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IRON AND DIOXYGEN CHEMISTRY IS AN IMPORTANT ROUTE TO
INITIATION OF BIOLOGICAL FREE RADICAL OXIDATIONS: AN
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Abstract—Iron can be a detrimental catalyst in biological free radical oxidations. Because of the high physiological
ratio of [O,]/[H,0,] (=10°), we hypothesize that the Fenton reaction with pre-existigdHs only a minor initiator

of free radical oxidations and that the major initiators of biological free radical oxidations are the oxidizing species
formed by the reaction of Bé with dioxygen. We have employed electron paramagnetic resonance spin trapping to
examine this hypothesis. Free radical oxidation of: 1) chemical (ethanol, dimethyl sulfoxide); 2) biochemical (glucose,
glyceraldehyde); and 3) cellular (L1210 murine leukemia cells) targets were examined when subjected to an aerobic
Fenton (F&" + H,0, + O,) or an aerobic (F& + O,) system. As anticipated, the Fenton reaction initiates radical
formation in all the above targets. Without pre-existingd3d, however, F&" and Q also induce substantial target
radical formation. Under various experimental ratios of][{H ,O,] (1-100 with [Q,] ~ 250 uM), we compared the

radical yield from the Fenton reaction vs. the radical yield fromi*Fe- O, reactions. When [¢)/[H,0,] < 10, the

Fenton reaction dominates target molecule radical formation; however, production of target-molecule radicals via the
Fenton reaction is minor when [{H,0,] = 100. Interestingly, when L1210 cells are the oxidation target$! Fe

O, is observed to be responsible for formation of nearly all of the cell-derived radicals detected, no matter the ratio of
[OJ)/[H,0,]. Our data demonstrate that when JQH,0,] = 100, Fé* + O, chemistry is an important route to
initiation of detrimental biological free radical oxidations. © 1999 Elsevier Science Inc.

Keywords—Electron paramagnetic resonance, Fenton reaction, Free radicals, Iron-oxygen complexes, Lipid
peroxidation

INTRODUCTION An alternate mechanism, however, has been pro-
¢ posed: free radical oxidations, such as lipid peroxidation,
are not necessarily initiated by H@ormed from the
Fenton or Haber-Weiss reactions, but rather, oxidations

are initiated by iron in the form of ‘Fe-O’ complexes,
i.e., perferryl or ferryl ions [6—11]. In this work we use
‘Fe-O’ to generically denote the iron-oxygen complexes
Eet + H.O Ee* + OH- 4 HO' that initia_lte oxidations. Although the oxidatio_n;_ are
22 - started with F&" and Q, the exact nature of the initiat-
Fenton Reaction (1) ing species are unknown. Thus, we use*Fe- O, to
denote generically the chemistry and the species that
0, + H,0, = 0,+ OH™ + HO' initiate the observed oxidations.
_ _ The perferryl ion is an intermediate product that can
Haber-Weiss Reaction (2) pe produced through either 40, or FE/0, "

Iron is well known to be an important component o
biological free radical oxidations; the mechanism that
has been generally accepted for iron’s participation in-
volves both the Fenton and the iron-catalyzed Haber-
Weiss reactions (Egs. 1,2) [1-5].

(Eq. 3):
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The ferryl ion is thought to be formed by two routes. The The rate of HOformation by the Fenton reaction with
first relies on superoxide-dependent reduction of'Fe pre-existing HO, can be expressed as (Eg. 8):

Fe* and subsequent reaction ofFewith H,O,. Under

proper conditions of pH and polarity, Fenton reagents will rate(HO' formation = Keenol H,0,]sd F€]

produce ferryl ion rather than HQR,6] (Egs. 4 and 5): ~ (10 M~1sY)(10°° M)[F&*]

Fe" + 0, -0, + F&*' (4) ~ 10 [Fe']st (8)
F&*" + H,0, > F&'0 + H,0 (5 If each HO formed results in oxidation of biological
Ferryl ion material, then the rate of biological substrate oxidation
will be (Eq. 9):
A second route to ferryl ion formation is by the reaction rate (substrate oxidation~ 10 5[F&**]s* (9)
of perferryl ion with another F& [12] (Egs. 6 and 7).
F&' + F&'-0,— F&'-0,F&" 6) In vivo, however, [Q]is about 1 M [19], much higher

than [H0,]. dioxygen can react readily with [F&]..

Perferryl ion ) 4 oo ) ) L
forming species that can initiate biological oxidations. If we

F&*-0,-F&* — 2F&*-0 @) asszu+me that the rate constant for oxidation of substra_lte by
Ferryl ion ‘Fe=" + O, chemistry is similar to the Fenton reaction
(K., = Keenton~ 10° M~'s™%) and that the oxidizable

o o substrate concentration of a living system is albo (in
Due to their high electron affinities, perferryl and ferryl living systems the percentage by weight of oxidizable com-
ions could be important oxidants in detrimental biolog- ponents [protein, lipid, and the bases of RNA and DNA]
ical oxidations, with reactivities approaching that of HO 3 %: from the molecular weight of their components, the

_ From a thermodynamic point of view, the highly oxi-  idizaple substrate concentration would s@ M.), the
dizing products of the Fenton and Haber Weiss reactions qyiqation rate by ‘F&" + O, chemistry can be estimated
can easily initiate biological oxidations, including DNA, ¢ Eq. 10:

protein and lipid oxidation. However, there are several

shortcomings for this route. First, the yield of HO rate (substrate oxidation =~ Kre.0p X

biological systems from the iron-catalyzed Haber-Weiss [‘Fe?* + O, Joxidizable substrate]
reaction will be extremely low because of the small rate

constant of the Fenton reaction (abouf-11® M~ * s 1) ~ (10 M s H['Fe* + 0,11 M)
[13]. In addition the high rate constant (abouf400’ M ~* ~ 109Fe&*] st (10)

s 1) for the oxidation of F&" by O,”~ (F&€* + O, —
H.,O, + Fe") at physiological conditions may limit the  This rate assumes that nearly all “loosely bound” or
F&" available [14,15]. Third, because of its high reactivity, catalytic iron will be present as Eé. Keyer and Imlay
HO" has a limited lifetime in cells and tissues, about 1 [22] have provided direct evidence supporting this as-
ns [16]. Thus, it is difficult to conceive that H@nigrates sumption. In addition, we assume that this*>Fewill
from sites of generation in the aqueous regions to hydro- readily form Fé"—O, complexes. This assumption is
phobic membrane compartments where lipid peroxidation supported by the many published observations that Fe
is triggered, without first reacting with other biomolecules. can be very short-lived (seconds to minutes depending
Finally, perhaps the most important reason to consider theon conditions and coordination environment) in neutral,
oxidative chemistry initiated by Bé + O, as a significant  aerated solution [24,25].
route to biological oxidations is that the overall steady-state ~ Thus, the rate of oxidation of oxidizable substrate by
concentration of oxygen is much greater than hydrogen ‘Fe*" + O,’ could be as much as ¥@aster than the rate
peroxide in living systems [17-20]. of oxidation by the Fenton reaction. This ®latio of

In most regions of cells, [kD,] (the subscript ssis  rates assumes that all Feresults in ‘Fé" + O,
used to designate a steady state concentration of a spe€learly this would not be the case. However, if only
cies) may be too low for the Fenton reaction to be of 1/100 were to form this species the ratio of rates would
major significance. For example, [8,].c in the red still be 1¢. Furthermore, the ‘F€ + O,’ hypothesis has
blood cell is estimated to be approximately 16 M additional strengths; for example,O is not needed in
[18]; in the inner mitochondrial membrane J8,]. is this mechanism for the reduction of iron. Ascorbate,
estimated as I0° M [20]. Measurements in liver cells  glutathione or other reducing agents (perhaps even re-
have determined the steady state level gOkito be ductase enzymes) present in biological systems can al-
~10"8 M [17]. ways serve as reductants for iron. The steady-state con-
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centration of superoxide in cells is believed to be on the
order of 10'°M [17,21,22]. Thus, in these circumstances
superoxide will be kinetically insignificant as a reductant
of iron for the Fenton reaction and its oxidizing capabil-
ity, via HO,', will most likely dominate [21-23].

To examine our hypothesis that the Fenton reaction
with pre-existing HO, is only a minor initiator of bio-
logical oxidations compared to the Fe + O, mech-
anism, we have experimentally compared the relative
importance of oxidations initiated by the Fenton reaction
with pre-existing HO, vs. oxidations initiated by Fé
and dioxygen chemistry. We used EPR spin trapping to
study the oxidation of chemical, biochemical, and cellu-
lar targets under various ratios of JJJH,0,]. The re-
sults from the chemical and biochemical free radical
oxidations examined suggest:

1. The importance of the Fenton reaction significantly
decreases as [JJ[H,O,] increases.

2. The Fenton reaction with pre-existing®, is negli-
gible compared with the chemistry of ‘Fe + O, at
high ratios of [Q]/[H,0,], e.g.,= 100.

Furthermore, our cellular oxidation results show that
pre-existing HO, does not enhance free radical oxida-
tions initiated by iron, but rather in some circumstances,
may inhibit cellular radical formation. We conclude that,
under physiological conditions, the Fenton reaction with
pre-existing HO, will usually have only a minor role in
initiating biological oxidations and we suggest that iron-
oxygen complexes can be the primary initiators of bio-
logical free radical oxidations.

EXPERIMENTAL PROCEDURES

Chemical reagents

All experiments were performed in 50 mM (pH 7.4)

potassium phosphate-buffered aqueous solution. Adven-

titious metals were removed by treatment with chelating
resin (sodium form, dry mesh 50-100, from Sigma, St.
Louis, MO, USA) using the batch method; absence of
metal was verified with the ascorbate test [26]. The spin
trap POBN, «a-(4-pyridyl-1-oxide)N-tert-butylnitrone

(Oklahoma Medical Research Foundation Spin Trap
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(Sigma) and EtOH (100%, Fisher) were introduced di-
rectly into the oxidation systems as needed to make 100
mM solutions. About 3uL DMSO and 3.5ulL EtOH
neat solutions were required to prepare 500 EPR
samples. Glucose (EM Science) 2.0 M and 1.0 M glyc-
eraldehyde (EM Science) stock solutions were prepared
with phosphate buffer immediately before introduction
into the oxidation system to make a 200 mM glucose or
a 100 mM glyceraldehyde solution. Ethylenediaminetet-
raacetic acid (EDTA) and DTPA (Sigma) were dissolved
in redistilled water by moderate heatingiake 10.0 mM
stock solutions. When chelated?Fesolution was used, the
ratio of EDTA or DTPA/Fé* was 1.1/1. To keep iron as
Fe*, N, or argon gas was used to remove oxygen. Catalase
(CAT, Sigma), and superoxide dismutase (SOD, from bo-
vine erythrocytes, Sigma) stock solutions were prepared
with redistilled water and then introduced into the oxidation
systems to make final concentrations of 500 U/mL for CAT
and 50 U/mL (cytochrome ¢ method) for SOD. To control
for non-specific protein effects bovine serum albumin
(BSA, Sigma) was used at the same protein concentration
as the total protein in the SOD plus CAT experiments.

L1210 cells

L1210 murine leukemia cells were grown in a hu-
midified atmosphere of 95% air-5% G@t 37°C in
RPMI 1640 (Grand Island Biochemical Co., Grand
Island, NY, USA) medium containing 10% fetal bo-
vine serum (Sigma). The cells were maintained as an
exponentially growing culture by passage every 3
days. Cell lipids were modified by addition of 32V
docosahexaenoic acid (DHA, Cayman Chemical Co.,
Ann Arbor, MI, USA) to the growth medium for 48 h
before the radical experiments. Immediately before the
EPR spin trapping experiments, cells were washed
three times with phosphate buffer solution to remove
all growth medium. Cells were resuspended in the
phosphate buffer solution at a density of »6 10°
cells/mL for the EPR measurements.

The order of addition

The order of addition of reaction reagents is an important

Source, Oklahoma City, OK, USA) was prepared as a 1.0 factor that may affect the results. In our experiments, the
M aqueous stock solution immediately before use and target materials were usually mixed with phosphate buffer
kept on ice during the experiment. Ferrous ammonium before introducing any other reagents. The spin trap POBN
sulfate (Fe(NH)»(SQ,), - 6H,0, Fisher Scientific Co.,  and then HO, were added to the system. The&Fsolution
Fair Lawn, NJ, USA) was used to prepare 10 mM stock was always added to the oxidation system last.

solutions of F&" in redistilled water. The pH was con-
trolled by HCI to keep it about 2.5. At this pH, Feis
quite stable. HO, (30%, EM Science, Gibbstown, NJ,
USA) was used to prepare 10 mM stock solutions using
€40 = 39.4 Mt cm?, in redistilled water. DMSO

Electron paramagnetic resonance measurements

All EPR spectra were obtained with a Bruker ESP-300
spectrometer (Karlesruhe, Germany) operating at 9.76 GHz
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and room temperature. The EPR spectrometer settings 10G (Aa)
were: modulation frequency 100 kHz; modulation ampli-

tude 1.0 G; microwave power 40 mW; receiver gain-10

10P. 3-Carboxy proxyl (Aldrich Chem Co, Milwaukee, WI,

USA) was used as the standard for POBN radical adduct

quantitation. Spin adduct yield was determined from the

peak height or peak area of the central doublet.

Oxygen monitor

A YSI Model 5300 Biological Oxygen Monitor (Yel- Ll—J ITI Ll—l
low Springs Instruments, Yellow Springs, OH, USA)
was used to measure,8, from the oxygen yield when |‘L| |‘L| I'LI
catalase was added to dismutedd (2 H,O, — O, + 2 (B)
H,0).

RESULTS AND DISCUSSSION

To examine the hypothesis that the Fenton reaction with
pre-existing HO, is only a minor initiator of biological
oxidations compared to the ‘Fe + O, mechanism, we
have experimentally compared the Fenton reaction effi-
ciency vs. ‘Fé* + O, reaction efficiency in the initiation lT' Lrl LI“|
of oxidation of chemical, biochemical, and cellular targets ©)
under various [QJ/[H,O,] ratios. When DMSO, EtOH,
glucose, glyceraldehyde or cultured L1210 murine leuke- J‘Wj\/ oA
mia cells are subjected to either a Fenton system or &nh Fe
+ O, system, target-derived free radicals can be spin
trapped by POBN (reprefsentatlve Sp.eCtra are shown in Flg'Fig. 1. Each target produces radicals as seen by EPR spin trapping using
1). Carbon-centered radicals are spin trapped from all tar- pogn when F&" (100 M) is introduced into @ pH 7.4 phosphate-
gets, e.g.\CH; from DMSO, and CH- CHOH from EtOH. buffered solution of the target species. (A) This type of spectrum can be

. ; observed from EtOH, glucose, and glyceraldehyde aerobic oxidations and
In the DMSO SyStem’OCH?’ is also trapped by POBN DMSO anaerobic oxidation. In these oxidations, only one carbon-centered

under aerobic conditions. radical from each target was trapped by POBN. The splitting constants of
POBN adducts from these targets are: EtOM£a15.8 G; & = 2.7 G);
glucose (8 = 15.6 G; & = 2.4 G); glyceraldehyde: ta= 15.7 G; & =
2.7 G); and DMSO anaerobic oxidatiol¥(& 16.1 G; & = 2.8 G). (B)
This spectrum can be observed from DMSO aerobic oxidation. In addition

Oxygen and the apparent stoichiometry of radical

formation to the carbon-centered radical trapped by POBN=a16.1 G and 4 =
2.8 G, the’'OCH; radical is also observed during DMSO oxidation under
When oxidation targets are exposed tg Fand H,0, aerobic conditions with (&= 14.8 G and & = 2.4 G) [27]. (C) This

: i : spectrum can be observed from PUFA-enriched L1210 oxidations. Based
under anaerobic conditions, the Fenton reaction would be on the accepted lipid peroxidation mechanism and the EPR hyperfine

considered as a “pure” Fenton reaction. The stoichiom- spiitting constants {4 = 15.5G and %, = 2.9 G, &, = 158 G and &,

etry of F&€" consumption vs. target radical formation = 2.5G), we assigned these adducts to two POBN alkyl radical adducts
should be representative of the authentic Fenton reaction.that arise from fragmentation of the oxidized lipid chain [27,32,33].
With excess target and @, it would be 1:1 in accor-

dance with the following reactions (Egs. 11-13): . N .
Under aerobic conditions, if HOormed from the Fenton

F&* + H,0, —> OH™ + F&" + HO' reaction is the only initiator of free radical oxidations,
(11) then this same 1:1 stoichiometry of #econsumption
vs. target radical formation would be obtained. However,
Target+ HO" — Target + H,O  (12) if HO" is not the only initiator of free radical oxidations,

then a different stoichiometry of B& consumption
F&* + Target+ H.0. —> Target + OH- + F& could be obtained. (Note, water is not a major product
9 -2 9 when the target is DMSO. The major products of DMSO
+ H,0 (13) oxidation by HO are CHzand CHS(O)OH.)
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Fig. 2. Fé* consumption vs. POBN adduct yield is different in aerobic and anaerobic Fenton reactions. (A,B) DMSO (100 mM) and
EtOH (100 mM) oxidized by variable [E¢] and 200uM H,0, with/without oxygen present. The paired comparison of anaerobic and
aerobic curves in DMSO and EtOH oxidations shows them to be statistically different)1. One hundred A.U. in DMSO oxidation
represents 0.7&M POBN adduct for aerobic and 5/5M POBN adduct for anaerobic conditions. One hundred A.U. in EtOH
oxidation represents 2,38M POBN adduct for aerobic and 7/ POBN adduct for anaerobic conditions. (C,D) DMSO (100 mM)

and EtOH (100 mM) oxidized by variable [Fg and 50uM H,0, with/without oxygen present. The paired comparison of anaerobic
and aerobic curves in DMSO and EtOH oxidations shows the statistically diffegrent001. One hundred A.U. in DMSO oxidation
represents 0.5&M POBN adduct for aerobic and 38M POBN adduct for anaerobic conditions. One hundred A.U. in EtOH
oxidation represents 1,2M POBN adduct for aerobic and 49V POBN adduct for anaerobic conditions.

We have used EPR spin trapping with POBN in both ‘Target+ POBN —
aerobic and anaerobic conditions to measure radical forma-
tion from targets oxidized via Fenton reactants {[He
ranged from 0 to 10@M with 50 uM or 200 uM H,0,).

We assumed that: 1) Feis completely consumed by using  Indeed, under anaerobic conditions, the expected linear
excess HO, in both anaerobic and aerobic conditions; and relationship for POBN adduct yield vs. [Fg is ob-

that 2) total target radical formation is proportional to served when [Fe€]/[H,O,] is low (Fig. 2A,B). But,
POBN adduct yield due to the relatively high POBN con- under anaerobic conditions, when fF#[H,0,] is high
centration and the following fast reaction (Eq. 14): (>1), the observed yield of POBN radical adduct is less

POBN/Target radical adduct(14)
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than the ideal (Fig. 2C,D). Two possible reactions that
may contribute to this decrease in yield are (Egs. 15 and
16):

Fe&* + HOO —= OH™ + Fé&** (15)

and
Fe&* + POBN/adduct—= non radical product
(16)

R. BJETTNER

Table 1. Observed stoichiometry of the Fenton reaétion

-0,° +0,¢
N b [H zoﬂ eE><p [H 202] Exp

[Fe*"//uM [H202ltheory (uM) (M)
0 25 24.8 + 0.6 248 £05
25 12.5 13.7*x1.3 12.7 £ 0.4
37.5 6.25 7.2+1.0 9.6 +04
50 0 1.3 04 51 +0.3
75 0 1.2+05 0.6+0.3

aH,0, remaining after addition of various concentrations of Fto
25 uM H,0, in the absence or presence of oxygen. The order of
addition of reagents was: phosphate buffer, pH 7.4.8B6H,0,; F&";

These results clearly demonstrate that under anaerobicthen 500 U/mL catalase.

conditions and low [F&] the two assumptions above
seem to hold. However, in the presence of, @igh
[Fe*"] always resulted in a high yield of POBN adduct
when [F€'] > [H,0,] (Fig. 2). This suggests that the
Fenton reaction may not be the only mechanism of
initiation, but other initiators should be considered, such
as ‘Fe-O’ complexes.

In the absence of oxidizable substrate, the ideal stoi-
chiometry for the reaction of Eé with H,O, would be
2:1. HO can also react with 0, (k = 3 x 10°' M~ *

s 1), but the reaction with F¢ is rapid k = 4 x 10
M~*s 1) [28]. In our experiments the reaction withFe
should dominate, see Egs. 17-19:

Fet + H,0, —> OH + Fe" +'OH (17)
Fet + HOO —= OH™ + Fée* (18)
2F€* + H,0, —> 2 OH™ + 2 F&* (19)

Indeed, HO, depletion follows the expected stoi-
chiometric ratio of F&"/H,0, (2:1) very well under
anaerobic conditions, Table 1. However, in the pres-
ence of oxygen the ideal stoichiometry does not hold
well when [F€*] is in excess of HO,. This is con-
sistent with the formation of ‘Fe-O’ complexes
thereby sparing kD, as well as the subsequent for-
mation of some HO, from F&€* + O, [29,30]. This
different stoichiometry of HO, consumption in aero-
bic and anaerobic conditions suggests that**Fer
O, chemistry may produce important oxidants that
initiate free radical oxidations.

Pre-existing HO, is NOT necessary for radical
formation

It has been our experience that all that is needed to
initiate free radical oxidations in neutral solution is the
simultaneous presence of #e(in an appropriate coor-
dination environment) and dioxygen [31-33]. Indeed, the
addition of Fé" to aerobic solutions of DMSO, EtOH, or

"The expected concentration of,8, remaining when assuming a
stoichiometry of 2 F&" for 1 H,0, in the Fenton reaction, Reactions
17-19.

“Anaerobic solutions were achieved by bubbling with argon for at
least 10 min.

dAir-saturated solution; thus initial [§) ~ 250 uM.

“Experimentally observed [}@,] after addition of catalase.

'Data are expressed as meansSE fromn = 3.

9Background in anaerobic condition.

hBackground in aerobic condition.

glucose all give rise to target radicals as seen by POBN spin
trapping, Fig. 1 and Table 2. In the experiments shown in
Table 2 no HO, was added, thus the oxidations were
initiated by species derived from¥eand Q. F&" and Q

can produce superoxide or,8, in appropriate environ-
ments [4,9,29,30]. To determine if these species have a role
in the oxidation of these targets, SOD, CAT, or SOD plus
CAT were added to the solution before introduction of
Fe*. Superoxide dismutase was seen to inhibit the produc-
tion of target radical by &€ and dioxygen. Catalase had a
minor inhibitory effect that did not always achieve statisti-
cal significance. However, the presence of both SOD and
CAT seemed to produce an additive effect as seen by the
inhibition of target radical formation; an approximate 50%
reduction of target radical formation was achieved. These
results clearly demonstrate that pre-existing hydrogen per-
oxide is not needed for Bé to initiate oxidations when
dioxygen is present and that SOD and CAT are able to
protect from this damage. Because SOD and CAT are able
to provide some protection, this suggests thé&'Fe O,
results in thdormation of O, and H,O, and that these
species are partially involved in the oxidation of the
target molecules.

Chelators can enhance Eé-induced radical formation

Ethylenediaminetetraacetic acid and DTPA are
widely used as iron chelators in biological research be-
cause they can drastically alter the efficiency of iron as a
catalyst in oxidation reactions, e.g., the Haber-Weiss
reaction. Both are able to enhance the rate of iron autox-
idation as well as enhance radical yield in the Fenton
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Table 2. Antioxidant Enzymes Decrease POBN Adduct Yield if'F¢ O, Oxidations

DMSO oxidation EtOH oxidation Glucose oxidation

Treatment [POBN adduct] (nM} [POBN adduct] (nM) [POBN adduct] (nM)
Fe& aloné 200+ 13.5° 290+ 12.5 33 *2.0
F&? and BSA 190+ 30 280+ 23 31.7+ 15
Fe? and 50 U/mL SOD 142 16* 191+ 33* 28.8+ 1.8
Fe and 500 U/mL CAT 171 17 210+ 18* 30.1+ 1.7
Fe? and SOD+ CAT® 100+ 11° 120+ 9f 21.6+ 1.6%

#POBN adduct yield.

bControl group; F&" is 100 uM in all treatments.

“Data are expressed as meansSE fromn = 3.

9BSA at the same protein concentration of the S@OCAT experiment below.
€SOD + CAT: 50 U/mL SOD+ 500 U/mL CAT.

*p < .05 compared with control.

p < .001 compared with control.

reaction [15,31]. However, DTPA greatly reduces the The ratio of [Q)]/[H ,0O,] affects the reaction
rate of the iron-catalyzed Haber-Weiss reaction; EDTA mechanisms
can enhance the iron-catalyzed Haber-Weiss reaction

[34]. Thus, the effect of DTPA and EDTA on Fe
enhanced radical formation was studied by EPR spin
trapping with POBN. All target-radical formation, as
monitored by EPR spin trapping, was significantly en-
hanced by F&"-DTPA and F&"-EDTA compared with
aqueous Fe (p < 0.001), Fig. 3. In the oxidation of
DMSO radical formation was enhanced 13-fold by
EDTA and 8-fold with DTPA; for EtOH oxidation, 17-
fold for EDTA and 7-fold for DTPA,; in glucose oxida-
tion, 14-fold with EDTA and 7-fold for DTPA. These

enhancements are even greater than the enhanceme

observed via the Fenton reaction using 0@ H,O,

and the same iron concentration. This supports our hy-

pothesis that Fe -dioxygen chemistry produces spe-
cies that are important initiators of free radical oxida-

tions, especially when appropriate metal chelators are

available.
—~ 1004
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©
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Fig. 3. EDTA and DTPA enhance target molecule oxidation by
‘Fe?* + 0,. One hundreduM Fe&?*-dependent DMSO (100 mM),
EtOH (100 mM), and glucose (200 mM) oxidations are greatly en-
hanced by these chelators.

Based on literature reports, the estimated physiological
ratio of [O,]/[H.,O,] would be about 1~ 10°. This high
ratio in favor of dioxygen suggests from kinetic consider-
ations that in a biological setting, the rate of substrate
oxidation due to iron-oxygen complexes might be much
higher than the oxidation-rate due to the Fenton reaction
from pre-existing HO,. To examine our proposal, we com-
pared Fenton-mediated radical formation vs?Fe- O,-
mediated radical formation, using POBN adduct formation
as a marker. From these data we can infer the dependence
/N [G.l/[H ,0;] of radical formation by the Fenton reaction
and by ‘Fé" + O, chemistry, Fig. 4. All targets examined
show that the relative importance of the Fenton reaction (as
measured by substrate oxidation) significantly decreases as
[O,)/[H,O,] increases. For example, whenJ(H ,0,] <
10, radical yield from the Fenton reaction dominates, as
seen when the ordinate of Figure41.* However, when
[OJ[H,O,] = 100, the radical yield from the Fenton
reaction is minor (even negligible; Fig. 4 ordinate values
approach 1) compared to that from a simple aerobfc Fe
solution. Thus, when [¢) >> [H,0O,], free radical oxida-
tions initiated by ‘Fé" + O, chemistry dominate. Fur-
thermore, based on an estimated physiologig/[®,0,]
=10°, we can easily infer that the Fenton reaction with
pre-existing HO, is in general only a minor initiator;
thus, we suggest that species arising from*Faioxygen
chemistry are significant initiators of free radical-mediated
oxidations.

The ordinate of Fig. 4 represents the ratio of EPR signal height of the
POBN spin adduct produced in an aerobic system upon introduction of
Fe#* with H,O, present compared to the signal height in an aerobic system
without H,O,. An ordinate value of 5 indicates there is five times as much
POBN spin adduct produced with,8, present compared to when no
H,0, was added. In the limit as J,] approaches zero, i.e., the abscissa
([O,)[H ,0,)]) approaches infinity, the curves will all approach an ordinate
value (S.Hyx02 + 02/S-Hyoz) Of One, i.e., the numerator and denomina-
tor of the ordinate are the same experiment.
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A. Relative Efficiency in DMSO Oxidation B. Relative Efficiency of EtOH Oxidation

9

H

w

S.H. with H202/S.H. without H202
S.H. with H202 / S.H. without H202
(4]

1 1 T
1 10 100 1 10 100
[O2] / [H202] [02] / [H202]
C. Relative Efficie ncy of Glucose Oxidation D. Relative Efficie ncy of G|yce ralde hyde
Oxidation
Fe(Il):

5 —m— 100uM
—o— 50 uM
—4— 25 uM
—— 10 uM
—%— 5uM
3

S.H. with H202/ S.H. without H202

S.H. with H202/ S.H. without H202

1
1 10 100 1 10 T 100
[0] / [H207] [02] / [H202]

Fig. 4. ‘F€* + O, chemistry dominates initiation of radical production wher,JfH ,0,] = 100. The ordinate represents the ratio
of EPR signal height (S.H.) of the POBN spin adduct in an aerobic system in the presenge,afdmpared with the signal height
in an aerobic system withoutJ@,. (A) 100 mM DMSO; (B) 100 mM EtOH; (C) 200 mM glucose; and (D) 100 mM glyceraldehyde
were incubated with 2.5, 5.0, 10, 25, 50, 10M Fe** with/without 2.5, 5.0, 10, 25, 50, 100 and 2%M H,O, under aerobic
conditions. All solutions were air saturated, thus the initia}][{® about 250uM. Values were expressed as means$sSD (h = 3).

Cellular free radical oxidations are not enhanced by fatty acyl groups in lipids located in cell membranes are
H,0, the principal targets for cellular lipid peroxidation. To
determine if ‘Fé" + O, chemistry is more important

Iron-mediated cellular lipid peroxidation is thoughtto than the Fenton reaction in initiating membrane lipid

be one of the key factors in cell injury. Polyunsaturated peroxidation in cells, we enriched the membranes of



F&* + 0O, leads to free radical oxidations
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Fig. 5. ‘F€* + O, initiates lipid radical formation in cells. (A)
L1210+ 50 mM POBN; (B) L1210+ 50 mM POBN+ 100 uM Fe?™;
(C) L1210 + 50 mM POBN+ 50 uM H,0, + 100 uM Fe?*; All
solutions were air-saturated before addition of'Fe

L1210 murine leukemia cells with docosahexaenoic acid
(DHA, 22:6n-3). We then subjected them to eithef Fe
+ O, or Fé* + H,0, + O,. Using POBN as the spin
trap to detect carbon-centered radicals arising from cel-
lular lipid peroxidation, we observed that #eand di-
oxygen results in substantial lipid-derived radical forma-
tion in the L1210 aerobic cell suspension. However,
consistent with earlier observations on cellular injury
using enzyme activity [35], the inclusion of B, into
the cell suspension before introduction ofFdailed to
produce additional POBN lipid-derived radical adduct
formation. In fact the addition of D, (25-100 uM)
inhibits POBN adduct formation, Fig. 5, again suggest-
ing that cellular oxidation is mediated predominately by
Fe?*-dioxygen chemistry. Our observation that’Fe
dioxygen chemistry is important in cellular lipid peroxi-
dation is in agreement with work on models of lipid
systems that have demonstrated the autoxidation of fer-
rous iron can initiate lipid peroxidation [10,36,37]. Su-
peroxide dismutase and CAT can provide protection in
some circumstances. The ability of ferrous iron to initiate
lipid peroxidation and the ability of SOD and CAT to
provide some protection is a function of the specific
coordination environment of ferrous iron.

In summary, uncontrolled iron-catalyzed oxidations
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can easily damage DNA [38], proteins [39], and lipids
[32,40]. Consequently, cells have developed efficient
strategies to protect themselves from potential’ HiD-
mation arising from F&" and pre-existing K0,. H,0, is
removed by the glutathione peroxidases or catalase and
iron is carefully managed by organisms. The data pre-
sented here suggest that iron needs to be carefully con-
trolled to protect not only against the Fenton reaction
with pre-existing hydrogen peroxide, but perhaps more
importantly to minimize oxidative damage initiated by
Fe?*-dioxygen chemistry. Please note that we are not
concluding that the Fenton reaction is not to be consid-
ered in understanding damaging biological oxidations.
Our experiments with SOD and CAT clearly demon-
strate that @~ and H,0, are involved in the oxidations
initiated by Fé"-dioxygen chemistry. The Fenton reac-
tion would be operative, but it explains only a small part
of the observations. The major point we wish to make is
that pre-existing HO, is not required for ferrous iron to
be a detrimental species in biological systems. We pro-
pose that F&" and dioxygen lead to oxidative species
that must be considered as major players in deleterious
free radical-mediated biological oxidations.
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ABBREVIATIONS

AU—arbitrary units

BSA—bovine serum albumin

CAT—catalase

DHA—docosahexaenoic acid

DTPA—diethylenetriaminepentaacetic acid

EDTA—ethylenediaminetetraacetic acid

EPR—electron paramagnetic resonance

Fe-O—iron-oxygen complexes

F&" + O,—species derived from iron(Il) and dioxygen
chemistry

POBN—a«-(4-pyridyl-1-oxide)N-tert-butylnitrone

S.H.—signal height

SOD—superoxide dismutase



