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Scavenging Activity of Some Simple Sugars

RoBERTO MORELLI," SAMANTHA RusscVoLPES NOVELLA BRUNO,S AND
RoBerTO Lo ScaLzo* 8
Istituto di Scienze e Tecnologie Molecolari, Consiglio Nazionale delle Ricerche, CNR,

via C. Golgi 19, 20133 Milano, Italy, and Istituto per la Valorizzazione Tecnologica dei
Prodotti Agricoli, IVTPA, via G. Venezian 26, 20133 Milano, Italy

The antioxidant properties of simple carbohydrates were studied in a chemical system. Hydroxyl
radicals generated by a Fenton reaction induce damage on simple carbohydrates with a consequent
free radical scavenging activity. Carbohydrate activities were measured by different methods as spin-
trapping of hydroxyl radical and electron paramagnetic resonance detection and 1,1-diphenyl-2-
picrylhydrazyl quenching. Carbohydrate damage was evaluated in a Fenton system by measuring
the reactive substances to thiobarbituric acid, by their decreased detection with an HPLC test, and
by a gas chromatographic determination of formic acid from sugar oxidation. Different intensities of
damage and scavenging were found according to molecular structure, and some hyphotheses on
the carbohydrate action against free radicals were attempted. The assayed disaccharides were shown
to be more active toward and less damaged by hydroxyl radical than monosaccharides.
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INTRODUCTION fruits and vegetables compromise the biosynthesis of new

. _antioxidant molecules, determining disequilibrium toward oxi-
Fresh and processed fruits and vegetables show a progressivgation.

quality loss mainly caused by the oxidation of biomolecules  ne_electron reduction of molecular oxygen can occur by

such as lipids, pigments, phenols, proteins, and carbohydratescatalytic action of ferrous cation with superoxide radical anion
These oxidations are caused by atmospheric oxygen, op-production (4):

portunistically activated by its one-electron reduction to the
superoxide radical anio®, ™, to hydrogen peroxide #D,, and Fet + 0,— Fe3+—'027—> Fet + ‘0,
to the hydroxyl radicalOH. Generation of these reactive oxygen
species (ROS) beyond the antioxidant capacity of a biological However, in biological systems Fe or Cu ions cannot be found
system gives rise to oxidative stress (1). in free solution. Normally, they are bound to proteins, mem-
The well-established role of fruits and vegetables is that some branes, nucleic acids, and chelating agents of low molecular
components of them, such as vitamins and polyphenols, mayweight (for example, ATP, ADP, and citrate§)(
be effective in the prevention of diseases associated with free Itis more probable that, in living cells, reduction of molecular
radicals (2). oxygen is carried out by strong reducing agents involved in
mitochondrial electron transport chains, as reduced flavins and
hydroquinones (6).
Another important reducing function of molecular oxygen is

The antioxidant defense system against oxygen toxicity is
fully efficient when living cells stand in an omeostatic condition,
where OX|da_t|_on_ and antlo_x_ldatlon are about at eq_U|I|br|um. In done by metalloenzymes, to which,@s first bound and
altered equilibrium conditions, which are manifested, for

example, in aerobic organisms exposed to oxygen concentration successively reduced by the metal (normally iron or copper) in
ple, g9 p Y9 'She active site (7).

up to 21%, pathological states can occurr, because the antioxi- The one-electron reduction e, to hydrogen peroxide is

dant system does not seem to be able to control the increaseq:atalyzed by superoxide dismutase, but it can occurr also
oxidative processes (3). Analogously, senescence processes igpontaneously' '
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powerful free radical known: the hydroxyl radicaDH). In Many different methods are employed in assays to evaluate
fact, HO, is decomposed to the hydroxyl radical and hydroxyl the effectiveness of free radical scavenger activities on different
ion in the presence of transition metals (for example, Fe, Cu, substrates such as whole and partially fractionated plant extracts

and Cr) according a Fenton-type reaction: and purified compounds2(). The scavenging effect c®H
can be measured in a direct way by detecting the presence of it
Fe" + H,0,— Fe&’" + OH™ + "OH with electronic paramagnetic resonance (EPR) spectroscopy,

using a spin-trapping metho@Z—24), so the suppression by a
scavenger molecule of this free radical can be easily measured.
The aim of this work is to contribute to the evaluation of the
damage of some simple carbohydrates after reaction With
generated by a Fenton reaction and their free radical scavenger
effect by different methods.

The following methods were used: TBA test to evaluate the
reactive substances to thiobarbituric acid produced by sugars

The highly reactive hydroxyl radicaDH is known to damage i the presence 0DH; EPR to detect the presence*®H; an
almost all biomolecules, including carbohydrates. This fact can Hp|C test able to detect the sugar reduction after damage of
be gleaned from the paper of Anbar and Né)(with reaction  +OH; a GC headspace test to evaluate the formic acid (HCOOH)
constants (Walue) in the range of ¥6-10°°M~*s™%. ~  produced by theOH-damaged sugars [formic acid is produced

The biomolecules are damaged in vivo by the reaction with from sugar oxidation by periodic acid, a chemical method used
*OH. This damage can be reversible for the action of repair g determine sugar structure; periodic acid is a specific oxidixing
enzymes (11). Hence, repair enzymes can be considered aggent for vicinal glycolsZ5), and the reaction of sugars with
constituted by the enzymes superoxide dismutase, catalase, anﬂroduces formic acid2, 27); hence, the quantitative analysis
glutathione peroxidasel®) and the second line constituted by of this acid to evaluate the action ®H on the sugars could
molecular species widely present in fruits and vegetables pe important]; and a spectrophotometric method to detect the
involved in “chain-breaking’ processes (13). extinction of 2,2-diphenyl-1-picrylhydrazyl radical (DPBHy

Itis clear that the presence of Fe is essential to geneate single sugars.
and that the metal must be in a chelated state. The effect of The tested compounds were the more diffused simple

chelating agents such as EDTA has been widely investigated carpohydrates in fruits and vegetables, such as maltose, sucrose,

(14). . ] ) ) glucose, fructose, and deoxyribose and a reduced sugar such as
If, for different causes, free radical species production exceedssorbitol.

the defensive capacity of the antioxidant system, the free radicals
react with the molecular cell components.

The indiscriminate reactivity of hydroxyl radical toward the MATERIALS AND METHODS
biomolecules implies the following: every biomolecule func-
tions as scavenger at the moment of reaction w@h; the

Besides, the hydroxyl radical can be generated by the direct
reaction of superoxide radical with hydrogen peroxide, in the
presence of Fe catalyst (8):

‘0, + H,0, — OH + "OH + H,0

Maltose, sucrose, 2-deoxyibose,b-(+)-glucose p-(—)-fructose,
and sorbitol were the sugars assayed purchased from Merck (Darmstadt,

biomolecule, after the reaction witbH, becomes itself a free h K soluti .
dical; the secondary free radical obtained from the reaction Germany). The sugar stock solutions at a concentration of 52 mv were
ra ’ made in a 0.1 M phosphate buffer solution, pH 7.4 (PBS). These

is generally less reactive tha@H, but it can induce damage in  sqytions were 6.5-fold diluted with PBS to a final concentration of 8
other molecules; the biomolecules are subjected to oxidative mm for all experiments except for the TBA test, for which the
damage after reaction witloH. concentrations used were 0.002, 0.005, 0.05, 0.1, 0.2, 0.4, 0.6, and 0.8

In plant cells, carbohydrates represent a class of compoundsmM for each sugar.
of primary importance, both as plastic and reserve material and 2-Thiobarbituric acid (TBA) was obtained from Merck.
as transient metabolic forms. Ferrous sulfate heptahydrate (FeS,0) and 5,5-dimethyl-1-

In the presence of an excess*@fH, carbohydrates can be pyrroline-N-_oxide (DMPO) were purchased from Fluka Chemie AG
damaged. This reaction is well evidenced by the production of (Buchs, Switzerland). _ _ _
malondialdehyde, detectable from the reaction with thiobarbi- Al other chemicals used were from Sigma-Aldrich (St. Louis, MO).
turic acid (TBA value), giving a chromogen with absorbance Fo_r each dissolution or dlluthn, PBS and all other solutions were
at 532 nm 15). Different types of carbohydrates have different Préviously deaereated by bubbling with pure N .
reactivities with TBA and, hence, different amounts of damage Fenton Reaction.Active oxygen species, such as hydroxyl radical
by *OH. (*OH), are formed through a one-electron reduction of hydrogen

. . . eroxide (HO). The*OH is generated by a process known as redox
A very TBA-reactive carbohydrate was deoxyribose, and its Eycling or( Fenion reaction a?nd is cataly)z/edpby transition metals such
reactivity can be used to detect tf@H and, for example, the 55 Fa+
effect of some free radical scavengers in a Fenton system
(16, 17).

However, the direct role of simple carbohydrates in the
suppression of free radicald§, 19) has not been widely
discussed in the literature with respect to other types of
molecules such as polyphenols or unsaturated lipids. ' -

Recent literature from IVTPA has pointed out that different traltfodr fﬁ;ausvtvlzz:@nggﬁg?éystem’ a stock solution of Fe$6,0 10
carbohydrates added to complex systems, such as frozen,, in 12 mm 2NaEDTA and a stock solution of 10 mM,®, were
strawberry juices, differently affect the juice stability, presuming freshly prepared in PBS.
that a higher protective effect of some sugars with respect to  For the “drastic” Fenton system, a stock solution of Fe$8,0
others could be related to a higher free radical scavenging20mMm in 24 mM 2NaEDTA and a stock solution of 100 mMV®4
activity (20). were freshly prepared in PBS.

FE€" 4+ H,0,—~ Fe&""+ OH™ + "OH

The reagents of the Fenton reaction were prepared in two different
concentrations: less concentrated (weak conditions) and more concen-
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These solutions were all diluted 6.5-fold with PBS to obtain the 1.8 -

Fenton reaction mixtures at the following final concentrations: .
. . . 1.6 1
Fenton reagent weak conditions drastic conditions
FeS04+7H,0 1.54 mM 3.08 mM 14 4
2Na EDTA 1.85mM 3.70mM .
H,0, 1.54 mM 15.40 mM
1.2 1 . .
£ # deoxyribose
The reaction was prepared by mixing the Fe-EDTA solution with the § 14 W glucose
scavenger or pure PBS for the reference and then started by adding g M = fructose
the HO, solution. 5
Weak Fenton reaction conditions were used for all tests; in addition, @ 0.8 1 o O sucrose
drastic Fenton conditions were used for HPLC and HCOOH tests (see ﬁ A maltose
below). . 061 . ® sorbitol
TBA Test. The adopted TBA test method was taken from Halliwell o
and Gutteridge (16) with some modifications. 0.4
The weak Fenton reaction mixture and the blank, in a total volume . o A
of 1.3 mL, were as follows: 4 u
024 ¢ A " -
f 1] ﬁ [ s .
blank test o
PBS LimL 0.7 mL i ' ' ' ' )
sugar solution 0.2mL 0.2mL 0 02 04 06 08 !
Fe-EDTA 0.2mL conc mM
HzOz 0.2 mL

Figure 1. Average values of absorbance versus concentration at 532
nm of deoxyribose and some single sugars in a Fenton system and after
The sugar concentrations ranged from 0.002 to 0.8 mM. reaction with thiobarbituric acid.

The reaction mixtures were incubated at ¥7 for 1 h, and then
were added in succession 1 mL of 1% (w/v) TBA dissolved in 50 mM
NaOH and 1 mL of 2.8% (w/v) trichloroacetic acid in water. The
resulting mixtures were heated at 180 for 20 min and cooled, and 2 3
their absorbances were read at 532 nm against the blank. Each assay
was six times replicated. 1 4

A plot absorbance versus sugar concentration was prepared for each
sugar, and the slopes of the regression lines were calculated.

The rate constank] for the reaction of deoxyribose witH was
obtained from the literature28), value 3.10x 10° M~ s, For other
single sugars, an approximatkdalue in the absence of competition
was obtained by the equation

amplitude ( 2. u.)

Kapprox= 3-10x 10° x slope,,JSI0p€;c,

where slopg,gwas obtained from the plot absorbance at 532 nm versus
sugar concentration and slgpgwas obtained from the plot absorbance
at 532 nm versus deoxyribose concentration (Figure 1). 3340 3440
EPR Test. The weak Fenton conditions were used for this test, and >
hydroxyl radical produced in the reaction mixture was trapped with B (eauss)
DMPO, according to the method described in detail by Morelli et al.
(29), with modifications. The resultant adduct DMP@H, consisting Figure 2. Example of EPR spectrum of a DMPO—OH adduct after
of a quartet resonance composed of resonances with 1:2:2:1 relativellydroxyl radical generation by Fenton reaction with Fe?* chelated with
intensities composed of a doublet of triplet resonanEegufe 2), was EDTA.
detected by an X-band EPR spectrometer Varian E-line Century series.
The triplet resonance, with relative peak intensities of 1:1:1, arises from ~ The instrumental parameters were as follows: frequency, 9.26 GHz;
free radical coupling with thé = 1 14N, the more abundant isotope. ~ Power, 5 mW; field set, 3390 G; scan time, 64 s; time constant, 0.5 s;
The doublet structure superimposed on the triplet structure arises fromgain, 16000; modulation, 1 G.
free radical coupling with th@ vinylic proton (I = Y5). The scavenger activity percent of the test compound@t was
For *OH measurement, the mixture without the scavenging com- €xpressed as the formula
pounds (blank) contained 0.7 mL of PBS, 0.2 mL of Fe-EDTA, 0.2

mL of 50 mM DMPO in PBS, and 0.2 mL of 40,. I'=100(1— h/hy)
The assayed sugars were diluted in PBS at 52 mM concentration
and then were mixed with the Fenton reagemsat8 mM final wherel was scavenger activity arid andh, were the relative heights

concentration. The mixture with the test scavenging compound of line 2 (mm) of the DMPG-*OH adduct spectra (Figure 2) in a

contained 0.5 mL of PBS, 0.2 mL of scavenger (sugar solution in PBS), reaction mixture without and with the scavenger compound, respec-

0.2 mL of Fe-EDTA, 0.2 mL of 50 mM DMPO in PBS, and 0.2 mL tively. Each assay was repeated 10 times.

of Hy0.. HPLC Test. The evaluation of Fenton-dependent damage to sugars
These solutions were accurately mixed in a glass tube assay andwas made with the identification of single sugars by their retention

successively placed in the EPR probe, a capillary tube of 100 mm lengthtime in a PBS solution and by the percent reduction area calculation in

and 0.7 mm internal diameter. EPR spectra were recorded after exactlysugars subjected only to chelatecFand to Fenton conditions, that

2 min. is, the*OH.
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Three types of experiments were set up: (1) weak conditions, 2 min Tapje 1. Values of R 2, Slope of the Straight Line in a Plot of Abs 532
at room temperature; (2) drastic conditions, 2 min at room temperature; nm against Sugar Concentration (mM) and Derived Rate Constants

(3) very drastic conditions, 20 min at 10C. ~ (kepprox) for TBA Products from Reaction of Hydroxyl Radicals with
The assayed sugars were diluted in PBS at 52 mM concentration some Simple Sugars

and then were mixed with the Fenton reagents to an 8 mM final

concentration. sugar R? slope? Kapprox/10° M s

Prehmmarl)_/, testeql_con_wpounds were mixed only with chelatéd Fe deoxyribose 0.99 1.894e 3100
to check their stability in the following ways for each type of sucrose 097 0.743d 1.22¢
experiment: maltose 0.98 0.199c 033
glucose 0.98 0.171c 0.28¢
fructose 0.95 0.091b 0.15¢
blank test sorbitol 0.84 0,025 0.04°

PBS 2.2mL 1.8 mL

sugar solution 0.4 mL 0.4 mL

a Different letters are for statistically significant differences (p > 0.05). ° Calculated
by pulse radiolysis tecnique. ¢ Derived by the slope of straight-line deoxyribose
plot.

Fe-EDTA 0.4 mL

Successively, tested compounds were mixed with Fenton reagents: . .
The bleaching of DPPHwas calculated by subtracting the absor-

bance at 517 nm immediately after the mix of the solutions from the

blank test absorbance after 60 min in the dark.
PBS 2.2mL 1.4 mL Each assay was three times replicated.
sugar solution 0.4 mL 0.4 mL Statistical Analysis. Data were analyzed by one-way analysis of
Fe-EDTA 0.4 mL variance in combination with the Tukey multiple-comparison test using
H20, 0.4 mL the Statgraph package (Manugistic Inc., Rockville, MD).
. . . RESULTS
Just after the reaction time, the mixtures were added to 0.1 mL of 0.5
N HCI and soon injected into the chromatograph (29. TBA Test. Hydroxyl radicals, generated in a Fenton system,

The HPLC system consisted of an isocratic pump Jasco model 880-attack the deoxyribose and other simple carbohydrates, including
PU, a refractive index detector Jasco RI-930, and an Jones Chroma-the sorbitol, a polyalcohol, and set off a series of reactions that
tCOQRrgahy OV%”- The chromatograms were registered on a Shimadzuresylt in the formation of TBA-reactive substances, measured

- recorcer. as a pink chromogen by its absorbance at 532 nm.

The column used was a HyperRez XPG& um, 300 7.7 mm, Figure 1 shows an experiment in which the deoxyribose at
and the mobile phase consisted of bidistilled deareated water at 0.6 . - .
mL/min: elution was carried out at S, varlousoconcentranon_s was exposed to hydroxyl radlc_al_s for 1

In these conditions, the peaks of tested compounds were well h @t 37°C; a regression line (absorbance vs sugar millimolar

resolved from other signals and showed the following retention times: concentration) was obtained from the experimental points with
maltose, 8.83 min; sucrose, 9.08 min; glucose, 11.13 min; fructose, & very high value ofR?. Regression lines with high values of

13.45 min; deoxyribose, 14.15 min; sorbitol, 21.76 min. R2 were also obtained{gure 1) in similar experiments from
Sugar damage was calculated by the percent area ratio test versughe plots of assayed carbohydrates and sorbitol.
blank. Each assay was made in quadruplicate. As was expected, these experiments gave evidence for the

HCOOH Test. For this test, the same sugar solutions in PBS, weak highest reactivity of the deoxyribose toward t@H, with the
and drastic Fenton conditions of HPLC test, were prepared, doubling statistically significant highest slopd@4ble 1). The value of

the used volumes. The mixtures were placed in 20 mL headspace V'als’the rate constant of this sugar for this reaction (3<LOC° M1

heated at 80C for 1 h, and GC analyzed for their HCOOH contentin ~_J . . .
the headspace. s 1) was found in the literature calculated by extensive pulse

The GC used was a DANI model 3800 with a FID, equipped with rad_iqusis studies using both the thiocyanate and iodide com-
a DANI model 3950 headspace automatic sampler. The chromatogramsPetition methods 28, 35). This value was used for the
were registered on a Shimadzu C-R3A recorder. calculation ofkapprox related to the other sugars.

GC separation was performed on a DB-Wax 60 m wide-bore column,  The carbohydrates assayed by the TBA method gave signifi-
internal diameter= 0.53 mm, and film thickness 1.0um; the carrier cantly lower slopes than the deoxyribose; in decreasing order
gas was ultrapure He with a head pressure on column of 1.6 bar. Thethere were sucrose, maltose, glucose, fructose, and sorbitol. The
B“;ke”p gas was Nt 1.0 bar; air and kifor the FID were setat 1.0 |atter had the lowest value (0.025), indicating a very low

The retention time of HCOOH in these conditions was 3.8 min. rea(_:tl\_llty to .OHI Maltqse and glucose_ did not _ShOW a

statistically significant difference. The differences in slopes

The HCOOH amount was calculated by interpolation of HCOOH f h | h lculated val o f
peak area of sugar degradation headspace and a calibration curvd€flect the values Okapprox t0 the calculated value or

obtained by diluting standards of pure HCOOH dissolved in the same deoxyribose. ' o
conditions of assayed sugars. The same ranking of reactivity for sucrose, glucose, and

Each assay was five times replicated. fructose was also found by Gutteridgesy.

DPPH Test. This test was made according to the method of Brand- ~ EPR Test. In this test, the hydroxyl radicals are generated
Williams et al. 0) with some modifications and was chosen for its exactly in the same way as in the TBA test, with the addition
widespread use for the assessment of the antioxidant capacity of foodsyf DMPO to form a stable adduct wittOH. The adduct is
(31=34). In its radical form DPPHabsorbs at 517 nm, but upon  ¢jearly detectable in an EPR system, with a spectrum formed

reduction of a hydrogen donor its absorption decreases. . . Ao . .
A final volume of 10 mL of 0.2 mM DPPHethanol solution was by four lines with a 1:2:2:1 intensity ratid{gure 2). The

used. The assayed sugars were diluted in a 60:40 ethanol/water solutior§peCtraI '"te”S'tY (arbitrary units) 'S, proportlonal to ﬁ@H
at 80 mM concentration and then were mixed with the DP§Hution amount; the residual presence of it in the samples with the
to an 8 mM final concentration. The reference solution was made by addition of scavengers and the consequent inhibitiorOdt
adding to the DPPHsolution the same volume (1 mL) of pure 60:40  are given in percent with respect to a blank in the absence of
ethanol/water solution. scavenger (Table 2). The experimental conditions used in this
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Table 2. Averages of Scavenging Activity of Hydroxyl Radicals by Table 3. Percent Reduction of Peak Areas Detected by RI-HPLC by
Some Sugars Evaluated by EPR?2 Some Simple Sugars?
height free OH 3.1 mM Fe?t,
sugar (mm) *OH res % % inhibition® residues sugar 1.5 mM Fe2+b 3.1 mM Fez+P 20 min, 100 °CP
blank® 180.9 100.0 0.0a maltose 0.12a 1.57b 0.94a
maltose 454 25.1 74.9¢ 8 sucrose 0.34a 0.35a 3.27b
sucrose 484 26.8 73.2e 8 glucose 0.22a 3.06¢c 9.74d
fructose 60.0 332 66.8d 5 fructose 0.12a 1.72b 19.62e
glucose 62.2 34.4 65.6d 5 deoxyribose 0.10a 1.70b 5.18¢c
deoxyribose 739 40.9 59.1c 3 sorbitol 0.21a 7.02d 6.80c
sorbitol 97.3 53.8 46.2b 6
a Sugar damage was evaluated in the presence of chelated Fe?*. Blank was
2The height of the second line of the EPR spectrum of the adduct DMPO- considered the sugar dissolved in buffer at pH 7.4. ® Different letters in the same
*OH is considered as the *OH residual amount, given in percent with respect to column are for statistically significant differences (p > 0.05).
blank. The % inhibition represents the scavenging of *OH by single molecules
with respect to blank. P Different letters are for statistically significant differences Table 4. Percent Reduction of Peak Areas Detected by RI-HPLC by
(p > 0.05). ¢Blank is intended absence of scavenger. Some Simple Sugars in a Fenton System?
80 1 3.1 mM Fe?*/
1.5 mM FeZ/ 3.1 mM Fez/ 15.4 mM H,03,
sugar 1.5 mM H,0,° 15.4 mM H,0,° 20 min, 100 °CP
- 70 1 maltose 1.54a 1.42a 42.02a
o sucrose 3.04ab 2.24a 42.3%
o y=2.8723x+51.34 glucose 1.74a 32.14b 56.79b
2 60 4 R*=0.97 fructose 3.28ab 31.78b 53.01b
5 © deoxyribose 4.80b 34.39b 44.11a
= sorbitol 4.45p 63.27¢ 80.86¢
= 50 4 3 - - - -
Blank was considered the sugar dissolved in phosphate buffer at pH 7.4 in
< the presence of chelated Fe?*. P Different letters in the same column are for
statistically significant differences (p > 0.05).
40 T T L L] L L} L}
2 3 4 5 6 7 8 9 percent reduction in the HPLC signals for a Fenton system
. related to a blank with an RI detection of the single sugars only
number of OH residues in the presence of chelated¥e
Figure 3. Percent inhibition of Fenton-generated *OH evaluated by EPR, Three different experiments were set up. The first was at the
as a function of free OH residues of assayed simple carbohydrates. same conditions of the TBA and EPR tests. The second and
Maltose and sucrose, 8 OH; sorbitol, 6 OH; glucose and fructose, 5 OH; third were performed in more drastic conditions, increasing the
deoxyribose, 3 OH. The regression line does not include the sorbitol data. Fet and HO, amounts and further adding the action of the

temperature, respectively (TablesaBd4).
test were chosen after many preliminary trials in order to |t has to be noted that the more drastic the Fenton reaction
evaluate the stability and the possible interference by the Fentonconditions, the more some peaks, with different retention times
reaction components with the DMPEOH adduct detection  from assayed sugars, appeared in HPLC chromatograms.
(29). Preliminarly, the relative stability of sugars was checked only
The activities of quenching by single sugars were very in the presence of chelated®¢gTable 3).
significant at the scavenger concentrations (8 mM) used in this  The action of 1.5 mM F& produced negligible damage to
Fenton system. sugars: all data are between 0.1 and 0.3% reduction. The 3.1
The statistically significant greatest scavenging activities were mM Fe?™ gave some damage, with a low value for sucrose and
shown by the disaccharides maltose and sucrose, and the lowes relatively high for sorbitol. The temperature at I@for 20
was given by sorbitol; deoxyribose was in a middle range of min generally gave high reduction values: they were signifi-
*OH inhibition. The scavenging activity ranking of deoxyribose cantly low for the disaccharides maltose and sucrose and high
with respect to other sugars was in contrast with its activity in for glucose and fructose.
forming TBA-reactive substances (Figure Table 1). The results of sugar damage subjected to the Fenton reaction
An interesting relationship was found between the number are shown inTable 4.
of alcoholic hydroxyl groups and the scavenging activity toward  In the first experiment, sugar reductions were generally low,
*OH. The relationshipRigure 3) was strictly linear for the “true” with a slightly significant high percentage of reduction for
sugars (R= 0.97), with an increasing activity with increased deoxyribose and sorbitol. In the second experiment, the differ-
number of OH residues. This fact was not true for sorbitol; in ences were more pronounced than in the first: the disaccharides
fact, it is not a “true” sugar but a polyalcohol by reduction of were significantly more stable~2% reduction); glucose,
the carbonyl function of glucose: it possesses six OH residuesfructose, and deoxyribose were between 32 and 34%; the
with a relatively lower scavenging activity (46.2%) than was sorbitol was the less stable product@H action with a percent
expected by its number of OH residues. Sorbitol, plotted together reduction of 63.3. The third experiment generally gave high
the other sugars (Figure 3), drastically lowered tReévalue reductions and confirmed the last trend, except for the deox-
for the tendency line (0.25). yribose, that resulted in the group at high stability together with
HPLC Test. The sugar damage, as reaction®@H with some the disaccharides.
simple carbohydrates, was evaluated by the decrease of HPLC HCOOH Analysis. Another important marker of sugar
signal in different experimental conditions. This test gave the damage under oxidative conditions is the production of HCOOH.
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Table 5. Average Values of HCOOH (mM) Evaluated by GC
Headspace from Sugar Fenton Degradation in Different Conditions

Table 6. Average Values of Absorbances (Abs) at 517 nm, after 1 h
in the Dark and AAbs Evaluated from 0.2 mM DPPH* Quenching by
Sugar Idroethanolic Solutions (8 mM)

PBS, 1.5 mM Fe?*/ 3.1 mM Fe?t/ free OH

sugar pH 7.42 1.5 mM H,0,2 15.4 mM H,042 residues sugar Absatt=0 Abs att = 60 min AAbs?
maltose 5.06a 4.63a 9.82c 8 reference® 1.488 1.485 0.003a
sucrose 4.55a 4.60a 10.56¢ 8 maltose 1.480 1.480 0.000a
fructose 4.44a 4.24a 6.41a 5 sucrose 1.484 1.482 0.002a
glucose 4.45a 491a 7.71b 5 fructose 1510 1.502 0.008b
sorbitol 4.39% 4.49a 7.62b 6 glucose 1.505 1.490 0.015b
deoxyribose 5.16a 4.63a 8.21b 3 sorbitol 1.508 1.497 0.011b
deoxyribose 1.492 1.466 0.026¢

a Different letters in the same column are for statistically significant differences

(p > 0.05). a Different letters in the same column are for statistically significant differences

(p > 0.05). b Reference was a DPPH* solution in the absence of sugars in the
11 q same ethanol—water solution of the samples.
y=1.0717x+1.5609 x

10 4 R=0.89 DISCUSSION

The ability of deoxyribose to form TBA-reactive substances
with respect to other carbohydrates is confirmed. Among the
other tested compounds, sucrose had the best activity and

x sorbitol the least. Maltose and glucose, sugars with a reducing
group, show significantly different activities from sucrose and
sorbitol, nonreducing sugars. The differences are opposite:
sucrose and sorbitol show higher and lower TBA-reactive
substance production than maltose and glucose, respectively. It
seems by these observations that the presence of reducing groups
is not essential in the reaction wit®H.

A very important goal for the experiments*@H quenching
by EPR was the significant and well-detectable activity@ifl
inhibition given by simple sugars or reduced ones.

The EPR results differ from the results of TBA test data; the
deoxyribose could have had a high index*0H quenching,
but it showed an intermediate activity in good relation with its
number of free OH residues.

The highest activities inOH inhibition were given by the
disaccharides maltose and sucrose, whereas the lowest was for
sorbitol, the only nonsugar. The low scavenging activity of

HCOOH (mM)
[=] o
u

-3
i

6 T T T T T T 1
2 3 4 5 6 7 8 9

number OH residues

Figure 4. Fenton-dependent formic acid production evaluated by GC by
simple carbohydrates, as a function of free OH residues. Maltose and
sucrose, 8 OH; sorhitol, 6 OH; glucose and fructose, 5 OH; deoxyribose,
3 OH. The regression line does not include the deoxyribose data.

This product was evaluated by GC headspace, conditioning the
vials with the reaction mixtures at 8@ for 1 h.

HCOOH is produced from sugars at 8D without any Fenton
reagent (PBS, pH 7.4); the amount wad.67 mM (Table 5)
for all tested compounds. The Fenton conditions used for the . - ; =
EPR test (1.5 mM B¢ and 1.5 mM HO,) did not give sorbitol reflected the low TBA reactivity. The high activity of

- o . ; maltose and sucrose-{4%) was matched with the activity of
statistically significant differences among the sugars and in the . ) .
absence gf regagents whereas more dragstic con%itions (3.1 mMaweII-known free radical scavenger molecule, chI_orc_)g_e_nlc acid
F&* and 15.4 mM HO») gave significant differences in the (39), at the same molar concentration: ti@H inhibition

. ) IFT . activity of chlorogenic acid was quite similar to that of
HCOOH production, with significantly higher amounts only for disaccyharides in t%e same EPR ex?)erimental conditions used
the disaccharides.

) ) ) ) for the present study (71% ¢®H inhibition, data not shown).
Another interesting relationship was found between the  Tne antiradical activities of sugars were also assayed by a
number of hydroxyl groups and HCOOH production. The ppppt test. Sugars generally showed a lower reactivity if
relationship (Figure 4) was goodRf = 0.89) for all tested compared to the responses in the EPR test. The antiradical
compounds exgludlng dpoxynbose, with an increasing amount activity of deoxyribose, assayed by DPRigienching, gave the
of HCOOH with the increased number of OH residues. pighest response with respect to other sugars and was much
Deoxyribose, plotted together the other sugars, Ioweretﬂ?%h_e lower than the activity of chlorogenic acid at the same molar
value for the regression line (0.51), giving a higher production ¢qncentration (data not shown). It can be argued that the EPR
of HCOOH than was expected from its number of OH residues. iag; is very much more sensitive than the DPRést for the
DPPH" Test. The assayed sugars (8 mM) generally showed evaluation of antiradical properties related to simple sugars.
a very low scavenging activity on the DPRI3ugars are weak Two other experiments were set in order to evaluate the
hydrogen donors with respect to other molecules such as phenolgiamage of tested compounds in a Fenton system: an HPLC
and chlorogenic acid, which was10-fold more active in the  test to measure the remaining amount of the tested compound
same concentration (data not shown). and a GC headspace test to measure the HCOOH from the
Chlorogenic acid was chosen as a model compound becausexidative damage of the carbohydrates.
it is known in the literature as a phenolic compound presentin  Both of these tests, carried out at the same weak Fenton
many plant species (36) and is widely recognized to be a strongconditions of EPR, did not evidence good significant differences
antioxidant (37,38). The disaccharides, active in other tests, among the tested compounds. It is evident the better sensitivity
were not distinguished from the reference. Glucose, fructose, and resolution are obtained with the EPR test.
and sorbitol showed little significant activity, whereas the only ~ More drastic Fenton conditions were tried, and the differences
sugar that stood out for its DPPHIeaching was deoxyribose, in sugar reactivities came out. The deoxyribose was positioned
reflecting the high reactivity to TBA tesiT@ble 6). in a middle range for both of these tests: its specificity for the
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reaction with TBA is clear. The best stability, evaluated by RI-  (2) Halliwell, B.; Gutteridge, J. M. C. lifree Radicals in Biology

HPLC peak area retention, was for the disaccharides maltose and Medicine, 3rd ed.; Clarendon Press: Oxford, UK., 2000.
and sucrose, the lowest was for the sorbitol, and the other (3) Balentine, J. IPathology of Oxygen Toxicithcademic Press:
compounds were intermediate: it has to be noted that the sugar ~ New York, 1982.

damage amount is reverted if compared with the EPR-detected () g::zminle’ ‘(]3 ;/D:_?Xége’r_issgrtéo”é%mir:?;?ei’:iigecze”gﬂgjs .
*OH inhibition. The more a sugar is active ¥@H quenching, L Do P e R o AR N
the more stable (low percent of area reduction) it seemed in University Science Book: Mill Valley, CA, 1994; pp 25813,

. . " (5) Halliwell, B.; Gutteridge, J. M. C. Oxygen free radicals and Iron
drastic Fenton reaction conditions. It could be speculated by in relation to biology and medicine: some problems and

this test that the mechanism*@H scavenging might be linked conceptsArch. Biochem. Biophy<.986,246 (2), 501—514.
to the presence of stable free radical intermediates and not () Halliwell, B.; Gutteridge, J. M. C. Iffree Radicals in Biology
strictly linked to the sugar damage. The first step in the reaction and Medicine, 2nd ed.: Clarendon Press: Oxford, U.K., 1989.
of *OH with a hydroxylated compound like a sugar involves  (7) Ho, R. Y. N.; Liebman, J. F.; Valentine, J. S. Biological reactions
abstraction byOH of a weakly bonded hydrogen atom from of dioxygen: an Introduction. IActive Oxygen in Biochemistry
the substrate with the production of water and a free radical Valentine, J. S., Foote, C. S., Greenberg, A., Liebman, J. F.,
(27, 40): Eds.; Chapman and Hall: Glasgow, U.K., 1995; pp36.
(8) McCord, J. M.; Day, E. D. Superoxide-dependent production of
(H—C—OH), + "OH— ("C—0OH), + H,0 hydroxyl radical catalyzed by an iron—EDTA complexEBS

. . . Lo . Lett. 1978,86, 139—142.
If the sugar involved in this reaction is able to regenerate itself (g Fiitter, w.: Rowley, D. A.: Halliwell, B. Superoxide-dependent

with a hydrogen atom kept from the medium, the result could formation of hydroxyl radicals in the presence of iron s#&BS

be a higher stability of the sugar and a more efficient quenching Lett. 1983,158, 310—312.

of the *OH given by the regeneration of the scavenging (10) Anbar, M.; Neta, P. A compilation of specific bimolecular rate

molecule. constants for the reactions of hydrate electrons, hydrogen atoms
Instead, the sugar damage investigated by HCOOH production and hydroxy! radicals with inorganic and organic compounds in

and analyzed by GC headspace gave a positive response with acqueous solutions. Int. J. Appl. Radiat. I1sb®67,18, 493—

the EPR activity: the disaccharides, in a Fenton system, 523.

(11) Halliwell, B. The biological significance of oxygen-derived
species. IrActive Oxygen in Biochemistryalentine, J. S., Foote,

C. S., Greenberg, A., Liebman, J. F., Eds.; Chapman and Hall:
Glasgow, U.K., 1995; pp 313—335.

Cadenas, E. Mechanisms of oxygen activation and reactive

produced a higher amount of HCOOH with respect to other
sugars. In this test, it seemed that the interactiorO#i with

sugars could be attributed to an oxidation similar to the periodate
action (25) and that the amount of HCOOH is related to the (12)

_number_of OH residues. This fact was not true for deoxyribose; oxygen species detoxification. Bxidative Stress and Antioxi-

in fact, it did not produce a low amount of HCOOH as was dants Defenses in Biologahmad, S., Ed.; Chapman and Hall:

expected by its number of OH residues, because it does not New York, 1995; pp 1—61.

possess the OH residue in the 2-position, and two vicinal OH (13) Ou, B.; Huang, D.; Hampsch-Woodill, M.; Flanagan, J. A.

residues (for example, in the 2- and 3-positions) are essential Deemer, E. K. Analysis of antioxidant activities of common

for the periodate oxidation and the subsequent HCOOH produc- vegetables employing oxygen radical absorbance capacity (ORAC)

tion, giving an amount close to that of disaccharidesioe 5). and ferric reducing antioxidant power (FRAP) assays: a
comparative studyl. Agric. Food Chem2002 50, 3122-3128.

CONCLUSIONS (14) Gutteridge, J. M. C. Ferrous-salt-promoted damage to deoxyri-

N o ) _ _ bose and benzoatBiochem. J1987,243, 709—714.
The activity and specificity of deoxyribose in forming TBA- (15) Gutteridge, J. M. C. Thiobarbituric acid-reactivity following iron-

reactive substances under Fenton conditions was confirmed, but dependent free-radical damage to amino acids and carbohydrates.

TBA test conditions of detection are widely different from EPR, FEBS Lett.1981,128, 343—346.

DPPH, HPLC, and GC experiments. (16) Halliwell, B.; Gutteridge, J. M. C. Formation of a thiobarbituric-
The ranking of sugar activity toward th®H evaluated by acid-reactive substance from deoxyribose in the presence of iron

HPLC and sugar stability, evaluated by HPLC, revealed that salts.FEBS Lett.1981,128, 347—352.

maltose and sucrose were very active and stable in the Fenton (17) Halliwell, B.; Gutteridge, J. M. C.; Aruoma, O. 1. The deoxyri-
conditions used at room temperature, and, if subjected to a bose method: a simple ‘test tube’ assay for determination of
temperature of 80C, produced higher, amoLlnts of HCOOH rate constants for reactions of hydroxyl radicéisal. Biochem

. . 1987,165, 215—2109.
than other assayed sugars. The difference of free radical (18) Gray., J. Mower, H. F. The role of simple carbohydrates in the

S‘Faveng'“_g activity, stability, and_HCQOH PrOdUCt'On between suppression of hydroxyl free radicalsirirradiated papaya juice
disaccharides and monosaccharides is evident, and the number Food Chem1991,41 (3), 293—301.
of OH residues seems to be essential in the reaction®ldf (19) Wehmeier, K. R.; Mooradian, A. D. Autoxidative and antioxi-
quenching and HCOOH production. dative potential of simple carbohydrat&see Radical Biol. Med.
1994,17 (1), 83—86.
ACKNOWLEDGMENT (20) Torreggiani, D.; Forni, E.; Guercilena, |.; Maestrelli, A.; Bertolo,
G.; Archer, G. P.; Kennedy, C. J.; Bone, S.; Blond, G.; Contreras-
This paper is dedicated to Dr. Franco Pizzocaro, the intellect Lopez, E.; Champion, D. Modification of glass transition
behind the idea of this research, who unfortunately died before temperature through carbohydrates additions: effect upon colour
the work was completed. and anthocyanin pigment stability in frozen strawberry juices.
Food Res. Int1991,32, 441—-446.
LITERATURE CITED (21) Sanchez-Moreno, C. Review: methods used to evaluate the free
radical scavenging activity in foods and biological systefruad
(1) Aruoma, O. I.; Spencer, J. P. E.; Warren, D.; Jenner, P.; Butler, Sci. Technol. Int2002,8 (3), 121—-137.
J.; Halliwell, B. Characterization of food antioxidants, illustrated ~ (22) Buettner, G. R. The spin trapping of superoxide and hydroxyl
using commercial garlic and ginger preparatiofisod Chem. radicals. InSuperoxide Dismutase; Oberley, L. W., Ed.; CRC

1997,2, 149—-156. Press: Boca Raton, FL, 1982; Vol. 2, pp-63i.



Fenton-Dependent Damage to Carbohydrates

(23) Rimbah, G.; Hohler, D.; Fisher, A.; Roy, S.; Virgili, F.; Pallauf,
J.; Packer, L. Methods to assess free radical and oxidative stress
in biological systems. Arch. Anim. Nutt999,52, 203—222.

(24) Morelli, R.; Bellobono, I. R.; Chiodaroli, C. M.; Alborghetti, S.
EPR spin-trapping of hydroxyl radicals onto photocatalitic
membranes immobilizing titanium dioxide, and spin adduct
competition, as a probe of reactivity with aqueous organic
micropollutantsJ. Photochem. Photobiol. A: Ched998 112,
271-276.

(25) Bentley, K. W. The fission of carbetcarbon bond. Inrech-
niques of Chemistry2nd ed.; Bentley, K. W., Kirby, G. W.,
Eds.; Wiley-Interscience: New York, 1973; Vol. 4, pp 7
185.

(26) Isbell, H. S. Enolization and oxidation reactions of reducing
sugars. InCarbohydrates in Solution; Gould, R. F., Ed;
Advances in Chemistry Series 177; American Chemical Soci-
ety: Washington, DC, 1973; pp 70—87.

(27) Green, J. W. Oxidative reactions and degradationsTHe
Carbohydrates. Chemistry and Biochemistry, 2nd ed.; Pigman,
W., Horton, D., Wander, J. D., Eds.; Academic Press: New York,
1980; Chapter 5, pp 1126—1135.

(28) Ebert, M.; Keene, J. P.; Swallow, A. J.; Baxendale, J. Hulse
Radiolysis; Academic Press: London, U.K., 1965.

(29) Morelli, R.; Pizzocaro, F.; Russo Volpe, S. Influenza delle
condizioni analitiche nella determinazione delle proprieta scav-
enger della carota termotrattata nei confronti del radicale ossidrile
mediante spettroscopia di risonanza paramagnetica elettronica
(EPR). InRicerche ed Innovazioni nell'Industria Alimentare;
Porretta, S., Ed.; Chiriotti Editori: Pinerolo, Italy, 2001; Vol. 5,
pp 1004—1012.

(30) Brand-Williams, W.; Cuvelier, M. E.; Berset, C. Use of a free
radical method to evaluate antioxidant activitgbensm.-Wiss.

J. Agric. Food Chem., Vol. 51, No. 25, 2003 7425

activity of food antioxidantsProgram with Abstracts of Work-
shop FAIR-CT 95-0158 on Natural Antioxidants in Processed
Foods—Effect on Storage Characteristic and Nutritional Value
Frederiksberg, Denmark, Nov 12, 1998.

(32) Saint-Cricq de Gaulejac, N.; Provost, C.; Vivas, N. Comparative
study of poliphenol scavenging activities assessed by different
methodsJ. Agric. Food Chem1999,47, 425—431.

(33) Sanchez-Moreno, C.; Larrauri, J. A.; Saura-Calixto, F. A
procedure to measure the antiradical efficiency of poliphenols.
J. Sci. Food Agric1998,76, 270—276.

(34) Von Gadow, A.; Joubert, E.; Hansmann, C. F. Comparison of
the antioxidant activity of rooibos tea with green, oolong and
black tea.Food Chem1997,60, 73-77.

(35) Pilling, M. J.; Seakins, P. W. Ifireaction Kinetics; Oxford
University Press: New York, 1996.

(36) Macheix, J. J.; Fleuriet, A.; Billot, J. IRruit Phenolics; CRC
Press: Boca Raton, FL, 1996; p 24.

(37) Kono, Y.; Kobayashi, K.; Tagawa, S.; Adachi, K.; Ueda, A;
Sawa, Y.; Shibata, H. Antioxidant activity of polyphenolics in
diets. Rate constants of reactions of chlorogenic acid and caffeic
acid with reactive species of oxygen and nitrog8mchim.
Biophys. Acta—Gen. Subject997,1335(3), 335—342.

(38) Fukumoto, L. R.; Mazza, G. Assessing antioxidant and prooxi-
dant activities of phenolic compounds. Agric. Food Chem.
2000,48, 3597—3604.

(39) Zang, L. Y.; Cosma, G.; Gardner, H.; Castranova, V.; Vallyathan,
V. Effect of chlorogenic acid on hydroxyl radicaliol. Cell.
Biochem.2003,247 (1—2), 205—210.

(40) Walling, C. InFree Radicals in SolutionsViley: New York,
1957.

Technol.1995,28, 25-30.

(31) Hopia, A. I.; Duthie, G. G.; Lehtonon, P.; McPheil, D.; Nilsen,
L.; Bertelsen, G.; Schwartz, K. |.; Skibsted, L.; Heinonen, |. M.
Comparison of methodology in evaluation of antioxidative

Received for review March 10, 2003. Revised manuscript received
September 11, 2003. Accepted September 12, 2003.

JF030172Q



