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The antioxidant activities of eight apple cultivars were studied by using the ferric reducing/antioxidant
power (FRAP), the 5-carotene—linoleic acid model system (5-CLAMS), and the photochemiluminescent
(PCL) assays. The antioxidant activity of apples is highly correlated to the total phenolic content
(TPC) measured by the Folin—Ciocalteu method and the total polyphenolic index (TPI) obtained by
HPLC. Extracts of the peel and flesh were analyzed and assayed separately. The FRAP activities of
both peel and flesh extracts correlate well with the TPC (r= 0.95 and 0.99, respectively) and the TPI
(r = 0.82 and 0.99, respectively). Similar results were found in the 5-CLAMS activities, showing
correlation coefficients of r = 0.90 and 0.91 with the TPC for the peel and flesh extracts and of r =
0.90 and 0.84 with the TPI for the peel and flesh extracts, respectively. The antioxidant activity
measured by the PCL assay was not correlated with TPC or TPI due to the lack of integratable lag
phase in this method with the flavan-3-ols/procyanidins. Among the five major polyphenolic groups,
flavan-3-ols/procyanidins had the highest positive correlation with the FRAP and -CLAMS activi-
ties: r=0.84 and 0.88 for the peel extracts, respectively; and r= 0.98 and 0.87 for the flesh extracts,
respectively. At individual compound level, epicatechin and procyanidin B2 were the major contributors
to the antioxidant activity of apple. Hydroxycinnamic acids may have a significant role in the flesh.
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INTRODUCTION potentials, which allow them to act as reducing agents, hydrogen

An apple a day keeps the doctor away. This saying has donors, and singlet oxygen quenchetd)( In addition, they
encouraged many researchers to search for the “magic” ingredi-Nave a metal-chelating potentidl). The antioxidant activity
ent of the apple that may reveal its validity. Recent epidemio- Of individual polyphenolic compounds, however, may vary
logical andin vitro experimental studies indeed have shown S|gn|f|ca_ntly depending on the chemical characteristics and the
the linkage between the consumption of apple or related productsmechanisms of assays used.
and many chronic human diseases. Most noticeably, apples have There are five major groups of polyphenolic compounds in
been associated with lowered risks of cancer, particularly apple, including hydroxycinnamic acids, flavan-3-ols, antho-
prostate, liver, colon, and lung cancets-@), and cardiovascular  cyanidins, flavonols, and dihydrochalcones. The phenolic profile,
diseasesH, 6). These chronic diseases are considered to be however, is much more complicated because of polymerization
caused by oxidative processes, especially those involving exces®f flavan-3-ols and glycosylation of other polyphenolics. More
free radicals and reactive oxygen species (ROS). Phytochemicalspecifically, flavan-3-ols can be found in their monomers,
such as polyphenolics have been found to be the major sourceoligomers, and polymers (procyanidins); flavonols are often
of antioxidants in apple, rather than essential vitamins such asassociated with sugar moieties. The predominant sugars involved
vitamin C (2,6, 7—13). in glycosylation are galactose, glucose, rhamnose, arabinose,

The mechanisms of the antioxidant activity of polyphenolics and xylose; and the disaccharide, rutinose, has also been found
have been studied extensively. They usually have high redoxin apple. Dihydrochalcones are mainly associated with glucose
and xyloglucose, and the oxidization of thépsition in
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most importantly, genetic variatioi§, 18, 19) predispose the  reagent was prepared by mixing acetate buffer (300 mM, pH 3.6), a

variation in apple antioxidant activity. solution of 10 mM TPTZ in 40 mM HCI, and 20 mM Feit 10:1:1
Only one of the major apple flavonols, quercetin and its (v/viv). All standards were prepared at 5001 in water or methanol,

derivatives, has been used in the varidusizo experiments and samples were diluted to ensure that the readings were in the linear

Quercetin was found to inhibit human prostate and lung cancer 2"9¢ Of the standard curve. The reagent (@pand the standard or

. . sample solutions (1Q:L) were added to each well and mixed
cell growth @, 4) and to reduce the incidence of cardiovascular thoroughly. The absorbance was taken at 593 nm immediately after

diseases0). However, investigating one particular component 4nq at 1-min intervals up to 4 min using a UV—vis microplate kinetics
may not represent the whole picture and can be misleading.reader (EL 340, Bio-Tek Instruments, Inc., Winooski, VT). The plate
Quercetin derivatives are not the major polyphenolic component was incubated at 37C for the duration of the reaction. All treatments
of apple, and they are not necessarily the strongest antioxidantswere run in triplicate. The FRAP value of the samples was calculated
among apple polyphenolics eithéf)( Other compounds, such  on the basis of 50@M ascorbic acid (equivalent to 100M FRAP

as the procyanidins, showed even greater antioxidant activity values).

(7, 21). This suggests that the roles of the individual compounds  #-Carotene—Linoleic Acid Model System f-CLAMS). The

are important in the total antioxidant activity of apple, and they 'g'CtAMS (2'50] 26) method ‘é"":‘js '?aseﬂ on thde d_eco'cf’rl‘f"tiolﬂ_*’ﬁro_f”ef
must be investigated thoroughly. yt € peroxiaes generate Urlngt e oxidation of linoleic aci (a ree

In this stud d th diff t the ferri radical chain reaction) at elevated temperature. In this study, the
n this study, we use ree dirferent assays, the ferric B-CLAMS was modified for the 96-well microplate reader. In brief,

reducing/antioxidant power (FRAP) assay, fhearotene— s carotene (0.5 mg) was dissolved-r2 mL of CHCk in a 200-mL
linoleic acid model system (5-CLAMS), and the photochemi-  round-bottom flask, to which 2&L of linoleic acid and 200 mg of
luminescent (PCL) assay, to evaluate the antioxidant activities Tween 40 were added. CHGVas removed using a rotary evaporator.
of the extracts of eight apple cultivars and the major individual Oxygenated HPLC grade water (100 mL) was added, and the flask
polyphenolics. Correlations between the antioxidant activity and was shaken vigorously until all materials dissolved. This test mixture
the total and individual phenolic concentrations were examined. was prepared fresh and used immediately. To each well were added
250 uL of the test mixture and 3aL of sample solution or solvent
(blank). The plate was incubated at 45. Readings were taken at 490
MATERIALS AND METHODS nm immediately after and at 120 min using the same microplate kinetics
Chemicals and SolventsPhenolic standards were purchased from reader as stated above. All antioxidant standards and samples were
various manufacturers. Gallic acid, chlorogenic api¢oumaric acid, prepared at 200 ppm, and all treatments were run in triplicate. The
catechin, epicatechin, sodium carbonate ,(0&;), and the Folir- results were expressed as percent inhibition of the degradation of
Ciocalteu reagent were purchased from Sigma Chemical Co. (St. Louis, 3-carotene at 120 min:
MO); quercetin-3-galactoside, quercetin-3-glucoside, quercetin-3-rham-
noside, and 2,4,6-tripyridyd-triazine (TPTZ) were from Fluka Chemie (%) inhibition = [(120 MinA,go,/(0 Min A,qs.)] x 100
GmbH (Buchs, Switzerland); quercetin-3-arabinoside and quercetin-

3-xyloside were from Apin Chemicals Ltd. (Abingdon, U.K.); procya- h hemilumi he orinciole of
nidins B1 and B2, phloridzin, and cyanidin-3-galactoside were from __Photochemiluminescent (PCL) AssayThe principle of PCL was
Indofine Chemical Co. (Hillsborough, NJ). Water used for HPLC based on an-1000-fold acceleration of the oxidative reactioreitro

analysis was purified in-house from distilled and deionized water using comPared to normal conditions. This effect was achieved by optical
a NanoPure system (Dubuque, IA). All other solvents were of HPLC excitation of a suitable photosensitizer, which exclusively results in
grade and were purchased from Caledon Laboratories Ltd. (Georgetown,the g_eneratlc_)n of the s_upe_rOX|de ragical O The radicals were .
ON). visualized with a chemiluminescent detection reagent. A synthetic
fluorescent compound, luminol, was used in this assay. This compound
. . e lays a dual role, acting as both the photosensitizer and the radical
cultivars (10 apples each), Golden Delicious, Red Delicious, Mcintosh, plays ' . .
( PP ) reaction agent (27). A commercial PCL instrument, the Photochem

Empire, Ida Red, Northern Spy, Mutsu, and Cortland, followed the (Berlin, Germany) system was used in this study. This system is very
same procedures as described in our previous pappriteel and flesh flexible and can be used for both water-soluble and lipid-soluble

samples were separately extracted with 70% aqueous methanol at 1:1 tioxidati bst Th lied th lete Kits f
(w/v) using a Polytron blender (Brinkmann Instruments, Westbury, NY), gntlr?x:: a |vetsu S Iar;;l:es. b f comp?r?y supplied te compte_e dl i olr_
filtered, and stored at20 °C before being analyzed and assayed (within oth. mor water-soluble substances, the assay mixture contaned 1 m
of reagent 1 (sample solvent), 1.5 mL of reagent 2 (reaction buffer),
30 days). 25 uL of diluted reagent 3 (luminol), and of reagent 4 (ascorbic
Total Phenolic Content (TPC).The Folin—Ciocalteu (FC) reagent H 9 ; b 9

method (22) was modified and followed as described in our previous acm.i) for the cgl!brat|on curve or 10L of .Saf“p'e solution for the
paper (19). TPCs were expressed as micrograms of gallic acid antioxidant activity. For water-soluble antioxidants, the evaluation of

equivalents (GAE) per milliliter of solution. All samples were prepared the activity was t_)ased on the lag phase in secoﬁijs‘_(\/hen necessary,
: : samples were diluted so that the PCL curves fell within the linear range
and analyzed in duplicate.

Method. The method of identification and quantification of polyphenols YSIS. y 9

. ) . . version 5.5 (London, U.K.). Tests for an association between the
in apples has been reported previoudl§)( Briefly, the separation was : . :

- ) - ; . - concentration of a compound (or the total phenolic concentration) and
carried out in a C18 column with a binary mobile phase consisting of

6% acetic acid in 2 mM sodium acetate buffer and acetonitrile and a the an_tlomdant activity measured by three dlfferen_t methods, or between
. S two different antioxidant methods, were run using standard Pearson

diode array detector. The total polyphenolic index (TPI) was calculated correlation

according to the method given in our previous paf@)(TPI is the ’

sum of concentrations of all polyphenolic compounds separated and
detected by HPLC. All samples were prepared and analyzed in RESULTS AND DISCUSSION

d”ﬁ"céte-R ducina/Antioxidant P FRAP) A The ERAP Major Polyphenolics in Apple. The polyphenolic profiles
erric Reducing/Antioxidant Power ( ) Assay.The and concentrations of major groups in the peel and flesh of the

assay used was a modified version of that of Benzie and St2din ( iaht ¢ | | It in Ontari d th
The assay was based on the reducing power of a compound (antioxi-elg mOost popular apple cufivars grown in Ontario an e

dant). A potential antioxidant will reduce the ferric ion ¢Feto the TPIs and TPCs were reported in our earlier page)( The
ferrous ion (F&"); the latter forms a blue complex (FéTPTZ), which major polyphenolic groups were hydroxycinnamic acids (chlo-
increases the absorption at 593 nm. In this study, the above methodrogenic acid ang-coumaroylquinic acid), cyanidin-3-galacto-
was modified for the 96-well microplate reader. Briefly, the FRAP side, flavan-3-ols/procyanidins (mainly catechin, epicatechin,

Sample Preparation. Sample preparation for the eight apple
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Table 1. Total Phenolic Concentrations and Antioxidant Activities of B1. This implied that thecis-hydroxyl group on C-3 of the
the Apple Peel and Flesh Extracts C-ring is more effective than the trans configuration in making
a compound a strong reducing agent. Quercetin glycosides as a
apple TPC L FRAP? PCLY  B-CLAMS® group had only moderate FRAP activity, and the hydroxycin-
e pea 1017 jﬁel 136 +57 300+ 4 . namic acid derivative, chlorogenic acid, had the second lowest
m “’e + + + + + .. . . ey .
Mmpsu 1017426 1089525 682055 4643424 2043 activity. On average, the anuox@ant actlvme_s of the flye
Mcintosh 1163+17 1636+22 6436+46 5531+23  31+3 polyphenolic groups of apple were in the following decreasing
Golden Delicious  1265+22 1249+6 961666 5223+11  22+0 order: cyanidin-3-galactoside- procyanidins > quercetin
Cortland 1323+21 1659+28 11908 £42 413316 32+2 egcosides> chlorogenic acid> phloridzin.
Ida Red 1479421 1763+16 1208337 5958+17  26+1 o
Northern Spy 1548+24 2073+12 1004420 6112+14  36+1 For apple samples, peel extracts had much greater antioxidant
Red Delicious 201220 2350+29 17851+42 4112413  59+1 activities than the flesh extract¥dble 1). Red Delicious peel
Flesh extract had the highest antioxidant activity, whereas the Empire
Empire 164x4 17741 550£12  1457+3 80 peel extract had the lowest; this result was consistent with the
:\ggtsRLéd ;gg i ;0 jég i 13 ;3% i ig éggg i (1)4 g? i 1 total polyphenolic cor.]c.entration in Red DeIicipus and Empire
Maclntosh 255+3  488+10 2785+19 2067 +1 58 +1 peels. The FRAP activity of the peels from different cultivars
Golden Delicious ~ 260+1  417+15  2036+20 2192+4 45+2 positively correlated with both TPC and TPI of the samples (
(R:gglgﬁ('j'c'ous ggi N 51)2 igg : (131 iéég : g; iégg : ‘1‘ gg : i = 0.95 and 0.82, respectively) (Table 3). When calculated
Northern Spy 561+7  034+7 642546 5049 + 1 7142 against the major groups of polyphenols, the FRAP values of
the peel extracts were found to have the best positive linear
aTotal phenolic content (TPC) measured by Folin—Ciocalteu method in correlation with the total flavan-3-ols/procyanidins< 0.84),
micrograms of gallic acid equivalent per gram of fresh weight (data were taken suggesting that the procyanidins are a major contributor to the
from ref 19). ® Total polyphenolic index (TPI) calculated according to the HPLC FRAP antioxidant activity of the peel. This result was not
method in ref 23, data were taken from ref 19. ¢ FRAP values in micromolar. surprising considering that flava-3-nols/procyanidins accounted
? Ascorbic acid equivalent in micromolar. Values are for extracts obtained from for 60% of the total phenolics in the peel and were strong
1:1 fresh sample/70% methanol (w/v) extraction (see ref 19). € Relative inhibition individual antioxidants 19; Table 2). Cyanidin-3-galactoside

values (percent) at 120 min; apple peel samples were diluted by a factor of 4

. had the highest antioxidant activity among all tested standards;
before being assayed.

however, it accounted for only 5.4% of the total polyphenolics
of the peels 19), and its concentration did not correlate with

Table 2. Antioxidant Activity of Polyphenol Standards the FRAP activity ( = 0.10; Table 3). Cyanidins were therefore

compound FRAP2 B-CLAMS? PCL¢ coqudered to have I_im_ited contribu;ion to the total ant_ioxidant
phloridzin 3743 201 ND? activity of apple. Slmll_a_r observations were found in ﬂe_sh
quercetin-3-xyloside 934+5 58 + 2 305+ 6 extracts; the FRAP activity had even better linear correlations
quercetin-3-galactoside 1017 + 24 68+1 296 + 15 with the TPC and TPI (= 0.99 and 0.99, respectively). Once
chlorogenic acid 1023+ 13 40£0 590 £2 again, the antioxidant activity correlated well with only the
catechin 1042 £70 560 NO® flavan-3-ols in the fleshr(= 0.98; Table 3). Procyanidins were
quercetin-3-glucoside 1049 + 12 46+2 241+6 . . T ’ Y . .
epicatechin 1209 + 35 47+3 NO also the major antioxidants in the flesh, which again was
quercetin-3-rhamnoside 1382+8 66+ 1 457 +5 supported by the high percentage (56%) in the TPC and TPI of
procyan?gin g% ggigtié ggig mg the flesh (19) and the high antioxidant activity of individual
procyanidin + + A R
cyanidin-3- galactoside 332 £ 43 811 485+ 1 flavan-3-ols/procyanidins. The FRAP assay clearly showed that

the flavan-3-ols, including monomers, dimers, and oligomers,
a Al standards were measured at 500 x«M; FRAP values in micromolar. 2 All were the most important antioxidants in both apple peel and
standards were at 200 ppm; the relative inhibition values (percent) were at 120 flesh.
min. ¢ Ascorbic acid equivalent in micromolar. Not detectable. € Not obtainable. P-CLAMS of Polyphenolic Standards and Apple Extracts.
Although the mechanism of th& CLAMS assay was different
from that of the FRAP assay, among the individual polyphenolic
and procyanidins B1 and B2), flavonols (quercetin galactoside, standards, cyanidin-3-galactoside again showed the highest
glucoside, rhamnoside, arabinoside, and xyloside), and dihy- activity and phloridzin the lowest (Table 2). In the flavan-3-ol
drochalcones (mainly phloridzin and phloretin@loglucoside). group, catechin was a better antioxidant than epicatechin, and
No anthocyanins were detected in the fle$8)( The TPCs and procyanidin B1 was stronger than procyanidin B2. In this assay,
TPIs were extracted from our previous paper and are listed in the trans-hydroxyl group of C-3 of the C-ring seemed to be
Table 1together with the antioxidant activities obtained in this more effective than theis configuration. Unlike the FRAP assay
study. Among all of the polyphenolics, the concentration of total where values can be stoichiometrically calculated, results from
procyanidins was the greatest, representing more than half ofthe5-CLAMS assay were difficult to quantify. This was perhaps
the total phenolics in both peel (60%) and flesh (56%8)( why procyanidin dimers did not show greater activity than the
The antioxidant activity of procyanidins therefore will signifi- monomers. Procyanidins as a group had lower activity than
cantly affect the total antioxidant activity of apple. quercetin glycosides in this assay. Overall, the average activities
FRAP Assay of Polyphenolic Standards and Apple Ex-  Of the five groups of apple polyphenolics (decreasing order)
tracts. Cyanidin-3-galactoside showed the highest activity, Were cyanidin-3-galactoside quercetin glycosides procya-
whereas phloridzin showed the lowest (Table 2). For procya- hidins > chlorogenic acid> phloridzin.
nidins (B1 and B2), the activities of dimers were times Despite the differences between the antioxidant activities of
greater than those of the monomers, possibly due to the factthe individual standards measured by the above two methods,
that there were two monomeric units in the dimers. The in the actual apple samples tfieCLAMS activities followed
antioxidant activity (FRAP) of epicatechin was greater than that trends similar to those observed in the FRAP assay. In the peels,
of catechin, and that of procyanidin B2 was greater than that of the 5-CLAMS values were closely correlated to the TPC and




4992 J. Agric. Food Chem., Vol. 53, No. 12, 2005 Tsao et al.

Table 3. Correlation Coefficients (r) between Total or Individual Polyphenolic Concentrations and the Antioxidant Activities Measured with Three
Different Methods and between Two Antioxidant Methods

peel flesh

method/concentration? FRAP B-CLAMS PCL FRAP B-CLAMS PCL
FRAP 1.00 1.00
B-CLAMS 0.83 1.00 0.85 1.00
PCL 0.04 -0.08 1.00 0.82 0.62 1.00
chlorogenic acid -0.48 -0.47 0.67 0.61 0.37 0.93
p-coumaroylquinic acid -0.22 0.01 0.42 0.55 0.77 0.29
total hydroxycinnamics  © -0.50 -0.47 0.71 0.67 0.46 0.95
catechin 0.49 0.52 0.94 0.81
epicatechin 0.88 0.95 0.87 0.85
procyanidin B1 0.49 0.58 0.92 0.70
procyanidin B2 0.81 0.80 0.91 0.87
other procyanidins 0.86 0.87
total flavan-3-ols © 0.84 0.88 0.98 0.87
cyanidin-3-galactoside 0.10 0.18 -0.65
total anthocyanins © 0.10 0.18 -0.65
quercetin-3-galactoside 0.34 -0.01 -0.43
quercetin-3-glucoside -0.49 -0.35 -0.54
quercetin-3-xyloside -0.06 0.12 -0.16
quercetin-3-arabinoside 0.04 0.08 0.26
quercetin-3-rhamnoside -0.57 -041 0.46 -0.14 -0.05 -0.19
total flavonols © -0.46 -0.37 -0.27 -0.14 -0.05 -0.19
3-hydroxyphloretin-2'-xyloglucoside -0.75 -0.64
3-hydroxyphloretin-2'-glucoside 0.38 0.53
phloretin-2'-xyloglucoside 0.07 0.10 0.25 0.35
phloridzin 0.64 0.74 0.13 -0.02
total dihydrochalcones  © 0.51 0.62 0.22 0.10
TPI (HPLC)® 0.82 0.90 0.27 0.99 0.84 0.89
TPC (FC)° 0.95 0.90 0.19 0.99 0.91 0.78

a Average of concentrations of each compound found in all eight apple varieties, in micrograms per gram of fresh weight. © Sum of all compounds in the respective
categories. Total flavan-3-ols included all monomeric and oligomeric flavan-3-ols. ¢ Data were taken from ref 19. ¢ Correlation with the percent inhibition at 120 min.

TPI (r =0.90 and 0.90, respectively)dble 3). Although pure

Blank
flavan-3-ols were of moderate strength in terms of antioxidant ¢ Phloridzin
activity in the 3-CLAMS assay, the flavan-3-ols/procyanidins = s Quercetin-3-galactoside
as a group again had the best positive correlation with the T 2
B-CLAMS activity (r = 0.88). Very similar correlations were = 1 Catechin

observed in the flesh samples= 0.91 and 0.84 with TPC and
TPI, respectively, and = 0.87 with the total flavan-3-ols.
Among the flavan-3-ols, epicatechin and procyanidin B2 again
had the best linear correlation with tfeCLAMS values (r= ) N . ) o
0.95 and 0.80, respectively). THECLAMS results led to a Figure 1. Typical _t|me courses of antioxidants in the _photocher_nllluml-
similar conclusion; that is, the flavan-3-ols/procyanidins are nescent assays using the Photochem system: blank, without addition of

likely to be the major antioxidants in apple, and epicatechin any antioxidants; phloridzin, quergetin-S-gaIactoside, and catechin were

and procyanidin B2 are the two most important flavan-3-ols, Measured at the same concentration (20 4M).

PCL Assay of Apple Polyphenolic Standards and Extracts. therefore difficult to compare the antioxidant activity of the
According to the manufacturer, PCL can be used to assess nearlflavan-3-ols with other compounds. In all of the tested standards
all water-soluble and fat-soluble phytochemical antioxidants; except for the flavan-3-ols, chlorogenic acid turned out to have
however, we found that due to the way the activity was the greatest activity and phloridzin remained the least. The
calculated, that is, according to the retarded lag pH2geRCL overall PCL activity in decreasing order was chlorogenic acid
could not be used to evaluate the antioxidant activity of flavan- > cyanidin-3-galactoside quercetin glycosides phloridzin
3-ols/procyanidins. These compounds did not have suitably (Table 1).
retarded lag phases necessary for our calculation. The lack of a For the same reason mentioned above, when PCL was
proper lag phase may not be caused by the concentration, agperformed for actual apple samples, no correlation was observed
we found that neither dilution nor concentration generated between the peel PCL activity and the peel TPC or TPH(
integratable lag phases. Unlike weak antioxidants such as0.19 and 0.27, respectively)dble 3). The lack of correlation,
phloridzin, which had a very short integratable lag phase, inturn, may be indirect proof that the flavan-3-ols/procyanidins
procyanidins seemed to strongly inhibit the generation of were the major contributors to the total antioxidant activity of
superoxide as demonstrated by catechifrigure 1. The lag the peel extracts, because these were the major components in
phase appeared to be formed and the curve was very flat, butthe peel. In flesh samples, however, the correlation was relatively
the shape could not be integrated properly by the software high;r = 0.78 and 0.89 with TPC and TPI, respectively. This
(Figure 1). Using the kit for fat-soluble antioxidants did not was probably because of the high percentage of total hydroxy-
improve the calculation of the antioxidant activity of the flavan- cinnamic acids in the total polyphenolic content (40% including
3-ols/procyanidins. Without proper quantitative data, it was p-coumaroylquinic acid) and the strong PCL activity of chlo-

0 50 100 150 200
Time (sec)
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Table 4. Comparison of Measured and Calculated FRAP Values

peel flesh
apple measured calculated? %P measured calculated? %P
Empire 2736 £ 57 3403 + 10 124+£0 550 £ 12 459+ 19 835
MclIntosh 6436 + 46 5699 + 20 89+2 2785+ 19 1593 + 7 57+1
Mustu 6820 + 55 3545+ 33 52+2 1584 + 20 1050 + 37 66+4
Golden Delicious 9616 + 66 4069 £ 35 42+2 2037+ 20 1407 £ 19 69+1
Northern Spy 10044 + 20 7737 £ 41 Y 6425 + 6 3353+ 30 52+1
Cortland 11908 + 42 6448 + 51 54+4 3660 + 23 1799 + 28 49+1
|da Red 12083 + 37 6473 + 38 54+0 2749 + 41 1647 +19 60+1
Red Delicious 17851 + 42 8858 + 14 500 3215+ 27 1912 + 36 60+2
average 9687 + 19 5779 +23 50+£0 2876+ 1 1653+ 1 60+1

aSee text for calculation. ? Percent calculated FRAP value versus measured FRAP value.

rogenic acid Table 2). The high correlationr(= 0.95) between the order of quercetin glycosidesprocyanidins> chlorogenic
the total hydroxycinnamic acids and the PCL activity suggests > phloridzin; however, in the actual apple samples, procyanidins
that hydroxycinnamic acids may be another group contributing (including monomeric flavonols) contributed the most to the
to the antioxidant activity of apple flesh. total antioxidant activity (= 0.94). The results were similar
Comparison of the Three Antioxidant AssaysAmong the to our B-CLAMS assay, which was essentially based on the
three assay methods, FRAP and PCL are more quantitative tharfree radical chain reaction of fatty acids. Other studBss 82)
B-CLAMS. PCL, which detects the antioxidants in the nanomole also found that flavan-3-ols were the top contributor, followed
range, is more sensitive than the other two; however, as ourby quercetin glycosides, chlorogenic acid, cyanidin-3-galacto-
data have shown, it may not provide quantitative data for certain side, and phloridzin. In a study using the ABTS radical
groups of phytochemical antioxidants. Therefore, when samplesscavenging activity assay, however, Lee and co-worked$ (
are rich in certain compounds, for example, flavan-3-ols, PCL found that quercetin glycosides were the dominating contributor
will not reflect the true antioxidant activity of these samples. to the antioxidant activity of apple. It should be noted that the
The FRAP assay provides quantitative values of the reducing concentrations of flavan-3-ols in their study were underestimated
power of a compound (it is simple and of low cost). The (only epicatechin and procyanidin B2 were quantified); second,
B-CLAMS assay provides an alternative mechanism by measur-because of the underestimation of the flavan-3-ols, the assump-
ing the capability of a compound to resist peroxidation and free tion that quercetin derivatives were the major contributor to the
radical chain reaction; however, the quantification is arbitrary; antioxidant activity of apple due to their high activity as pure
in our study, we took the readings at 120 min, and most quercetin glycosides may be unconvincing; third, the high
B-CLAMS protocols in the literature took measurements antioxidant activity of individual quercetin glycosides may not
anywhere from 15 to 300 min28, 29). Such “arbitrary lead to good correlation between these compounds and the
quantification” can sometimes lead to different conclusions.  antioxidant activity of actual apple samples, as shown in this
The complexity of the chemical profiles in apple makes it Study and others (21).
difficult to evaluate the activity based on any one single assay Measured versus Calculated Antioxidant Activity. Due to
method. Some compounds, such as phloridzin in this study, maythe above-discussed shortcomings of f€LAM (lack of
display low activity in all assays, whereas others such as definite quantification) and PCL (lack of lag phase for the
cyanidin-3-galactoside always show high activity. Conclusions procyanidins) assays, we attempted to use only the FRAP values
based on these compounds were readily made; however, no@nd the concentrations of the polyphenolics (HPLC data) for
all phytochemicals were like these two extreme examples. For the “calculated antioxidant activity”. The total calculated FRAP
instance, chlorogenic acid showed very low activity in the FRAP Vvalues were a sum of all calculated FRAP values of the detected
(the second lowest) and tifeCLAMS (the third lowest), but ~ polyphenols in each sample; the calculated FRAP value of a
the highest in PCL; on the other hand, quercetin-3-galactoside compound was obtained as follows:
was one of the strongest in tfeCLAMS but one of the weakest
in the FRAP and of moderate strength in the PCL assay. This calculated FRAP values C x FRAP,{/Cg
inconsistency reconfirms that it is necessary to have at least
two methods with different modes of actions in one study to C is the molar concentration of the individual compound,
accurately evaluate the antioxidant activity (30). FRAP;qis the FRAP value of the corresponding standard, and
Comparison of Results with Previous StudiesThe positive Csw is the molar concentration at which the FRfgPwas
correlation between the antioxidant activity and the total obtained. For polyphenols without commercially available
polyphenolic content that was observed in this study has alsostandards, we used chlorogenic acid, procyanidin B2, quercetin-
been found by numerous othei% 21). The antioxidant activity ~ 3-galactoside, and phloridzin for their respective groups. It
of apple was not only correlated to the total polyphenolic should be noted that the total calculated antioxidant activity does
concentration but was also dependent on the polyphenolic not reflect any synergistic, antagonistic, or other effects of the
composition. Our results clearly indicate that the flavan-3-ols/ polyphenols in the samples. As shownTiable 4, on average,
procyanidins contributed the most to the total antioxidant in the peels, 68% (between 42 and 124%) of the measured
activities of both apple peel and flesh. This conclusion was antioxidant activity was explained by the calculated FRAP
consistent with a number of previous studies using different values; in the flesh, 62% (between 49 and 83%) was attributed
assay method2(, 31, 32), but not all (0). By using the DPPH to the detected polyphenols. Except for the Empire peel sample,
radical scavenging assay, Chinnici and co-workeds found all calculated results were smaller than those of the measured
that the antioxidant activity of individual compounds followed values, suggesting possible synergism among the polyphenols
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Figure 2. Contribution of different polyphenol groups to the calculated FRAP values (see text for calculation): (A) flesh samples; (B) peel samples. The
relative contribution of each group was calculated by dividing the FRAP value of each group by the total calculated FRAP values and multiplying by 100.

and the effect of other antioxidants such as ascorbic acid. Ourdants in apple. Hydroxycinnamic acids may have a significant
calculated numbers were higher than the-88% reported by role in the flesh.

Van der Sluis et al.31, 32) and lower than the 85% reported
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