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AbstractXortical homogenates were prepared from rat brain in Krebs-Ringer phosphate media 
adjusted to pH 7,6 or 5 and incubated for 1 hr under aerotic or anaerobic conditions in the presence of 
dipyridyl, an iron chelator. Low molecular weight species (LMWS) iron was measured spectro- 
photometrically after passing of the homogenates through a 10,000-M, ultrafiltration membrane. Fol- 
lowing aerobic incubation, LMWS iron reached 1.24 &g, tissue at pH 7, and increased 1.7-fold at pH 6 
and 3:1-fold at pH 5. Anoxia enhanced significantly’tke-amount df ultrafiltrable iron at the three pH 
values. the LMWS iron level beine increased bv 190% at DH 7. bv 113% at DH 6. and bv 77% at DH 5. 
Addition of the ultrafiltrates to grain membranes causeb sign&ant rises-in the pro&ction of’ lipid 
peroxides assessed by the thiobarbituric acid test, indicating that LMWS iron was in a form capable for 
catalysing oxygen-derived free radical-mediated lipid peroxidation. It was concluded that decom- 
partmentalization of intracellular iron may be an important factor in the initiation of peroxidative 
damage to ischemic cells. 

Among the changes which occur within ischemic 
cells, the lowering of pH may account for the 
development of irreversible brain damage [l]. The 
cytotoxicity of acidosis has been demonstrated in 
neuronal and glial cell cultures [2,3], and in animals 
submitted to transient cerebral ischemia severe tissue 
acidosis aggravates cell damage and contributes to 
an impaired post-ischemic recovery [l, 41. One 
possible effect of acidosis is to stimulate free radical 
generation. So, the production of lipid peroxides by 
brain homogenates is enhanced markedly by lowering 
the pH from 7 to 6 [5-91 and similar results have 
been reported recently [lo] in cortical brain slices, 
a more physiological preparation which retains a 
major portion of whole tissue organization. 

The role of iron in initiating lipid peroxidation is 
well known [ll-131 and a possible effect of tissue 
acidosis is, as suggested by Bemheim [6], to dissociate 
protein-bound iron and to provide a source of iron 
in a form capable of catalysing free radical formation. 
It has been postulated that cells may contain low 
molecular weight iron complexes, but the ability of 
this loosely bound iron to participate in redox 
reactions and to promote lipid peroxidation is 
relatively unknown. 

Our study was designed to answer two key 
questions. First, is there evidence that acidosis leads 
to iron delocalization in brain homogenates incubated 
in aerobic and anaerobic conditions? Second, is 
this delocalized iron capable of promoting lipid 
peroxidation? 

MATERIALS AND METHODS 

Experiments were performed on brain cortical 
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tissue from fed male Wistar rats (body weight 200- 
400 g). The animals were killed by decapitation, the 
brain was removed and cortical tissue was isolated 
at O”, rinsed with cold saline and homogenized by 
sonication in appropriate media. Trace amounts of 
iron being naturally present in buffer solutions, iron 
contamination was tested [14] spectrophotometrically 
after addition of ascorbic acid (25OpM) and 2,2’- 
dipyridyl(5 mM, Sigma Chemical Co., Poole, U.K.), 
an iron chelator which forms a stable ferrous complex 
absorbing at 520 nm. Under our experimental 
conditions, the iron concentration of the buffer 
solutions was less than 0.2 PM. 

For measuring iron delocalization, cortical tissue 
was homogenized in 20~01. of Krebs-Ringer 
phosphate medium (120 mM NaCl, 5 mM KCl, 
1.3 mM CaCl,, 1.2mM MgC12, 16mM sodium 
phosphate pH 7.4,lO mM glucose) adjusted to pH 7, 
6 or 5 by addition of phosphoric acid. The 
homogenates were incubated in Nalgene vials in a 
shaker-water bath at 37”, under either air or 
anaerobic conditions. For anaerobic experiments, 
incubations were performed under nitrogen; all 
solutions were previously purged with nitrogen and 
glucose oxidase (Sigma) was added to the incubation 
mixture (200 U/g tissue) to scavenge any remaining 
oxygen). 

The incubations were made in the presence or 
absence of dipyridyl. Following 1 hr of incubation, 
the homogenates were centrifuged at 0” at 15,000g 
for 20min. The supernatant was then passed 
through a lO,OOO-L&ultrafiltration membrane (Grace 
Company, Amicon Division, Epernon, France). 
When dipyridyl (5 mM) was present during incu- 
bation of homogenates, the absorbance of the 
ultrafiltrate was read directly at 520 nm. When 
incubations were made without dipyridyl, the latter 
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(5 mM) and ascorbic acid (250 PM, in order to reduce 
Fe3+ to Fe2+) were added to ultrafiltrates before 
spectrophotometric measurement. The absorbances 
were converted to iron concentration using a standard 
curve of Fe(NH4)2(S04)2,6 H20. The results were 
expressed as pg of low molecular weight species 
(LMWSt) iron per g of fresh tissue. 

In order to relate the amount of LMWS iron to 
total tissue iron content, the latter was determined 
using a modification of the method described by 
Riederer et al. [15]. About 100 mg of cortical tissue 
were homogenized in 10~01. of saline adjusted to 
pH 2.5 by HCl and containing pepsin (10 mg, Sigma), 
ascorbic acid (20mg) and 2,2’-dipyridyl (5 mM). 
After digestion for 24 hr at 37” and centrifugation, 
the absorbance was read at 520 nm against a blank 
containing all the reagents minus the tissue. 

In another series of experiments, the peroxidant 
effect of LMWS iron was tested on brain tissue 
membranes in comparison with standard solutions 
of ferrous sulfate. Brain membranes were prepared 
as described by Harik et al. [16]. Cortical tissue was 
homogenized using a glass-teflon homogenizer in 
20~01. of 0.3 M sucrose containing 10 mM Tris- 
buffer pH 7.4. The homogenate was centrifuged at 
1OOOg for 10 min. The supernatant was then 
centrifuged at 48,000 g for 40 min. The pellet was 
homogenized in 10 mM Tris buffer, pH 7.4, and used 
as the source of brain membranes. 

Cortical homogenates were incubated for 1 hr 
under air at 37” in Krebs-Ringer phosphate media 
without dipyridyl, adjusted to pH 7 or 6, and 
submitted to ultrafiltration as described. After 
addition of ascorbic acid (250 PM) in order to reduce 
Fe3+ to Fe2+, the ultrafiltrates were adjusted to pH 7 
and aliquots of 500 PL were added to 100 PL of brain 
membrane suspension (corresponding to about 
0.5 mg of protein). The mixtures were incubated 
under air for 30 min at 37” and lipid peroxides were 
evaluated by measuring TBARS as described 
previously [17]. The amounts of TBARS were 
quantified using a standard curve of malondialdehyde 
prepared with malondialdehyde-bis-dimethylacetal 
(Aldrich Chimie, Strasbourg, France) and expressed 
as nmol malondialdehyde per mg of protein. Proteins 
were assayed according to the method of Lowry et 
al. [18], using bovine serum albumin as a standard. 

The effect of ferrous sulfate on lipid peroxidation 
of brain membranes was assessed by measuring 
TBARS after the addition of various amounts of 
ferrous sulfate plus ascorbic acid. Brain membranes 
(about 0.5 mg of protein) were suspended in 500 PL 
of Krebs-Ringer solution pH 7. Ferrous sulfate (final 
concentration from 2 to 10pM) and ascorbic acid 
(final concentration from 50 to 250 PM) were added 
and measurements of TBARS were performed 
following 30 min of incubation under air at 37”. 

The data were given as means -+ SEM and 
compared using two-way or one-way analysis of 
variance followed by Newman-Keuls test. The level 
of significance was set at P < 0.05. 

t Abbreviations: LMWS, low molecular weight species; 
TBARS, thiobarbituric acid-reactive substances. 

RESULTS 

Iron delocalization from brain homogenates 

When brain homogenates were incubated under 
aerobic conditions without dipyridyl, the level of 
LMWS iron in the ultrafiltrate reached 0.60 f 
0.05 pgg/g tissue at pH7 (N = 9). It increased 
significantly by lowering of the pH, reaching 1.14 f 
0.17 pg/g at pH 6 (N = 9) and 1.38 f 0.08 pg/g at 
pH5 (N = 6). 

The presence of dipyridyl during incubation of 
homogenates enhanced the amount of delocalized 
iron. Under aerobic conditions, the level of LMWS 
iron reached 1.24 pg/g tissue at pH 7 and it increased 
significantly by 72% at pH 6 and by 210% at pH 5 
(Table 1). Anoxia enhanced significantly the amount 
of delocalized iron at the three pH values. LMWS 
iron level was increased by 190% at pH 7, by 113% 
at pH6 and by 77% at pH 5 (Table 1). When 
compared to the total tissue iron content, the LMWS 
iron represented from 5.7 (aerobic conditions, pH 7) 
to 31.2% (anaerobic conditions, pH5) of the total 
iron (Table 1). 

Effect of LMWS iron on lipid peroxidation of brain 
membranes 

Production of TBARS by brain membranes 
incubated at pH 7 was very low (0.12 -t 0.02 nmol/ 
mg protein/30min). It was enhanced markedly, in 
a dose-dependent manner, by the addition of ferrous 
sulfate in the presence of ascorbic acid (Fig. 1). The 
addition of the ultrafiltrates obtained from brain 
homogenates resulted also in an enhancement of 
lipid peroxidation (Table 2). TBARS production 
reached 2.23 nmol/protein when ultrafiltrates were 
obtained from homogenates preincubated at pH7 
and 5.14 nmol/mg protein when ultrafiltrates were 
obtained from homogenates preincubated at pH 6. 

DISCUSSION 

The first point to be discussed concerns the 
methodology used for evaluating iron delocalization 
from brain homogenates. Homogenates incubated 
in Krebs-Ringer phosphate media were subjected 
to ultrafiltration in order to remote LMWS iron and 
the amount of delocalized iron was evaluated using 
dipyridyl, an iron chelator which forms a stable, 
coloured ferrous complex. Our results show that the 
amount of LMWS iron was 2-3-fold enhanced when 
dipyridyl was added during the incubation of brain 
homogenates and the possibility exists that dipyridyl 
itself promotes the release of iron from bound sites. 
This mechanism seems unlikely as nearly all tissue 
iron occurs in ferric form bound to ferritin and 
transferrin, and iron chelation by dipyridyl would 
need previous reduction of Fe3+ to Fez+. Another 
mechanism can explain the lowered levels of LMWS 
iron when brain homogenates were incubated 
without dipyridyl. Ferrous irons may autoxidize 
during incubation to form ferric ions which are not 
detectable by dipyridyl. Ferrous salts are extremely 
unstable in phosphate-buffered media and they 
autoxidize readily (19). Ferric salts are virtually 
insoluble at neutral pH and they are only partially 
reducible by ascorbic acid. 
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Table 1. Effect of acidosis and anoxia on LMWS iron level 

pH value Condition 
LMWS iron level 

j4g/g tissue % of total iron 

I Aerobic (N = 13) 1.24 + O.ll* 5.7 
Anaerobic (N = 13) 3.60 f 0.24t* 16.6 

6 
Aerobic (N = 13) 2.14 2 0.04* 9.8 
Anaerobic (N = 13) 4.56 f 0.24tS: 21.0 

5 
Aerobic (N = 13) 3.84 2 0.19* 17.6 
Anaerobic (N = 13) 6.79 * 0.22tS 31.2 

LMWS iron was obtained by ultrafiltration of brain homogenates incubated under 
aerobic or anaerobic conditions for 1 hr in Krebs-Ringer phosphate buffer containing 
dipyridyl (5 mM) at pH 7, 6 or 5. Total iron was equal to 21.7 pgg/g tissue. 

Values are means f SEM, N = number of experiments. Two-way analysis of 
variance. 

* P < 0.05 between the different pH values under aerobic conditions. 
t P c 0.05 between the different pH values under anaerobic conditions. 
$ P C 0.05 between aerobic and anaerobic conditions for the same pH value. 

TEARS nmol/mg Protein 

12- 

I 
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10 

Fig. 1. Effect of ferrous sulfate (2-1OpM) plus ascorbic 
acid (SO-250 PM) on lipid peroxidation of brain membranes 
incubated under air for 30 min at pH 7. Means + SEM of 

values from 14 experiments. 

Table 2. Effect of LMWS iron on lipid peroxidation of 
brain membranes 

TBARS 
(nmol/mg protein) 

Membranes alone (N = 12) 0.12 + 0.02 
Membranes + ultrafiltrate 
from homogenate incubated 
at pH7 (N = 12) 2.23 ” 0.08’ 
Membranes + ultrafiltrate 
from homogenate incubated 
at pH6 (N = 12) 5.14 2 0.23*t 

Ultrafiltrates obtained from brain homogenates were 
added to brain membranes and TBARS were measured 
following 30 min of incubation at pH 7. Values are means 
2 SEM, N = number of experiments. One way analysis 
of variance followed by Newman-Keuls test. 

* P < 0.05 vs membranes alone. 
t P < 0.05 vs ultrafiltrate from homogenate incubated 

at pH7. 

Acidosis and accumulation of reducing agents are 
two characteristic features of ischemic cells. In the 
intact brain, intracellular pH has been reported to 
be 7.0-7.1 [20]. During complete ischemia, it has 
been estimated to fall to about 6.2 under 
normoglycemic conditions and below 6.0, ac- 
companied by excessive accumulation of lactate, 
under hyperglycemic conditions [21]. Further studies 
have shown that during ischemia glial cells 
become more acidic that neurons [22,23]. Under 
hyperglycemic conditions, direct measurements of 
intracellular pH have demonstrated [24] that 
astrocytic pH reached an average of 5.3 while 
neuronal cytoplasm equilibrated with extracellular 
pH [6.2]. 

Our results provide direct evidence that both 
anoxia and acidosis of a degree encountered during 
brain ischemia lead to increases in the level of 
LMWS iron of brain homogenates incubated at 37”. 
Our study made no attempt to identify the source 
of the delocalized iron. In tissues, nearly all iron 
occurs in biologically inactive form bound to ferritin 
and transferrin [25], but the relative abundance of 
these iron-containing proteins in the brain has not 
been quantified precisely [26], 

In the cell, iron is stored mainly as ferric hydroxyde 
micelles within ferritin molecules. However, iron 
must be available for exchange with transferrin and 
for metabolic requirements. So, it has been proposed 
that a small “chelatable” or “transit” iron pool exists 
in the cytosol, which is thought to be bound to low 
molecular weight chelates such as nucleotides, 
organic acids, glycine and cysteine [27,28], but 
neither the size nor the chemical nature of this 
“transit” pool has been clearly established. Accurate 
quantitation of this iron pool is difficult as it 
constitutes probably a very small fraction of the total 
iron. Our results indicate that ultrafiltrable iron 
obtained from brain homogenates incubated at pH 7 
under aerobic conditions represents 5.7% of the 
total iron content of the tissue. However, the 
physiological significance of this value is questionable 
as it may be influenced by tissue homogenization 
and perhaps by proteolysis of iron proteins during 
incubation. 
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The mechanisms leading to iron mobilization from 
ferritin have been studied extensively [29-331. Iron 
release requires reduction of the ferric ion stored in 
the molecule. Superoxide anion and other reducing 
agents can release iron from ferritin but the 
nature of the physiological reductant is unknown. 
Dihydroflavins have been considered as possible 
mediators [34] and reducing equivalents such as 
NADH or NADPH which accumulate during 
ischemia might interact with ferritin via flavin 
mo~onu~leotides to release ferrous iron. Whether 
iron reduction by dihydro~av~ns involves access, via 
channels, to the interior of the ferritin molecule or 
direct reduction of iron bound at the outer surface 
of the protein shell remains to be established [35]. 

It has been demonstrated that the rate of 
mobilization of ferritin iron by various reducing 
agents, in&luding Aavin nucleotides, was accelerated 
by acid~~ation f3Of. This might explain the 
potentiating effect of acidosis on iron delocalization 
in brain homogenates incubated under anaerobic 
conditions (Table 1). Another possible source for 
LMWS iron in acidified brain homogenates is 
transferrin. Ferric ions seem to be bound to 
transferrin via a HCO$ or CO=- bridge that can be 
disrupted by protonic attack [36J. Transferrin is 
present in brain cells and interstitial fluid f26,37] 
and a supplementary source in brain homogenates 
may be contaminating blood. Assuming the plasma 
iron content equal to 1.2ng/pL, the haematocrit 
50%, and the blood content of cortical tissue Q pL/g 
j38], the amount of contaminating transferrin-bound 
iron would not exceed 5.4 rig/g tissue, a negligible 
value compared to the level of LMWS iron present 
in brain homogenates (1.2 pgg/g tissue for brain 
homogenates incubated at pH 7). 

Some studies have shown previously an iron 
delocalization from organs submitted to ischemia 
and reperfusion, By measuring the amount of iron 
available for DFO chelation [3Q], Heafing et ai. f4Of 
reported that in kidneys the amount of chelatable 
iron increased with the duration af ischemia but 
returned rapidly to preischemic level during aerobic 
reperfusion. By measuring LMWS iron by the 
passage of tissue homogenates through a 30,OO~~~ 
membrane, Ho& et nl. [41] have shown that the 
LMWS iron level increased 60% in myocardial tissue 
2 hr after iigation of the left coronary artery in dogs, 
In the canine cerebral cortex, LMWS iron isolated 
by ultrafiltration through a 30,000-M, membrane 
was not altered significantly following I5 or 45 min 
of cardiac arrest but increased threefold after 2 hr 
of reperfusion [42--44]. It is worth noting that the 
level of ul~a~ltrabl~ iron reported by these authors 
in non-ischemic canine cerebral cortex was between 
90 and 123 nmol/g tissue. These values are much 
higher than that found in the present study in rat 
cortical homogenates incubated at pH 7 (1.24 pg/g 
i.e. 22 nmol/g). This discrepancy may originate from 
differences in the animal species, in the condition of 
homogenization or in the size of the UItra~~tratio~ 
membrane (30,000 vs 10,000 M, in the present study). 

Our results which demonstrate that LMWS iron 
is in a form capable of intiating the lipid peroxidation 
of brain membranes indicate that iron may be an 
important factor in the initiation of cell damage 

under ischemic conditions. A role af iron in the 
pathogenesis of ischemic and reperfusion injury has 
been shown by is viva studies demonstrating the 
protective effect of iron chelating agents such as 
DFQ [45,4&] or 21-aminosteroids f47j which are 
potent inhibitors of iron catalysed lipid peroxidation. 
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