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Generation of Reactive Oxygen Species by Interaction between
Antioxidants Used as Food Additive and Metal Ions

Yusuke Iwasakr™, Momoko Opa, Yuri Tsukupa, Yuki NAGAMORI,
Hiroyuki Nakazawa, Rie ITo and Koichi Sarro

Department of Analytical Chemistry, Hoshi University School of Pharmacy and Pharmaceutical Sciences:
2-4-41 Ebara, Shinagawa-ku, Tokyo 142-8501, Japan;
* Corresponding author

Food additives, such as preservatives, sweeteners, coloring agents, and flavoring agents, are
widely used in food manufacturing. However, their combined effects on the human body are not
known. The purpose of this study was to examine whether combinations of antioxidants and metal
ions generate reactive oxygen species (ROS) under in vitro conditions using electron spin resonance
(ESR). Among the metal ions examined, only iron and copper generated ROS in the presence of an-
tioxidants. Moreover, certain phenolic antioxidants having pro-oxidant activity induced DNA oxida-
tion and degradation via the generation of high levels of ROS in the presence of copper ion, result-

ing in complete degradation of DNA in vitro.

(Received December 24, 2013)

Key words: antioxidant; food additive; metal ion; oxidative stress; reactive oxygen species

Introduction

Food additives, such as preservatives, sweeteners, col-
oring agents, and flavoring agents, are commonly used
in food manufacturing. The use of food additives is regu-
lated by the Ministry of Health, Labour and Welfare in
Japan, based on doses determined not to adversely affect
human health by the Food Safety Commission.

Food additives are classified as specified additives and
existing additives. Existing additives are additives that
have been used for a long time in Japan. However, madder
color, a food coloring extracted from the roots of Rubia
tinctorum L., has been deleted from the list of existing
additives because it was reported to induce renal carci-
nogenesis™ ? following a re-evaluation of food additives.
The European Food Safety Authority (EFSA) has initiat-
ed an internal mandate for preparing refined exposure
calculations for food colors re-evaluated since 2010*"*2,

The FAO/WHO dJoint Expert Committee on Food Addi-
tives (JECFA) and the Joint FAO/WHO Meeting on Pes-
ticide Residues (JMPR) determine the acceptable daily
intake (ADI) based on all the facts available at the time

* jwasaki@hoshi.ac.jp

*!1 Commission Regulation (EU) No. 257/2010 of 25 March
2010 setting up a programme for the re-evaluation of ap-
proved food additives in accordance with Regulation (EC)
No. 1333/2008_of the European Parliament and of the
Council on food additives.

Food additive re-evaluations given fresh impetus with new
call for data, 27 March 2013, http://www.efsa.europa.ew/en/
press/news/130327.htm

#2

of evaluation. JECFA generally sets ADI values based
on the lowest relevant no-observed-adverse-effect level
(NOAEL) in the most sensitive test species. The ADI
values for food additives are commonly derived from
NOAEL values in long-term in vivo studies in animals.
To derive an ADI value, a safety or uncertainty factor
(commonly 100) is applied to the NOAEL in the most
sensitive test species. However, unexpected effects
caused by combined reactions may arise, because the
ADI is determined for single compounds. There are
many components in food and drink; thus, it is quite
likely that interactions occur in the human body.

In our previous study, we found that phenolic com-
pounds with antioxidant activity react with metal ions
(particularly copper ion), generating reactive oxygen
species (ROS)”. Caffeic acid (CaA), a phenolic com-
pound, reacted with sodium nitrite in artificial gastric
juice, forming new products via generation of reactive
nitrogen species (RNS)”.

Antioxidants are added to many foods to prevent the
degradation of food components and degradation or fad-
ing of food colors. Generally speaking, antioxidants scav-
enge ROS and inhibit ROS-induced oxidative DNA dam-
age. However, phenolic compounds are redox agents and
can act as pro-oxidants under certain conditions. It
seems likely that this is also the case for other antioxi-
dants.

The purpose of this study was to examine the interac-
tion of antioxidants with metal ions in vitro, using elec-
tron spin resonance (ESR), in order to determine wheth-
er these is a potential risk to human health.
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Materials and Methods

1. Chemicals and reagents

The chemical structures of the antioxidants used in
this study are shown in Fig. 1. L-Ascorbic acid (Asc) was
obtained from Kanto Chemical (Tokyo, Japan). 3,4-Dihy-
droxycinnamic acid (caffeic acid; CaA), trans-4-hydroxy-
3-methoxycinnamic acid (ferulic acid; FA), gallic acid
(GA), glyeyrrhizin (Gly), y-oryzanol (Ory), quercetin di-
hydrate (Que), rutin (Rut), p-tocopherol (Toc), and
2,6-di-t-butyl-4-methylphenol (butylhydroxytoluene;
BHT) were obtained from Wako Pure Chemical Indus-
tries (Tokyo, Japan). Carnosic acid (Car), (-)-catechin
(Cat), chlorogenic acid (ChA), eugenol (Eug), phytic acid
(PA), sesamin (Semin), sesamol (Semol), and 4-hydroxy-
3-tert-butylanisole (BHA) were purchased from Tokyo
Chemical Industry (Tokyo, Japan).

Sodium chloride (Na™), magnesium chloride (Mg®"),
potassium chloride (K¥), calcium chloride (Ca®"),
manganese(Il) acetate tetrahydrate (Mn®"), manganese(IV)
oxide (Mn'"), iron(III) chloride (Fe®™), copper(I) chloride
(Cu™), and zinc chloride (Zn*") were purchased from
Wako Pure Chemical Industries. Chromium(III) chloride
hexahydrate (Cr**), ammonium iron(II) sulfate hexahy-
drate (Fe®*) and copper(Il) sulfate pentahydrate (Cu®")
were obtained from Kanto Chemical.

a-(4-Pyridyl-1-oxide)-N-tert-butylnitrone (POBN) as a
spin-trapping reagent and 1,1-diphenyl-2-picrylhydrazyl

%j@“
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Chlorogenic a
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(DPPH) were obtained from Tokyo Chemical Industry.
Dimethyl sulfoxide (DMSO), hydrogen peroxide (30%),
and nuclease P1 were obtained from Wako Pure Chemi-
cal Industries. Ethylenediamine-N,N,N',N'-tetraacetic
acid, disodium salt (EDTA) and bathocuproinedisulfonic
acid disodium salt (BCS) were obtained from Dojindo
Laboratories (Kumamoto, Japan). Catalase (CAT), defe-
roxamine mesylate salt (DFO), deoxyribonucleic acid
sodium salt from calf thymus, phosphatase alkaline
from bovine intestinal mucosa, 2'-deoxyguanosine (dG),
and 8-hydroxy-2'-deoxyguanosine (8-OHdG) were ob-
tained from Sigma (Tckyo, Japan). 2-Deoxyguanosine-
B0, PN, (dG-PCL,"Ny) and 8-hydroxy-2'-deoxyguanosine-
B0, PN, (8-OHAG-C,,"N,) used as an internal standard
(IS) were purchased from Toronto Research Chemicals
(Toronto, USA).

Ultrapure water was provided by a Milli-Q integral 3
system. Other chemicals and solvents were obtained from
Wako Pure Chemical Industries.

2. DPPH radical-scavenging activity

The modified DPPH method was used for determina-
tion of antioxidant activitys)’ Y DPPH radical solution
(0.1 mmol/L) was prepared in methanol and the antioxi-
dants were diluted with methanol to concentrations
ranging from 0.1 to 2 mmol/L.. In a 1.5 mL disposable
tube, the prepared DPPH (200 ulL) solution was added to
a sample of diluted antioxidant (200 uL). The mixed
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Fig.1. Chemical structures

of antioxidants examined
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Table 1. MRM conditions for 2'deoxyguanosine and 8-hydroxy-2'deoxyguanosine
Compound Precursor ion Product ion Cone voltage Collision energy
P (mlz) (miz) \% (&V)
2" .Deoxyguanosine 268.1 152.0 25 11
2" -Deoxyguanosine-"*C,,”*N, 271.1 155.0 25 11
8-Hydroxy-2' -deoxyguanosine 283.9 167.9 17 13
8-Hydroxy-2' -deoxyguanosine-"C,,"" N, 286.9 170.9 17 13

samples were incubated for 30 min at 40C. Then, the
absorbance was measured at 540 nm with a BIO-RAD
iMark™ microplate reader. The effect of antioxidants on
DPPH absorbance was estimated. DPPH scavenging ac-
tivity was determined according to the following equa-
tion: % scavenging activity=[Abs. (control)—Abs. (sam-
ple)1/[Abs. (control)—Abs. (ascorbic acid)] X 100. DPPH
plus ascorbic acid (10 mmol/L) was used as a positive
control. The values of the effective concentration (con-
centration able to inhibit 50% of the oxidation (ECs))
were calculated from the inhibition percentage.

8. Electron spin resonance measurement of hydroxyl rad-
ical

The ESR method was used for the determination of
hydroxyl radicals (OH)™ ¥ Instead of directly trapping
"OH, this method utilizes POBN to trap methyl radical
("CH,) that is formed by the interaction of DMSO with
'OH, and measures the trapped "CH; Moreover, this
method can detect "OH, which is not affected by copper
ion. The analysis of 'CH; was carried out with an ESR
spectrometer (JES-RE1X, JEOL Co., Tokyo, Japan). The

Table 2. Antioxidant activities of phenclic compounds as

assessed by DPPH assay

Antioxidant EC; Antioxidant EC;,
compound (umol/L) compound (pmol/L)
Asc 109 Ory 196
CaA 106 PA 2,295
Ca 96 Que 49
Cat 64 Rut 57
ChA 111 Semin N.A.
Eug 82 Semol 135
FA 133 Toc 129
GA 37 BHA 89
Gly NA. BHT 128

Final DPPH concentration was 50 pmol/L. N.A.: no activity

ESR spectrum was measured at a microwave frequency
of 9.43 GHz, a magnetic field of 336.02=5 mT, a micro-
wave power of 9.0 mW, a modulation of 100 kHz, a time
constant of 0.03 s, and a sweep time of 30 s, using the
ESR spectrometer. The spectra of the samples were
scanned to record the signal intensities (peak-to-peak
heights).
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Fig. 2. Effect of various metal ions on pro-oxidant activities

Data are means+8.D. (n=3).
N.D.: not detected.

The sample solution (0.3 mL) containing phosphate-buffered saline (pH 7.4), POBN (10 mmol/L), DMSO (10%), antiox-
idant (1 mmol/L), and metal ion (1 mmol/L) was incubated at 40°C for 30 min, and then the ESR spectrum was mea-
sured under the conditions as described in Materials and Methods.
1. Control {methanol); 2. Ascorbic acid; 3. Caffeic acid; 4. Carnosic acid; 5. Catechin; 6. Chlorogenic acid; 7. Eugenol;
8. Ferulic acid; 9. Gallic acid; 10. Glycyrrhizin; 11. y-Oryzanocl; 12. Phytic acid; 13. Quercetin; 14. Rutin; 15. Sesamin;
16. Sesamol; 17. y-Tocopherol; 18. 4-Hydroxy-3-tert-butylanisole; 19. Butylhydroxytoluene

6 7 8 9 10111218 1415161718 18
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Fig. 2. Continued

A typical reaction mixture for incubation at 40C for 4. DNA digestion and determination of dG and 8-OHdG
30 min consisted of phosphate-buffered saline (pH 7.4), In order to prevent the formation of oxidative by-prod-
POBN (10 mmol/L), DMSO (10%), antioxidant (1 mmol/L),  ucts during DNA isolation, DNA was digested by using a
metal ion (1 mmol/L), and hydrogen peroxide (10 mmol/L)  slightly modification of our previous method®”. Calf
in a final volume of 0.3 mL. thymus DNA (2 mg/mL, 0.4 mL) was incubated at 40T

for 30 min after addition of 0.05mL of antioxidant
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Comparison of pro-oxidant activities in artificial gastric and intestinal juice

The sample solution (0.3 mL) containing artificial gastric or intestinal juice, POBN (10 mmol/L), DMSO (10%), antiox-
idant (1 mmol/L), and metal ion (1 mmol/L) was incubated at 40°C for 30 min, and then the ESR spectrum was mea-
sured under the conditions as described in Materials and Methods.

1. Control (methanol); 2. Ascorbic acid; 3. Caffeic acid; 4. Carnosic acid; 5. Catechin; 6. Chlorogenic acid; 7. Eugenol;
8. Ferulic acid; 9. Gallic acid; 10. Glycyrrhizin; 11. y-Oryzanol; 12. Phytic acid; 13. Quercetin; 14. Rutin; 15. Sesamin;
16. Sesamol; 17. y-Tocopherol; 18. 4-Hydroxy-3-tert-butylanisole; 19. Butylhydroxytoluene

(1 mmol/L), 0.05 mL of Cu*" (1 mmol/L), 0.05 mL of hy-
drogen peroxide (10 mmol/L), and 0.45 mL of phosphate-
buffered saline (pH 7.4). The treated calf thymus DNA
was immediately centrifuged at 10,000Xg for 5 min at
10T after addition of 0.3 mL of Nal (7.6 mol/L) and
0.5 mL of 2-propanol. The pellet was washed with 40%
2-propanol and 70% ethanol, and then dissolved in
0.20 mL of sodium acetate buffer (20 mmol/L, pH 4.8)
before adding 10 uL of internal standard (2 mmol/L dG-
BC,, PN, and 20 pmol/L 8-OHAG-"°C,,”*N,). DNA was en-
zymatically hydrolyzed by adding 5.0 ul. of nuclease P1
(500 units/mL). The mixture was incubated at 60C for
15 min. After the addition of 20 yL of 1.0 mol/L Tris—HCI
buffer (pH 8.0), 5.0 uLi of alkaline phosphatase (1,000
units/mL) was added. The mixture was incubated at
40T for 60 min and then passed through a 3,000 NMWL
filter (Millipore, Tokyo, Japan). The digested solution
was injected into the column-switching LC-MS/MS in-
strument for 8-OHdG and dG analysis.

LC-MS/MS analyses were performed using an Alliance
HPLC system (Waters, Japan). On-line solid-phase ex-
traction was accomplished on a Shodex ODP-50 4B col-
umn (50 mm X 4.6 mm, 5 pm; Showa Denko, Japan) and
analyte separation was achieved on a Shiseido Capcell

Pak C18 MGII column (250 mm X 2.0 mm, 5 pm; Shisei-
do, Japan). Column temperature was maintained at 40C
and the flow rate was set to 0.2 mL/min. The sample ex-
tract was injected onto the precolumn, which was
flushed with 20 mmol/L. acetate buffer (pH 4.7) at a flow
rate of 0.3 mL/min. Mobile phases for separation were
(A) water, (B) methanol, and (C) 100 mmoV/L acetic acid.
A gradient program was used as follows: 0-9 min, 5% B
and 5% C; 9-10 min, 5-90% B and 5% C; 10—14.5 min,
90% B and 5% C; 14.5-15 min, 90-5% B and 5% C; 15—
20 min, 5% B and 5% C. Autosampler temperature was
set to 4C and 30 uL, was injected.

MS/MS detection was performed with a Micromass
Quattro micro API triple quadrupole mass spectrometer
(Waters) equipped with an electrospray ionization (ESI)
source operating in the positive mode. The optimization
results for the two most abundant ion transitions of ana-
lytes in the multiple reaction monitoring (MRM) mode
are given in Table 1. The following optimum conditions
were set: source temperature 120C and desolvation tem-
perature 500C. Cone and desolvation gas flow rates
were set at 50 and 450 L/h, respectively.
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Data are means+=3.D. (n=3).

The sample solution (0.3 mL) containing phosphate-buffered saline (pH 7.4), POBN (10 mmol/L), DMSO (10%), chela-
tor (10 mmoVl/L), antioxidant (1 mmol/L), and metal ion (1 mmol/L) was incubated at 40°C for 30 min, and then the
ESR spectrum was measured under the conditions as described in Materials and Methods.

Control, methanol; Car, carnosic acid; Que, quercetin; EDTA, ethylenediamine-N,N,N',N'-tetraacetic acid; BCS, batho-
cuproinedisulfonic acid; DFO, deferoxamine mesylate; CAT, catalase

5. Agarose gel electrophoresis of DNA

Electrophoresis was performed on 2% agarose gel in
the presence of Tris—acetate buffer (40 mmol/L Tris
base, 20 mmol/L: acetic acid, and 1 mmol/L. EDTA; pH
8.0) and 0.5 pg/mL ethidium bromide. Treated DNA
samples in sample buffer containing 5% glycerol and
0.001% bromophenol blue were applied to the well. DNA
fragments were separated by electrophoresis at 100V
for 1 h and detected with a UV transilluminator.

Results and Discussion

1. Assessment of antioxidant activities of antioxidants
used as food additives

Antioxidant activities were measured by the DPPH
method, which is a well established method for evaluat-
ing antioxidant activity. Freshly prepared DPPH solution
has a deep purple color with an absorption maximum at
517 nm. This color generally disappears in the presence
of an antioxidant. The scavenging effect of antioxidants
on DPPH free radicals is summarized in Table 2. All the
antioxidants showed strong antioxidant activities with

the exception of Gly, PA, and Semin. Active compounds
having more than one hydroxyl group on the aromatic
ring, such as Cat, GA, Que, and Rut, tended to have high
antioxidant activity.

Antioxidant activity blocks ROS-mediated damage
(through radical scavenging) and/or suppresses the gen-
eration of ROS (by binding metal ion). Further, DPPH
radical-scavenging activity was correlated with hydro-
gen peroxide-scavenging activity”. Dihydroxy substitu-
tion of phenolic compounds, i.e., an ortho-dihydroxy
structure (catechol structure) of the B-ring, which pos-
sesses electron-donating properties and is a radical tar-
get, is important for antioxidant activity®.

2. Effect of interaction between antioxidants and metal
ions on generation of reactive oxygen species

Minerals and trace elements are necessary for many
physiological and biological functions. Iron, the most
abundant transition metal in biological tissues, is an es-
sential component of many important metalloproteins.
Copper is a component of several metalloenzymes. Zinc
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Data are means+=S.D. (n=23).

The sample solution (0.3 mL) containing phosphate-buffered saline (pH 7.4), POBN (10 mmol/L), DMSO (10%), antiox-
idant (1 mmol/L), copper ion (1 mmol/L), and hydrogen peroxide (10 mmol/L) was incubated at 40°C for 30 min, and
then the ESR spectrum was measured under the conditions as described in Materials and Methods.

is implicated in the function of more than 200 enzymes.
These minerals and trace elements are found not only in
dietary foods but also in food supplements.

There are several methods for free radical determina-
tion, including fluorescence” and liquid chromatogra-
phyS). However, we selected ESR because it is specific
and reliable. We measured ROS generated by the inter-
action between antioxidants and metal ions by ESR and
evaluated the pro-oxidant activities of chromium, man-
ganese, iron, copper, zine, sodium, magnesium, potassi-
um, and calcium. Among them, only iron (Fe*™ and Fe*")
and copper (Cu® and Cu®") generated ROS by interact-
ing with antioxidants. Copper (Cu™ and Cu®") ions had
the highest pro-oxidant activity (Fig. 2).

In our second series of experiments, the antioxidants
were reacted with Fe®* or Cu®” in artificial gastric or in-
testinal juice. Low levels of ROS were generated by al-
most all antioxidants in the presence of Fe®™ in artificial
intestinal juice. In the presence of Cu’", substantial
amounts of ROS were generated from Asc and Car, but
not from other antioxidants, in artificial intestinal juice
(Fig. 8). In gastric juice, no ROS generation was ob-
served. ROS such as superoxide anion and hydroxyl rad-
ical are generated by degradation of hydrogen peroxide
under alkaline conditions”.

The effects of chelators and enzymes on ROS genera-
tion were next examined. EDTA, bathocuproinedisulfon-
ic acid (BCS; a specific Cu™ chelator), deferoxamine me-
sylate (DFO; a specific Fe** chelator)'”, and catalase
(CAT; H,0, scavenger) decreased ROS generation in-
duced by antioxidants and metal ions (Fig. 4). DFO has
a high affinity for Fe** but a very low affinity for Fe*™ '
BCS can chelate Cu™ after reduction of Cu*™ to Cu™ via
electron transfer from antioxidants. Therefore, it seems

reasonable to conclude that the pro-oxidant activity of
antioxidants depends on the generation of hydrogen per-
oxide, by certain metal ions.

In general, phenolic compounds induce ROS in the
presence of Cu®™. The finding that phenolic compounds
showed higher reactivity for copper ions than other metal
ions can be explained in terms of the redox potentials. For
instance, the standard reduction potential of the Cu®*/
Cu” couple (+0.15V) is much lower than those of the
Fe’/Fe*™ couple (+0.77V) and the Mn®**/Mn®" couple
(+1.56 V) *_ On the other hand, the redox potentials
of phenolic compounds Que and Cat are +0.40 V and +
0.44V, respectively'”. Antioxidants can reduce Cu®*' to
Cu”. However, iron and manganese cannot induce the
redox cycle because they require a high redox potential
to reduce the metal. Consequently, redox cycling in the
presence of an antioxidant, leading to various ROS, oc-
curs only with copper ion.

3. Measurement of hydroxyl radical and oxidative dam-
age in calf thymus DNA

It is well known that copper or iron ions can induce
'OH generation through the Fenton reaction in the pres-
ence of hydrogen peroxide. Our results indicated that
antioxidants have both antioxidant and pro-oxidant ac-
tivities. Thus, we examined the interactions among anti-
oxidant, hydrogen peroxide, and copper ion by ESR and
found that Asc, CaA, Car, Cat, GA, and Que all promot-
ed ROS generation via the Fenton reaction (Fig. 5).

Increasing oxidative stress mediated by ROS causes
DNA oxidation, which is involved in the pathogenesis of
various diseases, such as cancer. Thus, we measured
8-OHdG, a DNA oxidative stress marker, by means of
column-switching LC-MS/MS. We found that almost all
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gel electrophoresis with UV detection

of the antioxidants examined induced DNA oxidation and
degradation, in agreement with the ESR results (Fig. 6).
There were some of inconsistencies with the ESR data,
but antioxidants can behave both as antioxidants and
pro-oxidants, depending on many factors, such as con-
centration, reaction rate or experimental conditions. It is
noteworthy that Asc and Car generated high levels of

Analysis of oxidation and degradation of DNA from calf thymus by (A) column-switching LC-MS/MS and (B) agarose

ROS in the presence of copper ion, and caused complete
DNA degradation. Colorectal cancer is associated with
both genetic predisposition and inflammation'”, and in-
flammation is associated with the release of large
amounts of ROS and RNS leading to oxidation of nucleic
acids.

Our results indicate that combinations of high concen-
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trations of antioxidants and certain metal ions can gen-
erate large amounts of ROS in artificial intestinal juice.
Further studies will be needed to evaluate the physiolog-
ical significance of these findings.

Conclusion

Our results show that phenolic antioxidants generate
ROS in the presence of iron and copper ions. In particu-
lar, compounds with ortho-dihydroxy groups may che-
late Cu®" to generate the highest pro-oxidant activity.
The initial electron-transfer oxidation by Cu®" generates
the corresponding semiquinone radical, which would un-
dergo a second electron-transfer reaction with O, to form
ortho-quinone and superoxide anion (03 ). Then O re-
acts with Cu” to produce hydrogen peroxide, which is
readily converted into "OH via a Fenton-like reaction’®.
Thus, certain antioxidants can generate large amounts
of ROS in the presence of copper ion, and induce DNA
degradation in vitro. The physiological significance of
this reaction remains to be investigated.
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