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Università di Roma “La Sapienza,” P. le A. Moro 5, 00185 Roma, Italy

Highly purified rat liver mitochondria (RLM) when exposed
to tert-butylhydroperoxide undergomatrix swelling,membrane
potential collapse, and oxidation of glutathione and pyridine
nucleotides, all events attributable to the induction of mito-
chondrial permeability transition. Instead, RLM, if treated with
the same or higher amounts ofH2O2 or tyramine, are insensitive
or only partially sensitive, respectively, tomitochondrial perme-
ability transition. In addition, the block of respiration by anti-
mycin A added to RLM respiring in state 4 conditions, or the
addition of H2O2, results in O2 generation, which is blocked by
the catalase inhibitors aminotriazole or KCN. In this regard,
H2O2 decomposition yields molecular oxygen in a 2:1 stoichi-
ometry, consistent with a catalatic mechanism with a rate con-
stant of 0.0346 s�1. The rate of H2O2 consumption is not influ-
enced by respiratory substrates, succinate or glutamate-malate,
nor byN-ethylmaleimide, suggesting that cytochrome c oxidase
and the glutathione-glutathione peroxidase system are not sig-
nificantly involved in this process. Instead, H2O2 consumption
is considerably inhibited by KCN or aminotriazole, indicating
activity by a hemoprotein. All these observations are compatible
with the presence of endogenous heme-containing catalasewith
an activity of 825 � 15 units, which contributes to mitochon-
drial protection against endogenous or exogenous H2O2. Mito-
chondrial catalase in liver most probably represents regulatory
control of bioenergetic metabolism, but it may also be proposed
for new therapeutic strategies against liver diseases. The consti-
tutive presence of catalase insidemitochondria is demonstrated
by several methodological approaches as follows: biochemical
fractionating, proteinase K sensitivity, and immunogold elec-
tron microscopy on isolated RLM and whole rat liver tissue.

Many human diseases, including cancer and other patholo-
gies associated with aging, such as arteriosclerosis and cata-
racts, are related to mitochondrial dysfunctions provoked by
reactive oxygen species (ROS)2 (1). In this regard, the so-called

free radical theory of aging has been proposed (2). ROS are
highly reactive and may be extremely toxic in biological sys-
tems, as they attack a variety of molecules, including proteins,
polyunsaturated lipids, and nucleic acid (3), causing the cell to
die by apoptosis or necrosis. In physiological conditions, 1–2%
of molecular oxygen consumption during mitochondrial respi-
ration undergoes incomplete reduction by single electrons to
form superoxide anion (O2

. ) at the level of NADH-ubiquinone
reductase (complex I) and ubiquinol-cytochrome c reductase
(complex III). These two segments of the respiratory chain gen-
erate the superoxide radical by autoxidation of reduced flavin
and by transferring an electron from reduced ubisemiquinone
to molecular oxygen, respectively (4). Superoxide is rapidly
converted to hydrogen peroxide by mitochondrial superoxide
dismutase, which then produces the highly reactive hydroxyl
radical (OH�) by interacting with transitionmetal ions (Fe2�) of
the respiratory complexes (Fenton reaction), unless H2O2 is
removed by the action of glutathione peroxidase (Gpx) or cat-
alase (see below).
In physiological conditions, the primary defense against

superoxide anion and hydrogen peroxide in mitochondria not
containing catalase is performed by the concerted action of the
above mentioned superoxide dismutase and Gpx. However,
despite the activity of these enzymes, significant amounts of
H2O2 can diffuse out from mitochondria to cytosol, where
detoxification occurs through cytosol Gpx or by peroxisome
catalase. In pathological conditions, e.g. during inflammation,
hyperoxia (5), or chemotherapy (6), i.e. in the presence of large
amounts of ROS, catalase becomes the most important scav-
enger of H2O2 in the cytosol. These conditions may be even
more serious in mitochondria, as also observed in “in vitro”
investigations with the organelle treated with monoamines (7),
flavones (8), isoflavones (9), and cyclic triterpenes (10, 11). By
interactingwith transitionmetals of the respiratory chain, these
compounds produce H2O2 and the highly toxic hydroxyl radi-
cal. These species, besides causing peroxidation of the phos-
pholipid bilayer, with consequent severe damage to membrane
integrity (12), can also inducemitochondrial permeability tran-
sition (9–11, 13, 14)with release of cytochrome c and activation
of the pro-apoptotic cascade. The presence of catalase is of
great importance, as its scavenging of H2O2 protects these
organelles against the above damaging effects (15). The prob-

* The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 To whom correspondence should be addressed: Dipartimento di Chimica
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lem of the presence of catalase in mitochondria was examined
many years ago by Neubert et al. (16), but so far the presence of
this enzyme has been clearly demonstrated only in rat heart
mitochondria (17). More recently, it has been demonstrated
that yeast catalase A, which contains two peroxisomal targeting
signals, can also entermitochondria, although the enzyme lacks
a classical mitochondrial import sequence (18). The key role
that a possible mitochondrial catalase may play in oxidant
defense has been demonstrated by several research groups, by
experimentally targeting catalase to mitochondria. In these
studies, the introduction of catalase into mitochondria pro-
vides better protection than cytosol expression against H2O2-
induced injury (19), oxidative damage, andmitochondrial DNA
deletion, and in extending the murine life span (20). In light of
the importance of these results and considering the general
opinion that catalase is present only in heart mitochondria (15,
17), the aim of this study is to ascertain if catalase is constitu-
tively present in the mitochondria of liver, a multifunctional
organ, responsible for vital functions ranging from control of
the endocrine system to bile secretion or vesicular trafficking,
and if it is part of the liver defense system against H2O2.

EXPERIMENTAL PROCEDURES

Chemicals—Monoclonal anti-catalase antibody was pur-
chased from Sigma; anti-flavoprotein of succinate ubiquinone
reductase (complex II) monoclonal antibody was from Molec-
ular Probes; anti-Bcl-2 antibodywas from Santa Cruz Biotech-
nology; anti-PMCA was from Upstate; anti-Golgi 58K anti-
body was from Sigma, and anti-calreticulin was from
Upstate. All other reagents were of the highest purity com-
mercially available.
Mitochondrial Isolation and Purification—Rat liver was

homogenized in isolation medium (250 mM sucrose, 5 mM

Hepes, 0.5 mM EGTA, pH 7.4) and subjected to centrifugation
(900 � g) for 5 min. The supernatant was centrifuged at
12,000 � g for 10 min to precipitate crude mitochondrial pel-
lets. The pellets were resuspended in isolation medium plus 1
mM ATP and layered on top of a discontinuous gradient of
Ficoll diluted in isolation medium, composed of 2-ml layers of
16 (w/v), 14, and 12% Ficoll and a 3-ml layer of 7% Ficoll. After
centrifugation for 30 min at 75,000 � g, mitochondrial pellets
were suspended in isolation medium and centrifuged again for
10 min at 12,000 � g. The resulting pellets were suspended in
isolationmediumwithout EGTA, and their protein contentwas
measured by the biuret method, with bovine serum albumin as
a standard. The absence of other contaminating subcellular
compartments in our mitochondrial preparations has been
demonstrated in previous studies (21). In addition, electron
microscopy demonstrated the complete absence of contami-
nating membrane fragments or peroxisomes in the prepara-
tions (data not shown). It should be emphasized that the exper-
iments with isolated rat liver mitochondria (RLM) have been
performed with organelles highly purified by means of the
above mentioned Ficoll gradient. The mitochondrial fraction
obtained by this gradient does not exhibit any activity of urate
oxidase andNADPH-cytochrome c reductase, peroxisomal and
microsomal markers, respectively (data not shown).

Mitoplasts were obtained by hypotonic shock of mitochon-
dria (1:10 dilution in deionized water for 5min on ice) followed
by centrifugation (10 min at 10,000 � g) to precipitate mito-
plasts. Outer membrane and intermembrane space proteins
were collected in the supernatant. MAO activity was assayed
spectrophotometrically in the two fractions by monitoring the
oxidation of benzylamine to benzaldehyde at 250 nm (� �
12,500 M�1 cm�1).
Subcellular Fractionation—Rat liver (250 mg) was homoge-

nized in 1 ml of isolation medium (250 mM sucrose, 5 mM
Hepes, pH 7.4) and subjected to centrifugation for 10 min at
900 � g (nuclei fraction, pellet I). The supernatant was then
centrifuged for 1 h at 100,000 � g to separate cytosol from the
post-nuclear particulate fraction (pellet II). The two pellets
were resuspended in 1 ml of isolation medium.
Subcellular fractionation of the post-nuclear particulate frac-

tion was performed usingOptiprepTM (Accurate Chemical and
Scientific Corp.). A discontinuous gradient was prepared using
30, 25, 20, 15, and 10% OptiprepTM dissolved in 50 mM Tris/
HCl, pH 7.5, containing protease inhibitormixture. The partic-
ulate fraction, resuspended in 200 �l of the above described
isotonic buffer, was overlaid onto the discontinuous gradient
and centrifuged at 100,000 � g for 3 h at 4 °C. The gradient was
removed in 15 equal fractions collected from the top of the
gradient. Fractions 13–15were collected and subjected to a new
discontinuous gradient (35, 30, 25, and 20 OptiprepTM dis-
solved in 50mMTris/HCl, pH7.5, containing protease inhibitor
mixture) (as described in Refs. 22, 23) and centrifuged at
100,000 � g for 3 h at 4 °C. 50 �l of each fraction were analyzed
byWestern blotting. Transferred to nitrocellulose membranes,
proteins were incubated with the indicated antibody, followed
by the appropriate secondbiotinylated antibody, and developed
by means of an enhanced chemiluminescent detection system
(ECL, Amersham Biosciences). Densitometric analysis of the
anti-catalase spots was performed by Image Station 440 (East-
man Kodak Co.). It should be emphasized that the fractions
containing RLM (6–8), of the second OptiprepTM gradient, also
do not exhibit any activity by urate oxidase and NADPH-cyto-
chrome c reductase, as occurs with the mitochondrial fraction
obtained with the Ficoll gradient (see above) (data not shown).
Standard Incubation Procedures—Mitochondria (1 mg of

protein/ml) were incubated in a water-jacketed cell at 20 °C.
The standard medium contained 200 mM sucrose, 10 mM
Hepes, pH 7.4, 5 mM succinate, and 1.25 �M rotenone. Varia-
tions and/or other additions are given with the individual
experiments presented.
Determination of Mitochondrial Functions—Membrane

potential (��) was calculated on the basis of movement of the
lipid-soluble cation tetraphenylphosphonium through the
inner membrane, measured on a tetraphenylphosphonium-
specific electrode (24). Matrix volume was determined as
reported previously (7).
Mitochondrial swelling was determined by measuring the

apparent absorbance change of mitochondrial suspensions at
540 nm on a Kontron Uvikon model 922 spectrophotometer
equipped with thermostatic control.
Oxygen uptake was measured by a Clark electrode. The

redox state of endogenous pyridine nucleotides was followed
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fluorometrically in an Aminco-Bowman 4-8202 spectroflu-
orometer with excitation at 354 nm and emission at 462 nm.
Respiratory control index and P/O ratio were calculated as
reported previously (where P/O is the ratio of the number of
ATP molecules formed to the number of oxygen molecules
reduced by electron transport) (14). Determination of oxida-
tion of glutathione oxidation of glutathione was performed as
described by Tietze (25).
Determination of Glutathione Peroxidase (Gpx) Activity—Gpx

activity was determined by the method of Paglia and Valentine
(26) in the presence of catalase inhibitors.
Determination of Urate Oxidase—Urate oxidase was deter-

mined by measuring the decrease in absorbance at 290 nm
resulting from the oxidation of uric acid to allantoin. One unit
oxidizes 1 �mol of uric acid per min at 25 °C in 0.1 M sodium
borate buffer, pH 8.5, containing 0.1 mM uric acid (27).
Determination of NADPH-Cytochrome c Reductase—NADPH-

cytochrome c reductase activity was assayed as described previ-
ously (28).
Assay of H2O2 Concentration—H2O2 was added to a mito-

chondria suspension (final concentration 0.80 mg/ml protein)
in a buffer containing 10 mMHepes, pH 7.4, with or without 15
mM ATZ, and incubated for 20 min at room temperature. The
residual level of H2O2 in the suspension was then evaluated as
reported by Angelini et al. (27) by adding a volume of a solution
containing 4 mM 3,5-dichloro-2-hydroxybenzenesulfonic acid,
2 mM 4-aminoantipyrine, and 30 units/ml horseradish peroxi-
dase and incubating for 15min. The absorbancewas thenmeas-
ured at 515 nm against a reference containing mitochondria
suspension alone.
Proteinase K Treatment—Purified rat liver mitochondria

was treated with 50 ng/ml proteinase K in isolation medium
without EGTA (see below) with or without 0.5% Triton
X-100 at room temperature for 30 min. The reaction was
stopped by the addition of protease inhibitor mixture and
then analyzed by Western blotting with antibodies to cata-
lase, Bcl-2, and the flavoprotein of succinate ubiquinone
reductase (complex II).
Immunogold Labeling—Isolated RLM or rat liver tissue sam-

ples were fixed for 2 h in 4% paraformaldehyde and 0.25% glut-
araldehyde in 0.1 M phosphate buffer, pH 7.2, post-fixed for 1 h
in 1% osmium tetroxide in the same buffer, dehydrated in eth-
anol, and embedded in London ResinWhite. Ultrathin sections
picked up on gold grids were de-osmicated with sodium meta-
periodate, washed with 0.01 M phosphate-buffered saline, pH
7.2, incubated for 20min on 1% bovine serum albumin in phos-
phate-buffered saline, and treated with primary monoclonal
antibody against catalase. After washing with phosphate-buff-
ered saline, sections were incubated with colloidal gold (15 nm)
conjugated with goat-mouse antibody. Sections were then
stained with uranyl acetate followed by lead citrate and exam-
ined under the electron microscope. A control experiment was
performed by eliminating the incubation of sections with the
primary antibody.

RESULTS

The main problem in identifying constitutive catalase in
RLM and evidencing its physiological significance on mito-

chondrial function is to have amitochondrial preparation com-
pletely free of contaminant peroxisomes and other organelles.
This condition was achieved by ultracentrifugation of isolated
RLM on a Ficoll discontinuous gradient, as described under
“Experimental Procedures.” Instead, to evaluate the distribu-
tion of catalase among differing intracellular organelles, post-
nuclear particulate fractions were separated by ultracentrifuga-
tion on an OptiprepTM discontinuous gradient, as also
described under “Experimental Procedures.”
As the transit of mitochondria through a concentration gra-

dient may cause some structural and functional damage, it is of
primary importance to verify their integrity. The experiment
(Fig. 1, panel A, inset) allows calculation of both the respiratory
control index (�6) and phosphorylative capacity (ADP/O �
1.9; where ADP/O indicates mol of ADP added/mol of oxygen
consumed during phosphorylation). These parameters,
together the �� value of 170mV (Fig. 1, panel B), demonstrate
that the organelles did not undergo any damage during purifi-
cation and that they maintain optimal respiration-phosphoryl-
ation coupling.
In the presence of insufficient defense systems, oxidative

stress, induced in mitochondria by ROS action, is responsible
for a number of damaging effects, including membrane lipid
alterations, enzyme inactivation, mutations, and mtDNA
strand breaks. Indeed, at highCa2� concentrations, ROS action
induces or amplifies the phenomenon of the mitochondrial
permeability transition (MPT) (for reviews see Refs. 29, 30).
The occurrence of the MPT is mainly characterized by colloid-
osmotic swelling of the mitochondrial matrix and collapse of
membrane potential (��). The results shown in Fig. 1 reveal
some effects on RLM by tert-butylhydroperoxide (Tbh). When
treated with 100 �MTbh, RLM incubated in standard medium,
supplemented with 50 �M Ca2�, exhibit an apparent absorb-
ance decrease of the suspension of about 1 unit (Fig. 1, panel A).
This event is accompanied by a parallel and complete drop in
�� (Fig. 1, panel B). The observation that cyclosporin A pre-
vents both these effects (data not shown) indicates that the
peroxide, as also observed by other authors (e.g. Ref. 33),
induces the opening of the MPT pore. Mitochondrial swelling
and �� drop are also concomitant with almost complete oxi-
dation of glutathione (Fig. 1, panel C) and oxidation of most of
the pyridine nucleotides (panel D). All these events indicate
that pore opening is closely related to oxidative stress in which
the glutathione peroxidase/glutathione reductase (Gpx/Gpr)
system is involved. Control determinations of Gpx activity in
these RLM preparations gave a mean value of 424 � 8.5 milli-
units, in agreement with recent determinations by other
authors (31).
When Tbh is substituted with the same 100 �M concentra-

tion of either hydrogen peroxide or the monoamine tyramine,
the oxidation of which by mitochondrial monoamine oxidase
(MAO) also generates hydrogen peroxide, none of the above
mitochondrial alterations can be observed. Only at 200 �M
H2O2 is very low oxidation of glutathione (Fig. 1, panel C)
induced, and higher oxidation of pyridine nucleotides (Fig. 1,
panel D), accompanied by reduced opening of the MPT pore
(Fig. 1, panel A). Note that pyridine nucleotide oxidation is
blocked after 5 min.
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Fig. 2, panel A, shows that the addition of antimycin A to
RLM, respiring in state 4 conditions, results in respiration
block, quickly followed by a reversal of the oxygen uptake trace,
indicative of O2 generation (trace a). This reverse trend, as a
result of O2 production, is further augmented when 50 �M
H2O2 is added to the incubation (Fig. 2, trace c). The generation
of O2 upon addition of antimycin A is completely inhibited by
the catalase inhibitors aminotriazole (ATZ) or KCN (Fig. 2,
trace b). Indeed, in the presence of the inhibitors, the respira-
tion block because of antimycin A addition is not followed by a
significant reversal of the O2 trace after subsequent addition of
H2O2 (Fig. 2, trace d).
Prompt addition of H2O2 to RLM at the beginning of incu-

bation, in the absence of an energizing substrate to avoid any
consumption of O2 and production of H2O2, yields molecular
oxygen in a 2:1 stoichiometry, i.e. 50 nmol of H2O2 generates 25
nmol of O2, (Fig. 2, panel B).

Fig. 3 shows that RLM completely consume exogenously
added hydrogen peroxide by a first-order reaction, with t1⁄2 �
20 s. The rate of H2O2 consumption is not sensitive to the pres-
ence of respiratory substrates, succinate/rotenone or gluta-
mate/malate, nor to the alkylating reagent N-ethylmaleimide
(NEM) in concentrations known to deplete mitochondrial glu-
tathione (Fig. 3). Instead, KCN exhibits significant inhibition
with a t1⁄2 � 7min 30 s (Fig. 3). In this regard, it should be noted
that pure bovine liver catalase is inhibited 95% by 200 �M KCN
(results not shown). The inset of Fig. 3 shows the calculation of
the first-order rate constant, k0, of H2O2 consumption, which
has a value of 0.0346 s�1 (r � 0.994).

The observed inefficacy in inducing serious oxidative stress
and MPT induction by H2O2 from external sources (directly
added or generated by MAO activity) (Fig. 1) and the results of
experiments on O2 generation and H2O2 consumption (Figs. 2
and 3)may be explained in several ways. Considering the results

FIGURE 1. Comparisons of effects of Tbh, H2O2, and tyramine in inducing membrane permeabilization (panels A and B) and oxidative stress (panels C
and D) associated with MPT induction. RLM were incubated in standard medium supplemented with 50 �M Ca2� in conditions indicated under “Experi-
mental Procedures.” Tbh, H2O2, and tyramine were added at concentrations indicated. A, mitochondrial swelling. Downward deflection indicates mitochon-
drial swelling. B, membrane potential. �E � electrode potential. C, mitochondrial glutathione content. Glutathione content was measured after 15 min of
incubation. D, pyridine nucleotide oxidation. Downward deflection indicates pyridine nucleotide oxidation. Inset, calculation of the respiratory control index
and ADP/O. RLM were incubated in standard medium with 1 mM phosphate. Addition of 0.3 mM ADP. Assays in panels A, B, and D were performed four times
with comparable results. Panel C, mean values � S.D. of four experiments.
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of Fig. 1 perhaps added H2O2 or generated by tyramine oxida-
tion is not sufficiently transported into thematrix and is unable
to induce the MPT. However, the important role of cardiolipin
in favoring the diffusion of hydrogen peroxide in liposomes has
already been reported (32). The effect of cardiolipin is because
of the induction of stretch sensitivity in membranes made up
of binary mixtures of lipids, resulting in the formation of the
large voids responsible for H2O2 diffusion. This observation
strongly suggests that this phenomenon also takes place in
mitochondria.
Fig. 1 does show that 200 �M H2O2 has a slight or reduced

effect as an oxidant (panels C andD) andMPT inducer (panels
A and B), suggesting that H2O2 can enter the mitochondrial
matrix, thus excluding the above mentioned possibility. Diffu-
sion ofH2O2 into themitochondria has also been reported else-
where (15). Perhaps RLM, although highly purified, may still be
contaminated by absorption of peroxisomal or red cell-derived
catalase to the outer membrane of mitochondria during liver
homogenization. Indeed, catalase may also come from other
subcellular compartments during the above process. Finally,
RLM can contain constitutive catalase in the matrix. Our sub-
sequent experiments were performed to verify the correct
explanation between the two latter hypothesis.
Fig. 4, panel A, shows the distribution of catalase in vari-

ous subcellular compartments obtained from homogenized
liver lysate. Catalase is distributed between cytosol and par-
ticulate fraction to similar extent, whereas smaller fractions
are also associated with nuclei. To observe the distribution

of catalase between differing intra-
cellular organelles, the post-nu-
clear particulate fractions were
separated by ultracentrifugation
on OptiprepTM discontinuous
gradients. These fractions were
Western-blotted using anti-cata-
lase antibody and organelle-specific
antibodies, including anti-plasma
membrane Ca2� ATP-ase (PMCA)
(plasmamembrane), anti-Golgi 58K
(Golgi complex), anti-calreticulin
(endoplasmic reticulum), anti-ca-
thepsin D (lysosomes), and anti-fla-
voprotein of complex II (mitochon-
dria). The plasma membrane was
present in the lighter fractions 1–2.
The Golgi complex was distributed
between fractions 5 and 7. Endo-
plasmic reticulum was present in
fractions 8–12, lysosomes in frac-
tions 9–12, and mitochondria in
fractions 13–15 (Fig. 4, panel B).
The results clearly show that there
are peaks of catalase corresponding
to all subcellular markers, demon-
strating that it is associated with
various intracellular compartments,
including mitochondria. However,
peroxisomes may copurify with

FIGURE 2. Oxygen generation from endogenous or added H2O2 in isolated
RLM. Panel A, effect of treatment with antimycin A and ATZ or KCN (both in
presence of antimycin A). RLM were incubated in standard medium, as described
under “Experimental Procedures.” When present in medium, ATZ and KCN were
10 �M and 200 �M, respectively. 1 �M antimycin A (Ant. A) and 50 �M H2O2 were
added (see arrows). Trace a, antimycin A; trace b, ATZ or KCN plus antimycin A;
trace c, antimycin A plus H2O2; trace d, ATZ or KCN plus antimycin and plus H2O2.
Assays were performed three times with comparable results. Panel B, effect of
exogenous H2O2. RLM were incubated in standard medium, deprived of succi-
nate, in same conditions as in panel A. 50 �M H2O2 were added where indicated.

FIGURE 3. Hydrogen peroxide consumption by isolated RLM. RLM (0.5 mg/ml) were incubated in standard
medium, in conditions described under “Experimental Procedures,” with 1 mM H2O2 (curve a). When added to
medium, 200 �M KCN (curve b), 1 mM NEM (curve c), succinate and 1.25 �M rotenone (curve d), and 5 mM

glutamate and 5 mM malate (curve d) were present. Background H2O2 consumption in absence of RLM is shown
in curve e. Data are means of four determinations. Inset, calculation of rate constant of catalase, k0.
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mitochondria (results not shown). To separate mitochondria
from peroxisomes, fractions 13–15 were collected and sepa-
rated by ultracentrifugation on a new OptiprepTM discontinu-
ous gradient as described in Refs. 22, 23 (see “Experimental
Procedures”). These new fractions wereWestern-blotted using
anti-catalase, anti-PMP70 (peroxisomes), and anti-flavopro-
tein of complex II (mitochondria) antibodies (Fig. 4, panel C).
This new gradient, made up with a reduced amount of the sam-
ple (1⁄4) when compared with that of Fig. 4, panel B, separates
mitochondria from peroxisomes and shows that a specific cat-
alase peak is also associated with the mitochondrial fraction
(Fig. 4, panel C), although its expression is lower than that of the
peroxisomal fraction. As also reported under “Experimental

Procedures,” it should be noted that
this mitochondrial fraction corre-
sponds to that obtained by the Ficoll
gradient.
If the presence of catalase in

mitochondria is well documented
by the above results, it is not yet
clear if the enzyme is constitu-
tively present in the inner com-
partments or, as above mentioned,
it comes from peroxisomes or other
organelles and is absorbed with the
outer membrane of mitochondria.
To distinguish between these two
possibilities, we fractionated puri-
fied RLM into fraction A (mito-
plasts) and fraction B (outer mem-
brane plus intermembrane space)
and determined MAO activity in all
fractions (Fig. 5, panel A). Contem-
poraneously, intact RLM and frac-
tions A and B,maintaining the same
ratio between the two subcompart-
ments, were submitted to SDS-
PAGE and Western blotting with
antibody anti-catalase (Fig. 5, panel
A). The results show that maximum
MAO activity and the higher pres-
ence of catalase are detected in
intact RLM. However, very large
amounts of catalase are also
detected in mitoplasts (fraction A),
in which MAO activity is obviously
very low, whereas fraction B has a
very small amount of catalase, indi-
cating that catalase ismainly located
in the inner mitochondrial com-
partment. Note that in both frac-
tions A and B, as observed in intact
RLM (see “Experimental Proce-
dures”), the activity of urate oxidase
and NADPH-cytochrome c reduc-
tase is almost completely absent
(data not shown), further demon-
strating, together with the bioener-

getic parameters (Fig. 1, panel A, inset, and panel B), the purity
and the integrity of mitochondrial preparations. We also
assessed the sensitivity of mitochondria-associated catalase to
proteinase K. Intact RLM were incubated with proteinase K
with orwithout TritonX-100, andmitochondrial proteinswere
Western-blotted for catalase, Bcl-2, and flavoprotein of com-
plex II. As shown in Fig. 5, panel B, flavoprotein of complex II,
which is located inside mitochondria at the level of the inner
membrane, was fully protected from proteinase K in the
absence of detergent, whereas Bcl-2, which is peripherally asso-
ciated with the external mitochondrial membrane, was com-
pletely degraded, regardless of whether Triton X-100 was
added or not. Catalase was not degraded by proteinase K with-

FIGURE 4. Subcellular fractionation of homogenized liver lysate. Panel A, aliquots of cytosol, post-nuclear
particulate, and nuclei were analyzed by Western blotting with antibody anti-catalase. Panel B, post-nuclear
particulate fraction was centrifuged at discontinuous OptiprepTM gradients, as described under “Experimental
Procedures,” and aliquots of resulting fractions were analyzed by Western blotting (Wb) with anti-PMCA anti-
bodies (plasma membrane), anti-Golgi 58K (Golgi complex), anti-calreticulin (endoplasmic reticulum), anti-
cathepsin (lysosomes), anti-flavoprotein of complex II (mitochondria), and anti-catalase. Panel C, fractions
13–15 were collected and centrifuged at a new discontinuous OptiprepTM gradient, as described under “Exper-
imental Procedures,” and aliquots of resulting fractions were analyzed by Western blotting with anti-flavopro-
tein of complex II (mitochondria), anti-PMP70 (peroxisomes), and anti-catalase. The amount of particulate
fractions was 1⁄4 of those used in panel B, to avoid the saturation of the Western blot. Mean of densitometric
amount of catalase is reported above relative spots.
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out Triton X-100, indicating that it is mainly located inside
mitochondria (Fig. 5, panel B). To further define catalase loca-
tion within mitochondria, immunogold staining on isolated
RLM (Fig. 6, panels A and B) and whole rat liver tissue (Fig. 6,
panels C and D) was performed, allowing direct visual location
of catalase in mitochondria. Isolated RLM and rat liver tissue
were probed with an anti-catalase primary antibody and a gold
particle-conjugated anti-mouse secondary antibody. Isolated
mitochondria (Fig. 6, panel A) and mitochondria in rat liver
tissue (MT) (Fig. 6, panel B) are clearly labeled. No background
staining was seen with secondary antibody alone (Fig. 6, panels
B and D). Fig. 6, panel A, shows that all gold particles were
found in matrix space. Immunogold experiments on whole rat
liver tissue (Fig. 6, panel B), confirming intramitochondrial
labeling, exclude the possibility that the observed mitochon-

drial location is the consequence of migration from other sub-
cellular compartments during the isolation procedure.

DISCUSSION

The results reported here for the first time bring compelling
evidence that catalase is present inside liver mitochondria and
also that it takes part in the oxidative stress defense.
Experiments on oxygen generation by endogenous or exog-

enous catalase (Fig. 2, panels A and B) and hydrogen peroxide
consumption by highly purified RLM (Fig. 3) clearly indicated
the presence of catalase in RLM, with an activity of 825 � 15
units (Fig. 3). One unit of enzyme activity represents 1 �M of
substrate consumed per min. Indeed, taking into account pre-
vious calculations of k0 on highly purified liver catalase (34), it
may be inferred that mitochondrial catalase has approximately
a concentration of 14 � 10�4 �M and taking into account a
matrix volumeof 1.2�l/mgprotein, a turnover number (molec-
ular activity) of 1.6 � 107 s�1, in agreement with previous cal-
culations (e.g. see ref. 35). The observed first-order reaction of
H2O2 decomposition, accompanied by O2 release with a reac-
tion stoichiometry of 2:1, is indicative of a catalatic rather than
a peroxidatic mechanism for catalase activity (17, 36). As
reported previously, cytochrome c oxidase has a weak catalase-
like activity in the oxidized (ferric) form but not in the reduced
(ferrous) form (37), so that this complex may co-participate in
the removal of H2O2. However, addition of the respiratory sub-
strates succinate and glutamate plusmalate, which reduce cyto-
chrome c oxidase, do not induce any inhibition on the decom-

FIGURE 5. Catalase detection in submitochondrial fractions. Panel A, RLM
were subfractionated as described under “Experimental Procedures” in mito-
plasts (fraction a) and outer membrane plus intermembrane space (fraction
b). Fractions were analyzed for MAO activity (reported as percentage of con-
trol) and, in presence of catalase, by Western blotting with anti-catalase anti-
body. Panel B, intact RLM were treated with 50 ng/ml proteinase K (PK) with or
without 0.5% Triton X-100 (TX) at room temperature for 30 min. Reaction was
analyzed by Western blotting with antibodies anti-catalase, -Bcl-2, and -fla-
voprotein of complex II. Results in histogram are the mean values � S.D. of
four experiments. Western blots report typical experiments. 3 other experi-
ments of both the panels gave almost identical spots.

FIGURE 6. Immunogold detection of catalase in isolated RLM and whole
liver tissue. Panel A, section of isolated rat liver mitochondria incubated with
catalase antibody, followed by gold-conjugated secondary antibody. Panel B,
negative control, in which gold-labeled secondary antibody was added with-
out catalase antibody. Panel C, section of rat liver incubated with catalase
antibody, followed by gold-conjugated secondary antibody. Arrows, mito-
chondrial labeling by gold particle. Panel D, negative control, in which gold-
labeled secondary antibody was added without catalane antibody. MT, mito-
chondria; PX, peroxisomes. Detection of isolated RLM and whole tissue from
liver of five animals gave similar results.
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position of hydrogen peroxide (Fig. 3). This observation
indicates that complex IV of the respiratory chain is not
involved in the observed decomposition.
The constitutive presence of catalase in RLM is definitively

confirmed by subcellular and submitochondrial fractionating
analyses and immunogold detections. The results shown in Fig.
4 show that subcellular fractions, obtained by ultracentrifuga-
tion on an OptiprepTM discontinuous gradient, have catalase
peaks associated with all intracellular organelles, including
mitochondria (Fig. 4, panels A and B). A further analysis of
mitochondrial fractions using markers for mitochondria and
peroxisomes clearly distinguished catalase associated with
mitochondria and peroxisomes (Fig. 4, panel C). Indeed, as
demonstrated by the results of Fig. 5, mitochondrial catalase is
mainly located in the mitochondrial matrix. Immunogold elec-
tronmicroscopy of isolated RLM clearly confirms the presence
of catalase in the inner mitochondrial compartments (Fig. 6,
panel A). The same type of experiment performed on liver tis-
sue (Fig. 6,panel B) unequivocally demonstrates the presence of
constitutive catalase in “in situ” mitochondria.
The above conclusion is also supported by Zeng and

co-workers (38) who applied a high-throughput comparative
proteome experimental strategy between RLM prepared with
traditional centrifugation (CM) and further purified with
Nycodenz gradient (PM). A ratio of PM:CM �1 is predictive of
mitochondrial location, and catalase has a ratio of �1 (38).
It should be noted that catalase is able to exhibit its action up

to a threshold concentration of H2O2, most probably between
100 and 200 �M. Higher concentrations induce some oxidation
and, consequently, a slight induction of MPT (Fig. 1). The
amount of pyridine nucleotides oxidized by 200 �M H2O2 (Fig.
1, panel D) is most probably part of a pool located in the exter-
nal compartments of RLM. This oxidation is most probably
because of hydrogen peroxide (or the derived hydroxyl radical)
before its complete removal by matrix catalase.
Constitutive catalase, alone, can completely remove exog-

enously addedH2O2 (Fig. 3). In fact, depletion of glutathione by
NEM does not alter the rate of H2O2 breakdown (Fig. 3), dem-
onstrating that the Gpx/glutathione reductase system is not
involved in H2O2 removal. The partial oxidation of glutathione
and pyridine nucleotides and the consequent low amplitude
swelling induced by very high exogenous concentrations of
H2O2 (Fig. 1) are most probably because of the generation of
hydroxyl radical (see below), which precedes the complete
scavenging of H2O2.
In conclusion, depending on its possible transformation into

hydroxyl radical, despite the very high turnover number of cat-
alase, H2O2 is dose-dependent on its effects. It should also be
pointed out that matrix catalase can eliminate overproduction
of hydrogen peroxide by RLM when treated with isoflavones
(9), cyclic terpenes (10), salicylate (15), etc. In this regard, we
emphasize that part of the H2O2 formed as a result of the inter-
action of these drugs with the respiratory chain is rapidly trans-
formed into the hydroxyl radical (Fenton reaction). The transi-
tionmetal necessary for this reaction, a Fe2� belonging to some
iron-sulfur center or cytochrome of mitochondrial complexes,
is very close to the site of H2O2 generation (i.e. N-2 center of
complex I (11) or the cytochrome bH heme of complex III) (9).

The highly reactiveOH� oxidizes critical thiol groups located on
the translocase of adenine nucleotides (39), which results in
pore opening (see above). Instead, the residual H2O2 is scav-
enged by mitochondrial catalase and the Gpx/glutathione
reductase system. On one hand, these observations highlight
the detoxifying effect of constitutive mitochondrial catalase
against overproduction of hydrogen peroxide and on the other
hand the physiopathological role of H2O2 generated by RLM
upon interactionwith pro-oxidant agents, with the induction of
MPT and, potentially, the triggering of apoptosis.
In conclusion, hydrogen peroxide released by mitochondria

reflects the steady-state concentration of H2O2 dependent on
the rate of its generation by the respiratory chain, its transfor-
mation into hydroxyl radical, and its decomposition by matrix
catalase. However, it should also be recalled that the capacity of
catalase to decompose H2O2may depend on the location of the
enzyme and the site ofH2O2 generation. For quantitativemeas-
urements of hydrogen peroxide in intact mitochondria, besides
these considerations, it should be noted that the detection sys-
tem operates outside the mitochondria, which means that the
measured amount is that which is able to flow from the
organelles before undergoing the abovementioned transforma-
tion and decomposition.
It should also be emphasized that if the catalase of RLMhas a

strategic location like that of heart mitochondria, i.e. near the
primary loci of H2O2 generation (see above), then catalase
activity may control the amount of H2O2 engaged in interac-
tionswith the respiratory chain to produce hydroxyl radical and
consequently to induce the MPT. In this regard, analysis of
electron chain complexes and Krebs cycle enzymes in heart
mitochondria revealed inactivation of succinate dehydrogen-
ase, �-ketoglutarate dehydrogenase, and aconitase by H2O2
(40). The presence of constitutive catalase in RLM may also
represent a regulatory control on the activity of the Krebs cycle,
respiratory chain, and ATP synthesis. As reported previously
(12), the antioxidant efficacy of mitochondrial catalase, when
evaluated at cellular level, may depend on the type of oxidative
agent and the site of ROS production. In fact, if mitochondrial
catalase can protect the organelles against oxidative stress and
MPT, and potentially protects cells against apoptosis induced by
exogenous or endogenous H2O2, this enzyme may enhance the
sensitivity of cells to apoptosis induced by the toxin TNF-� (15).
The presence in liver ofmitochondrial catalase and the above

mentioned effect on TNF-� activity may have important impli-
cations. It has been reported that liver injury induced by
TNF-�, but also liver regeneration and hepatocarcinogenesis,
are causatively linked to the activation of particular pathways,
including ROS generation. These pathways interact with each
other to regulatehepatocyte apoptosis andproliferation (41).Tak-
ing into account these observations and considering that mito-
chondrial catalase efficiently removes the H2O2 produced by
TNF-� (15) by its interaction with mitochondrial complex I (42),
effectors of activity and expression of mitochondrial catalase may
be new tools for the treatment of hepatitis and hepatocarcinoma.
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