
Free Rod. Res. Comms., Vol. 17, No. 3, pp. 177 ~ 185 
Reprints available directly from the publisher 
Photocopying permitted by license only 

Cl 1992 Harwood Academic Publishers GmbH 
Printed in the United Kingdom 
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In the past, antioxidant and chelator studies have implicated a role for iron-dependent oxidative damage 
in tissues subjected to ischaemia followed by reperfusion. As ferritin is a major source of iron in 
non-muscular organs and therefore a potential source of the iron required for oxygen radical chemistry, 
we have determined conditions under which ferritin iron reduction leads to the formation of a pool of 
iron which is capable of catalysing lipid peroxidation. Under anaerobic conditions and in the presence 
of rat liver microsomes, tlavin mononucleotide (FMN)  catalysed the reduction of ferritin iron as shown 
by both continuous spectrophotometric measurements of tris ferrozine-Fe(I1) complex formation and 
post-reaction Fe(I1) determination. The presence of either ferrozine or citrate was not found to alter the 
time course or extent of ferritin reduction. In contrast, the addition of air to the reactants after a 20 min 
period of anaerobic reduction resulted in peroxidation of the microsome suspension (as determined with the 
2-thiobarbituric acid test) only in the presence of a chelator such as  citrate, ADP or nitrilotriacctic acid. 
These results support the concept that reduced ferritin iron can mediate oxidative damage during 
reperfusion of previously ischaemic tissues, provided that chelating agents such as citrate or ADP are 
present. 

KEY WORDS : Ferritin iron release, rat liver microsomes, lipid peroxidation, iron chelation, citric acid, 
flavin mononucleotide. 

INTRODUCTION 

Measurement of the products of oxidative damage following ischaemia/reperfusion 
as well as the observed protective effects of antioxidants and iron chelators in some 
models all indicate that, upon re-oxygenation, there is a burst of oxygen derived free 
radical (ODFR)  production leading to oxidative modification of critical cell 
 component^.'-^ Transition metals catalyse the formation of powerful oxidising agents 
from oxygen, superoxide and peroxides. Iron is thought to be especially important 
in biological free radical-mediated oxidations due to its a b ~ n d a n c e . ~  Work from this 
laboratory has demonstrated an increase in desferrioxamine-chelatable iron in rabbit 
kidneys.which had been subjected to periods of warm or cold i ~ c h a e m i a . ~ . ~  This was 
thought to represent altered intracellular iron homeostasis leading to a subcellular 
redistribution, the extent and duration of which during subsequent reperfusion was 
found to correlate inverseiy with recovery of renal function after autologous 
transplantation.’ 

The subcellular site(s) of iron mobilisation have not yet been established; however, 
the iron storage protein ferritin and possibly its degradation product haemosiderin 

1* To whom correspondence should be addressed 
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are likely candidates in transplantable organs as iron in prosthetic groups would be 
tightly bound while the endogenous low molecular weight pool of iron is thought to 
be very small.' In cardiac and other muscular tissue, myoglobin, either through 
H,O,-mediated iron release or ferrylmyglobin formation, may provide the iron species 
which catalyse (s) radical f o r m a t i ~ n . ~ ~ ' ~  Within ferritin, iron is stored as polymeric 
ferric oxyhydroxide which is released as needed for the synthesis of haem and other 
proteins requiring iron as a co-factor.' ' The normal physiological mechanisms of 
ferritin iron release may involve either direct chelation of Fe( 111) by cellular agents 
such as citrate after lysosomal ferritin degradation or reduction to soluble Fe(I1) by 
ascorbate, thiols or other physiological reducing agents [reviewed in ref. 8 1 .  These 
mechanisms, although kinetically slow, would be operative throughout the range of 
physiological oxygen tensions and would not be expected to change greatly as a 
result of the biochemical changes which occur during ischaemia. In contrast, very 
high rates of reductive iron mobilisation can be achieved in the presence of 
physiological and xenobiotic semi- and hydroquinones such as those derived from 
flavin mononucleotide (FMN),  flavin adenine dinucleotide, paraquat and the 
anthracyclines.' 2-14 Furthermore, these agents are also generated from their parent 
quinones in subcellular organelle preparations via NADH and NADPH-dependent 
processes, but are rapidly oxidised by molecular oxygen thus inhibiting ferritin iron 
mobilisation under aerobic conditions.'"16 

In light of the above arguments and the observations that increased levels of 
chelatable iron occur during ischaemia7 when reductive processes would be active, 
we have used a previously characterised anaerobic rat liver microsome/NADPH/ 
FMN-driven ferritin iron release systernl6 to investigate the potential of reduced 
ferritin iron as a catalyst of ODFR formation. The use of FMN as a mediator of 
ferritin reduction is illustrative of the type of iron-release mechanism that would be 
operative during a period of ischaemia. Levels of suitable redox active compounds 
in uiuo have yet to be determined under ischaemic conditions. The generation of 
ODFR was assessed in this system by measuring thiobarbituric acid reactive products 
(TBARs) upon aeration of the system. The experiments described here show that 
although ferritin iron reduction is readily accomplished via an FMN reducing system, 
lipid peroxidation occurs only in the presence of an iron chelator such as citrate or 
ADP. 

METHODS 

Horse spleen ferritin (three times recrystallised, cadmium-free), NADPH, NADP 
(disodium salt ) and glucose-6-phosphate dehydrogenase were obtained from 
Boehringer Manheim UK (Lewes, East Sussex). Ferritin iron was determined by the 
method of Drysdale and Munro" and found to be 7.2 pmol/mg protein (approx. 
3200 iron ions/mol ferritin). A small portion of the ferritin iron (0.02-0.03%) was 
immediately reducible to ferrozine detectable Fe(I1) by ascorbate (5 mM) and likely 
reflected loosely bound iron which may be an artifact of the commercial ferritin 
preparation. Subsequent ascorbate-dependent ferritin iron release (0.01-0.02Y0 /min ) 
was linear over a 20min period, similar to that described by Boyer et 0 1 . ' ~  
3- (2-Pyridyl)-5,6-bis (4-phenylsulphonic acid)-l,2,4-triazine disodium salt 
(ferrozine) was purchased from BDH (Poole, Dorset ). Glucose-6-phosphate 
(monosodium, Lot # 59F-3901) from Sigma (Poole, Dorset ) was used because of 
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FERRITIN IRON MOBILIZATION AND PEROXIDATION 179 

its low redox-active iron content ( < 20 pmole/mole). Other buffers and reagents 
were of the highest purity available from BDH Ltd or Sigma. 

Rats (200-250 g )  were obtained from the Sprague Dawley breeding colony 
maintained by the MRC Clinical Research Centre, Harrow. Rat liver microsomes 
were prepared essentially as described previo~s ly '~  from a 25% liver homogenate in 
EDTA/Tris/KCl buffer (1/50/125 mM, pH 7.4). The initial microsomal pellet was 
washed twice in Tris/KC1 buffer (50/125 mM, pH 7.4) and resuspended in Tris/KCl 
(0.2/150 mM, pH 7.4) at 10-20 mg/ml then kept frozen under liquid nitrogen until 
use. Protein concentrations of microsomes and ferritin were determined by the method 
of Lowry2' using bovine serum albumin as a standard. 

Thiobarbituric-reactive substances (TBARs ) were determined by the method of 
Buege and Aust21 with the addition of 0.02% (w/v)  butylated hydroxyanisole to 
minimize further peroxidation during the heating stage. The absorbance data 
(AAs32-A,oo) were converted to equivalents of malondiaidehyde (MDA) using a 
molar absorptivity of 1.56 x 10'. Controls, carried out for each experiment, indicated 
that none of the reactants, bar NADPH, interfered with the TBA test. The effect of 
NADPH was limited by maintaining a constant 250 pM concentration by the use 
of an NADPH-generating system and was, in any event, negligible being approx. 
0.3 nmol MDA equivalents/mg microsomal protein under the conditions used. 
Reactions were carried out at 37°C with rotary mixing in acid-washed glass or new 
plastic vessels sealed with Suba-Seal septa ( Aldrich Chemical Co., Gillingham, 
Dorset ). An anaerobic environment was maintained by constant gassing with nitrogen 
through a 23 g needle which pierced the septum, a similar needle served as a vent; 
rapid aeration was accomplished by switching the gas flow to compressed air for 
4 min, after which the septum was removed and the mixture exposed to the ambient 
atmosphere. In addition to other stated components, reactions contained either 
NADPH (1 mM)  or an NADPH-generating system consisting of NADP (250 pM) ,  
MgCI, (10 mM)  and glucose-6-phosphate (10 m M )  in either Tris/KC1(50/125 mM, 
pH 7.4) or HEPES/KCI (50/125 mM, pH 7.4). Incubations were initiated by the 
addition of either NADPH or glucose-6-phosphate dehydrogenase ( 1.2 units/ml, final 
concentration). 

Spectrophotometric determinations of ferritin iron release in microsomal 
suspensions were performed using a Uvikon 810P spectrophotometer (Kontron 
Instruments, Watford, U.K.) either by the continuous monitoring method of Boyer 
et a1.I8 or by measuring the amount of ferrozine-chelatable iron after terminating 
the reactions with either trichloroacetic acid (TCA) or ice cold acetic acid. When 
the TCA method was used, samples ( 1  ml) of microsome suspension which had been 
incubated in the absence of ferrozine were treated anaerobically with 100 mM (15 p l )  
ferrozine, then mixed 15 s later with 33% TCA (0.5 ml) to quench the reaction. After 
centrifugation (10 min at  1000 x g)  to clarify the solution, As,7pA700 was determined 
spectrophotometrically . Reactions which already contained ferrozine received only 
TCA. In the presence of 22% TCA, the Fe(I1)-(ferrozine), absorbance maximum 
shifted to 567 nm with an experimentally determined molar absorptivity of 
28500 Au.cm-'. This concentration of TCA caused a gradual loss of absorbance at 
567 nm which was less than 5% over 24 h ;  however, the spectrophotometric readings 
were all taken within 90min permitting the use of the above extinction coefficient 
data to calculate Fe( 11) concentrations. 

In other experiments, Fe(I1) was measured by mixing one volume of sample with 
four volumes of ice-cold ferrozine/acetic acid/triton X-100 (1.25 mM/7.5 M/0.4%). 
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The samples were maintained on ice until spectrophotometric measurements were 
made (within 60 min) and Fe(I1) concentrations determined using a molar 
absorptivity of 27900 Au.cm-' (A562-A70022) .  Under these conditions acetic acid 
neither prevented the formation of the Fe(1I)-(ferrozine), complex nor did it alter 
the spectral properties of the complex in the visible range. 

RESULTS AND DISCUSSION 

Ferritin Iron Release 
Initial studies established that aeration of a rat liver microsome preparation which 
had been anaerobically incubated with FMN, NADPH and ferritin did not result in 
increased TBARs formation compared with similarly treated controls which lacked 
either FMN or the anaerobic step. The results shown in Figure 1 ,  however, 
demonstrate that this lack of lipid peroxidation was not the result of a failure in 
ferritin iron reduction. Figure I A  shows the results of a typical ferritin iron release 
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FIGURE 1 Measurement of ferritin iron reduction. [A]  Reduction of ferritin and FMN. Both sample 
and reference cells contained an anaerobic microsome suspension (0.2 mg/ml in HEPES/KCI buffer) 
and 200 pM Fe as ferritin, the sample cell additionally contained the NADPH generating system and 
ferrozine ( 1  m M ) .  Prior to the addition of F M N  (100 p M )  and glucose-6-phosphate dehydrogenase 
( I  .7 U/ml)  a baseline determination was carried out. Spectra were then recorded over 2 hours at 4 min 
intervals. [B] Effect of ferrozine on ferritin iron reduction. 1 ml anaerobic reaction mixtures contained 
0.1 mg microsomal protein, 1 m M  NADPH, 100pM and 200pM as ferritin in Tris/KCi buffer. Fe(1l)  
concentrations were determined by the TCA method described in the Methods at the indicated time after 
initiation of the reaction with NADPH. Reactions were carried out in the absence (0 ) or presence ( ) 
of ferrozine (1.25 m M )  in triplicate. Where the SEM was larger than the plotting symbol this is indicated 
by error bars. 
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study which employed ferrozine to quantify Fe (11) formation. Note the concomitant 
decrease in A,,, and increase in A s 6 2  as FMN is reduced and the Fe(I1)-(ferrozine), 
complex is formed. In order to verify that the presence of ferrozine was not affecting 
the kinetics of the ferritin iron reduction process, a study was undertaken in which 
the reaction was carried out in  the absence of the chelator and the quantity of Fe(I1) 
formed was then subsequently determined and compared with that generated in the 
presence of ferrozine. As seen in Figure lB, similar results were obtained using either 
procedure indicating that the increase in absorbance due to Fe( 11)- (ferrozine), 
complex formation was an accurate measurement of ferritin iron reduction over this 
timescale. These data show that the lack of pro-oxidant effect in the post-anaerobic 
incubation period was not the result of a failure in the ferritin reduction process. 

Ferritin-Dependent Lipid Peroxidation 
The effects of several chelating agents known to permit or potentiate iron-dependent 
lipid peroxidation were also studied. As shown in Figure 2A, in the presence of NTA, 
citrate or ADP and following a 20 minute anaerobic incubation, the introduction of 
air resulted in extensive accumulation of TBA-reactive material. On the other hand 
if the reaction was performed solely in Tris or phosphate buffer the introduction of 
air resulted in little or no increase in TBARs, indicating a critical role for a chelator 
in promoting lipid peroxidation. Figure 2B shows that in addition to chelator (in 
this case citrate), FMN and NADPH were also absolute requirements for the 
production of TBARs while exogenous ferritin greatly stimulated the response. The 
consistent but low level of peroxidation found in the absence of horse spleen ferritin 
is likely to be due to endogenous ferritin which co-precipitates during the microsome 
preparation, although a proportion may also be due to a non-haem, non-ferritin 
mobilisable iron fraction which has been observed by other  worker^.^^,^^ 

In order to further clarify the role of chelators in promoting lipid peroxidation 
following ferritin iron mobilisation, the levels of both Fe( 11) and TBARs were followed 
in the same incubations. The results of this experiment, illustrated in Figure 3, 
demonstrated that the presence of citrate had no effect on the extent of ferritin iron 
reduction during the 20 minute anaerobic period. The rate of Fe(I1) oxidation upon 
reaeration was, however, faster in the samples lacking citrate. In contrast, while 
essentially no accumulation of TBARs occurred in the samples devoid of additional 
chelator, extensive TBARs generation occurred between 10 and 20 min after aeration 
of the microsomes containing citrate. This delayed onset of lipid peroxidation is 
commonly observed in ferrous-dependent  system^,^^-^' the length of the delay often 
being inversely related to the rate of Fe(I1) oxidation. The effect of citrate was, 
therefore, not to potentiate the FMN-dependent reduction of ferritin iron but to 
render the reduced iron catalytically active. 
Citrate may be promoting lipid peroxidation by one of three possible mechanisms : 
( 1 )  maintaining a pool of redox-cyclable iron, (2 )  preventing the redeposition of 
released ferritin iron, or ( 3 )  aiding the egress of reduced ferritin iron. Hypothesis ( 1 )  
is unlikely as Fe(I1) in the absence of exogenous chelators promotes microsomal 
lipid peroxidation,” a process which is enhanced by the presence of NADPH or 
NADPH/FMN.28 Although citrate may be altering the rate of iron deposition in 
ferritin, the predominantly L-chain based horse spleen ferritin would not, in any case, 
be expected to take up Fe(I1) at a rate high enough to inhibit lipid p e r ~ x i d a t i o n . ~ ~  
On the other hand, ferritin, reduced in the absence of chelators, can contain 
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FIGURE 2 Determinants of ferritin-dependent lipid peroxidation. [A] Effect of chelators on lipid 
peroxidation after ferritin reduction. Reactions were carried out in tris buffer except when 100mM 
potassium phosphate was used ( A ) .  The incubation mixture contained microsomes (protein concentration 
of 1 mgiml), 100 pM FMN, 200 pM Fe as ferritin and, when present, chelator concentrations were 300 pM 
for citrate and NTA, while ADP was 1 mM. The NADPH generating system was used and reactions were 
initiated by the addition of 1 U/ml of glucose-6-phosphate dehydrogenase. After 20 min of anaerobic 
incubation, air was admitted and TBARs formation followed for 40 min as described in the Methods. 
[B] Requirements for NADPH, FMN and ferritin. Reaction conditions were similar to panel [A] with 
the following exceptions: the buffer was HEPES/KCI, 300 pM citrate was present in all samples and the 
indicated component was omitted. 

considerable amounts of Fe(II)?' It is therefore plausible to suppose that the primary 
effect of citrate and the other chelators used in the work presented here is to mobilise 
Fe (11) from ferritin, forming a catalytically active pool. Aust and co -~orke r s ,~ '  
however, found that a chelator was unnecessary for the ferritin-dependent 
peroxidation of liposomes when radicals formed by radiolysis were the agents 
responsible for ferritin reduction. In this case, the membranes were devoid of the 
integral and surface proteins found in physiological membranes and are perhaps more 
efficient iron ligands than the microsome preparations used in this study. Monteiro 
et aL3' have also suggested that chelators are not required for free radical dependent 
ferritin iron reduction and mobilisation, although they demonstrated this using 
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FIGURE 3 Eflect of citrate on ferritin reduction and TBARs formation. Reaction conditions were as 
for Figure 2B, the controls (open symbols) lacked citrate. Triplicate reactions were rendered anaerobic 
until Time = 0 when air was admitted. Error bars indicate the standard deviation when larger than the 
plotting symbol. Fe(I1) was determined by the acetic acid procedure as described in the Methods. 

ascorbate to maintain low molecular weight iron in the reduced state, even though 
ascorbate is itself an iron chelator. 

Further studies are in progress to elucidate the role of chelating agents in 
ferritin-dependent lipid peroxidation and to characterise the nature of FMN-reduced 
ferritin iron. Although the occurrence of oxygen radical formation as a result of 
ischaemia/reperfusion and the critical role of iron in catalysing such reactions is not 
in doubt, the relative importance of this chemistry in the overall pathophysiology of 
ischaemic damage is not yet known. The source of, and mechanism for the generation 
of increased levels of (presumably low molecular weight) catalytically active iron are 
also uncertain. While the intracellular levels of free FMN or other redox-active 
quinones during ischaemia have yet to be determined, it is known that the rate of 
ferritin iron reduction is proportional to the FMN concentration down to micromolar 
levels.16 Thus, although low levels of endogenous quinones are capable of catalysing 
ferritin iron reduction under anaerobic conditions, the nature of the physiological 
chelators and the extent to which their levels are altered under ischaemic conditions 
will be the factors which determine the degree of ensuing iron-dependent oxidative 
damage upon reperfusion. 
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