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Organic Acids of Plants and Mushrooms: Are they Antioxidants?
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ABSTRACT

In recent years, it has become evident that significant health risks and benefits are associated with dietary food choice. This association is
often attributed to the antioxidants contained in fruits and vegetables. Among those phytochemicals, organic acids may contribute to the
protection against various diseases involving oxidative processes, due to their antioxidant potential. In addition, these compounds are
well-known for their determinant role in maintaining fruits and vegetables quality and organoleptic characteristics and have also been
used in their quality control. Ascorbic acid is, probably, the most widely distributed water soluble antioxidant in plant foods, but other
organic acids, like oxalic, tartaric, malic, citric and succinic, can also act as antioxidants. In this work, it will be highlighted the potential
of organic acids from several matrices (fruits, vegetables, mushrooms and medicinal plants) as antioxidants.
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Abbreviations: ABTS, 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid); EDTA, ethylenediaminetetraacetic acid; HPLC-UYV, high
performance liquid chromatography-ultraviolet detection; DPPH, 2,2-Diphenyl-1-picrylhydrazyl; DNA, deoxyribonucleic acid; FRAP,
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INTRODUCTION with relatively low melting temperatures. With the excep-

Many of the beneficial effects in human health resulting
from the consumption of vegetables are strongly associated
with their content in antioxidants, which can protect from a
number of diseases, from atherosclerosis to cancer.

Within phytochemicals that contribute to this activity,
some groups, such as flavonoids, are, today, almost unequi-
vocally regarded as strong antioxidants.

However, when it comes to organic acids, besides the
well known case of ascorbic acid (vitamin C), the attribu-
tion to these compounds of antioxidative behaviour is some-
times doubted and looked down.

In this review, we intend to present some works in
which organic acids content of many crops and relation
with their antioxidant activity was pursued. Studies invol-
ving similar experimental conditions were preferred, thus
allowing an easier comparison of results.

CHEMISTRY OF ORGANIC ACIDS

Organic acids are water-soluble, colourless liquids or solids

tion of a-keto acids, that readily undergo decarboxylation,
these compounds are generally stable. The chemical struc-
tures of the main organic acids in nature can be found in Fig.
1.

Ascorbic, shikimic and quinic acids are quite wide-
spread through a number of species and ascorbic acid, a
compound in lactone form, is universal in plants (Naidu
2003). Shikimic and quinic acids, two cyclohexane carbo-
xylic acids, are very important as they are precursors of aro-
matic compounds in plants.

The simplest monocarboxylic acid is formic, followed
by acetic. Acetic acid may be considered the most important
one, once it is a universal precursor of lipids, fatty acids and
other organic compounds, when as acetyl coenzyme A,
together with malonyl coenzyme A, the active forms. In
what concerns to dicarboxylic acids, the simplest one is
oxalic, followed by succinic, whose unsaturated derivatives
are fumaric and maleic acids, two geometrical isomers, with
fumaric corresponding to the frans and maleic to the cis one.

Malic acid is equivalent to monohydroxysuccinic acid,
while tartaric acid is the dihydroxylated form of succinic
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Fig. 1 Some of the main organic acids in plant crops.

acid. The keto acid corresponding to succinic is oxaloacetic
acid.

One of the most widely known tricarboxylic acid is
citric, which, together with its isomer, isocitric acid, and its
dehydrated form, aconitic acid, participates in the tricarbo-
xylic acid cycle. In citric acid, no center of asymmetry is
found, while isocitric presents two, thus existing in four
optical isomeric forms, from which only one is known to
occur in nature.

Contrarily to animals or microorganisms, plants present
a metabolism that allows them to accumulate organic acids
in the cell vacuole, sometimes reaching considerable con-
centrations. In fact, the acidity of practically all edible fruits
is due to this accumulation, a phenomenon which can be
equally observed in the leaves of some species (Kluge and
Ting 1978).

ANTIOXIDANTS

Nowadays there is increasing evidence that antioxidants in
foods and beverages play an important role in the mainte-
nance of health and prevention of disease. These antioxi-
dants are believed to play a very important role in the body
defence system against the various aggressions we encoun-
ter daily, such as the reactive oxidant species that are
generated during several physiological and pathological
processes (Cantuti-Castelvetri et al. 2000). From a food
technology point of view, addition of antioxidants mini-
mizes rancidity, retards the formation of toxic oxidation
products, maintains nutritional quality and increases shelf-
life (Jadhav et al. 1995).

A broad definition of an antioxidant may be “any sub-
stance that, when present at low concentrations compared to
those of an oxidizable substrate, significantly delays or pre-
vents oxidation of that substrate”, with “oxidizable sub-
strate” being almost every molecules found in foods and in
living tissues, including proteins, lipids, carbohydrates and
DNA (Halliwell ef al. 1995).

A compound exerting antioxidant actions may do so
either by inhibiting the generation of reactive species, or by
directly scavenging free radicals. Additionally, an antioxi-
dant might act indirectly by raising the levels of endoge-
nous antioxidant defences in vivo (e.g. by upregulating the
expression of the genes encoding superoxide dismutase,
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Fig. 2 Oxidation of ascorbate to give the ascorbyl radical and
dehydroascorbic acid.

catalase or glutathione peroxidase) (Halliwell et al. 1995).

When reactive species, like those of oxygen or nitrogen
(ROS or RNS), are produced in excess, some pathological
conditions, related to the impairment of the oxidative/anti-
oxidative balance in favour of the former, may occur as a
consequence of the oxidative stress that takes place. Exam-
ples of ROS include the free radicals superoxide anion
(057), peroxyl (ROO", alkoxyl (RO, hydroxyl (HO) and
the non radical species singlet oxygen ('0,), hydrogen per-
oxide (H,0,), hypochlorous acid (HOCI) and lipid hydro-
peroxides. The RNS of primary concern are nitric oxide
('NO) and peroxynitrite (ONOQ"), resultant from the com-
bination of O,” and NO. Other potentially important RN'S
include nitrogen dioxide radical (NO,"), nitrosonium (NO")
and nitronium (NO,") ions (Seabra et al. 2006).

The antioxidant activity of ascorbic acid is deeply rela-
ted to its chemistry: when involved in radical scavenging it
gives a single electron to the free radical species, thus ori-
ginating the less reactive ascorbyl free radical. This ascor-
byl radical can be reduced back to ascorbic acid or oxidized
to dehydroascorbic acid (Fig. 2), which, in turn, can be re-
duced to ascorbic acid by reducing agents such as gluta-
thione (Seabra et al. 2006).

Although ascorbic acid is the most studied organic acid,
other compounds of this group can also be regarded as anti-
oxidants. As stated earlier, oxalic acid is the simplest dicar-
boxylic acid. The most relevant chemical impact of this
compound is related to its strong chelating ability for multi-
valent cations. Other carboxylic acids, such as tartaric,
malic, citric, succinic and hydroxyglutaric, behave as anti-
oxidants because they also have the ability to chelate metals.
They are, therefore, classified as “preventive” or synergistic
(Seabra et al. 20006).

BRASSICA SPECIES

Brassica vegetables, including all cabbage-like ones, are
widely consumed throughout the world and are very impor-
tant in human nutrition. They are reported to reduce the
risks of some cancers, especially due to its content of gluco-
sinolates and their derived products (Park and Pezzuto
2002; Chun et al. 2004), although phenolic compounds are
also considered to contribute to this capacity (Hollman et al.
1996; Galati and O’Brien 2004). Some Brassica oleracea
varieties, namely cauliflower (Proteggente et al. 2002; Llo-
rach et al. 2003), broccoli (Kurilich ef al. 2002; Proteggente
et al. 2002; Ninfali and Bacchiocca 2003; Lin and Chang
2005) and several cabbages (Vinson et al. 1998; Chu et al.
2002; Proteggente et al. 2002) have already been studied
for their antioxidant capacity in different experimental
models, although no conclusion about the organic acids
contribution was postulated.

Brassica oleracea L. var. costata DC (tronchuda
cabbage)

1. Internal leaves

Tronchuda cabbage internal leaves presented a chemical
profile composed by seven identified organic acids: aconitic,
citric, ascorbic, malic, quinic, shikimic and fumaric acids
(Fig. 3A). Quantitatively, the aqueous lyophilised extract
exhibited a high content of organic acids (ca. 23 g/kg), with
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Fig. 3 HPLC-UV organic acid profile of tronchuda cabbage (A) internal
and (B) external leaves aqueous extracts. Detection at 214 nm. Peaks:
(MP) mobile phase; (la and 1b) aconitic acid isomers; (2) citric acid; (3)
ascorbic acid; (4) malic acid; (5) quinic acid; (6) shikimic acid; (7) fuma-
ric acid. From Ferreres F, Sousa C, Vrchovska V, Valentio P, Pereira JA, Seabra
RM, Andrade PB (2006a) Chemical composition and antioxidant activity of
tronchuda cabbage internal leaves. European Food Research and Technology 222,
88-98, ©2006, with kind permission of Springer Science+Business Media.

citric acid representing ca. 43% of total identified com-
pounds, followed by the pair malic plus quinic acids (ca.
28% of total acids). Shikimic acid was the one present in
minor amounts, accounting for ca. 0.2% of total acids (Fer-
reres et al. 2006a).

Regarding its antioxidant activity, this matrix was tested
against 2,2-diphenyl-1-picrylhydrazyl radical (DPPH), O,
and HO' and also for its xanthine oxidase (XO) inhibitory
activity.

In DPPH radical assay, internal leaves revealed an 1Cys
of 1192 pg/mL and a value for ICys against O, equal to 101
pug/mL. The extract was also tested against HO', where it
revealed an IC,s of 27 pg/mL, and weak inhibition of XO
with an IC;y of 273 pg/mL (Ferreres et al. 2006a) (Table 1).
The IC,s values found against superoxide and hydroxyl
radicals were quite low, which could be the result of the
presence of almost 50% of citric acid in samples composi-
tion. With just one sample, the correlation of organic acids
with the antioxidant activity of the extract is a challenging
exercise, which would make necessary to remove these
compounds from the matrix and retesting the material, in
order to search for a reduction of activity. However, the
removal of organic acids and subsequent testing of these
molecules would be equally troublesome, as their activity is
highly affected by synergism and antagonism phenomena.

The existence of additional works, aiming the study of
organic acids and antioxidant activity of different parts of
this species, and even of other related ones, allows inferring
about the influence of both the qualitative and quantitative
profiles of organic acids in the antioxidant potential of mat-
rices.

2. External leaves

External leaves of B. oleracea var. costata revealed the pre-
sence of the same organic acids already identified in inter-
nal leaves (Fig. 3B). However, when it comes to quantita-
tive profile, some differences can be pointed. In internal
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leaves ascorbic acid represented 26% of total compounds
(Ferreres et al. 2006a). In external leaves, however, ascor-
bic acid was the major compound, corresponding to 35% of
the organic acids found in the matrix, followed by the pair
malic/quinic acids (33.7%) and citric acid (31.8%) (Ferreres
et al. 2006a). Given the well established role of ascorbic
acid as an antioxidant, this could explain, at least partially,
the stronger activity of external leaves.

In fact, external leaves revealed to be more active than
internal ones in all assays performed: DPPH (440 pg/mL vs
1192 pg/mL), superoxide radical (43 pg/mL vs 101 pg/mL)
and hydroxyl radical (10 pg/mL vs 27 pg/mL) (Table 1).

Some caution must be taken when extrapolating the in-
fluence of organic acids in the antioxidant activity of these
samples, as the authors also identified a different profile of
phenolic compounds in both internal and external leaves,
with the first presenting mainly phenolic acids and the later,
flavonoids, whose antioxidant activity is also well recog-
nized.

3. Seeds

Tronchuda cabbage seeds presented an organic acids profile
constituted by aconitic, citric, ascorbic, malic, quinic, shiki-
mic and fumaric acids, totalizing ca. 16 g/kg (Ferreres et al.
2007). This content is similar to that previously found in the
leaves (Ferreres et al. 2006a; Vrchovska et al. 2006). How-
ever, seeds exhibit a distinct quantitative profile, with ascor-
bic acid being the main compound, representing about 52%
of total identified organic acids, followed by citric acid
(28% of compounds).

These quantitative differences seem to exert a strong in-
fluence in the antioxidant activity displayed, as seeds were
considerably stronger in all assays besides superoxide, for
which the I1C,s found was similar to external leaves (Table
1). Comparatively with the leaves of the same species, both
internal and external, seeds revealed to be the material with
the strongest antioxidative properties in vitro and, simulta-
neously, the one with higher amounts of ascorbic acid (Fer-
reres et al. 2007).

These results make sense as seeds constitute a reserve
for many storage compounds, namely lipids, which need to
be protected from oxidative stress, contributing to the
viability of seeds and their rapid germination when oxygen
demand is high (Andarwulan and Wattimena 1999; Randhir
and Shetty 2003; Sattler ez al. 2004).

4. Sprouts

The screening of organic acids showed the presence of oxa-
lic, fumaric, citric, malic, pyruvic, shikimic and aconitic
acids (Sousa et al. 2007). With the exception of oxalic and
pyruvic acids, described for the first time in sprouts of B.
olearacea var. costata, the remaining compounds had
already been identified in leaves and seeds (Ferreres et al.
2006a, 2007).

In this work, besides the identification of the organic
acids and its quantification, the authors tried to establish the
qualitative and quantitative changes in sprouts’ chemical
composition through a twelve day germination period. The
total organic acids content increased ca. 46% from 45.7
g/kg, after 2 days of germination, to 66.9 g/kg on day 12
(Fig. 4) and changes in individual compounds were also
monitored (Fig. 5). This increase may be explained by the
increased metabolic activity of the seeds, which rapidly
resume the glycolytic and the tricarboxylic acid cycle and
the B-oxidation of fatty acids after germination (Li et al.
2005; Pracharoenwattana ef al. 2005).

Seeds had an amount of organic acids lower than that
present in the sprouts. Ascorbic acid, one of the major com-
pounds found in the seeds (ca. 13.3 g/kg) was present only
in vestigial amounts in the sprouts, being greatly depleted
since the beginning of germination, may be due to its anti-
oxidant effect (Sousa et al. 2007).

Citric and malic acids were the major organic acids
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Table 1 Organic acids composition and antioxidant activity of some Brassica species. * malic + quinic acids; ° citric + ketoglutaric acids

Organic Acids' Aox. activity’
Aconitic  Ascorbic  Citric Fumaric Malic Oxalic Pyruvic  Shikimic Total Assay IC
B. oleracea var. costata
DPPH’ ICs=1192
Internal leaves® 0.191 6.020 9.975 0.407 6.626 - - 0.035 23.254 0,” 1Cy5 =101
(0.004) (0.143) (0.068) (0.002) (0.165)* (0.001) HO' 1Cys =27
DPPH’ ICys=440
External leaves® 0.022 8.754 8.131 0.014 8.605 - - 0.020 25.545 0,” IC;5=43
(0.008) (0.518) (0.421) (0.000) (0.975)* (0.001) HO' ICs =10
DPPH’ ICys=64
Seeds* 0.170 8.546 4.685 0.039 3.049 - - 0.018 16.507 0,” IC;s =118
(0.003) (0.438) (0.197) (0.001) (0.222)* (0.000) HO' ICs=4
Sprouts’ 0.081 - 12.471 0.820 55.205 1.386 2.012 0.158 72.133 - -
(0.008) (0.595) (0.010) (1.377) (0.085) (0.092) (0.010)
B. rapa var. rapa®
Flower buds 6.608 - 19.647 1.232 19.504 - - 0.065 47.055 - ICy5 =470
(0.359) (2.087)°  (0.009) (1.533) (0.009)
Leaves and stems ~ 3.219 - 14.341 0.865 32.471 - - 0.212 51.108 DPPH’ ICys = 560
(0.209) 0.618)°  (0.011) (0.827) (0.022)
Roots 0.642 - 5.200 0.945 29.255 - - 0.065 36.106 - 1C,s = 1440
(0.016) 0.156)°  (0.019) (0.270) (0.003)
Brassica inflorescences’
DPPH’ ICso =754
B. oleracea var. 0.427 - 27.926 1.116 16.734 - 2.684 0.137 49.024 0,” ICys =349
costata (0.008) (0.167) (0.004) (0.079) (0.006) (0.001) HO’ ICys =172
HOCI ICip =639
DPPH’ 1Cso = 565
B. oleracea var. 0.097 - 48.373 0.018 108.159 - 5.687 0.765 163.098 O,” ICys = 281
acephala (0.003) (1.846) (0.000) (0.445) (0.077) (0.006) HO’ IC;5=10
HOCI ICyp=1186
DPPH’ 1Cso =774
B. rapa var. rapa  0.0423 - 13.177 1.261 22.350 - 1.123 0.069 38.022 0,” 1Cys =363
(0.000) (0.075) (0.002) (0.021) (0.001) (0.001) HO' ICys =12

"mean (SD) of three determinations, in g/Kg (dry basis). > ug/mL. > from Ferreres ef al. 2006a. * from Ferreres et al. 2007. > from Sousa et al. 2007.

¢ from Fernandes ef al. 2007. 7 from Sousa et al. 2008.
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Fig. 4 Evolution in total organic acids content of tronchuda cabbage
sprouts with germination time. * p<0.05, compared with the previous
germination time. From Sousa C, Lopes G, Pereira DM, Taveira M, Valentdo P,
Seabra RM, Pereira JA, Baptista P, Ferreres F, Andrade PB (2007) Screening of
antioxidant compounds during sprouting of Brassica oleracea L. var. costata DC.
Combinatorial Chemistry & High Throughput Screening 10, 377-386, ©2007, with
kind permission of Bentham Science Publishers.

found in sprouts at all germination times. Citric acid, ac-
counting for more than 15% of the total organic acids con-
tent, decreased ca. 37% from day 2 to day 12 (Fig. 5). How-
ever, despite the significant decrease between days 2 and 4
and increase between days 6 and 8, its variation during the
germination period did not show a clear tendency. Malic
acid increased from 27.9 g/kg (61% of the total organic
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acids) on day 2 to 51.6 g/kg (77% of the total organic acids)
on day 12, which represents an increase of 85% along the
studied germination period. This was the organic acid that
registered the highest raise, which can indicate that besides
oxidation, the glyoxylate cycle in which fatty acids are con-
verted to sugars having malate as an intermediate product,
was active (Eastmond and Graham 2001).

Differently from other tronchuda cabbage materials
presented until now, in the referred work (Sousa ef al. 2007)
no antioxidant activity was evaluated. However, this para-
meter should be assessed in a near future as a deep know-
ledge about the variations on organic acids, at both qualita-
tive and quantitative levels, was achieved with this work.
Consequently, a connection with antioxidant activity could
be established, given the great amount of information avail-
able, namely the behaviour of each organic acid through
time.

Brassica rapa var. rapa L. (turnip)

In the work of Fernandes et al. (2007), three turnip edible
parts (leaves and stems, flower buds and roots) were ana-
lysed, revealing similar organic acids composition. Gene-
rally, aconitic, citric, ketoglutaric, malic, shikimic and
fumaric acids were detected in all parts.

The quantification of the identified compounds revealed
a high organic acids content (ranging from 36 to 51 g/kg,
dry basis), with higher amounts of these compounds in
flower buds and in leaves and stems than in the roots, in a
general way. Three distinct quantitative organic acids pro-
files were obtained. Flower buds and leaves and steams pre-
sented an equivalent amount of organic acids (47.1 and 51.1
g/kg, respectively), with citric acid accounting for 41.8% in
the first and 28.1% in the later. Roots were the sample pre-
senting lower organic acids content, with citric acid consti-
tuting only 14.4% of the total amount. As it will be dis-
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Fig. 5 Changes in individual organic acids of tronchuda cabbage
sprouts with germination time. Numbers of panels refer to the number
of compounds (1 - oxalic acid; 2 - aconitic acid; 3 - citric acid; 4 - pyruvic
acid; 5 - malic acid; 6 - shikimic acid; 7 - fumaric acid). * p<0.05, com-
pared with the previous germination time. From Sousa C, Lopes G, Pereira
DM, Taveira M, Valentdo P, Seabra RM, Pereira JA, Baptista P, Ferreres F,
Andrade PB (2007) Screening of antioxidant compounds during sprouting of
Brassica oleracea L. var. costata DC. Combinatorial Chemistry and High Through-
put Screening 10, 377-386, ©2007, with kind permission of Bentham Science Pub-
lishers.

cussed later, this quantitative profile may be responsible, at
least in part, for the results obtained in antioxidant activity
assays (Fig. 6, Table 1).

Turnip edible parts displayed a scavenging activity
against DPPH that was concentration-dependent. 1C,5s was
determined in order to compare the results, once it was not
possible to reach 50% scavenging activity with all samples
and considering that it corresponds approximately to the
middle activity of each curve. The flower buds revealed to
be the most active part (mean IC,s of 470 pg/mL), followed
by the leaves and stems (mean ICys at 560 pg/mL). Turnip
roots showed a significantly lower antioxidant capacity,
with a mean IC,5 of 1440 pg/mL (Fernandes ef al. 2007).

The antioxidant potential exhibited by the different tur-
nip edible parts is obviously determined by their composi-
tion and, in all samples, the values of IC,s in DPPH assay
were correlated with citric acid content. The role of pheno-
lics in the antioxidant activity displayed cannot be ignored:
hydroxycinnamic acids and their derivatives (Plumb et al.
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Fig. 6 Organic acids profile of turnip (A) flower buds, (B) leaves and
stems and (C) roots. Values represent mean, and standard error bars are on
the top of each column. (1) aconitic acid; (2) citric acid; (3) ketoglutaric
acid; (4) malic acid; (5) shikimic acid; (6) fumaric acid. From Fernandes F,
Valentio P, Sousa C, Pereira JA, Seabra RM, Andrade PB (2007) Chemical and
antioxidative assessment of dietary turnip (Brassica rapa var. rapa L.). Food Che-
mistry 105, 1003-1010, ©2007, with kind permission of Elsevier Ltd.

1997; Fukumoto and Mazza 2000) and flavonol glycosides
(Tang et al. 2001; Braca et al. 2003) are known to exert
antioxidant activity and they were also present in turnip.

B. oleracea L. var. acephala (kale)

In the work of Sousa and colleagues (2008), two Brassica
oleracea varieties (B. oleracea L. var. costata DC and B.
oleracea L. var. acephala) and Brassica rapa L. var. rapa
inflorescences were studied for their chemical composition
and antioxidant capacity. These three Brassica shared a pro-
file composed by six organic acids (aconitic, citric, pyruvic,
malic shikimic and fumaric acids), but B. oleracea L. var.
acephala presented a considerably higher amount (163.1
g/kg against 49.0 g/kg and 38.0 g/kg in B. oleracea var.
costata and B. rapa var. rapa, respectively). It should be
emphasized that ascorbic acid, present in leaves and seeds
of B. oleracea var. costata (Sousa et al. 2005; Ferreres et al.
2006a, 2007) was not detected in its inflorescences. As it



Functional Plant Science and Biotechnology 3 (Special Issue 1), 103-113 ©2009 Global Science Books

1004 ™ B. oleracea var. costata
A B. rapa var. rapa

o0 —¥— B. oleracea var. acephala
£ 757

3

=

<

z

S 501

=

-9

A

8 254

=

T T T T T 1
250 500 750 1000 1250 1500

0

Concentration (ug/ml)

Fig. 7 Effect of Brassica inflorescences aqueous lyophilized extracts on
DPPH reduction. Values show mean (SE) from 3 experiments performed
in triplicate. From Sousa C, Taveira M, Valentio P, Fernandes F, Pereira JA,
Estevinho L, Bento A, Ferreres F, Seabra RM, Andrade PB (2008) Inflorescences
of Brassicacea species as source of bioactive compounds: A comparative study. Food
Chemistry 110, 953-961, ©2008, with kind permission of Elsevier Ltd.

will be discussed later, this fact may explain some of the
results found in antioxidant activity.

Each inflorescence was investigated for its capacity to
act as a scavenger of DPPH radical and reactive oxygen
species (superoxide radical, hydroxyl radical and hypochlo-
rous acid), exhibiting antioxidant capacity in a concentra-
tion dependent manner against all radicals.

Against DPPH, B. oleracea var. acephala revealed to
have a stronger capacity (IC,s = 565 pg/mL) than B. olera-
cea var. costata (ICy;s = 754 ng/mL) and B. rapa var. rapa
(ICys = 774 pg/mL), which exhibited a similar behavior
(Fig. 7, Table 1). The fact that, from a quantitative point of
view, B. oleracea var. acephala inflorescences showed the
highest organic acids content (ca. 163 g/kg), corresponding
to about three and four times the amount found for costata
variety and B. rapa var. rapa, respectively, can explain, at
least partially, its higher antioxidant activity.

In superoxide radical assay, the most active matrix was
different when the radical was generated using a X/XO
system (B. rapa var. rapa — 1Cys = 244 pg/mL) or using a
NADH/PMS one (B. oleracea var. acephala — 1Cys = 281
pg/mL) (Table 1).

Against hydroxyl radical, as it had been determined for
superoxide and DPPH radical, the most active matrix was
the one presenting higher amounts of organic acids, B. ole-
racea var. acephala (IC,s = 10 pg/mL). When it comes to
hypochlorous acid assay, the most active vegetable was B.
oleracea var. costata (1C;y = 639 ng/mL), which was the
sample with higher relative amount of citric acid (56.9%)
(Table 1).

At this point, it should be highlighted that, in B. olera-
cea var. costata, ascorbic acid was present in leaves and
seeds but absent in inflorescences. This may explain, in part,
the weaker antioxidant activity displayed by inflorescences
when compared with the other referred plant parts.

RUMEX INDURATUS

Several species of the Rumex (Polygonaceae) genus, namely
its leaves and roots, have been used in traditional medicine
for inflammation, blood purification and constipation
(Medical Economics Co. 1998; Newall et al. 1996). How-
ever, oxalic acid intoxication, mainly in children, is a prob-
lem due to the high oxalic acid content of the species (Der
Marderosian and Beutler 2002; Newall et al. 1996).

Guerra and colleagues (2008) proceeded to a targeted
metabolite analysis, organic acids included, and evaluation
of the antioxidant potential of Rumex induratus leaves. The
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Fig. 8 Principal components diagram of the organic acids content in
all analyzed samples of Rumex induratus: factor score plot 1-2. Com-
ponents 1 and 2 accounts for 94.79 % of the total variance. Capital letters
refer to origin (GF — Greenhouse Fall; GW — Greenhouse Winter; GS —
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Guerra L, Pereira C, Andrade PB, Rodrigues MA, Ferreres F, de Pinho PG
Seabra RM, Valentdo P (2008) Targeted metabolite analysis and antioxidant poten-
tial of Rumex induratus. Journal of Agricultural and Food Chemistry 56, 8184-8194,
©2008, with kind permission of The American Chemical Society.

HPLC-UV analysis of the aqueous lyophilized extracts re-
vealed the presence of malic, oxalic, citric, ascorbic and
shikimic acids, which were described for the first time, with
the exception of oxalic acid (Fig. 8).

In addition, in this work the chemical composition of
field samples was compared with that of greenhouse ones,
both origins being tested to determinate the influence of
maturation stage in the chemical composition. In a general
way, field samples depicted a slight decrease in the total
amount of organic acids during plant growth.

The sample chosen for antioxidant activity assays dis-
played a content of 182.2 g/kg of organic acids. In this
sample, oxalic acid was the main organic acid (163.0 g/kg),
followed by malic (18.3 g/kg) and shikimic acids (0.87
g/kg) (Table 2).
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The lyophillized aqueous extract of R. induratus leaves
exhibited a strong concentration-dependent antioxidant
potential against DPPH (ICso = 106.5 ng/mL).

Nitric oxide and hypochlorous acid can be responsible
for the formation of more reactive species, such as hydroxyl
radical (Halliwell ef al. 2005). The aqueous extract of R. in-
duratus leaves showed a potent scavenging activity against
nitric oxide in a concentration dependent manner, with an
ICso of 92.7 pg/mL. The extract exhibited a lower activity
against hypochlorous acid. Nevertheless, a concentration-
dependent antioxidant potential was observed (IC,, = 171.3
pg/mL). These findings, along with the fact that R. indura-
tus leaves can act as superoxide radical scavenger and xan-
thine oxidase inhibitor (Ferreres et al. 2006b) are extremely
valuable: the simultaneous scavenging capacity of super-
oxide radical and nitric oxide can prevent the formation of
peroxynitrite and ultimately, hydroxyl radical (Halliwell et
al. 2005).

Despite the considerable number of samples used for
chemical characterization, when it comes to antioxidant ac-
tivity assays, only one sample was tested. As so, it is dif-
ficult to associate the activity displayed only with organic
acids composition, given the fact that phenolics were also

present in samples, thus contributing to antioxidant capacity.
However, the contribution of organic acids to this activity
cannot be despised.

CYDONIA OBLONGA MILLER (QUINCE)

Quince fruit is a pome with numerous seeds. The fruits are
big and exhibit a characteristic fragrance. The pulp is acidic
and astringent and, so, it is not suitable for consumption
when raw. The most important utilization of this fruit is in
the production of jams and jellies, which are very appreci-
ated in many countries.

Silva and colleagues (2004) studied the organic acids
composition of both fruit (pulp, peel and seed) and jam and
antiradical activity was assessed against DPPH.

Pulp, peel and jams extracts presented a similar profile
composed by seven identified organic acids: ascorbic, oxa-
lic, citric, quinic, malic, shikimic and fumaric acids, which
had already been described by Silva et al. (2002). In seed
extract, only oxalic acid could not be found.

In pulp, peel and jams extracts the sum of malic plus
quinic acids always represented at least 95% of the total
organic acid content, with all other acids present in small

Table 2 Organic acids composition and antioxidant activity of some mushrooms and vegetable foods.

Organic Acids' Aox. activity’
Aconitic  Ascorbic Citric  Fumaric Ketoglutaric Malic Oxalic  Shikimic Succinic Quinic  Total Assay IC
DPPH  ICso= 107
Rumex - - - - 0.018 0.163 0.001 - - 0.182 NO’ 1Cs0 =93
induratus’® (0.000)  (0.002) (0.000) HOCl  1Cy =171
Cydonia oblonga*
Jam A - 0.028 0.054 nq - 3.921 0.007 0.004 - - 4.014 ICso=23
(0.000) (0.000) (0.273)*  (0.000)  (0.001)
Jam B - 0.053 0.078 - - 5.094 nq 0.010 - - 4235 ICso =16
(0.000) (0.006) (0.215)* (0.000)
Peel - 0.187 0.378 nq - 13.818  0.005 0.052 - - 14441 DPPH" ICso=7
(0.007) (0.015) (0.067)* (0.000) (0.000)
Pulp - 0.109 0.159 nq - 16310 nq 0.045 - - 16.624 ICso=12
(0.000)  (0.001) 0.177)° (0.000)
Seeds - 0.568 0.670 0.004 - 0.611 - 0.004 - - 1.858 ICso=13
(0.016) (0.019)  (0.000) (0.008) (0.000)
Amanita rubescens’
Entire - - 11.115  1.804 1.786 12.386 1.330 0.021 0.139 91.331 119.911 IC 25 =303
mushroom (0.383) (0.027) (0.112) (0.313)  (0.673) (0.001) (0.003)  (2.100)
Stipe - - 3.596 2919 2.204 10.453 1.061 0.037 0.032 114.902 135204 DPPH" ICys =527
(0.224) (0.024) (0.050) (1.486)  (0.015) (0.001) (0.000)  (1.799)
Cap - - 15293 2245 1.357 11.117 0.634 0.067 0.281 89.075  120.070 1C25 =990
(0.760)  (0.059) (0.029) (0.179)  (0.025) (0.003) (0.006)  (2.842)
Russula cyanoxantha®
Entire - - 3.606 7.274 - 49985  0.746 - - 36.193  97.804 1C,5 =835
mushroom (0.125)  (0.168) (1.340)  (0.094) (2.662)
Stipe - - 2.192 6.681 - 39.887  0.809 - - 41964 91.533 DPPH' 1ICs=936
(0.157)  (0.136) (0.728)  (0.085) (2.738)
Cap - - 4.801 6.543 - 33.737 1.060 - - 50.498  96.638 1Cy5 =760
(0.260)  (0.151) (1.050)  (0.012) (0.803)
Boletus edulis®
Entire - - 0.817 0.031 - 8.822 0.659 - 0.064 - 10.393 ICys =184
mushroom (0.052)  (0.002) (0.194)  (0.013) (0.001)
Stipe - - 3.129 0.028 - 9.242 0.110 - 0.097 - 12.606 DPPH" IC,5=109
(0.106)  (0.000) (0.022)  (0.005) (0.003)
Cap - - 2.674 0.258 - 35.122 1.303 - 0.132 - 39.490 1Cys =177
(0.031)  (0.004) (1.263)  (0.016) (0.006)
Suillus granulatus’®
Entire - - 13231  7.931 - 7.157 6.255 nq 0.401 11.389 46364 1Cy5 =196
mushroom (0.430) (0.430) (0.712) ~ (0.195) (0.011)  (0.001)
Stipe - - 6.416 10.210 - 0.912 1.849 nq 0.094 2.879 22360 DPPH -
(0.033)  (0.036) (0.065)  (0.166) (0.002) (0.433)
Cap - - 15.023  10.740 - 12.420  2.047 nq 0.258 84.443  124.931 1Cys =184
(0.719)  (0.227) (1.275)  (0.102) (0.016) (1.525)
DPPH  1Cys=136
Fistulina  0.044 1.222 1.251 0.552 - 5.956 0.041 - - - 9.066 0" 1Cso =105
hepatica® _ (0.005) (0.182) (0.152)  (0.022) (0.791)  (0.000) HOCl1  1Cys = 1458

" mean (SD) of three determinations, in g/Kg (dry basis). > ug/mL. > from Guerra et al. 2008. * from Silva et al. 2004. * from Ribeiro ef al. 2008.° from Ribeiro et al. 2007.%—

concentration in mg/mL.
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Fig. 9 Organic acids profile of edible mushrooms species. Values represent mean and standard error bars are on the top of each column. Abbreviations:
(oxa) oxalic acid; (cit) citric acid; (ket) ketoglutaric acid; (mal) malic acid; (qui) quinic acid; (suc) succinic acid; (shi) shikimic acid; (fum) fumaric acid.
From Ribeiro B, Lopes R, Andrade PB, Seabra RM, Gongalves R, Baptista P, Quelhas I, Valentio P (2008) Comparative study of phytochemicals and antioxidant potential

of wild edible mushrooms caps and stipes. Food Chemistry 110, 47-56, ©2008, with kind permission of Elsevier Ltd.

amounts. Seed extract was very distinct from the others,
with the sum of malic plus quinic acid representing only
33% of the total content. Citric and ascorbic acids were also
present in high percentages (36 and 31%, respectively). The
organic acid total content of seed extract was the lowest
among all matrices (Table 2).

When considering the antioxidant activity displayed by
these samples against DPPH radical, it is important to em-
phasize that in this work, both total methanolic extract and
organic acids fraction were analysed, which may provide
further data on the influence of organic acids in antioxidant
activity.

Peel extract was the one that had the strongest antiradi-
cal activity (ICsyof 6.9 mg/mL), followed by pulp and seed
extracts with very similar activities (ICsy of 11.6 and 12.9
mg/mL, respectively). The 1Csy values of quince pulp, peel
and jams organic acid extracts were correlated with the as-
corbic acid content and citric acid contents (Table 2).

Due to the complex composition of both fruit and jam,
interactions between different antioxidant components are
likely important regarding the overall antioxidant activity of
quince fruit and jam. The antioxidant activities of the ana-
lyzed samples cannot only be attributed to their phenolic
and/or organic acid contents, but may result from the action
of different compounds present in quince fruit and jam and
to possible synergic and antagonist effects that take place.
Additionally, the fact that the whole methanolic extract, in
all samples, displayed an activity different from the sum of
the analysed fractions, namely phenolics and organic acids,
points to the occurrence of interactions between the present
compounds in what concerns to antioxidant activity.

MUSHROOMS

Amanita rubescens; Russula cyanoxantha;
Boletus edulis; Suillus granulatus

Mushrooms have been used as food and food-flavouring
material in soups and sauces for centuries, due to their
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unique and characteristic flavour. Their high amounts of
proteins, carbohydrates and fibres and low fat contents is
often referred in literature in relation to their nutritional
value. Furthermore, they contain significant levels of vita-
mins, namely thiamine, riboflavin, ascorbic acid and vita-
min D2, as well as minerals (Mattila ef al. 2000). Regarding
their medicinal value, mushrooms revealed to be effective
as antitumor, antibacterial, antiviral, haematological and in
immunomodulating treatments (Wasser and Weis 1999;
Yang et al. 2002).

Tras-os-Montes region (northeast of Portugal) is recog-
nized as one of the richest regions of Europe in wild edible
mushroom species, of considerable gastronomic relevance.
Russula cyanoxantha, Amanita rubescens, Suillus granula-
tus and Boletus edulis are among the more common and
eaten species.

In the work of Ribeiro et al. (2008), the four above
mentioned mushrooms species were studied for their chemi-
cal composition, including organic acids. The organic acids
profile showed that all of the species contained oxalic, citric,
malic and fumaric acids. Some also exhibited ketoglutaric,
quinic, succinic and shikimic acids. In a general way, the
highest total organic acids content was found in 4. rubes-
cens, followed by R. cyanoxantha, S. granulatus and B.
edulis.

In A. rubescens, citric, ketoglutaric, succinic, oxalic,
malic, quinic, shikimic and fumaric acids were identified.
The authors stated that organic acids weren’t accumulated
at a special part, since for each one of the three 4. rubes-
cens samples tested, the material presenting the highest
organic acids content was different. In the cap, they were
found significantly higher citric acid contents than in the
stipe. On the other hand, quinic acid concentrations were
significantly higher in the stipe (Fig. 9, Table 2).

R. cyanoxantha showed a profile composed by citric,
oxalic, quinic, malic, and fumaric acids. The results indi-
cated that these compounds accumulate mainly in the cap.
In what concerns to the quantitative profile, the different
mushroom parts were found to be similar, presenting quinic
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and malic acids as the major compounds, with oxalic acid
being the minor one. However, some differences were ob-
served: the cap showed a tendency for higher concentra-
tions of citric and quinic acids, but its malic acid content
was significantly smaller than the one exhibited by the stipe
(Fig. 9, Table 2).

The analysis of S. granulatus samples yielded the iden-
tification of citric, malic, quinic, succinic, shikimic, oxalic
and fumaric acids, with clear evidence that the cap presen-
ted the highest contents of these compounds. The analysis
of the mushrooms’ quantitative profiles obtained made it
possible to realize that succinic and shikimic acids were
those appearing in lower quantities and that the major com-
pounds differed according to the different mushroom parts
(Fig. 9, Table 2): fumaric and citric acids in stipe and qui-
nic acid in cap. Malic, oxalic and succinic acids presented
important differences in their relative amounts in the dif-
ferent mushrooms materials.

B. edulis presented an organic acids profile composed
by oxalic, citric, malic, succinic and fumaric acids. The
total organic acids amount was higher in the cap, while
stipe and entire mushrooms contained similar amounts of
these compounds. These results indicate that, like in R.
cyanoxantha and S. granulatus, organic acids of B. edulis
species are preferably fixed in the cap. In a general way, the
quantitative profile (Fig. 9, Table 2) showed malic acid as
the major compound, while succinic and fumaric acids only
appeared in low amounts. Moreover, cap and stipe had a
tendency to concentrate malic and citric acids, respectively.

The antioxidant potential of the different mushrooms
materials was evaluated by their DPPH scavenging effect,
which was, in a general way, concentration-dependant. The
IC,5 values were used to compare their antioxidant proper-
ties.

In R. cyanoxantha species, results found for antioxida-
tive activity did not follow the total organic acids contents
order. Nevertheless, citric acid concentration was conside-
rably higher in the cap, with this material presenting higher
antioxidant activity than the stipe, which contained the low-
est amount of this acid. These data suggest that citric acid

may be important for the antioxidant capacity of the species.

The alkaloids could also have a relevant role, since their
total contents followed the same order as that of the antioxi-
dant capacity.

A. rubescens antiradical activity followed the order en-
tire mushroom > stipe >> cap. Neither alkaloids nor organic
acids contents displayed this sequence. However, the stipe
contained higher organic acids content than cap which may
give a major contribution for the antioxidant capacity.

S. granulatus antioxidant potential revealed the same
sequence found for R. cyanoxantha: cap > entire mushroom
> stipe. This order corresponded to that of the total organic
acids amount in the sample. In addition, the content of the
pair malic plus quinic acids followed the order referred
above for the antioxidant activity, which strongly suggests
that they may be important for the antioxidative properties
of the species.

When the antioxidant potential of B. edulis species was
assayed, the cap displayed the highest capacity, followed by
the stipe and entire mushroom. These results are particu-
larly relevant as this order suggests that some kind of anta-
gonism could occur between some compounds of the cap
and the stipe, in order to decrease the antioxidant potential
of the entire mushroom. In addition, the organic acids pro-
file could be responsible, in part, for the antioxidant activity
of B. edulis species, given the fact that total organic acids
content followed the sequence observed for the antioxidant
activity. Malic acid accumulated preferentially in the cap
which presented the highest antioxidant activity. Thus, it
could give an important contribution to this capacity.

Fistulina hepatica

Fistulina hepatica mushroom, commonly known as beef-
steak fungus, usually is a saprobic and sometimes a para-
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sitic fungus that lives on the wood of hardwoods (especially
oaks and chestnut). Its fruit body is annual, bracket-like to
tongue-shaped, laterally attached. As the common name
suggests, beefsteak fungus is remarkably similar in appear-
ance to raw meat. In the past, it was often cooked and eaten
as a substitute for meat. It is sold in several markets and can
be eaten raw in salad or with a sauce of parsley and garlic.

The HPLC-UV analysis of beefsteak fungus yielded the
identification of six organic acids: malic, oxalic, aconitic,
ascorbic, citric, and fumaric (Ribeiro et al. 2007). The
quantitative analysis revealed high organic acids content, in
which malic acid was the main compound, representing ca.
60% of total acids. Oxalic and aconitic acids were the com-
pounds present in lowest amounts.

Against DPPH, activity was concentration-dependent,
with an IC,5 of 136 pg/mL. The capacity of the lyophilized
extract to scavenge superoxide radicals was confirmed and
an 1Csy of 105 pg/mL was determined. Additionally, the
results demonstrate that the beefsteak fungus exerted some
inhibitory effect on XO, which was concentration depen-
dent (ICs¢ at 1444 (ng/mL) (Table 2).

Beefsteak fungus lyophilised extract showed little capa-
city to chelate iron ions for concentrations above 400
pg/mL.

Regarding HOCI scavenging ability, under the assayed
conditions, lipoic acid was used as a reference compound
and inhibited TNB oxidation in a concentration-dependent
manner (ICys at 21 uM). Beefsteak fungus lyophilized ex-
tract exhibited a weak antioxidant protective activity against
damage by HOCI, with an IC,5 at 1458 pg/mL.

VITAMIN C: A CASE STUDY

Undoubtedly, ascorbic acid (which, together with dehydro-
ascorbic acid, constitutes what we call vitamin C) (Naidu
2003) is the most important organic acid when addressing
antioxidant activity and its impact on human health.

This compound can act as a scavenger/neutralizer of a
wide range of both oxygen and nitrogen reactive species,
such as hydroxyl radical, alkoxyl radicals, peroxyl radicals,
superoxide anion/hydroperoxyl radical, hypochlorous acid,
ozone, singlet oxygen, nitrogen dioxide radical, peroxy-
nitrite/peroxynitrous acid (Carr and Frei 1999).

Besides this direct action against oxidizing species, as-
corbic acid amplifies the activity of other antioxidants, as it
can regenerate a-tocopheroxyl, urate and f-carotene radical
cation from their radical species (Niki et al. 1995; Niki
1987; Naidu 2003). We can, therefore, speak of synergism
of several antioxidants.

The antioxidant properties of ascorbic acid are recog-
nised as the most probable explanation for the role that it
seems to play on atherosclerosis (Frei 1997; Martin and Frei
1997) and cancer prevention (Campbell ef al. 1999; Naidu
2003).

Recently some concern has appeared in the literature
given the fact that in in vitro experiments, ascorbic acid,
when in low concentrations (0.2 M), was able to catalytic-
ally reduce active metal ions and therefore contribute to
oxidative damage through the production of hydroxyl and
alkoxyl radicals (Bast ef al. 1991; Buettner and Jurkiewic
1996; Proteggente et al. 2000). Nevertheless, this data does
not necessarily imply that ascorbic acid can be a pro-oxi-
dant in vivo and many controversies are still unresolved in
this area (Halliwell 1996; Carr and Frei 1999; Chen et al.
2000). Many studies indicate that, in fact, both actions can
be linked with ascorbic acid, depending on the medium
conditions.

In the work of Martinez-Sanches et al. (2008), a com-
parative study of flavonoid compounds, vitamin C and anti-
oxidant properties (against DPPH and ABTS™") of baby leaf
Brassicaceae species was performed. The species involved
were watercress (Nasturtium officinale), mizuna (Brassica
rapa subsp. nipposinica), wild rocket (Diplotaxis tenuifolia)
and salad rocket (Eruca vesicaria).

Besides important information regarding phenolic com-



Functional Plant Science and Biotechnology 3 (Special Issue 1), 103-113 ©2009 Global Science Books

position of these matrices, a correlation between phenolics
and Vitamin C presence in leaves and antioxidant activity
could be achieved, although Pearson’s correlation coeffici-
ent was lower for Vitamin C than for flavonoids. The vita-
min C content, measured as ascorbic acid and dehydro-
ascorbic acid, ranged from 64 to 104 mg per 100 g of fresh
weight. The highest content of Vitamin C was observed in
watercress, followed by wild rocket and salad rocket and
the lowest content of vitamin C was found in mizuna and
antioxidant activity followed the same order. Ascorbic acid
was the predominant form of Vitamin C in all of the studied
species. Differences in ascorbic acid content can be related
to both leaf age and the irradiance arriving at the leaf sur-
face, among other factors (Foyer 1993).

Other study (Llorach ef al. 2008) characterised polyphe-
nols, Vitamin C and antioxidant properties of five varieties
of lettuce (Lactuca sativa L.), three green varieties (iceberg,
romaine, continental) and two red varieties (red oak leaf,
lollo rosso) and one escarole one (Cichorium endivia var.
crispa) “frissé”. Vitamin C levels ranged between 2.8
(romaine) and 19.5 (continental) mg/100 g (fresh weight).
The highest amount of Vitamin C was found in green let-
tuce, followed by red lettuce varieties. Antioxidant activity
was also evaluated against DPPH and ABTS™. In both
screening tests, red varieties showed higher scavenging
activity, a fact that was not in line with their content in
Vitamin C, which was lower when compared with green
varieties. However, it should be taken into account that the
authors found anthocyanins in red varieties, which could
contribute to the antioxidant activity in a higher degree than
ascorbic acid, thus diminishing its influence in scavenging
activity of samples.

CONCLUSION

After analysing several works dedicated to the influence of
organic acids on antioxidant activity of vegetable matrices,
one cannot state, without a doubt, their contribution, or not,
to the activity showed. This happens due to many synergis-
tic and antagonistic behaviour of compounds found in the
plant matrices. These phenomena increase with matrix com-
plexity, rendering almost impossible to clearly associate the
presence of an acid(s) with the displayed antioxidant acti-
vity. In cases in which total organic acids content is cor-
related with antioxidant potential of the samples, ascorbic
acid is, most of the times, a compound present in significant
amounts. In fact, ascorbic acid is a well known antioxidant
which is sold worldwide as a diet supplement given its
beneficial effects.

However, some caution must be taken as an increasing
number of studies show how this compound can act as a
pro-oxidant in physiological conditions. In the end, the
main factor contributing to antioxidant effects of organic
acids is the complex chemical medium in which these com-
pounds are included, which can dictate their neutral, dele-
terious or beneficial properties. Works on this theme, how-
ever, are rather scarce and therefore, more efforts should be
put in this matter as a way to understand the complex bio-
chemistry behind organic acids’ biological activity.

REFERENCES

Andarwulan N, Fardiaz D, Wattimena GA, Shetty K (1999) Antioxidant
activity associated with lipid and phenolic mobilization during seed germi-
nation of Pangium edule Reinw. Journal of Agricultural and Food Chemistry
47,3158-3163

Bast A, Haenen GRMM, Doelman CJA (1991) Oxidants and antioxidants:
state of the art. American Journal of Medicine 91, 2-13

Braca A, Fico G, Morelli I, De Simone F, Tomé F, De Tommasi N (2003)
Antioxidant and free radical scavenging activity of flavonol glycosides from
different Aconitum species. Journal of Ethnopharmacology 86, 63-67

Buettner GR, Jurkiewicz BA (1996) Catalytic metals, ascorbate and free radi-
cals: combinations to avoid. Radiation Research 145, 532-541

Campbell JD, Cole M, Bunditrutavorn B, Vell AT (1999) Ascorbic acid is a
potent inhibitor of various forms of T cell apoptosis. Cellular Immunology
194, 1-5

112

Cantuti-Castelvetri I, Shukitt-Hale B, Joseph JA (2000) Neurobehavioral
aspects of antioxidants in aging. International Journal of Development
Neuroscience 18, 367-381

Carr AC, Frei B (1999) Does vitamin C act as pro-oxidant under physiological
conditions? The Journal of the Federation of American Societies for Experi-
mental Biology 13, 1007-1024

Chen K, Suh J, Carr AC, Marrow JD, Zeind J, Frei B (2000) Vitamin C sup-
presses lipid damage in vivo even in the presence of iron. American Journal
of Physiology- Endocrinology and Metabolism 279, E1406-E1412

Chu YF, Sun J, Wu X, Liu RH (2002) Antioxidant and antiproliferative acti-
vities of common vegetables. Journal Agricultural and Food Chemistry 50,
6910-6916

Chun OK, Smith N, Sakagawa A, Lee CY (2004) Antioxidant properties of
raw and processed cabbages. International Journal of Food Sciences and
Nutrition 55, 191-199

Der Marderosian A, Beutler JA (2002) The review of natural products; Facts
and Comparisons: St. Louis, Missouri, 772 pp

Eastmond PJ, Graham IA (2001) Re-examining the role of the glyoxylate
cycle in oilseeds. Trends in Plant Science 6, 72-77

Fernandes F, Valentio P, Sousa C, Pereira JA, Seabra RM, Andrade PB
(2007) Chemical and antioxidative assessment of dietary turnip (Brassica
rapa var. rapa L.). Food Chemistry 105, 1003-1010

Ferreres F, Sousa C, Vrchovska V, Valentido P, Pereira JA, Seabra RM,
Andrade PB (2006a) Chemical composition and antioxidant activity of tron-
chuda cabbage internal leaves. European Food and Research Technology 222,
88-98

Ferreres F, Ribeiro V, Gil-Izquierdo A, Rodrigues MA, Seabra RM, An-
drade PB, Valentdo P (2006b) Rumex induratus leaves: interesting dietary
source of potential bioactive compounds. Journal of Agricultural and Food
Chemisrty 54, 5782-5789

Ferreres F, Sousa C, Valentido P, Seabra, RM, Pereira, JA, Andrade PB
(2007) Tronchuda cabbage (Brassica oleracea L. var. costata DC) seeds:
Phytochemical characterization and antioxidant potential. Food Chemistry
101, 549-558

Foyer CH (1993) Ascorbic acid. In: Alscher RG, Hess JL (Eds) Antioxidants in
Higher Plants, CRC Press, Boca Raton, FL, pp 32-67

Frei B (1997) Vitamin C as an antiatherogen: mechanism of action. In: Packer
L, Fuchs J (Eds) Vitamin C in Health and Disease, Marcel and Dekker, Inc.,
New York, pp 163-182

Fukumoto LR, Mazza G (2000) Assessing antioxidant and prooxidant acti-
vities of phenolic compounds. Journal of Agricultural and Food Chemistry
48, 3597-3604

Galati G, O’Brien PJ (2004) Potential toxicity of flavonoids and other dietary
phenolics: significance for their chemopreventive and anticancer properties.
Free Radical Biology and Medicine 37, 287-30

Guerra L, Pereira C, Andrade PB, Rodrigues MA, Ferreres F, de Pinho PG,
Seabra RM, Valentio P (2008) Targeted metabolite analysis and antioxidant
potential of Rumex induratus. Journal of Agricultural and Food Chemistry
56, 8184-8194

Halliwell B, Aeschbach R, Léliger J, Aruoma OI (1995) The characterization
of antioxidants. Food and Chemical Toxicology 33, 601-617

Halliwell B (1996) Vitamin C: antioxidant or pro-oxidant in vivo? Free Radical
Research 25, 439-454

Hollman PC, Hertog MGL, Katan MB (1996) Role of dietary flavonoids in
protection against cancer and coronary heart disease. Biochemical Society
Transactions 24, 785-789

Jadhav, SJ, Nimbalkar SS, Kulkarni AD, Madhavi DL (1995) Lipid oxida-
tion in biological and food systems. In: Madhavi DL, Deshpande SS, Salun-
khe DK (Eds) Food Antioxidants, Technological, Toxicological and Health
Perspectives, Marcel Dekker, Inc, New York, pp 5-63

Keizer G, Keizer J (1998) The Complete Encyclopaedia of Mushrooms, Rebo
Publishers, Lisse, 134 pp

Kluge M, Ting IP (1978) Crassulacean Acid Metabolism, Springer-Verlag,
Berlin

Kurilich AC, Jeffery EH, Juvik JA, Wallig MA, Klein BP (2002) Antioxidant
capacity of different broccoli (Brassica oleracea) genotypes using the oxy-
gen radical absorbance capacity (ORAC) assay. Journal Agricultural and
Food Chemistry 50, 5053-5057

Li F, Wu X, Tsang E, Cutler AJ (2005) Transcriptional profiling of imbibed
Brassica napus seed. Genomics 86, 718-730

Lin CH, Chang CY (2005) Textural change and antioxidant properties of broc-
coli under different cooking treatments. Food Chemistry 90, 9-15

Llorach L, Espin JC, Tomas—Barberan FA, Ferreres F (2003) Valorization
of cauliflower (Brassica oleracea L. var. botrytis) by-products as a source of
antioxidant phenolics. Journal Agricultural and Food Chemistry 51, 2181-
2187

Llorach R, Martinez-Sanchez A, Tomas-Barberan FA, Gil MI, Ferreres F
(2008) Characterisation of polyphenols and antioxidant properties of five let-
tuce varieties and escarole. Food Chemistry 108, 1028-1038

Martin A, Frei B (1997) Both intracellular and extracellular vitamin C inhibit
atherogenic modifications of LDL by human vascular endothelial cells. Arte-
riosclerosis Thrombosis and Vascular Biology 17, 1583-1590

Martinez-Sanchez A, Gil-Izquierdo A, Gil MI, Ferreres F (2008) A compa-



Organic acids as antioxidants. Pereira ef al.

rative study of flavonoid compounds, vitamin C and antioxidant properties of
baby leaf Brassicaceae species. Journal of Agricultural and Food Chemistry
56, 2330-2340

Mattila P, Suonpaa K, Piironen V (2000) Functional properties of edible
mushrooms. Nutrition 16, 694-696

Medical Economics Co. (1998) PDR for Herbal Medicines (1* Edn), Montvale,
New Jersey, pp 1105-1107

Naidu KA (2003) Vitamin C in human health and disease is still a mystery? An
overview. Nutrition Journal 2, 7-16

Newall CA, Anderson LA, Phillipson JD (1996) Herbal Medicines — A Guide
for Health-Care Professionals, The Pharmaceutical Press: London, UK, 274

Niki E (1987) Interaction of ascorbate and alpha-tocopherol. Annals of the New
York Academy of Science 498, 186-199

Niki E, Noguchi N, Tsuchihashi H, Gotoh N (1995) Interactions among vita-
min C, vitamin E and B-carotene. American Journal of Clinical Nutrition 62,
1322S-1326S

Ninfali P, Bacchiocca M (2003) Polyphenols and antioxidant capacity of vege-
tables under fresh and frozen conditions. Journal Agricultural and Food Che-
mistry 51, 2222-2226

Park EJ, Pezzuto JM (2002) Botanicals in cancer chemoprevention. Cancer
and Metastasis Reviews 21, 231-255

Plumb GW, Price KR, Rhodes MJ, Williamson G (1997) Antioxidant proper-
ties of the major polyphenolic compounds in broccoli. Free Radical Research
27,429-435

Pracharoenwattana I, Cornah JE, Steven M, Smith SM (2005) Arabidopsis
peroxisomal citrate synthase is required for fatty acid respiration and seed
germination. Plant Cell 17,2037-2048

Proteggente AR, Rehman A, Halliwell B, Rice-Evans CA (2000) Potential
problems of ascorbic acid and iron supplementation: pro-oxidant effect in
vivo? Biochemical and Biophysical Research Communications 277, 535-540

Proteggente AR, Pannala AS, Paganga G, van Buren L, Wagner E, Wise-
man S, van De Put F, Dacombe C, Rice-Evans CA (2002) The antioxidant
activity of regularly consumed fruit and vegetables reflects their phenolic and
vitamin C composition. Free Radical Research 36,217-233

Randhir R, Shetty K (2003) Light-mediated fava bean (Vicia faba) response to
phytochemical and protein elicitors and consequences on nutraceutical en-
hancement and seed vigour. Process Biochemistry 38, 945-952

Ribeiro B, Valentio P, Baptista P, Seabra RM, Andrade PB (2007) Phenolic
compounds, organic acids profile and antioxidant properties of beefsteack
fungus (Fistulina hepatica). Food and Chemical Toxicology 45, 1805-1813

Ribeiro B, Lopes R, Andrade PB, Seabra RM, Gongalves R, Baptista P,
Quelhas I, Valentdo P (2008) Comparative study of phytochemicals and
antioxidant potential of wild edible mushrooms caps and stipes. Food Che-

113

mistry 110, 47-56

Sattler SE, Gilliland LU, Magallanes-Lundback M, Pollard M, DellaPenna
D (2004) Vitamin E is essential for seed longevity and for preventing lipid
peroxidation during germination. Plant Cell 16, 1419-1432

Seabra RM, Andrade PB, Valentdo P, Fernandes E, Carvalho F, Bastos ML
(2006) Anti-oxidant compounds extracted from several plant materials. In:
Fingerman M, Nagabhushanam R (Eds) Biomaterials from Aquatic and Ter-
restrial Organisms, Science Publishers, Enfield (New Hampshire), USA, pp
115-174

Silva BM, Andrade PB, Mendes GC, Seabra RM, Ferreira MA (2002) Stu-
dy of the organic acids composition of quince (Cydonia oblonga Miller) fruit
and jam. Journal of Agricultural and Food Chemistry 50,2313-2317

Silva BM, Andrade PB, Valentdo P, Ferreres F, Seabra RM, Ferreira MA
(2004) Quince (Cydonia oblonga Miller) fruit (pulp, peel and seed) and jam:
antioxidant activity. Journal of Agricultural and Food Chemistry 52, 4705-
4712

Sousa C, Valentio P, Rangel J, Lopes G, Pereira JA, Ferreres F, Seabra RM,
Andrade PB (2005) Influence of two fertilization regimens on the amounts
of organic acids and phenolic compounds of tronchuda cabbage (Brassica
oleracea L. var. costata DC). Journal of Agricultural and Food Chemistry 53,
9128-9132

Sousa C, Lopes G, Pereira DM, Taveira M, Valentido P, Seabra RM, Pereira
JA, Baptista P, Ferreres F, Andrade PB (2007) Screening of antioxidant
compounds during sprouting of Brassica oleracea L. var. costata DC. Com-
binatorial Chemistry and High Throughput Screening 10, 377-386

Sousa C, Taveira M, Valentdo P, Fernandes F, Pereira JA, Estevinho L,
Bento A, Ferreres F, Seabra RM, Andrade PB (2008) Inflorescences of
Brassicacea species as source of bioactive compounds: A comparative study.
Food Chemistry 110, 953-961

Tang Y, Lou F, Wang J, Li Y, Zhuang S (2001) Coumaroyl flavonol glyco-
sides from the leaves of Ginkgo biloba. Phytochemistry 58, 1251-1256

Vinson JA, Hao Y, Su X, Zubik L (1998) Phenol antioxidant quantity and qua-
lity in foods: Vegetables. Journal Agricultural and Food Chemistry 46, 3630-
3634

Vrchovska V, Sousa C, Valentio P, Ferreres F, Pereira JA, Seabra RM,
Andrade PB (2006) Antioxidative properties of tronchuda cabbage (Brassica
oleracea L. var. costata DC) external leaves against DPPH, superoxide radi-
cal, hydroxyl radical and hypochlorous acid. Food Chemistry 98, 416-425

Wasser SP, Weis AL (1999) Medicinal properties of substances occurring in
higher Basidiomycetes mushrooms: current perspective (review). Internatio-
nal Journal of Medicinal Mushrooms 1, 31-62

Yang JH, Lin HC, Mau JL (2002) Antioxidant properties of several com-
mercial mushrooms. Food Chemistry 77, 229-235



