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macroautophagy via a mitogen-activated protein (MAP)
kinase-mediated mechanism. The other mechanism involves
amino acids (e.g. leucine, phenylalanine and tyrosine) that are
not concentrated within the liver but appear to exert their
actions via an mTOR-mediated pathway.

Recent studies have clarified the mechanism by which glu-
tamine and system A substrates affect macroautophagy. The
accumulation of these amino acids within cells, together with
the cotransported Na+ (which is partly exchanged for K+), is fol-
lowed by a flux of water into the cell to equilibrate the osmotic
pressure on both sides of the cell membrane. The resulting
increase in cell volume (cell hydration) results in an immediate
activation of MAP kinases, in particular ERK and p38MAPK. This
latter kinase brings about the inhibition of macroautophagy at
the level of the formation of the autophagosome [17]. More
work is needed to elucidate the complete mechanism, but the
key role of cell swelling is confirmed by experiments that
demonstrated a comparable degree of inhibition of proteolysis
when cells were swollen in hypo-osmotic media.

Amino acids such as leucine, phenylalanine and tyrosine are
agonists for another mechanism whereby amino acids inhibit
macroautophagy [16,18]. The mechanism appears to involve
mTOR, as rpS6, which is downstream from mTOR, becomes
rapidly phosphorylated with the same kinetics as the inhibition
of proteolysis. Rapamycin, an inhibitor of mTOR, could partly
overcome the inhibition of autophagic proteolysis by amino
acids. Again, much work remains before we will have a complete
picture of the mechanism. The phosphorylation of rpS6 does
not implicate this protein in the inhibition of macroautophagy;
rather, it should be taken as indicating an efficient regulatory
system in which mTOR activation plays a role in both the stimu-
lation of protein synthesis and the suppression of proteolysis.
There is also evidence for an mTOR-independent mechanism
whereby these amino acids can suppress macroautophagy. This
appears to be another example of redundant cell signalling 
systems. Figure 3 summarizes these mechanisms.

These new insights into amino acid-mediated cell signalling
have considerable physiological significance. Amino acids signal
their availability for anabolic processes, not only by being avail-
able as substrates, but also by more sophisticated mechanisms.
Simultaneously, they signal the need to suppress catabolic pro-
cesses. mTOR and cell hydration emerge as important ‘inter-
preters’ of amino acid availability. Recent studies also suggest
that leucine may act via mTOR-independent mechanisms. It is
clear that mTOR is not only an amino acid-responsive kinase
but also a more general nutrient sensor; it can be antagonized 
by the adenosine monophosphate (AMP)-stimulated kinase
which responds to the AMP/ATP ratio. The interaction and 
synergy of amino acid signalling with that of insulin remains 
to be fully elucidated. Finally, a crucial unsolved issue is the
identification of the precise molecule(s) that interact(s) with
regulatory amino acids such as leucine. However, it can be
confidently asserted that recent work on amino acid signalling
has revealed a new vista in amino acid metabolism that is likely
to become even more important in the future.
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2.3.4 Mitochondria and energy
formation
Dominique Pessayre

Mitochondria are double-membrane organelles derived evolu-
tionarily from bacteria. They have their own DNA and repro-
duce asexually, but only women transmit mitochondrial DNA.
Mitochondria represent remarkable biochemical machines that
are able to harness the energy produced by the oxidation of fat
and other energetic substrates in a form usable by the cell.
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150 2 FUNCTIONS OF THE LIVER

Origin and structure of mitochondria

Some 1.5 billion years ago, photosynthesizing cyanobacteria
began releasing oxygen in the earth’s atmosphere (Fig. 1) [1].
Oxygen is an atypical molecule (Fig. 1). Although it is a diradical,
its two unpaired electrons are located on different orbitals and
have a parallel spin, making oxygen a relatively stable molecule
[2]. Yet, oxygen is avid for electrons. Its incomplete reduction by
one, two or three successive electrons produces reactive oxygen
species (ROS), which react with biological molecules to cause
oxidative stress and gene mutations (Fig. 1) [1]. However, the
full reduction of oxygen by four successive electrons forms a 
stable product (water) and releases considerable energy (Fig. 1).
Therefore, the advent of oxygen evolutionarily was both a severe
threat to life (due to the toxicity of ROS) and also a great oppor-
tunity (due to the energetic potential of fuel oxidation).

Thanks to their short lifespan and rapid turnover, bacteria
took advantage of the high mutation rate triggered by ROS to
adapt quickly to the new oxygen environment (Fig. 1). They

developed biochemical machines enabling them indirectly to
burn fuels with oxygen and produce usable energy, while minim-
izing ROS formation and toxicity. Rather than trying to emulate
the biochemical perfection of bacteria, other forms of life have
associated with them. Through a symbiotic partnership, these
adapted bacteria have become our present-day mitochondria
(Fig. 1) [3].

Like their bacterial ancestors, mitochondria have two 
membranes. The circular outer membrane surrounds the inter-
membrane space, while the folded inner membrane invaginates
into cristae, which protrude into the mitochondrial matrix.

Like bacteria, mitochondria also have their own circular DNA
located in the mitochondrial matrix [4].

Mitochondrial DNA (mtDNA)

Sperm cell mitochondria are ubiquitinated and are degraded 
in the fertilized ovum, so that mtDNA is only transmitted by
women [5]. Most somatic cells, including hepatocytes, contain
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Fig. 1 Oxygen and the origin of mitochondria.
Some 1.5 billion years ago, photosynthesizing
cyanobacteria began releasing oxygen in the
atmosphere. Although oxygen is a diradical, 
it is relatively stable because its two unpaired
electrons are located on different orbitals and
have a parallel spin. Yet, oxygen is avid for
electrons. Its full reduction into water (by four
successive electrons) releases considerable
energy. However, its incomplete reduction by
one, two or three electrons produces reactive
oxygen species (ROS), which cause oxidative
stress and gene mutations. The resulting high
mutation rate, combined with the short
lifespan and rapid turnover of bacteria, has
enabled them to adapt quickly to the oxidizing
environment. Thanks to a symbiotic
partnership, these adapted bacteria have
become our present-day mitochondria. They
indirectly burn fuels with oxygen to provide
considerable energy, with limited ROS
formation and no immediate toxicity.

TTOC02_03  3/8/07  6:47 PM  Page 150



2.3 METABOLISM 151

hundreds of mitochondria, and each mitochondrion usually
contains a few copies of mtDNA. All mtDNA copies are identical
in healthy young persons. However, in persons with inborn
mitochondrial cytopathies and in elderly subjects, intact
mtDNA copies coexist with mtDNA genomes with point muta-
tions or DNA rearrangements, such as deletions or duplications.

The human mtDNA is a small (16 569 bp), circular, double-
stranded DNA (Fig. 2), which is normally twisted into a super-
coiled form [4]. The proportion of heavy vs. light DNA bases

differs slightly between the two mtDNA strands. Their different
buoyancies on denaturing caesium chloride gradients have led
to their appellation as the ‘heavy strand’ and the ‘light strand’
respectively. At the so-called ‘displacement loop’ (D-loop),
mtDNA contains a third DNA strand. This localized triplex
structure is due to the interrupted replication of the heavy
strand, as discussed below.

Although most of the ancient bacterial genes have been lost,
or have migrated to nuclear DNA [6], the human mtDNA still
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Fig. 2 Transcription and replication of 
the mitochondrial genome. The human
mitochondrial DNA (mtDNA) is a double-
stranded circular DNA of 16 569 bp. Its
transcription is mediated by a mitochondrial
RNA polymerase and is enhanced by the
binding of mitochondrial transcription factor A
(mtTFA) to enhancer elements located
upstream of the heavy strand promoter (HSP)
and the light strand promoter (LSP).
Transcription of the heavy strand starts at
nucleotide 561 (within the HSP) and proceeds
counterclockwise. After synthesis of the two
ribosomal RNAs, transcription may be arrested
by the binding of mitochondrial termination
factor (mtTERM), or it may proceed to form a
large polycistronic precursor RNA encoding for
12 polypeptides and 14 tRNAs. Transcription of
the light strand starts at nucleotide 407 (within
the LSP) and proceeds clockwise to form a
single polycistronic precursor RNA, encoding
one polypeptide and eight tRNAs. The
replication of mtDNA is mediated by DNA
polymerase g and is asymmetrical. Only the
heavy strand is replicated initially. Replication
starts at the origin of replication of the heavy
strand (OH), after a short RNA primer formed by
the transcriptional machinery. The need for this
RNA primer explains why mtTFA also
modulates the replication of mtDNA.
Mitochondrial single-stranded binding protein
(mtSSB) binds to the single-stranded heavy
chain and also activates replication. Replication
of the heavy strand proceeds clockwise. It may
arrest after a few hundred basepairs (thus
forming the basal ‘D-loop’), probably due to
the binding of regulatory factors to the
termination-associated sequence (TAS).
Alternatively, replication may continue to form
the whole daughter heavy strand. When the
displacement front has gone beyond the origin
of replication of the light strand (OL), the
replication of the light strand then starts
counterclockwise after a short RNA primer
introduced by a DNA primase. A6 and A8,
subunit 6 or 8 of ATP synthase; cyt b,
cytochrome b; COx, subunit of cytochrome c
oxidase; ND, subunit of NADH dehydrogenase;
rRNA, ribosomal RNA. Grey dots represent the
22 different mitochondrial tRNAs, which also
serve as punctuations.
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encodes for the two ribosomal mitochondrial RNAs, all 22 
mitochondrial tRNAs and 13 of the polypeptides of the respir-
atory chain, including adenosine triphosphate (ATP) synthase
[4]. Information is tightly packed on mtDNA (Fig. 2). With the
exception of a few regulatory sequences, mtDNA consists
mainly of coding sequences with no introns. Furthermore, the
short DNA sequences encoding for mitochondrial tRNAs also
serve as punctuation dots [4].

The transcription of mtDNA is mediated by a mitochondrial
RNA polymerase and is enhanced by the binding of mitochon-
drial transcription factor A (mtTFA) to enhancer sequences
located upstream of the heavy strand promoter and the light
strand promoter [4]. Mitochondrial transcription factor B
(mtTFB) may favour the interaction with RNA polymerase [4].
As shown in Fig. 2, the transcription of the heavy strand pro-
ceeds counterclockwise, while the transcription of the light
strand runs clockwise.

DNA polymerase γ replicates mtDNA. It has proofreading
activity, enabling it to remove the last added nucleotide, if mis-
paired [4]. The replication of mtDNA is asymmetrical (Fig. 2).
Only the heavy strand is initially replicated. Replication starts at
the origin of replication of the heavy strand (OH), after a short
RNA primer. This primer is formed by the transcriptional
machinery and begins at the site for the initiation of transcrip-
tion of the heavy strand. The need for this RNA primer explains
why mtTFA enhances not only the transcription, but also 
the replication of mtDNA (Fig. 2). Other factors enhancing
mtDNA replication are mitochondrial single-stranded binding
protein (mtSSB) and the DNA helicase, twinkle. Replication 
of the heavy strand proceeds clockwise. It can arrest after a few
hundred basepairs, thus forming the basal D-loop, or can 
proceed further on. The arrest or continuation of replication
may be modulated by the binding of regulatory factors to the
termination-associated sequence (TAS) (Fig. 2). When about
two-thirds of the heavy strand has been replicated, and the 
displacement front has gone past the origin of replication 
of the light strand (OL), the light strand begins to be replicated
counterclockwise, after a short RNA primer introduced by a
mitochondrial DNA primase [4].

Whereas mitochondria contain all the enzymes necessary for
base excision repair, they cannot remove some bulky DNA
lesions, such as pyrimidine dimers and interstrand cross-links
[7,8]. However, heavily damaged mtDNA molecules can be
degraded by mitochondrial nucleases, and then replaced by the
synthesis of new mtDNA molecules replicated from unaltered
mtDNA templates [8].

Mitochondrial protein import

With the exception of the 13 polypeptides encoded by mtDNA,
the thousand or so other proteins present in mitochondria are
encoded by nuclear DNA, synthesized within the cytoplasm 
and imported into the mitochondria, either cotranslationally 
or posttranslationally (Fig. 3) [9,10]. Although all imported
polypeptides enter the mitochondria through the Tom40

(translocase of outer membrane 40) complex, import routes
then differ with the destination of the protein (Fig. 3) [9].
• Polypeptides that are destined to form β-barrel proteins inside
the outer membrane are carried by small Tim (translocase of the
inner membrane) proteins of the intermembrane space to the
SAM (sorting and assembly machinery) complex, which inserts
these proteins into the outer membrane (Fig. 3).
• Polypeptides that are destined to form multispanning proteins
in the inner membrane are carried by the same small Tim pro-
teins to the Tim22 (translocase of inner membrane 22) complex
(also called the ‘twin-pore translocase’ because of its two pores),
which inserts these proteins inside the inner membrane (Fig. 3) [9].
• Finally, polypeptides that are destined for the mitochondrial
matrix are usually synthesized with an N-terminal, positively
charged presequence achieving an α-helical configuration.
These polypeptides cross the inner mitochondrial membrane
through the Tim23 complex (also called the ‘presequence
translocase’). Their import is driven by the membrane potential
and also by an ATP-driven pulling mechanism mediated by
mitochondrial Hsp70, which is bound to Tim44. Mitochondrial
processing peptidase (MPP) then removes the presequence
inside the matrix (Fig. 3).

Most enzymes responsible for the tricarboxylic acid cycle, and
all the proteins or enzymes involved in the replication, stability,
translation and repair of mtDNA, are targeted to the mitochon-
drial matrix. Respiratory chain polypeptides are targeted to the
inner mitochondrial membrane, except for cytochrome c, which
is targeted to the intermembrane space but mostly associates
with cardiolipin on the cytosolic face of the mitochondrial inner
membrane. Finally, some β-oxidation enzymes are targeted to
the mitochondrial inner membrane, while others are directed 
to the mitochondrial matrix.

Mitochondrial b-oxidation of fatty acids

Although peroxisomes contribute to the oxidation of fatty 
acids (particularly that of very-long-chain fatty acids), fatty acid
oxidation mainly occurs within mitochondria.

Unlike medium-chain or short-chain fatty acids, long-chain
fatty acids cannot directly enter the mitochondria. They must
first be activated into a CoA thioester and then transported into
the mitochondria by a carnitine-dependent shuttle (Fig. 4) [11].
On the cytosolic face of the outer mitochondrial membrane,
acyl-CoA synthetase initially synthesizes an acyl-adenylate 
intermediate and then forms the acyl-CoA thioester, with the
concomitant degradation of one ATP into AMP and pyrophos-
phate. Carnitine palmitoyl transferase I (CPT I), which is located
on the cytosolic face of the outer mitochondrial membrane, 
next transfers the acyl group from CoA to carnitine (Fig. 4). 
The acyl-carnitine formed is then translocated across the inner 
mitochondrial membrane by carnitine acyl-carnitine translo-
case, in exchange for free carnitine. Finally, carnitine palmitoyl
transferase II, which is located on the matrix side of the inner
membrane, reforms the long-chain fatty acyl-CoA derivative
inside the mitochondrial matrix (Fig. 4).
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Fig. 3 Mitochondrial import of proteins. The
mitochondrial proteins, which are encoded by
nuclear DNA, are synthesized by cytosolic
ribosomes and are imported cotranslationally
or posttranslationally into the mitochondria. In
the latter case, cytosolic chaperones (hsp)
maintain the polypeptide in an import-
competent form. All imported polypeptides
cross the mitochondrial outer membrane (OM)
through the translocase of outer membrane 40
(Tom40) complex. Import routes then differ
with the destination of the polypeptide. (1)
Polypeptides that are destined to form b-barrel
proteins in the OM are brought by small Tim
(translocase of the inner membrane) proteins
(Tim9 and Tim10) to the sorting and assembly
machinery (SAM) complex, which inserts these
proteins into the OM. (2) Polypeptides that are
destined to form multispanning proteins in the
inner membrane (IM) are brought by the same
small Tim proteins (Tim9 and Tim10) to the
translocase of inner membrane 22 (Tim22)
complex. Tim22, which is also called the ‘twin
translocase’ on account of its two pores, inserts
these proteins into the IM. (3) Finally,
polypeptides that are destined for the
mitochondrial matrix usually contain an N-
terminal, positively charged presequence. They
cross the inner membrane through the Tim23
complex (also called the ‘presequence
translocase of the inner membrane’). Their
mitochondrial import is driven both by the
membrane potential (Ay) and by an ATP-driven
pulling mechanism mediated by mitochondrial
hsp70 (mtHsp70), which is anchored to Tim44.
Mitochondrial processing peptidase (MPP) then
removes the presequence in the matrix.
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Fig. 4 Activation and mitochondrial uptake of
long-chain fatty acids. (1) On the cytosolic face
of the mitochondrial outer membrane (OM),
the long-chain fatty acid (LCFA) is transformed
by acyl-CoA synthetase into acyl-CoA. 
(2) Carnitine palmitoyl transferase I (CPT I),
which is located on the cytosolic face of the
outer membrane, transfers the acyl group from
CoA to carnitine. It is unclear whether the acyl-
carnitine formed is released directly into the
intermembrane space by CPT I or whether it is
first released outside and then crosses the outer
membrane. (3) The acyl-carnitine derivative is
translocated across the mitochondrial inner
membrane (IM) by carnitine acyl-carnitine
translocase (CACT) in exchange for free
carnitine. (4) Carnitine palmitoyl transferase II
(CPT II), which is located on the matrix side of
the inner membrane, then reforms acyl-CoA
inside the mitochondrial matrix.
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Mitochondrial β-oxidation progressively shortens the 
acyl-CoA by two carbon units at each cycle (Fig. 5) [11]. Each 
β-oxidation cycle involves a first dehydrogenation leading to
trans-2-enoyl-CoA, a hydration step forming l-3-hydroxyacyl-
CoA, a second dehydrogenation leading to 3-ketoacyl-CoA and,
finally, thiolytic cleavage by CoA, releasing acetyl-CoA and an
acyl-CoA shortened by two carbon atoms.

First membrane-bound and then soluble enzymes succes-
sively shorten a saturated long-chain fatty acyl-CoA (Fig. 5)
[12]. The membrane-bound, very-long-chain acyl-CoA dehydro-
genase (VLCAD) is also very active with long-chain fatty acids
and mediates the first dehydrogenation step of the β-oxidation
cycle. The membrane-bound, trifunctional β-oxidation com-
plex (TOC) then completes the β-oxidation cycle through its
enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase and
3-ketoacyl-CoA thiolase activities. This membrane-bound sys-
tem (VLCAD and TOC) may shorten the saturated long-chain
fatty acid into a medium-chain fatty acid (Fig. 5). Further short-
ening is then mediated by matrix enzymes, including medium-

chain and short-chain acyl-CoA dehydrogenases (MCAD and
SCAD) and soluble enoyl hydratases, 3-hydroxyacyl-CoA dehy-
drogenases and 3-ketoacyl-CoA thiolases specific for long-,
medium- or short-chain fatty acids (Fig. 5) [11,12].

Owing to the high activity of the membrane-bound system,
the soluble, long-chain acyl-CoA dehydrogenase (LCAD) is
redundant for the β-oxidation of saturated long-chain fatty
acids. However, LCAD is involved in the β-oxidation of unsat-
urated long-chain fatty acids, thus compensating for the poor
activity of VLCAD for unsaturated substrates [12].

The two main steps regulating the β-oxidation flux are carni-
tine palmitoyl transferase I, which modulates the entry of 
long-chain fatty acids into the mitochondria, and acyl-CoA
dehydrogenases, whose activities are relatively sluggish com-
pared with the high activities of other β-oxidation enzymes [13].

Each β-oxidation cycle removes four electrons. The two 
electrons removed by acyl-CoA dehydrogenases transiently form
an enzyme-bound E-FADH2. These electrons are then shuttled
by electron transfer flavoprotein (ETF) and ETF-ubiquinone
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Fig. 5 Mitochondrial b-oxidation of long-
chain fatty acids. (a) Successive action of
membrane-bound and then soluble b-oxidation
enzymes. (1) The saturated, long-chain fatty
acyl-CoA (LCFA-CoA) is shortened to a
medium-chain fatty acyl-CoA (MCFA-CoA) 
by the membrane-bound, very-long-chain 
acyl-CoA dehydrogenase (VLCAD) and the
membrane-bound, trifunctional b-oxidation
complex (TOC), which has enoyl-CoA hydratase
(EH), 3-hydroxyacyl-CoA dehydrogenase (HD)
and 3-ketoacyl-CoA thiolase (KT) activities. 
(2) The MCFA-CoA is then further split into its
acetyl-CoA subunits by soluble matricial
enzymes, including medium-chain and short-
chain acyl-CoA dehydrogenases (MCAD and
SCAD) and soluble EH, HD and KT enzymes
specific for long-chain (LC), medium-chain
(MC) and short-chain (SC) fatty acids. (b). 
b-Oxidation intermediates and fate of
electrons. The b-oxidation cycle successively
involves a first dehydrogenation, a hydration
step, a second dehydrogenation and, finally,
thiolysis, which releases acetyl-CoA. Electrons
coming from acyl-CoA dehydrogenases are
transferred to an enzyme-bound FAD, thus
forming E-FADH2, and are then shuttled 
by electron transfer flavoprotein (ETF) and 
ETF-ubiquinone oxidoreductase (ETF:QO), to
the ubiquinone (Q) of the respiratory chain,
thus forming ubiquinol. Electrons coming 
from 3-hydroxyacyl-CoA dehydrogenases are
transferred to NAD+, thus forming NADH,
which feeds electrons into complex 1 of the
respiratory chain.
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oxidoreductase (ETF:QO) to the ubiquinone (Q) of the respira-
tory chain close to complex III, thus forming ubiquinol (Fig. 5).
In contrast, the electrons removed by 3-hydroxyacyl-CoA dehy-
drogenases are transferred to NAD+ to form nicotinamide ade-
nine dinucleotide (NADH), which feeds electrons into complex
I of the respiratory chain (Fig. 5). As discussed below, electrons
coming from E-FADH2 will produce about two ATP molecules,
while those coming from NADH will form about three ATP
molecules [14]. Therefore, each round of mitochondrial 
β-oxidation eventually leads to about five ATP molecules and
one molecule of acetyl-CoA. The latter can either condense into
ketone bodies, as discussed below, or may eventually undergo
the tricarboxylic acid cycle to generate much more energy.

Tricarboxylic acid cycle

The final oxidation of acetyl-CoA by the tricarboxylic acid cycle
(also termed the ‘citric acid cycle’, starts with the condensation
of acetyl-CoA with oxaloacetate to form citrate (Fig. 6) [14].
This reaction is carried out by citrate synthase and involves the
formation a citryl-CoA intermediate, which is then hydrolysed
into CoA and citrate.

The tricarboxylic acid cycle then proceeds with the isomeriza-
tion of citrate into isocitrate (mediated by aconitase), the oxidative

decarboxylation of isocitrate into CO2 and α-ketoglutarate
(mediated by isocitrate dehydrogenase), and the CoA-
supported oxidative decarboxylation of α-ketoglutarate into CO2

and succinyl CoA (mediated by the α-ketoglutarate dehydro-
genase complex). The cycle further proceeds with the cleavage of
the thioester bond of succinyl-CoA to form succinate and one
high-energy guanosine 5′-triphosphate (GTP) (mediated by 
the reversibly acting, succinyl-CoA synthetase). Finally, the cycle
ends up with three steps resembling those involved in the β-
oxidation process, with the dehydrogenation of succinate into
fumarate (mediated by succinate dehydrogenase), the hydration
of fumarate into malate (mediated by fumarase) and the dehy-
drogenation of malate into oxaloacetate (mediated by malate
dehydrogenase). The overall stoichiometry of the tricarboxylic
acid cycle is: acetyl-CoA + 2 H2O + 3 NAD+ + FAD + GDP + Pi →
2 CO2 + 3 NADH + FADH2 + GTP + 2 H+ + CoA. As each 
of the three NADH molecules will eventually give about three
ATP molecules and the single FADH2 will form about two ATP
molecules, the global energy yield of one citric acid cycle is about
11 ATP molecules, as well as one energy-rich GTP molecule,
which can be used as such or can generate one more ATP
molecule [14].

It is noteworthy that molecular oxygen is not immediately
used in this cycle nor in the β-oxidation cycle. The oxygen
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atoms, which end up in CO2, come from water. However, as 
discussed below, the electrons, which are passed by NADH and
FADH2 to the respiratory chain, end up in molecular oxygen to
form water. This transfer of electrons regenerates the oxidized
cofactors (NAD+ and FAD), which are necessary to sustain 
β-oxidation and the tricarboxylic acid cycle. Thus, even though
molecular oxygen is not involved in the tricarboxylic acid cycle,
oxygen is mandatory at the next step, explaining why the tricar-
boxylic acid cycle can only function in the presence of oxygen. 
In the absence of oxygen, the only metabolic pathway that can
transiently provide some feeble energy is glycolysis.

Cytosolic glycolysis and the
mitochondrial oxidation of pyruvate

Glycolysis is defined as the process that converts glucose into
pyruvate [14]. This process, which occurs in the cytoplasm,

starts with the phosphorylation of glucose into glucose-6-
phosphate. This reaction is catalysed by glucokinase in the liver
and hexokinase in other organs (Fig. 7). Glucose-6-phosphate is
a branching point in glucose metabolism. Its reversible isomeriza-
tion to glucose-1-phosphate can lead to UDP-glucose formation
and glycogen synthesis, whereas its reversible isomerization into
fructose-6-phosphate can lead to glycolysis. The first committed
step in glycolysis is the irreversible phosphorylation of fructose-
6-phosphate into fructose-1,6-bisphosphate by phosphofruc-
tokinase. After a series of enzymatic reactions detailed in Figure
7, including the reduction of NAD+ into NADH by glyceralde-
hyde-3-phosphate dehydrogenase, glycolysis ends up with the
irreversible transformation of phosphoenol pyruvate into pyru-
vate, a reaction catalysed by pyruvate kinase (Fig. 7). Both phos-
phofructokinase and the liver-type pyruvate kinase are tightly
regulated (through allosteric and phosphorylation events) to
prevent the liver from consuming glucose when glucose is more
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Fig. 7 Glycolysis. The glycolysis of glucose 
in the cytoplasm forms two molecules of
pyruvate. Unless the generated NADH and
pyruvate are further oxidized in mitochondria,
glycolysis itself only generates two net
molecules of ATP.
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urgently needed by brain or muscle [14]. The net stoichiometry
of glycolysis is: glucose + 2 NAD+ + 2 ADP + 2 Pi → 2 pyruvate +
2 NADH + 2 H+ + 2 ATP + 2 H2O [14].

Glycolysis cannot proceed unless the formed NADH is reoxi-
dized into the NAD+ required by glyceraldehyde-3-phosphate
dehydrogenase. When there is a transient incapacity of mito-
chondria to reoxidize the formed NADH (for example, during
strenuous muscular exercise or during tissue ischaemia), some
transient relief can be obtained from the reversible reaction
catalysed by lactate dehydrogenase: NADH + H+ + pyruvate →
NAD+ + lactate. The regeneration of NAD+ allows glycolysis to
continue, while the formed lactate can be oxidized at later times
in the same organ (e.g. in the resting muscle) or in other organs,
such as the liver. In the meantime, however, the energy yield is
only two molecules of ATP for one molecule of glucose con-
sumed, so that anaerobic glycolysis is a most wasteful way of
generating energy.

However, under normal aerobic conditions, mitochondria
reoxidize the NADH formed by glycolysis. Because the inner

mitochondrial membrane is impermeable to NADH, its elec-
trons rather than NADH are transferred to mitochondria. 
This can be achieved by two mitochondrial shuttles: the
malate–aspartate or the glycerol phosphate shuttles [14]. In the
cytosol, NADH regenerates NAD+ by transferring its electrons
to either oxaloacetate or dihydroxyacetone phosphate, which
then diffuse into the mitochondria, where they release their 
electrons to regenerate either NADH (in the malate–aspartate
shuttle) or an enzyme-bound FADH2 molecule (in the glycerol
phosphate shuttle) [14]. These reduced cofactors then form
ATP through oxidative phosphorylation, as discussed below.

Under normal aerobic conditions, mitochondria also oxidize
the pyruvate (or lactate) formed by glycolysis (Fig. 8).
Mitochondrial carriers transport pyruvate or lactate into the
mitochondria, where the pyruvate dehydrogenase complex
catalyses the reaction: pyruvate + NAD+ + CoA → acetyl-CoA +
NADH. The oxidation of this acetyl-CoA in the tricarboxylic
acid cycle will then generate considerable energy. Whereas the
anaerobic glycolysis of glucose into pyruvate and lactate only
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forms two ATP molecules, the complete aerobic oxidation of
glucose can provide up to 38 ATP molecules, thanks to the
oxidative phosphorylation system [14].

Oxidative phosphorylation system

Oxidative phosphorylation is the process whereby the electrons
stored in NADH or enzyme-bound FADH2 are reacted with
oxygen to form water, while part of the energy released by this
exergonic reaction is harnessed to form ATP. To achieve this
aim, electrons are first transferred through different respiratory
chain complexes, where the electron transfer potential is con-
verted, step by step, into an electrochemical proton gradient,
which is finally converted into a phosphate transfer potential by
forming energy-rich ATP molecules [14]. An analogy may be the
pumping up of water behind a dam by a thermal engine, and
then the opening of water valves allowing the hydrostatic flow of
water into a hydroelectric turbine that generates electricity used
to charge small batteries.

A total of five complexes constitute the oxidative phosphory-
lation system [15]. Complexes 1–4 constitute the respiratory
chain, while complex 5 is ATP synthase. Depending on their
original sources (NADH or enzyme-bound FADH2), electrons
enter the respiratory chain at different sites.
• The two electrons coming from NADH are transferred to
complex 1 (also termed ‘NADH-ubiquinone oxidoreductase’ or
‘NADH dehydrogenase’). Within this large, L-shaped complex,
electrons are successively transferred to one flavin mononu-
cleotide (FMN) and several iron–sulphur clusters to be finally
donated to ubiquinone (Q), thus forming ubiquinol (QH2).
Concomitantly, four protons are pumped from the mitochon-
drial matrix into the intermembrane space. Therefore, the 
stoichiometry of the reaction catalysed by complex I is: NADH 
+ 5 H+

in + Q → NAD+ + 4 H+
out + QH2 [16].

• The two electrons coming from the enzyme-bound FADH2 of
succinate dehydrogenase are given to complex 2. Unlike com-
plexes 1, 3 or 4, complex 2 does not translocate protons from the
mitochondrial matrix into the intermembrane space. It only
transfers two electrons to ubiquinone, thus forming ubiquinol.
• Finally, the electrons coming from the enzyme-bound FADH2

of acyl-CoA dehydrogenases are directly transferred by ETF 
and ETF:QO to ubiquinone, thus forming ubiquinol. Thus,
whatever their initial site of entry (complex 1, complex 2 or
ubiquinone), electrons end up in ubiquinol.

Q and QH2 are highly mobile molecules within the inner
mitochondrial membrane, allowing QH2 to transfer its two 
electrons to complex 3 (also termed ‘ubiquinol:cytochrome c
oxidoreductase’ or ‘cytochrome bc1’). The redox active sites of
complex 3 include a cytochrome b with two haems (b-562 and b-
566), an iron–sulphur protein (ISP) and a membrane-anchored
cytochrome c1. The ‘Q cycle’ theory postulates that complex 3
contains two sites for Q/Q–/QH2: an outside Qo site located in
close proximity to the intermembrane space and an inner Qi

site located in close proximity to the matrix (Fig. 9) [15]. At the

outside Qo site, ubiquinol would produce ubiquinone by releas-
ing its two protons into the intermembrane space and by giving 
one electron to the ISP (to be given next to cytochrome c1 and
then cytochrome c) and the second electron to cytochrome b
[17]. Cytochrome b would then recycle this electron in the Qi

site, as explained in the legend to Figure 9. Another theory holds
that ubiquinol donates its two electrons to cytochrome b, which
then gives them to the ISP, en route for cytochrome c1 and
cytochrome c (Fig. 9) [18]. Whatever the path(s) of electrons,
the net stoichiometry of the reaction catalysed by complex 3 is:
QH2 + 2 oxidized cytochrome c (Fe3+) + 2 H+

in → Q + 2 reduced
cytochrome c (Fe2+) + 4 H+

out [15].
Four reduced cytochrome c molecules finally transfer four

electrons to complex 4 (cytochrome c oxidase), where the four
electrons are successively, but quickly, reacted with an oxygen
molecule, which is held in a tight cage so that partially reduced
oxygen species are not released, but only water is safely formed
[15]. The generation of water also consumes four protons,
which are taken from the matrix side. Concomitantly, complex 4
transports four protons from the mitochondrial matrix into 
the intermembrane space. Therefore, the stoichiometry of the
reaction catalysed by complex 4 is: 4 reduced cytochrome c
(Fe2+) + O2 + 8 H+

in → 4 oxidized cytochrome c (Fe3+) + 2 H2O 
+ 4 H+

out [15].
Thus, the transfer of electrons through complexes 1, 3 and 4 of

the respiratory chain is coupled with the extrusion of protons
from the mitochondrial matrix into the mitochondrial inter-
membrane space. This creates a large electrochemical potential
across the inner membrane, thus creating a reservoir of latent,
potential energy (Fig. 8).

When energy is needed, the increase in ADP stimulates 
the re-entry of protons through ATP synthase (also called 
‘F1F0-ATPase’, ‘H+-ATPase’ or ‘complex 5’), and the energy that
is liberated by this re-entry is harnessed in the synthesis of 
ATP from ADP. The ATP formed is then extruded from mitoch-
ondria by the adenine nucleotide translocator in exchange for
cytosolic ADP (Fig. 8). ATP is then used by all the cellular 
processes that require energy (e.g. maintenance of transmem-
brane ion gradients, anabolic syntheses, cell motility, muscular
contraction).

ATP synthase is a wonderful biological engine (Fig. 10)
[19,20]. Its transmembrane F0 portion contains a non-rotating
moiety consisting of the a subunits and a rotor made of a dozen
or so c subunits (c-ring rotor). The re-entry of protons through
a channel located at the junction of the a subunits and the c-ring
triggers the rotation of the c-ring and the attached γ stalk. The 
γ stalk rotates within a cap made of three pairs of alternating α
and β subunits (α3β3 cap), which is kept immobile by the a/b2/δ
stator [20]. The rotating stalk is asymmetrical. When the stalk
rotates within the α3β3 cap, it causes rhythmic deformations of
the catalytic β subunits, which may alternatively tighten around
ADP and Pi, close to form ATP and fully open to release ATP. As
there are three catalytic sites, one 360° rotation of the γ stalk
gives rise to three ATP molecules [19].
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Because the driving force for ATP synthesis is the re-entry of
protons, and because the flow of electrons along the respiratory
chain extrudes protons at three different sites, the number of
ATP molecules that can be synthesized differs with the site of
electron entry into the chain. The electrons that are transferred
from NADH cause the extrusion of protons at complex 1, com-
plex 3 and complex 4 and can lead to the synthesis of about three
ATP molecules for one molecule of NADH reoxidized [14]. In
contrast, the electrons that are transferred by enzyme-bound
FADH2 bypass complex 1 and only permit the synthesis of about
two ATP molecules for one FADH2 reoxidized [14].

Interestingly, ATP synthase is a reversible machine. When the
mitochondrial membrane potential is low, for example during
ischaemia, ATP synthase functions in the reverse mode. Its
ATPase activity consumes the meagre amounts of ATP formed
by glycolysis to pump protons into the intermembrane space
and partially to restore the mitochondrial membrane potential,
which is needed to maintain mitochondrial protein import 
and mitochondrial viability. This ATP-depleting effect can be

prevented by the binding of a matricial protein termed the
inhibitor of F1F0-ATPase (IF1) [21]. When the membrane
potential is low (e.g. during ischaemia) and when anaerobic 
glycolysis causes extensive lactate formation and matrix
acidification, IF1 then binds to the F1 moiety of ATP synthase 
to inhibit its ATPase activity. This attenuates the selfish use of
cell ATP by deenergized mitochondria.

Except for these extreme circumstances, when mitochondria
consume cell ATP for their own needs, mitochondria instead
provide the cell with energy.

Regulation of fuel oxidation by energy
demands

Mitochondria are thrifty organelles. They only burn fuels inas-
much as fuel oxidation is needed to satisfy the energy demands
of the cell. This balance is achieved through several mechanisms,
including built-in, autoregulatory mechanisms adapting fuel
oxidation (and thus ATP generation) to ATP consumption.
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Fig. 9 Current hypotheses for the flow of
electrons within complex 3. (a) The classical 
‘Q cycle’ theory postulates that complex 3
contains two sites for ubiquinone (Q) and its
redox partners, the ubisemiquinone anion
radical (Q·–) and ubiquinol (QH2). The outside
Qo site would be close to the intermembrane
space, and the inner Qi site close to the matrix.
Two successive ubiquinol molecules coming
from other complexes may enter the outside 
Qo site of complex 3, where each ubiquinol
molecule would produce ubiquinone by
releasing its two protons into the
intermembrane space. In the process, ubiquinol
would give one electron to the iron–sulphur
protein (ISP), which then transfers this electron
to cytochrome c1, which in turn gives it to
cytochrome c. The semiubiquinone anion
radical formed from ubiquinol would then give
its electron to cytochrome b (cyt b), thus
forming ubiquinone, which would be returned
to the region between complex 1 and complex
3. Concomitantly, cytochrome b would recycle
the electrons that it receives at the Qo site by
sending them to the Qi site. At this Qi site,
cytochrome b would first give one electron to
Q, thus forming Q·-, and the next electron to 
Q·-, thus forming QH2. The formed ubiquinol
would then move to the Qo site to be oxidized
in exchange for ubiquinone coming from the 
Qi site to be reduced. Thus, according to this
scheme, for two ubiquinol molecules releasing
their protons through their oxidation at the 
Qo site, one molecule of ubiquinol would be
regenerated at the Qi site. (b) Another theory
holds that ubiquinol instead donates its two
electrons to cytochrome b, which then gives
them to the iron sulphur protein (ISP), en route
for cytochrome c1, and cytochrome c.
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When energy demands are high, and ADP is high, a mass-
ive re-entry of protons into the matrix through ATP synthase
decreases the mitochondrial membrane potential. This
unleashes the flow of electrons in the respiratory chain, with
three consequences. First, the increased flow of electrons
increases the rate of proton extrusion by the respiratory chain,
thus allowing the continued re-entry of protons through ATP
synthase to sustain high rates of ATP generation. Second, the
increased flow of electrons ends up in cytochrome c oxidase,
thus increasing oxygen consumption. Finally, the increased rate
of respiration is associated with an increased reoxidation of
NADH and FADH2 into NAD+ and FAD, which are required 
to drive the oxidation of glucose, pyruvate, acyl-CoA and 
acetyl-CoA.

In contrast, when little energy is needed by the cell, ATP 
synthase is barely active and only translocates a few protons back
into the matrix. The high mitochondrial membrane potential
blocks the extrusion of protons into the matrix. Electrons are
stuck in the respiratory chain. Oxygen consumption is low. 
The limited reoxidation of NADH into the NAD+ required for
mitochondrial β-oxidation and the tricarboxylic acid cycle may
limit the capacity of mitochondria to oxidize fat and pyruvate.
Thus, the tricarboxylic acid cycle and oxidative phosphorylation
system have built-in mechanisms that automatically adapt fuel
oxidation to energy consumption.

This automatic adaptation is further tuned by the regulatory
effects of ATP on several critical enzymatic steps [14]. Indeed,
the activities of pyruvate dehydrogenase, citrate synthase, isoci-
trate dehydrogenase and α-ketoglutarate dehydrogenase are
modulated by ATP levels, in order to increase fuel oxidation
when ATP is low and, instead, to prevent fuel oxidation when
ATP is high [14].

A last level of regulation involves the effects of nuclear genes
on mitochondrial function and biogenesis.

Nuclear control of mitochondrial
function and biogenesis

Both mitochondrial function and mitochondrial biogenesis 
are controlled by nuclear genes [22]. When mitochondrial func-
tion is insufficient to sustain the cellular drain of ATP, cell ADP
increases. Adenylate kinase then converts two ADP molecules
into one ATP molecule and one AMP molecule [23]. The
increase in AMP is sensed by AMP-activated protein kinase
(AMPK), which turns off ATP-consuming pathways and switches
on ATP-producing catabolic pathways [23]. In particular,
AMPK phosphorylates and inactivates acetyl-CoA carboxylase,
thus decreasing the synthesis of malonyl-CoA. This prevents the
inhibition of CPT I by malonyl-CoA, thus allowing the trans-
location of long-chain fatty acyl-CoA into the mitochondria 
and extensive β-oxidation [23]. Finally, AMPK increases several
mitochondrial oxidative enzymes, such as succinate dehydroge-
nase, citrate synthase and cytochrome c [24,25].

Several other factors may also modulate mitochondrial func-
tion and biogenesis in the liver, although their roles have mostly
been studied in skeletal muscles, whose energy requirements
vary widely with the degree of physical activity. These other 
factors include the Ca2+/calmodulin-dependent protein kinase
(CaMK), the peroxisome proliferator-activated receptor γ coac-
tivator 1 (PGC-1) and nuclear respiratory factors 1 and 2 (NRF-
1 and NRF-2). In muscles, it has been shown that CaMK induces
the expression of PGC-1, which itself induces the expression of
NRF-1 and NRF-2. NRF-1 and NRF-2 increase the synthesis of
nuclear DNA-encoded polypeptides of the respiratory chain and
also induce mtTFA [22,26]. PGC-1 binds to, and coactivates, the
transcriptional function of NRF-1 on the promoter for mtTFA,
which increases the transcription and replication of mtDNA
[26]. Finally, PGC-1 binds to, and cooperates with, peroxisome
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TTOC02_03  3/8/07  6:47 PM  Page 160



2.3 METABOLISM 161

proliferator-activated receptor-α (PPAR-α) in the transcrip-
tional activation of nuclear genes encoding peroxisomal and
mitochondrial β-oxidation enzymes, including CPT I and
medium-chain acyl-CoA dehydrogenase [27]. As a consequence
of these concerted actions on both nuclear genes and mtDNA
genes, PGC-1 increases both the number of cardiac mitochon-
dria and also their individual capacity to oxidize fat and to 
generate energy through oxidative phosphorylation [28].
Interestingly, both the AMPK- and the CaMK-mediated signals
seem to act coordinately, as AMPK was required for energy
deprivation-induced increases in the expression of CaMK and
PGC-1 [29]. Together with the immediate regulations described
in the preceding section, these nuclear changes may allow cells to
increase or decrease fuel consumption depending on the energy
demands of the cell.

Yet a last type of regulation concerns the different use of ener-
getic fuels under fasted, fed or overfed conditions.

Different use of fuels by hepatic
mitochondria in fasted, fed or overfed
conditions (see also Chapter 13)

The handling of fuels by hepatic mitochondria is regulated in
order to deliver ketone bodies and glucose to other organs when
food is not available, but to store energy as glycogen and fat after
meals.

In the fasting state, low insulin levels allow the massive release
of free fatty acids from adipose tissue [30]. During fasting con-
ditions, hepatic malonyl-CoA levels are low, allowing extensive
mitochondrial import of long-chain free fatty acids, and thus
active fatty acid β-oxidation. However, the acetyl-CoA moieties
generated by hepatic mitochondrial β-oxidation are not fully
oxidized in the liver, which would not be able to use this enor-
mous amount of energy. Instead, acetyl-CoA moieties condense
into ketone bodies (acetoacetate and β-hydroxybutyrate), which
are secreted by the liver to be oxidized later in muscles 
and other peripheral tissues by the tricarboxylic acid cycle, thus
sparing glucose [30]. The liver concomitantly provides other
organs, such as the brain, with glucose formed from glycogen
and gluconeogenesis.

In contrast, after meals, a slight increase in blood glucose
increases the release of insulin by pancreatic β cells. In
adipocytes, insulin inhibits hormone-sensitive lipase, thus
blocking adipose tissue lipolysis. In the liver, glucose inactivates
glycogen phosphorylase and activates glycogen synthetase, thus
increasing glycogen stores [14]. Furthermore, both insulin and
glucose trigger free fatty acid synthesis from glucose [31]. This 
is due to the posttranslational activation of several enzymes 
[14] and also to translational regulation [31]. Indeed, glucose 
activates carbohydrate response element binding protein
(ChREBP), with two consequences. First, ChREBP stimulates
liver-type pyruvate kinase, thus increasing the glycolysis of 
glucose into pyruvate [32]. In mitochondria, pyruvate forms
acetyl-CoA, which condenses with oxaloacetate to form citrate

that translocates to the cytoplasm. Citrate lyase then catalyses
the reaction: citrate + ATP + CoA + H2O → acetyl-CoA +
oxaloacetate + ADP + Pi. The acetyl-CoA, which is thus regener-
ated in the cytosol, is then used by acetyl-CoA carboxylase to
form malonyl-CoA, which is required for the elongation of free
fatty acids by fatty acid synthase. Second, ChREBP stimulates
the transcription of all lipogenic genes, including acetyl-CoA
carboxylase, fatty acid synthase and stearoyl-CoA desaturase,
thus further increasing hepatic fatty acid and triacylglycerol 
synthesis [33]. Insulin cooperates with glucose in increasing
fatty acid synthesis. Indeed, insulin increases the transcription 
of sterol regulatory element-binding protein-1c (SREBP-1c),
which increases the transcriptional activation of all the enzymes
required for the hepatic synthesis of fatty acids [31]. Thus, both
glucose via ChREBP and insulin via SREBP-1c can increase the
hepatic synthesis of free fatty acids. Furthermore, the malonyl-
CoA generated by acetyl-CoA carboxylase also prevents 
mitochondrial β-oxidation. Malonyl-CoA inhibits CPT I, 
which controls the entry of long-chain fatty acids into mito-
chondria [30]. After a carbohydrate meal, high malonyl-CoA
levels inhibit CPT I and prevent fatty acid β-oxidation [30]. Free
fatty acids are not degraded, but are instead directed towards the
formation of triglycerides, which are partly stored in the liver
and partly secreted as very-low-density lipoproteins.

Teleologically, these various changes can be viewed as main-
taining/increasing fat and glycogen stores when food is plentiful
and, in contrast, using up fat and sparing glucose when food is
not available. In the past, these changes have provided a satisfac-
tory balance between energy storage and energy use, when high
physical activity ensured high rates of fuel oxidation by skeletal
muscle mitochondria. Nowadays, however, food intake often
exceeds the limited capacity of mitochondria to burn fuels in
inactive persons, causing a progressive increase in body fat stores
[34].

In relatively overfed subjects, the increased hepatic synthesis
of free fatty acids causes the accumulation of triglyceride
droplets in the cytoplasm of hepatocytes [34]. However, the liver
does not enlarge indefinitely. A new equilibrium is reached
when the increased synthesis of fat is compensated by increased
output pathways, including an increased mitochondrial β-
oxidation of fatty acids [34]. Several adaptive changes may allow
hepatic mitochondria to oxidize more fat in overfed subjects
[34]. A first mechanism could be the increased hepatic concen-
trations of free fatty acids (FFAs) in these subjects, which may
force the entry of FFAs into the mitochondria [34]. A second
mechanism may involve changes in CPT I expression and its
sensitivity to malonyl-CoA inhibition. CPT I is upregulated in
rodent models of diabetes, and its affinity for its physiological
inhibitor, malonyl-CoA, is decreased [35,36]. Loss of CPT I
inhibition by malonyl-CoA could explain why β-oxidation can
increase in plethoric subjects, despite high insulin and malonyl-
CoA levels, which would normally block the entry of long-
chain fatty acids into mitochondria [34]. An important
upstream mediator of these diverse changes may be PPAR-α.
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PPAR-α is activated by long-chain free fatty acids and increases
the expression of enzymes involved in peroxisomal and mito-
chondrial β-oxidation, including CPT I [35]. PPAR-α activation
also increases uncoupling protein 2 mRNA [37]. This uncou-
pling protein might allow the re-entry of protons from the inter-
membrane space into the mitochondrial matrix. This could
decrease the mitochondrial membrane potential, unleash the
flow of electrons in the respiratory chain, increase mitochon-
drial respiration and allow better reoxidation of NADH into 
the NAD+ required for fatty acid oxidation.

Although these adaptive changes prevent further expansion of
hepatic fat stores in overfed subjects, they do not prevent some
steatosis. The unsaturated lipids of fat deposits can then be 
oxidized by the ROS formed by mitochondria, thus triggering
lipid peroxidation and oxidative stress [34].

Formation of reactive oxygen species

The incomplete reduction of oxygen by one, two or three 
electrons produces ROS. The strategy devised by bacteria and
mitochondria to limit ROS formation is initially to store elec-
trons in a form (NADH or E-FADH2) that is unreactive with
oxygen, then to transport these electrons through a respiratory
chain, which is mostly insulated from oxygen, and, finally,
quickly to react four electrons with oxygen within cytochrome c
oxidase to safely produce water. However, the insulation of
upstream respiratory complexes from oxygen is not perfect 
(Fig. 11). A small fraction of the electrons that pass through
complex 1 and complex 3 react with oxygen to form the super-
oxide anion [38]. Complex 1 releases the superoxide anion into
the mitochondrial matrix, while complex 3 releases superoxide
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Fig. 11 Formation and inactivation of reactive
oxygen species (ROS) in mitochondria. Most of
the electrons that enter the respiratory chain
finish in cytochrome c oxidase (complex 4),
where four electrons are added quickly and 
in a tight cage to oxygen, so that ROS are 
not released, but only water is safely formed.
However, upstream to complex 4, a few of the
electrons donated to the respiratory chain react
with oxygen to form the superoxide anion
radical (O2·

–). Complex 1 generates O2·
– on the

matrix side. Complex 3 forms O2·
– both in the

matrix and in the intermembrane space. In the
matrix, manganese superoxide dismutase
(MnSOD) dismutates two molecules of the
superoxide anion into one oxygen molecule
and one molecule of hydrogen peroxide
(H2O2). Glutathione peroxidase 1 (GPx1) then
reduces H2O2 into water while oxidizing two
reduced glutathione (GSH) molecules into
glutathione disulphide (GSSG). Glutathione
reductase (GR) then regenerates GSH at the
expense of NADPH. Finally, an energy-linked
NAD(P)+ transhydrogenase (TH) uses NADH 
and the mitochondrial membrane potential 
to regenerate NADPH from NADP+. In the
intermembrane space, the superoxide anion is
detoxified by its reaction with oxidized (ferric)
cytochrome c to form reduced (ferrous)
cytochrome c, which donates its electron to
complex 4 of the respiratory chain, thus
regenerating oxidized cytochrome c. Although
copper zinc superoxide dismutase (CuZnSOD) is
mostly cytosolic, it is also imported into the
intermembrane space of mitochondria, where
it dismutates O2·

– into H2O2. Although most of
the ROS formed by mitochondria are detoxified
within mitochondria, some molecules of H2O2

can cross the outer membrane. In the acidic
intermembrane space, O2·

– may be protonated
to the uncharged, hydroperoxyl radical (HO2·),
which may also cross the outer membrane to
regenerate O2·

– in the cytosol. IM, inner
membrane; OM, outer membrane.
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into both the mitochondrial matrix and the intermembrane
space (Fig. 11) [38]. Other possible site(s) for superoxide 
formation may be ETF (electron transfer protein) and/or
ETF:QO (ETF:quinone oxidoreductase) [38]. Superoxide gen-
eration by ETF and/or ETF:QO has been proposed as one 
possible explanation for the higher formation of superoxide
when muscle mitochondria are energized with palmitoyl 
carnitine than with complex 1 substrates [38]. Overall, it is 
estimated that 1–2% of the oxygen consumed by mitochondria
may be transformed into the superoxide anion, and that 
mitochondria represent the most important source of ROS in
cells [39].

Being unable to completely prevent ROS formation, mito-
chondria have devised several systems to eliminate these ROS
(Fig. 11). In particular, the superoxide radical anion is dis-
mutated by mitochondrial manganese superoxide dismutase
into hydrogen peroxide, which is detoxified into water by mito-
chondrial glutathione peroxidase 1 (Fig. 11) [39].

Nevertheless, residual levels of ROS can impair mitochondrial
structure and function. The superoxide anion can remove 
one iron molecule from the cubane (4Fe–4S) cluster of 
mitochondrial aconitase, thus inactivating aconitase and ham-
pering fuel oxidation in the tricarboxylic acid cycle [40]. ROS can
also damage mitochondrial proteins, cardiolipin and mtDNA,
thus progressively impairing mitochondrial function [41]. 
In some pathological conditions, a very large formation of 
mitochondrial ROS can trigger, or can help to trigger, mito-
chondrial permeability transition, which irreversibly disables
mitochondria and leads to their autophagic degradation [42].

Finally, some molecules of hydrogen peroxide and possibly
also of the superoxide anion (the latter probably crossing the
membrane as the hydroperoxyl radical) may leak out of mito-
chondria [43,44] and may eventually damage extramitochondrial
cell constituents, such as nuclear DNA. However, mitochondrial
constituents, including mtDNA, are the main targets of mito-
chondrial ROS.
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Fig. 12 Ageing of mtDNA. Reactive oxygen
species (ROS) formed by the mitochondrial
respiratory chain damage mtDNA. They form
oxidized mtDNA bases, which may occasionally
cause point mutations, and they also form
mtDNA strand breaks, which may occasionally
cause mtDNA deletions. Eventually, these
mtDNA lesions and mutations may decrease
the synthesis of mtDNA-encoded polypeptides,
thus partially hampering the flow of electrons
in the respiratory chain. In the overly reduced
complex 1 and complex 3, the accumulated
electrons may increasingly react with oxygen 
to form the superoxide anion radical. The
increased ROS formation may further damage
mtDNA. This vicious cycle, together with a
decreased import of DNA repair enzymes as a
consequence of the decreased membrane
potential, could explain why mtDNA deletions
and point mutations, which are exceptional
before 40 years of age, then start to
accumulate exponentially during old age.
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Ageing of mitochondrial DNA

Mitochondrial ROS play an important role in the ageing process
(Fig. 12). ROS oxidize mtDNA bases to form, in particular, 
8-oxo-deoxyguanosine. During mtDNA replication, this modi-
fied guanine can mispair with an adenine (instead of a cytosine),
and this mispairing can cause mtDNA point mutations. ROS
also cause mtDNA strand breaks, which can occasionally lead 
to mtDNA deletions.

As these mutations accumulate over the years, they may even-
tually decrease the synthesis of mtDNA-encoded polypeptides,
thus partially blocking the flow of electrons in the respiratory
chain (Fig. 12). The over-reduction of upstream respiratory
complexes may then increase mitochondrial ROS formation.
Furthermore, as the mitochondrial membrane potential de-
creases, the membrane potential-driven import of DNA repair
enzymes from the cytosol into the mitochondrial matrix may
become impaired [45]. Thus, both increased mtDNA damage
(due to the increased mitochondrial ROS formation) and
decreased mtDNA repair (due to decreased import of repair
enzymes) could explain why mtDNA deletions and point muta-
tions increase exponentially during old age [46,47].

Overview

When photosynthesizing cyanobacteria began releasing oxygen
in the atmosphere, bacteria took advantage of their quick
turnover, and the high mutation rate caused by oxygen-derived
ROS, to mutate and adapt to the oxygen environment. They
developed truly wonderful biochemical machines, enabling
them first to survive and then to thrive with energy in the 
new oxygen environment. Instead of trying to emulate the 
biochemical perfection of bacteria, other forms of life have 
associated with them. Assisted and controlled by nuclear genes,
our mitochondrial partners oxidize or save fuels as needed, just
to provide cells with the exact amount of energy they need.

However, as in all partnerships, there is some hardship. We
are totally dependent on mitochondria, so that their failure is
also a significant threat to health. Inborn defects, drugs or
cytokines that impair mitochondrial function can cause steato-
sis, cell dysfunction or cell death. Furthermore, although mito-
chondria provide energy, they also form reactive oxygen species
that contribute to ageing and death.

Death and reproduction have permitted the slow selection
and adaptation of the host, providing mitochondria with an
ever-adapting environment. While new species of the host have
arisen and then become extinct, the mitochondrial clones have
endured.

References
1 Floyd RA (1990) Role of oxygen free radicals in carcinogenesis and

brain ischemia. FASEB J 4, 2587–2597.

2 McCord JM (2000) The evolution of free radicals and oxidative stress.

Am J Med 108, 652–659.

3 Yang D, Oyaizu Y, Oyaizu H et al. (1985) Mitochondrial origins. Proc

Natl Acad Sci USA 82, 4443–4447.

4 Taanman JW (1999) The mitochondrial genome: structure, transcrip-

tion, translation and replication. Biochim Biophys Acta 1410, 103–123.

5 Sutovsky P, Moreno RD, Ramalho-Santos J et al. (1999) Ubiquitin tag

for sperm mitochondria. Nature 402, 371–372.

6 Mourier T, Hansen AJ, Willerslev E et al. (2001) The human genome

projects reveals a continuous transfer of large mitochondrial frag-

ments to the nucleus. Mol Biol Evol 18, 1833–1837.

7 Croteau DL, Stierum RB, Bohr VA (1999) Mitochondrial DNA repair

pathways. Mutat Res 434, 137–148.

8 LeDoux SP, Driggers WJ, Hollensworth S et al. (1999) Repair of alkylation

and oxidative damage in mitochondrial DNA. Mutat Res 434, 149–159.

9 Rehling P, Brandner K, Pfanner N (2004) Mitochondrial import and

the twin-pore translocase. Nature Rev 5, 519–530.

10 Mukhopadhyay A, Ni L, Weiner H (2004) A co-translational model to

explain the in vivo import of proteins into Hela cell mitochondria.

Biochem J 382, 385–392.

11 Bartlett K, Eaton S (2004) Mitochondrial β-oxidation. Eur J Biochem

271, 462–469.

12 Liang X, Le W, Zhang D et al. (2001) Impact of the mitochondrial

enzyme organization on fatty acid oxidation. Biochem Soc Trans 29,

279–282.

13 Eaton S (2002) Control of mitochondrial β-oxidation flux. Prog Lipid

Res 41, 197–239.

14 Stryer L (1988) Biochemistry, 3rd edn. New York: W.H. Freeman and Co.

15 Saraste M (1999) Oxidative phosphorylation at the fin de siècle. Science

283, 1488–1493.

16 Friedrich T, Bottcher B (2004) The gross structure of the respiratory

complex I: a Lego System. Biochim Biophys Acta 1608, 1–9.

17 Trumpower BL (1990) The protonmotive Q cycle. Energy transduc-

tion by coupling of proton translocation to electron transfer by the

cytochrome bc1 complex. J Biol Chem 265, 11409–11412.

18 Matsumo-Yagi A, Hatefi Y (2001) Ubiquinol:cytochrome c oxidore-

ductase (Complex III). Effects of inhibitors on cytochrome b reduc-

tion in submitochondrial particles and the role of ubiquinone in

complex III. J Biol Chem 276, 19006–19011.

19 Boyer PD (1999) What makes ATP synthase spin? Nature 402,

247–249.

20 Capaldi RA, Aggeler R (2002) Mechanism of the F1F0-type ATP syn-

thase, a biological rotary motor. Trends Biochem Sci 27, 154–160.

21 Cabezón E, Montgomery MG, Leslie AG et al. (2003) The structure of

bovine F1-ATPase in complex with its regulatory protein IF1. Nat

Struct Biol 10, 744–750.

22 Scarpulla RC (1997) Nuclear control of respiratory chain expression 

in mammalian cells. J Bioenerget Biomembr 29, 109–119.

23 Frøsig C, Jørgensen SB, Hardie DG et al. (2004) 5´-AMP-activated

protein kinase activity and protein expression are regulated by

endurance training in human skeletal muscle. Am J Physiol Endocrinol

Metab 286, E411–417.

24 Winder WW, Holmes BF, Rubink DS et al. (2000) Activation of AMP-

activated protein kinase increases mitochondrial enzymes in skeletal

muscle. J Appl Physiol 88, 2219–2226.

25 Ojuka EO (2004) Role of calcium and AMP kinase in the regulation 

of mitochondrial biogenesis and GLUT4 levels in muscle. Proc Nutr

Soc 63, 275–278.

26 Wu H, Kanatous SB, Thurmond FA et al. (2002) Regulation of 

mitochondrial biogenesis in skeletal muscle by CaMK. Science 296,

349–352.

TTOC02_03  3/8/07  6:47 PM  Page 164



2.3 METABOLISM 165

27 Vega RB, Huss JM, Kelly DP (2000) The coactivator PGC-1 cooperates

with peroxisome proliferator-activated receptor α in the transcrip-

tional control of nuclear genes encoding mitochondrial fatty acid 

oxidation enzymes. Mol Cell Biol 20, 1868–1876.

28 Lehman JJ, Barger PM, Kovacs A et al. (2000) Peroxisome proliferator-

activated receptor γ coactivator-1 promotes cardiac mitochondrial

biogenesis. J Clin Invest 106, 847–856.

29 Zong H, Ren JM, Young LH et al. (2002) AMP kinase is required for

mitochondrial biogenesis in response to chronic energy deprivation.

Proc Natl Acad Sci USA 25, 15983–15987.

30 McGarry JD, Foster DW (1980) Regulation of hepatic fatty acid oxida-

tion and ketone body production. Annu Rev Biochem 49, 395–420.

31 Browning JD, Horton JD (2004) Molecular mediators of hepatic

steatosis and liver injury. J Clin Invest 114, 147–152.

32 Yamashita H, Takenoshita M, Sakurai M et al. (2001) A glucose-

responsive transcription factor that regulates carbohydrate

metabolism in the liver. Proc Natl Acad Sci USA 98, 9116–9121.

33 Lizuka K, Bruick RK, Liang G et al. (2004) Deficiency of carbohydrate

response element binding protein (ChREBP) reduces lipogenesis as

well as glycolysis. Proc Natl Acad Sci USA 101, 7281–7286.

34 Pessayre D, Fromenty B (2005) NASH: a mitochondrial disease. J

Hepatol 42, 928–940.

35 Brady LJ, Brady PS, Rosmos DR (1985) Elevated hepatic mitochon-

drial and peroxisomal oxidative capacities in fed and starved adult

obese (ob/ob) mice. Biochem J 231, 439–444.

36 Cook J, Gamble MSV (1987) Regulation of carnitine palmitoyl trans-

ferase by insulin results in decreased activity and decreased apparent

Ki values for malonyl CoA. J Biol Chem 262, 2050–2055.

37 Chavin KD, Yang SQ, Lin HZ et al. (1999) Obesity induces expression

of uncoupling protein-2 in hepatocytes and promotes liver ATP deple-

tion. J Biol Chem 274, 5692–5700.

38 St-Pierre J, Buckingham JA, Roebuck SJ et al. (2002) Topology of

superoxide production from different sites in the mitochondrial elec-

tron transport chain. J Biol Chem 277, 44784–44790.

39 Kowaltowski AJ, Vercesi AE (2001) Reactive oxygen generation by

mitochondria. In: Lemasters JJ, Nieminen AL (eds) Mitochondria 

in Pathogenesis. New York: Kluwer Academic/Plenum Publishers, 

pp. 281–300.

40 Walden WE (2002) From bacteria to mitochondria: aconitase yields

surprises. Proc Natl Acad Sci USA 99, 4138–4140.

41 Demeilliers C, Maisonneuve C, Grodet A et al. (2002) Impaired adaptive

resynthesis and prolonged depletion of hepatic mitochondrial DNA

after repeated alcohol binges in mice. Gastroenterology 123, 1278–1290.

42 Elmore SP, Qian T, Grissom SF et al. (2001) The mitochondrial per-

meability transition initiates autophagy in rat hepatocytes. FASEB J 15,

2286–2287.

43 De Grey ADNJ (2002) HO2
.: the forgotten radical. DNA Cell Biol 21,

251–257.

44 Wallace MA, Liou LL, Martins J et al. (2004) Superoxide inhibits 

4Fe-4S cluster enzymes involved in amino acid biosynthesis. Cross-

compartment protection by CuZn-superoxide dismutase. J Biol Chem

279, 32055–32062.

45 Szczesny B, Hazra TK, Papaconstantinou J et al. (2003) Age-

dependent deficiency in import of mitochondrial DNA glycosylases

required for repair of oxidatively damaged bases. Proc Natl Acad Sci

USA 100, 10670–10675.

46 Cortopassi GA, Shibata D, Soong NW et al. (1992) A pattern of 

accumulation of a somatic deletion of mitochondrial DNA in aging

human tissues. Proc Natl Acad Sci USA 89, 7370–7374.

47 Wang Y, Michikawa Y, Mallidis C et al. (2001) Muscle-specific muta-

tions accumulate with aging in critical human mtDNA control sites for

replication. Proc Natl Acad Sci USA 98, 4022–4027.

2.3.5 Bilirubin metabolism
Namita Roy-Chowdhury, Yang Lu and Jayanta Roy-Chowdhury

Bilirubin in medical history

Bilirubin has attracted the attention of physicians since anti-
quity. Its chemistry, metabolism and disposal have been studied
systematically during the last two centuries as a model for hep-
atic disposal of biologically important organic anions of limited
aqueous solubility [1]. The discovery of several inherited disor-
ders of bilirubin metabolism and excretion during the twentieth
century has led to renewed interest in inherited diseases associated
with jaundice, some of which continue to pose a therapeutic
challenge, providing impetus for further research. While physi-
cians are mainly concerned with the toxic effect of bilirubin 
and its importance as a liver function test, the antioxidant prop-
erty of bilirubin may provide a physiological defence against
oxidative injury.

Formation of bilirubin

Sources of bilirubin

Bilirubin is the breakdown product of the haem moiety of
haemoglobin, other haemoproteins, such as cytochromes, cata-
lase, peroxidase and tryptophan pyrrolase, and a small pool of
free haem. In humans, 250–400 mg of bilirubin is produced
daily, of which approximately 20% is produced from non-
haemoglobin sources [2]. Following the injection of radio-
labelled porphyrin precursors (glycine or δ-aminolaevulinic
acid), an ‘early-labelled peak’ of bilirubin (ELP) is excreted in
bile within 72 h [3]. The initial component of ELP is derived
mainly from hepatic haemoproteins. This is followed by a slower
component, derived from both erythroid and non-erythroid
sources, which becomes prominent in conditions associated
with ‘ineffective erythropoiesis’, e.g. congenital dyserythropoi-
etic anaemias, megaloblastic anaemias, iron-deficiency anaemia,
erythropoietic porphyria and lead poisoning [4], and in acceler-
ated erythropoiesis [5]. The ‘late-labelled peak’ appears at
approximately 110 days in humans and coincides with the half-
life of erythrocytes.

Enzymatic mechanism of bilirubin formation

The microsomal haem oxygenase (HO) enzymes catalyse the
oxidation of haem (Fig. 1). Three molecules of O2 are consumed

TTOC02_03  3/8/07  6:47 PM  Page 165


