
oxidative damage, much still needs to be explored about the mitochondrial
production of reactive oxygen species and their contribution to signaling,
aging and apoptosis. It is also hoped that MitoQ and related compounds
can be used to explore whether these compounds have potential thera-
peutic effects. For example, the development of procedures to test these
compounds in mouse models of human diseases is ongoing8 but is beyond
the scope of this chapter. The use of targeted coenzyme Q derivatives, in
conjunction with increased understanding of their effects on mitochondrial
function and redox behavior, may lead to new insights into the biology of
mitochondria.
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[4] The Mitochondrial Interplay of Ubiquinol and
Nitric Oxide in Endotoxemia

By Constanza L. Lisdero, Maria Cecilia Carreras,
Alain Meulemans, Mariana Melani, Michel Aubier,

Jorge Boczkowski, and Juan José Poderoso

Introduction

Sepsis is a common cause of morbidity and mortality, particularly in the
elderly, immune-compromised, and critically ill patients. Almost 25 years
ago, we showed that clinical sepsis and septic shock were associated
with acquired mitochondrial dysfunction; a critical inhibition of mitochon-
drial complex I was observed in skeletal muscle of patients with sepsis.1

Recently, mitochondrial dysfunction was ascribed to mitochondrial
1 J. J. Poderoso, A. Boveris, M. A. Jorge, C. R. Gherardi, A. W. Caprile, J. Turrens, and

A. O. Stoppani, Medicina. 38, 371 (1978).
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overproduction of reactive oxygen species and nitric oxide (NO), which
may play a pivotal role in the pathophysiology of organ failure.1–3

Ubiquinone (UQ, coenzyme Q) is endogenously synthesized in every
organ in a specific pathway branched from cholesterol biosynthesis4; organs
have different ubiquinol content depending on the activity of this biosyn-
thetic pathway.5 In addition to its role as electron carrier in the mitochon-
drial respiratory chain,6 ubiquinone exhibits prooxidant7 and antioxidant8

properties. Ubisemiquinone (UQ��) participates in oxygen radical forma-
tion upon electron-transfer to oxygen,9 whereas ubiquinol may be ascribed
antioxidant properties upon its reaction with either peroxyl radicals or
upon recovery of vitamin E radical.

In addition to the reversible inhibition of cytochrome oxidase, nitric
oxide (NO) contributes to mitochondrial ubiquinol oxidation, within a re-
action that yields UQ�� and nitroxyl anion (NO�) as well as oxygen-
and nitrogen reactive species derived from UQ�� autoxidation10 (reactions
[1–3]).

NO þ UQH� ! NO� þ UQ�� þ Hþ (1)

UQ�� þ O2 ! UQþO ��
2 (2)

O��
2 þ NO ! ONOO� (3)

The second-order rate constant for reactions [1–3] were calculated as
103�104 M�1 s�1,10,11 8 � 103 M�1 s�1, and 1.9 � 1010 M�1 s�1, respectively.
Reactions [1] and [3] are the most efficient routes for NO utilization in
2 D. Brealey, M. Brand, I. Hargreaves, S. Heales, J. Land, R. Smolenski, N. A. Davies, C. E.

Cooper, and M. Singer, Lancet. 360, 219 (2002).
3 J. Boczkowski, C. L. Lisdero, S. Lanone, A. Samb, M. C. Carreras, A. Boveris, M. Aubier,

and J. J. Poderoso, FASEB J. 13, 1637 (1999).
4 F. Gibson and I. G. Young, Methods Enzymol. 53, 600 (1978).
5 R. Alleva, M. Tomasetti, S. Bompadre, and G. P. Littarru, Mol. Aspects Med. 18, S105

(1997).
6 G. Lenaz, R. Fato, C. Castelluccio, M. L. Genova, C. Bovina, E. Estornell, V. Valls,

F. Pallotti, and G. Parenti Castelli, J. Clin. Invest. 71, S66 (1993).
7 H. Nohls, L. Gille, and A. V. Kozlov, in ‘‘Subcellular Biochemistry’’ (Quinn and Kagan,

eds.), Vol. 30, p. 509. Fat-soluble vitamins, Plenum Press, New York, 1998.
8 J. J. Maguire, V. E. Kagan, E. A. Serbinova, B. A. Ackrell, and L. Packer, Arch. Biochem.

Biophys. 292, 47 (1992).
9 A. Boveris, E. Cadenas, and A. O. M. Stoppani, Biochem. J. 156, 435 (1976).

10 J. J. Poderoso, M. C. Carreras, C. Lisdero, F. Schöpfer, C. Giulivi, A. Boveris, A. Boveris,

and E. Cadenas, Free Rad. Biol. Med. 26, 925 (1999).
11 J. J. Poderoso, C. L. Lisdero, F. Schopfer, N. Riobo, M. C. Carreras, E. Cadenas, and

A. Boveris, J. Biol. Chem. 274, 37709 (1999).
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mitochondria and lead to the accumulation of peroxynitrite (ONOO �), a
species that modulates redox signaling and contributes to cell damage.12

Accumulation of ONOO� has been associated with different pathological
conditions, such as neurodegeneration13 and sepsis.3,14 Deleterious effects
of ONOO � are likely a function of its strong oxidative capacity leading to
protein oxidation and nitration.12 In mitochondria, ONOO � may be scav-
enged by glutathione peroxidase or by direct interaction with electron
donors, such as glutathione, NADH, or ubiquinol, present in either the
matrix or the inner membrane15 (reaction [4]). The reaction of ONOO �

(as ONOOH) with UQH � is first-order in ONOO � and zero-order in
UQH 

� 
indicating that it involves a cage rearrangement to give OH 

� 
and

NO2
� (reaction [4])15:

ONOOH ½OH � . . .NO �2 � þ UQH � ! NO �2 þ UQ �
�þHþ þ OH � (4 �)

The generation of UQ�� 
(reaction [4]) suggests that ONOO � may facili-

tate free radical propagation, supported by auto-oxidation of UQ �
� 

(reac-
tion [2] following reaction [4]). Accordingly, we have shown that ONOO �

increases O2
� production in mitochondria.15 However, increasing

mitochondrial ubiquinol content clearly protects mitochondria from
ONOO � effects.15 This suggests the occurrence and significance of radical-
radical termination reactions among the terms of reaction [4] and involving
the NO �2 =NO �2 ; UQ �

�
=UQ, and OH �/OH � redox pairs. These termination

reactions intercept effects of aggressive radicals on mitochondrial compo-
nents. For instance, tyrosine nitration by ONOO � proceeds in two steps:
(a) H-abstraction by NO �2 or OH � to form tyrosyl radical, and (b) tyrosyl rad-
ical reaction with NO �2, to form nitrotyrosine. Therefore, although mito-
chondrial production of reactive oxygen species and ONOO� are related
to ubiquinol concentration ( pro-oxidant effects),8,9 the features of reaction
[4] support an antioxidant activity of ubiquinol. Reactions [1–4] in mito-
chondria have important implications for the regulation of the levels of
NO in the mitochondrial matrix and production of oxyradicals, processes
intimately associated with mitochondrial integrity and function.

At physiological matrix NO levels (20 to 40 nM) with about 2 to 3 nmol
ubiquinone/mg mitochondrial protein,11 this sub-system is likewise
capable of removing all NO in excess. In this setting, almost all NO is
consumed to form O�

2 , and its Mn-SOD-mediated dismutation product
12 R. Radi, A. Cassina, and R. Hodara, Biol. Chem. 383, 401 (2002).
13 H. Ischiropoulos and J. S. Beckman, J. Clin. Invest. 111, 163 (2003).
14 M. L. Johnson and T. R. Billiar, World J. Surg. 22, 187 (1998).
15 F. Schöpfer, N. A. Riobó, M. C. Carreras, B. Alvarez, R. Radi, A. Boveris, E. Cadenas, and

J. J. Poderoso, Biochem. J. 349, 35 (2000).
*Alternatively, ONOOH [OH� . . .NO�

2� þ UQH� ! NO�
2 þ UQ�� þ Hþ þ OH�



70 mitochondrial ubiquinone and reductases [4]
H2O2.11,16 However, at high and sustained matrix NO concentration
(	500 nM), these reactions could not afford the cost of NO detoxification.
In the context of mitochondrial derangement in septic shock, an important
point to consider is the source of mitochondrial NO. It is noteworthy that
iNOS is induced by inflammatory mediators in different organs and in
macrophages. We have recently reported an increase in mitochondrial pro-
tein nitration during iNOS induction in E. coli endotoxemia and described
the functional correlation between the loss of diaphragmatic force and mi-
tochondrial respiratory impairment.3,17 Moreover, recent data showed that
NO can be synthesized within mitochondria by a mtNOS18–20 that could be
activated during sepsis; accordingly, Boveris et al. and Escámes et al.
reported an increase of mtNOS activity in rat endotoxemia.21,22

This chapter provides the methodological bases that support (a) the rela-
tion between UQ content, mitochondrial NO steady-state concentration and
peroxynitrite-mediated mitochondrial damage in representative organs and
(b) the contribution of mtNOS to peroxynitrite formation in mitochondria.
Experimental Model: Endotoxemic Animals and Sample Preparation

Endotoxemic Animals

Sprague-Dawley male albino rats (weight: 
350 g) from Charles River
France Inc. were divided into 2 groups, which received either sterile 0.9%,
NaCl (control animals) or 10 mg/kg E. coli endotoxin suspension in NaCl
(serotype 0.26 B6; DIFCO, Detroit, MI), intraperitoneally (septic animals).
Animals were sacrificed 6 hours after LPS inoculation and liver, lung,
diaphragm and heart were excised. Liver of normal C57BL/6J mice and
transgenic mice deficient in iNOS gene C57BL/6-Nos2tm1Lau from Jackson
Laboratories (Bar Harbor, ME) were also utilized. Animals were main-
tained on a 12-hr light/dark cycle with free access to food and water and
were fasted one night before the experiment with water ad libitum.
16 J. J. Poderoso, M. C. Carreras, C. Lisdero, N. Riobó, F. Schopfer, and A. Boveris, Arch.

Biochem. Biophys. 328, 85 (1996).
17 J. Boczkowski, S. Lanone, D. Ungureanu-Longrois, T. Fournier, and M. Aubier, J. Clin.

Invest. 98, 1550 (1996).
18 A. J. Kanai, L. L. Pearce, P. R. Clemens, L. A. Birder, M. M. VanBibber, S. Y. Choi, W. C.

de Groat, and J. Peterson, Proc. Natl. Acad. Sci. 98, 14126 (2001).
19 C. Giulivi, J. J. Poderoso, and A. Boveris, J. Biol. Chem. 273, 11038 (1998).
20 M. C. Carreras, J. G. Peralta, D. P. Converso, P. V. Finocchietto, I. Rebagliati, A. A.

Zaninovich, and J. J. Poderoso, Am. J. Physiol. Heart Circ. Physiol. 281, H2282 (2001).
21 A. Boveris, S. Alvarez, and A. Navarro, Free Rad. Biol. Med. 33, 1186 (2002).
22 G. Escámes, J. León, M. Macías, H. Khaldy, and D. Acuña-Castroviejo, FASEB J. 17, 932

(2003).
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Homogenate and Mitochondrial Preparations

Frozen tissue samples were homogenized with an Ultraturrax T25
(Janke and Kunkel, IKA Works, Cincinnati, OH) in lysis buffer (50 mM
Tris HCl [pH 7.4], 0.1 mM EDTA, 1 �M leupeptin, 1 �M PMSF, 1 �M
aprotinin). The crude homogenates were centrifuged at 4000g for 20 min
at 4

�
, and stored at �70

�
until use. Mitochondria were isolated as previ-

ously described20; excised organs were placed in an ice-cold homogeniza-
tion medium (1 g/10 ml) consisting of 100 mM KCl, 50 mM Tris-HCl,
1 mM EDTA, 5 mM MgCl2, 1 mM ATP (pH 7.2) at 4

�
for isolation of dia-

phragm mitochondria and 0.23 M mannitol, 70 mM sucrose, 10 mM
Tris-HCl, 1 mM EDTA (medium A) for isolation of liver, heart, and lung
mitochondria. Mitochondria were purified by Percoll gradient centrifuga-
tion and finally resuspended in 0.25 M sucrose at a 20 mg/ml protein
concentration.
Sources of NO in Endotoxemia: iNOS Expression and Activity

Measurement of NOS Expression and Activity

Proteins of tissue homogenates (100 �g/lane) and mitochondria (50 �g/
lane) were separated by electrophoresis on precast 7.5% SDS-polyacryl-
amide gels (Bio-Rad, Richmond, CA) and transferred to a PVDF membrane
(Bio-Rad). The membranes were incubated with a rabbit anti-mouse iNOS
polyclonal antibody (1:1000) (Transduction Laboratories, Lexington, KY),
and blotted with a goat anti-rabbit IgG (1:3000) conjugated to alkaline phos-
phatase (Bio-Rad), followed by detection of immunoreactive proteins by a
chemiluminescence method (Bio-Rad). E. coli LPS-stimulated rat alveolar
macrophages obtained by bronchoalveolar lavage were used as positive
controls.

NOS activity was determined by the conversion of 3H-L-arginine to
3H-L-citrulline as follows: mitochondrial and homogenate activities were
measured in 50 mM potassium phosphate buffer, pH 7.5 in the presence of
either 100 �M (mitochondria) or 20 �M (homogenates) L-arginine, 0.1 �M
3H-L-arginine, 0.1 mM NADPH, 0.3 mM CaCl2, 0.1 �M calmodulin,
10 �M BH4, 1 �M FAD, 1 �M FMN, 50 mM L-valine and 0.1 mg
protein. Specific activity is calculated by subtracting the remaining activity
in the presence of 50-fold excess concentration of the NOS inhibitor
L-NMMA. Calcium-independent NOS activity is measured in the presence
of 2 mM EGTA.

Tissue homogenates from LPS-treated animals expressed iNOS pro-
tein, detected in the Western blot analysis as an homogeneous band



Fig. 1. iNOS expression and Ca2þ-independent activity of rat tissue homogenates in

endotoxemia. Proteins were separated by electrophoresis in 7.5% SDS-PAGE and iNOS

protein was detected with a rabbit anti-mouse iNOS polyclonal antibody (1:1000); *denotes

p < 0.05; C, control; S, septic. *p < 0.001 vs controls by Student t test; **p < 0.05 vs

endotoxemic heart by ANOVA and Dunnett test.
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with molecular identity respect to control iNOS expressed by in vitro LPS-
stimulated rat alveolar macrophages (Fig. 1). The level of expressed iNOS
was ten-fold higher in liver and lung than in heart and diaphragm hom-
ogenates. iNOS specific activity resulted about two-fold higher in liver
and lung than in diaphragm or cardiac muscle (Fig. 1). These data agree
with early reports of Szabó et al.23 in endotoxic shock.24

iNOS is Translocated to Mitochondria

Considering the recent reports on the presence of Ca2þ-dependent
nNOS-� in liver mitochondria (mtNOS25), we analyzed a putative contri-
bution of this enzyme to matrix NO concentration in liver tissue during
endotoxemia. Immunoblotting analysis of mitochondrial proteins against
23 C. Szabó, New Horizons 3, 2 (1995).
24 S. L. Elfering, T. M. Sarkela, and C. Giulivi, J. Biol. Chem. 277, 38079 (2002).
25 S. Ikenoya, M. Takada, T. Yuzuriha, K. Abe, and K. Katayama, Chem. Pharm. Bull. 29, 158

(1981).
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anti-nNOS antibodies confirmed an mtNOS band at 130 kDa, as previously
described.25 In addition, septic samples exhibited a lower expression of this
constitutive mtNOS isoform and a higher expression of iNOS respect to the
control samples (Fig. 2A, p < 0.02). Reciprocally, calcium-dependent
mtNOS activity was 50% lower in mitochondria from septic animals
than in the control ones, while calcium-independent activity, which was
absent in the control samples, increased markedly during endotoxemia
(more than 100% of total NOS activity) (Fig. 2B). The selective modula-
tion of each specific NOS isoform in septic samples avoids the possibility
of a contamination with cytosolic proteins and also excludes the contribu-
tion of the cross-reactivity of the utilized antibodies. Accordingly, immuno-
precipitation of mitochondrial proteins with anti-iNOS antibodies showed
that iNOS protein translocates to mitochondria in endotoxemia (Fig. 2C).
Moreover, after endotoxemia, iNOS expression increased in cytosol and
mitochondria of wild type but not in mice with iNOS gene disruption
(Fig. 2D).
Fig. 2. Mitochondrial expression and activity of liver NOS isoforms in endotoxemia.

(A) Proteins were separated as in Fig. 1 and revealed with monoclonal anti-nNOS antibodies

and polyclonal anti-iNOS antibodies. The respective densitometries are placed on (A), right,

and NOS activities in (B). In (C), it is shown as a representative Western blot of

immunopurified mitochondrial proteins. In (D), mitochondria from controls and iNOS

gene deficient mice. Abbreviations as in Fig. 1. *p < 0.02 vs controls and **p < 0.01 vs Ca2þ-

dependent by Student t test.
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These results indicate that, (a) matrix NO concentration is differentially
contributed by both constitutively expressed mtNOS and increased cytoso-
lic iNOS translocated to mitochondria and (b) targeted iNOS protein could
be the main source of matrix NO in endotoxemia.
The Role of Ubiquinol in Endotoxemia

Ubiquinone Content and NO-Induced Hydrogen Peroxide
Production by Mitochondria

This was performed as previously described25: 5 to 10 mg of mitochon-
drial protein was homogenized at 4

�
with 4 volumes (v/w) of water in an Ul-

traturrax for 20 sec. One ml of the homogenate was poured into a test tube
containing 7 ml of a mixture of ethanol-n-hexane (2:5), and the tube was
rapidly shaken for 10 minutes to extract UQ. This extraction was repeated
three times, and the combined n-hexane layer was evaporated to dryness
under a stream of nitrogen. The resulting residue was dissolved in 0.2 ml
of ethanol and subjected to HPLC. Total ubiquinone determination was
performed with reverse-phase chromatography as carried out in a Hypersil
C-18 column (15 cm � 4.6 mm I.D., 5 �m) (Hypersil, England). The
mobile phase was prepared by dissolving 6.1 g of NaClO4. H2O in
1000 ml of ethanol-methanol-70% HClO4 (700:300:1). The flow rate was
1.2 ml/min. The HPLC measurements were performed at 30

�
. The HPLC

system consisted of a 510 pump (Waters, France) with an automatic in-
jector (717 Autosamples, Waters). The UV detector for measuring oxi-
dized ubiquinone was a photodiode array detector (996, Waters). For
chromatography, 10 �l of the extracts or standards were injected into the
apparatus; retention times were 4.3 min for UQ-9 and 5.3 min for UQ-10,
determined at 275 nm with UV detector.

HPLC analysis of ubiquinone extracted from mitochondria (UQ-9 þ
UQ-10) showed that heart organelles have the highest content (3.7 �
0.5 nmol/mg mitochondrial protein), liver and diaphragm contain inter-
mediate amounts of ubiquinone (1.7 � 0.3 and 1 � 0.2, respectively) and
lung samples had the lowest content (0.14 � 0.03) (Fig. 3A). The mitochon-
drial ubiquinone content of tissues from septic animals was similar to that
of organelles from the control ones (not shown).

The mitochondrial H2O2 production rate was continuously monitored
by the horse-radish (HRP)/p-hydroxyphenyl acetic acid (p-HPA) assay16

with a Hitachi F-2000 fluorescence spectrophotometer (Hitachi Ltd.;
Tokyo, Japan) supplemented with 12 U/ml HRP, 250 �M p-HPA, at 0.1
to 0.5 mg protein/ml, and with excitation and emission wavelengths of



Fig. 3. NO-dependent mitochondrial H2O2 production rate and ubiquinol content.

(A) Mitochondrial total ubiquinone of rat tissues, as measured by HPLC. (B) Hydrogen

peroxide production rate of mitochondria in the presence of crescent NO concentration. Data

are different from each other by two-factor ANOVA.
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315 and 425 nm, respectively. The utilized medium consisted of 0.23 M
mannitol, 70 mM sucrose, 30 mM Tris-HCl, 5 mM Na2HPO4/KH2PO4,
and 1 mM EDTA (pH 7.4) with 8 mM succinate as substrate; to assess
maximal mitochondrial H2O2 production at complex III, antimycin was
added at 2 nmol/mg protein in selective experiments.

The mitochondrial H2O2 production rate was achieved at 0.1 to 1 �M
NO; nitric oxide solutions (1.2 to 1.8 mM) were obtained by bubbling
NO gas of 99.9% purity (AGA GAS Inc., Maumee, OH) in water degassed
with He for 30 min at room temperature and stored for a week at 4

�
.

Maximal H2O2 yield was achieved at 0.25 �M NO; H2O2 production rate
was highest in heart organelles followed by liver, diaphragm and lung
(Fig. 3B). According to reactions [1] and [2] and after Mn-SOD catalyzed
dismutation, differences in NO-dependent H2O2 production rates of
mitochondria from the different tissues were strictly related to their
respective ubiquinone content (Fig. 4). A similar relationship was
obtained when heart submitochondrial particles depleted of ubiquinone
were subsequently reconstituted with known concentrations to achieve a
similar ubiquinone content as the membranes from the analyzed rat
tissues.26 Submitochondrial particles were resuspended in 0.15 M KCl at
a concentration of 20 mg protein/ml and lyophilized for 9 h to completely



Fig. 4. Correlation between NO-dependent hydrogen peroxide production and ubiquinone

content. (d), H2O2 production of isolated mitochondria from the different tissues in

the presence of 1 �M NO (~): H2O2 production of heart submitochondrial particles depleted

of endogenous ubiquinone and reconstituted with UQ-10 at same NO concentration (both,

r2 ¼ 0.98, p ¼ 0.011 and 0.009, respectively).
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dehydrate the samples. Mitochondrial ubiquinone was removed by sus-
pending the lyophilized particles in n-pentane by gentle homogenization,
and the suspension was shaken in a glass-stoppered tube for 5 min at 0

�
,

5 times. Extracted ubiquinone was 4 to 5 nmol UQ/mg protein. To
incorporate ubiquinone at different concentrations, the depleted particles
were gently homogenized in a small volume of n-pentane (1 to 2 ml)
containing UQ-10 at a concentration of 50 to 100 nmol/mg protein, and
the suspension was shaken in an iced bath for 30 min. The particles were
centrifuged, dried by evaporation for one hour and stocked. Depleted
particles showed a markedly decreased oxygen uptake and NADH cyto-
chrome c reductase activity. These parameters were normalized after
reconstitution of mitochondrial UQ-10. The UQ-10 content of ubiqui-
none-reconstituted particles (1 to 5 nmol/mg mitochondrial protein)
26 F. Aberg, E-L. Appelkvist, G. Dallner, and E. Lars, Arch. Biochem. Biophys. 295, 230

(1992).
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was determined by HLPC with electro-chemical detection with an
amperometric detector.

In the presence of 1 �M NO, mitochondrial H2O2 production rates of
organelles with spontaneous or exogenously manipulated ubiquinone
content were closely similar and thus, both, resulted well correlated with
ubiquinol content (r ¼ 0.98, p < 0.05) (Fig. 4).
The Endotoxemic Mitochondrial Damage

Mitochondrial Activities

Rats treated with LPS showed a significant decrease of the respiratory
control ratio (state 3 O2 uptake/state 4 O2 uptake rates) of mitochondria
from liver (�28%) and diaphragm (�35%) ( p < 0.05), while in heart and
lung mitochondria, this index resulted slightly modified (Table I). A
lowering of respiratory control ratio is consistent with a partial uncoupling
of oxidative phosphorylation to electron transfer rates that is currently as-
sociated to mitochondrial impairment. Moreover, these results
reveal tissue-specific endotoxemic effects on the different mitochondrial
populations.
Mitochondrial Hydrogen Peroxide Production

Mitochondria from endotoxemic animals supplemented with antimycin
showed an increased mitochondrial H2O2 production rate reflecting a
higher intramitochondrial concentration of superoxide radical, the
product of the univalent reduction of oxygen.9 After endotoxemia, the mi-
tochondrial production rate of H2O2 was significantly increased in
diaphragm (þ 100%) and liver mitochondria (þ34%), with respect to their
TABLE I

Mitochondrial Respiratory Control Ratio in Endotoxemia

Heart Diaphragm Liver Lung

Control 4.7 � 0.3 4.5 � 0.4 3.6 � 0.3 2.8 � 0.9

LPS 3.8 � 0.3 2.9 � 0.2* 2.6 � 0.2* 2.9 � 0.5

Data are expressed as mean � S.E.M of samples from 5–7 animals by duplicate;
* denotes significantly different from respective control group by Student’s t test

( p < 0.05).



TABLE II

Mitochondrial H2O2 Production Rate in Endotoxemia

Heart Diaphragm Liver Lung

Control 0.31 � 0.02 0.13 � 0.02 0.15 � 0.01 n.d.

LPS 0.32 � 0.01 0.24 � 0.03* 0.18 � 0.01* n.d.

Maximal H2O2 production rate was determined fluorometrically in the presence of

6 mM succinate as substrate and 2 �M antimycin as complex III inhibitor. Data are

expressed in nmol/min/mg protein as the mean � S.E.M of samples from 7 animals by

duplicate;
* denotes significantly different from respective control group by Student t test ( p < 0.05).

n.d.: not detected.
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respective controls ( p < 0.05, Table II). No differences were assessed in
heart mitochondria; H2O2 could not be detected in lung organelles. The in-
creased rate of H2O2 production of antimycin-supplemented mitochondria
is consistent with selective functional impairment of organelles in the com-
promised tissues and indicates the previous inhibition of electron transfer
rate at mitochondrial complexes II–III.

Detection of ONOO� in Mitochondria

Presence of ONOO� was accomplished by detection of 3-nitrotyrosine
residues in mitochondrial proteins by Western blot with a monoclonal anti-
nitrotyrosine antibody (Upstate Biotechnology Incorporated, Lake Placid,
MA) developed by Beckman and co-workers.27 In brief, 60 �g of proteins
of the mitochondrial suspension were separated by electrophoresis on pre-
cast 7.5% SDS-polyacrylamide gel (Bio-Rad, Richmond, CA), transferred
to a nitrocellulose membrane (Bio-Rad, Richmond, CA) and revealed by
using the anti-nitrotyrosine antibody. Bovine serum albumin (BSA) ni-
trated after 30 minutes of incubation with 1 mM SIN-1, was used as a
positive control. Incubation of the antibody with 10 mM nitrotyrosine,
prior to the membrane incubation, was used to ensure the specificity of
the antibody.

Western blot analysis of mitochondrial homogenates from endotoxemic
animals exhibited a reproducible pattern of protein nitration for several
27 J. S. Beckman, Y. Z. Ye, P. Anderson, J. Chen, M. A. Accavetti, M. M. Tarpey, and C. R.

White, Biol. Chem. Hoppe-Seyler 375, 81 (1994).



Fig. 5. Mitochondrial protein nitration. Nitration of mitochondrial proteins after 6 h of

endotoxemia. C, control, S, septic. Alb, bovine serum albumin nitrated after 30 min exposure

to 1 mM SIN-1.
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bands (Fig. 5). Interestingly, immunoblot intensity was highest in liver and
diaphragm mitochondria and lowest in heart samples, which showed only
weak bands similar to control samples. No protein nitration was observed
in lung mitochondria. The preincubation of the anti-nitrotyrosine antibody
with free nitrotyrosine significantly attenuated the blotting signal, thus
ensuring the specificity of the antibody (not shown).

Considering that increases in tissue and mitochondrial [NO]ss depend
on iNOS activity and mitochondrial translocation, it is expected that in
rat endotoxemia liver and lung would have twice the [NO]ss of heart
and diaphragm. In diaphragm in similar conditions, [NO]ss was reported
to be 0.473 �M.3 Assuming a similar [NO]ss in heart and 0.9 �M in
liver and that d[ONOO�]/dt/d[H2O2]/dt ratio increases at higher [NO]ss,
being about 6 at 0.5 �M NO,11 and considering that measured mitochon-
drial d½O �2 �=dt and d½H2O2 �=dt depends on [NO]ss and ubiquinol concen-
tration (reactions [1] and [2]; Figs. 3 and 4), d[ONOO �]/dt should
be higher in heart than in liver or diaphragm. Thus, very low nitration in
heart organelles at high d[ONOO�]/dt, may indicate the significance of
high ubiquinol in heart protection as surmized from reaction [4]. In con-
trast, low ubiquinol in lung mitochondria decreases d½O�

2 �=dt and ONOO�

formation (reaction [1–3]), thus limiting mitochondrial protein nitration
(Fig. 5).

The results show that, (a) in endotoxemia, oxidative stress, and the pro-
duction of reactive oxygen species depend on increased NO production as
released by iNOS; (b) relative amounts of NO production and ubiquinol
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concentrations determine distinct H2O2 and peroxynitrite production rates;
and (c) intermediate concentrations set UQ-centered reactions in rates
that favor subsequent impairment of mitochondrial respiratory functions
by nitration of mitochondrial proteins. It is worth noticing that the highest
cytosolic iNOS levels are followed by a proportional increase of mitochon-
drial iNOS, which should enhance the vectorial release of NO to the
matrix.

These concepts are in agreement with the improvement in liver
biochemical parameters of endotoxemic rats previously treated with
UQ-10.28 Administration of UQ-10 decreased the overall mortality of en-
dotoxemic dogs.29 On the basis of iNOS activity/UQ content ratios, it is es-
timated that 3 to 10 fold increased UQH� would be required in diaphragm
and liver to limit critical ONOO� effects. It is noteworthy that the rates of
the sequential reactions [1] and [2] depend on the levels of reduced UQ
rather than total UQ in membranes. It is accepted that normal rat heart
has a low degree of reduction of ubiquinone (30 to 40%).24 However,
UQH�/UQ ratio is markedly increased in heart mitochondria in endotox-
emia because of NO inhibition of cytochrome oxidase which augments
the level of reduced intermediaries on the substrate-side of the electron
transfer chain.

In this model of endotoxemia, the occurrence and pattern of nitration
in different tissues is consistent with the clinical features and the evolution
of septic multiorganic failure. Liver, skeletal muscle and diaphragm are
compromised early in the evolution of sepsis, while heart compromise
occurs at a later stage23 or is less related to NO increase.30 Endotoxemic
lung distress is probably not related to primary mitochondrial damage. This
fact suggests that lung damage, a common finding in clinical and experi-
mental sepsis, is a consequence of neutrophil and macrophage recruitment
and activation31 rather than a result of early mitochondrial impairment. Al-
though in those situations associated with excessive NO production a
therapeutic utilization of UQ-10 could be suggested, the magnitude and ef-
ficiency of the potential protection will depend on tissue bioavailability, in-
corporation to the mitochondrial membranes, and redox condition of
ubiquinol.
28 K. Sugino, K. Dohi, K. Yamada, and T. Kawasaki, Surgery 101, 746 (1987).
29 K. Yasumoto and Y. Inada, Crit. Care. Med. 14, 570 (1986).
30 M. Iqbal, R. I. Cohen, K. Marzouk, and S. F. Liu, Crit. Care. Med. 30, 1291 (2002).
31 B. J. Czermak, M. Breckwoldt, Z. B. Ravage, M. Huger-Lang, H. Schmal, N. M. Bless, H. P.

Friedl, and P. A. Ward, Am. J. Pathol. 154, 1057 (1999).
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[5] Mitochondrial Respiratory Chain Dysfunction
Caused by Coenzyme Q Deficiency

By Pierre Rustin, Arnold Munnich, and Agnès Rötig

Introduction

Coenzyme Q10 (CoQ10; ubiquinone 50) is an extremely hydrophobic
molecule that plays a critical role in both antioxidant defenses and electron
transfer activity of cell membranes, especially in the respiratory chain
located in the mitochondrial inner membrane.1,2 CoQ10 content varies
strongly between tissues. Human heart, kidney, liver (114, 66.5, 55 �g/g
tissue respectively) and intestine, colon, testis or lung (11.5, 10.7, 10.5,
7.9 �g/g tissue respectively) CoQ10 contents differ by more than one
order of magnitude.1 Skeletal muscle, pancreas, thyroid, spleen and brain
(40, 33, 24.7, 24.6, 13.4 �g/g tissue respectively) show median values. In
addition, decreased ubiquinone content with age has been reported, al-
though the decrease is variable depending on the tissue studied.1 On the
other hand, the redox status of CoQ10, rather than its absolute amount,
may be the crucial parameter to be examined under most physiological
conditions.3 On one hand, decreased CoQ10 content and/or increased oxi-
dation status might denote a slowdown of oxidative metabolism activity in
tissues, therefore a decreased need for electron transfer and antioxidant
capacities, especially with age. On the other hand, decreased CoQ10 con-
tent might be one of the causative events in a cascade leading to the de-
crease of oxidative and antioxidant capacity with age. In other words,
CoQ10 decrease over time could be seen either as a positive adjustment
to a decreased metabolic demand, or as a harmful progressive deficiency
with age.

1 L. Ernster and G. Dallner, Biochim. Biophys. Acta 1271, 195–204 (1995).
2 F. L. Crane, J. Am. Coll. Nutr. 20, 591–598 (2001).
3 A. Kontush, S. Schippling, T. Spranger, and U. Beisiegel, Biofactors 9, 225–229 (1999).
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