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One of the common explanations for oxidative stress 
in the physiological milieu is based on the Fenton 
reaction, i.e. the assumption that radical chain reac- 
tions are initiated by metal-catalyzed electron transfer 
to hydrogen peroxide yielding hydroxyl radicals. On 
the other hand - especially in the context of so-called 
"iron switches" - it is postulated that cellular signal- 
ing pathways originate from the interaction of 
reduced iron with hydrogen peroxide. 

Using fluorescence detection and EPR for identifi- 
cation of radical intermediates, we determined the 
rate of iron complexation by physiological buffer 
together with the reaction rate of concomitant hydrox- 
ylations of aromatic compounds under aerobic and 
anaerobic conditions. With the obtained overall reac- 
tion rate of 1,700 M-is -1 for the buffer-dependent 
reactions and the known rates for Fenton reactions, 
we derive estimates for the relative reaction probabili- 
ties of both processes. 

As a consequence we suggest that under in vivo 
conditions initiation of chain reactions by hydroxyl 
radicals generated by the Fenton reaction is of minor 
importance and hence metal-dependent oxidative 
stress must be rather independent of the so-called 
"peroxide tone". Furthermore, it is proposed that - in 
the low (subtoxic) concentration range - hydroxylated 
compounds derived from reactions of "non-free" 
(crypto) OH radicals are better candidates for 

iron-dependent sensing of redox-states and for 
explaining the origin of cellular signals than the gen- 
eration of "free" hydroxyl radicals. 

Keywords: Oxidat ive stress; ROS (reactive oxygen  species); 
free radicals; Fenton reaction; iron switch; h y d r o g e n  perox- 
ide; ferryl / perferryl  species 

I N T R O D U C T I O N  

The quest ion h o w  radicals are fo rmed  in vivo 

and wha t  biological consequences their genera-  
tion m a y  have  is still a mat te r  of debate. The Fen- 

ton reaction, as one of the prefer red  explanat ions  
for hydroxy l  radical ~eneration, has  been  
rev iewed  repeatedly.  I1-61 Prerequisi te  for this 

react ion to p roceed  is that  a reduced  metal  state 
is created, e.g. unde r  pa thophysio logica l  condi- 
t ions of metal  over load  [7], after degrada t ion  of 
heine proteins,  l iberation of iron f rom ferritin 

stores, dis integrat ion of iron-sulfur centers, or 
similar processes,  wi th  concomitant  reduct ion of 

the no rma l ly  prevai l ing oxidized form by  

* th this paper  is dedicated to Professor  Ulrich H a g e n  on the  occasion of his  75 b i r thday  in recogni t ion of his intellectual curi- 
osity as a radia t ion biologist  and  in gra t i tude  for his  con t inuous  interest  in our  work  du r ing  his years  as the Director of our  
Insti tute.  
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reductants such as ascorbate or thiols. The 
reduced metal may then react with peroxide and 
initiate chain reactions via formation of hydroxyl 
radicals (in the case of H202) or alkoxyl radicals 
(in the case of organic peroxides ROOH). There- 
fore the main prerequisite for the Fenton reac- 
tion to occur is that sufficiently high levels of 
peroxide molecules are present in the biological 
milieu to allow for their encounter with the 
metal reaction partner with reasonable probabil- 
ity. Alternatively, some process could be visual- 
ized that generates hydrogen peroxide right at 
the location of the metal thereby rendering the 
process of hydroxyl radical generation "specific 
for the site" where the metal is bound, but  inde- 
pendent of an in toto elevated level of hydrogen 
peroxide. 

On the other hand there exists a host of biolog- 
ical effects that resembles those of hydroxyl radi- 
cals but which cannot be inhibited by common 
hydroxyl radical scavengers. This has led to the 
postulation of "crypto-OH" complexes [81 which 
in certain aspects behave differently from the 
freely diffusible hydroxyl radicals known from 
radiation chemistry or those OH-species that 
originate from the Fenton reaction. 

Fe(II) ions are rather stable at acidic pH but 
rapidly autoxidize to Fe(III) in alkaline solution 
or at neutral pH. This autoxidation can be fol- 
lowed b~ observing the absorption spectrum of 
iron(III) [9]. However, at neutral pH - and more 
so under alkaline conditions - Fe(III) rapidly 
precipitates in form of insoluble hydrates unless 
this is prevented by complexation. In vivo the 
molecules of foremost interest with respect to 
complexation are obviously bicarbonate and 
phosphate anions since they are the most abun- 
dant components of the physiological buffer sys- 
tem, being present at about 25 mM and 1 mM 
concentration, respectively. Buffer concentra- 
tions of that magnitude are capable of keeping 
up to 20gM of iron(III) in solution. The complex 
of iron with pyrophosphate 

[(P2OT)2FelII(H20)] 5- G ~  

[(P207)2FeIIIou] 6- -I-H +, pK 9.6 

has been described in detail [1°1, whereas struc- 
tures of other carbonato/bicarbonato- and phos- 
phato-complexes are not exactly known. [111 
Some of them, however, are assumed to contain 
iron in the ferryl-state Fe(IV) [121 thus resembling 
intermediate states of hydroxylating metalloen- 
zymes such as cytochrome P-450 [13] and oth- 
ers.[ 14] 

The ability to hydroxylate aromatic com- 
pounds is not reserved to enzyme intermediates 
but also occurs with low-molecular inorganic 
complexes. 115'16'171 As will be shown below, 
however, such hydroxylations are not promoted 
by free OH radicals but proceed via 
iron/buffer-complexes which behave differ- 
ently. Taking into account the relative abun- 
dance of phosphate and bicarbonate ions in 
cellular systems, which is several orders of mag- 
nitude above the steady state concentration of 
hydrogen peroxide, we expect that reactions of 
the metal with buffer dominate over the reaction 
of Fe(II) with H20 2 and hence may be more 
important for explaining the observable biologi- 
cal endpoints. 

Such an interpretation would have conse- 
quences for understanding "redox sensing" 
under in vivo conditions. (i) For the initiation of a 
radical chain eventually producing hydroxy- 
lated or otherwise oxidized (oxygenated) bio- 
molecules no "pre-existing" H20 2 would be 
necessary; (ii) initiation of such radical reactions 
would not be inhibitable by scavengers of free 
OH radicals, (iii) new mechanistic explanations 
for interdependencies between metal catalysis 
and molecules contributing to redox-dependent 
signalling pathways would have to be sought. 

M A T E R I A L S  A N D  M E T H O D S  

C h e m i c a l s  

All chemicals were of the highest commercially 
available purity and used as supplied. Solutions 
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were prepared with water from a Millipore 
milli-Q system R. Gases were at least of 99.999% 
quality (Linde, Germany). 

The gas content of experimental solutions was 
varied by bubbling the solutions through stain- 
less steel injection needles for at least 20 minutes 
before and during the whole experiment with 
the respective gas stream (which, in case of gas 
mixtures, was kept at constant mixing ratio and 
overall flow rate by use of precision flowmeters 
(Kobold, Germany)). 

Experimental procedures 

For fluorescence and absorption measurements a 
flow-through set-up was used: reagent glasses of 
different size (2 to 50 ml), supplied with stainless 
steel needles for extraction of liquid and gas sup- 
ply, were connected via PTFE-tubes to the 
flow-through cell (3~tl active volume) of a fluo- 
rescence detector (LS30, Perkin-Elmer, Ger- 
many) and /o r  to a half-micro cuvette (10 rnm 
pathlength) connected via light guides to a 
diode-array spectrophotometer (X-DAP, Polytec, 
Germany). After the passage through both detec- 
tion devices the solution was recycled by means 
of a peristaltic pump (Minipuls, Gilson, USA) 
into the original reactor. Transfer time from the 
reaction vessel to the detection cuvettes could be 
varied from about 3 seconds to 60 seconds by 
adjusting the pump speed, the total transfer vol- 
ume (including cuvettes and hoses) was kept to 
less than 5% of the total reaction vessel. Pulse 
radiolysis experiments (using 1.8 MeV electrons 
from a FEBETRON accelerator) were conducted 
as previously described. [18] Long-term steady 
state radiolysis was carried out with 6°Co 
gamma radiation using a Gamma Cell (Atomic 
Energy of Canada Ltd, Canada) delivering a 
dose rate of 11 Gy/min.  For fluorometric detec- 
tion of hydroxyl radicals the terephthalate 
dosimeter [19'2°'21'22] was used which depends on 
the hydroxylation of non-fluorescent tereph- 
thalic acid (TA) yielding 2-hydroxy-terephtha- 
late (TA-OH) which strongly fluoresces around 

435 nm when excited at 323 nm. This method has 
originally been thought to be specific for OH 
radicals. However, as has recently been 
shown [231 and will be elaborated in more detail 
below, TA-OH may also result from hydroxyla- 
tions by buffer-coordinated iron complexes. 
Measurements to differentiate between free OH 
and the crypto-species were carried out with an 
ESP 300 Spectrometer by Bruker, Germany. The 
spin-trap DMPO (5,5-dimethyl-l-pyrroline 
N-oxide) was supplied by Sigma and purified 
further by charcoal filtration under nitrogen in 
the dark. [24] 

RESULTS 

Upon injection of a bolus of FeSO4-solution into 
phosphate or bicarbonate buffer, Fe 2+ starts to 
associate with phosphate or bicarbonate anions 
yielding a buffer-coordinated iron com- 
plex. 115'251 When terephthalic acid is present, the 
immediate rise of the fluorescence of TA-OH 
provides evidence that this complex is able to 
hydroxylate the aromatic ring of TA. Figures 1 
and 2 briefly summarize the basic features of the 
experimental system: 

(i) TA hydroxylation depends on the concen- 
tration of iron(II) (Figure la); 

(ii) The TA hydroxylating capacity depends 
on phosphate (Figure lb); in pure water there 
is no reaction at all; at the physiological con- 
centration of 1 mM phosphate the yield of 
TA-OH is close to one third of the maximum; 

(iii) the process is sensitive to the presence of 
dissolved oxygen (Figure 2a). It should be 
noted, however, that even at "zero" oxygen, 
i.e. the lowest oxygen concentration that is 
attainable by continuously purging the solu- 
tion with pure nitrogen or argon, the yield of 
TA-OH is not zero. As can be seen in panel b 
of Figure 2, the overall reaction just becomes 
slower in the absence of oxygen. Figure 3 
shows that the ability to hydroxylate tereph- 
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FIGURE 1 The hydroxylation of terephthalate to form 
TA-OH depends on the presence of Fe(II) (panel a) and phos- 
phate (panel b). Boli of FeSO4-solution were injected into the 
respective buffer (adjusted to pH 7 by mixing Na2HPO 4 with 
NaH2PO4). For panel a buffer concentration was 40mM. TA 
concentration was 400 pM and fluorescence of TA-OH was 
read after the reaction had run to completion. The solutions 
were constantly bubbled with oxygen 

thalate is not solely a feature of iron-phos- 
phate complexes but also proceeds when boli 
of FeSO 4 are injected into an aqueous solu- 
tion of bicarbonate. 

An indication that hydroxylations due to the 
buffer complex differ from those by "free" 
hydroxyl radicals generated by radiation comes 
from Figure 4. The pH profiles are completely 
different: for the flee OH-reaction almost no pH 
dependence is seen between pH 4.85 and 8.5; 
hydroxylation by the phosphate complex, in 
contrast, has a distinct pH optimum around pH 
6.3. 
To corroborate the results of Reinke et al. [15'26] 
and our own experiments reported earlier [23] 
that hydroxyIations by radiolytic OH, "true" 
Fenton-OH radicals, and those of buffer com- 
plexes are mechanistically different, the series of 
ESR experiments shown in Figure 5 was con- 
ducted. The main panel shows the time traces for 
the development of TA-fluorecence when boll of 
FeSO 4 are injected into phosphate buffer alone 
(triangles) or phosphate buffer containing 
hydrogen peroxide (circles). As expected, the 
solution with H20 2 - being the classical Fen- 
ton-system - produces free OH which is verified 
by the appearance of an EPR-spectrum typical 
for the hydroxyl adduct of the spin-trap DMPO 
(spectrum a). Surprisingly, however, the solu- 
tion without H202, even though hydroxylating 
terephthalate as well as the H202-containing 
solution, does not produce any DMPO signal at 
all (trace b) indicating that the observed TA 
hydroxylation must have been due to something 
else than a free OH radical. When ethanol is 
added to the iron/phosphate system, the signal 
of an ethanol-derived radical appears (spectrum 
b'); when ethanol is added to the Fenton-system, 
the EPR spectra of the hydroxyl- and the etha- 
nol-radical are superimposed (trace a'). 

One should point out that the experiments of 
Figure 5, for the sake of clarity, were conducted 
at high phosphate concentrations (which are 
only observed in working muscle cells); the same 
effects, however, could also be verified at the 
much lower physiological concentration of 
around 1 mM of phosphate which pertain to 
blood plasma and interstitial fluids (data not 
shown). 
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FIGURE 2 The overall yield (panel a) and the kinetics (panel 
b) of terephthalate hydroxylation are affected by the presence 
of oxygen. For panel a experiments were carried out by mix- 
ing 02 and N2-saturated 400~tM TA solution (in 40mM PB) in 
various ratios and subjecting it to a 50 ns pulse of 1.8 MeV 
electrons producing 10 gM of hydroxyl radicals. (Note that 
according to the ordinate value at zero oxygen, TA-OH is 
also efficiently produced without oxygen). Panel b shows the 
kinetics of the rise of fluorescence after injection of a bolus of 
FeSO 4 into 50 mM phosphate buffer at pH - 7, resulting in a 
final Fe(II)-concentration of 40 ftM. The solutions were con- 
stantly bubbled with the respective gases 

The data clearly demonstrate that the 
iron/phosphate-derived species is "cryptic" in 

the sense that it does not generate "free" 
hydroxyl radicals, whereas its oxidation poten- 
tial evidently suffices to oxidize ethanol to the 
corresponding DMPO-identifiable species. 

DISCUSSION 

Reviewing the importance of metal-dependent 
reactions in biological systems Halliwell and 
Gutteridge [27] stated: "However, there has been 
repeated controversy as to whether OH is 
formed at all in Fenton reactions at physiological 
pH values. Challenges to the existence of OH 
seem to erupt every few years and then subside, 
leaving us none the wiser". An example for this 
is a dispute in Accounts of Chemical Research 
after Sawyer and coworkers proposed Fenton 
reactions to proceed via "bound" OH radicals [281 
and this suggestion was rebutted by MacFaul et 
al. 29] and Walling [301 who raised arguments in 
favor of the occurrence of truly "free" OH. The 
present investigation, however, was not aimed 
at renewing the discussion about the structure of 
Fenton complexes, which, in view of the availa- 
ble literature and the especially careful investi- 
gations of the chemistry of iron in hypervalent 
oxidation states by Bielski [9 12] and others [31] 
also seems superfluous. Since it is known, how- 
ever, that oxygen activation by iron complexes 
strongly depends on the nature of the lig- 
ands |32"331 and on pH [34] and - already in the 

case of rather "simple" complexes such as 
Fe-EDTA and others _[35] proceeds by compli- 
cated multistep-mechanisms [36'37] an explana- 
tion of the significance of such complexes under 
in vivo conditions and the question where the 
oxygen atom in TA-OH comes from needs a 
more detailed discussion. 

Mechanistic aspects of TA-hydroxylation 

Radiolysis experiments have established that 
according to the pathway outlined in equations 
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FIGURE 3 Phosphate and bicarbonate buffers possess about equal hydroxylating efficiency at "physiological" concentration. 
Boli of FeSO 4 (resulting in a final iron concentration of 20 gM) were injected into the respective buffer at pH 7.4 (which, in the 
case of bicarbonate, was kept constant by purging the solution with a 95/5% v / v  mixture of air and CO 2) 

A and B of Scheme 1 (20,23) free OH is able to 
hydroxylate TA without the involvement of dis- 
solved molecular oxygen. This could explain the 
"basic" yield of TA-OH in the radiolysis system 
at "zero" oxygen concentration (Figure 2a). The 
rise in the yield of TA-OH (Figure 2a), and the 
acceleration observed in Figure 2b with increas- 
ing oxygen concentration, could then be due to 
additional TA-hydroxylation by contribution of 
equations C and D of Scheme 1. 

As it is impossible to obtain entirely oxy- 
gen-free solutions by bubbling with gases like 
N 2 or Ar, we cannot exclude that the "zero oxy- 
gen" conditions in Figure 2 still contained suffi- 
cient amounts of oxygen to allow for the 
formation of some hypervalent >Fe=O species or 
some other peroxidic intermediate accounting 
for the observed yield of TA-OH under those 
presumably anoxic conditions. Additionally, the 
mechanism outlined in Scheme 1 would only 
explain the results in the buffer system if the lat- 
ter would generate "free" hydroxyl radicals. 
This, however, is not the case. In the beginning, 
when the TA reaction was thought to be specific 

for free OH, the fluorescence of TA-OH was 
expected to be a direct proof for reactions involv- 
ing this species. Comparison of the fluorescence 
data and the ESR measurements made under 
identical conditions clearly showed that TA-OH 
formation must have accounted for the presence 
of free as well as of some hitherto unidentified 
species, which DMPO could not detect. On the 
other hand, DMPO detected the presence of that 
crypto species, when the oxidative capacity of 
the latter was "translated" by alcohol or formate 
into the corresponding ethyl- or formate 
spin-adducts. Knowing that an oxidation poten- 
tial of about 1.2Volts is needed to abstract 
hydrogen atoms from alcohols we may take an 
oxidation potential of that magnitude as an esti- 
mate for the lower limit of that of the postulated 
crypto-OH. If TA-hydroxylation can not - or at 
least not exclusively - be due to hydroxyl radical 
generation by some mechanism analogous to the 
simplified equation 

L.FeIIH20+H202 > L . F e m H 2 0 + ° O H + O H  - 

other explanations have to be sought. One of the 
possibilities left is that TA hydroxylation by the 
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Anaerobic  conditions 

COO " + coo o  , 
" O H  ,~ = 

" C O 0 "  Fe3 ,  laq I 

a b 

C O 0 "  

~OO OH + [ Fe2*]aq +H + A 

. 

COO COO" COO" 

COO" 

b c a 

+ H20  B 

Aerobic conditions 

COO COO" COO" 

+ 02  . = 

c o o -  ~-_~o" 
COO 

b d c 

+ HO 2 C 

0 2 -  + 02 -  + 2 H + " H 2 0  2 + 02 D 

SCHEME 1 Reaction pathways of terephthalate hydroxylation by "free" OH. Under anaerobic conditions TA-OH (c) may be 
formed via intermediary hydroxy-cyclohexadienyl radicals (b) by direct oxidation by complexed metal (reaction A), or via dis- 
proportionation of two hydroxy-cyclohexadienyl radicals (reaction B). Under aerobic conditions intermediary peroxyl radicals 
(d) may directly yield TA-OH after elimination of a superoxide radical. The latter could induce a cyclic redox-reaction by reduc- 
ing iron(III), or, after dismutation to H202 according to reaction D, generate OH radicals in a genuine Fenton type process. 
(Scheme taken from Refs [20] and [23]) 
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buffer complex proceeds through some mecha- 
nism analogous to "oxene" type oxygen inser- 
tion which has been extensively discussed in the 
literature [38'39'4°'41] or one may assume that 

mixed oxidation states of iron (as contained in 
so-called "GIF-reagents "[42'43'44[) contribute to 
aromatic hydroxylations via intermediary epox- 
ides.[ 45] 

Evidently the decision where the oxygen atom 
in TA-OH comes from, cannot be solved without 
appropriate isotope experiments (analogous to 
those that have been conducted to show that the 
oxygen atom in the hydroxyl radicals derived 
from the "uncomplexed" Fenton reaction comes 
from H20 2 and not from 02). [461 We are pres- 
ently unable to explain the mechanism of TA 
hydroxylation in detail. The pathway outlined in 
Scheme 1 only seems to apply to free OH radi- 
cals and the question about the actual nature of 
the crypto-species and where the oxygen in 
TA-OH comes from has to await further investi- 
gation. 

2 5 0  

r - -  

._: 2 0 0  

- r -  

9 15o 
.<  
I.-.- 

o 1 0 0  
0 
t -  

O 

,,0 50 
0 

kL 
0 I i i I 

4 5 6 7 8 9 

pH 

FIGURE 4 Hydroxylation of TA by "crypto-OH" (see text) 
strongly depends on pH whereas hydroxylation by "free" 
OH is almost independent of pH. The curve for free OH (tri- 
angles) was obtained by gamma-irradiation of TA-contain- 
ing 50mM phosphate buffer; that for crypto-OH (circles) by 
injecting boli of 8 gM FeSO 4 into PB containing 460 laM TA; 
pH was adjusted by mixing Na2HPO 4 and NaH2PO 4 

Biological consequences of iron complex 
formation 

Reactive oxygen species (ROS) are increasingly 
discussed in the context of being involved in sig- 
nalling processes, e.g. during apoptosis, [471 in 
the intercellular induction of apoptosis, [48] the 
generation of signals by cells that have been 
treated with oxidants or UV-light, [49] the trans- 
mittance of signals between irradiated and unir- 
radiated cells, [50'51'52'53] extracellularly manifest 
responses to intracellular ROS generation, [54'55] 
and intracellularly manifest responses to intra- or 
extracellularly generated ROS.[56'57] Furthermore 
it is increasingly appreciated that proliferation 
and differentiation of cells is connected to the 
oxidant state of cells [58'59'6°] and the functioning 
of so called "iron switches" is thought to be cor- 
related to hydrogen peroxide or other molecules 
involved in oxygen metabolism. [61'62'63] 

In most of these cases mechanistic details 
about the interaction between ROS and the iron 
are not exactly known, some hypotheses favor 
the interaction of superoxide radicals with 
iron-sulfur aggregates, e.g. in the case of aconi- 
tase [64] acting as iron responsive element IRE. 
Other authors prefer the interaction of reduced 
iron with H20 2, i.e. Fenton-type reactions, to be 
the decisive determinant for the biological result. 

We want to point out, however, that the idea 
of reduced iron interacting with an elevated 
level of H20 2 after it is released, e.g. from the fer- 
ritin store, cannot be an adequate explanation for 
understanding the interaction between both spe- 
cies. The assumption that iron remains "naked" 
for some period of time is certainly not justified 
even though it has been repeatedly shown that 
there is a "chelatable" iron pool 65 which is acces- 
sible by a variety of chelators. In fact, we are 
forced to consider that the chemistry occurring 
must be subject to the reaction probabilities that 
pertain to the local environment where iron 
appears on the scene, i.e. the actual composition 
of cellular and interstitial fluids. According to 
Figure 5, panel a, free hydroxyl radicals clearly 
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Fe(lll)aq 

~ r e d  

Fe(ll)aq 

k --1700 M-is - 1 /  " ~  100 -10 000 Mls 1 

PB [--1 mM] 
H20 2 [0,01 - 1 IJM] 

HCO a- ['-,25 mM] 

Fe/buffer- complex 
('crypto - OH') 'free "OH' 

'specific' 'random' 
hydroxylation reactivity 
of aromatics 

(e.g. phenylalanine, tyrosine, dopa etc.) 

SCHEME 2 Fe(III), after being reduced to Fe(II) by a physiological reductant, may enter two pathways. The probability of each 
pathway depends on the abundance of the respective reaction partner and the respective reaction rate. Clearly the left reaction 
pathway leading to complexes which are able to hydroxylate aromatic compounds is dramatically favored over the reaction 
with hydrogen peroxide that generates "randomly" -and hence unspecifically- acting free hydroxyl radicals. (Note that besides 
TA, which was used as a test system, also physiological substrates such as aromatic amino acids are hydroxylated by 
crypto-OH (data not shown)) 

may be generated when Fe(II) encounters a 
hydrogen peroxide molecule, i.e. the Fenton 
reaction may occur. The chance for this to hap- 

pen, however, is in competition with the 
crypto-OH-yielding reaction of Fe(II) with phos- 
phate and/or  bicarbonate which are present in 
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DMPO-OH DMPO-EtOH/OH 

"~ 300 

-r 200 

9 
I-- 
"6 
8 I00 

0 
I¢1 

0 
2 0 
1.1.. 

r + + EtOH 

a' 

-~.'--~',.~--,,'.~ b ~ b' 

I I I 1 

0 100 200 300 400 500 DMPO-EtOH 

Time [s] 
FIGURE 5 In contrast to "free" hydroxyl  radicals "crypto-OH" does not  produce  DMPO-identifiable species. It only does so 
after "translation" of its oxidative capacity by ethanol. Left part: Boli of FeSO 4 (resulting in 20 ~tM end concentration) were  
injected in 50 m M  PB, p H  7, containing 20 ~tM H202 (circles), or PB wi thout  any addit ive (triangles). Right part: Trace a: DMPO 
signal result ing from the Fe(II) /PB/H202 system; trace b shows the absence of any signal in the case of Fe(II)/PB. Traces a' and 
b'  refer to the respective cases w h e n  100 m M  ethanol was addit ionally present.  (Coupling constants of EPR signals were  aN= 
a H - 14.9 G (trace a) and a N - 15.9 G and a H = 23.1 G (trace b'). (DMPO concentration in each case was 23 raM) 

I mM and 25 mM concentration, respectively. As 
a result, the two possible pathways outlined in 
Scheme 2 must be operative. From the time 
course displayed in Figure 3 follows that the 
overall process of TA-hydroxylation in physio- 
logical buffer proceeds to the half-maximal end 
concentration within about 30 seconds. The 
sequence consists of two steps, formation of the 
hydroxylating crypto-complex followed by the 
actual hydroxylation of TA. The second step, 
when depending on OH radicals generated by 
radiation, is known to proceed at a rate close to 
the diffusion-controlled limit, [20'23] and we 
assume that the analogous reaction by 
crypto-OH may also be rather fast. Hence forma- 
tion of the Fe/buffer complex is the rate-deter- 
mining step which sets the limits for the overall 
process. Estimating from the half-value in 
Figure 3 of about 30 seconds a reaction rate in 

the order of 1700 M-is -1, we calculate a k*c 
product of 42.5 s -1 as a measure for the probabil- 
ity of Fe(II) to react with buffer molecules (k is 
the above rate constant of 1700 M-ls -1 and c the 
buffer concentration taken as 25 x 10 -3 M, hence 
k*c = 1700 x 25 x 10-3= 42.5 s-l). To arrive at an 
equal k-c-product, i.e. reaction probability, for 
the reaction of Fe(II) with H20 2, a hydrogen per- 
oxide concentration of close to one molar(!) 
would have to be present to effectively compete 
with the buffer, when taking a rate constant 
close to 100 M-is -1 [34] for the reaction of uncom- 

plexed iron with H20 2. Allowing for the fact that 
reaction rates for Fenton reactions generally rise 
by several orders of magnitude when the cata- 
lytic metal is chelated, the concentration of H20 2 
being necessary to compete with the buffer 
would still have to be in the millimolar range, i.e. 
at an unreasonably high steady state level which 
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wou ld  result  in mani fo ld  "overkil l"  of any  cell 
by  this toxic agent.  

CONCLUDING REMARKS 

Admi t t ed ly  there is a wea l th  of data  impl icat ing 

effects of h y d r o g e n  peroxide  w h e n  cells become  
enr iched in this reactive agent  dur ing  oxidat ive 
stress. Fur the rmore  a host  of biological conse- 

quences of such condit ions have  been clearly 
s h o w n  to be related to meta l  catalysis. Howeve r ,  

seeking an explanat ion for the genera t ion of bio- 

logical signals f rom H 2 0 2 / m e t a l  interactions b y  
invoking  i ron-cata lyzed genera t ion of O H  radi-  

cals by  Fenton- type  processes m a y  be erroneous.  
The data  presented  sugges t  that  any  reduced  

iron in the physiological  mil ieu will immedia te ly  

be  complexed  by  ubiqui tous  buffer  anions and  
react in a similar w a y  as does free OH, e.g. 
hydroxyla te  aromat ic  compounds ,  yet  bypass  

H 2 0  2 for genuine Fenton chemis t ry  to occur. We 
are present ly  at a loss for a reasonable  mechanis-  

tic explanat ion for the biological effects of hydro -  

gen peroxide  itself. We do suggest,  however ,  
that  the molecular  action m e c h a n i s m  of iron(II) 

m u s t  be independen t  of freely diffusible H 2 0  2. 
Especially w h e n  considering that  hydroxy la t ed  

aromat ic  c o m p o u n d  usual ly  are effectors wi th  
h igh  pharmacologica l  activity (e.g. phenyla-  
lanine < tyrosine < dopa)  bu f fe r -p romoted  
hydroxyla t ions  of b iomolecules  that  are par t  of 

intra- or intercellular signalling p a t h w a y s  migh t  

be  a bet ter  explanat ion for the bioact ivi ty of iron 
at low concentrat ion than  invoking  reactions of 

r a n d o m l y  acting O H  radicals. Only  at ex t remely  

h igh  (local?) concentrat ions of H 2 0  2 we  m a y  
a s sume  that  an interact ion of H 2 0  2 wi th  iron 
m a y  be re levant  for explaining "oxidat ive  
stress". 

Interestingly,  ana logous  conclusions concern- 
ing the minor  impor tance  of the Fenton react ion 
unde r  in vivo condit ions were  recently der ived  
by  Qian  and  Buettner  66 w h o  demons t r a t ed  that  

at concentrat ion ratios [02] / [H202]  > 100, which  

are to be a s sumed  in a lmost  all cellular compar t -  

ments ,  pre-exist ing h y d r o g e n  peroxide  is a negli- 

gible contr ibutor  to biological free radical  
oxidations and  some hi ther to not  exactly identi- 

fied "Fe-O" complex  was  sugges ted  to ou tcom-  
pete h y d r o g e n  pe rox ide -dependen t  reaction 

pa thways .  
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