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respiratory-chain complex 1 is hampered by metformin
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Abstract Mitochondrial reactive oxygen species (ROS) pro-
duction was investigated in mitochondria extracted from liver
of rats treated with or without metformin, a mild inhibitor of
respiratory chain complex 1 used in type 2 diabetes. A high
rate of ROS production, fully suppressed by rotenone, was
evidenced in non-phosphorylating mitochondria in the pres-
ence of succinate as a single complex 2 substrate. This ROS
production was substantially lowered by metformin pretreat-
ment and by any decrease in membrane potential (AW,),
redox potential (NADH/NAD), or phosphate potential, as
induced by malonate, 2,4-dinitrophenol, or ATP synthesis,
respectively. ROS production in the presence of glutamate—
malate plus succinate was lower than in the presence of suc-
cinate alone, but higher than in the presence of glutamate—
malate. Moreover, while rotenone both increased and de-
creased ROS production at complex 1 depending on forward
(glutamate—malate) or reverse (succinate) electron flux, no
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ROS overproduction was evidenced in the forward direction
with metformin. Therefore, we propose that reverse elec-
tron flux through complex 1 is an alternative pathway, which
leads to a specific metformin-sensitive ROS production.
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Abbreviations
AV, electrical potential difference across the
mitochondrial inner membrane

ApH,, pH difference across the mitochondrial inner
membrane

DNP 2,4-dinitrophenol

JO, oxygen consumption rate

ROS reactive oxygen species

FFA-BSA free fatty acid — bovine serum albumin

Introduction

Reactive oxygen species (ROS) production is involved in
many physiological or pathological major events (Droge,
2002; Thannickal and Fanburg, 2000). However, the ques-
tion of its nature and of the location of its production in
physiological conditions is an important and still yet not
very clear issue. Besides the question of mitochondrial ver-
sus extra-mitochondrial ROS production, the exact location
at the respiratory chain remains not completely solved. Clas-
sically, two production sites are recognized at the respiratory
chain: complex 1 and complex 3 (Boveris and Chance, 1973;
Kudin et al., 2004), and the production of ROS at these sites
is mostly revealed by inhibitor additions, namely rotenone
for site 1 and antimycin for site 3 (for review, see Turrens,

39 Springer



34

J Bioenerg Biomembr (2006) 38:33-42

1997). Moreover, ROS production at these sites is mainly
related to deleterious events (Kagawa et al., 1999) and its
physiological role is still poorly understood, though mito-
chondrial ROS production has been involved in cardiomy-
ocyte preconditioning (Lebuffe et al., 2003; Vanden Hoek
et al., 1998).

A reverse electron flux through the respiratory chain com-
plex 1 has long been recognized (Chance and Hollunger,
1961a,b; Hinkle et al., 1967) and a production of ROS
linked to this pathway was also shown (Korshunov et al.,
1997; Kushnareva et al., 2002; Kwong and Sohal, 1998; Liu
et al., 2002; Votyakova and Reynolds, 2001). However, be-
cause of the experimental conditions required to demonstrate
this ROS production (i.e. isolated mitochondria with low-
ered natural antioxidant capacity (Korshunov et al., 1997),
its physiological relevance is questioned. Moreover, it has
been reported using succinate (as single complex 2 respi-
ratory substrate), while in physiological conditions electron
supply occurs simultaneously at both respiratory chain com-
plexes 1 and 2. Nevertheless, respiratory chain complex 1
appears to be crucial for the regulation of mitochondrion-
related ROS production, possibly at both forward and re-
verse electron fluxes (Kudin et al., 2004; Vinogradov and
Grivennikova, 2005). Interestingly, this specific physiologi-
cal feature of complex 1 could be linked to the involvement
of mitochondrial metabolism in the commitment to cellular
death (Bernardi et al., 2001; Desagher and Martinou, 2000;
Lee and Wei, 2000; Newmeyer and Ferguson-Miller, 2003)
since we have showed that inhibition of complex 1 prevents
oxidative-stress-induced cellular death (Chauvin et al., 2001;
Detaille et al., 2005; Guigas et al., 2004).

In recent years, it has been reported that metformin, an
anti-hyperglycemic agent currently used in the treatment of
type 2 diabetes, is a mild inhibitor of the respiratory chain
complex 1 (ElI-Mir et al., 2000). Therefore, the purpose of the
present study was to investigate the effect of metformin on
ROS production in complex 1. Although we confirm here that
metformin pretreatment led to a mild inhibition of complex
1, as compared to rotenone, we found that it also induced a
very slight uncoupling effect and powerful inhibition of the
ROS production linked to the reverse electron flux.

Materials and methods
Mitochondria preparation

Mitochondria were prepared from livers of fasted Wistar
rats, previously perfused for 20 min with Krebs bicarbon-
ate buffer (120mM NaCl, 4.8 mM KCl, 1.2 mM KH,POy,
1.2mM MgSOy, 24 mM NaHCOs3, 1.3 mM CaCl,, pH 7.4)
saturated with a mixture of O,/CO, (19:1 by volume) con-
taining or not 1072 M metformin (EI-Mir et al., 2000). Imme-
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diately after perfusion, livers were rinsed twice in ice-cold
extraction medium and mitochondria were prepared accord-
ing to the standard differential centrifugation procedure in a
medium containing 250 mM sucrose, 20 mM Tris—HCl (pH
7.4) and 1 mM EGTA; final resuspension was achieved in the
same medium except for EGTA (0.1 mM) (Klingenberg and
Slenczka, 1959). The measurement of mitochondrial pro-
teins was achieved with bicinchoninic acid assay (Hill and
Straka, 1988). The mitochondrial suspension was stored at
4°C with 1% FFA-BSA.

Fluorescent measurements

Mitochondria (0.5 mgprot/mL) were incubated in vari-
ous media as indicated in the figure legends. AW, was
measured fluorimetrically (excitation: 498 nm; emission:
524 nm) in the presence of 0.2 uM rhodamine 123 as de-
scribed (Fontaine et al., 1998). ROS production was as-
sessed by monitoring H,O;-induced fluorescence (exci-
tation: 319nm; emission: 420nm) of homovalinic acid
(100 ©M) in the presence of horseradish peroxidase (20 IU)
(Ruch et al., 1983) or by monitoring H,O,-induced fluores-
cence of 1 uM Amplex Red (excitation: 560 nm; emission:
584 nm) in the presence of horseradish peroxidase (101IU)
(Votyakova and Reynolds, 2001). In these experimental con-
ditions, the measured ROS production is the sum of the
ROS production by the respiratory chain at the two pu-
tative sites: complex 1 and complex 3 (see Fig. 1). With
glutamate—malate as respiratory substrate, this production
is linked to the forward electron flux at complexes 1 and
3. In such condition, the addition of rotenone will exacer-
bate the production at complex and site, whereas addition
of antimycin will increase that at the level of complex 3.
With succinate as substrate, the ROS production is aug-
mented by that related to the reverse electron flux at the
level of complex 1, which can be estimated from its inhibi-
tion by rotenone. With both glutamate—malate and succinate
all these putative sites are potentially implicated. In these
latter conditions, addition of rotenone has two potential ef-
fects at the level of complex 1: increase ROS production
linked to the forward flux and decrease that linked to the
reverse electron flux. Calibration of H,O, production was
obtained by the addition of a known amount of H,O,. In
prolonged experiments (Figs. 4-6), H,O, production was as-
sessed as the percentage of the proper control, which slightly
decreases with time (data not shown). The level of mitochon-
drial NADH was monitored by recording its relative fluo-
rescence intensity (excitation: 340 nm; emission: 450 nm).
Steady-state ADP phosphorylation was achieved in a regen-
erating system containing 10 mM glucose, 125 uM ATP and
increasing concentrations of hexokinase (Nogueira et al.,
2001).
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Fig. 1 Schematic view of electron transfer through respiratory chain
and ROS production with succinate as single electron donor. When
succinate is oxidized by succinodehydrogenase, two electrons are first
transferred to the quinone pool, leading to reduced quinone, and then
transferred one by one to complex 3. During this process, the transitory
formation of semiquinone may lead to the formation of superoxide ion.
Electrons are downstream flow until oxygen providing a protonmotive
force, leading to ATP synthesis. From the current knowledge, it appears

Fluorimetric assays were performed at 30°C with a double
beam PTI Quantamaster C61 fluorimeter, slits widths were
set at 4 nm for excitation while they were set for emission
at 2nm for AW, and 4 nm for ROS production and NADH
level.

Mitochondrial respiration

Mitochondrial oxygen consumption was measured polaro-
graphically at 30°C in a high-resolution Oroboros® oxy-
graph system.

Oxidative phsophorylation

To obtain steady states low rate of ATP synthesis by ox-
idative phosphorylation, we have used a steady-state ADP-
regenerating system with ATP—glucose—hexokinase. Addi-
tion of successive and low amounts of hexokinase allows
steady states rates of ADP generation (as assessed by glucose
6-phosphate accumulation) and ATP synthesis (by oxidative
phosphorylation) at constant ATP plus ADP concentration.
Glucose 6-phosphate accumulation and oxygen consumption
rate allows simultaneous determination of both oxidation and
phosphorylation at low nonsaturating ADP concentration.

that all the steps involved in electron transfer at the level of respiratory
chain are reversible with the notable exception of cytochrome oxidase.
Hence, complex 1 electron transfer is also reversible, and with succi-
nate as single respiratory substrate, the proton motive force generated
by the downstream electron flux allows a simultaneous reversible flux
through complex 1 permitting the reduction of NAD to NADH. There-
fore, at complex 1 both forward and reverse electron fluxes are linked
to superoxide formation

Reagents

Metformin was a gift from Merck. The bicinchoninic acid
assay of protein was from Pierce, Amplex Red was obtained
from Molecular Probes, and all other chemicals were pur-
chased from Sigma.

Results

ROS production is associated to a reverse electron
transfer at complex 1

As shown in Fig. 2, a single addition of succinate to control
rat liver mitochondria induced a large increase in both mem-
brane potential (panel C) and NADH (panel B), and led to
a substantial rate of ROS production (panel A), which was
almost fully abolished by rotenone addition. This confirms
previous findings obtained in isolated brain or heart mito-
chondria depleted from their natural antioxidant capacity
(Liu et al., 2002), contrarily to the present experimental con-
ditions. As expected, the addition of antimycin reactivated
ROS formation, although to a much lesser extent. When mi-
tochondria were isolated from a liver previously perfused
20min with 1072 M metformin (Met-mitochondria), ROS
production in the presence of succinate was significantly
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Fig.2 ROS production, NADH fluorescence, and AW in mitochondria
incubated with either succinate or glutamate—malate as respiratory sub-
strates. Mitochondria were isolated from rat liver ex vivo perfused with
Krebs-bicarbonate buffer in the presence (gray line) or in the absence
(black line) of 10~2 M metformin (see Materials and Methods section)
and incubated (1 mg protein) in 2.0 mL medium (30°C) containing
250 mM sucrose, 0.1 mM EGTA, 20 mM Tris—HCI (pH 7.4), 2.5 mM
Pi and | mM MgCl,. Panels A and D: Hydrogen peroxide (ROS) pro-
duction was assessed by homovanillic acid/horse radish peroxidase;
panels B and E: NADH concentration was followed by determining its
spontaneous autofluorescence; panels C and F: AW was determined
by rhodamine 123 fluorescence (see Materials and Methods section).
Where indicated, substrates and/or inhibitors were sequentially added:
2.5 mM succinate (Suc), panels A-C; 2.5 mM glutamate and 1.25 mM
malate (G + M), panels D-F; 1 uM rotenone (Rot) and 0.125 uM
antimycin A (AA). Spontaneous fluorescence of antimycin A was sub-
tracted and curves were rescaled after its addition. One typical experi-
ment is presented (see also Table 1)

lower than in control mitochondria (see Fig. 2A and
Table 1). On the contrary, the antimycin-related ROS produc-
tion was not significantly affected by metformin pretreatment
(Table 1). As shown in Fig. 2D and in Table 1, ROS produc-

Table 1 Effect of metformin pretreatment on H,O, production

tion was dramatically lower when mitochondria were ener-
gized with glutamate plus malate alone. As expected, NADH
level (panel E) and membrane potential (panel F) increased
following substrate addition but we did not find any dif-
ference within the two groups of mitochondria. Importantly,
metformin pretreatment did not affect ROS production in that
particular condition, whereas rotenone addition increased
ROS production in both groups. Note that such ROS produc-
tion remained lower than in the presence of succinate before
rotenone addition (Table 1).

As shown in Fig. 3A and B, the inhibition of electron
transfer by metformin was only partial, as attested by the
limited inhibition of the respiratory rate in the presence of
glutamate—malate, whereas rotenone was responsible for a
nearly complete inhibition of respiration. Of note, the very
small respiratory rate observed in the presence of rotenone
was sufficient to maintain a low but substantial membrane
potential (see Fig. 2F). Antimycin addition further decreased
oxygen consumption (Fig. 3A and B) indicating a com-
plete blockage of electron flux through the respiratory chain,
which was confirmed by the full collapse of the membrane
potential (see Fig. 2F). As shown in Table 2, metformin pre-
treatment did not significantly affect the respiratory rate in
the presence of succinate alone (see Fig. 3C and D). Interest-
ingly, rotenone addition decreased the oxygen consumption
in control mitochondria but not in Met-mitochondria, an ef-
fect probably related to the inhibition of the ROS-linked
oxygen consumption at the reverse electron pathway. As a
consequence, the respiratory rate of Met-mitochondria was
slightly but significantly increased by 17% (see Table 2),
suggesting that metformin pretreatment may slightly uncou-
pled mitochondria, which in turn may account for the effect
of metformin on ROS production.

Because rhodamine 123 was not able to prove any de-
crease in AW, in metformin pretreated mitochondria, we
next measured the effect of slight concentrations of uncou-
pler DNP on both oxygen consumption and ROS produc-
tion. As shown in Fig. 4, the concentration of DNP that
decreased H,O, production to the same extent as metformin

H,0, (pmol/min/mg)

Glutamate + Malate Succinate Glutamate + Malate + Succinate
Additions Control Metformin  p value Control Metformin  p value Control Metformin  p value
None 24+73) 23+4(Q) ns 201 £20(6) 84 +£13(6) <0.01 141+£9(0) 79+£4(5) <0.01
Rotenone 70+£9@3) 57+£123) ns 3+3(6) 8£5(6) ns 40£21(5) 38£10(5 ns
Rotenone + antimycin 54 +£5(3) 48+ 8(3) ns 49 £ 7 (6) 48 £9 (6) ns 64+ 13(5) 54+£13(5 ns

Note. Mitochondria were incubated in the medium described in Fig. 2 supplemented with 2.5 mM glutamate + 1.25 mM malate, 2.5 mM succinate,
or 2.5 mM glutamate + 1.25 mM malate + 2.5 mM succinate. H;O, production was measured in the absence or presence of 1 M rotenone +
0.125 M antimycin. Results are mean = SEM (n). Statistical significance was assessed using an unpaired Student’s ¢ test.
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Fig. 3 Effect of metformin pretreatment on oxygen consumption. Mi-
tochondria were isolated as in Fig. 2 from rat liver perfused with buffer
containing (gray line) or not (black line) 107> M metformin (see Ma-
terials and Methods section) and incubated (1 mg protein) in 2.0 mL
medium containing 250 mM sucrose, 0.1 mM EGTA, 20 mM Tris—HCl
(pH 7.4), 2.5 mM Pi, and 1 mM MgCl,. Where indicated, 2.5 mM glu-
tamate and 1.25mM malate (G + M), panels A and B; or 2.5 mM
succinate (Suc), panels C and D, 0.5 mM ADP, 1 uM rotenone (Rot),
and 0.125 M antimycin A (AA) were added. Oxygen concentration in
the medium (panels A and C) and its derivative (panels B and D) was
determined using a high-resolution respirometer (Oroboros) at 30°C.
One typical experiment is presented and similar results were obtained
in three other different preparations

pretreatment increased oxygen consumption by more than
80%. Therefore, the putative uncoupling effect of metformin
pretreatment could only account for a limited part of the
observed effect on ROS production.

Effect of ApHy, on ROS production

Because it has been reported that reverse flux-related ROS
production was controlled by ApHj, in muscle mitochondria

250
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Fig. 4 Relationships between ROS production and oxygen consump-
tion rate. Mitochondria were prepared as described in Fig. 2. Hydrogen
peroxide (ROS) production and oxygen consumption were determined
in the presence of 2.5 mM succinate as in Figs. 2 and 3, respectively.
In control mitochondria (closed symbols), oxygen consumption was in-
creased by adding increasing amounts of DNP. Open symbol represents
ROS production and oxygen consumption of Met-mitochondria in the
absence of rotenone. Data represent the mean of at least three different
experiments = SEM

(Lambert and Brand, 2004a,b), we next assessed whether
or not this was also the case in liver mitochondria, poten-
tially accounting for the effect of metformin pretreatment.
As shown in Fig. 5, abolition of ApHj, by nigericin addition
increased AW, as expected (panel B) but did not affect ROS
production (panel A) both in normal and in pretreated mito-
chondria. This observation is not in agreement with the view
that ApH,, plays a role in the observed effect of metformin
on ROS production.

ROS production at complex 1 and reverse electron flux

Because ROS production in the presence of succinate is af-
fected by complex 1 inhibitors (namely, rotenone and met-
formin), we next investigated the relationship between ROS
production and the reverse electron flux through complex 1.
Theoretically, such a reverse electron flux depends on the
three main parameters: (i) the electron supply downstream
of complex 1, (ii) the protonmotive force, and (iii) the span
of redox potential across complex 1.

Table 2 Effect of metformin
pretreatment on resting

JO, (nmol/min/mg)

respiration Succinate Glutamate + Malate + Succinate
Addition Control Metformin p value Control Metformin p value
None 11+£0.2(19) 12 £.03 (19) ns 11+£02(¢5) 11£0.1(5) ns
Rotenone  9.5+0.2(14) 11.5+03(14) <0001 10£03@3) 105£033) ns

Note. Mitochondria were incubated in the medium described in Fig. 3 supplemented with 2.5 mM succinate
or 2.5mM succinate, 2.5 mM glutamate and 1.25 mM malate. Results are mean & SEM (n). Statistical
significance was assessed using an unpaired Student’s ¢ test.
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Fig. 5 Effect of nigericin on ROS production and AW,,. Mitochon-
dria were incubated at 30°C in a medium containing 125 mM KCl,
1mM EGTA, 20 mM Tris—HCI (pH 7.4). Hydrogen peroxide (ROS)
production of mitochondria (0.5 mg protein) was assessed by Amplex
Red/horse radish peroxidase, while AW, were measured as in Fig. 2.
Where indicated, 2.5 mM succinate, 100 nM nigericin, 0.125 uM an-
timycin, and 75 mM DNP were added. Controls mitochondria: black
line; Met-mitochondria: gray line

Malonate is a well-known inhibitor of both transport and
oxidation of succinate, consequently a titration with this
inhibitor permits to limit the flux through complex 2 and
therefore, the electron supply downstream of complex 1.
Figure 6 (panels A and D) shows that the successive addi-
tions of small amounts of malonate decreased the production
of ROS in a dose-dependent manner in both control and Met-
mitochondria. Each addition of malonate resulted in lower
steady-state levels of NADH (Fig. 6B) and mitochondrial
membrane potential (Fig. 6C).

Mild uncoupling of the respiratory chain by successive
additions of small amounts of the protonophore DNP was
also responsible for a decreased ROS production at each
steady state in both groups of mitochondria (Fig. 7A and D).
Both steady-state NADH levels and AW, decreased (Fig.
7B and C) in a dose-dependent manner.

The effect of ATP synthesis on ROS production was stud-
ied in Fig. 8 by adding successive additions of small amounts
of hexokinase in the presence of an ADP regenerating sys-
tem. ROS production was dramatically inhibited after a very
small addition of hexokinase (Fig. 8A and D), while NADH
level (Fig. 8B) and membrane potential (Fig. 8C) were al-
most unaffected.
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Fig. 6 Effect of malonate on ROS production, NADH fluorescence,
and AW in control or Met-mitochondria energized with succinate. Mi-
tochondria were prepared and incubated as described in Fig. 2 (controls:
black line, Met-mitochondria: gray line). Hydrogen peroxide (ROS)
production (panel A), NADH concentration (panel B), and AW, (panel
C) were determined as in Fig. 1. Where indicated, 2.5 mM succinate
(Suc) and subsequent additions of malonate were performed to reach
0.25mM, 0.5mM, 1 mM, 2.5 mM, and 5 mM, respectively (final con-
centrations). At the end of the experiment, AW, was fully collapsed by
adding 75 uM DNP. Panel D: H,O, production according to malonate
concentration; cumulative data of three different experiments = SEM
(see Materials and Methods section for calibration procedure)

Assuming one single reversible electron pathway through
complex 1, the ROS production at complex 1 would depend
on the redox status of the production site, which depends on
the redox span applied to complex 1 (i.e. NADH/NAD ratio,
redox status of the quinone pool, protonmotive force). When
glutamate—malate is added to succinate, electron flux through
complex 1 in the forward direction could be expected to in-
crease. In this situation, the redox strength applied to the sys-
tem increases and an increase in the ROS production would
be expected. However, as shown in Fig. 9 where succinate
and glutamate—malate were sequentially added, ROS pro-
duction decreased after glutamate—malate addition in con-
trol mitochondria and was unaffected in Met-mitochondria
(see also Table 1). In both cases, NADH fluorescence and
AV, (Fig. 9B and C) were not affected by the addition of
glutamate—malate to succinate.
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Fig. 7 Effect of uncoupling with DNP on ROS production, NADH
fluorescence and AW, in control or Met-mitochondria energized with
succinate. Mitochondria were prepared and incubated as described in
Fig. 2 (controls: black line, Met-mitochondria: gray line). Hydrogen
peroxide (ROS) production (panel A), NADH concentration (panel B),
and AW, (panel C) were determined as in Fig. 1. Where indicated,
2.5mM succinate (Suc) and subsequent additions of DNP were per-
formed to reach 2.5 uM, 5 uM, 10 uM, and 20 uM, respectively (final
concentrations). At the end of the experiment, AW,, was fully collapsed
by adding 75 uM DNP (final concentration). Panel D: H,O, produc-
tion according to DNP concentration; cumulative data of three different
experiments == SEM

Discussion

A reverse electron flux through respiratory chain complex
1 has long been described (Chance and Hollunger, 1961a,b;
Hinkle etal., 1967). More recently, an ROS production linked
to this reverse pathway has been described in several tissues
including brain (Liu et al., 2002; Votyakova and Reynolds,
2001), heart (Korshunov et al., 1997, 1998) and muscle
(Lambert and Brand, 2004a,b). Assessment of ROS produc-
tion is difficult since it mostly depends on indirect methods.
Moreover, the measurable flux represents only the part of the
production escaping the physiological antioxidant protective
systems and it is often necessary to decrease the physiologi-
cal endogenous antioxidant capacity by H,O,—aminotriazole
pretreatment (Korshunov et al., 1997). It is worth noting

Hexokinase
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Fig. 8 Effect of ATP synthesis on ROS production, NADH fluores-
cence and AWy, in control or Met-mitochondria energized with succi-
nate. Mitochondria were prepared and incubated as described in Fig. 2
(controls: black line, Met-mitochondria: gray line), except that 10 mM
glucose and 125 uM ATP were added. Hydrogen peroxide (ROS) pro-
duction (panel A), NADH concentration (panel B), and AW, (panel
C) were determined as in Fig. 2. Where indicated, 2.5 mM succinate
(Suc) and subsequent additions of hexokinase were performed to reach
0.01, 0.02, 0.04, 0.08, 0.12, 0.2, 0.4 IU/mL, respectively (final concen-
trations). At the end of the experiment, AW, was fully collapsed by
adding 75 uM DNP. Panel D: H,O, production according to hexoki-
nase concentration; cumulative data of three different experiments +
SEM

O
H202
(pmol/min/mg prot)

that the experiments in rat liver mitochondria presented here
have been conducted in the absence of such pretreatment,
and we have used a classical method of ROS determination
based on the fluorescent determination of hydrogen peroxide
(Ruch et al., 1983). From our results it appears that the
highest flux of electrons leading to ROS formation is about
1% of total electron flux, i.e. 0.2nmol H,O,/(minmg)
(=0.4 nano equivalent electron/(minmg)), whereas the
respiratory rate was 11 nmol O,/(min mg) (=44 nano equiv-
alent electron/(min mg)). In such condition of succinate as
unique respiratory substrate and in the absence of rotenone,
the consequence of a near-equilibrium state of complex 1
is a high rate of electron recycling through this complex
whereas the net flux is low (1% of total electron net flux
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Fig. 9 ROS production, NADH fluorescence, and AW, in control
or Met-mitochondria energized with succinate and glutamate—malate.
Mitochondria were prepared and incubated as described in Fig. 2 (con-
trols: black line, Met-mitochondria: gray line). Hydrogen peroxide
(ROS) production (panel A), NADH concentration (panel B), and AW,
(panel C) were determined as in Fig. 1. Where indicated, 2.5 mM suc-
cinate (Suc) and 2.5 mM glutamate + 1.25 mM malate (G + M), | uM
rotenone (Rot), and 0.125 uM antimycin A (AA) were added. Spon-
taneous fluorescence of antimycin A was subtracted and curves were
rescaled after its addition. One typical experiment is presented (see also
Table 1)

at most). Moreover, it appears from our results that when
considering the different sites for ROS production at the
level of the respiratory chain (complex 1 and complex
3), the ROS production linked to the reverse electron flux
at complex 1 (succinate alone and rotenone-sensitive) is
predominant by far as compared to the other sources linked
to forward electron flux since rotenone addition almost fully
abolished this ROS production.

This method, which is reported to be sensitive and quite
specific, is however sensitive to NADH auto-fluorescence
(Batandier et al., 2004). Hence, we have always determined
simultaneously NADH auto-fluorescence and ROS produc-
tion. In addition, the intensity of fluorescence emission could
also be affected by a change in mitochondrial volume, how-
ever we failed to find a difference between the two groups
of mitochondria (data not shown). We found that regardless
of the relative changes in NADH fluorescence between each
redox steady state, the rate of ROS production (i.e. the slope
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of the signal) was not linked to a change in NADH because
its auto-fluorescence was stable during the considered steady
state. Moreover, the decrease in reverse flux ROS production
was also observed in metformin pretreated mitochondria by
measuring H,O, production with Amplex Red, a fluorescent
probe, which is insensitive to NADH autofluorescence (see
Fig. 5).

It is classically admitted that the different complexes of
the respiratory chain, cytochrome ¢ oxidase excepted, work
at near equilibrium when the respiratory flux remains low
(i.e. close to state 4) (Erecinska and Wilson, 1982; Forman
and Wilson, 1982). Our hypothesis was that the reverse flux-
related ROS production depends on the redox state of com-
plex 1 constitutive subunits and/or of the magnitude of the
reverse flux. Since it is difficult to modulate separately redox
state, AW, and reverse electron flux, we have used several
tools to affect these parameters in different ways: inhibitor of
complex 2, uncoupler or low rates of phosphorylation. Re-
gardless of the tool, the reverse flux-related ROS production
was dramatically inhibited from the smallest addition.

From the data presented here, it appears that the reverse
flux-related ROS production is very sensitive to both NADH
and AW, levels. Indeed, if on the one hand the addition of
malonate or DNP clearly decreased simultaneously NADH
level, AW, and ROS production, on the other hand hexok-
inase addition decreased ROS production while NADH and
AW, were almost unchanged. Although it is highly probable
that both NADH and AW, slightly decreased in this condi-
tion of moderate induction of ATP synthesis, the experimen-
tal tools used to assess these parameters were not sensitive
enough to significantly evidence these minor changes.

The protonmotive force is a key parameter in determining
the rate of mitochondrial ROS production. Although it has
been reported that decreasing ApHj, decreases ROS produc-
tion in muscle mitochondria (Lambert and Brand, 2004a,b)
and despite the fact that we confirmed this observation (data
not shown), result in Fig. 5 demonstrates that this is not
the case in rat liver mitochondria. This may be due to the
fact that ApH;, is much lower in liver than in muscle, as
demonstrated by the small and the large increase in AW,
observed after nigericin addition in liver and muscle, respec-
tively (data not shown). On the other hand, a slight decrease
in AW, has been shown to lead to a dramatic inhibition of
ROS (Votyakova and Reynolds, 2001). The different ways
used in the present work to influence the reverse electron flux
are all known to affect AW,. If complex 1 is close to equi-
librium when succinate is oxidized, any change in NADH
level reflects both mitochondrial membrane potential and
FADH2 levels. Hence, in this specific condition, ROS pro-
duction in complex 1 depends on the levels of the related
potentials NADH, FADH2, and AW,,, and any decrease in
one (or more) of these forces would decrease ROS produc-
tion. Such picture is in agreement with the view that ROS



J Bioenerg Biomembr (2006) 38:33—42

41

production occurs when a one-electron donor site reaches a
high redox level. Addition of glutamate—malate to succinate
is then expected to induce a high level of ROS production,
since in this particular condition, the related forces are high.
However, the results presented here clearly indicate that this
is not the case since the rate of ROS production is lower in
the presence of glutamate—malate and succinate as compared
to succinate alone (compare Figs. 2 and 9, and see Table 1).

Malate oxidation generates oxaloacetate, which in turn
might inhibit the succinate dehydrogenase. However, the
maximal respiratory rate in the presence of succinate was
not affected by the addition of glutamate—malate (data not
shown). This demonstrated the absence of any kinetic con-
straint on succinate oxidation in our conditions, which might
have explained the observed inhibition of ROS after gluta-
mate plus malate addition.

If complex 1 works near equilibrium, the decrease in ROS
production upon the addition of glutamate—malate to succi-
nate cannot be explained by a decrease in the reverse elec-
tron flux. Hence, it seems that the origin of electrons, i.e.
upstream or downstream of complex 1, plays a crucial role
on the reverse electron flux. This led us to propose, as already
hypothesized (Vinogradov and Grivennikova, 2001), the ex-
istence of two distinct electron pathways at the complex 1
regarding forward and reverse fluxes, both being coupled
to a proton translocation but in opposite directions (Fig. 1).
Supporting this proposal, several separate electron pathways
in the complex 1 have been evidenced using different classes
of inhibitors (Anderson and Trgovcich-Zacok, 1995).

The present results indicate that a rotenone- or metformin-
inhibited ROS production linked to reverse electron flow at
the complex 1 is not at thermodynamic equilibrium. It is
very sensitive to minor change in AW, as already reported
(Korshunov et al., 1997) and regulated by glutamate—malate
oxidation. These properties confer a high elasticity of this
particular ROS production toward the respiratory chain elec-
tron supply at both site 1 and site 2. Such specific ROS
production has probably a physiological meaning since it
occurs in the presence of a simultaneous electron supply at
both site 1 and site 2, as it is the case in living cells, with-
out any inhibitor addition or attempt to lower the natural
antioxidant capacity of mitochondria.

Compared to rotenone, metformin appears to have a dual
effect characterized by a moderate inhibitor of complex 1
that affects respiration mainly during phosphorylation (see
Fig. 3), and by a possible but barely detectable uncoupling
effect (see Table 2). Interestingly, metformin did not increase
ROS production in the presence of glutamate—malate (i.e. in
the forward direction of electron flux), as it is the case with
rotenone. In the presence of glutamate—malate and succinate,
rotenone has a double effect on complex 1: a simultaneous
increased and decreased ROS production at the forward and
reverse electron pathway, respectively. On the contrary, met-

formin decreases the reverse flux-related ROS production but
does not increase the forward flux-related ROS production.

This unique property may be related to the therapeutic
properties of metformin. This drug, which possesses anti-
hyperglycemic property, is currently used in the treatment
of type 2 diabetes. Interestingly, a large prospective clini-
cal survey, conducted in (Anonymous, 1998), has suggested
that the beneficial effect of metformin was not only related
to its action on blood glucose normalization). Indeed, if re-
duction of blood glucose remains as cornerstone treatment of
such patients, compelling evidence shows that onset and pro-
gression of hyperglycemia-induced vascular complications
is associated with mitochondria-generated oxidative stress
(Brownlee, 2001; Du et al., 2000, 2003; Nishikawa et al.,
2000). Because we have provided experimental data showing
that complex 1 inhibition prevented oxidative-stress-related
cell death (Chauvin et al., 2001), we hypothesized that met-
formin might also exhibit such property. Indeed, therapeu-
tic concentration of metformin (100 «M) prevents oxidative
stress- and hyperglycemia-induced cell death in several cell
lines (Guigas et al., 2004), including in human endothelial
cells (Detaille et al., 2005). The data presented here add new
insights in our attempt to understand the intrinsic mecha-
nism by which metformin prevent glucose toxicity besides
its lowering blood glucose property.
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