epoxycarot-
enoids were somewhat sensitive to heat treatment,
lutein and hydrocarbon carotenoids such as neuro-
sporene, o- and f-carotene, lycopene zeta-carotene,
phytofluene and phytoene survived the heat treat-
ments (Khachik et al. 1992). Heat also induced cis/
trans isomerisation (eg formation of 5-cis-lycopene
and 13-cis f-carotene), and different carotenoid by-
products are formed. In freshly harvested broccoli,
Brussels sprouts, collards, kale, spinach carrots,
squash, sweet potatoes, pumpkin and red peppers
the cooking treatment converted all-trans carotene to
isomers with lower vitamin A activity (Sweeney and
Marsh 1971).

Blanching

Blanching is a culinary method applied to food
before freezing. It is a short incomplete cooking
aimed to enzyme inactivation. Blanching of carrots
by hot water, steam or microwaves resulted in
yellowing. These colour changes are usually small, a
little bleaching occur in carrots, which have caro-
tene inside the chromoplast. Some high-carotenoid
vegetables, such as squash, show a distinct colour
change when heated in water. This has been partly
attributed to isomerization of the trans-carotenoids
to the less highly coloured cis-forms and also to
degradation of chromoplast and solution of caro-
tenes in other cellular lipids (van den Berg et al.
2000).

Blanched broccoli before freezing may provoke
some losses but inactivation of oxidative enzymes
prevents further losses. Therefore, it seemed an
adequate method to improve the carotenoid content
more that just freeze them raw (Gebczynski and
Lisiewska, 2006). f;-Carotene was found to be about
1.9 times more susceptible to heat damage than
o-carotene during normal blanching and cooking
processes (Baloch et al. 1977).

Steam-blanching seems to be better than blanched
in water at 98°C not only for carotene content but
also for sensory quality and nutrient retention
(Onayemi and Badifu 1987) and blanching by boiling
(100°C 5 min) better than stir-frying (180°C 2 min)
since boiling did not cause heavy ff-carotene losses in
swamp cabbage (11%) respect to stir-frying (18%)
(Sungpuag et al. 1999).

Boiling in water

One of the most labile vitamins during culinary
processes are retinol (vegetable boiling, 33% reten-
tion), vitamin C, folate and thiamine (Leskova et al.
2006) but carotenoids, retinol precursors, are less
affected than the vitamin A.

A large study where 33 types of leafy vegetable
(including herbs and Brassica spp.) 16 other vegetables
and 6 types of fruit, were compared for their carotenoid
content using fresh and processed vegetables, pointed
out that leafy vegetables generally had a higher
carotenoid content than the other vegetables and fruit
and that losses, expressed as vitamin A activity, were
lower during boiling (14%) than in other domestic
treatments (Speek et al. 1988). Boiling after soaking of
several varieties of beans, chick peas and lentils did not
generally results in a significant decline in f-carotene
(Atienza et al. 1998). Tomato lycopene content was
neither affected by cooking treatment for 4, 8 and
16 min at 100°C (Thompson et al. 2000).

A comparison between various cooking methods
frequently used at catering services obtained similar
conclusions, water-cooking (boiling 21 min) without
pressure was the best heat treatment where retention
was 72.4% of total carotenoids (78% of wa-carotene
and 89% of f-carotene) compared to pressure cook-
ing (with water 17 min) or steam cooking (15 min)
with respectively 64% and 76% retention of total
carotenoids (a-carotene 61% with pressure-cooked
and 67% steam-cooked and f-carotene respect. 80%
and 84%) (Pinheiro Sant’Ana et al. 1998).

Effects of boiling water using induction or
conventional fire places and microwave steaming of
broccoli, carrots, green beans and sweet potatoes
were also compared. No differences in the retentions
of a-carotene, ff-carotene and lutein/zeaxanthin were
observed in the vegetables by any of the selected
cooking methods with the exception of f-carotene
retention in broccoli and sweet potatoes where
retentions were higher in those induction boiled
(90.3 and 86.1% respect.) than those microwave
steamed (62.2 and 66.4% respect.) (Nunn et al. 2006).

The water volume used for cooking was pointed as
another influencing parameter affecting the carotenoid
retention. The highest retention was obtained when
vegetables were cooked almost without water and the
lowest retention was associated with the use of a large
amount of water during cooking (Leskova et al. 2006).
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Addition of spices with antioxidant properties such
as tumeric or onion powder to the boiling water
influenced positively the retention of f-carotene in
boiled carrots. Onion powder improved from 84% up
to 97.5% retention on carrots. Retention of ff-carotene
was higher in boiled pumpkin in the presence of
turmeric or combinations of tamarind and onion/citric
acid and turmeric (Gayathri et al. 2004).

Steaming and pressure cooking

Boiling green beans in a covered pot, pressure-cooking
or microwaving them caused lower losses of pigments
than steam-cooking (Cruz-Garcia et al. 1997). Steam-
ing (100°C 40 min) of pumpkin resulted in 15% of
p-carotene loss (Sungpuag et al. 1999). But the effect
of pressure-cooking compared with boiling on an open
pan differed from author to author. Kala Yadav and
Sehgal (1995) reported pressure cooking (10 min) as
more adequate method than boiling (30 min)). On the
contrary, Gayathri et al (2004) and other reports
previously described, indicated that carrots and pump-
kin cooked in a pressure-pan (10 min) retained 73%
and 29% respect. of f-carotene while 84% and 51%
respect. were retained with normal boiling.

The addition of acidulants (tamarind and citric
acid), able to decrease pH of the cooking medium,
appeared to influence carotenoid retention. Tamarind
addition improved f-carotene retention in carrot
during pressure cooking (10% lower losses). Addi-
tions of tamarind and citric acid on pumpkin pressure
cooking considerably improved ff-carotene retention
(37 and 43% respectively) (Gayathri et al. 2004).

Pressure cooking resulted in increases in f-caro-
tene bioavailability of 19, 48 and 100% for carrots,
amaranth and fenugreek leaves, respectively, but had
no significant influence on pumpkin according to
in vitro digestion assays (Veda et al. 2000).

Frying

Conditions during stir-frying might be more drastic
than those of boiling, thus reducing the carotenoid
levels in a higher percentage than boiling. Boiled
broccoli (5 min) retained approx. 7% more carote-
noids (neoxanthin, lutein) than stir-fried broccoli
(4 min) except for f-carotene which did not change

@ Springer

much and violaxanthin which is more susceptible to
boiling. Violaxanthin is a very labile carotenoid and it
may be completely destroyed during prolonged heat
treatments, whatever is the cooking method (stir-
frying or boiling) (Sa and Rodriguez-Amaya 2003).

But, results changed if other foods are considered
since no significant differences were found in boiled
(5 min) or stir-fried (10 min) green beans (Sa and
Rodriguez-Amaya 2004). Frying chicken eggs to
make omelette (200°C 2 min) provoked a 43% of
retinol losses compared to the initial retinol content
found in a raw egg, while if the egg is boiled (100°C,
10 min) only 11% of retinol is destroyed (Sungpuag
et al. 1999). If tomatoes are fried at 145°C and 165°C
for 1 min only 36.6% and 35.5% lycopene respec-
tively is retained (Mayeaux et al. 2006).

Surprising results were those of Padmavati et al.
1992 which indicate that deep-frying resulted in
twice the amount of loss that occurred during
shallow-frying (tested in 12 vegetables). Because of
the easier oxygen accessibility in a shallow-frying
opposite results would have been expect.

In particular preparations (spinach dough), the
frying process might help carotenoids leaching out of
the dough to the oily medium as they are lipid soluble
compounds besides dough protection which might act
as physical barrier (Kim et al. 2003).

Stir frying might also facilitate carotenoid intake
as the process improves their bioavailability in a 53,
63, 192 and 263% for pumpkins, carrots, amaranth
leaves and fenugreek leaves respectively according to
an in vitro digestion test (Veda et al. 2000).

Baking

Baking as well as deep-frying resulted in substantial
losses of provitamin A carotenoids. However, not
many reports include the baking effect on their
cooking methods for comparisons.

Old reports mentioned that carotenoid degradation
in sweet potato (I[pomoea batatas) was higher in an
electric oven at 200°C (20 to 45 min) than boiling in
3 times their weight in water (10-30 min) (Sarhan
et al. 1975; El Wakeil and Morsi 1976). Baking of
tomato slurry at 177° and 218°C for 15 min respec-
tively lead to only 37.3% and 25% lycopene
retention, higher baking times increased losses
(Mayeaux et al. 2006). Roasting of meats also
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decreased retinol content by 10-15% and at higher
temperatures even 30% retinol losses can be reached
(Leskova et al. 2006).

Ground-oven baking, a traditional Pacific cooking
style characterized by digging a hole in the ground
and making inside a particular stone oven, was not a
recommendable cooking method to maintain retinol
and carotenoid content as compared, for instance, to
microwaving (20-91% retinol retention) (Kumar and
Aalbersberg 2006b).

Microwaving

Reports on the effects of microwaves on carotenoids
are contradictories. Some authors reported losses of
total carotenoids in broccoli during conventional and
microwave cooking (Zhan and Hamauzu, 2004). The
florets and stems cooked for 5 min by these both
methods lost approx. 23% of total carotenoids.
Among analysed carotenoids, the levels of f-carotene
and violaxanthin declined during the conventional and
microwave cooking, but the level of lutein increased
gradually in both cooking methods. This could be due
to transformation of the cis isomer of lutein to the
trans form, which has been noted during microwave
cooking of broccoli (Uplike and Schwartz 2003).

Other authors pointed microwave heating as less
destructive cooking method than steaming and boil-
ing. Howard et al. (1999) reported minimal effects on
trans-f}-carotene in broccoli, carrots or green beans
while Mayeaux et al. (2006) indicated that lycopen in
tomato was highly affected since only 64.4% of
lycopene remained after 1 min of microwave heating
at high power. Muradian et al. (2000) also observed
significant reduction (11% to 26%) on pro-vitamin A
carotenoids of celery and serrlha (Sonchus olerac-
eus). The same author described no carotenoid
reduction for mint remarking the important role of
the food matrix on the carotenoid stability submitted
to the different cooking methodologies.

Tocopherols and derivatives

The term ‘vitamin E’ is used to describe all tocol and
tocotrienol derivatives that qualitatively exhibit the
biological activity of a-tocopherol. Tocopherols are
derivatives of 2-methyl-6-chromanol onto which is

attached a saturated 16 carbon isoprenoid chain at
C-2. a-tocopherol is methylated at C-5, C-7 and C-8
on the aromatic ring (Fig. 1b). The other homologues
(B- y- 0-) differ in the number and positions of the
methyl groups on the ring. Tocotrienols differ from
the corresponding tocopherols in that the isoprenoid
side chain is unsaturated at C-3’, C-7' and C-11’
(Bramley et al. 2000).

Vegetables in addition to fats, oils and cereal
grains constitute the major source of tocopherols and
tocotrienols in our diet. They are present in different
concentration depending on oil origin and they are
considered very important bioactive compounds
mainly because of their ability to react with and
quench free radicals in cell membranes and other
lipid environments, thereby preventing PUFA from
being damaged by lipid oxidation. Tocopherols also
influence cellular responses to oxidative stress by
modulating signal-transduction pathways, prevent
cardiovascular diseases (CVD), tumour formation,
neurological disorders etc.

Domestic processing

Tocopherols are rather stable at freezing, cooling
(Murcia et al. 1992) and room temperatures if they
are keep out of oxygen and light. Therefore, their
levels are maintained during in most of the domestic
storage operations and some of processes that take
place before the cooking treatments. Only prolonged
oils storage might influence their levels since they are
the first molecules to be oxidized (20% o-tocopherol
after 2 months, 92% after 12 months storage) pro-
tecting others such as squalene and o-diphenols
characteristic compounds of extra virgin olive oils
(Rastrelli et al. 2002). Tocopherols and tocotrienols
are the most important natural antioxidants in fats and
oils, acting as primary or chain-breaking antioxidants
by converting lipid radicals to more stable products
(Bamley et al. 2000). As a result of their antioxidant
activity they are themselves subject to destruction by
oxygen, giving rise to a number of products including
quinones, dimers, trimers an epoxides.

Domestic hot-smoking of trout, a common practice
in Nordic kitchens, did not affect o-tocopherol
content (Jittinandana et al. 2006). But, other more
usual process such as dough-making to prepare
French bread might produce more than one-third of
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o-tocopherol reduction because of the oxygen which
is incorporated into the dough (Wennermark et al.
1994). Preparation of other dough-containing prod-
ucts such as Mexican tortillas destroyed almost
completely the high tocopherols content of raw corn
(8.1 mg/100 g) (Wyatt et al. 1998).

One of the most drastic domestic processing for
tocopherols is the preparation of an omelette (Murcia
et al. 1999). Egg beating prior to cooking, breaks the
micellar phase of the yolk, thus increase susceptibil-
ity to oxidation. This may bead to the formation of
peroxides, intermediate products in the auto-oxida-
tion of the fatty acids, destroying the tocopherols
since these would react with the peroxides.

Cooking methodologies

Tocopherols and tocotrienols are fat-soluble mole-
cules so it was not expected to be highly influenced
by water-involve cooking methods (Table 2).
According to Bernhardt and Schlich (2006) and
Gliszczynska-Swiglo et al. (2006), cooking methods
such as boiling, stewing, steaming, pressure steaming
and microwaving did not modify the tocopherol
content in broccoli or red pepper, on contrary, they
provoked a significant release of «- and y-tocopherol
when fresh broccoli were cooked (from 0.32 mg/
100 g in raw broccoli to 1.54 after boiling or to
1.70 mg/100 g after pressure steaming). This effect
was not observed if frozen broccoli were cooked.
However, a few authors reported significant losses on
aqueous media bringing again to discussion the
controversies pointed before for the previously
described lipidic compounds: the increase of the
chemical extractivily of lipidic molecules with the
heat treatment.

Boiling, steaming pressure cooking and mixed
cooking

Tocopherol losses in carrots, cabbages, Brussels
sprouts and leeks during cooking in water were
reported to be between 10 and 20% (Elmadfa and
Bosse 1985) depending on the type of food and
cooking time. In several cereals and legumes, con-
ventional cooking caused higher losses ranging from
22 to 55% in cereals and 9% to 59% in legumes
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(Wyatt et al. 1998). The latter results were in
disagreemet with others where no significant «- and
y-tocopherol reduction was found after a soaking and
boiling process of several legume varieties (beans,
chick peas and lentils) (Atienza et al. 1998) or, they
were never lower than 88% (Leskova et al. 2006).
Differences in legume varieties and cooking proce-
dures from two different countries might explain the
variation in their results because, for instance, the
amount of water utilized for cooking influenced
significantly the tocopherol and tocotrienol degrada-
tion when rice bran is boiled. Rice bran is a good
source of tocopherols and tocotrienols (103 mg/
100 g). When 6 and 12 g of water per 100 g bran
were utilized for cooking almost all tocopherols and
tocotrienols were destroyed (97-99%) while if 50 and
400 g water were used, tocopherol and tocotrienol
destruction ranged from 51 to 72% (Anil-Kumar et al.
2006).

Boiling meat products showed a detrimental effect
on tocopherol content as boiling rabbit meat lead to
39% tocopherol reduction while other processes such
as frying (12%) or roasting (14%) were less aggres-
sive (dal Bosco et al. 2001).

In the so called ‘mixed cooking’ methods, a water
or steam cooking is conducted after or together with a
short frying (brasing, stewing etc.). In this special
combination, if a mixture of virgin olive oil and water
is selected as cooking media in a pressure cooker
(30 min) no significant reduction of the a-tocopherol
fraction takes place (Brenes et al. 2002).

The use of other fats to stew such as margarine
could be detrimental to the tocophenol content. If
peas are stewed (3 min 70°C), some loss of tocoph-
erol occurred in those brought by the margarines. The
total tocopherol losses are much higher when stewing
is carried out in a stainless steel pot (57%) than in a
glass pot (0.7%) (Steinhart and Rathjen 2003).

The final tocopherol concentration of beef fillets
(Psoas major) submitted to brasing (pan-fried with
oil for 5 min followed by 90 min steam cooking) was
also dependent on the utilized oil. Beef increased its
o- and y-tocopherol concentration because of the
incorporation of these compounds from the cooking
medium. But, the final «-tocopherol content was
higher if olive oil was utilized compared with corn oil
or partially hydrogenated plant oil. Only if corn oil
was used higher y-tocopherol content was found in
the beef fillets (Saghir et al. 2005).
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Frying

The o-tocopherol content of raw fishes such as sand
smelt, picarel, anchovy, striped mullet, bogue, scad,
hake and sardine was less than 0.1 mg/100 g fw. When
they were pan-fried in virgin olive oil, the oil was
absorbed by fish during the frying process (as occurred
in brasing) resulting in a significant enrichment of
o-tocopherol in the fried samples ranging from
1.93 mg/100 g fw to 2.97 mg/100 g fw representing
an increase of 1-2 orders of magnitude (Kalogeropo-
ulos et al. (2007a)) when similar frying processes were
performed with different vegetables, the a-tocopherol
increase was 6-30 times more depending on the
vegetable considered (Kalogeropoulos et al. 2007b).
The tocopherols in this type of oil are stable during any
of the usual domestic heating conditions (160—190°C
for 30-120 min) because of the effective protective
effect of its polyphenols, both molecules work syner-
gically as lipidic antioxidants (Pellegrini et al. 2001).
The use of other oils (corn oil, partially hydrogenated
vegetable oil, etc.) is not negative for the tocopherol
content if the frying process are not very long such as,
i.e. during a pan-frying of salmon fillets (Al Saguir
et al. 2004). In this case, the tocopherol levels remained
almost stable and were not affected by oxidation.

Reutilization of the oil in successive frying cycles
(cooking—cooling—storage—cooking-) decreased the
tocopherol levels. a-Tocopherol was more susceptible
of oxidation than other isomers in deep-frying on
potatoes on rapeseed oil since after 4 or 5 cycles a
50% reduction was noticed. - and y-Tocopherols
reached similar reductions after 7 or 8 cycles (Gordon
and Kourimska 1995). This effect was more destruc-
tive if a pan was used for frying compared with deep-
frying (Andrikopoulos et al. 2002a, b) because in the
pan, the oil is more exposed to oxygen.

Tocopherol retention in deep-fat oils is affected by
the presence or absence of a food coating. Miyagawa
et al. (1991) demonstrated that when potato slices
were tempura-fried (flour coated) higher tocopherol
reduction was observed than when they were fried
without coating.

Roasting or baking

The use of margarine as fat to help roasting of steaks
and potatoes (6 min 180°C and 15 min 120°C)
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resulted in some loss of tocopherols from the
margarines. The highest total tocopherol losses
occurred during roasting of steaks (17.2-49.9 mg/
100 g fat) more than of potatoes (Steinhart and
Rathjen 2003). Margarine is also not recommended
for doughs because baking of cakes and cookies
(60 min 175°C and 12 min 200°C) provoke loss on
the margarine tocopherols depending on its PUFA
content. Oxidation was also higher in cakes than in
cookies (Steinhart and Rathjen 2003).

As previously described, the o-tocopherol of a
French break mix is reduced during dough making.
Afterwards, further losses will occur during the
baking of the baguette with an overall reduction of
about 56-65% (Wennermark et al. 1994).

Microwaving

Foods containing high levels of fat readily absorb
microwaves, yet relatively little is known about how
microwave heating affects the lipidic components of
foods. Microwave heating is another method (like
frying) used to prepare omelettes. A substantial
tocopherol reduction was observed in egg yolks (up
to 50%) when both treatments were applied while
boiling was a less drastic treatment (Murcia et al.
1999). Yoshida and Kajimoto (1989) reported that
microwave processing of soybean seeds led to an
approx. 40% loss of tocopherol. However, microwa-
ving seemed a better method than frying at 180°C to
maintain unchanged the a-tocopherol content of olive
oils (Brenes et al. 2002). The order of stability during
microwave heating was o6 > f§ > y > a-tocopherol
(Yoshida et al. 1991).

Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) w-6 and w-3
are essential lipids for human health. Actually,
people from developed countries include large
amounts of saturated and w-6 PUFAs in their diets
which are detrimental to their health increasing the
risk of CVD and other chronic diseases. Nowadays,
inclusion of fish in the diet is encouraged and food
industry is designing new functional foods supple-
mented with -3 fatty acids to balance the w-6/w-3
ratio.
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Linolenic acid (ALA), eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) are essential
PUFAs because mammals cannot synthesize them de
novo (Whelan and Rust 2006). They are indispens-
able components of the cell membrane, important in
brain and retina, cell growth and division, platelet
aggregation, inflammatory responses, haemorrhage,
vasoconstriction and vasodilatation and immune
functions. Recent studies have shown their role in
prevention and treatment of CVD, diabetes, arthritis,
cancer and other disorders (Simopoulos 1999).

Important w-6 fatty acids in nutrition are: linoleic
acid (LA, 18:2) and the arachidonic acid (AA, 20:4),
a physiologically significant -6 fatty acid and
precursor of prostaglandins and other physiologically
active molecules.

Dietary sources of w-6 fatty acids include cereals,
whole-grain breads, most vegetable oils, eggs and
poultry and baked goods. Most seed oils contain LA
while fish oil, soybean oil, canola oil, flaxseed oil, and
green leafy vegetables are the major sources of w-3 fatty
acids. ALA is found in a wide range of plant products
while the best sources of EPA and DHA are cold water
oily fish such as wild salmon, herring, mackerel,
anchovies and sardines. Although fish do not synthesize
them, they obtain them from the algae in their diet, thus
new alternative natural sources such as many species of
marine microalgae are appearing in the market.

Domestic processing

Lipids containing polyunsaturated fatty acids and
their esters are easily oxidised by molecular oxygen
by a free radical chain mechanism called autoxida-
tion. In general terms, and depending on the storage
conditions, storage of fatty products leads to a
decrease in the content of the PUFAs fraction
(Table 3). Refrigeration and freezing are domestic
procedures commonly used for fish storage. Cold
storage in a fridge for 7 days was detrimental for
lipids of the dark meat of sardine (Sardinops
melanosticta), which were unstable and susceptible
to oxidation (Yamamoto and Imose 1989). At freez-
ing temperatures, most of fatty acids of catfish fillets
(especially PUFAs) gradually decreased in fish fillets
stored at —10°C. This decreasing tendency was also
noticed even when fillets were kept at lower temper-
atures (Eun et al. 1994).

Cooking methodologies

Heating treatments of fatty products always involve
oxidative processes that lead to the production of
toxic volatile and non-volatile compounds. Polyun-
saturated fats are more susceptible to oxidation
during heating than monounsaturated fats. Heating
at different cooking temperatures leads to an increase
in volatile compounds such as acetaldehyde, propenal,
and propanal resulting from w-3 fatty acids oxidation,
whereas the formation of compounds such as hexanal
corresponds to losses of linoleic acid (Boyd et al.
1992). Dienaldehydes are also by-products of PUFA
peroxidation and they are commonly found in many
foods or food-products, like heated oils. When marine
species are processed at high temperatures, damage to
PUFAs lead to primary and secondary lipid oxidation
products, which might result in browning (Pokorny
1981), formation of fluorescent compounds (Lubis
and Buckle 1990), flavour changes (Kunert-Kirchhoff
and Baltes 1990), and loss of essential nutrients
(Nielsen et al. 1985).

Enriching foods with long-chain w-3 PUFAs is an
interesting approach to increase the dietary intake of
these beneficial nutrients. Supplementation of meat
and eggs can be achieved by adding flaxseed, fish oil,
or fishmeal to pig, beef or poultry feeds. But, when
these enriched meats are submitted to a usual
domestic cooking, higher levels of lipid oxidation
products are found. Volatiles such as n-alkanals,
2-alkenals, 1-alkanols, and alkylfurans increased up
to four-fold in aroma extracts of cooked steaks (with
increased PUFAs content). Most of these compounds
were derived from the autoxidation of the more
abundant mono- and di-unsaturated fatty acids during
cooking and such autoxidation appeared to be
promoted by increased levels of PUFAs (Elmore
et al. 1999). Similar effects were observed when
lambs were fed with fish oil: unsaturated aldehydes,
unsaturated hydrocarbons and alkylfurans increased
up to four-fold due to PUFAs autoxidation during
cooking (Elmore et al. 2000). Nevertheless, other
authors reported that when using a specific stabilized
tuna fishmeal formulation as a source of DHA for
enrichment of park and poultry products the increases
were retained after cooking (Howe et al. 2002). These
PUFAs stabilization might be carried out by supple-
menting w-3-enriched-product with antioxidants such
as a-tocopheryl acetate or natural antioxidants such
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Table 3 continued

Microwaving Reference

Boiling Steaming Frying Grilling

Storage (freezing) Blanching

Compound

Food

Hearn et al. (1987)
Hearn et al. (1987)

PUFAs
PUFAs
PUFAs

Butterfish
Mullet

Yoshida et al. (1999)

Soybeans

Takagi et al. (1999)

)

Yoshida et al. (2002)

PUFAs
PUFAs
PUFAs

Sunflower seeds

Yoshida et al. (2006)
Murcia et al. (1999)

Pumpkin seeds

©)

Egg yolk

(0): no significant losses; (+) Increase in the content; (-): decrease in the content

as the diterpene phenolic fraction from Rosmarinus
officinalis (Vareltzis et al. 1997). Domestic process-
ing of eggs enriched with -3 PUFAs reduced
significantly the o-tocopherol content (16%) and
increased lipid oxidation two- to nine-fold. PUFAs
oxidation levels were higher in hard-boiled eggs
(30.4%) than in scrambled eggs (Cortinas et al.
2003).

Blanching

Lipid oxidation is the quality-limiting attribute in
many vegetables that generates off-flavours. Lipox-
ygenases, which catalyze the oxygenation of
polyunsaturated fatty acids, are key enzymes in this
pathway and their presence is believed to be the chief
reason for the need for blanching prior to frozen
storage. Some authors stated that a complete inacti-
vation of lipoxygenase (LOX) and peroxidase (POD)
from sweet corn can be achieved within 9 and 15 min
of steam blanching, protecting the PUFAs from
degradation (Rodriguez-Saona et al. 1995; Dornen-
burg and Davies 1999). On the contrary, blanching of
raw meat led to a decrease in PUFAs content, higher
free fatty acid levels and significantly higher peroxide
values (Fox et al. 1994).

Boiling, steaming and pressure cooking

Boiling or water cooking processes seemed adequate
methods to maintain the lipidic profile in fishes. For
instance, not significant change in the total PUFAs
amount was observed in boiled hake (Merluccius
hubbsi) when compared to raw hake (Mendez et al.
1992). Morover, only a slightly modification on the
relative proportions of saturated and polyunsaturated
fatty acids was found on trout fillets due to cooking
process (Bouzidielmehdaoui et al. 1993). Boiling of
silver carp was also recommended for keeping the w-
3 PUFAs level better than deep-fat frying since the
latter method, either in the form of fillets or of
minced patties, provoked a loss of fish oil of about
30-40%. According to Tothmarkus and Sasskiss
(1993), the PUFAs EPA and DHA were surprisingly
stable.

Steam cooking seemed a more drastic method than
boiling since steaming of albacore (Thunnus
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alalunga) provoked a general decrease in total lipid
content. Nevertheless the decrease was on saturated
and monounsaturated fatty acids while an increase in
polyunsaturated fatty acids were observed in digly-
cerides of different fish muscles. (Gallardo et al.
1989).

Frying

Frying temperatures and methods affects the lipidic
composition of the oil or fat used as cooking medium
and of the food fried on it because important lipid
exchange occurs between both components. In gen-
eral terms, the oxidation of one component induces
the oxidation of the other.

Thermal stressing of PUFAs-rich culinary oils
(30-90 min at 180°C) generated high levels of
n-alkans, trans-2-alkenals, alka-2,4-dienals and
4-hydroxy-trans-2-alkenals via decomposition of
their conjugated hydroperoxydiene precursors,
whereas in oils with a low PUFAs content only low
concentrations of selected aldehydes were produced
indicating that the higher the level of unsaturations
the lower the oil stability to frying procedures
(Claxson et al. 1994). If oils are subjected to repeated
frying episodes, an increase of saturated and o-, -
unsaturated aldehydes is observed as lipid oxidation
products from culinary oils (Silwood and Grootveld
1999). Moreover, continuous oil exposure to frying
temperatures (185°C) increases the formation of HNE
(4-Hydroxy-2-trans-nonenal), a cytotoxic secondary
lipid peroxidation product of linoleic acid, and other
polar lipophilic aldehydes. The formation of HNE
and other hydroxyaldehydes at frying temperatures
was a cumulative result of PUFAs oxidation over
time (Seppanen and Csallany 2006).

PUFAs w-6 content of sardines rose 4, 6.3 and
19.9 times when they were deep-fried on olive oil,
lard, and sunflower oil, respectively. The PUFAs -3
fell 3.3 times in the case of sunflower oil and 2.2
times with olive oil, with no changes with lard.
Therefore, results confirmed that frying produced an
exchange between the sardine fat and the frying
medium, which caused significant changes in the
fatty acid composition and in the w-6/w-3 ratio of the
oily fish (Sanchez-Muniz et al. 1992). Similar results
were obtained with other fishes: frying of sole (Solea
solea), bake (Merluccius merluccius), codfish (Gadus
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morrhua) (Candela et al. 1997), sea bass (Dicentrar-
chus labrax) (Yanar et al. 2007) and Baltic herring
(Clupea harengus membras) (Aro et al. 2000)
provoked similar increase in the ratio cis-polyunsat-
urated/ saturated fatty acids (PUFAs/SFAs) due to the
absorption of the cooking medium, leading to an
increase in the w-6/w-3 ratio.

Nevertheless, the precise effect of deep-fat frying
on the fish w-3 content is specie-dependent. For
instance, raw sardines and mackerel are important
sources of w-3 polyunsaturated fatty acids, but this
-3 PUFAs content decreased significantly during
frying from 24.0 and 16.6 g/100 g fat, to 6.6 and
5.4 g/100 g fat, respectively. On the other hand,
salmon, despite having the lower amount of eicosa-
pentaenoic acid and docosahexaenoic acid in raw
samples, was the best source of these fatty acids after
frying (1.7 g/100 g of food). Therefore, the ratios of
total w-6/w-3 fatty acids increased with cooking from
0.12 to 1.07 in salmon, from 0.12 to 6.19 in mackerel,
and from 0.07 to 5.98 in sardines (Candela et al.
1998).

Pan-frying or shallow-frying (in olive oil) also
produced losses in saturated and polyunsaturated
fatty acids from sardine fillets (Castrillon et al. 1997).
But, no significant change was detected in the -3
fatty acids content and in the polyunsaturated/
saturated-ratio of cooked salmon fillets submitted to
different cooking processes such as grilling on a pan
without oil, and pan-frying with olive oil, corn oil, or
with partially hydrogenated plant oil (Al-Saghir et al.
2004). Only a modest reduction of PUFAs contents
was reported by Gladyshev et al. (2006) when fillets
of humpback salmon were subjected to frying. It was
hypothesized that the absence of significant reduction
of PUFAs contents in Salmonidae family during heat
treatment may be due to a high level of natural
antioxidants.

Grilling and baking

Grilling of marine fish products (rich in EPA) such as
dried products made from Japanese whiting, squid
buccal mass and northern cod, produced a fairly large
decrease in the levels of PUFAs. On the contrary,
grilling of fishes with lower levels of EPA, such as
salted-dried Pacific round herring (Regulska-Liow
and Liow 2002), sea bass fillets (Yanar et al. 2007)
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and fermented-dried horse mackerel, caused a rela-
tively low PUFAs degradation (Shozen et al. 1995).

Moreover, baking did not significantly modify the
fatty acid composition of sea bass fillets (Yanar et al.
2007) but led to losses in the content of tocopherol
during the preparation of hot meals, which may have
an effect in the lipid, and hence in the PUFAs
oxidation (Steinhart and Rathjen 2003).

Microwaving

It has been suggested, that the high levels of energy
involved in the microwaving process promotes the
oxidative processes in PUFAs and the formation of
conjugates and polymers within minutes since micro-
waves force the molecules to vibrate strongly,
affecting especially the hydrogen atoms of the active
methylene groups which are adjacent to the unsatu-
rated centres (Radwan et al. 1991). But, when the
stability in microwave ovens of PUFAs from differ-
ent food products such as butterfish, mullet, mackerel
and sardines (Hearn et al. 1987), herring (Regulska-
liow and liow 2002), cultured sea bass (Yanar et al.
2007), soybeans (Yoshida et al. 1999), sunflower
seeds (Yoshida et al. 2002), kernels of pumpkin seeds
(Yoshida et al. 2006), was investigated, microwave
heating did not lead to significant losses of polyun-
saturated fatty acids. Only Murcia et al. (1999)
reported a decrease in 18:2, 18:3, 20:4 and 22:6
PUFAs in samples of egg yolk subjected to micr-
owaving, and Takagi et al. (1999) in the percentages
of PUFAs from soy beans (Takagi et al. 1999).

Furthermore, when corn and palm oils, ghee and
camel fat were submitted to different heating times
(5, 10 and 15 min) some TG were hydrolyzed to free
fatty acids. An increase in the lipid oxidation was
observed leading to a decrease in PUFAs percentage
and an increase in the saturated ones (Matalgyto and
Al-Khalifa 1998). Moreover, heating of sunflower,
soybean and peanut oils resulted in a generally
decrease of PUFAs with the increasing of the heating
period (Hassanein et al. 2003). These results may
suggests that, in the case of high lipid-containing
food such as fats and oils, the microwaving process
cause more adverse effects than in food products such
as above cited, where lipids are involved in a matrix
together with other compounds such as proteins or
carbohydrates.

Phenolic compounds and flavonoids

Phenolic compounds are usually classified in two
main groups: Those consistent with a skeleton Cs—C1,
and those corresponding to a skeleton C¢—C3. To first
group belong chemicals as hidroxybenzoic acid while
to the second group others such as cafeic, ferulic and
isoferulic acid (Fig. 1le). Flavonoids are characterized
by a skeleton of three units, C¢—C5—Cg, that forms a
cyclic structure in most cases (Geissman 1962). In
this skeleton two aromatic rings, referred to as A and
B (in chalcones), can be distinguished, and an
additional third ring (C), in the rest of the flavonoids
(Fig. 1d). Different flavonoids can be classified
according to the oxidation degree of the three carbon
central segment. From a lower to higher oxidation
degree the flavonoids are usually named as catechins,
chalcones, flavanones, isoflavones, flavan-3, 4-diols,
flavones, aurones, flavonols and anthocyanins. The
different basic structures can show different substi-
tution patterns. These may include, as more often,
hydroxylations, methoxylations, glycosilations and
more rarely substituted methylendioxiflavonoids,
such as pirano and furano flavonoids, with isoprenes,
and even more unusually alkaloids, such as ficin,
filospadin and litalin (Wollenber 1993).

Phenolics and flavonoids are widespread through-
out the plant kingdom. They are present, as traces,
in practically all the edible plants that express the
metabolism of the shikimate pathway. Within the
different kinds of these products, flavanones occur
as major flavonoids in citrus and their derivatives
(Benavente-Garcia et al. 1997). Isoflavones, such as
genistein and daizdein, are found in legumes (most
kind of beans) and particularly in soy and soy
containing product, such as infant foods, vegetarian
formulations, among others (Peterson and Dweyer
1998). Flavones are often found in grains and herbs
(i.e. parsley, lamiaceae plants and cereal grains) and
vegetables such as celery (Peterson and Dweyer
1998), lemons, olives, peppers and red grapes, and
in fruit skins. Some polymethoxylated flavones are
found in citrus peel and herb exudates. Flavonols
are found throughout plant foods, some of the most
extensively present in the plant kingdom are quer-
cetin, rutin (the glycoside form of quercetin),
kaempferol, isorhamnetin and myricetin. They are
present in onions, apple peel, in berries, black
grapes, tea, broccoli, endives, leeks, grapefruit, pears
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and corn) (Marin et al. 2002). Anthocyanins occur
widely in the red to blue coloured parts of plants.
They can be found in several berry fruits, such as
cherries and strawberries, in plums, eggplants, red
cabbages, radishes and coloured wines (Strack and
Wray 1993). Catechins, also known as flavan-3-ols,
are present as epicatechins, gallocatechins, and
epigallocatechins in fruits but they mainly occur in
considerable amounts in green tea and in smaller
amounts in black grapes and red wine (Rice-Evans
and Miller 1996; Robards and Antolovich 1997).
Regarding to phenolics they are even more ubiqui-
tous than flavonoids being present in practically all
plants as are formed directly from the shikimate
pathway.

Within the last years, flavonoids have been
highlighted as possible chemopreventive dietary
agents against cancer. They have shown ability to
absorb ultraviolet (UV) radiation protecting DNA.
They have also shown protective effect on bleeding
and capillary fragility, and other properties including
antimicrobicide and antioxidant activities (Marin
et al. 2002).

Domestic processing

Domestic processing may affect to the final content
of flavonoids and phenols in two ways. Firstly, with
the skinning, peeling and in some cases seeds
separation of fruits and vegetables. This can be
considered as anatomical separation and no much
opportunity is offered to enzymes, but interesting
sources of bioactive compounds may be discharges.
Secondly, foodstuff may undergo mechanical condi-
tioning such as chopping. In this case, the noticed
losses may be explained by enzymatic activities.

As an example of the first situation Toor and
Savage (2005) found that skin and seed fraction of
tomatoes are a very rich source of phenolic and
flavovonoids accounting for approximately half of
the total amount. Therefore, removal of these
fractions during home cooking or processing results
in a loss of their potential health benefits. A similar
situation happens with strawberries. Thus, achenes
contribute until 66, 38 and 44% of the total
phenolics, flavonoids and anthocyanins respectively
of the whole fruit while less than 10% of the weight.
It is hard to imagine somebody taking out the
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achenes from the berry, but if anybody does it is
wasting the main source of phenolics (Cheel et al.
2007).

As example of the second case, Makris and
Rossiter (2001) reported that chopping of onion
bulbs, followed by 60 min maceration, resulted in a
decrease in quercetin 3,4’-diglucoside, reported in
less than 2.3%, with concomitant increase in querce-
tin 4’-glucoside (0.8%) and quercetin (3.7%), which it
may be explained by a glycosidase activity elicited
during the chopping process. Overall, a negligible
loss of 1% was also found (Makris and Rossiter
2001). Chopping of asparagus spears, as reported by
Makris and Rosisiter, resulted in a considerable
decrease in rutin (18.5%) with no detected transfor-
mation into quercetin.

Other kind of pre-treatment is overnight soaking
used for beans. In this case it has been reported losses
of less of 2% of total phenolics, and the detection of
p-coumaric, ferulic and sinapic acid in the soaked
water (Luthria and Pastor-Corrales 2006). Although
soaking is not home-used for soy, at industrial
manufacture has been reported losses up to 12% of
isoflavones (Wang and Murphy 1996).

Storage lead, in onions, to a slight decrease in the
total quercetin content. The losses are reported since
the first week and during the whole period of the
study (24 weeks). These losses vary depending on the
onion variety from 16% to a 36% in brown and red
skinned respectively (Price et al. 1997).

Cooking methodologies
Boiling

During boiling flavonoids seem to undergo a double
process. On one hand they lower their amount in food
due to leaching and on the other hand, appear new
products due to breakdown of the naive flavonoids
(Table 4). Thus, boiling of onion bulbs considerably
affect the content of quercetin 3,4’-diglucoside,
quercetin 4’-glucoside and quercetin, yielding losses
of 8.4, 37.6 and 43.2% respectively, with an overall
loss being 20.6%. From these losses approximately
36.4% of quercetin 3,4'-diglucoside and 22.7% of
quercetin  4’-glucoside leached into the cooking
water, being favoured the leaching of quercetin
3,4'-diglucoside as a more polar compound (Makris
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and Rossiter 2001). They also reported that during
boiling of chopped onion new products are also
formed. Boiling of asparagus tissues yielded a rutin
losses of approximately 70%, being a 30% leached
and a 43.9% decomposed in bunch of compounds
with shorter retention times (Makris and Rossiter
2001). Boiling also affects the final content of
phenolics in beans, where 15% of total phenolic
acids may either be oxidized during the cooking
process or else converted into other phenolic com-
pounds (Luthria and Pastor-Corrales 2006). Recently,
Buchner et al. (2006) have studied the effect of
thermal processing on rutin and quercetin. They
found that a strong degradation of the former
substances take place under weak basic and oxidative
conditions. They also found that rutin and quercetin
split through different breakdown patterns, which can
be explained by the 3-C glycosilation of rutin. To this
respect, quercetin shows the most intense degradation,
being protocatechuic acid one of the cleavage reaction
product. Other, such as 2,5,7,3’,4’-penthahydroxy-3,4-
flavandione, among others, are suggested as second
cleavage products.

Although most studies have been done with onions
and tomatoes, many authors have used fruits as food
model. Thus, Renard published in 2005 a paper where
the effect of boiling on flavan-3-ols (epicathequin and
its procyanidin olygomers) and phenolics is reported.
To this respect, these compounds undergo a pattern
consistent with that observed for other matrix. Thus,
after 20 min and 1 h boiling pear sections the flavan-
3-ol content is reduced to a 80% and 65% respec-
tively while the content in caffeoylquinic acid drops
down to 40% of the initial as soon as 20 min after
boiling. The amount of flavan-3-ols detected in the
cooking water was 2% (of the initial food content) at
maximum, while phenolics acid can reach up to 20%
(of the initial food content). Notwithstanding is
interesting to notice that for both classes of com-
pounds, and after 1 h boiling, their amount decrease
progressively, which is consistent with the observa-
tions above discussed (Renard 2005). A similar
pattern has been observed for other fruits. Thus, in
strawberries losses of quercetin (18%) and ellagic
acid (20%) are described when home made jam was
prepared (Hékkinen et al. 2000).

When comparing boiling with other thermal pro-
cesses such as microwaving and frying, the first
seems to be the less friendly for flavonoid

@ Springer

conservation Thus, Crozier et al. (1997) reported
contents in conjugated quercetin, respect to the
uncooked food, of 18%, 35% and 65% respectively
in tomatoes and 25, 36 and 79% respectively in
onions. These results point that frying may not reduce
significantly the amounts of the original flavonoid
content while boiling might reduce them drastically.

Steaming and pressure cooking

Opposite of boiling, steam-cooking, in broccoli, has
been reported to increase the content in polyphenols
(Gliszczynska-Swiglo et al. 2006). However, other
studies, although report a good rate of phenolic, show
very slight losses of total flavonoids and caffeoyl-
quinic derivatives in broccoli (11% and 8% respec-
tively), while no loss of total sinapic and feruloyl
derivatives occurred. According to the authors,
during steaming, phenolic compounds remained in
the edible part of broccoli, probably owing to the
inactivation of oxidative enzymes (Vallejo et al.
2003).

Frying

Temperature affects both flavonoid and phenolic
content of the foodstuff and also the polyphenol
compounds present in the oil used for frying. In the
first case, Crozier et al. (1997) reported losses of
conjugated quercetin of 21% and 35% in fried onions
and tomatoes, respectively. Similar results for total
phenolic content (30% of losses) in fried tomatoes is
reported by Sahlin et al. (2004). On the contrary,
Price et al. 1997 reported slight, but significant,
increases in quercetin 3,4’-diglucoside after frying
5 min red skinned onions. Regarding to the flavo-
noids and the phenolics of the oil, Andrikopoulus
et al. (2002), reported losses in these compounds that
increase with frying sessions. Thus, the losses can be
of 20% in the first cycle and arise up to 80% in the
cycle eight. They also found that deep frying, in
electric fryer, causes less losses than when is done in
a pan, and that there is a different behaviour
depending on the compound. Thus, tannins and
hydroxyl-tyrosol-elenolic acid dialdeydic form exhib-
ited remarkable resistance to oxidation when the used
frying medium was olive oil.
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On the other hand, other authors (Kalogeropoulos
et al. 2007a, b) have studied the interchange of
flavonoids and phenolics between the vegetable and
virgin olive oil during frying. They reported a study
with potatoes, green pepper, zucchini and egg plant.
They found an increase on the total polyphenol
concentration in the fried vegetables, with the
exception of fried eggplants, in which the decrease
of the major compound, chlorogenic acid, resulted in
a respective decrease of total polyphenol concentra-
tion. It is noteworthy to highlight that eggplant is the
vegetable with the highest content in phenolics of all
the studied. Therefore, in the other plants, the
increase could be explained by a net enrichment in
phenolics from those originally present in the virgin
olive oil. On the contrary, when the initial phenol
concentration is higher in the food, the input from oil
could not make up for the deterioration by frying.

Baking

Not too much attention has been focused on the effect
of baking on flavonoid and phenolics content. To this
respect Sahlin et al. (2004) reported slight losses in
the total content of phenolics in baked tomatoes
respect to the raw ones, being these of about of 12%
of the initial content. These authors found a pattern
similar to a boiling process, with variation in the total
phenolic contents no higher than 3% between them.

Microwaving

Crozier et al. (1997) reported losses of conjugated
quercetin of 64% and 65% in microwaved onions
and tomatoes, respectively. Also, Zhang and Ham-
azu (2004) reported looses in total phenolics of 62%
in broccoli florets and of 43% in broccoli stems.
However, they did not found differences with
traditional boiling, which suggest that, as no soaking
effect is produced, losses may be attributed to
degradation. To this respect, Vallejo et al. (2003)
reported a study where the losses in phenolics
compounds were compared when broccoli was
submited to high-pressure boiling, low-pressure
boiling, steaming and microwaving. The authors
found clear disadvantages when microwaving was
used noticing losses of 97, 74, and 87% in

flavonoids, sinapic acid derivatives and caffeoyl-
quinic acid derivatives.

Dietary fibres

Dietary fibre (DF) includes a wide range of com-
pounds. Historically, according to Trowell et al.
(1976) definition, dietary fibre is composed of the
remnants of plant cells resistant to hydrolysis by
human alimentary enzymes and that includes all
indigestible polysaccharides (celluloses, hemicellu-
loses, oligosaccharides, pectins, gums) waxes and
lignins (Fig. 1f). However, from time to time there
have arisen questions about compounds that may be
dietary fibre and which do not precipitate as dietary
fibre called for in the AOAC method for dietary
fibre analysis. One of the last definitions was
adopted at the International Food Technologist
society meeting, in July 1999, as follows: “Dietary
fibre is the remnants of the edible part of the plant
and analogous carbohydrates that are resistant to
digestion and absorption in the human small intes-
tine with complete or partial fermentation in the
human large intestine. It includes polysaccharides,
oligosaccharides, lignin and associated plant sub-
stances. Dietary fibre exhibits one or more of either
laxation (fecal bulking and softening; increased
frequency, and/or regularity), blood cholesterol
attenuation, and/or blood glucose attenuation
(Prosky 1999).

Dietary fibre is naturally present in cereals,
vegetables, fruits, and nuts. The amount and compo-
sition of fibres differ from food to food. Cereals are
one of the main sources of DF, contributing for about
50% of the fibre intake in western countries; 30-40%
of dietary fibre may come from vegetables, about
16% from fruits and the remained 3% from other
minor sources (Rodriguez et al. 2006).

The biological effect of dietary fibre varies from
those affecting to bioavailability of nutrients until
those affecting to physiological functions, such as
intestinal transit, and the development of pathologies.

Fibre polysaccharides affect the lipids absorption
(Dunaif and Schneeman 1981), interfere in the
cholesterol absorption (Thebaudin et al. 1997; Lairon
et al. 2007) and influence negatively on the digestion
and assimilation of proteins (Rodriguez et al. 2006).
Insoluble DF seems to have little or no effect on

@ Springer



366

Phytochem Rev (2008) 7:345-384

carbohydrate metabolism. However, water-soluble
fibres and foods rich in viscous fibres have been
found to reduce postprandial blood glucose levels
(Rodriguez et al. 2006).

Domestic processing

As mentioned above, the main sources of fibres are
cereals, vegetables—including legumes—and fruits.
The different morphology and histology of each of
them lead to a variety of pre-treatments. Thus, cereals
usually are not pre-processed at home; legumes
undergo an overnight soaking to soften them while
fruits and other vegetables are peeled before eating or
cooking, also chopping is used to conditioning these
foodstuffs.

Peeling fruits is the simplest process and it leads
to a substantial loss of the total fibre content. For
example, citrus peel may content approximately
until 70% of the total fibre of the whole fruit, and
the peel (albedo and flavedo) is never consumed
using only the remaining 30% (Fernandez-Lopez
et al. 2004; Marin et al. 2007). On the other hand,
legumes (chick-pea, bean, lentil, etc) are soaked
overnight, which has been reported—in lentils—to
reduce the quantity of fibre, due to a great decrease
in hemicelluloses (Rodriguez et al. 2006). Other
authors reported previously similar results for kid-
ney-beans with decreases of 66, 23 and 14% in
resistant starch, insoluble and total dietary fibre
respectively (Kutos et al. 2003), being these results
consistent with those reported by other authors
(Zia-ur-Rehman and Shah 2004). On the contrary,
the aforementioned authors also found increases of
approximately 40% in the content of soluble dietary
fibre. The same authors also studied the effect of the
water quality during soaking, i.e. CaCOj; in hard
waters reduce the fibre content slightly more than
soft waters. On the opposite, hard waters increase
the content in soluble dietary fibre (Kutos et al.
2003).

A new trend in the consumption of legumes is to
germinate them before eating or cooking. To this
respect it has been reported increases of soluble fibre
of 89, 74, 37 and 3% in lentil, chickpea, green gram
and cowpea respectively after germination and no
significant changes in insoluble fibre (Ghavidel and
Prakash 2007).
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During storage changes in fibre quantity and
quality depend to a great extent on storage conditions.
For example, in apples stored in bags with controlled
atmosphere to assure their stability, no changes in the
content of the total fibre were observed. However, in
onions, stored in less restrictive conditions, a pro-
nounced increase of polymers derived from uronic
acid—i.e. pectins has been reported (Marlett 2000).
Other vegetables, such as cauliflower, broccoli and
asparagus suffer a hardening process. In asparagus,
for instance, deposition of lignin, cellulose and
hemicelluloses in the basal portion has been reported
which explain the increase in the fibrousnesses
(Rodriguez et al. 1999).

Cooking methodologies

Boiling usually results in the inactivation of practi-
cally all the enzymes that could negatively affect the
sensorial properties of the foodstuff. Some of the
undesirable effects that could happen are excessive
softening of the plant tissues, loss of colour and
flavour and/or development of odd colours and
flavours. Although a large amount of foods undergo
a thermal process there are not many references to the
modifications that DF suffers during thermal pro-
cessing (Table 5).

Boiling

There has been a number of investigations on the
changes of dietary fibres and cell walls in plant tissue
during cooking, mainly concerned potatoes, carrots
and green beans, and the influence of preheating on
texture change and pectinmethylesterase activation.
Thermal treatments affect pectins in the first instance,
owing to their susceptibility to ff-elimination and the
almost ubiquitous presence of pectinmethylesterases
in plants. In the case of pears, the pectin fraction is
degraded during cooking while xylanes and cellulose
are not affected. To this respect, short periods do not
affect the content in dietary fibre while long periods,
over 1 h, lead to losses in the pectin content. Thus, it
has been reported that the pectin content in the
cooking water can increase upon 400% after 1 h
boiling, when compared with the pectin content after
20 min boiling (Renard 2005). Other authors reported
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that during cooking kidney-beans a solubilisation of
the aforementioned polysaccharides is produced,
which results in a decrease of the total fibre content,
mainly soluble (Tatjana et al. 2002). Similar results
have been reported for cabbage (Wennberg et al.
2003). Nevertheless, other authors have reported
increases in the fibre content, during boiling, which
are explained by formation of complexes between
polysaccharides and other compound of the food,
such as protein (Rodriguez et al. 2006). A similar
increase in soluble dietary fibre and insoluble dietary
fibre has also been reported by Almeida-Costa et al.
(2006) when legumes were cooked and lately freeze-
dried. This increase in DF, after boiling, has been
explained (Kumar and Aalbersberg 2006a) by the
formation of resistant starch in the samples; this
resistant starch formed upon cooking becomes ana-
Iytically associated with non-starch polysaccharides,
which is one component of dietary fibre. Other
authors also reported increases in total dietary fibre
even after the correction of the analytical results by
removing the results of resistant starch and when
resistant starch is considered as dietary fibre (Kutos
et al. 2003).

Steaming and pressure cooking

As above-mentioned, boiling lead to an increase in
total DF, which might be explained by formation of
resistant starch. On the contrary, steam cooking lead
to slight losses, less than 8%, of the total dietary fibre
upon cooking. This loss could be attributed, accord-
ing to Kumar and Aalbersberg (2006a), to the water
loss into the drippings. In that way, it has been
reported that pressure cooking has a pronounced
effect on reduction of chemical components of
insoluble dietary fibre. As a result of pressure
cooking these authors reported reduction ranges of
17.0-35.8% and 37.6-42.3% in cellulose and hemi-
cellulose for black grams, chickpeas, lentils, red
kidney beans and white kidney beans, while no effect
was observed for boiling and microwaving (Zia-ur-
Rehman and Shah 2004). Similar results were
reported, by the same authors, when the fibre sources
were vegetables (cabbage, carrot, cauliflower, egg
plant, onion, potatoes, radish, spinach, turnips), in
which maximum losses corresponded to pressure
cooking (Zia-ur-Rehman et al. 2003).
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Frying

Foodstuffs with high fibre content (vegetables, fruits,
legumes, etc) are not usually cooked by frying.
However, flours are normally used to prepare coat-
ings for products prior to frying. In this case it has
been reported slight increases of total fibre content
(5%) in the batter crust, which has been explained by
a retrogradation of the wheat flour after frying
(185°C) and cooling the battered food (Sanz et al.
2007).

Regarding to the total fibre content of the
consumed foods it is also interesting the use of flours
specially formulated for battering. These flours are
supplemented with resistant starches to improve
sensorial properties, such as crispness, that can arise
till 20% of DF. However, as a side effect, an increase
in the total fibre content of the meal is produced
(Sanz et al. 2007).

Folic acid and folates

The generic term “folate” refers to the class of
compounds having a chemical structure and nutri-
tional activity similar to that of folic acid or pteroyl-
L-glutamic acid (Fig. 1g). In nature, the vitamin
exists primarily as reduced, one-carbon-substituted
forms of pteroylglutamates, differing in substituent
and number of glutamyl residues attached to the
pteroyl group. Five different one-carbon units
(methyl, formyl, formimino, methylene and methe-
nyl) are known. Most of the naturally occurring
dietary folates have a side chain of five to seven
glutamate residues connected by y-peptide linkages.

Naturally occurring folate is present in a wide
range of foods, especially leafy green vegetables,
legumes, yeast and liver (Stea et al. 2006). Vegeta-
bles-containing ready-to-eat foods contained less
folate than fresh vegetables, ranging from 26 to
111 pg/100 g folates, because during their industrial
processing (industrial cooking) they loss on average
32.2% of folates (Agte et al. 2002).

Folates are considered bioactive compounds, not
only because of their role as B vitamin, participating
in one-carbon transfer reactions required in many
metabolic pathways, recent studies pointed folates as
protective compounds against neural tube defects
occurring during early pregnancy. In addition, other
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studies suggests that they might reduced risk of
occlusive vascular disease, risk of cancer, particularly
colon cancer, etc. (Morrison et al. 1995).

Domestic processing

Folates are water soluble compounds therefore pro-
cesses involving food immersion in water at room or
boiling temperatures produce large folates losses. For
instance, soaking and later boiling of legumes (26
different types) caused a significant loss of folate due
to leaching of the compounds to the medium as
soaking and cooking waters were found to contain a
large amount of folates (Arcot et al. 2002a, b).
Apparently, the longer the soaking time the higher the
folate content leached to the soaking water (Hoppner
and Lampi 1993) although these parameters do not
always correlated. The degree of loss can be influ-
enced by some factors, including pH, oxygen content,
metal ion concentration, antioxidant levels etc. The
presence of reducing agents in the food can increase
folate retention during thermal processing and the
presence of metals (Fe®*) can increase folate loss
(Gregory 1985; Leskova et al. 2006).

Vegetables have a higher folate levels compared to
animal foods (meat, poultry and fish) but as leaching
losses are not typically encountered, folate losses in
the processing of meat may not be as high as for
vegetables (Hawkes and Villota 1989).

Stability of folates during frozen storage of beef
fiver, strawberries (up to 7 months) and other vege-
tables was very high (Vahteristo et al. 1998;
Puuponen-Pimia et al. 2003). At room temperature
and in dry conditions, folic acid seemed also
reasonably stable as stored flours and cereal grains
(Ranhotra and Keagy 1995).

Cooking methodologies
Boiling, steaming and pressure cooking

Folate intake is strongly influenced by the selected
cooking method (Table 6). Boiling resulted in only
49% folate retention in spinach (191.8 and 94.4 pg/
100 g for raw and boiled spinach respectively), and
only 44% in broccoli (177.1 and 77.0 pg/100 g for
raw and boiled broccoli respectively). Steaming of

spinach or broccoli, in contrast, resulted in no
significant decrease in folate content, even for the
maximum steaming periods of 4.5 min (spinach) and
15.0 min (broccoli) (McKillop et al. 2002). Similarly,
pressure-cooking allowed significantly higher folates
retention compared to boiling in chickpeas (Cicer
arietinum) (62.2 and 53% respect.) and field peas
(Pisum sativum) (51 and 45% respect.). Retention of
folates in chickpeas was greater and produced lower
leaching than peas irrespective of the processing
procedure used (Dang et al. 2000). Also boiling of
potatoes (with and without skin) for 60 min did not
result in a significant change in folate content (125.1
and 102.8 pg/100 g for raw and boiled potato
respect.) (McKillop et al. 2002), therefore, the final
folate retention is, apart from the cooking method,
also depended on the food nature.

Moreover, as for the processing, boiling of animal
foods resulted in lower folate reduction than vegeta-
bles. Leskova et al. (2006) estimated a retention
range for total folate in meat and poultry to be 55—
70% for boiling, braising and stewing and 60-90%
for roasting and baking. In fish and shellfish, the
retention range was 70-100% for poaching and
steaming, and 0-90% for oven cooking.

Another important parameter to take into consid-
eration is the boiling time, since during the first
minute of boiling, spinach retains still 80.7% of
folates but after 20 min only 5.5% remained. Most of
the folates can be found in the cooking water, but
after the second minute only the 68% can be
recovered from the medium and after the third
minute only 51.3%, rest of folates were probably
degraded since they are termolabile compounds (Min
1998).

Blanching of Brussels sprouts caused relatively
small folate losses (Malin 1977) apparently, their
stability was partially attributed to the presence in
relatively high concentrations of endogenous reduc-
ing agents that, as previously mentioned, enhance
folate retention.

Frying

Stir-frying, in particular using a wok as Asian
countries, is a better method to retain folates in
vegetables than boiling since no water is involved.
Folate content of 12 commonly consumed vegetables
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Table 6 continued

Reference

Microwaved

Baked Grilled

Stir-fried

Preassure cooked Steamed

Boiled

Raw

Compound (ug/100 g)

Food

Vahteristo et al. (1998)

5.8
52

10.7
2.2

Tetrahydrofolate

Trout

Vahteristo et al. (1998)
Han et al. (2005)
Han et al. (2005)

5-Methyltetrahydrofolate

Total folate
Total folate

16

43

Mackerel

Common squid

Pollack

Vahteristo et al. (1998)

0.4

35

Tetrahydrofolate

Vahteristo et al. (1998)
Han et al. (2005)

12.8

14.2

5-Methyltetrahydrofolate

Total folate

127

139
29

Eggs

Vahteristo et al. (1998)

2.3

Tetrahydrofolate

Chicken

Vahteristo et al. (1998)
Han et al. (2005)

1.9

1.6

5-Methyltetrahydrofolate

Total folate
Total folate
Total folate
Total folate

15

McKillop et al. (2002)
Han et al. (2005)
Han et al. (2005)

51.5

54.3

Beef

Pork

was measured before and after boiling and a high
folate reduction were noticed, leafy vegetables
retained only 50% of folate while non-leafy vegeta-
bles between 50 and 90%. When the same vegetables
were stir-fried, the leafy vegetables retained 43-70%
of folate and non-leafy vegetables retained nearly all
folate (Lin and Lin 1999).

Deep-frying caused folates losses of similar mag-
nitude than stir-frying, the folate content of raw
soybeans was estimated approx. 4.04 mg total folate/
kg and after tempeh preparation and deep-fried
2.35 mg/kg was observed indicating a 41% folate
reduction (Arcot et al. 2002a, b).

Grilling or baking

Most of the folate losses are due to their leaching into
the water, they are not soluble in oils therefore less
reduction was observed during frying. In this case,
the losses were due to the heat since they are also
thermolabile. Grilling and baking are dry cooking
methods but they might reach very high temperatures
nevertheless prolonged grilling of beef (16 min) did
not result in a significant decrease in folate content
(54.3 and 51.5 pg/100 g for raw and grilled beef
respectively) (McKillop et al. 2002). Levels of
tetrahydrofolate (THF), 5-formyl-THF, 10-formylfo-
late, and 5-methyl-THF were also found stable
throughout the complete bread processing and with
relatively good stability during the baking process
(Osseyi et al. 2001). But, this was not the case in
other food products, tetrahydrofolate retention in
rainbow trout and pollack after oven-baking was poor
(9-60%) while 5-methyltetrahydrofolate retention
was above 65% for both fish species and chicken
meat (Vahteristo et al. 1998). The folate reduction in
baked potatoes was also high, approx 63% compared
to raw potatoes (Stea et al. 2006).

When the bread processing was studied more in
detail, variances in the folate levels were changing
depending on the considered step. In dough before
proofing, proofed dough, and bread from this flour,
total folate levels were 81, 136, 90 and undeconju-
gated folate levels 33, 43, 40 ng/100 g resp.
Increased levels in the dough are attributed to
contributions from yeast (baker’s yeast contributed
markedly to the final folate content of bread by
synthesizing folates during fermentation) and malt
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flour while decreased levels during baking are
attributed to thermal lability of folate (Arcot et al.
2002a, b). Folate losses in baking might reach
approximate 12% or 21, up to 25% depending on
the type of breads and flours (rye and wheat breads)
and the wider variety of sourdoughs and baking
processes (Kariluoto et al. 2004; Gujska and
Majewska 2005).

Microwaving

Results on the effect of microwave cooking in the
folate retention are in discordance. Microwave heat-
ing of spinach (for 40 s) reduced only 45% of the
folate content, values lower than boiling due to the
minimal loss of folate into cooking water (Min 1998).
On the contrary, Stea et al. (2006) reported a 75% of
folate loss during peas microwaving, the highest
reduction observed if compared with steam boiling
(73%) and blanching (71%).

Glucosinolates and their degradation products

Glucosinolates (GSNs) are a type of f-thioglucoside
N-hydrosulfates (Fig. 1h). From a dietary point of
view they are restricted to a few vegetables such as
Brassica species—i.e. broccoli, cauliflower, cabbage,
Brussels sprouts-, mustard, papaya, caper, and some
ethnic foods such as ariii, an edible tuber consumed in
South America (Fahey et al. 2001).

Glucosinolates share a central skeleton formed by
a thioglucoside bound to a suphonate oxime carbon
and an R functional group derivate from an amino
acid (Bones and Rossiter 2006). According to the
amino acidic moiety glucosinolates, and their degra-
dation products, may be classified into aromatics
(alkil, alkenil, hidroxialkenil and w-metilthioalkenil)
and aliphatics (bencil and bencil derivatives), which
also determine their biological activity (Mithen 2001;
Bones and Rossiter 2006).

The GSNs degradation is produced enzymatically
by myrosinase. This enzime transform them, through
an unstable aglycone intermediate, thiohydroxamate-
o-sulfonate, into a wide range of bioactive metabo-
lites: isothiocianates, thiocyanates, nitriles and
cyanoepithioalkanes, among others (Bones and Ross-
iter 2006; Rungapamestry et al. 2007a). Most of these

@ Springer

compounds are volatiles provoking a strong smell and
flavour not only when cooking. Particularly, the allyl
isthiocyanate is largely responsible for the character-
istic hot flavours of condiments made from mustard
and horseradish, and the glucosinolates sinigrin and
progoitrin confer the bitterness on Brussels sprouts
and other Brassica vegetables.

GSNs were always considered as natural pesticides
since they provoked metabolic stress on invertebrate
herbivores and impaired growth. They were firstly
studied because their degradation products provoked
adverse effect on the thyroid metabolism of higher
animals. In principle, they could also induce goitro-
genic effects in humans, but there was no
epidemiological evidence that GSNs in taking had
any effect on thyroid hormones levels, presumably
because cooking had inactivated myrosinase and
hence reduced the biological availability of the
goitrogenic breakdown products to sub-clinical lev-
els. On the contrary, the epidemiological evidence
strongly suggest that consumption of Brassica veg-
etables is associated with reduced risk of cancer at
alimentary tract and other sites and GSNs breakdown
products exerted anticarcinogenic activity in experi-
mental animal models (Mithen et al. 2000; Brown
et al. 2002).

Domestic processing

Vegetables containing GSNs usually undergo
domestic processing before cooking. Normally,
they—broccoli or cauliflower type—are cut; others
such as cabbage are prepared in julienne, which
may have similar effects to chopping; while others
such as papaya are peeled, cut and immediately
eaten.

At the cell level, GSNs are physically separated of
the myrosinase. Therefore, the breakdown of the
tissular integrity is essential for the formation of vast
range of products such as isothiocianates, thiocyanates,
among others (Purrington 2000; Rungapamestry
2007b). The enzymatic activity depends of several
environmental factors such as pH, temperature, Fe2+,
ascorbic acid content, among others (Ludikhuyze et al.
2000; Lambrix et al. 2001; Bones and Rossiter 2006)
some of these elements could be the reason for the
elevated levels of all indolyl GSNs and some aliphatic
found by Verkerk et al. (1997a, b) after chopping a
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prolonged exposure to air of different kinds of
Brassica. Therefore, the GSN-myrosinase system
may be affected 5-10 folds in each step of the complete
home-processing and cooking chain (Devos and
Blijleven 1988; Dekker et al. 2000, 2003; Farnham
et al. 2004, Vallejo et al. 2004).

Domestic cold storage at 4°C for 3 weeks of
broccoli sprouts, kohl rabi, white radish and rocket
caused no significant changes in individual GSNs
concentrations except for rocket, which showed a
significant decline in glucoerucin and glucoraphanin
after 1 and 2 weeks, respectively. Results indicate
that these products may be stored under domestic
refrigeration conditions without significant loss of
potential anti-cancer compounds. Rocket sprouts, on
the other hand, should be consumed soon after
purchase (Force et al. 2007).

Cooking methodologies

Thermal processing, i.e. boiling, blanching, steaming,
baking, results in myrosinase denaturalization which
lead to a lower conversion of GSNs into isothiocy-
anates during chewing (Song et al. 2007).
Furthermore, the cooking process involves partial or
total inactivation of the GSN-myrosinase system,
breakdown of glucosinolates and finally leaching of
them and their products into the cooking water if they
have been boiled (Table 7). Intensive or excessive
heat exposure increases the volatilization and thermal
destruction of the GSNs degradation products, reduc-
ing drastically their levels (Dekker et al. 2000;
Oerlemans et al. 2006; Rungapamestry et al. 2007a).
However, the most efficient reduction of GSN
content (by approx. 35%) occurred during the first
5 min of cooking white cabbage. Later, GSNs levels
decreased by 10-15% each 5 min cooking (Ciska and
Kozlowska 2001).

Short heat treatments such as blanching before
freezing inhibited the myrosinase activity and did not
induce significant reduction of glucosinolates in
Brussels sprouts (Wathelet et al. 1996) whereas in
broccoli similar blanching caused large GSNs losses.
Therefore, GSNs reduction is highly dependent on the
food nature and their texture (Goodrich et al. 1989).

The effect of culinary factors—i.e. cooking
method, time- time has been investigated by several
authors with contradictory results (Verkerk et al.

1997a, b; Dekker et al. 2000; Smith et al. 2003;
Verkerk and Dekker 2004; Rungapamestry et al.
2007a). For instance, it has been reported that boiling
red cabbage for 1 h lead to losses lower than 10% in
glucobrassicins and formation of new products such
as 2-(30-indolylmethyl) glucobrassicin (Chevolleau
2002, Verkerk and Dekker 2004). Other authors
observed 30-60% GSNs reduction depending on
cooking method (conventional, microwave, pressure
cooking), time, temperature and type of compound
(Mithen et al. 2000; McNaughton and Marks 2003).
On the contrary, other glucosinolates such as allyl
cyanide and 1-cyano-2,3-epyithiopropane, have been
reported to be stable at shorter boiling times and
internal temperatures below 100°C (Verkerk and
Decker 2004; Rungapamestry et al. 2006, 2007b).

Recently, Oerlemans et al. (2006) inactivated
myrosinase in red cabbage prior to cooking to study
the direct effect of temperature on glucosinolate
degradation. They found that all the identified GSNs
showed degradation at temperatures over 100°C,
being 4-hydroxy-glucobrassicin and 4-methoxygluco-
brassicin the most sensitive to degradation, even at
temperatures below 100°C. They also observed that
cooking caused more indole GSNs degradation (38%)
than aliphatic GSNs degradation (8%) while blanch-
ing did not have a severe effect on them. Moreover,
GSN leaching into the cooking water was the first
mechanism for loosing them but not the only one
since their level in the boiling water remained
constant irrespective of the cooking time and reduc-
tion of certain GSNs, particularly the aliphatic
glucoiberin were observed. Some GSNs were more
thermolabile than other (Ciska and Kozlowska 2001).
Concluding, the size of cut pieces and cooking time
(Rosa and Heaney 1993; Ciska and Kozlowska 2001)
are two of the most important factors for glucosin-
olates losses, with values that range from 10% until
60% according to conditions.

No all the GSNs breakdown products increased
their levels during cooking, in cabbage, broccoli and
caulifiower, sulphides and isothiocyanates levels
increased but nitriles and thionitriles decreased
during cooking (Cesare et al. 1998). After prolonged
cooking, they were all hardly detectable, with the
exception of the thiocyanate ion and ascorbigen
(Mithen et al. 2000).

Microwave cooking results in high losses (approx.
74% total) of both aliphatic and indole/aromatic
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glucosinolates. It was the more destructive cooking
method if compared with conventional (55%) and
pressure (33%) cooking. The most recommended
method to maintain high the GSNs levels was
steaming with a minimum effect because no leaching
is produced (Vallejo et al. 2002). Microwaving was
also detrimental for GSNs hydrolysis products such
as  sulforaphane, sulforaphane nitrile, cya-
nohydroxybutene, iberin or iberin nitrile (Howard
et al. 1997). On the contrary, Verkerk and Dekker in
2004 reported an increase (about 78%) in total GSN
content after microwave cooking. The latter results
were explained by the authors as an artefact due to an
increase on the chemical extractability. In other
thermal processing such as steam-cooking, increasing
of the content of the major glucosinolates was
reported when compared with fresh broccoli (Glis-
zczynska-Swiglo et al. 2006) which may be explained
by a similar effect that the above mentioned for
microwaving.

Other sulfur-containing bioactive molecules

Many plants belonging to the Allium group such as
garlic, onion, shallot etc. are characterized for the
presence of many sulphur-containing compounds
which appeared to have interesting functionalities.

Oganosulfur are compounds produced after the
lysis of S-alk(en)yl-L-cysteine sulfoxide (ACSO) by a
degradative enzyme (alliinase) and further condensa-
tion reactions (Block 1992). The ACSO is located in
the vacuole of several plants and the enzyme stored in
the cytoplasm. Therefore, the reaction only takes
place when alliinase is brought in contact with the
ACSOs due to cell descompartimentalization. This
occurs in different process such as chewing or in
common domestic processes involving crushing,
chopping or cutting of tissues (Lancaster and Collin
1981).

Thiosulfinates (TSs) are the major sulfur com-
pounds produced by the alliinase reaction (Block
et al. 1992). TS are a very unstable wide variety of
organsulfur compounds deriving from a common
precursor, allicin (allyl 2-propenethiosulfinate)
(Block et al. 1992; Nishimura et al. 2000). The TSs
are responsible for the strong flavours and character-
istic aromas of the Allium plants and also for several
biological effects. TSs are considered as beneficial
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for the human health because of their potential
implication as antitumoral agents, as protective
molecules against different diseases, including can-
cer, cardiovascular diseases, hypercholesterolemia,
diabetes, hypertension and others (Lanzotti 2006;
Ariga and Seki 2006). The most studied property of
these compounds is the effect as potent antithrom-
botic agents (Goldman et al. 1996; Cavagnaro 2007).

Only a few reports have evaluated the effect of
domestic cooking on TSs levels via their antithrom-
botic activity. Boiling completely inhibited the
antithrombotic activity in uncrushed garlic and Welsh
onion (Ali et al. 1995; Chen et al. 2000) probably due
to the heat inactivation of the alliinase before it could
produce the antithrombotic agents.

Cagnavaro et al. (2007) pointed a high dependence
of the TSs content on the domestic process consid-
ered. In this respect, oven-heating at 200 °C or
boiling water for 3 min or less did not affect the
ability of garlic to inhibit platelet aggregation (as
compared to raw garlic), whereas heating for 6 min
completely suppressed antiagregatory activity in
uncrushed garlic but not in garlic crushed before
heat treatments.

Phytosterols

Plant sterols or phytosterols are a large group of
molecules but nowadays investigations are mainly
focused mostly upon five types: campesterol,
f-sitosterol, stigmasterol, campestanol and f-sitoest-
anol called dietary phytosterols by nutritionists. They
are 4-desmethylsterols which have the same struc-
tural base as cholesterol, but with one or two extra
carbon atoms in the side chain (Fig. 1i). In cereals
and oils, the riches natural sources of these com-
pounds, phytosterols exist in four different forms:
free or esterified to fatty acids, sugar moieties and
phenolic acids (Normen et al. 2002).

Phytosterols play an important role on the plant
membranes as cholesterol does on animal membranes
but actually, the studies on these molecules are
focused on other recently discover biological func-
tions which might have implications for human
health. Phytosterols are known to lower the serum
cholesterol levels reducing the CVD morbidity and
mortality. They might also have a preventive effect
on the development of colon cancer, on the reduction
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of tumour formation and other beneficial bioactivities
(Piironen et al. 2000).

Very little information can be found on the
stability of plant sterols after domestic processing.
Cooking of 13 different vegetables and fruits did not
show significantly loss of phytosterols respect to
uncooked controls. Concentrations ranged from 0.55
to 6.95 g kg™' for raw foods while cooked food
ranged from 0.64 to 8.39 g kg™' (Nomen et al. 1999).
However, if the data are compared as mg/100 g e.p.
results indicated that boiling decreased the average
phytosterols concentration in cereals being higher
decreases in campesterol and sitosterol (Nomen et al.
2002). But apparently, the most drastic reduction
seems to occur at deep-frying temperatures where the
most important factor determining the stability of
sterols was the ring structure of the steryl moiety,
when free sterols and steryl esters were compared
(Lampi et al. 1999). Frying in a rapeseed oil/palm oil
blend resulted in the highest amount of sterol
oxidation products (Dutta 1997).

Albi et al. (1997) studied the effects of microwave
(120 min, 170°C and specific intervals) and electric
oven (120 min, 180°C) on five oils. There were no
significant differences in the sterol contents of
untreated and treated oils.

Conclusions

Carotenoids, tocopherols and PUFAs are not water-
soluble compounds. They are part of lipidic mem-
branes and oily fractions of foods therefore cooking
methods involving water are less aggressive than
those using oils as cooking medium besides stir-frying
might reach higher temperatures than water-cooking.
Baking or grilling request even higher temperatures
but losses seemed to be not extremely high; these
cooking methods provoke dehydratation and a Mail-
lard coating which might protect inside compounds.
Moreover, compounds such as PUFAs are protected
from oxidation by tocopherols. The latter might also
be protected if the cooking medium is, i.e., olive oil
since this fat contains phenolic compounds which
might act synergically with tocopherols as antioxi-
dants. Worthwhile to remember is that, if w-3-rich
foods are fried on w-6-rich oils exchange of fatty acids
will occur between them changing the w-6/w-3 ratio

and the lipidic profile of the food. Studies on the effect
of microwaves on these lipidic molecules are still
incomplete and somehow contradictories. Neverthe-
less, carotenoids seemed to be the most thermostable
compounds being more affected by light and oxygen
exposure (chopping, storing etc). Tocopherols and
carotenoids become more available with blanching or
steaming since the water treatments hydrolyze the
structures in which they are located. Phytosterols are
also lipidic compounds and probably they behave as
the previously mentioned compounds but nowadays,
reports are insufficient to draw conclusions.

Opposite to non-polar compounds, those more
polar such as phenolics, folates, glucosinolates and
sulphur compounds lower their content by water
cooking processes, which is explained firstly by
leaching and later by their thermal lability. Therefore,
high amounts of water such as those used for boiling
usually represent higher loss of these compounds, in
particular folates. Other methods such as steaming,
with almost no osmotic processes, are more recom-
mended to maintain a high level of these compounds
inside the food. This is also applicable to microwave
cooking (low water and short cooking time) except
for glucosinolates and their degradation products
where microwaves seemed to be detrimental.
Glucosinolates are transformed into sulphides, isoth-
iocyanates thiocyanatesions etc mainly during the
chopping of the Brassicas before cooking. Cutting
provokes cell descompartimentalization allowing
enzymes to catalyze their transformation. Similarly,
the alliinase of Allium produce many sulphur con-
taining compounds.

However, the cooking times, the food nature, the
additions of acidulants, spices, or other condiments to
the water or other media used for cooking, the
presence of certain compounds or conditions inside
the food (iron, ascorbic acid, low pH etc.), even the
fire place utilized might influence positive or nega-
tively the losses not only of water-soluble compounds
but also of those fixed to lipidic matrix.

Dietary fibres are part of the plant cellular walls,
they are large and complex molecules affected by hot
water but difficult to extract them completely and
therefore they are difficult to analyse. They seemed to
be rather stable to cooking procedures including
baking of dough but reports are until now
contradictories.
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