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Abstract

Wehave previously proposed that hypercholesterolemic LDL receptor knockout (k/o)micemitochondria possess a lower antioxidant capacity due to a
large consumption of reducing equivalents from NADPH to sustain high rates of lipogenesis. In this work, we tested the hypothesis that this k/o mice
mitochondrial oxidative stress results from the depletion of NADPH-linked substrates. In addition, the oxidative stress was further characterized by
showing a lower mitochondrial GSH/GSSG ratio and a higher liver content of protein carbonyls as compared to controls. The activity of the antioxidant
enzyme system glutathione reductase/peroxidase did not differ in k/o and controlmitochondria. The faster spontaneous oxidation of endogenousNADPH
in the k/o mitochondria was prevented by the addition of exogenous catalase, indicating that this oxidation is mediated by mitochondrially generated
H2O2. The higher rate of H2O2 production was also prevented by the addition of exogenous isocitrate that maintains NADP fully reduced. The hypothesis
that high rates of lipogenesis in the k/o cells decrease mitochondrial NADPH/NADP+ ratio due to consumption of NADPH-linked substrates was
supported by two findings: (i) oxygen consumption supported by endogenousNAD(P)H-linked substrateswas slower in k/o than in controlmitochondria,
but was similar in the presence of exogenous isocitrate; (ii) in vivo treatment of k/o mice with sodium citrate/citric acid drinking solution for 2 weeks
partially restored both the rate of oxygen consumption supported by NAD(P)H-linked substrates and the mitochondrial capacity to sustain reduced
NADPH. In conclusion, the data demonstrate that the mitochondrial oxidative stress in hypercholesterolemic LDL receptor knockout mice is the result of
a low content of mitochondrial NADPH-linked substrates in the intact animal that can be, at least in part, replenished by oral administration of citrate.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Atherosclerosis is a leading cause of death in the western
world and is causally linked to elevated plasma concentrations of
low-density lipoproteins (LDL) [1–3]. One of the most con-
sistent hypothesis to explain atherogenesis postulates that it is
triggered by in vivo LDL oxidation caused by reactive oxygen
species (ROS) from circulating and vascular wall cells [4–6].
Abbreviations: GSH, reduced glutathione; GSSG, oxidized glutathione; HE,
hydroethidine; IDH, isocitrate dehydrogenase; LDL, low-density lipoproteins;
LDLr k/o, LDL receptor knockout; MLM, mouse liver mitochondria; MPT,
mitochondrial permeability transition; OPT, ortho-phthalaldehyde; ROS,
reactive oxygen species; tert-BOOH, tert-butyl hydroperoxide; WT, wild type.
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Oxidized LDL stimulates the recruitment of circulating mono-
cytes, induces their differentiation into macrophages, and is
cytotoxic to endothelial and other vascular cells [7]. Several in
vitro studies have demonstrated that oxidized LDL causes death
of all cells involved in atherogenesis [8–10].

Aerobic cells can generate ROS during reduction of mole-
cular oxygen by enzymatic reactions (NADH/NADPH oxidase,
xanthine oxidase, lipoxygenase, and cyclooxygenase systems),
by autoxidation of diverse substances, and by the mitochondrial
electron transport chain [11]. Mitochondria represent a major
intracellular source of ROS [12,13] and may mediate cellular
oxidative stress leading to cell death [14].

We have recently provided evidence that mitochondria from
various tissues from the hypercholesterolemic, atherosclerosis
prone, LDL receptor knockout (LDLr k/o) mice generate more
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ROS than the controls, thus suggesting that mitochondrial ROS
may be involved in the early steps of atherogenesis in this model
[15]. Mitochondria isolated from the low-fat-fed LDLr k/o mice
tissues produced more ROS and had greater susceptibility of
developing mitochondrial permeability transition (MPT), an
initial step in the mitochondrial pathway of cell death either by
apoptosis or necrosis [14,16,17]. The higher ROS generation by
the LDLr k/o mice mitochondria was shown to be unrelated to
differences in mitochondrial membrane fluidity, cholesterol
content, or MnSOD activity [15]. In addition, we showed that
the LDLr k/o mice present significantly higher liver lipogenesis
and lipid secretion rates than the controls, in order to
compensate for the lack of LDL cholesterol uptake [15]. We
proposed that the increased cholesterol synthesis in LDLr k/o
mice decreases the availability of reduced cellular NADPH
[15]. This nucleotide is the major mitochondrial source of
reducing equivalents for the antioxidant systems glutathione
reductase/peroxidase and thioredoxine reductase/peroxidase
and its deficiency leads to the condition of oxidative stress
[14,18].

In the present work, we characterized the condition of
oxidative stress of LDLr k/o mice mitochondria, linked it to the
depletion of endogenous content of NADPH-linked substrates,
and show that in vivo citrate administration can decrease ROS
generation by the LDLr k/o mitochondria.

Materials and methods

Animals

LDLr k/o founders were purchased from the Jackson Lab-
oratory (Bar Harbor, ME). Control wild-type C57Bl/6 mice (WT)
were obtained from the breeding colony at the State University of
Campinas (CEMIB/Unicamp). The experiments were approved
by the Committee for Ethics in Animal Experimentation of the
university (CEEA/Unicamp). The mice had free access to stan-
dard laboratory rodent low-fat (4%)-chow diet (Nuvital CR1,
Paraná, Brazil) and water ad libitum and were housed at 22±1°C
on a 12-h light:dark cycle.Male and femalemice, 4 to 6month old
and weighing 20–26 g, were used in this study. Additional groups
of LDLr k/o mice were provided with water or an autoclaved
solution of 55 mM sodium citrate/67 mM citric acid [19] ad
libitum for 2 weeks.When provided with water control and LDLr
k/o mice had a fluid intake of 5.0±0.5 and 4.9±0.3 mL/day,
respectively, while LDLr k/o mice providedwith a sodium citrate/
citric acid solution had a fluid intake of 3.5±0.3 mL/day. The
average plasma cholesterol concentrations in k/o and control
groupswere 301±42 and 85±12mg/dL, respectively. Twoweeks
of citrate supplementation did not change cholesterol levels in
supplemented k/o mice (329±63 mg/dL).

Isolation of mouse liver mitochondria (MLM) and respiration
measurements

MLM were isolated by conventional differential centrifuga-
tion from the livers of adult mice fasted overnight [20]. The
protein concentration was determined by a modified Biuret
assay. Oxygen consumption by the mitochondria (2 mg/mL)
was measured in standard reaction medium (125 mM sucrose,
65 mM KCl, 2 mM inorganic phosphate, 1 mM magnesium
chloride, and 10 mM Hepes buffer, pH 7.2) using a Clark-type
oxygen electrode (Hansatech Instruments, Pentney King's
Lynn, UK) in a 0.5-mL glass chamber equipped with a mag-
netic stirring. The experiments were done at 28°C.

Kinetics of pyridine nucleotide oxidation

The redox state of pyridine nucleotides in the mitochon-
drial suspension (1 mg/mL) was followed in a spectrofluo-
rometer (Hitachi F-4500, Tokyo, Japan) using excitation and
emission wavelengths of 366 and 450 nm, respectively, and slit
widths of 5 nm. The extent of pyridine nucleotide oxidation
was calculated as a function of fluorescence decrease. Internal
calibration was done by the addition of known amounts of
NADPH.

Reduced (GSH) and oxidized (GSSG) glutathione levels

Mitochondrial GSH and GSSG were assayed separately
according to the fluorimetric ortho-phthalaldehyde (OPT) meth-
od of Hissin and Hilf [21]. This method is based on the principle
that OPT reacts with GSH and GSSG, at pH 8.0 and pH 12,
respectively, to yield a highly fluorescent product which can be
activated at 350 nm with an emission peak of 420 nm. GSSG
levels were determined after sample treatment with N-eth-
ylmaleimide for removing GSH completely. The concentrations
of GSH and GSSG in samples were calculated according to
standard curves prepared with GSH and GSSG, respectively.

Activity of mitochondrial glutathione peroxidase/reductase
system

The mitochondria were lysed by the addition of 0.1% Triton
X-100 in standard medium reaction containing 500 μM GSH
and 100 μM NADPH. The activity of the mitochondrial glu-
tathione peroxidase/reductase system was estimated by the rate
of NADPH oxidation after the addition of 0.5 mM tert-butyl
hydroperoxide (tert-BOOH; an oxidant agent).

Reactive oxygen species production

H2O2 production in isolated mitochondria [22] was followed
by measuring the conversion of Amplex red (Molecular Probes,
Invitrogen, Carlsbad, CA), in the presence of extramitochon-
drial horseradish peroxidase, to highly fluorescent resorufin,
with 1:1 stoichiometry [23]. Mitochondrial suspensions were
incubated in the presence of 10 μM Amplex red and 1 U/mL
horseradish peroxidase, and fluorescence was monitored over
time using a temperature-controlled (28°C) spectrofluorometer
(Hitachi F-4500, Tokyo, Japan) using excitation and emission
wavelengths of 563 and 587 nm, respectively, and slit widths of
5 nm, with gentle continuous stirring. Under these conditions, a
linear increment in fluorescence indicates the rate of H2O2

released from mitochondria, which reacts with the peroxidase.



Fig. 1. Isocitrate content is lower in LDLr k/o than in wild-type mitochondria.
MLM (10.0 mg/mL) from wild-type (WT) (line a) and LDLr k/o mice (line
b) were added to 40 mM Tris buffer containing 0.5% Triton X-100, 2 mM
NADP+, and 2 mM MgCl2. The arrow indicates the addition of 5 μg isocitrate
dehydrogenase (IDH) (0.03 U). Lines c and d represent experiments with MLM
from WT and LDLr k/o mice, respectively, without the addition of IDH. The
isocitrate contents (nmol/mg) are as follows: 2.35±0.17 forWTvs 1.40±0.19 for
LDLr k/o, Pb0.001. Lines are representative of six independent experiments.
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Superoxide (O2
U−) production was measured using hydro-

ethinine (HE) oxidation to fluorescent products [24,25] in mi-
tochondrial suspensions supplemented with 5 μM hydroethinine.
HE fluorescent products were measured using excitation and
emission wavelengths of 470 and 590 nm, respectively, and slit
widths of 5 nm, at 28°C.

Estimation of mitochondrial isocitrate content

Mitochondria suspension (10 mg/mL) was added to 0.5 mL
buffer containing 40mMTris, 2mMMgCl2, 0.5%TritonX-100,
and 2 mM NADP+, pH 7.4. Then, 5 μg (0.03 U) of NADP+-
isocitrate dehydrogenase (IDH) was added. The isocitrate
availability, i.e., isocitrate and its generation by Krebs cycle
precursors, was estimated by the production of NADPH, at
28°C, in a Hitachi F-4500 spectrofluorometer using excitation
and emission wavelengths of 366 and 450 nm, respectively, and
slit widths of 2.5 nm. A calibration curve was obtained by adding
known concentrations of isocitrate, and the results are expressed
as nanomole isocitrate per milligram of protein. One unit of IDH
activity is defined as the amount of enzyme catalyzing the
production of 1 μmol of NADPH/min.

Estimation of protein carbonyls

Protein carbonyl content was estimated according to Reznick
and Packer [26], as modifed by Schild et al. [27]. The samples
(5 mg of protein from liver homogenate) were treated with
10 mM dinitrophenylhydrazine in 2.5 M HCl for 1 h at room
temperature. The reaction was stopped by the addition of 20%
tricholoracetic acid. The pellets were washed twice with absolute
ethanol/ethylacetate (1/1) and once with 10% tricholoracetic
acid. The protein pellets were finally dissolved in 6 M guanidine
hydrochloride and the absorption at 370 nm was determined.
Carbonyl content was calculated using the molar absorption
coefficient of aliphatic hydrazones of 22,000 M−1 cm−1 and
expressed as nanomole carbonyl per milligram of protein.

Data analysis

Data from the experiments were analyzed by one-way
ANOVA followed by Turkey's post hoc test performed by
Origin 7.5 software (OringinLab Corp., Northampton, MA).
When one parameter was compared betwen two groups, Stu-
dent's t test was used. Data are presented as mean±SE of at
least four experiments conducted with different preparations.

Results

In vivo treatment with citrate increases the content of liver
mitochondrial NAD(P)H-linked substrates in hypercholesterolemic
LDLr k/o mice

We have previously proposed that hypercholesterolemic
LDLr k/o mice mitochondria have a lower antioxidant capacity
due to a large consumption of reducing equivalents from
NADPH to sustain high rates of lipogenesis [15]. In order to
ascertain this proposition we measured both the content of
endogenous isocitrate and the rates of respiration supported by
endogenous NAD(P)H-linked substrates in liver mitochondria
isolated from control and LDLr k/o mice. Fig. 1 shows that the
content of endogenous isocitrate is significantly higher in the
control (line a) than in LDLr k/o mitochondria (line b). Fig. 2A
shows that the rate of oxygen consumption supported by en-
dogenous NAD(P)H-linked substrates by LDLr k/o mice
mitochondria (line b) is slower than by control mitochondria
(line a). These data and those demonstrating that the k/o mice
mitochondria have higher rates of lipogenesis [15] led to the
hypothesis that the content of mitochondrial NAD(P)H-linked
substrates could be replenished in k/o mice mitochondria by
oral supplementation of LDLr k/o mice with citrate. Indeed,
after they had drunk water containing 55 mM sodium citrate/
67 mM citric acid for 2 weeks, the initial rate of mitochondrial
oxygen consumption was significantly increased (Fig. 2A,
line c), approaching that of the control mitochondria (line a).
When 1 mM isocitrate was present in the incubation medium
(Fig. 2B), the rates of oxygen consumption were similar under
all conditions, showing that the activities of the respective
dehydrogenases were similar and that the limiting factor in the
LDLr k/o mitochondria was indeed the content of substrates.
These experiments were done in the presence of ADP to release
the inhibition of respiration by ΔΨ.

Accordingly, the capacity of citrate-treated LDLr k/o mice
mitochondria to sustain reduced NADPH was also significantly
improved compared to untreated LDLr k/o mitochondria. This
is illustrated in Fig. 3, where the time-dependent decrease in
NADPH fluorescence was significantly slower in citrate-treated
k/o mice mitochondria (line c compared with line b). This
reflects the shift of NADPH to a more oxidized state in a manner
reversed by isocitrate [28]. Re-reduction by isocitrate but not by
β-hydroxybutirate [15] confirms that the observed fluorescence
decrease is mainly due to NADPH and not to NADH oxidation
[28]. Line a represents an experiment using mitochondria iso-
lated from control mice.



Fig. 4. GSH/GSSG ratio is lower in LDLr k/o than in WT mice mitochondria.
MLM (0.5 mg/mL) from WT or LDLr k/o were added to standard reaction
medium containing 5 mM succinate and 5 μM rotenone in the absence or
presence of 1 mM isocitrate (“+ Iso”). After 10 min of incubation, aliquots
(100 μL) were removed and assayed for GSH and GSSG as described under
Materials and methods. Bars represent the mean±SE of five independent
experiments, ⁎Pb0.05 vs WT.

Fig. 2. Effects of in vivo citrate (A) and in vitro isocitrate (B) treatment on the
oxygen consumption in mitochondria isolated from WT and LDLr k/o mice.
(A) MLM (2.0 mg/mL) from WT (line a), LDLr k/o (line b), and citrate-treated
LDLr k/o (line c) were added to standard reaction medium in the presence of
100 μM EGTA and 1 mM ADP. The rates of O2 consumption (nmol O2 /mg
protein/min) supported by endogenous substrates were as follows: 5.40±0.27
for WT (line a), 3.20±0.15 for LDLr k/o (line b), and 4.89±0.19 for citrate-
treated LDLr k/o (line c); Pb0.001 for LDLr k/o vs WT and for LDLr k/o vs
citrate-treated LDLr k/o. (B) Oxygen consumption in the presence of 1 mM
exogenous isocitrate. The rates of O2 consumption (nmol O2 /mg protein/min)
are as follows: 43.80±2.85 for WT (line a), 40.55±2.07 for LDLr k/o (line b),
and 45.00±1.45 for citrate-treated LDLr k/o (line c). Lines are representative of
five independent experiments.
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Low mitochondrial GSH/GSSG ratio and high content of
protein carbonyls in the liver of k/o mice

In order to further characterize the condition of oxidative
stress in the livers of the hypercholesterolemic k/o mice we
measured the levels of reduced and oxidized mitochondrial
Fig. 3. Spontaneous oxidation of mitochondrial pyridine nucleotides was
partially inhibited in LDLr k/o mice treated with citrate. MLM (1 mg/mL) from
WT (line a), LDLr k/o (line b), and citrate-treated LDLr k/o (line c) were added
to standard reaction medium in the presence of 100 μM EGTA, 5 mM succinate,
and 5 μM rotenone. Isocitrate (1 mM) was added as indicated. Extent of pyridine
nucleotide oxidation (nmol/mg/min) is as follows: none for WT, 0.8±0.06 for
LDLr k/o, and 0.57±0.07 for citrate-treated LDLr k/o. Lines are representative
of five independent experiments. Pb0.001 for WT vs LDLr k/o or citrate-
treated LDLr k/o; Pb0.05 for LDLr k/o vs citrate-treated LDLr k/o.
glutathione and the content of tissue protein carbonyls. Fig. 4
shows that the ratio GSH/GSSG was 30% lower in the k/o than
in the control mitochondria and that this was totally reversed
when the mitochondrial suspension was preincubated with
isocitrate prior to the glutathione determination. The occurrence
of protein oxidation in the livers of these mice was assessed by
measuring their contents of protein carbonyls, which were
significantly higher (12%) in the k/o than in the control liver
(Fig. 5). These results strongly support the association between
low content of mitochondrial NADPH and oxidative stress in
these mice.

Normal activity of the glutathione reductase/peroxidase system
in LDLr k/o mice

Apossible dysfunction of the glutathione reductase/peroxidase
system in the k/o mice liver was ruled out by experiments mea-
suring its activity in mitochondria treated with 0.1%Triton X-100
to expose the enzymes to their substrates. Fig. 6 shows that the
addition of either control (line a) or LDLr k/o (line b) mitochond-
rial lysates promoted NADPH oxidation (fluorescence decrease)
Fig. 5. Levels of protein oxidation estimated as carbonyl compounds were
higher in LDLr k/o than in WT mice. Carbonyl contents were measured in liver
homogenates (5 mg protein/mL) as described under Materials and methods. Bars
represent the mean±SE of seven independent experiments; ⁎Pb0.01 vs WT.



Fig. 8. H2O2 release is higher in LDLr k/o than in WT liver mitochondria. MLM
(0.5 mg/mL) from WT (lines a, c) and LDLr k/o (lines b, d) were added to a
standard reaction medium containing 5 mM succinate, 10 μM Amplex red, and
1 U/mL HRP in the presence of 100 μMEGTA. The experiments represented by
lines c and d were conducted in the presence of 1 mM isocitrate and 1 μM
rotenone. Maximum rates (slopes) of H2O2 production (μM/mg/min) are as
follows: 0.12±0.01 for WT, 0.15±0.01 for LDLr k/o, 0.09±0.01 for WT+
1 mM isocitrate and 5 μM rotenone, and 0.10±0.01 for LDLr k/o+1 mM
isocitrate and 5 μM rotenone. Lines are representative of six indepen-
dent experiments. Pb0.05 for LDLr k/o vs WT, Pb0.01 for LDLr k/o vs
LDLr k/o+ isocitrate and rotenone.

Fig. 6. Activity of glutathione peroxidase/glutathione reductase is similar in
LDLr k/o and wild-type liver mitochondria. MLM (1.0 mg/mL) from WT (lines
a, c, d) and LDLr k/o (line b) were lysed by the addition of 0.1% Triton X-100.
Standard reaction media contained 500 μM GSH and 100 μM NADPH. The
reaction started after the addition of 0.5 mM tert-BOOH. Lines c, d, and dashed
represent control experiments conducted in the absence of tert-BOOH, GSH,
and mitochondria, respectively. The rates of NADPH oxidation (nmol NADPH/
mg protein/min) were as follows: 34.54±1.58 for WTand 30.98±2.52 for LDLr
k/o. Lines are representative of five independent experiments.
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at similar rates, demonstrating that both mitochondria have
activities similar to those of the glutathione reductase/peroxidase
enzyme system. Control experiments show that in the absence of
mitochondria (dashed line) or when the mitocondrial lysates were
added in the absence of either tert-BOOH (line c) or GSH (line d)
only a very slow rate of fluorescence decrease was observed.

H2O2 generation is faster in k/o mice than in control mice
mitochondria

The preceding results agree with data indicating that the
condition of oxidative stress in the LDLr k/o mice mitochondria
is related to lack of reducing power instead of defects in their
antioxidant machinery. To confirm this proposition, we
estimated the rates of O2

U− and H2O2 production by control
and k/o mice mitochondria. Fig. 7 shows that the rates of O2

U−
generation did not differ in either mitochondria. In contrast,
Fig. 8 shows that H2O2 is produced at a faster rate in the LDLr
k/o (line b) than in control (line a) mitochondria. However,
preincubation of both mitochondria with isocitrate eliminated
Fig. 7. Superoxide generation is similar in LDLr k/o andWT liver mitochondria.
MLM (0.5 mg/mL) were added to standard reaction medium containing 5 mM
succinate and 5 μM hydroethidine. Lines a and b represent WT and LDLr k/o
mitochondria, respectively. Traces are representative of five independent
experiments. PN0.05 for LDLr k/o vs WT.
the differences in the rates of H2O2 generation (lines c and d),
both being similar to the rate of H2O2 generation under the
control conditions (line a). This faster generation of H2O2 in k/o
mice mitochondria raises the possibility that its accumulation
may be responsible for the spontaneous NADPH oxidation that
occurs when k/o mice mitochondria are incubated in medium
containing rotenone that inhibits NAD(P)H oxidation by the
electron transport chain [15]. If this is the case, then the
presence of exogenous catalase could prevent this NADPH
oxidation, as we have observed under other experimental con-
ditions [29]. It is known that exogenous catalase prevents H2O2

accumulation in the matrix, given its fast movement across
biological membranes [30]. In fact, Fig. 9 shows that, in contrast
to the spontaneous oxidation (line b), the LDLr k/o mice mito-
chondria sustain NADPH reduced in the presence of exogenous
Fig. 9. Exogenous catalase prevents endogenous pyridine nucleotide oxidation
in liver mitochondria isolated from the LDLr k/o mice. MLM (0.5 mg/mL) from
WT (line a) or LDLr k/o (lines b, c) were added to a standard reaction medium in
the presence of 100 μM EGTA, 5 mM succinate, and 5 μM rotenone. Line c
represents an experiment conducted in the presence of 2 μM catalase. Extent of
pyridine nucleotide oxidation rates (nmol/mg/min) are as follows: none for WT,
1.05±0.08 for LDLr k/o, and none for LDLr k/o+catalase. Lines are
representative of five independent experiments. Pb0.001 for LDLr k/o vs WT
or LDLr k/o+catalase.
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Fig. 10. In vivo citrate treatment reduces H2O2 release by the LDLr k/o
mitochondria. MLM (0.5 mg/mL) from WT (line a), LDLr k/o (line b), and
citrate-treated LDLr k/o (line c) were added to standard reaction medium
containing 100 μM EGTA, 5 mM succinate, 10 μM Amplex red, and 1 U/mL
HRP. Maximum rates (slopes) of H2O2 production (μM/mg/min) are as follows:
0.12±0.01 for WT, 0.14±0.01 for LDLr k/o, and 0.12±0.01 for citrate-treated
LDLr k/o. Lines are representative of four independent experiments. Pb0.01 for
LDLr k/o vs WT or citrate-treated LDLr k/o.
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catalase (line c). Line a shows that control mice mitochondria
sustain NADPH reduced even in the absence of exogenous
catalase.

In order to acertain that this higher rate of H2O2 generation
is, in fact, related to a lower content of endogenous NADPH-
linked substrates, we estimated H2O2 generation in LDLr k/o
mitochondria isolated from mice treated with citrate. The results
presented in Fig. 10 show that the H2O2 generation by the
citrate-treated LDLr k/o mitochondria (line c) decreased to the
levels of the control mitochondria (line a).

Discussion

Recent evidence has shown that mitochondrial dysfunction
may play an important role in the initiation and development of
atherosclerosis (for review, see [31,32]). Mitochondrial DNA
mutations have been associated with early phases of atheroscle-
rosis in man and mouse [33] and probably reflect increased
production of ROS which attack lipids, proteins, and DNA. We
have proposed that the cause of mitochondrial oxidative dys-
function in a proatherogenic mouse model (LDLr k/o) is meta-
bolic [15].Mitochondria from the LDLr k/o producedmore ROS
due to low content of pyridine nucleotides in the reduced state
which were presumably consumed by augmented lipogenesis
[15]. The present work provides evidence that, in addition to a
more oxidized state of the mitochondrial pyridine nucleotides,
LDLr k/o mice present lower mitochondrial contents of NADP-
linked substrates, low GSH/GSSG ratios, and higher contents of
liver protein carbonyls. This supports the idea that the condition
of oxidative stress is not restricted to mitochondria, although it
probably originated in these organelles.

The proposition that this condition of oxidative stress results
from insufficient amount of reducing equivalents to sustain
pyridine nucleotides in the reduced state was confirmed by a
slower rate of oxygen consumption supported by endogenous
NAD(P)H-linked substrates in the k/o than in control mito-
chondria. This difference was totally corrected by isocitrate ad-
dition under in vitro conditions (Fig. 2B) and partially corrected
by in vivo supplementation of k/o mice with citrate (Fig. 2A).
More importantly, mitochondria from citrate-treated k/o mice
had higher ability to sustain reduced NADPH (Fig. 3) and
generated less ROS (Fig. 10) than mitochondria from untreated
k/o mice. Citrate replacements in vitro and in vivo were useful
tools for demonstrating the biochemical pathway (substrate
deficiency) underlying the decreased antioxidant capacity of the
k/o mitochondria. However, its long-term use for the prevention
of the mitochondrial oxidative stress and disease development
would certainly not work, since it could further increase the
already stimulated liver lipogenesis in the k/o mice. This would
be the same as trying to block de novo synthesis of cholesterol
by providing dietary cholesterol. In this regard, we tried to block
endogenous cholesterol synthesis by treating the k/o mice with
therapeutic doses of lovastatin. However, this compound had a
direct effect of opening the mitochondrial permeability
transition pore [34].

Our findings are in accordance with a previous work by Jo
et al. [35] who demonstrated that decreased activity of isocitrate
dehydrogenase (IDH) in NIH3T3 cells transfected with the IDH
antisense cDNA markedly elevated the ROS generation, DNA
fragmentation, lipid peroxidation, and mitochondrial damage.
Conversely, overexpression of IDH efficiently protected the
transfected cells from the ROS-induced damages. This pro-
tection was attributed to increased levels of NADPH needed for
regeneration of glutathione in mitochondria [35].

We have recently shown that a distinct type of hyperlipidemia,
named hypertriglyceridemia mediated by the overexpression of
apolipoprotein CIII, induces a higher mitochondrial resting
respiration rate [36]. This mitochondrial uncoupling was related
to an elevation in the activity of themitochondrial ATP-dependent
potassium channel (mitoKATP) [36], a mechanism that may be
involved in the control of the mitochondrial redox state [32]. In
contrast to this mitochondrial response to hypertriglyceridemia,
present and previous [15] results showing no alterations of mito-
chondrial respiratory rates in the hypercholesterolemic LDLr k/o
mitochondria suggest that uncoupling mechanisms such as the
mitoKATP channel or uncoupling protein (UCP) are not activated
in the LDLr k/o mitochondria.

As previously shown for MnSOD [15], the glutathione re-
ductase and peroxidase activities are similar in control and k/o
mice mitochondria (Fig. 6). In addition, H2O2 but not O2

U−
production (Figs. 7 and 8) is faster in the LDLr k/o mice mito-
chondria, again supporting the idea that the LDLr k/o mice have
deficient levels of mitochondrial substrates to support the anti-
oxidant function of the glutathione and thioredoxin reductase/
peroxidase system, i.e., H2O2 scavenging. The importance of the
thioredoxin reductase/peroxidase system in the development of
atherosclerosis was recently demonstrated by the use of endo-
thelial cell-specific transgenesis of the mitochondrial form of the
thioredoxin gene. These genetically modified cells showed in-
creased capacity of scavenging ROS and transgenic mice pre-
sented improved endothelial cell function and reduced
atherosclerosis in the apo E knockout background [37].

Since H2O2 is rapidly diffusible through membranes, the
accumulation of H2O2 in the mitochondria of LDL receptor
defective cells (Figs. 8 and 9) may initiate and progressively
augment the oxidation of surrounding LDL. Oxidized LDL, in
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its turn, induces mitochondrial damage and cell apoptosis
through two distinct Ca2+-dependent mitochondrial pathways
(activation of calpain and release of cytochrome c) [38,39].

Mitochondrial ROS may lead to cell death mainly when the
organelle is loaded with Ca2+, a situation that results in mito-
chondrial permeability transition [14]. Unpublished data from our
group (B.A. Paim, G.R. Degasperi, and A.E. Vercesi, unpublished
results) show that mononuclear cells isolated from the spleen of
LDLr k/o mice present cytosolic-free Ca2+ concentrations three
times higher than those of the controls, a condition that favorsCa2+

accumulation by mitochondria. During the process of mononu-
clear cell activation both ROS generation and cytosolic-free Ca2+

concentrations increase [40], conditions that favor the occurrence
of mitochondrial permeability transition. Since atherosclerosis is
an inflammatory disease, these findings suggest that mitochondria
are involved in mononuclear cell activation and death during
atherosclerotic lesion formation in the LDLr k/o mice.

In summary, the oxidative stress in hypercholesterolemic
LDLr k/o mice is associated with depletion of mitochondrial
NADP-linked substrates and hence insufficient amounts of
reducing equivalents to reconstitute the H2O2 scavenger func-
tion of the glutathione and thioredoxin reductase/peroxidase
system. This oxidative process is likely to occur not only in
steroidogenic tissues such as liver but also in vascular and
immune system cells. The present data clarify additional bio-
chemical mechanisms underlying the cell death susceptibility in
LDL receptor defective cells.
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