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1. Introduction

Peach (Prunus persica L.), a member of the Rosaceae 
family, is one of the most economically important fruit 
species in the world, with Italy being the second world 
producer after China and the first in Europe (FAOSTAT, 
2012). The flesh color of the fruit, white or yellow, is an 
important characteristic driving consumer choice and thus 
represents a key breeding trait for this crop. From a ge-
netic point of view, it is controlled by a single locus and 
the white phenotype is fully dominant over the yellow 

(Connors, 1920; Falchi et al., 2013). From a biochemical 
point of view, yellow flesh color is determined by the ac-
cumulation of carotenoids in chromoplasts. In particular, 
in the early stages of the fruit developmental cycle, both 
white- and yellow-fleshed peaches have very high con-
centrations of total carotenoids, although masked by the 
green due to the presence of chlorophyll (Ma et al., 2014). 
In the later stages of the fruit cycle, carotenoids are mas-
sively degraded in the white-fleshed, but not in the yellow-
fleshed fruits, which keep accumulating these compounds 
and whose content peaks at full fruit ripening (Ma et al., 
2014). Recent studies carried out on peach chimeric mu-
tants for flesh color showed a strongly reduced expression 
of ccd4, the gene codifying for dioxygenase in the yellow-
fleshed genotype compared to its white-fleshed mutant, 
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suggesting a key role of this gene in controlling carotenoid 
accumulation, hence flesh color in peach (Brandi et al., 
2011; Adami et al., 2013).

In addition to their role in peach flesh color, carotenoids 
also represent relevant biologically active compounds, re-
sponsible for some beneficial health properties associated 
to increased consumption of fruit and vegetables (Liu, 2003 
and references therein; Schreiner and Huyskens-Keil, 2006). 
In particular, β-carotene, α-carotene and β-cryptoxanthin 
have an essential function in human nutrition as they are 
a primary dietary source of provitamin A, which humans 
are unable to synthesize de novo. Moreover, the antioxidant 
properties of carotenoids, that may act as free-radical scav-
engers, singlet oxygen quenchers, and lipid antioxidants, 
have been reported to be highly involved in reducing the 
risk of cardiovascular disease, cancer, diabetes and other 
degenerative diseases associated with oxidative stress (Rao 
and Rao, 2007; Jomova and Valko, 2013).

In recent years several studies have been performed to 
investigate the antioxidant properties of peach fruit due to 
carotenoids, as well as anthocyanins and other phenolic 
compounds; nevertheless, the role of carotenoids so far has 
not been completely clarified. Peach carotenoid content has 
been quantified in these reports, as well as antioxidant ac-
tivity (AA) evaluated using assays measuring i) the peroxyl 
radical scavenging capacity (Oxygen Radical Absorbance 
Capacity, ORAC) (Campbell and Padilla-Zakour, 2013), 
ii) the 2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonate) 
(ABTS) radical cation scavenging capacity (Trolox Equiva-
lent Antioxidant Capacity, TEAC) (Dalla Valle et al., 2007; 
Di Vaio et al., 2008; Legua et al., 2011; García-Parra et al., 
2011; Oliveira et al., 2012), iii) the 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) radical scavenging activity (Gil et al., 2002; 
Lavelli et al., 2009; Puerta-Gomez and Cisneros-Zevallos, 
2011; Zielinski et al., 2014), and iv) the Fe3+ ion reducing 
capacity (Ferric Reducing Antioxidant Power, FRAP) (Gil 
et al., 2002; Remorini et al., 2008; Tavarini et al., 2008; 
Durst and Weaver, 2013; Zielinski et al., 2014). In most of 
these studies, AA was evaluated by studying methanol ex-
tracts. Only in very few reports, the AA of both water- and 
fat-soluble antioxidant fractions (obtained from fruit extrac-
tion using water and acetone or THF or ethyl acetate, re-
spectively) was investigated separately (Dalla Valle et al., 
2007; Di Vaio et al., 2008; Legua et al., 2011). This was 
made possible by using only the TEAC assay, measuring 
mainly the antioxidant reducing capacity; interestingly, gen-
erally lower AA values of the lipophilic antioxidant frac-
tion compared to those of the hydrophilic component were 
obtained, positively correlated to total carotenoid content 
(Legua et al., 2011).

In the present study, AA of extracts highly enriched in 
carotenoids obtained from the flesh of peach fruits was eval-
uated for the first time using the advanced and innovative 
lipoxygenase/4-nitroso-N,N-dimethylaniline (LOX/RNO) 
method (Pastore et al., 2009). This is a recently developed 
AA assay based on the RNO bleaching reaction due to some 
radical species generated by secondary anaerobic reactions 

catalyzed by soybean LOX-1 isoenzyme, occurring when 
the main aerobic cycle of linoleic acid (LH) hydroperoxida-
tion has consumed oxygen (Pastore et al., 2000 a) (Fig. 1). 
With respect to the majority of AA assays, the LOX/RNO 
method is able to detect the scavenging capacity of antioxi-
dants towards different physiological and biologically rele-
vant radical species, such as alkoxyl (LO•), peroxyl (LOO•), 
hydroxyl (•OH) and perhaps alkylic (L•) radicals, as well as 
singlet oxygen (1O

2
), but this latter only in the presence of 

imidazole (Pastore et al., 2000 a; 2009). Moreover, other 
important antioxidant functions may be simultaneously 
detected, including chelating or reducing activities of iron 
ions essential for the catalysis and generation of radical spe-
cies, as well as any possible inhibition of the apo-enzyme 
(Pastore et al., 2009) (Fig. 1). Consistently, the LOX/RNO 
method has been found to highlight very well synergistic 
effects among antioxidants (Pastore et al., 2009; Laus et al., 
2012 b; Laus et al., 2013 b). To date, the LOX/RNO method 
has been applied to assess AA of food-grade antioxidants 
(Laus et al., 2013 b) and of whole flour of some cereals 
(Flagella et al., 2006; Pastore et al., 2009; Laus et al., 2012 
b), pseudocereals (Laus et al., 2012 a), and grain-derived 
products (Laus et al., 2013 a), showing a much higher per-
formance with respect to other commonly used AA assays.

Fig. 1 -  Schematic representation of the aerobic and anaerobic cycles 
catalyzed by the soybean lipoxygenase (LOX)-1 isoenzyme in-
volved in the bleaching of the 4-nitroso-N,N-dimethylaniline 
(RNO). The soybean LOX-1 apoenzyme is represented as e-
shaped and Fe3+ indicates non-heme iron atom essential for the 
LOX-1 catalysis. The aerobic cycle of soybean LOX-1-mediated 
hydroperoxidation of linoleic acid (LH) is schematized, as well 
as secondary anaerobic reactions involving generation of radical 
species, able to induce the RNO bleaching. The short black ar-
rows indicate some different mechanisms by which antioxidant 
compounds may inhibit the LOX-1-dependent RNO bleaching. 
Antiox, antioxidant compounds; LO•, LOO•, L•, alkoxyl, peroxyl 
and alkylic radicals of LH; LOOH, 13-hydroperoxy derivative of 
LH; 1O

2
, singlet oxygen; •OH, hydroxyl radical. 
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The objective of this study was to evaluate the perfor-
mance of the LOX/RNO method with respect to AA assess-
ment of the carotenoid fraction extracted from the flesh of 
peach fruits of some yellow and white varieties. To do this, 
the LOX/RNO method was compared with two well-estab-
lished methodologies for AA measurement: the TEAC (Re 
et al., 1999) and ORAC (Ou et al., 2001) assays.

2. Materials and Methods

Chemicals 
All reagents at the highest commercially available pu-

rity were purchased from Sigma-Aldrich Corp. (St. Louis, 
Mo., U.S.A.).

Plant material 
Fruit from yellow-fleshed (Armking and Redhaven) 

and white-fleshed (Silverking, Caldesi 2000 and IFF331) 
cultivars/breeding selections was harvested from trees 
grown in the experimental farm of CRA-FRU (Roma, 
Italy) and CRA-FRF (Forlì, Italy). Replicates of three rep-
resentative fruits at stage S4 (full ripening phase) of fruit 
development were sampled, peeled, cut into 0.5-cm slices 
and the mesocarp was immediately frozen in liquid nitro-
gen and stored at -80°C.

Preparation of aqueous solutions of linoleate and ß-carotene 
The sodium linoleate solution was prepared as de-

scribed in Pastore et al. (2000 b; 2009) and the exact li-
noleate concentration was determined by means of the 
LOX assay (Pastore et al., 2000 b), by using a Perkin-Elmer 
λ45 UV-Vis Spectrophotometer (Perkin-Elmer, Wellesley, 
MA), managed by UV WINLAB software (Perkin Elmer 
version 2.85.04). The β-carotene solution was prepared 
according to the method reported by Pastore et al. (2000 b; 
2009), and the concentration was spectrophotometrically 
determined as described in Pastore et al. (2000 b).

Extraction of carotenoids from peach fruit
Extraction was carried out according to the procedure 

described in Fraser et al. (2000) with some modifications. 
All manipulations were carried out on ice and shielded 
from strong light. Freeze-dried material (about 3.5 and 5 
g for white- and yellow-fleshed fruits, respectively) was 
finely ground into a powder with a mortar and pestle using 
liquid nitrogen. Methanol was added according to a (v/w) 
ratio equal to 7.5 mL/g of ground tissue; the suspension 
was mixed by inversion and incubated for 5 min in an ice-
water bath. Then, 50 mM Tris-HCl buffer pH 7.5 (contain-
ing 1 M NaCl) was added to the mixture according to a 
(v/w) ratio equal to 7.5 mL/g of homogenized tissue and 
incubated in an ice-water bath for 10 min. Chloroform at a 
(v/w) ratio equal to 2 mL/g of tissue was added to the mix-
ture, incubated on ice for 10 min and then centrifuged at 
5000xg for 5 min at 4°C. The aqueous phase was removed 
and the chloroform hypophase was pooled. Determination 

of total carotenoid content was performed on chloroform 
extract as described in the next section. Then, the chloro-
form extract was partitioned in two volumes. For AA mea-
surements with the TEAC and ORAC methods, an aliquot 
was evaporated to dryness under vacuum at 40°C using a 
Buchi evaporator and the dry residue was reconstituted in 
absolute ethanol. As for the LOX/RNO assay, the second 
aliquot of the chloroform extract was added with Tween 
80 according to a ratio equal to 0.4 µL Tween 80/µg of 
carotenoids; the mixture was dried under vacuum at 40°C 
and the dry residue was reconstituted in 100 mM sodium 
borate buffer pH 9.0.

Spectrophotometric determination of total carotenoids of 
extracts from peach fruits

Quantification of total carotenoids was carried out ac-
cording to the procedure described by Lichtenthaler (1987) 
and by Lichtenthaler and Wellburn (1983). Briefly, the ab-
sorbance spectra of appropriate dilutions in 80% (v/v) ac-
etone of the chloroform extract (see previous section) was 
recorded in the VIS region. Carotenoid concentration was 
calculated by means of a proper equation using a specific 
absorption coefficient at 470 nm of 198 mL·mg-1 ·cm-1, 
and involving a correction for chlorophyll a and b content 
based on absorbance measurements at 663 and 647 nm.

Determination of Antioxidant Activity (AA) by the LOX/
RNO, ORAC and TEAC methods

The LOX/RNO reaction was spectrophotometrically 
monitored, as described in Pastore et al. (2000 a; 2009), 
by measuring the RNO absorbance decrease at 440 nm 
and 25°C in a reaction mixture (2 mL) containing 100 mM 
sodium borate buffer pH 9.0, 1 mM sodium linoleate, 1.5 
µL Tween 20/µmol linoleate and 15 µM RNO; the reac-
tion was started by adding 0.3 Enzymatic Units (EU) of 
soybean LOX-1. Since carotenoid extracts reconstituted 
in sodium borate buffer containing 0.4 µL Tween 80/µg 
carotenoids were analyzed, all LOX/RNO measurements 
were carried out in the presence of a constant volume (0.5 
µL/mL) of Tween 80 in the assay mixture. The LOX/RNO 
reaction was measured both in the absence (control) and 
presence of carotenoid extract (or ±-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid, Trolox, used as a 
standard antioxidant). The (%) decrease of the rate of RNO 
bleaching measured in the presence of extract (or Trolox) 
with respect to the rate of the control reaction was used to 
quantify AA. This was done by means of a dose-response 
curve derived for Trolox by plotting the (%) decrease of 
the rate of RNO bleaching as a function of standard anti-
oxidant concentration. In particular, to calculate the rate 
of the LOX/RNO reaction in the presence of extract, the 
LOX-1-depedent bleaching of carotenoids was also moni-
tored by measuring the absorbance decrease at 440 nm in 
the above reported assay mixture lacking RNO. Then, a 
new trace was built, representing the difference between 
the trace of the LOX/RNO reaction in the presence of ca-
rotenoid extract and that relative to carotenoid bleaching 
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(for details see Results).
The ORAC protocol, described in Ou et al. (2001) 

and modified as in Pastore et al. (2009) and Laus et al. 
(2012 b), was applied. Fluorescence intensity decay due 
to 3’,6’-dihydroxyspiro[isobenzofuran-1[3H], 9’[9H]-
xanthen]-3-one (fluorescein) oxidation by peroxyl radi-
cals generated by 2,2’-azobis(2-amidinopropane) (AAPH) 
thermal decomposition was continuously monitored at 
37°C at excitation and emission wavelengths of 485 and 
515 nm, respectively. To quantify AA, the area under the 
fluorescence decay kinetic curve (area under curve, AUC) 
was used and, in particular, the net AUC (AUC

net
), ob-

tained by subtracting AUC of the blank from that of the 
sample. AA was calculated by means of a proper dose-re-
sponse curve prepared with Trolox by plotting the AUC

net
 

as a function of standard antioxidant concentration. Since 
carotenoid extracts reconstituted in ethanol were used, all 
ORAC measurements were carried out in the presence of a 
constant volume of ethanol in the assay mixture. 

The TEAC protocol, reported in Re et al. (1999) and 
modified as in Pastore et al. (2009) and Laus et al. (2012 b), 
was used. The coloured radical cation ABTS•+ was produced 
by ABTS oxidation with potassium persulfate solution. Ab-
sorbance at 734 nm and 25°C (A

734
) was measured after a 

fixed time of incubation of carotenoid extract (or Trolox) 
with the ABTS•+ solution (diluted in absolute ethanol). The 
(%) decrease of A

734
 measured after 3 min incubation of ex-

tract (or Trolox), with respect to A
734

 of the uninhibited radi-
cal cation solution, was calculated; AA was quantified by 
means of a proper concentration-response curve prepared 
with Trolox by plotting the (%) decrease of A

734
 as a func-

tion of standard antioxidant concentration.
For all three methods, determinations were carried out 

in triplicate by analyzing at least three different amounts 
of extract. A linear dependence of the inhibition on the 
amount of extract was verified by linear regression analy-
sis of data. Then, AA was obtained by comparing the slope 
derived by linear regression analysis with that of the cali-
bration curve prepared with Trolox.

Statistical analysis
Distribution of data from figure 4 was evaluated using 

the Shapiro-Wilk and Jarque-Bera tests, and homogeneity 
of variances was verified by the Bartlett’s test. Figure 4 
data were submitted to a “one-factor” analysis of variance 
(ANOVA) and the mean separation was tested by the Dun-
can’s test at 0.01 P level of significance. Statistical analy-
sis was performed using Statistica (data analysis software 
system), version 7 (StatSoft, Tulsa, Oklahoma, USA).

3. Results

Application of the LOX/RNO method to AA assess-
ment of extracts showing high ß-carotene concentration is 
complicated both by the high absorbance of ß-carotene in 
the visible light region and by the ability of LOX to cause 

carotenoid bleaching. Thus, a preliminary investigation re-
garding this point was carried out. 

In figure 2 the absorbance spectra of both RNO and 
β-carotene aqueous solutions are reported, as  recorded in 
the visible region of the electromagnetic spectrum: a large 
overlapping of both spectra in the entire investigated vis-
ible region is clearly evident, as well as a high absorbance 
value of ß-carotene at 440 nm, representing the wavelength 
of the RNO absorption maximum. In light of these ab-
sorbance properties of carotenoids, the LOX-1-catalyzed 
RNO bleaching cannot be easily monitored at 440 nm.

To overcome these problems, in this study a new sim-
ple LOX/RNO protocol was developed for AA assessment 
of carotenoid-enriched extracts. Figure 3 shows evaluation 
according to the new protocol of the LOX-1-dependent 
RNO bleaching in the presence of carotenoids extracted 
from the yellow-fleshed peach fruits of cv. Armking. In 
particular, in figure 3A a typical experimental trace of the 
LOX/RNO control (in the absence of extract) reaction 
is reported: it was spectrophotometrically monitored by 
continuously measuring the RNO absorbance decrease at 
440 nm and it consists of a lag phase (representing the 
time occurring to consume oxygen in the reaction mixture 
due to the primary LOX-1 reaction of linoleate hydroper-
oxidation), and a true RNO bleaching phase (due to the 
radical species generated by LOX-1 when anaerobiosis is 
approached in the assay mixture), occurring, in this ex-
periment, at a rate equal to about 0.15 ΔA

440 nm 
· min-1. In 

figure 3B the trace relative to the RNO bleaching in the 
presence of 1.13 µg carotenoids from Armking (RNO plus 
carotenoid bleaching, trace a) is shown. In the same fig-
ure, the trace b is reported, representing the experimental 
curve relative to carotenoid bleaching reaction, obtained 

Fig. 2 -  RNO (a) and ß-carotene (b) absorbance spectra. Aqueous solution 
of ß-carotene was prepared as reported in Methods. Absorbance 
spectra of 15 µM RNO (trace a) and 8 µM ß-carotene (trace b) 
were recorded in 2 mL of 100 mM sodium borate buffer pH 9.0.
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by measuring the absorbance decrease at 440 nm in the 
absence of RNO: it clearly shows carotenoid absorbance 
decrease due to oxidation by radicals produced during sec-
ondary anaerobic reactions associated to the LOX-1-medi-
ated linoleate hydroperoxidation (Barimalaa and Gordon, 
1988; Pastore et al., 2000 a). Moreover, the curve repre-
senting the difference between traces a and b, obtained by 
mathematical processing of these curves using a specific 
software, is also reported (trace indicated as “a minus b”), 
showing a rate equal to about 0.12 ΔA

440 nm 
·min-1. This 

newly built curve only reflects the effect of carotenoids on 
RNO bleaching, excluding any absorbance decrease due 
to LOX-1-dependent carotenoid bleaching; thus, its rate 
may be compared to that of the LOX/RNO control reac-
tion. The comparison of the slopes of the trace “a minus 

b” and the control one shows that the amount of extract 
from cv. Armking containing 1.13 µg of carotenoids is 
able to induce an about 25% decrease of the rate of RNO 
bleaching. In the same experiment, an increasing inhibi-
tion of the reaction rate with increasing amount of Arm-
king carotenoid extract, evaluated according to the same 
protocol, was also observed. In particular, a linear depend-
ence between inhibition and amount of extract was found 
in the studied 0.75-2.25 µg carotenoid range (Fig. 3D). In 
figure 3C the Trolox-dependent inhibition of the rate of 
RNO bleaching as a function of the standard antioxidant 
concentration is reported, showing a linear dependence of 
the inhibition in the 20-50% range on Trolox concentra-
tion ranging from 2 to 7.5 mM, described by the equa-
tion: y(inhibition) = 6.059x(concentration millimolar of 

Fig. 3 -  The LOX-1-dependent RNO bleaching in the absence (A, control) and presence (B) of carotenoid-enriched extract from peach fruit and 
linear dependence of the inhibition on Trolox concentration (C) and extract amount (D). The LOX/RNO reaction was monitored as de-
scribed in Methods in the absence (A, control) and in the presence of 1.13 µg carotenoids extracted from the yellow-fleshed cv. Armking 
(B, trace a). In (B) the LOX-1-dependent bleaching of the same amount (1.13 µg) of carotenoid extract was also reported (trace b), as well 
as the curve obtained from the difference between traces a and b (trace “a minus b”). In (C) the calibration curve obtained with Trolox is 
reported; in (D) the (%) inhibition of the rate of the LOX/RNO reaction is reported as a function of extract amount, expressed as carotenoid 
content. The rates of the RNO bleaching, calculated as the highest slopes (dotted lines) to the experimental curves, are reported, expressed 
as ΔA

440 nm 
· min-1. For AA calculation see the text.
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Trolox) + 8.505 (r=0.999, P≤ 0.001). By means of this 
Trolox-based calibration curve, the AA value for Armk-
ing extract was calculated, resulting, in this experiment, 
equal to 120±6 µmol eq. Trolox/g fresh weight. The new 
developed protocol was also applied to measure the AA 
of carotenoid extract obtained from the white-fleshed cv. 
Silverking. In this case, a linear dependence between in-
hibition and amount of extract was obtained in the studied 
0.075-0.2 µg carotenoid range; the inhibition correspond-
ed, in that experiment, to an AA value equal to 7.5±2 µmol 
eq. Trolox/g fresh weight. Interestingly, the ratio between 
AA values of the yellow-fleshed Armking and the white-
fleshed Silverking extracts resulted equal to 16, very simi-
lar to the ratio (about 17) between carotenoid content of 
the extracts (13.5 and 0.8 µg/g fresh weight, respectively, 
in these experiments). 

The study was extended to three other peach variet-
ies, one yellow-fleshed (Redhaven) and two white-fleshed 
(Caldesi 2000 and IFF331). In Table 1, AA values of carot-
enoid extracts obtained from all tested genotypes, measured 
by means of the LOX/RNO, are reported and compared 
with those obtained by using the ORAC and TEAC assays. 
The LOX/RNO method provided AA values ranging from 
10 (white-fleshed genotypes) to 150 µmol eq. Trolox/g fresh 
weight (yellow-fleshed genotypes). In Table 1 the carot-
enoid content of extracts is also reported for all genotypes 
under study, ranging from 0.25 (white-fleshed genotypes) 
to 18.5 µg/g fresh weight (yellow-fleshed genotypes). In-
terestingly, a highly statistically significant positive correla-
tion was obtained between AA values provided by the LOX/
RNO method and carotenoid content (r = 0.996, P≤0.001). 
AA values obtained by the TEAC assay also resulted signifi-
cantly correlated to carotenoid content (r = 0.997, P≤ 0.001); 
a lower correlation was obtained for the ORAC protocol (r 
= 0.824, P≤0.001); high correlations were also obtained be-
tween AA values measured by the LOX/RNO method and 
that obtained using the other assays (LOX/RNO-TEAC r 
= 0.992, P≤0.001; LOX/RNO-ORAC r = 0.837, P≤0.001; 
ORAC-TEAC r = 0.839, P≤0.001). 

Figure 4 presents the ratio between the yellow-fleshed 

cultivars and white-fleshed genotypes under study in terms 
of carotenoid content, as well as the ratio between AA mean 
values of yellow- and white-fleshed peach fruits, as evalu-
ated by means of the LOX/RNO, ORAC and TEAC meth-
ods. The yellow-fleshed genotypes have a carotenoid con-
tent on average 36 times higher than that of white-fleshed 
varieties. Interestingly, the AA mean value obtained by the 
LOX/RNO method for the yellow-fleshed genotypes re-
sulted about 14 times higher than those measured for the 
white-fleshed varieties. The same ratios AA

yellow-fleshed fruits
/

AA
white-fleshed fruits

 were only about 2.6 and 3.6 in the case of 
the ORAC and TEAC assays, respectively.

4. Discussion and Conclusions

In this study, the LOX/RNO method was applied for the 
first time to assess antioxidant properties of peach fruits, in 

Table 1 -  Antioxidant Activity (AA), evaluated by means of the LOX/RNO, ORAC and TEAC methods, and carotenoid content of extracts from 
yellow- and white-fleshed peach genotypes

Genotype
Carotenoid content 

(µg/g f.w.)
AA

 
(µmol eq. Trolox/g fresh weight)

LOX/RNO ORAC TEAC

Yellow-fleshed

Redhaven 18.33±0.75 155.3 ± 10.3 0.325 ± 0.042 0.082 ± 0.002

Armking 14.11±0.71 125.3 ± 9.5 0.444 ± 0.063 0.068 ± 0.001

White-fleshed 

Silverking 0.75 ± 0.08 9.6 ± 3.5 0.211 ± 0.039 0.025 ± 0.001

Caldesi 2000 0.34 ± 0.02 10.5 ± 1.2 0.112 ± 0.007 0.018 ± 0.0001

IFF331 0.24 ± 0.01 9.8 ± 1.5 0.129 ± 0.006 0.020 ± 0.0001

All data refer to fresh weight and are reported as mean value ± standard deviation (n=3 different experiments).

Fig. 4 -  Ratio between yellow- and white-fleshed peach fruits in terms 
of carotenoid content and antioxidant activity, evaluated by 
means of the LOX/RNO, ORAC and TEAC methods. Data are 
reported as mean value (n=3 different experiments). Different 
capital letters indicate significant differences at 0.01 P level, 
according to the Duncan’s test.
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comparison with the widely used ORAC and TEAC assays. 
In particular, the carotenoid component was studied by com-
paring some yellow- and white-fleshed genotypes. Unfortu-
nately, application of the LOX/RNO method to AA deter-
mination of carotenoid extracts from peach fruits is strongly 
affected by absorbance properties of carotenoids, whose ab-
sorbance spectra largely overlap the one of RNO. Moreover, 
it should be considered that carotenoids are also subjected 
to absorbance bleaching due to their co-oxidation associated 
to the LOX-mediated hydroperoxidation of polyunsaturated 
fatty acids (Barimalaa and Gordon, 1988; Pastore et al., 
2000 a). In a previous study, in order to evaluate the effect of 
ß-carotene on the LOX/RNO reaction, these problems were 
overcome by measuring the RNO absorbance changes as ab-
sorbance difference (Δ

394nm-512nm
) using a double-wavelength 

spectrophotometer, an expensive and not widespread labo-
ratory instrumentation (Pastore et al., 2009). Interestingly, 
using that experimental approach, a very high sensitivity to 
ß-carotene of the LOX/RNO reaction was found, with an 
IC

50
 value in the micromolar range (Pastore et al., 2009), 

consistent with the inhibition by ß-carotene of LOXes from 
different sources (Lomnitski et al., 1993).

In this paper, to evaluate antioxidant properties of 
carotenoids by means of the LOX/RNO reaction, a new 
experimental approach was developed involving the use 
of a simple spectrophotometer, which is generally found 
in research laboratories. This is a multi-step protocol in-
volving the following spectrophotometric measurements: 
i) the LOX-1-depedent RNO bleaching in the absence of 
carotenoid-enriched extract (control reaction); ii) the RNO 
bleaching in the presence of carotenoids (RNO plus ca-
rotenoid bleaching reaction); iii) the carotenoid bleaching 
(at 440 nm) in the absence of RNO (carotenoid bleaching 
reaction); iv) mathematical processing by specific soft-
ware of the traces obtained at points ii) and iii) so as to 
build a new curve in which the absorbance value at each 
time is represented by the difference between the respec-
tive values of the traces ii) and iii). Excluding absorbance 
decrease due to LOX-1-dependent carotenoid bleaching, 
the rate of the new curve reflects only the effect of carot-
enoids on RNO bleaching, making it possible to compare 
the rate of the LOX/RNO control reaction (point i), and 
allowing calculation of the (%) decrease of rate of RNO 
bleaching and, finally, AA quantification by means of a 
dose-response curve prepared with Trolox.

To validate the newly developed protocol, measure-
ment of the AA of carotenoid extract obtained from the 
yellow-fleshed peach fruits of cv. Armking was under-
taken, as well as from the white-fleshed cv. Silverking. In 
both cases, the inhibition of the reaction rate was found 
to be linearly dependent on the amount of carotenoid ex-
tract; the inhibitions measured in these experiments al-
lowed calculation of an AA value of the yellow-fleshed 
Armking fruits about 15-fold higher than that obtained for 
the white-fleshed Silverking extract. Interestingly, extract 
from Armking fruits showed a carotenoid content about 
16-fold higher than that measured for Silverking. These 

data confirm the suitability of the modified LOX/RNO 
protocol to measure AA of carotenoid compounds.

The study was extended to carotenoid extracts obtained 
from other yellow- and white-fleshed peach varieties. As 
already observed in previous studies (Pastore et al., 2009; 
Laus et al., 2012 a, b; Laus et al., 2013 a, b), the method 
LOX/RNO provided very high AA values (10-150 µmol 
eq. Trolox/g fresh weight) which were much higher than 
those measured by ORAC and TEAC assays (about 85-
350-fold and 530-1900-fold higher, respectively) and they 
showed a statistically significant positive correlation with 
carotenoid content, higher than that obtained with the oth-
er assays in comparison.

Moreover, the ratio between AA values measured by the 
LOX/RNO method of yellow- and white-fleshed peaches 
resulted much higher than that obtained using the ORAC 
and TEAC assays, thus indicating the capability of the 
newly developed LOX/RNO protocol to highlight much 
higher differences among the different tested samples with 
respect to the other compared AA assays.

On the whole, the results of this paper indicate that the 
LOX/RNO method, applied according to the new protocol 
developed in this study, is able to measure high AA values 
of carotenoid-enriched extracts from peach fruits, highly 
related to carotenoid content, and to easily discriminate 
among samples. Although TEAC and ORAC values also 
show correlation with carotenoid content, they measure 
low AA and few differences among yellow- and white-
fleshed varieties. In conclusion, the LOX/RNO method 
may represent a recommended tool to assess AA of the ca-
rotenoid component in peach fruits. Therefore, the use of 
this assay in studies regarding AA measurements of other 
fruits and vegetables is worthwhile.
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