Opening of mitochondrial megachannel by iron: Competition
of iron with calcium more important than oxidative stress
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INTRODUCTION

Mitochondrial permeability transition (MPT, also “mitochondrial megachannel™) is an interesting phenomenon in which certain mitochondrial
l"l'IEIlI'Ihl'ﬂ]'IE proteins rearrange to create a gianF pore, permeable for any su!"}smm:::sa up to Ij[}{]! Da. Tht.l}?rﬂ opening CGI]H!JSL‘IH th-:l proton grmﬁient of 250 mM sucrose and 0.5 mM EDTA. Stabilized by addition of bovine serum =

the inner membrane. MPT is induced by calcium and promoted by oxidative stress: it is classically inhibited by cyclosporin A or inhibitors of st

mitochondrial calcium import (Ruthenium Red). Transient *thickering’ of MPT pore plays a role in calcium signaling, while persistent MPT leads to Acet¥l-CoA
mitochondrial swelling and cytochrome ¢ release, implicated in necrotic and apoptotic cell death. * Recording medium: sucrose/KCl, buffered to pH 7.3, 1 mM phosphate, 37 °C
In vivo the oxidative stress 1s often catalyzed by iron. Most of the body iron is bound to proteins, only a small fraction of low-molecular-weight iron
can generate oxidative stress as a donor of electrons in the Fenton reaction. Fe(ll) ions are prone to autoxidation that also produces superoxide and
hydrogen peroxide. Normally, antioxidant defense effectively protects from oxidative damage to biomolecules, but in case of e.g. iron overload it may

+  Mitochondria isolated from rat liver in 10 mM Tris/HCI buffer pH 7.4 containing

* Energization: 5 mM sodium succinate (Complex 11 substrate, + 1 uM rotenone) or
2.5 mM potassium malate with 5 mM sodium pyruvate (Complex | substrates).
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become insufficient, *  Measurements:
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Reactive oxyeen species (ROS) in the bodh Removal of ROS by antioxidant enzymes + Mitochondrial swelling (decrease of light scatter at 504 nm)
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I. Mitochondria or NADPH oxidase produce superoxide, O, = s - AD * The inner membrane potential (fluorescent probe JC-1, 488/593 nm)
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2. Superoxide dismutates to hydrogen peroxide: H,0, « NAD(P)H oxidation (autofluorescence 340/465 nm)
Oy + 0y +2H" — H,0, + O, + Concentration of iron remaining in the medium (colorimetric assay with i
3. The Fenton reaction: H,0, + Fe?* — OH- + OH+ + Fe¥' FerroZine and ascorbate) Conpls Crnger Cunge ¥
.5 . - 1 s ; . i it it L .:
4. Hydroxyl radical, OHe attacks biomolecules g ol NADPH+H® L « Concentration of calcium in the medium (calcium ion-selective electrode, also il cidodsiue s
fluorometry with Calcium Green-5N)
Ability of iron to induce MPT seems likely and indeed has been described in cultured hepatocytes, but mechanistic aspects of MPT induction by iron . MPT > i il T Mo i
. MPT induced by:

are poorly understood. According to literature, Fe(11) overloads antioxidant defense that shifts NAD(P)H/NAD(P) to oxidation, and the loss of reduced
NAD(P)H promotes MPT opening. Iron can also inhibit the calcium uniporter; or can be imported by it to the mitochondrial matrix.

In this study we investigated the mechanism of MPT induction in isolated rat liver mitochondria by physiologically relevant (micromolar)
concentrations of Fe(Il) 1ons.

« 20 uM CaCl, (supposedly 7.5 uM Ca** over 12.5 uM of the residual EDTA)
« 20 pM FeCl, (supposedly 7.5 uM Fe>" over 12.5 uM of the residual EDTA)

RESULTS 1. MPT can be induced by micromolar Ca as well as Fe Hypothesis II: Iron that is not bound by EDTA is imported to mitochondrial matrix by the calcium uniporter and then

induces MPT from within the mitochondria.
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Mitochondria were energized by 5 mM succinate in the presence of | pM rotenone (A, B) or by 2.5 mM malate with 3 mM pyruvate (C.D). The potential of inner membrane (Ay) was measured using the
Muorescent probe JC-1 (A, C): simultancously light seatter was recorded as the measure of mitochondnal swelling (B, D). Trace 1 15 always control measurement (no calcium or no iron), to traces 2-5 20 uM
CaCly or 20 pM FeC'l; was added. MPT induced by calcium or iron is shown in trace 2, the inhibitory effect of excess (0,5125 mM) of EDTA is seen in trace 3, 2 M Ruthenium Red in trace 4, and 5 pM

cyclosporin A in trace 5. 5 pM FCCP was added before the end of cach measurement as indicated. 8- PﬂSt"'ﬂddiﬁﬂ“ “f da IHEHIbl'HﬂE”pEl'mEHbIE, b“t llﬂt impﬁrmﬁﬂblﬂ il'ﬂﬂ ChElﬂtﬂl"
can prevent MPT induction by iron — but not always, whereas EDTA always effective.

Hypothesis |: Iron redox cycling/autoxidation generates ROS, whose removal by antioxidant defense ultimately A - R
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OH were ofher experiments where MPT was quite rapid (graph B) and then the STH, even when added as early as 20 seconds after the iron, consistently
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scatter was recorded as the measure of mitochondrial swelling (B), Trace 1 15 succinate only, in traces 2-4 1 uM rotenone was also present, trace 3 is with addition Binds Felll = Fell falvo Ca, Mg, etc.), hvdrophilic, -
. of | mM acetoacetate, trace 4 i1s with | mM R-{=)-3-hydroxybutyrate. 20 pM FeCl; and 5 pM FCCP were added to each mixture as indicated. Time to maximal membrane-impermeable, On the other hand, addition of EDTA or Ruthenium Red was always able to stop the iron-induced MPT, no matter whether added before the iron, or
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succinate without rotenone post-test was used for statistical evaluation.  * __ p<0.05; ¥** __ p<0.001. *The SIH chelator was a kind gift from prof. Prem Ponka, McGill University, Montreal.
measured following additions of
0.5 uM FCCP, 1| mM If iron induces MPT through NAD{P) oxidation, any experimental manipulation with the mitochondrial NADH/NAD® ratio showld affect the Fe- Hvoothesis |lI: EDTA acts as a reservoir of endoaenous/adventitious calcium ions that can be dis IaEEd bv iron.
acetoacetate (AA), or | mM : . . e o : : ot - o .
A e induced MPT as well. Surprisingly, omission of rotenone from the reaction mixiure, or additions of the *ketone bodies ' had no pronounced effecis on

R-{~)-3-hydroxybutyrate

(3-OH-B) the course of MPT induced by iron. A series of repetitive measurements followed by quantificarion and statistical evaluation revealed that

acefoacetate did accelerate the MPT induction, while omission of rotenone or addition of 3-hiyvdroxybuatyrate proved ineffective. The effect of 3- 9_ Mitﬂchﬂn driﬂ are SEHSitiVE tﬁ il"(“] “nly in the mediu m in which irﬂ n liberates calciu m iﬂns

hydroxybutyrate, in fact, should be regarded as variable, as it inhibited Fe-induced MPT in some other measurements.
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CONCLUSION
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In our experiments, 20 uM ferrous chloride was sufficient to trigger the MPT in isolated mitochondria respiring either on succinate with rotenone or on
malate/pyruvate. The potency of iron with respect to MPT induction was comparable to that of calcium, and the classical features of the MPT, such as
inhibition by cyclosporin A or by blocking the calcium uniporter, could be demonstrated with both metals. Interestingly, although the general chelator EDTA
inhibited MPT when in excess, some EDTA was required in the reaction mixture for the iron to be effective.

Two mechanisms were initially considered based on the evidence in the hiterature: 1) mitochondrial NAD(P)H oxidation due to oxidative stress produced by
iron, and 2) iron uptake into the mitochondrial matrix by the calcium uniporter. Both events occur in our experimental system, but they are only marginally
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141 Swelling EDTA 4 I autofluorescence : mvolved in the iron-induced MPT. The primary mechanism observed in our experiments was the displacement of adventitious/endogenous calcium from the
0 ‘ 11;#[: l EEJEI EEI:II’_'I -1-IEIE | 515-[‘.1 L E‘-IEIEI L T"'IE'ICI 0 1£I!ID E{I!ﬂl 3’-;?0 400 5'3.313' El'.llﬂ 0 100 200 300 400 500 600 700 800 3900 residual EDTA b}" iron.
Time (sec) Time (sec) Hng i) Although artificially created, this interplay between iron and calcium could be considered as an important and probably fairly general mechanism of iron
EDTA-free mitochondria were prepared by centrifugation and resuspension in the same volume ol homogenization buflfer lacking Mitochondna were energized by 5 mM succinae in the iﬂﬂiﬂit}’ in the cells because:
EDTA but still containing BSA; they were kept on ice and used within 120 minutes. The mitochondria were energized by 5 mM presence of 1 pM rotenone. NAD{PIH oxidation was . e e _ . , . _ . . )
sucemate in the presence of 1 pM rotenone. To each mixture, 20 M FeCl, was added as indicated. determined from the 340/465 nm autofluorescence. Trace 1: * Both concentrations of “free’ iron {?r:’ FLM} and calcium {“ 13 MMJ‘ In our experiments were close to phy&:mlﬂgmal situation,
Len: Swelling was determined from the light scatter. The effect of iron on the EDTA-free mitochondria and the control mitochondria effect of 20 puM FeCly without further additions; trace 2: « Divalent metal ions are similar — many calcium chelators bind also Zn, Fell (the {'I]][J(]'Eilﬂ is not true).
that still contained EDTA {12.5 pM} was considered. Where indicated, 5 pM cyclosporin A was also present. 333 pg/ml (333-1.332 Uiml) catalase present and no ron . . ) . . . ~ , . o _ . , . .
Right: NAD{P)H oxidation determined from the 340/465 nm awtofluorescence of EDTA-free mitochondria, Trace 1: effect of 20 pM added; trace 3: 33.3 pg/ml caralase presem and 20 pM FeCl, = E}'tﬂﬁﬂl has a hlgh ﬂh"“}" to buffer calcium ions. -’ﬂillhﬂllgh there is no EDTA in the cells, a medium contaimming Ca-EDTA can be closer to in vivo situation
FeCl, without further additions; trace 2: EDTA-free mitochondria diluted in a mixture contaiming 500 uM EDTA: trace 3: EDTA-free added as indicated. than Sil'l'lfﬂE buffers.

mitochondna diluted in a mixture contaming 400 uM EDTA followed by the addinoen of a pre-mixed complex of 20 pM iron and 100

uM EDTA; trace 4: 5 uM cyclosporin A. « Cytosol is also highly reducing, meaning that any *“free’ iron is likely to exist in the soluble reduced Fell form.
« Concentration of oxygen inside the cells 1s 100-300-fold lower than in the outer world where the in vitro experiments are performed, Therefore, inside the

EDTA chelates both Fell and Felll, but the latter with much higher affinity and hence promaotes rapid antoxidation of any bound Fell to Felll, Our data indicate that it is the resulting cells Fell 1s more llkc[\,.r to stay reduced and compete for bindin g sites with caleium 1ons. rather than ilﬂflEI'g{] redox E}TH“E gﬂnﬂral]'ng oxygen radicals.
burst of hydrogen peroxide what transiently oxidizes NAD{P)H. However, as catalase prevents NAD(P)H oxidation but not MPT induction, the iron-induced MPT is not caused by this
NAD(P)H oxidation and the requirement for residual EDTA must be explained otherwise.
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