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We have recently demonstrated that hypertriglyceridemic (HTG) mice present both elevated body metabolic
rates and mild mitochondrial uncoupling in the liver owing to stimulated activity of the ATP-sensitive
potassium channel (mitoKATP). Because lipid excess normally leads to cell redox imbalance, we examined the
hepatic oxidative status in this model. Cell redox imbalance was evidenced by increased total levels of
carbonylated proteins, malondialdehydes, and GSSG/GSH ratios in HTG livers compared to wild type. In
addition, the activities of the extramitochondrial enzymes NADPH oxidase and xanthine oxidase were
elevated in HTG livers. In contrast, Mn-superoxide dismutase activity and content, a mitochondrial matrix
marker, were significantly decreased in HTG livers. Isolated HTG liver mitochondria presented lower rates of
H2O2 production, which were reversed by mitoKATP antagonists. In vivo antioxidant treatment with N-
acetylcysteine decreased both mitoKATP activity and metabolic rates in HTG mice. These data indicate that
high levels of triglycerides increase reactive oxygen generation by extramitochondrial enzymes that promote
mitoKATP activation. The mild uncoupling mediated by mitoKATP increases metabolic rates and protects
mitochondria against oxidative damage. Therefore, a biological role for mitoKATP as a redox sensor is shown
here for the first time in an in vivo model of systemic and cellular lipid excess.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Hypertriglyceridemia is a common feature of metabolic disorders
and may also occur because of primary inherited disorders [1]. In
addition, high plasma levels of triglycerides (TGs) are well established
as an independent risk factor for atherosclerosis [2]. Oxidative stress
plays a major role in the pathogenesis of hyperlipidemia-linked
disorders such as cardiovascular disease [3], atherosclerosis [4,5],
diabetes [6], and metabolic syndrome [7].

Previous studies have shown that accumulation of TG-rich
lipoproteins in plasma is associated with elevation of biomarkers of
oxidative stress in the serum of humans [8,9] and in the serum and
livers of rats fed high-carbohydrate diets [10]. Furthermore, Cardona
et al. [11] have shown that hypertriglyceridemic patients, with or
ATP, mitochondrial adenosine
ndialdehyde; GSSG, oxidized
ROS, reactive oxygen species;
HD, 5-hydroxydecanoate; DZX,
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without metabolic syndrome, present increased levels of serum
lipoperoxides, carbonylated proteins, and oxidized glutathione and
low levels of antioxidant enzymes.

Multiple biochemical mechanisms have been proposed to explain
the central role of lipid-induced oxidative stress [12,13] but the
knowledge of cell redox control disruption in metabolic diseases is
still incomplete. In patients with hypertriglyceridemia, with and
without diabetes, peripheral mononuclear cells present increased
superoxide radical production and low scavenging activity [14,15].
Interestingly, the rate of superoxide radical production by these
mononuclear cells correlated positively with plasma triglyceride
levels but did not relate to other parameters, such as plasma
cholesterol and glycated hemoglobin A1 levels. Reactive oxygen
species (ROS) generation was shown to be promoted by upregulation
of NADPH oxidase and downregulation of several antioxidant
enzymes in the kidney and aorta of rats fed high-fat and high-sugar
diets [16] and in the adipose tissue of hyperlipidemic obese mice [17].

We have recently demonstrated that liver mitochondria isolated
from genetically hypertriglyceridemic (HTG) mice presented higher
resting respiratory rates, which were unrelated to the activity or
expression of the uncoupling proteins [18]. Intracellular fatty acid
content is probably implicated in this process, because respiratory

mailto:anibal@unicamp.br
http://dx.doi.org/10.1016/j.freeradbiomed.2009.08.013
http://www.sciencedirect.com/science/journal/08915849


1433L.C. Alberici et al. / Free Radical Biology & Medicine 47 (2009) 1432–1439
rates were totally corrected by treatment of HTG mice with fibrates,
which activate fatty acid β-oxidation [18]. The increase in mitochon-
drial resting respiration was shown to be mediated by higher activity
of the mitochondrial ATP-sensitive K+channels (mitoKATP) [19].
Potassium uptake into the mitochondrial matrix through mitoKATP

is accompanied by phosphate and water and results in mitochondrial
swelling. This activates K+/H+antiporters generating a futile cycling
of K+across the inner mitochondrial membrane [20]. The concomi-
tant action of mitoKATP and K+/H+antiporter results in the entrance
of a proton for each K+exchange and a slight decrease in membrane
potential, which is accompanied by an increase in mitochondrial
respiratory rate (mild uncoupling). Accordingly, these mice pre-
sented increased whole-liver oxygen consumption, increased whole-
body metabolic rate, and higher food intake, without enhanced
weight gain [19].

Mitochondria continuously generate superoxide radical anions
and other ROS owing to monoelectronic reduction of oxygen
molecules at intermediary stages of the electron transport chain
(mainly through complexes I and III) [21]. Superoxide radicals are
normally removed by Mn-superoxide dismutase (MnSOD), which
promotes the generation of H2O2. H2O2 is then reduced to water
mostly by the glutathione and thioredoxin systems. Faster electron
transport rates decrease ROS formation by keeping mitochondria in a
low oxygen tension microenvironment and decreasing the lifetime of
intermediates capable of donating electrons toward superoxide
radical formation [22]. Indeed, in vitro mild uncoupling induced by
mitoKATP agonists decrease ROS release in mitochondria isolated from
heart, brain, and liver [23].

In this work, we hypothesized that genetically hypertriglyceri-
demic mice could be protected from oxidative stress because they
present mild mitochondrial uncoupling in the liver, mediated by
higher mitoKATP activity.
Experimental procedures

Animals

The human apolipoprotein CIII transgenic (line 3707) mouse
model was described elsewhere [18,19]. Experiments were approved
by the ethics committee of the Universidade Estadual de Campinas
and are in accordance with the Guidelines for Handling and Training of
Laboratory Animals published by the university's Federation for
Animal Welfare. Mice had access to standard laboratory rodent
chow (Nuvital CR1, Parana, Brazil) and water ad libitum and were
housed at 22±2°C, on a 12-h light/dark cycle. Male and female
heterozygous apolipoprotein CIII transgenic (HTG) and nontransgenic
(WT) littermates, age 4 to 6 months, were used in this study.
Transgenic mice present fasting plasma triglyceride levels above
300 mg/dl and WT mice below 100 mg/dl. A group of mice received
N-acetylcysteine (NAC) in the drinking water (daily intake of 1 g/kg
bodywt) for 2 weeks or 4months. Lipids from the livers (60mg)were
extracted with chloroform:methanol:water (1:2:0.8) according to
Bligh and Dyer [24]. The total lipid extract was dried under a stream of
nitrogen and dissolved in 0.4 ml of warm isopropanol (60°C). Liver
triglycerides and cholesterol levels were then determined by
enzymatic–colorimetric method (Chod-Pap; Roche Diagnostic
GmbH, Mannheim, Germany).
Isolation of mouse liver mitochondria

Mitochondria were isolated by conventional differential centrifu-
gation [19]. The protein content of themitochondrial suspensions was
determined by the biuret assay in the presence of 0.2% deoxycholate,
using bovine serum albumin as standard.
Mitochondrial respiratory rates

Oxygen consumption was measured using a temperature-
controlled computer-interfaced Clark-type oxygen electrode from
Hansatech Instruments equipped with magnetic stirring, at 28°C.
Respiratory activities with NAD-linked substrates and lipid sub-
strates were determined by a method modified from Iossa et al.
[25]. Briefly, mitochondria were allowed to oxidize their endoge-
nous substrates for 4 min in the presence of 250 nmol ADP mg
protein−1. After substrate depletion (stabilization of respiration in a
very low rate, around 5 nmol O2 mg−1 min−1), a new addition of
ADP (450 nmol ADP mg protein−1) plus malate (2 mM) was done,
resulting in no increments in the respiration rates. Substrates
(0.01 mM palmitoylcarnitine or 2 mM glutamate) were then added
and the phosphorylating respiration rates were determined.

Reactive oxygen species

Mitochondrial H2O2 production was followed by measuring the
conversion of amplex red (Molecular Probes), in the presence of
horseradish peroxidase (HRP), to highly fluorescent resorufin [26].
Mitochondria (0.5 mg/ml) were incubated at 37°C, in medium
containing 150 mM KCl, 5 mM Hepes, 2 mM K2HPO4, 0.05 mM
EGTA, 2 mM succinate, 1 μg/ml oligomycin, 10 μM amplex red, and
1 U/ml horseradish peroxidase, pH 7.4. Fluorescence was monitored
over time using a Hitachi 4010 fluorescence spectrophotometer
operating at excitation and emission wavelengths of 563 and 587 nm,
respectively, slit widths of 3 nm, with continuous stirring.

Mitochondrial swelling

Mitochondrial swelling was estimated from the decrease in
absorbance of the mitochondrial suspension measured at 520 nm in
an SLM Aminco DW 2000 spectrophotometer (SLM Instruments,
Urbana, IL, USA). Mitochondria (0.5 mg/ml) were added to medium
containing 100 mM KCl, 5 mM Hepes, 2 mM K2HPO4, 0.05 mM EGTA,
2 mM succinate, and 1 μg/ml oligomycin, pH 7.4, at 37°C.

Malondialdehyde (MDA) determination by HPLC

Mitochondria (2 mg) or liver (30 mg) was homogenized in 0.5 ml
of cooled pH 7.4 medium containing 0.1 M Tris, 2 mM K2HPO4, and 5
mM MgCl2 and mixed with 0.15 ml of 0.2% butylated hydroxytoluene
solution in 95% ethanol, 0.1 ml of 10% SDS, and 1 ml of 0.4%
thiobarbituric acid (TBA) solution in 0.2 N HCl:H2O (2:1). The mixture
was heated to 90°C for 45 min, cooled on ice, and extracted with
1.5 ml of isobutanol. The isobutanolic phase was injected through a
Shimadzu autoinjector Model SIL-10AD/VP (Shimadzu, Kyoto, Japan)
in a Shimadzu HPLC system, consisting of two LC-6AD pumps
connected to a Lichrosorb 10 RP-18 (Phenomenex, Torrance, CA,
USA) reversed-phase column (250×4.6-mm i.d., particle size 10 μm).
The flow rate of the isocratic eluent (25mMK2HPO4 buffer, pH 7, with
40% of methanol) was 1 ml/min. An RF-10A/XL fluorescence detector
was set at an excitation wavelength of 515 nm and an emission
wavelength of 550 nm. The data were processed using the Shimadzu
Class-VP 5.03 software. Malonaldehyde–bisdiethylacetal was used for
calibration of the fluorescence data, yielding a quantitative adduct of
the malonaldehyde–TBA product.

Liver enzyme activities

MnSOD [27], aconitase [28], and fumarase [29] activities were
measured in liver as previously described. Xanthine oxidoreductase
activity was measured in supernatants prepared according Stirpe and
Della Corte [30]. Xanthine oxidase converts xanthine to uric acid using
O2 as an electron acceptor, generating superoxide radicals (O2

U−) and



Fig. 1. HTG livers present extramitochondrial oxidative stress. (A) GSSG/GSH ratios,
(B) carbonyl proteins, and (C) malondialdehyde (MDA) levels were measured in livers
of WT and HTG mice, as described under Experimental procedures. ⁎Pb0.05 vs WT.
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H2O2. NADPH oxidase activity was measured in microsomal vesicles
prepared according Oliveira et al. [31]. NADPH oxidase catalyzes the
production of O2

U− fromO2 and NADPH. Oxygen consumption rates by
xanthine and NADPH oxidase activities were measured using a Clark-
type electrode as described above.

Reduced (GSH) and oxidized (GSSG) glutathione levels

GSH and GSSG were assayed in liver homogenates and isolated
mitochondria separately according to the fluorimetric ortho-phtha-
laldehyde method of Hissin and Hilf [32].

Protein carbonyls

Liver protein carbonyl content was estimated according to Reznick
and Packer [33], as modified by Schild et al. [34].

Western blot

Livers (10 mg) were homogenized in 1 ml buffer (10% sucrose, 1%
NP-40, 20 mM Tris–HCl, pH 8.0, 137 mM NaCl, 10% glycerol, 2 mM
EDTA, 10 mM NaF, 1 mM Na3VO4, and protease inhibitors 100 mM
PMSF, 10 mM STI, 1 mg/ml aprotinin, and 1 mg/ml leupeptin) and
centrifuged at 14,000 rpm for 15 min. Supernatants (40 μg protein)
were resolved on SDS–polyacrylamide gels (12%), transferred onto
nitrocellulose membranes (Protran; Schleicher and Schuell, Keene,
NH, USA), and stained with Ponceau S (Sigma) to verify the transfer
efficiency and equal sample loading. The membranes were blocked
with 5% nonfat milk in Tris–HCl, pH 7.6, containing 150 mM NaCl and
0.1% Tween 20 (TBST) and probed for 2 h at room temperature with
antibodies against MnSOD (1:2000; Abcam) or β-actin (1:60,000;
Sigma). Membranes were washed in TBST and then incubated with
HRP-conjugated secondary antibodies diluted at 1:1000, and washed
again and the reactions were developed with an enhanced chemilu-
minescence detection system (ECL detection kit; Amersham Pharma-
cia Biotech, Arlington Heights, IL, USA) according to the
manufacturer's instructions. Membranes were exposed to high-
performance chemiluminescence films (Hyperfilm ECL; Amersham
Biosciences, Buckinghamshire, UK).

Metabolic parameters

Liver respiratory rates (slices chopped into 1-mm cubes, 50 mg)
were measured using a Clark-type electrode and CO2 production in
vivo was measured in a temperature-controlled respirometer de-
scribed by Calegario et al. [35] as previously described [19].

Data analysis

Data shown in the figures represent –four to eight independent
experiments and are shown as means±SEM. Statistical analysis was
done using the Student t test for two-mean comparison or one-way
ANOVA for multiple comparisons using the Origin 7.0 software.
Pb0.05 was considered significant.
Table 1
Phosphorylating respiratory rates (State 3) supported by glutamate plus malate or
palmitoylcarnitine (PC) plus malate in liver mitochondria isolated fromwild-type (WT)
and HTG mice

Glutamate plus malate PC plus malate PC relative to
glutamate (%)

WT 55.54±0.76 25.30±1.66 45.5±3.01
HTG 61.66±0.93 34.71±4.18⁎ 56.4±6.83⁎

Means±SEM. Respiratory rates in nmol oxygen mg protein−1 min−1. State 3
respiration was stimulated by 700 nmol ADP mg protein−1.
⁎ Pb0.05 vs WT.
Results

HTG mice presented an approximately eightfold increase in their
plasma levels of triglycerides compared to WT mice (559.6±54.7 vs
70.0±7.3 mg/dl, respectively, Pb0.0001). Next, we examined
whether the elevated plasma levels of TG were accompanied by
liver lipid accumulation. Once taken up by the liver cell, FFAs can
be either esterified into TGs in the cytoplasm compartment or
oxidized mainly via mitochondrial β-oxidation. Compared to WT
mice, HTG mice had a twofold increase in liver TG content (5.52±
1.17 vs 2.76±0.11mg g−1 wet liver, respectively, Pb0.05), but similar
cholesterol levels (1.88±0.08 vs 1.84±0.07 mg g−1 wet liver,
respectively). Mitochondrial β-oxidation rate was assessed by
measuring respiration rates supported by lipid substrates compared
to nonlipid substrate in isolated liver mitochondria, which repre-
sents an index of fatty acid oxidation [36]. During phosphorylation
(State 3 respiration), the rate of respiration supported by palmi-
toylcarnitine plus malate is 56% compared to that supported by
glutamate plus malate in HTG mitochondria, whereas it is 45% in WT
mitochondria (Table 1). These results indicate a higher β-oxidation
rate in mitochondria from HTG mice, including the rate-limiting step
mediated by carnitine palmitoyltransferase. Thus, increases in both
FFA esterification and β-oxidation rates indicate FFA overaccumula-
tion in HTG livers.

To assess the redox state of HTG mouse livers, we measured the
levels of reduced and oxidized glutathione and the content of oxidized
proteins and lipids in this tissue. Fig. 1A shows that the GSSG/GSH
Fig. 2. Mitochondrial enzyme activities in wild-type and HTG livers. Activities of (A)
aconitase, (B) fumarase, and (C) MnSOD were measured in livers of WT and HTG mice,
as described under Experimental procedures. ⁎Pb0.05 vs WT.
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Fig. 3. HTG livers present increased xanthine-and NADPH-oxidase activities and lower
mitochondrial H2O2 production rates. (A) Oxygen consumption by NADPH oxidase
activity in liver microsomal vesicles and oxygen consumption by xanthine oxidase activity
in liver cytosol. (B) H2O2 production rates in isolated mitochondria. ⁎Pb0.05 vs WT.
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ratio was almost twofold higher in HTG compared to WT livers.
Protein and lipid oxidation levels were measured by quantifying
protein carbonyl groups (Fig. 1B) and MDA (Fig. 1C). Both protein
Fig. 4. H2O2 release in mitochondria from HTG livers is decreased by stimulated
mitoKATP activity. (A) Typical traces and (B) means±SEM of H2O2 production rates are
presented. Mitochondria were added to the reaction medium in the presence of 0.1 mM
ATP, 30 μM diazoxide (DZX), and 0.1 mM 5-hydroxydecanoate (5-HD), as indicated.
“No K+” experiments were conducted in medium in which all K+salts were substituted
by Li+salts. ⁎Pb0.05.
carbonylation and MDA levels were enhanced in HTG livers,
evidencing tissue oxidative stress. However, in isolated mitochondria,
there were no differences between the WT and the HTG GSSG/GSH
ratios (0.15±0.01 and 0.14±0.02, respectively) or MDA content
(31.2±3.0 and 32.9±2.6 pmol mg−1, respectively).

We also measured the activity of aconitase, a mitochondrial matrix
enzyme that acts as a superoxide radical anion sensor [37] (Fig. 2A).
Surprisingly, aconitase activity was enhanced in HTG livers, suggest-
ing that these mitochondria were actually in a more reduced state. To
exclude that enhanced aconitase activity was related to increased
mitochondrial biogenesis or globally enhanced citric acid cycle
activity, we determined the activity of fumarase, a mitochondrial
enzyme that is not a ROS target. Fumarase activity was similar in WT
and HTG livers (Fig. 2B). In addition, the activity (Fig. 2C) of the
mitochondrial-specific antioxidant enzyme MnSOD was decreased in
HTG livers. Thus, these results suggest that HTG liver oxidative stress
is caused by extramitochondrial sources.

Next, we measured the activity of the three main sources of
hepatic ROS: NADPH oxidase, xanthine oxidase, and mitochondrial
respiration (Fig. 3). We found that the ROS-generating enzymes
NADPH-oxidase and xanthine-oxidase had significantly increased
activities in HTG livers (Fig. 3A), whereas the mitochondrial H2O2

release rate was actually decreased in HTG mice (Fig. 3B). These
Fig. 5. In vivo treatment with N-acetylcysteine (NAC) reverses enhanced ATP-sensitive
K+uptake in HTG mitochondria. (A) Typical traces and (B) means±SEM of swelling
rates of liver mitochondria isolated from WT and HTG mice (solid lines) and from
NAC-treated WT and HTG mice (dotted lines) are shown. Swelling rates were
determined during the first 40 s. 0.1 mM ATP was added where indicated. ⁎Pb0.05.



Fig. 7. In vivo treatment with NAC reverses enhanced rates of O2 consumption in HTG
livers and CO2 production in HTG mice. (A) Respiratory rates of liver fragments
incubated at 37°C in Krebs-Henseleit solution. (B) CO2 production rates in WT and HTG
mice. ⁎Pb0.05 vs WT under control conditions.
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results strongly suggest that hypertriglyceridemia leads to extra-
mitochondrial generation of ROS, whereas the mitochondrial com-
partment is protected from oxidative stress, as evidenced by the
higher aconitase and lower MnSOD activities.

Mitochondrial ROS release is controlled by respiratory rates. In
general, faster respiratory rates, such as those foundwhen uncoupling
pathways are activated, are accompanied by lower ROS release [22].
We have previously shown that HTG mice present enhanced activity
of themitoKATP, a channel that leads tomild uncoupling [19]. Thus, we
investigated whether mitoKATP channels were responsible for the
decreased ROS release observed in HTG liver mitochondria. In
mitochondria isolated from WT livers, we found that ROS release
was not changed by the presence of the mitoKATP inhibitors ATP and
5-hydroxydecanoate (5-HD) or the mitoKATP activator diazoxide
(DZX) (Fig. 4B). This result is in line with the finding that the activity
of this channel inWTmouse livers is very low [19]. On the other hand,
lower ROS release by HTG mitochondria was reversed when mitoKATP

was inhibited by ATP, whereas DZX restored diminished ROS release
in HTG mitochondria, in a manner sensitive to the antagonist 5-HD
(Fig. 4B). No differences in ROS generation between HTG and WT
mitochondria were observed in medium devoid of K+salts. Together,
these results demonstrate that lower ROS release rates in HTG
mitochondria are attributable to enhanced mitoKATP activity.

To determine whether the enhanced mitoKATP activity observed in
HTG mitochondria was related to liver oxidative stress, we compared
the activity of this channel inWT and HTGmitochondria isolated from
mice chronically treated with the antioxidant NAC. The effect of in
vivo NAC treatment on the mitoKATP activity is shown in Fig. 5. As
observed previously [19], HTG mitochondria present significantly
increased swelling in K+-containing medium compared with WT, in
which swelling rates are very low. However, mitoKATP-mediated
swelling in NAC-treated HTG mouse mitochondria was significantly
Fig. 6. Effects of in vivo treatment with NAC on the liver redox markers and
mitochondrial enzymes. (A) GSSG/GSH ratio, (B) carbonyl protein content, (C) MDA
content, (D) aconitase and fumarase activities, (E) MnSOD content normalized to
β-actin measured by Western blot. ⁎Pb0.05 vs WT under control conditions.
lower than in untreated HTG and was similar to that of WT
mitochondria, demonstrating that the activation of this channel in
these HTG mice involves redox signaling. When the channel inhibitor
ATP was present in the medium, no differences in mitochondrial
swellingwere detected among all groups, regardless of NAC treatment
(Fig. 5B). In addition, in vivo treatment with NAC normalized all liver
oxidative stress markers, namely GSSG/GSH ratio and carbonyl and
MDA contents (Figs. 6A–6C). As expected for an antioxidant agent,
NAC treatment increased aconitase activity significantly in the WT
livers (Fig. 6D compared to Fig. 2A). Because HTG livers already had
higher aconitase activity, no significant changes were observed after
this treatment (Fig. 6D). Fumarase activity was unaltered by NAC (Fig.
6D). Regarding MnSOD, the Western blot analysis showed that its
liver content was indeed significantly reduced in HTG mice. This
difference betweenWT and HTG liver content of MnSOD disappeared
after NAC treatment (Fig. 6E).

The finding that in vivo NAC treatment reverses enhanced
mitoKATP activity in HTG liver mitochondria reveals an interesting
experimental tool for verifying the effects of this channel on energy
metabolism at the level of the organ and of thewhole animal.We have
previously shown that HTG mice have increased liver oxygen
consumption and whole-body CO2 production and proposed that
these effects were related to enhanced uncoupling promoted by
mitoKATP [19]. Here, we measured these parameters in NAC-treated
HTG mice in which mitoKATP activity was inhibited by NAC. Plasma
levels of TG in mice were not significantly modified by in vivo NAC
treatment (74.8±12.6 and 81.3±19.4 mg/dl for basal and post-
treatment WT mice, respectively; and 513.6±84.0 and 427.8±
26.5 mg/dl for basal and post-treatment HTG mice, respectively).
Thus, NAC effects cannot be attributed to major changes in circulating
TG levels in these mice. In contrast, NAC treatment completely
reversed enhanced liver oxygen consumption and whole-body CO2

production observed in untreated HTG mice (Fig. 7), strongly
supporting the proposal that this increased oxidative metabolism is
due to mild mitochondrial uncoupling promoted by mitoKATP. Indeed,
respiration of liver mitochondria isolated from NAC-treated HTGmice
(Table 2) indicates that NAC significantly decreased higher resting
(State 4) respiration and, hence, increased respiratory control ratios
(State 3/State 4) in HTG mitochondria.

Discussion

High plasma FFA and triglyceride levels lead to increased uptake of
FFA into nonadipose tissues and contribute to intracellular lipid
accumulation. Chronic accumulation of fat in liver is often seen in



Table 2
Phosphorylating (State 3) and resting (State 4) respiratory rates in liver mitochondria
isolated from wild-type (WT) and HTG mice, treated or not with NAC

State 3 State 4 State 3/State 4

WT 64.47±6.16 14.69±0.74 4.75±0.16
HTG 70.87±1.41 19.65±0.72⁎ 3.61±0.09⁎
WT NAC 73.52±6.42 15.29±2.01 4.87±0.25
HTG NAC 52.85±0.88 10.08±1.41⁎⁎ 5.36±0.84⁎⁎

Means±SEM. Respiratory rates in nmol oxygen mg protein−1 min−1.
⁎ Pb0.05 vs WT.
⁎⁎ Pb0.05 vs HTG.

Fig. 8. Proposed model to explain how hypertriglyceridemia andmitoKATP affect energy
metabolism and cell redox state.
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rodent models of genetic obesity and in some obese humans [38] and
is shown here to occur in genetic hypertriglyceridemia. Although
triglycerides stored in lipid droplets may be relatively inert in liver
cells, FFAs may also overaccumulate [39]. FFA accumulation may
evoke hepatocyte damage by several mechanisms, including activa-
tion of ROS-generating microsomal enzymes such as cytochromes
P450 2E1 and 4A [40]. Oxidized fatty acids themselves can catalyze
lipid peroxidation reactions that are directly cytotoxic. For instance, 4-
hydroxynonenal, a by-product of these reactions, may cause the
conversion of xanthine dehydrogenase into a xanthine oxidase form
in liver [41]. Finally, because certain fatty acids, particularly
polyunsaturated and their derivatives and oxidized fatty acids,
function as endogenous ligands for transcription factors, such as
PPAR and HNF4, their intracellular accumulation might affect global
changes in liver gene expression [42]. Regarding the mitochondrial
compartment, FFAs may exert dual effects on ROS production [12].
Owing to direct interactions within respiratory complex structures,
FFAs may increase the generation of ROS. On the other hand, owing to
their protonophoric action on the inner mitochondrial membrane,
FFAsmay decrease ROS production. In addition, Bakker et al. [43] have
hypothesized that the cytotoxic effects of FFAs are related to their
effect on blocking adenine nucleotide translocator activity. This would
lead to an intramitochondrial ADP deficit with consequent increase in
membrane potential and mitochondrial ROS production.

Our previous work showed that mitoKATP activity is augmented in
the livers of HTG mice [19]. This enhanced mitoKATP activity increases
mitochondrial respiratory rates under nonphosphorylating condi-
tions, in a manner dependent on the intracellular pool of FFAs [18].
This work provides evidence that mitoKATP activation decreases
mitochondrial but not whole-cell oxidative stress in HTG livers.
Whereas HTG livers had elevated levels of oxidized proteins, lipids,
and glutathione, mitochondria presented higher aconitase activity,
preserved GSSG/GSH ratios and MDA levels, and decreased H2O2

production rates and MnSOD content and activity. Because antiox-
idant enzymes are substrate-inducible [44], the decreased activity
and content of MnSOD is probably the result of downregulation
caused by low exposure to an oxidant microenvironment inside the
mitochondria [45]. It is important to emphasize that diminished ROS
generation by HTG mitochondria not only protects the organelles but
also avoids amplification of oxidative stress initiated by extramito-
chondrial oxidases.

Liver oxidative state found in HTG mice can be explained by
increased cytosolic and microsomal ROS production promoted by
higher activities of xanthine and NADPH oxidases, respectively. In
agreement with our results, a significant increase in xanthine oxidase
activity was found in patients with hypertriglyceridemia compared
with normolipidemic controls [46]. Furthermore, these authors
observed a positive correlation between xanthine oxidase activity and
plasma triglyceride levels. The relevance of xanthine oxidase activity for
lipid-related disorders was demonstrated experimentally when its
inhibitor tungsten prevented the development of atherosclerosis in
hyperlipidemic ApoE knockout mice fed a high-fat diet [47].

Elevation of NADPH oxidase activity in hyperlipidemic states has
been implicated in vascular tissue oxidative stress and endothelial
dysfunction [48]. Gene disruption of p47(phox), an essential
component of NADPH oxidase, reduces vascular superoxide produc-
tion but is not sufficient to prevent atherosclerosis in hyperlipidemic
ApoE knockout mice [49]. Hyperlipidemic rodent models have
increased expression of NADPH oxidase in heart [50], aorta and
kidney [16], and adipose tissue [17]. Here we showed a significant
increase in NADPH oxidase activity in the liver of hypertriglyceri-
demic mice. Accordingly, studies with human aorta vascular endo-
thelial cells showed that lipolysis of TG-rich lipoproteins significantly
induces NADPH oxidase-dependent production of ROS [51].

The present data indicate that the oxidant status in HTG livers is
involved in the mechanism of mitoKATP activation, because in vivo
antioxidant treatment with NAC inhibited mitoKATP opening in HTG
liver mitochondria, without changing plasma TG concentrations.
MitoKATP opening has previously been shown to be regulated by
thiol oxidation in vitro [52,53,23]. NAC is a well-established thiol
antioxidant that, after uptake, deacylation, and conversion to
glutathione, functions as both a redox buffer and a ROS intermediate
scavenger (for review see [54]). Indeed, in vitro addition of NAC to
isolated mitochondria was capable of preventing mitoKATP-related
K+transport in HTG mitochondrial suspensions (results not shown).
Therefore, the effect of NAC repressing higher mitoKATP activity
could be either directly to reduce channel thiol redox status or
indirectly to decrease extramitochondrially generated ROS levels in
HTG liver.

In our previous work, we proposed that higher liver mitoKATP

activity increases whole-body energy metabolism in HTG mice [19].
Here, in vivo NAC treatment decreasedmitoKATP opening and restored
mitochondrial resting respiration, liver O2 consumption, and body
CO2 release. Therefore, our results strongly support the idea that
elevated overall metabolic rates in these HTG mice are due to higher
mitoKATP activity.

In conclusion, the results presented here indicate that the
hypertriglyceridemic state per se, without other components of
metabolic syndrome, increases the activity of extramitochondrial
ROS-producing systems in liver. The tissue oxidized state activates
mitoKATP channels, which increases resting respiration and decreases
mitochondrial ROS generation, conserving the organelle in a more
reduced state and avoiding amplification of overall oxidative stress.
This mitochondrial adaptation to the hyperlipidemic environment
increases liver and body energy metabolism but does not fully
prevent liver oxidative damage (Fig. 8). Thus, we showed, for the
first time in an in vivo model, a biological role for the mitoKATP as a
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redox sensor allowing a cross talk between extra-and intramito-
chondrial compartments.

Acknowledgments

This work was supported by grants from the Fundação de Amparo
à Pesquisa do Estado de São Paulo (FAPESP) and Conselho Nacional
para o Desenvolvimento Científico e Tecnológico (CNPq/INCT:
National Institute for Science and Technology in Diabetes and
Obesity). L.C.A. and K.G.Z. are supported by FAPESP fellowships. The
authors thank Marisa H.G. de Medeiros and Camila C.M. Garcia from
the Biochemistry Department at the University of São Paulo for help in
quantifying the MDA.

References

[1] Grundy, S. M.; Brewer Jr., H. B.; Cleeman, J. I.; Smith Jr., S. C.; Lenfant, C. Definition
of metabolic syndrome: report of the National Heart, Lung, and Blood Institute/
American Heart Association Conference on Scientific Issues Related to Definition.
Circulation 109:433–438; 2004.

[2] Sarwar, N.; Danesh, J.; Eiriksdottir, G.; Sigurdsson, G.; Wareham, N.; Bingham, S.;
Boekholdt, S. M.; Khaw, K. T.; Gudnason, V. Triglycerides and the risk of coronary
heart disease: 10,158 incident cases among 262,525 participants in 29 western
prospective studies. Circulation 115:450–458; 2007.

[3] Griendling, K. K.; FitzGerald, G. A. Oxidative stress and cardiovascular injury. Part
II. Animal and human studies. Circulation 108:2034–2040; 2003.

[4] Oliveira, H. C.; Cosso, R. G.; Alberici, L. C.; Maciel, E. N.; Salerno, A. G.; Dorighello,
G. G.; Velho, J. A.; de Faria, E. C.; Vercesi, A. E. Oxidative stress in atherosclerosis-
prone mouse is due to low antioxidant capacity of mitochondria. FASEB J. 19:
278–280; 2005.

[5] Chisolm, G. M.; Steinberg, D. The oxidative modification hypothesis of
atherogenesis: an overview. Free Radic. Biol. Med. 28:1815–1826; 2000.

[6] Baynes, J. W. Role of oxidative stress in development of complications in diabetes.
Diabetes 40:405–412; 1991.

[7] Ford, E. S.; Will, J. C.; Bowman, B. A.; Narayan, K. M. Diabetes mellitus and serum
carotenoids: findings from the Third National Health and Nutrition Examination
Survey. Am. J. Epidemiol. 149:168–176; 1999.

[8] Saxena, R.; Madhu, S. V.; Shukla, R.; Prabhu, K. M.; Gambhir, J. K. Postprandial
hypertriglyceridemia and oxidative stress in patients of type 2 diabetes mellitus
with macrovascular complications. Clin. Chim. Acta 359:101–108; 2005.

[9] Cardona, F.; Túnez, I.; Tasset, I.; Garrido-Sánchez, L.; Collantes, E.; Tinahones, F. J.
Circulating antioxidant defences are decreased in healthy people after a high-fat
meal. Br. J. Nutr. 100:312–316; 2008.

[10] Diniz, Y. S.; Rocha, K. K.; Souza, G. A.; Galhardi, C. M.; Ebaid, G. M.; Rodrigues, H. G.;
Novelli Filho, J. L.; Cicogna, A. C.; Novelli, E. L. Effects of N-acetylcysteine on
sucrose-rich diet-induced hyperglycaemia, dyslipidemia and oxidative stress in
rats. Eur. J. Pharmacol. 543:151–157; 2006.

[11] Cardona, F.; Tunez, I.; Tasset, I.; Murri, M.; Tinahones, F. J. Similar increase
in oxidative stress after fat overload in persons with baseline hypertriglycer-
idemia with or without the metabolic syndrome. Clin. Biochem. 41:701–705;
2008.

[12] Schönfeld, P.; Wojtczak, L. Fatty acids as modulators of the cellular production of
reactive oxygen species. Free Radic. Biol. Med. 45:231–241; 2008.

[13] Stocker, R.; Keaney Jr., J. F. Role of oxidative modifications in atherosclerosis.
Physiol. Rev. 84:1381–1478; 2004.

[14] Hiramatsu, K.; Arimori, S. Increased superoxide production by mononuclear
cells of patients with hypertriglyceridemia and diabetes. Diabetes 37:832–837;
1998.

[15] Prónai, L.; Hiramatsu, K.; Saigusa, Y.; Nakazawa, H. Low superoxide scavenging
activity associated with enhanced superoxide generation by monocytes from
male hypertriglyceridemia with and without diabetes. Atherosclerosis 90:39–47;
1991.

[16] Roberts, C. K.; Barnard, R. J.; Sindhu, R. K.; Jurczak, M.; Ehdaie, A.; Vaziri, N. D.
Oxidative stress and dysregulation of NAD(P)H oxidase and antioxidant enzymes
in diet-induced metabolic syndrome. Metabolism 55:928–934; 2006.

[17] Furukawa, S.; Fujita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.;
Nakayama, O.; Makishima, M.; Matsuda, M.; Shimomura, I. Increased oxidative
stress in obesity and its impact on metabolic syndrome. J. Clin. Invest. 114:
1752–1761; 2004.

[18] Alberici, L. C.; Oliveira, H. C.; Bighetti, E. J.; de Faria, E. C.; Degaspari, G. R.; Souza,
C. T.; Vercesi, A. E. Hypertriglyceridemia increases mitochondrial resting
respiration and susceptibility to permeability transition. J. Bioenerg. Biomembr.
35:451–457; 2003.

[19] Alberici, L. C.; Oliveira, H. C.; Patrício, P. R.; Kowaltowski, A. J.; Vercesi, A. E.
Hyperlipidemic mice present enhanced catabolism and higher mitochondrial
ATP-sensitive K+channel activity. Gastroenterology 131:1228–1234; 2006.

[20] Garlid, K. D.; Paucek, P. Mitochondrial potassium transport: the K(+) cycle. Bio-
chim. Biophys. Acta 1606:23–41; 2003.

[21] Boveris, A. Mitochondrial production of superoxide radical and hydrogen
peroxide. Adv. Exp. Med. Biol. 78:67–82; 1977.
[22] Skulachev, V. P. Uncoupling: new approaches to an old problem of bioenergetics.
Biochim. Biophys. Acta 1363:100–124; 1998.

[23] Facundo, H. T.; de Paula, J. G.; Kowaltowski, A. J. Mitochondrial ATP-sensitive
K+channels are redox-sensitive pathways that control reactive oxygen species
production. Free Radic. Biol. Med. 42:1039–1048; 2007.

[24] Bligh, E. G.; Dyer, W. J. A. rapid method of total lipid extraction and purification.
Can. J. Biochem. Physiol. 37:911–917; 1959.

[25] Iossa, S.; Lionetti, L.; Mollica, M. P.; Barletta, A.; Liverini, G. Oxidative activity in
mitochondria isolated from rat liver at different stages of development. Cell
Biochem. Funct. 16:261–268; 1998.

[26] Zhou, M.; Diwu, Z.; Panchuk-Voloshina, N.; Haugland, R. P. A stable nonfluores-
cent derivative of resorufin for the fluorometric determination of trace hydrogen
peroxide: applications in detecting the activity of phagocyte NADPH oxidase and
other oxidases. Anal. Biochem. 15:162–168; 1997.

[27] Beauchamp, C. O.; Fridovich, I. Isozymes of superoxide dismutase from wheat
germ. Biochim. Biophys. Acta 317:50–64; 1973.

[28] Morton, R. L.; Ikle, D.; White, C. W. Loss of lung mitochondrial aconitase activity
due to hyperoxia in bronchopulmonary dysplasia in primates. Am. J. Physiol. 274:
127–133; 1998.

[29] Racker, E. Spectrophotometric measurements of the enzymatic formation of
fumaric and cis-aconitic acids. Biochim. Biophys. Acta 4:211–214; 1950.

[30] Stirpe, F.; Della Corte, E. The regulation of rat liver xanthine oxidase:
conversion of type D (dehydrogenase) into type O (oxidase) by a thermolabile
factor, and reversibility by dithioerythritol. Biochim. Biophys. Acta 212:195–197;
1970.

[31] Oliveira, C. P.; Alves, V. A.; Lima, V. M.; Stefano, J. T.; Debbas, V.; Sá, S. V.;
Wakamatsu, A.; Corrêa-Giannella, M. L.; de Mello, E. S.; Havaki, S.; Tiniakos, D. G.;
Marinos, E.; de Oliveira, M. G.; Giannella-Neto, D.; Laurindo, F. R.; Caldwell, S.;
Carrilho, F. J. Modulation of hepatic microsomal triglyceride transfer protein
(MTP) induced by S-nitroso-N-acetylcysteine in ob/ob mice. Biochem. Pharmacol.
74:290–297; 2007.

[32] Hissin, P. J.; Hilf, R. A. fluorometric method for determination of oxidized and
reduced glutathione in tissues. Anal. Biochem. 74:214–226; 1976.

[33] Reznick, A. Z.; Packer, L. Oxidative damage to proteins: spectrophotometric
method for the carbonyl assay. Methods Enzymol. 233:357–363; 1994.

[34] Schild, L.; Reinheckel, T.; Wiswedel, I.; Augustin, W. Short-term impairment of
energy production in isolated rat liver mitochondria by hypoxia/reoxygenation:
involvement of oxidative protein modification. Biochem. J. 15:205–210; 1997.

[35] Calegario, F. F.; Cosso, R. G.; Fagian, M. M.; Almeida, F. V.; Jardim, W. F.; Jezek, P.;
Arruda, P.; Vercesi, A. E. Stimulation of potato tuber respiration by cold stress is
associated with an increased capacity of both plant uncoupling mitochondrial
protein (PUMP) and alternative oxidase. J. Bioenerg. Biomembr. 35:211–220;
2003.

[36] McGarry, J. D.; Foster, D. W. Regulation of hepatic fatty acid oxidation and ketone
body production. Annu. Rev. Biochem. 49:395–420; 1980.

[37] Gardner, P. R.; Raineri, I.; Epstein, L. B.; White, C. W. Superoxide radical and iron
modulate aconitase activity in mammalian cells. J. Biol. Chem. 270:13399–13405;
1995.

[38] Teli, M. R.; James, O. F.; Burt, A. D.; Bennett, M. K.; Day, C. P. The natural history of
nonalcoholic fatty liver. Hepatology 22:1714–1719; 1995.

[39] Yamaguchi, K.; Yang, L.; McCall, S.; Huang, J.; Yu, X. X.; Pandey, S. K.; Bhanot, S.;
Monia, B. P.; Li, Y. X.; Diehl, A. M. Inhibiting triglyceride synthesis improves
hepatic steatosis but exacerbates liver damage and fibrosis in obese mice with
nonalcoholic steatohepatitis. Hepatology 45:1366–1374; 2007.

[40] Leclercq, I. A.; Farrell, G. C.; Field, J.; Bell, D. R.; Gonzalez, F. J.; Robertson, G. R.
CYP2E1 and CYP4A as microsomal catalysts of lipid peroxides in murine
nonalcoholic steatohepatitis. J. Clin. Invest. 105:1067–1075; 2000.

[41] Cighetti, G.; Bortone, L.; Sala, S.; Allevi, P. Mechanisms of action of malondialde-
hyde and 4-hydroxynonenal on xanthine oxidoreductase. Arch. Biochem. Biophys.
389:195–200; 2001.

[42] Pégorier, J. P.; Le May, C.; Girard, J. Control of gene expression by fatty acids.
J. Nutr. 134:2444S–2449S; 2004.

[43] Bakker, S. J.; Ijzerman, R. G.; Teerlink, T.; Westerhoff, H. V.; Gans, R. O.; Heine, R. J.
Cytosolic triglycerides and oxidative stress in central obesity: the missing link
between excessive atherosclerosis, endothelial dysfunction, and beta-cell failure?
Atherosclerosis 148:17–21; 2000.

[44] Meilhac, O.; Zhou, M.; Santanam, N.; Parthasarathy, S. Lipid peroxides induce
expression of catalase in cultured vascular cells. J. Lipid. Res. 41:1205–1213;
2000.

[45] Kao, P. F.; Lee, W. S.; Liu, J. C.; Chan, P.; Tsai, J. C.; Hsu, Y. H.; Chang, W. Y.; Cheng,
T. H.; Liao, S. S. Downregulation of superoxide dismutase activity and gene
expression in cultured rat brain astrocytes after incubation with vitamin C.
Pharmacology 69:1–6; 2003.

[46] Povoa Jr., H.; Sá, L. D.; Lessa, V. M. Xanthine oxidase and triglycerides in serum of
patientswith hyperlipoproteinemia, type IV. Biomed. Biochim. Acta 43:1201–1203;
1984.

[47] Schröder, K.; Vecchione, C.; Jung, O.; Schreiber, J. G.; Shiri-Sverdlov, R.; van Gorp,
P. J.; Busse, R.; Brandes, R. P. Xanthine oxidase inhibitor tungsten prevents the
development of atherosclerosis in ApoE knockout mice fed a Western-type diet.
Free Radic. Biol. Med. 41:1353–1360; 2006.

[48] Brandes, R. P.; Schröder, K. Differential vascular functions of Nox family NADPH
oxidases. Curr. Opin. Lipidol. 19:513–518; 2008.

[49] Hsich, E.; Segal, B. H.; Pagano, P. J.; Rey, F. E.; Paigen, B.; Deleonardis, J.; Hoyt, R. F.;
Holland, S. M.; Finkel, T. Vascular effects following homozygous disruption of p47
(phox): an essential component of NADPH oxidase. Circulation 101:1234–1236;
2000.



1439L.C. Alberici et al. / Free Radical Biology & Medicine 47 (2009) 1432–1439
[50] Csont, T.; Bereczki, E.; Bencsik, P.; Fodor, G.; Görbe, A.; Zvara, A.; Csonka, C.;
Puskás, L. G.; Sántha, M.; Ferdinandy, P. Hypercholesterolemia increases
myocardial oxidative and nitrosative stress thereby leading to cardiac dysfunction
in apoB-100 transgenic mice. Cardiovasc. Res. 76:100–109; 2007.

[51] Wang, L.; Sapuri-Butti, A. R.; Aung, H. H.; Parikh, A. N.; Rutledge, J. C. Triglyceride-
rich lipoprotein lipolysis increases aggregation of endothelial cell membrane
microdomains and produces reactive oxygen species. Am. J. Physiol. Heart Circ.
Physiol. 295:H237–244; 2008.
[52] Zhang, D. X.; Chen, Y. F.; Campbell, W. B.; Zou, A. P.; Gross, G. J.; Li, P. L.
Characteristics and superoxide-induced activation of reconstituted myocardial
mitochondrial ATP-sensitive potassium channels. Circ. Res. 89:1177–1183; 2001.

[53] Fornazari, M.; de Paula, J. G.; Castilho, R. F.; Kowaltowski, A. J. Redox properties
of the adenoside triphosphate-sensitive K+channel in brain mitochondria.
J. Neurosci. Res. 86:1548–1556; 2008.

[54] Anderson, M. E. Glutathione: an overview of biosynthesis and modulation. Chem.
Biol. Interact. 111:1–14; 1998.


	Mitochondrial ATP-sensitive K+ channels as redox signals to liver mitochondria in response to h.....
	Introduction
	Experimental procedures
	Animals
	Isolation of mouse liver mitochondria
	Mitochondrial respiratory rates
	Reactive oxygen species
	Mitochondrial swelling
	Malondialdehyde (MDA) determination by HPLC
	Liver enzyme activities
	Reduced (GSH) and oxidized (GSSG) glutathione levels
	Protein carbonyls
	Western blot
	Metabolic parameters
	Data analysis

	Results
	Discussion
	Acknowledgments
	References




