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Evaluation of the Total Antioxidant Activity as a Marker of the
Deterioration of Apple Juice on Storage

Nicholas J. Miller,* Anthony T. Diplock, and Catherine A. Rice-Evans

Free Radical Research Group, Division of Biochemistry and Molecular Biology, UMDS - Guy’s Hospital,
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The total antioxidant activity (TAA) has been evaluated as a marker of the deterioration of apple
juice during storage. Unfortified juice, juice fortified with vitamin C, and an apple “drink” (6%
juice), to which vitamin C (300 ppm) is added during manufacture, were evaluated. Vitamin C
activity represented a minor fraction of the TAA (ca. 1%) of “longlife” apple juice, with chlorogenic
acid and phloretin glycosides as the major identifiable antioxidants (ca. 32% and 11% of the TAA,
respectively). Antioxidant activity ascribable to these substances was stable under the storage
conditions examined, whereas ascorbic acid added into the juice was unstable; in fortified whole
apple juice the TAA value correlated significantly with the decline in the ascorbic acid concentration,
while in the apple drink there was a direct relationship between TAA and ascorbate.
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INTRODUCTION

The major antioxidant constituents of apple juice are
the fruit polyphenols and ascorbic acid. In apples there
are six classes of polyphenol (Figure 1) (Lea and
Timberlake, 1974; Lea, 1978; Spanos et al., 1990;
Thompson et al., 1972; Oleszek et al., 1988; Whiting and
Coggins, 1975a,b). The anthocyanins and flavonol gly-
cosides are mainly found in the skin and might, how-
ever, be present in the juice. The phenolic acids are
chlorogenic acid and p-coumaroylquinic acid, which
belong to the cinnamate family. The dihydrochalcones
are phloretin glucoside (phloridzin) and xyloglucoside.
The main catechin is (—)-epicatechin, and the procya-
nidins are the 4-3-8-linked epicatechin series with some
mixed (+)-catechin/(—)-epicatechin. Of the other anti-
oxidants that occur naturally in foods, there is no
significant glutathione in apples (Jones et al., 1992) and
none in apple juice. On the other hand, fresh apples
may well contain up to 100 ppm of vitamin C, but during
processing into juice this is rapidly lost (Lea, 1992). The
addition of vitamin C prevents polyphenol oxidation, the
major source of browning of apple juice during process-
ing.

The biological role of the flavonoids and polyphenols
remains to be elucidated, but there is growing evidence
that an increase in dietary levels of these substances
may be of long-term benefit to human health. The daily
human intake of these polyphenols in the average
American diet has been estimated to be 1 g or more
(Kuhnau, 1976), which is significant since flavonoids
have been shown to influence a wide range of biological
functions. For example, in vitro, flavonoids scavenge
free radicals, e.g. superoxide ions (Robak et al., 1988)
and singlet oxygen and lipid peroxyl radicals (Sorata et
al., 1982). Polyphenols, including flavonoids, inhibit
5-lipoxygenase and cyclo-oxygenase (Laughton et al.,
1991) and lipid peroxidation (Kappus ef al., 1979) and
have diverse effects on immune and inflammatory cell
function (Decharneux et al., 1992). Flavonoids also have
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antihemolytic activities (Naim et al., 1976), inhibit
oxidation of low-density lipoprotein (LDL) by macro-
phages (De Whalley et al., 1990), and prevent cytotox-
icity of oxidized LDL on lymphoid cell lines (Negre-
Salvayre et al., 1992). In addition, flavonoids have been
reported to affect capillary permeability, cellular secre-
tory processes, cell membrane receptors, and carriers
(Negre-Salvayre et al., 1992). Mutagenic, antiviral,
antibactericidal, and antifungal properties of flavonoids
have also been demonstrated (Sichel et al., 1991). A
recent study by Hertog et al. (1993) showed that
flavonoids in regularly consumed foods such as tea,
onions, and red wine may reduce the risk of coronary
heart disease in elderly men.

The objectives of this study were to evaluate (i) the
relationship between the antioxidant content of apple
juice and its “total antioxidant activity” (TAA), (ii) the
stability of the antioxidants in apple juice on storage,
and (iii) the application of the TAA as a marker of the
deterioration of specific antioxidants on storage. The
importance of the TAA method in this respect is that it
can be used to detect the presence of unmeasured
antioxidants (or the existence of a synergistic relation-
ship between known antioxidants) (Miller et al., 1993;
Rice-Evans and Miller, 1994).

MATERIALS AND METHODS

Measurement of Total Antioxidant Activity (TAA).
The method for measuring total antioxidant activity (TAA)
estimates the relative ability of the antioxidant substance to
scavenge the radical cation of 2,2’-azinobis(3-ethylbenzothi-
azoline-6-sulfonate) (ABTS*") in the aqueous phase, as com-
pared to standard amounts of the synthetic antioxidant Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), the
water-soluble vitamin E analogue (Miller et al., 1993). This
is a measure of antioxidant activity, as opposed to antioxidant
concentration (which might include a proportion of biologically
inactive antioxidant). It also permits the measurement of the
antioxidant activity of mixtures of substances and, hence, can
distinguish between additive and synergistic effects if the
molar concentration of the contributing antioxidants is known.
The assay is based on the interaction between antioxidants
and the ABTS** radical cation, which has a characteristic long
wave absorption spectrum showing maxima at 645, 734, and
815 nm. ABTS*" can be generated by the interaction of ABTS
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Figure 1. Six classes of polyphenol found in apples.

(150 uM), HoO2 (375 uM), and metmyoglobin (2.5 uM). Anti-
oxidant compounds suppress the formation of ABTS** to an
extent and on a time scale dependent on the antioxidant
capacity of the substance under investigation. With auto-
mated timing and reagent additions, this precise and stable
assay has application to the measurement of the antioxidant
activity of pure solutions and of mixtures of substances in a
wide range of pharmacological and physiological situations.

Phosphate-buffered saline (5 mM) pH 7.4 (PBS), was used
as a buffer. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid, Hoffman-La Roche) (2.5 mM) was prepared
in PBS for use as an antioxidant standard. Working solutions
of hydrogen peroxide were prepared from stock Aristar H2O,
(BDH) after an initial dilution in PBS to a concentration of
500 mM. ABTS (5 mM) was prepared in PBS. Mixed ABTS/
myoglobin reagent was prepared so that on dilution by the
analyzer the reagents were at the desired concentration (2.5
uM metmyoglobin, 150 uM ABTS, 375 uM H0,, and 0.84%
sample fraction). Instrument settings-for the Cobas Bio
centrifugal analyzer are shown in Table 1. Using these
reagent concentrations, the end of the lag phase (i.e. the point
at which the absorbance at 734 nm started to increase) for
the 2.0 mM standard was at 170 s, which was taken as the
measuring time for AA734nm for all standards and analyticals.
Recovery of freshly added ascorbate (as antioxidant activity)
from both PBS and apple juice was checked and was found to
be 99 + 5% for PBS and 95 + 9% for apple juice (n = 3 in both
cases, at four levels of supplementation—150, 125, 75, and 30
ppm). Plots of the absorbance change in the assay for total
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Table 1. Protocol for the Measurement of Total
Antioxidant Activity (TAA) of Apple Juice with the
Cobas Bio Centrifugal Analyzer (Miller et al., 1993)

transfer 3.0 uL of sample apple juice or Trolox
standard
30 uL of water flushes transfer probe
300 uL of reagent (ABTS + metmyoglobin)
mix
read initial absorbance
transfer 25 4L HO» final concn 375 uM
mix H>0; starts reaction
incubate at 30 °C absorbance readings
every 10 s
read all cuvettes 170 s
plot AA734nm v8 Trolox concn  logit/log 4 curve fit

antioxidant activity using samples of apple juice and apple
Jjuice supplemented with four levels of ascorbic acid are shown
in Figure 2.

Trolox Equivalent Antioxidant Capacity (TEAC) of
Apple Juice Constituents. Data were obtained on the
Trolox equivalent antioxidant capacity (TEAC) of substances
present (or potentially present) in apple juice. The protocol
was as follows. A 10 mM solution of the pure substance was
prepared in ethanol or in PBS. This solution was analyzed
for TAA according to the protocol described above. Ifit proved
to have antioxidant activity, serial dilutions of the solution
were analyzed until an estimate was obtained of the Trolox
equivalent antioxidant capacity (the millimolar concentration
of a Trolox solution having the antioxidant capacity equivalent
to a 1.0 mM solution of the substance under investigation).
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Figure 2. Plots of the absorbance change in the assay for total
antioxidant activity using samples of apple juice and apple
juice fortified with ascorbic acid. Conditions: 2.5 #M metmyo-
globin, 150 xM ABTS, 375 uM H;0s; measuring time, 170 s
from the addition of HoO9; temperature, 30 °C. “Near 100%”
recovery of added ascorbic acid was measured in the fortified
samples. n = 3; mean + 1 SD shown.

At a minimum, three different dilutions of each stock solution
were analyzed in triplicate on three separate days (n = 3, i.e.
27 determinations in toto). The TEAC was calculated for each
dilution and the mean value of all the results calculated.

Due to its nonpolar nature, quercetin dissolved in ethanol
did not prove to be fully miscible with the reaction mixture.
This was reflected in poor agreement among triplicates
obtained when the TEAC was derived. Quercetin was there-
fore dissolved in 70% aqueous DMSO at a concentration of 5
mM and also diluted in DMSO to working initial concentra-
tions for assay (0.2, 0.3, and 0.4 mM). Dilutions of Trolox in
70% DMSO were then run as samples (in addition to Trolox
standards in PBS), and the figure derived for quercetin was
corrected for the value obtained for Trolox in DMSO; this
corrected figure is quoted under Results as the TEAC for
quercetin.

Measurement of Vitamin C. Total vitamin C (ascorbic
and dehydroascorbic acids) was measured according to the
method of Deutsch and Weeks (1965) (o-phenylenediamine
fluorescence). The dose—response curve obtained by this
method, plotting ascorbate (2—16 uM) vs relative fluorescence,
was linear and passed through the origin. The relationship
between the mass of ascorbic acid freshly added to apple juice
and the measured vitamin C concentration (n = 4, at three
levels over the range of the dose—response curve) showed that
analytical recovery was satisfactory (97 + 4%) (mean £ 1 SD).

Ascorbic acid was measured according to the ferrous chro-
mogenic method of Butts and Mulvihill (1975). This method
depends on the reduction of Fe!ll to Fe!! ions by ascorbate,
which is simultaneously converted to dehydroascorbate. The
formed Fell ions are subsequently reacted with a chelator
(Ferrozine), and the resulting complex is quantitated spectro-
photometrically with the Cobas Bio analyzer, using an incuba-
tion time of 10 s. Other slower acting reducing substances
may also generate Fell from Fe'”, but not to a significant extent
during the 10 s period under the reaction conditions used. The
iron/Ferrozine method quantitates only reduced ascorbic acid
and not dehydroascorbic acid (DHA). In the protocol used an
absorbance reading for a reagent blank was subtracted from
standard and sample readings. Standards were analyzed in
triplicate, and the dose—response curve (ascorbate concentra-
tion vs absorbance change) was taken as linear between the
mean standard value and the reagent blank. The validity of
this assumption was checked by analysis of apple juice to
which known amounts of ascorbate had been added. Recovery
of freshly added ascorbate from apple juice was found to be
98 + 3% (n = 3, at four levels of supplementation—30, 75, 125,
and 150 ppm).

Miller et al.

Table 2. Antioxidant Substances and Activity of Apple
Juice

type I apple juice type IT apple juice

mg/L mg/L
component (ppm) umolVL  (ppm)  umolL
A. Major Antioxidant Substances
chlorogenic acid 4 12 91 257
p-coumaroylquinic acid 1 3 23 68
phloridzin 1 2 8 17
phloretin xyloglucoside 1 2 14 30
epicatechin NDe 0.5 2
procyanidins ND ND
ascorbic acid 300 1700 2 11
B. Total Antioxidant Activity (TAA)

TAA 1807 1000

2 ND, not detected.

Measurement of Polyphenols. HPLC analyses of the
detailed phenolic composition of apple juice were carried out
by Dr. A. G. H. Lea, Reading Scientific Services, The Lord
Zuckerman Research Centre, Whiteknights, Reading, U.K.
(Lea, 1982).

Apple Juice Samples. The TAA and vitamin C and
polyphenol contents of two types of apple juice (type I, an apple
“drink” containing 6% juice fortified with 300 mg/L of vitamin
C; type 11, long life apple juice, which had no specified vitamin
C content) were investigated. The protocol used was as
follows: six cartons of apple juice (same batch) were opened;
75 ppm vitamin C was added to two cartons, 150 ppm vitamin
C was added to another two cartons, and two cartons were
left unfortified. Assay of the TAA, total vitamin C (OPD
fluoresence), and ascorbic acid (Ferrozine method) was per-
formed on all six cartons (day 1). Three cartons (0, 75, and
150 ppm vitamin C) were stored at room temperature, and
three cartons were stored under identical conditions but at 4
°C. Ondays 2, 3, 4, 5, and 10 the TAA, total vitamin C (OPD
fluoresence), and ascorbic acid (Ferrozine method) of all six
cartons were monitored. The experiment was repeated twice
(n = 3), each time with six cartons of apple juice from the same
batch.

RESULTS

Analysis of Antioxidant Content of Apple Juice.
The results of the analysis of the phenolic and ascorbic
acid composition of the apple juice, together with the
TAA value for each juice (Table 2), show that vitamin
C activity was the major contributor to the TAA in the
type I drink, whereas in the unsupplemented type 1I
juice it represented only a very minor fraction of the
TAA, with phenolic compounds as the major identifiable
antioxidants. The antioxidant with the highest concen-
tration in whole apple juice (type II) was the hydroxy-
cinnamate chlorogenic acid—present at 257 umol/L.
p-Coumaroylquinic acid, which is structurally related
to chlorogenic acid—differing only in the lack of the
3-OH group—was present at 68 umol/L. The flavonol
glycosides, phloretin glucoside (phloridzin) and phloretin
xyloglucoside, were the main flavonoid polyphenols
present. A trace amount of (—)-epicatechin was de-
tected. Other flavan-3-ols (such as catechin and the
gallocatechins), which may have been present in the
freshly expressed apple juice, were not detectable,
presumably due to loss in the manufacturing process.
The same applies to the procyanidins and flavonols
(such as quercetin), which were not detectable in this
type of apple juice.

The polyphenol content of type I juice was compatible
with its being a ca. 5% dilution of a juice such as the
type II, but with 300 ppm of vitamin C added. The
chlorogenic acid content of the type I juice was 12 umol/
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Table 3. Trolox Equivalent Antioxidant Capacity (TEAC)
Values of Apple Juice Constituents, Including Phenolic
Acids and Other Antioxidants Reportedly Present in
Apple Juice?
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Table 4. Relative Contribution of Antioxidant
Substances to the TAA of Apple Juice (Based on TEAC x
Concentration for Each Substance as a Percentage of the
TAA)

substance TEAC n SD
ascorbic acid 0.99 5 0.04
dehydroascorbic acid 0.00 3
benzoic acid 0.00 3
chlorogenic acid 1.24 6 0.02
caffeic acid 1.26 3 0.01
ferulic acid 1.90 9 0.02
protocatechuic acid 1.19 7 0.04
cinnamic acid 0.00 4
quercetin 4.72 6 0.10
rutin (quercetin 3-rutinoside) 2.42 7 0.12
phloridzin 2.38 6 0.21
epicatechin 2.50 6 0.02
catechin 2.40 9 0.05
cyanidin 4.42 5 0.12
citric acid 0.00 3
malic acid 0.00 3
tartaric acid 0.00 3
lactic acid 0.00 3
aspartic acid 0.00 3
asparagine 0.00 3
y-aminobutyric acid 0.00 3
alanine 0.00 3
serine 0.00 3
proline 0.00 3
fructose 0.00 3
glucose 0.00 3
sucrose 0.00 3
sorbitol 0.00 3

@ Analyses were carried out on solutions of pure antioxidants.
b TEAC, millimolar concentration of a Trolox solution having the
antioxidant capacity equivalent to 1.0 mM solution of the sub-
stance under investigation.

L, which is 4.7% of the chlorogenic acid content of the
type II juice. Only trace amounts of the phloretin
glucosides were detected. The higher TAA value of the
type I juice (1807 umol/L, as opposed to 1000 gmol/L) is
attributable to its enhanced vitamin C content.

To calculate the relative contribution of these con-
centrations of antioxidant substances to the TAA of the
juices, the relative antioxidant activity of each com-
pound was measured. The TEAC results for apple juice
constitutents are shown in Table 3. By this method
quercetin (TEAC = 4.72) proved to be the most powerful
antioxidant potentially present in the apple juices
(derived from the skins). Epicatechin (TEAC = 2.50)
and phloridzin (TEAC = 2.38) were approximately half
as active as antioxidants as quercetin (but still much
more active than vitamin C). Chlorogenic acid (TEAC
= 1.24) was also found to be a more active antioxidant
than ascorbic acid (TEAC = 1.0); because of its relatively
high concentration in the whole apple juice, chlorogenic
acid was the most significant antioxidant present in the
type II juice (see below and Table 4). Dehydroascorbic
acid was found to have no antioxidant activity, as was
the case with benzoic acid and in total 17 of the 29
substances tested known to be present in apple juice
(see Table 3).

Relative Contribution of Antioxidant Substances
to the TAA of Apple Juice. The relative contribution
of the different antioxidants to the TAA of apple juice
can be derived by multiplying the TEAC of each
substance by its molar concentration in the juice and
expressing this figure as a percentage of the TAA. The
results of these calculations are shown in Table 4.

Chlorogenic acid and p-coumaroylquinic acid together
constituted 38.7% of the TAA of type II juice. Chloro-
genic acid was thus the major single antioxidant in

% contribution to the TAA

substance type I juice type II juice

ascorbic acid 94.1 1.0
chlorogenic acid 1.0 31.9
p-coumaroylquinic acid® 0.2 6.8
phloretin glucosides® 0.5 11.2
epicatechin 0.5
remaining activity 4.2 48.6

(unmeasured substances

or synergistic

interactions

@ Assuming a TEAC of 1.0. ® Phloridzin + phloretin xylogluco-
side.

whole apple juice. Phloridzin and phloretin xylogluco-
side constituted 11.7% of the TAA, while ascorbic acid
contributed 1.0% to the TAA of this unsupplemented
juice. Ascorbic acid constituted 94.1% of the TAA of the
apple drink (type I), which was diluted apple juice that
had been supplemented with vitamin C. Since dehy-
droascorbic acid is not an antioxidant (TEAC = 0), the
small amount present in both juices made no contribu-
tion to the TAA.

Unaccounted for were 4.2% of the observed TAA of
type I juice and 48.6% of the observed TAA of the type
IT juice. This residual activity in the latter may have
been due to either unmeasured substances in the juice
or synergistic interactions between the measured com-
ponents.

Fortification of Apple Juice with Vitamin C.
Long life apple juice (designated type II) was fortified
with ascorbic acid and tested during storage for 10 days
at 4 °C and at room temperature. The results are
depicted in Figures 3—5. The aim was to compare the
recovered added antioxidant activity with the mass of
added ascorbic acid, as a function of time and conditions
of storage, so providing an estimate of the stability of
the antioxidant content of apple juice under defined
conditions as well as the antioxidant reactive material
per unit of juice.

Figure 3A shows the measured change in the TAA of
fortified and unfortified apple juice at room temperature
over a 10 day period, while Figure 3B indicates the
change at 4 °C. Figure 4 shows the changes in total
ascorbate (OPD fluorescence) at room temperature and
at 4 °C over a 10 day period.

Figure 5 depicts the changes in ascorbic acid (iron/
Ferrozine method) at room temperature and at 4 °C over
a 10 day period. Since the OPD fluoresence method
measures total ascorbate and the iron/Ferrozine method
measures ascorbic acid only, the difference between the
two values for individual samples is equal to the
dehydroascorbic acid content. Figure 5C plots the rise
and fall in dehydroascorbic acid content (calculated as
total ascorbate — ascorbic acid) in fortified and unforti-
fied apple juice over 10 days at room temperature, while
Figure 5D shows the rise and fall in dehydroascorbic
acid content in fortified and unfortified apple juice over
10 days at 4 °C. Dehydroascorbic acid does not have
antioxidant activity (Table 3) and therefore does not
contribute to the total antioxidant activity. A decline
in dehydroascorbic acid (see Figure 5C) represents
irreversible hydrolysis of its ring structure with the
formation of diketogulonic acid.

These results demonstrated the relative stability of
the antioxidant activity of unfortified whole apple juice
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Figure 3. Effect of storage at (A) room temperature and (B)
4 °C for 10 days on the total antioxidant activity (TAA) of apple
juice (type II) (O0) without additional vitamin C fortification,
(a) fortified with 75 ppm vitamin C, and (®) fortified with 150
ppm vitamin C.

both at room temperature and at 4 °C over a 10 day
period (Figure 3). This is consistent with our observa-
tion that pure solutions of chlorogenic acid are stable
for at least 10 days (data not shown). The antioxidant
activity of ascorbate-fortified whole apple juice declined
progressively over 10 days, somewhat more rapidly at
room temperature than at 4 °C. The total ascorbate
content of unfortified whole apple juice was low (55 - 8
umol/L or 9 ppm), of which only 18% was ascorbic acid
(10 &+ 2 umol/L or 1.6 ppm). This explains why the total
ascorbate of unfortified apple juice did not show a
significant decline during 10 days of storage and un-
derscores the fact that this type of apple juice is a poor
dietary source of vitamin C. The ascorbic acid content
of fortified apple juice showed a progressive decline over
the 10 day storage period at both temperatures, while
the dehydroascorbic acid content showed a concomitant
rise.

The same determinations were carried out on type I
juice (without additional vitamin C supplementation),
and a comparison of the changes over a 10 day period
in the ascorbate, dehydroascorbate, and TAA of unforti-
fied type I and type II juices is shown in Table 5. The
decline in the TAA and ascorbic acid content of type I
at room temperature was virtually 100% at room
temperature over 10 days.

Miller et al.
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Figure 4. Effect of storage at (A) room temperature and (B)
4 °C for 10 days on the vitamin C content of apple juice (type
IT) (O) without additional vitamin C fortification, (A) fortified
with 75 ppm vitamin C, and (@) fortified with 150 ppm vitamin
C. n = 4; mean + 1 SD shown.

DISCUSSION

The suppression of ABTS'* formation is a reproduc-
ible and practical way to estimate antioxidant activity.
By comparison with Trolox we have demonstrated a 20-
fold range of molar antioxidant activities (Trolox equiva-
lent antioxidant capacity or TEAC values) among plant-
derived flavonoids (Rice-Evans et al., 1995). Asis shown
in this work, TAA measurement can also be used to
analyze mixtures of antioxidants in food matrixes.

These results indicate that vitamin C activity was the
major contributor to the TAA of the type I drink and
that in the type II juice vitamin C represented only a
very minor fraction of the total antioxidant activity, with
cinnamic acids as the major identifiable antioxidants.
The TAA and ascorbic acid concentrations of all samples
showed a highly significant correlation (Figure 6, P <
0.001, paired ¢-test). The TAA value at the y-intercept
in Figure 6 (where ascorbate = 0) is approximately
equal to the original TAA of the unsupplemented juice.
A substantial percentage of the TAA in whole apple juice
(type II) was unaccounted for: the correlation between
the TAA and the ascorbic acid concentrations in these
samples suggests that this fraction represents either the
presence of unmeasured antioxidants or an augmenta-
tion of activity due to a synergistic interaction between
polyphenol components.

Glucose, fructose, sucrose, and sorbitol are the main
carbohydrates found in apple juice. Major organic acids
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Figure 5. Effect of storage at (A and C) room temperature and (B and D) 4 °C for 10 days on the ascorbic acid content of apple
Jjuice (type II) (O) without additional vitamin C fortification, (a) fortified with 75 ppm vitamin C, and (®) fortified with 150 ppm

vitamin C.

Table 5. Changes in the Antioxidant Composition of Apple Juice on Storage: Comparison of Type I and Type II Apple

Juices®
room temp 4°C
apple juice ascorbic acid, dehydroascorbic acid, TAA, ascorbic acid, dehydroascorbic acid, TAA,
and day uM (£ SD) uM (+ SD) uM (£ SD) 4M (£ SD) uM (£ SD) uM (£ SD)
type I
day 0 1700 (+65) 23 (£11) 1807 (+ 24.) 1700 (£ 65) 23 (£11) 1807 (£ 24)
day 4 721 (£ 10) 79 (£ 3) 893 (+ 56) 1684 (£ 47) 25 (£ 13) 1909 (£ 77)
day 9 5(x1) 327 (£ 48) 0 1304 (£ 19) 231 (£ 9) 1329 (£ 23)
type II
day 0 10(+2) 45(x=7) 974 (£ 62) 10(+2) 45 (£ 5) 974 (£ 62)
day 4 7(+2) 37(x3) 991 (£ 61) 7(£2) 34 (£3) 1024 (£ 60)
day 9 7(£2) 34 (£ 5) 1014 (£ 69) 7(£1) 36 (£ 3) 1042 (+ 66)

2 Mean values = 1 SD shown (n = 3).

include malic acid (which is structurally closely related
to the glucoside moiety of chlorogenic acid) and citric
acid, while asparagine is the predominant amino acid
(893 ppm or 6760 yumol/L). Aspartic acid, y-aminobu-
tyric acid, alanine, and serine are also relatively abun-
dant components of apple juice (Lea, 1991). Total
phenolic compounds, including chlorogenic acid, are
present at ca. 500 ppm, or approximately 1400 umoV/L,
in freshly expressed apple juice. Apart from the phe-
nolic compounds, which are demonstrated here to pos-
sess widely varying levels of antioxidant activity against
radicals in the aqueous phase (as judged by their
scavenging of ABTS**), none of this heterogeneous group
of substances is an antioxidant. Chlorogenic acid has
been identified as the principal antioxidant of apple

juice, contributing 32% of the TAA. This substance is
present in apple juice in high concentration and has a
TEAC value greater than that of ascorbic acid. The
presence of chlorogenic acid and other antioxidants in
apple juice will enhance both the nutritional value of
the juice and its storage capacity in an oxidative
environment.

Kuhnau (1976) described the flavonoid phenolics
found in apple juice. Many of these substances originate
in the skin of the apple and are found to various extents
in the freshly expressed juice. They include flavonols
(quercetin galactoside, arabinoside, glucoside, and rham-
noside) and anthocyanins (cyanidin as the galactoside,
arabinoside, arabinosylgalactoside, and glucoside) (Dick
et al., 1987) which are responsible for the red color in
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Figure 6. Correlation between TAA (uM) and ascorbate
concentration (uM) in apple juice (all samples): unfortified/+
75 ppm vitamin C/4+ 150 ppm vitamin C/+ 300 ppm vitamin
C—freshly opened/stored at room temperature/stored at 4 °C.
R? =0.903. P < 0.001 (*** paired ¢-test).

apple skin. As well as chlorogenic acid, the flesh of the
apple contains catechin, epicatechin, and the gallocat-
echins and epigallocatechins and also a series of bifla-
vans (procyanidins Ai, As, By, Be, and By) (Lea and
Timberlake, 1978). Anthocyanidins and other biflavans
that may have been present in the freshly expressed
juice are more readily oxidized and precipitated than
chlorogenic acid and the cinnamics (Siegelman, 1955)
and hence less likely to survive through a manufactur-
ing process in sufficient quantities to be detected in the
final juice product. Phloridzin in apples is derived from
the core tissue and seeds (Durkee and Poapst, 1965):
of the flavonols in the apple juice examined above, the
most significant amounts were of phloridzin (phloretin
glucoside and xyloglucoside).

Storage at room temperature rather than 4 °C is
unlikely to affect the phenolic composition of apple juice
over a 10 day period. Spanos ef al. (1990) reported that
a high temperature during initial processing (by diffu-
sion extraction) produced up to a 5-fold increase in the
recovery of phloretin glucosides as compared to that
obtained in a conventionally pressed juice without
temperature elevation. These authors also reported
total loss of procyanidins, 60% loss of phloridzin and
quercetin, and 36% loss of cinnamics over a 9 month
storage period, together with (hydroxymethyl)furfural
formation in a “browning” reaction.

The TAA of the diluted apple drink and its ascorbic
acid activity (which is the major contributor to the TAA
of type I juice) did not survive 10 days of storage at room
temperature and were poorly maintained at 4 °C. In
contrast, the TAA of whole apple juice (type II) was
maintained well after 10 days of storage at both tem-
peratures. Ascorbic acid levels fell more rapidly that
total vitamin C levels (ascorbic acid + dehydroascorbic
acid) both at room temperature and at 4 °C in vitamin
C fortified juice. This demonstrates the importance of
the presence of stable antioxidants (such as chlorogenic
acid and the phloridzins) in apple juice for the mainte-
nance of antioxidant quality after package opening. The
presence of phloridzin in apple tissue has previously
been associated with suppressing firmness loss in apples
(Oleszek et al., 1988) and with “brown core” discoloration
during cold storage (Durkee and Poapst, 1965) and was
identified in apple juice by Lea and Timberlake (1974).

Vitamin C activity, however, represents a small part
of the antioxidant activity of processed apple juice,
unless the juice is fortified with vitamin C on packaging.
In this work it was found that such exogenous vitamin
C was readily oxidized after package opening, particu-

Miller et al.

larly at room temperature, although it was relatively
well maintained at 4 °C for 10 days. In those cases
where the TAA had been augmented by fortification of
the juice with vitamin C, the results showed that the
decline in the TAA on storage correlated well with the
decline in the ascorbic acid concentration (R2 0.903, ***
P < 0.001, paired ¢-test).
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