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Abstract

Hepatic energy depletion has been described in severe sepsis, and lipopolysaccharide (LPS) has been shown to
cause mitochondrial DNA (mtDNA) damage. To clarify the mechanisms of LPS-induced mtDNA damage and
mitochondrial alterations, we treated wild-type (WT) or transgenic manganese superoxide dismutase-over-
erexpressing (MnSOD™*") mice with a single dose of LPS (5mg/kg). In WT mice, LPS increased mitochondrial
reactive oxygen species formation, hepatic inducible nitric oxide synthase (NOS) mRNA and protein, tumor
necrosis factor-alpha, interleukin-1 beta, and high-mobility group protein Bl concentrations. Six to 48 h after LPS
administration (5mg/kg), liver mtDNA levels, respiratory complex I activity, and adenosine triphosphate (ATP)
contents were decreased. In addition, LPS increased interferon-fi concentration and decreased mitochondrial
transcription factor A (Tfam) mRNA, Tfam protein, and mtDNA-encoded mRNAs. Morphological studies showed
mild hepatic inflammation. The LPS (5 mg/kg)-induced mtDNA depletion, complex I inactivation, ATP depletion,
and alanine aminotransferase increase were prevented in MnSOD™"" mice or in WT mice cotreated with 1400W
(a NOS inhibitor), (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride,
monohydrate (a superoxide scavenger) or uric acid (a peroxynitrite scavenger). The MnSOD overexpression
delayed death in mice challenged by a higher, lethal dose of LPS (25mg/kg). In conclusion, LPS administration
damages mtDNA and alters mitochondrial function. The protective effects of MnSOD, NOS inhibitors, and su-
peroxide or peroxynitrite scavengers point out a role of the superoxide anion reacting with NO to form mtDNA-
and protein-damaging peroxynitrite. In addition to the acute damage caused by reactive species, decreased levels

of mitochondrial transcripts contribute to mitochondrial dysfunction. Antioxid. Redox Signal. 15, 2837-2854.

Introduction

LIFE-THREATENING EFFECTS OF SEPSIS (39) involve an ex-
cessive formation of inflammatory cytokines, reactive
oxygen species (ROS), and reactive nitrogen species (RNS)
(26), thereby leading to oxidative stress, mitochondrial dys-
function, and organ failure (44).

Septic shock can be triggered by lipopolysaccharide (LPS),
which stimulates the production of tumor necrosis factor-
alpha (TNF-2) and other cytokines in macrophages and
immune cells, leading to ROS generation (17). The NADPH
oxidases (NOX) of hepatic macrophages liberate ROS partly
in the extracellular space, the mitochondria of hepatocytes
generate ROS inside the cells. In many cell types, TNF-o-
induced ROS production occurs mainly within the mitochon-
dria (13). Interferon-y (IFN-y) also increases mitochondrial
ROS production in hepatocytes (46).

Although mitochondria form large amounts of the super-
oxide radical anion (henceforward referred to as superoxide),
mitochondrial manganese superoxide dismutase (MnSOD)

accelerates its dismutation into hydrogen peroxide, which is
detoxified into water by mitochondrial glutathione peroxi-
dase, mitochondrial peroxiredoxins, and peroxisomal catalase
(45). The MnSOD is inducible by ROS, cytokines, alcohol, and
LPS (7, 18), but it is inactivated by peroxynitrite (8, 27). The
MnSOD decreases superoxide concentrations (25), thus lim-
iting the formation of peroxynitrite, a strong oxidant gener-
ated by the reaction of superoxide with nitric oxide (9, 37).
Peroxynitrite and peroxynitrite-generated reactive interme-
diates can nitrate proteins and damage lipids and DNA (1, 9,
34, 37), and they may be involved in mitochondrial DNA
(mtDNA) depletion after acetaminophen or alcohol adminis-
tration (5, 19). In keeping with the role of inducible nitric oxide
synthase (iNOS) in LPS-induced liver lesions (6, 29) and the
ability of MnSOD to decrease peroxynitrite formation, a re-
combinant adenovirus increasing MnSOD protected against
LPS-induced mitochondrial oxidative stress in cardiomyo-
cytes (50).

The mtDNA is more susceptible to oxidative damage than
nuclear DNA (nDNA), due to incomplete DNA repair
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capacity in mitochondria and the proximity of mtDNA to the
respiratory chain, an important source of ROS (48). The ROS
and RNS can oxidatively damage mitochondrial proteins,
phospholipids, and mtDNA (19, 47), thus causing the for-
mation of 8-hydroxydeoxyguanosine (47), apurinic/apyr-
imidinic sites, and strand breaks in mtDNA (32) and
occasionally triggering mtDNA deletions (31). Extensive
mtDNA lesions cause nuclease-mediated mtDNA degrada-
tion, thereby leading to mtDNA depletion (19, 32), which can
impair the synthesis of the 13 mtDNA-encoded proteins of
respiratory chain complexes I, III, IV, and V (4).

The mtDNA replication and transcription are modulated
by nuclear factors and coactivators. Peroxisome proliferator-
activated receptor gamma coactivator 1 (PGC-1) interacts
with nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2) to
transactivate several oxidative phosphorylation system (OX-
PHOS) genes (3,22, 24). In fact, PGC-1, NRF-1, and NRF-2 also
mediate mtDNA transcription and replication by inducing
mitochondrial transcription factor B and mitochondrial tran-
scription factor A (Tfam) (33, 38). The Tfam initiates tran-
scription (and transcription-initiated replication) (16, 38). The
Tfam knockout mice have low mtDNA levels; they lack OX-
PHOS and die during embryogenesis (20). Interestingly, IFN-
o and IFN-y suppress mitochondrial gene transcription by
depleting Tfam mRNA and protein (14). Type I IFNs also
activate mitochondrial RNase L, which degrades mtDNA-

CHOUMAR ET AL.

encoded mRNAs (23). Since LPS administration induces IFN-
y and type I IFNs (35), it could also have some of these effects.

The administration of LPS or inactivated crude Escherichia
coli bacteria to mice increased mitochondrial ROS and de-
creased cardiac and hepatic mtDNA levels (40-42). These ef-
fects of LPS on mtDNA did not occur in Toll-like receptor 4
(TLR4)-deficient mice, thus indicating the role of TLR4 sig-
naling (42). However, downstream mechanisms causing
mtDNA depletion were not delineated.

The goal of the present study was to dissect the mechanisms
of mtDNA depletion and mitochondrial dysfunction after LPS
administration to mice. We selected a dose of LPS (5mg/kg)
that decreased mtDNA levels and mitochondrial function
without causing severe liver lesions. The LPS-induced mtDNA
depletion and mitochondrial dysfunction were prevented or
attenuated in transgenic MnSOD-overexpressing (MnSOD " " ™)
mice, or when wild-type (WT) mice were treated with sub-
stances aimed at scavenging peroxynitrite or decreasing the
reaction of mitochondrial superoxide with NO to form perox-
ynitrite. These data provide new insight into the molecular
mechanisms underlying a major clinical problem, namely the
frequent occurrence of severe multiorgan failure, despite
sometimes modest tissue lesions in patients with severe sepsis.
Our observation that LPS-induced mitochondrial dysfunction
is preventable in mice raises the hope that the dire prognosis of
severe sepsis could be therapeutically improved in humans.
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tration on mitochondrial
DNA (mtDNA) levels and
integrity. Wild-type (WT)
mice that were killed 6, 24, or
48h after the administration
of water served as pooled
zero-time controls (0h) for
mice sacrificed 6, 24, or 48h
after LPS (5mg/kg) admin-
istration. (A) Total hepatic
DNA (300ng) was blotted
onto a nylon membrane, hy-
bridized with a 10.9-kb
mtDNA probe, stripped, and
rehybridized with a mouse
Cot-1 nuclear DNA (nDNA)
probe. (B) For each mouse,
blot intensities were deter-
mined by densitometry anal-
ysis, and the mtDNA /nDNA
hybridization ratio was cal-
culated and expressed as the
percentage of the mean value
for untreated mice. Values

6h 24h 48 h

represent means*standard
error of the mean (SEM) for

15 mice. *Different from untreated mice (0h), p<0.05. (C) Long polymerase chain reaction (PCR) was used to assess the
presence of mtDNA lesions hampering the progress of DNA polymerases. Total hepatic DNA was prepared, and used to
amplify both a long (8636-bp) mtDNA fragment and a short (316-bp) mtDNA fragment as shown in the representative
photograph. (D) Lesions hampering replication are much more likely to be present on a long DNA fragment than on a short
DNA fragment. For each mouse, the long fragment/short fragment hybridization ratio was quantified and expressed as the
percentage of the mean value in untreated mice. Results are expressed as mean+SEM in five to eight mice. *Different from

untreated mice (Oh), p<0.05.
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Results

LPS administration decreased mtDNA levels,
mitDNA integrity, complex | activity, and hepatic
adenosine triphosphate

The LPS administration decreased hepatic mtDNA levels
assessed by slot-blot hybridization without affecting nDNA
content (Fig. 1A). We, thus, used the mtDNA/nDNA hy-
bridization ratio to assess LPS-induced mtDNA changes (Fig.
1B). This ratio was decreased by 33%, 57%, and 19%, 6, 24, and
48 h, respectively after LPS administration (Fig. 1B). We also
used quantitative real-time polymerase chain reaction (qQRT-
PCR) with primers specific for subunit 2 of cytochrome c ox-
idase (COX2) to confirm LPS-induced mtDNA depletion
(Supplementary Fig. S1; Supplementary Data are available
online at www liebertonline.com/ars). To assess the presence
of mtDNA lesions blocking the progress of polymerases, we
performed long PCR experiments to concomitantly amplify a
long (8636-bp) and a short (316-bp) mtDNA fragment (Fig.
1C). The DNA lesions blocking replication are more likely to
be present on a long DNA region than on a short fragment
(32). Indeed, the amplification of the short DNA fragment was
similar in all groups of mice (Fig. 1C). We, therefore, used the
long fragment/short fragment intensity ratio as an index of
mtDNA integrity (Fig. 1D). This ratio was significantly de-
creased by 47% 6 h and by 40% 24 h after LPS administration,
but was again normal in 48 h after LPS administration (Fig. 1D).

Complex I activity was decreased by 43%, 57%, and 45%, and
hepatic adenosine triphosphate (ATP) by 33%, 41%, and 24% in
6, 24, and 48 h, respectively, after LPS administration (Fig. 2).

The LPS-induced increase in mitochondrial ROS
and thiobarbituric acid reactants was attenuated

by (2-(2,2,6,6-tetramethyipiperidin-1-oxyl-4-ylamino)-
2-oxoethyl)triphenylphosphonium chloride,
monohydrate administration

One mechanism that could damage and deplete mtDNA
after LPS administration could be ROS-mediated mtDNA
damage. The LPS administration increased mitochondrial
thiobarbituric acid reactants (TBARs), an index of lipid per-
oxidation, and led to decreased aconitase activity (Table 1), an
index of oxidative stress (36). The in vitro formations of su-
peroxide and peroxides (assessed with the MitoSOX™ Red
reagent and 2’,7-dichlorodihydrofluorescein  diacetate
[H,DCF-DA], respectively) were decreased in liver mito-
chondria isolated after LPS administration and energized
with malate and glutamate (two complex I substrates) or
succinate (a complex II substrate) (Table 1). The LPS admin-
istration also decreased the peroxynitrite- and peroxide-
driven oxidation of dihydrorhodamine 123 (DHR123) into
rhodamine 123 by a whole-liver homogenate incubated with
succinate or malate and glutamate (Table 1). Plasma nitrite/
nitrate concentrations were still unchanged 6 h after LPS, but
increased by 48% and 67% in 24 and 48 h, respectively, after
LPS administration (Table 1). Plasma or hepatic iron contents
were similar in control and LPS-treated mice (Table 1).

(2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-
oxoethyl)triphenylphosphonium chloride, monohydrate (Mito-
TEMPO) administration totally or partially prevented the
LPS-induced inhibition of aconitase, increase in mitochon-
drial ROS formation, and increase in TBARs without pre-
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FIG. 2. Effects of LPS administration on complex I ac-
tivity and hepatic adenosine triphosphate (ATP) levels. The
WT mice which were killed 6, 24, or 48 h after the adminis-
tration of water served as pooled zero-time controls (0h) for
mice sacrificed 6, 24, or 48 h after LPS administration (5 mg/
kg). (A) Hepatic mitochondria were isolated, and submito-
chondrial particles were prepared. Complex I was assayed
by following the oxidation of NADH in the presence of de-
cylubiquinone and antimycin A. Results are expressed as
meanSEM in 15 mice. *Different from untreated mice (0 h),
p<0.05. (B) The liver was quickly excised and ground in
liquid nitrogen. Hepatic ATP was measured with a luciferin/
luciferase assay. Results are expressed as mean+SEM in 10
mice. *Different from untreated mice (0h), p <0.05.

venting the LPS-induced increase in plasma nitrite/nitrate
concentration (Table 1).

Although apocynin did not prevent mtDNA depletion,
Mito-TEMPO, nitro-L-arginine methyl ester, 1400W,
or uric acid protected against LPS-induced mtDNA
depletion and complex | impairment

To gain further insight into the type and origin of the re-
active species involved in mtDNA depletion, we treated WT
mice with diverse substances (Table 2). None of these treat-
ments given alone (without LPS) modified mtDNA levels.
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TaBLE 1. EFrFecT OF L1POPOLYSACCHARIDE WITH OR WITHOUT (2-(2,2,6,6-TETRAMETHYLPIPERIDIN-1-OXYL-4-YLAMINO)-2-
OXOETHYL) TRIPHENYLPHOSPHONTUM CHLORIDE, MONOHYDRATE ADMINISTRATION ON ACONITASE ACTIVITY,
MITOCHONDRIAL REACTIVE OXYGEN SPECIES FORMATION, MITOCHONDRIAL THIOBARBITURIC ACID REACTANTS,
Prasma NITRITE/NITRATE LEVELS, PLASMA IRON, AND LIVER IRON

LPS LPS + Mito-TEMPO
Oh 6h 24h 48h 24h

Aconitase (nmol/min/mg protein) 0.76£0.10 0.38+0.09? 0.41+0.08 0.52+0.11% 0.59+0.11°
ROS formation (% control mice)

Mitochondria + MitoSOX + mal/glu 100+£11 160+137 144+15° 142+8* 108 +8°

Mitochondria + MitoSOX + succinate 100+9 1814187 162+12° 178 +25° 122 +15°

Mitochondria + H,DCF + mal/glu 100£8 141+10° 145+11° 134+13° 121+9°

Mitochondria + H,DCF + succinate 100+ 14 208 +29% 200+18% 188 £22° 144+12%°

Homogenate + DHR123 + mal/glu 100+16 136+ 14 166+11? 114+7 128+12°

Homogenate + DHR123 + succinate 100+21 138+12° 191+27° 119+18 136+9°°
Mitochondrial TBARs (nmol/mg protein) ~ 0.34+£0.04  0.52+0.10° 0.59£0.12°  0.44+0.08 0.40+0.06°
Plasma nitrite/nitrate (uM) 46+4 4319 68+12°% 77 £11° 71+£97
Plasma iron (uM) 20+4 18+4 23+5 ND ND
Hepatic iron (umol/kg) 97+11 122+14 114+14 ND ND

Mice killed at 6, 24, or 48 h after the administration of water served as pooled zero-time controls (0h) for mice sacrificed after LPS (5mg/
kg) administration. Some mice received Mito-TEMPO (50 mg/kg body weight i.p.), a mitochondria-targeted superoxide scavenger, 30 min
before and 8h after LPS administration. Mitochondrial ROS formation was evaluated by recording the relative fluorescence of specific
fluorogenic dyes. Mitochondrial superoxide formation was detected with MitoSOX Red, and mitochondrial peroxide formation with H,DCF
after incubation of mitochondria with either mal/glu or succinate. The formation of peroxynitrite and other ROS in a whole-liver homogenate

was evaluated with the mitochondrial-avid dye, DHR123. Values are expressed as mean+SEM for 10-15 mice.

“Different from control mice (0h) (p<0.05, one-way ANOVA).
PDifferent from LPS-treated mice not treated with Mito-TEMPO.

LPS, lipopolysaccharide; SEM, standard error of the mean; Mito-TEMPO, (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)-
triphenylphosphonium chloride, monohydrate; H,DCF-DA, 2’,7’-dichlorodihydrofluorescein diacetate; ND, not determined; mal/glu,
malate/glutamate; DHR123, dihydrorhodamine 123; TBARs, thiobarbituric acid reactants; ROS, reactive oxygen species; i.p., intraperito-

neally; ANOVA, analysis of variance.

Although apocynin significantly inhibited NOX (Supple-
mentary Fig. S2), it did not prevent mtDNA depletion in
LPS-treated mice (Table 2). In contrast, Mito-TEMPO (a mi-
tochondria-targeted superoxide scavenger), nitro-L-arginine
methyl ester (L-NAME) (a broad spectrum NOS inhibitor),
1400W (a specific inhibitor of iNOS), or uric acid (a perox-
ynitrite scavenger) partially or totally protected against LPS-
induced mtDNA depletion and complex I impairment (Table
2). These effects suggested that peroxynitrite, generated from
a reaction between superoxide anion and NO, played a role in
this process. These results also indicated that the superoxide
involved in this reaction was mainly produced by mito-
chondria rather than by NOX.

LPS administration increased iNOS expression
but decreased MnSOD protein, despite the induction
of the MnSOD mRNA after LPS administration

The expression of the iNOS mRNA increased 16-fold 6h
after LPS administration, but had returned to control values at
24 or 48 h (Fig. 3A). The iNOS protein increased 4.5-fold at 6 h
and 5-fold at 24 h after LPS administration (Fig. 3B). Despite
an increase in MnSOD mRNA (Fig. 3C), MnSOD protein de-
creased 6 and 24 h after LPS administration to WT mice, with a
parallel decline in MnSOD activity (Fig. 4A, B).

Mito-TEMPO or uric acid administration,
but not MnSOD overexpression, prevented the
decrease in MnSOD protein after LPS administration

Mito-TEMPO or uric acid administration to WT mice pre-
vented the LPS-mediated decrease in MnSOD protein and ac-

tivity (Fig. 4). In contrast, MnSOD overexpression did not
prevent the fall in MnSOD* ** protein and activity after LPS
administration (Fig. 4). However, due to its threefold higher
initial value, MnSOD protein remained higher after LPS ad-
ministration in MnSOD* ** mice than in WT mice (Fig. 4A).
Similar data were obtained when MnSOD activity and protein
levels were evaluated in the mitochondrial fractions and nor-
malized to mg of mitochondrial proteins as well as to mg of wet
tissue. Unlike that of MnSOD, the activity of copper-zinc su-
peroxide dismutase (Cu,ZnSOD) was similar in untreated or
LPS-treated WT and MnSOD ™ * * mice (Supplementary Fig. S3).

MnSOD overexpression, or the administration

of Mito-TEMPOQO, uric acid, or 1400W to WT mice,
prevented or attenuated the LPS-induced nitration
of tyrosine residues in mitochondrial respiratory
chain complex proteins

There were no changes in the protein levels of mitochon-
drial respiratory chain complexes separated by blue native
polyacrylamide gel electrophoresis 6 or 24h after LPS
administration (Fig. 5A). Proteins were transferred onto
nitrocellulose membranes and revealed with an antibody
against 3-nitrotyrosine (Fig. 5B). In untreated mice, 3-
nitrotyrosine was not detected in the proteins of complexes I
and III, but was present in complex V proteins (Fig. 5B). The
LPS administration to WT mice, but not to MnSOD ™ * * mice,
led to the development of nitrotyrosine residues in the pro-
teins of complexes I and III and increased nitrotyrosine in
complex V proteins. The administration of Mito-TEMPO, uric
acid, or 1400W to WT mice likewise prevented the
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TABLE 2. EFFECTS OF A SUPEROXIDE SCAVENGER [(2-(2,2,6,6-TETRAMETHYLPIPERIDIN-1-OXYL-4-YLAMINO)-2-OXOETHYL)-
TRIPHENYLPHOSPHONIUM CHLORIDE, MONOHYDRATE]|, NONSELECTIVE NITRIC OXIDE SYNTHASE INHIBITOR
(N1TRO-L-ARGININE METHYL ESTER), SPECIFIC INDUCIBLE NITRIC OXIDE SYNTHASE INHIBITOR (1400W), PEROXYNITRITE
ScAVENGER (URric AciD), oR REDUCED NICOTINAMIDE-ADENINE DINUCLEOTIDE PHOSPHATE OXIDASE INHIBITOR
(APOCYNIN) ON LIPOPOLYSACCHARIDE-INDUCED MITOCHONDRIAL DNA DEPLETION AND COMPLEX I IMPATRMENT

mtDNA/mDNA hybridization ratio (% untreated mice)

Complex I activity (% untreated mice)

Treatment 0h 6h 24h 0h 6h 24h
LPS 10047 60+5% 51+7% 100+ 14 68+10° 50+15°
LPS + Mito-Tempo 100+8 102+11° 92+8° 99+12 88+10° 83+8°
LPS + L-NAME 98+6 88+5° 88+4° 91+10 91+21° 93+2P
LPS + 1400W 104+10 89+8° 92+10° 98+9 88+8° 88+10°
LPS + uric acid 9949 91+4° 794112 111+ 14 82+3P 74+ 8%
LPS + apocynin 102+10 74+6° 60£10° ND ND ND

Mice killed 6 or 24 h after the administration of water served as pooled zero-time controls (0h) for mice sacrificed after LPS (5mg/kg)
administration. Thirty minutes before LPS, some mice received an intraperitoneal injection of Mito-TEMPO (50 mg/kg body weight), L-
NAME (80 mg/kg body weight), 1400W (10 mg/kg body weight), uric acid (500 mg/kg body weight), or apocynin (20 mg/kg body weight).
A second dose of the cotreatment was administered 8 h after LPS administration in mice that were to be sacrificed 24 h after LPS injection.

Values represent means+SEM for 6-10 mice.

“Different from untreated mice (0h) receiving the same cotreatment, if any (p<0.05, one-way ANOVA).
PDifferent from mice treated with LPS alone and studied at the same treatment time (p<0.05, one-way ANOVA).
L-NAME, nitro-L-arginine methyl ester; mtDNA, mitochondrial DNA; nDNA, nuclear DNA.

development of nitrotyrosine residues in complex III after LPS
administration and attenuated their increased formation in
complexes I and V proteins (Fig. 5B).

MnSOD overexpression protected against
LPS-induced mtDNA depletion
and complex | impairment

Unlike its effects in WT mice, LPS administration did not
decrease mtDNA levels in MnSOD ™ ™ " mice (Fig. 6A, B). The
MnSOD overexpression also prevented the LPS-mediated
decrease in complex I activity 6 h after LPS administration and
attenuated it at 24 h (Fig. 6C). These results suggested that the
superoxide anion, in particular that produced within the mi-
tochondria, played a direct or indirect role in triggering LPS-
induced mtDNA depletion and complex I impairment.

MnSOD overexpression prevented the LPS-induced
increase in plasma interleukin-1p and high mobility
group protein B1 levels but not the increase in TNF-u.

The LPS significantly increased interleukin-1f (IL-1f) and
high mobility group protein B1 (HMGB1) levels in WT mice
but not in MnSOD ™ ™ mice (Supplementary Fig. S4). How-
ever, LPS similarly increased TNF-o levels in either WT or
MnSOD™ " " mice (Fig. 7A).

Pentoxifylline prevented the LPS-mediated increase
in TNF-o. without preventing mtDNA depletion
in WT mice

Pentoxifylline prevented the LPS-mediated TNF-o surge
without preventing mtDNA depletion (Fig. 7B, C), suggesting
that several redundant mechanisms other than TNF-o may be
involved in ROS formation and mtDNA depletion after LPS
administration.

LPS decreased the levels of Tfam transcripts
and protein, but not the PGC-1 protein level

Another mechanism that could play a role in impaired mi-
tochondrial function could be a decreased expression of factors

that modulate mtDNA replication and/or transcription. Al-
though the PGC-1 protein was not affected by the LPS treat-
ment, the Tfam mRNA was decreased by 53% and 47%, and the
Tfam protein by 41% and 51% 6 and 24 h, respectively after LPS
administration (Fig. 8). Both the Tfam mRNA and the Tfam
protein had returned to control values by 48 h (Fig. 8).

LPS increased IFN-B and caused a decrease
in mitochondrial mRNAs that was patrtially prevented
by chloramphenicol

Although its mean value was already high at that time,
IFN-$ was not yet significantly increased 6h after LPS ad-
ministration, but was significantly increased fourfold 24 h
after LPS administration (Fig. 9A). Type I IFNs can suppress
mitochondrial gene transcription by depleting Tfam mRNA
(14) and by activating RNase L, which is also expressed within
mitochondria and can degrade mtDNA-encoded mRNAs in a
translation-dependent process that is inhibited by chloram-
phenicol (23). Although chloramphenicol had no protective
effect on the LPS-induced increase in plasma IFN-f (Fig. 9A)
nor on LPS-induced mtDNA depletion (Fig. 9B), it partially
prevented the decreases in COX2 and NADH-dehydrogenase
subunit 1 (ND1) mRNAs at 24h, but not at 6h, after LPS
administration (Fig. 9C, D).

The LPS treatment triggered mild hepatic
inflammation, but neither necrosis nor apoptosis

Liver histology was evaluated in control mice and mice
treated with LPS for 6, 24, or 48 h. No inflammation, steatosis,
necrosis, or apoptosis were observed in 10 control mice or 10
mice treated with LPS for 6 or 24 h. However, four of the 10
mice treated for 48h (3?=13.33; p<0.05) exhibited moderate
inflammation without necrosis or apoptosis (Supplementary
Fig. S5). Hepatic caspase-3 activity was similar in control mice
and mice sacrificed 6 or 24 h after LPS administration (51 £ 10,
53+7, and 55+9 pmol/min/mg protein, respectively). Even
with the sensitive C,t-1 hybridization technique, we could not
detect nDNA fragmentation in any of these mice.
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FIG. 3. Effects of LPS on inducible nitric oxide synthase
(iNOS) protein and mRNA and manganese superoxide
dismutase (MnSOD) mRNA. The WT mice killed 6, 24, or
48 h after the administration of water served as pooled zero-
time controls (0h) for mice sacrificed 6, 24, or 48 after LPS
administration (5mg/kg). (A) Representative immunoblot
of the iNOS protein and its quantification. (B, C) Total
hepatic RNA (2 ug) was reverse-transcribed, and cDNA
underwent quantitative real-time (qRT)-PCR with primers
specific to S6 (ribosomal protein S6) and either iNOS (B) or
MnSOD (C). The relative iNOS mRNA or MnSOD mRNA
expression was normalized to the S6 mRNA. Results are
expressed as mean+SEM for six to eight mice. *Different
from untreated mice (0h) (p<0.05, one-way analysis of
variance [ANOVAY]).
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MnSOD overexpression or the administration

of Mito-TEMPO, uric acid, or 1400W to WT mice
prevented alanine aminotransferase elevation

and hepatic ATP depletion after LPS administration;
and MnSOD overexpression delayed death

after a higher dose of LPS

Plasma alanine aminotransferase (ALT) activity was un-
changed in mice killed at 6 or 24 h after LPS administration
but was significantly increased by 68% at 48 h after LPS (Fig.
10A). The MnSOD overexpression or the administration of
Mito-TEMPO, uric acid, or 1400W to WT mice prevented the
decrease in hepatic ATP at 24 h after LPS administration (Fig.
10B) and the increase in plasma ALT activity at 48 h after LPS
administration (Fig. 10A).

Although the 5mg/kg-dose used in all previous experi-
ments exceptionally caused death (Fig. 11A), a higher LPS
dose (25 mg/kg) markedly decreased survival (Fig. 11B). The
MnSOD overexpression delayed death after this high dose of
LPS (Fig. 11B).

LPS increased TLR-4 protein expression
and mitochondrial superoxide formation
and depleted mtDNA in HepG2 hepatoma cells

To assess whether hepatocytes themselves can respond
to LPS by increasing ROS formation, HepG2 hepatoma cells
were treated with LPS (5ug/ml) for 6 or 24h with or
without Mito-TEMPO (Fig. 12). The LPS increased TLR-4
protein expression (Fig. 12A) and mitochondrial superox-
ide formation (Fig. 12B) and depleted mtDNA (Fig. 12C).
The Mito-TEMPO fully prevented these LPS-induced ef-
fects (Fig. 12B, C).

IFN-B decreased the mtDNA-encoded COX2 mRNA
in HUH7 human hepatoma cells

To confirm that type I IFNs can decrease mitochondrial
transcripts, IFN-responsive HUH7 cells were treated with
IFN-f (1000 U/ml) for 2, 6, or 24h (Supplementary Fig. S6).
The IFN-f halved COX2 mRNA as soon as 2 h after its addi-
tion (Supplementary Fig. S6D), even though IFN-f had no
significant effects on mitochondrial superoxide formation
(Supplementary Fig. S6A), the concentration of nitrite/nitrate
in the culture medium (Supplementary Fig. S6B), or mtDNA
levels, which were normal at 2 or 6h, although they later
slightly decreased at 24 h (Supplementary Fig. S6C).

Discussion

Our objectives were to assess the mechanisms for mtDNA
damage after LPS administration and look for protective
strategies that could prevent these adverse effects. We found
that hepatic mtDNA was severely damaged and depleted
(Fig. 1), and mitochondrial function markedly impaired
6—48 h after LPS administration to WT mice (Fig. 2). We also
showed for the first time that LPS-induced mtDNA depletion
and mitochondrial dysfunction could be prevented by various
strategies aimed at scavenging peroxynitrite or decreasing the
reaction of mitochondrial superoxide with NO to form per-
oxynitrite (Table 2 and Fig. 6).

From previous data and present findings, we propose that
LPS triggers the successive events suggested in Figure 13. The
interaction of LPS with TLR4 on Kupffer cells activates NOXs
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that release superoxide outside the cell. The LPS also releases
TNF-o and IFN-y, both of which increase the mitochondrial
formation of superoxide in hepatocytes (2, 44, 46). Although
Mito-TEMPO, a superoxide scavenger, prevented LPS-medi-
ated mtDNA depletion in WT mice, apocynin, albeit effective
in inhibiting NOX (Supplementary Fig. S2), did not prevent
mtDNA depletion (Table 2). Further, LPS did not deplete
mtDNA in transgenic mice overexpressing MnSOD (Fig. 6),
whose role is to decrease the mitochondrial concentrations of
superoxide. These observations indicate a predominant role
of mitochondria-generated superoxide in triggering mtDNA
depletion (Fig. 13).

Except for its reactivity with iron-sulfur complexes, the su-
peroxide itself is poorly reactive with biological molecules.
However, it reacts with NO to form the highly reactive per-
oxynitrite (9). The conjunction of an increased mitochondrial
superoxide formation (Table 1) with an increased iNOS
expression (Fig. 3A, B) (29) should markedly increase the mi-
tochondrial formation of peroxynitrite after LPS administration
(Fig. 13). Although the presence of NOS within mitochondria is
debated, the freely diffusible NO formed elsewhere can cross

mitochondrial membranes to react with superoxide and form
peroxynitrite within the mitochondria (37).

Peroxynitrite and/or peroxynitrite-generated reactive in-
termediates can damage mtDNA (5, 9, 19). In the present
study, L-NAME, a broad-spectrum NOS inhibitor (34),
1400W, a selective iNOS inhibitor (34), or uric acid, a perox-
ynitrite scavenger (12), all prevented or attenuated LPS-
induced mtDNA depletion (Table 2). Although the specificity of
these various scavengers for a given species may not be perfect,
taken together, these observations suggest that the reaction of
superoxide with NO to form the DNA-damaging peroxynitrite
(9) is involved in the mtDNA damage triggered by LPS (Fig. 13).
Six or 24h after LPS administration, mtDNA was severely
depleted (Fig. 1A, B), probably because damaged mtDNA
molecules had been degraded by mitochondrial nucleases (19,
32). Further, remaining mtDNA molecules presented mtDNA
lesions, as shown by selective impairment of the amplification of
along mtDNA fragment contrasting with normal amplification
of a short fragment (Fig. 1C, D). Lesions hampering the progress
of polymerases are more likely to be present on a long stretch of
DNA than a short DNA region (19, 32).
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Peroxynitrite also damages lipids and proteins, causing
nitrotyrosine formation, tyrosine oxidation, and loss of func-
tion (18). In the present study, LPS increased 3-nitrotyrosine
residues in the proteins of mitochondrial complexes (Fig. 5B)
and decreased respiratory complex I activity by 43% at 6h
(Fig. 2). This early dysfunction is unlikely to be due to de-
creased protein synthesis, as the expression of respiratory
complex proteins (Fig. 5A) and that of the mtDNA-encoded
COX2 protein (data not shown) were not modified 6 or 24h
after LPS administration. The rapid impairment of complex I
activity is likely due to the oxidative damage inflicted to
proteins and possibly unsaturated lipids by ROS, particularly
peroxynitrite, as suggested by the protective effects of NOS
inhibitors, a superoxide scavenger, and a peroxynitrite scav-
enger (Table 2). Impaired electron flow along the respiratory
chain causes electrons to accumulate within chain compo-
nents, and some of the accumulated electrons to react with
oxygen to form superoxide, thus increasing mitochondrial
superoxide formation (Fig. 13) (10). Therefore, the decreased
respiratory complex I activity is likely to further enhance and
sustain mitochondrial ROS formation (Fig. 13).

Another target for ROS- and peroxynitrite-mediated inac-
tivation is MnSOD (2, 8, 27). Despite induction of the MnSOD
mRNA (Fig. 3C), the protein level and activity of MnSOD
decreased after LPS administration (Fig. 4), whereas Cu,Zn-
SOD activity remained unchanged (Supplementary Fig. S3).
Although Mito-TEMPO or uric acid prevented the LPS-
mediated MnSOD decrease in WT mice (Fig. 4), MnSOD
overexpression, albeit preventing many other effects of LPS

(Figs. 5-7,10, and 11), did not prevent the decrease in MnSOD
protein after LPS administration (Fig. 4). Although further
studies are required, these discrepancies could be consistent
with mechanism-based enzyme destruction. The reduced
MnSOD activity after LPS administration may further in-
crease the intramitochondrial concentration of superoxide
and its reaction with NO to form peroxynitrite (Fig. 13). Thus,
several mechanisms may be involved in oxidative stress after
LPS administration, including TNF-o, IFN-y, and iNOS in-
duction; respiratory chain impairment; and decreased
MnSOD activity (Fig. 13). These redundant mechanisms could
explain why preventing TNF-o secretion with pentoxifylline
did not suffice to protect against LPS-induced mtDNA dam-
age (Fig. 7).

In addition to TNF-o and IFN-y, type I IFNs also increase
after LPS administration (Fig. 9). In vitro, exposure of HUH7
cells to IFN-f for 2 h depleted COX2 mRNA (a mitochondrial
transcript) without increasing ROS formation and without
depleting mtDNA at this early time (Supplementary Fig. S6).
The IFNs have been shown to suppress mtDNA gene tran-
scription by activating RNase L, which may degrade the
nDNA-encoded Tfam mRNA in the cytosol (Fig. 13) (23). In
the present study, LPS decreased both Tfam mRNA and Tfam
protein (Fig. 8), which could contribute, together with the
mtDNA damage and mtDNA depletion caused by ROS/RNS,
to a decreased synthesis rate of mitochondrial transcripts
(Fig. 13). The RNase L is also expressed in mitochondria,
where it degrades mtDNA-encoded mRNAs in a translation-
dependent process, which is blocked by chloramphenicol, a
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mitochondrial translation inhibitor (23). In the present study,
chloramphenicol attenuated the LPS-induced decrease in ND1
and COX2 mRNAs 24h after LPS administration, at a time
when IFN-f was markedly induced (Fig. 9). These observa-
tions suggest that the translation-dependent degradation of
mitochondrial transcripts by type I IFN-activated RNase L
may contribute, at least in part, to the decrease in mitochon-
drial transcripts 24 h after LPS administration (Fig. 13).
Although the decrease in mitochondrial transcripts is un-
likely to significantly contribute to early mitochondrial dys-
function as previously discussed, it could have a role in
sustaining prolonged mitochondrial dysfunction as long as
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48h after LPS administration (Fig. 2). Although longer time
periods were not investigated in the present study, previous
studies have shown that increased PGC-1, NRF-1 and Tfam
expression then drive increased mitochondrial biogenesis and
mitochondrial function recovery 2—4 days after LPS admin-
istration (40—42).

Although only the liver was investigated in the present
study, mitochondria in other organs could be affected as well.
Indeed, mtDNA was depleted in the heart of LPS-treated
animals (40), and in the liver, heart, skeletal muscle, and brain
of ethanol-treated mice (30).

The present study mostly employed a dose of LPS (5mg/
kg) that was high enough to cause severe mitochondrial
dysfunction but low enough not to kill the animals or cause
severe liver lesions. A similar dissociation between severe
dysfunction and relatively preserved histology can occur in
septic patients. Severe multiorgan failure often contrasts with
mild tissue lesions. Presumably, low ATP levels in high en-
ergy-consuming organs remain sufficient to perform house-
keeping tasks and save the cells, although they are insufficient
to ensure extraneous tasks such as maintaining efficient heart
contractions, hepatic bile excretion, renal fluid secretion, or
a normal level of consciousness. Our finding that severe
LPS-induced mtDNA depletion, ATP depletion, protein ni-
trotyrosine formation, and ALT elevation is preventable in
mice (Table 2 and Figs. 5, 6, and 10) and that LPS-induced
mortality after a higher dose (25 mg/kg) can be delayed (Fig.
11) could raise hope that the dire prognosis of severe sepsis
could perhaps be therapeutically improved in humans.
However, further experimental studies are needed, both in the
aseptic model used in the present study and in models based
on living germs, such as the cecal ligation and puncture
model, which also causes mitochondrial dysfunction (49).

Materials and Methods
Materials and chemicals

The MitoSOX Red reagent was from Invitrogen (Cergy
Pontoise, France). The DHR123 and H,DCF-DA were from
Molecular Probes (Eugene, OR). The Mito-TEMPO was from
Enzo Life Sciences (Villeurbanne, France). The mouse

<
FIG. 6. MnSOD overexpression protected against LPS-
induced mtDNA depletion and complex I impairment. The
WT or MnSOD™ ** mice killed 6 or 24 h after the adminis-
tration of water served as pooled zero-time controls (0 h) for
WT or MnSOD* " * mice sacrificed 6 or 24 h after LPS (5mg/
kg) administration. (A) Total hepatic DNA (300ng) was
blotted onto a nylon membrane, hybridized with a 10.9-kb
mtDNA probe, stripped, and rehybridized with a mouse C,t-
1 nDNA probe. (B) For each mouse, blot intensities were
determined by densitometry analysis, and the mtDNA/
nDNA hybridization ratio was calculated and expressed as
the percentage of the mean value for untreated mice. Data
are expressed as mean+SEM for 8-10 mice. (C) Complex I
activity was assayed by following the oxidation of NADH in
the presence of decylubiquinone and antimycin A. Results
are expressed as mean*SEM in six mice. *Different from
untreated WT mice (0h), p<0.05. *Different from WT mice
studied at the same treatment time (6 or 24 h) (p <0.05, two-
way ANOVA).
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monoclonal antibody against iNOS was obtained from BD
Transduction Laboratories (Le Pont de Claix, France). The
mouse monoclonal antibody against COX2, the goat poly-
clonal antibody against Tfam, and the rabbit polyclonal an-
tibodies against MnSOD and PGC-1 were all purchased from
Tebu-Bio (Le Perray en Yvelines, France). The goat polyclonal
antibody against C-terminal domains of TLR4 was from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA). The IFN-f was
from PBL InterferonSource (Piscataway, NJ). The caspase-3
activity kit was purchased from Biomol (Plymouth Meeting,
PA). Hybond-N" membranes, Hybond-C-extra membranes,
and a-dCTP P?* were purchased from GE Healthcare (Orsay,
France). The Expand Long Template PCR System was from
Roche Applied Science (Mannheim, Germany). The LPS se-

rotype 011:B4 and all other products were purchased from
Sigma (St. Louis, MO).

Animals and treatments

The WT C57BL/6] mice from Janvier (Le Genest Saint Isle,
France) were bred with transgenic mice overexpressing
MnSOD (MnSOD* * *) as previously described (19). WT and
MnSOD™* * * mice were backcrossed into an inbred strain for at
least 13 generations. Animals were fed a standard diet ad libitum
(A04-10 biscuits; UAR, Villemoisson-sur-Orge, France). Ani-
mals received humane care, and all experiments were per-
formed according to national guidelines for the use of animals in
biomedical research. At 2 months of age (weight 28-32¢),
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FIG. 8. Effects of LPS administration on mitochondrial
transcription factor A (Tfam) and peroxisome proliferator-
activated receptor gamma coactivator 1 (PGC-1) expression.
The WT mice killed 6, 24, or 48 h after the administration of
water served as pooled zero-time controls (0h) for mice
sacrificed 6, 24, or 48h after LPS administration (5mg/kg).
(A) Hepatic RNA was reverse-transcribed, and ¢cDNA un-
derwent qRT-PCR with primers for Tfam and ribosomal
protein S6 (S6). The relative to control Tfam mRNA expres-
sion was normalized to S6 mRNA. Results are expressed as
mean+*SEM in 10 mice. (B) Hepatic proteins underwent
SDS-PAGE and transfer to nitrocellulose membranes that
were revealed with anti-Tfam or anti-f-actin antibodies. The
Tfam protein/f-actin protein intensity ratio (mean+SEM)
was quantified in 10 mice. (C) Hepatic proteins underwent
SDS-PAGE and transfer to nitrocellulose membranes that
were revealed with anti-PGC-1 or anti-f-actin antibodies.
The PGC-1 protein/f-actin protein intensity ratio (mean#
SEM) was quantified in 10 mice. *Different from untreated
mice (0h) (p<0.05, one-way ANOVA).
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MnSOD™* * * mice and/or their WT littermates were intraperi-
toneally (i.p.) injected either with water alone or with a homo-
geneously hazy solution of LPS (5mg/kg body weight)
dissolved in water. Animals were killed by cervical dislocation
at 2, 6,24, or 48 h after LPS or water administration. Some WT
mice received a single dose of chloramphenicol (1 g/kg body
weight, i.p.), a mitochondrial translation specific inhibitor (23),
30 min before LPS administration and were killed at 6 or 24h
after LPS injection. Other WT mice were treated i.p. with Mito-
TEMPO (50mg/kg body weight), a mitochondrial targeted
superoxide scavenger (15), or with L-NAME (80 mg/kg body
weight), a broad spectrum NOS inhibitor (34), N-[3-
(aminomethyl)benzyl]acetamidine (1400W) (10mg/kg body
weight), a selective iNOS inhibitor (34), pentoxifylline (100 mg/
kg body weight), which prevents TNF-o secretion (21), apoc-
ynin (20mg/kg body weight), a NOX inhibitor (28), or the
peroxynitrite scavenger (12), uricacid (500 mg/kgbody weight;
administered as a suspension in 0.8% saline). These ROS scav-
engers and enzyme inhibitors were administered 30 min before
LPS administration in mice killed at 2 or 6 h after LPS, and both
30 min before and 8 h after LPS administration, in mice killed at
24 h, to prolong their biological effects.

miDNA levels and mtDNA integrity

Slot-blot hybridization was used to look for mtDNA de-
pletion (32). Hepatic DNA was isolated by the phenol/
chloroform method, and 300ng were blotted onto Hybond-
N nylon membranes. Membranes were hybridized with a
10.9-kb mtDNA probe (nucleotides 4964-15,896) generated
by long PCR and labeled by random priming. Membranes
were then stripped and hybridized with a mouse C,t-1 nDNA
probe (Invitrogen). The mtDNA and nDNA were assessed by
densitometry analysis of autoradiographs. We also used qRT-
PCR with primers specific for the COX2 gene to assess
mtDNA levels with a second and independent method. Long
PCR experiments were performed to detect mtDNA lesions
hampering polymerase progress and altering replication (32).
This long PCR technique is based on the amplification of a
long (8636-bp) and a short (316-bp) mtDNA fragment. For-
ward primer A (5-CGACAGCTAAGACCCAAACTGGG-3’;
nucleotides 470-492) and backward primer B (5-CCCATTT
CTTCCCATTTCATTGGC-3’; nucleotides 785-762) amplified
a 316-bp mtDNA fragment, whereas forward primer C (5-
TACTAGTCCGCGAGCCTTCAAAGC-3’; nucleotides 4964—
4987) and backward primer D (5-GGGTGATCTTTGTTTGC
GGGT-3’; nucleotides 13,599-13,579) amplified an 8636-bp
mtDNA fragment. The PCRs were performed with the Ex-
pand Long PCR system according to the manufacturer’s in-
structions using 40 pmol of primers. The thermocycler profile
included initial denaturation at 94°C for 2 min, 26 cycles of
95°C for 455, 61°C for 10s and 68°C for 8 min, and final ex-
tension at 68°C for 7min. The PCR products (20 ul) were
separated on 1.6% agarose gels stained with ethidium bro-
mide. Photographs were taken under ultraviolet transillumi-
nation, and scanned to determine the respective intensities of
the 316- and 8636-bp PCR products.

Mitochondrial complex | activity and liver ATP contents

Hepatic mitochondria were isolated as previously described
(11), and submitochondrial particles were prepared by two cy-
cles of freezing/thawing. Complex I was assayed by following
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FIG. 9. Effects of LPS and/or chloramphenicol (CHL) on plasma interferon-f (IFN-f), mtDNA levels, and the mito-
chondrial mRNAs of subunit 2 of cytochrome ¢ oxidase (COX2) and subunit 1 of NADH dehydrogenase (ND1). The WT
mice killed 6 and 24 h after the administration of water served as pooled zero-time controls (0 h) for mice sacrificed 6 or 24
after LPS (5 mg/kg) administration. Some mice received an injection of CHL (1 g/kg body weight, i.p.) 30 min before LPS.
Plasma IFN-f concentration (A) was determined by enzyme-linked immunosorbent assay. The mtDNA /nDNA hybridiza-
tion ratio (B) was assessed by slot-blot hybridization. The mtDNA-encoded COX2 mRNA (C), the mtDNA-encoded ND1
mRNA (D), and the nDNA-encoded 285 rRNA (C, D) were assessed by Northern blot, and their mean intensity ratio was
determined. Values are expressed as mean+SEM for 5-12 mice. *Different from untreated mice (0h) (p<0.05, one-way
ANOVA). *Different from mice treated with LPS alone and studied at the same treatment time ( p<0.05, one-way ANOVA).

the oxidation of NADH in the presence of decylubiquinone and
antimycin A (36). To measure hepatic ATP, the liver was quickly
excised and immediately ground in liquid nitrogen. The liver
powder was transferred into 500 ul of ice-cold 1 M perchloric
acid. After centrifugation at 4°C, 400-ul aliquots were neutral-
ized with 5 M K,CO; and centrifuged again at 4°C. The pellet
was resuspended in phosphate-buffered saline (PBS) containing
0.2N NaOH and used to determine protein content; the super-
natant was used to measure ATP with a luciferine-luciferase
assay kit following the manufacturer’s recommendations (Roche
Diagnostics, Mannheim, Germany).

Hepatic aconitase activity, mitochondrial ROS
formation, and NOX activity

To assess hepatic aconitase activity, frozen liver fragments
(20mg) were homogenized in 500 ul of buffer containing
50 mM Tris HCI, pH 7.4, 0.2 mM sodium citrate, and 0.05 mM
MgCl,. Homogenates were centrifuged at 800 g at 4°C for

10min, and supernatants were sonicated for 20s. Proteins
(200 pug) were incubated at 37°C for 5 min with 1 mM sodium
citrate, 1 mM NADP ", and 2 U isocitrate dehydrogenase. The
formation of NADPH was measured from its absorption at
340 nm (36). To assess ROS formation, a liver homogenate and
liver mitochondria were prepared after water or LPS admin-
istration, and incubated with 10 mM succinate or 5 mM each
of malate and glutamate in the presence of either the MitoSOX
Red reagent (Invitrogen), a mitochondria-targeted superoxide
indicator, or H,DCF-DA, which forms the green fluorescent
2’,7’-dichlorofluorescein (DCF) in the presence of hydrogen
peroxide and other peroxides (19), or DHR123, a mitochon-
drial avid cationic dye oxidized by peroxynitrite and other
ROS to rhodamine 123. Mitochondrial TBARs were measured
as described (32). The NOX activity was evaluated by mea-
suring the superoxide dismutase-inhibitable reduction of cy-
tochrome c (0.5 mM) by a hepatic homogenate (1 mg protein/
ml) incubated at room temperature for 30 min with NADPH
(0.1 mM), with or without superoxide dismutase (200 U/ml).
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FIG. 10. Protective effects of MnSOD overexpression,
Mito-TEMPO, UA, and 1400W against LPS-mediated
changes in liver ATP at 24h (B) and plasma alanine ami-
notransferase (ALT) at 48h (A). The LPS (5mg/kg) was
administered to WT or MnSOD™ ** mice. Some WT mice
were treated with Mito-TEMPO (50mg/kg), UA (500 mg/
kg) or 1400W (10 mg/kg) 30min before and 8h after LPS
administration. *Different from untreated mice (0h), p<0.05.
"Different from WT mice treated with LPS alone and studied
at the same treatment time (6, 24, or 48h) (p<0.05, two-way
ANOVA).

Plasma concentrations of nitrite/nitrate, TNF-x, IFN-,
IL-18, HMGBT1 and iron, and liver iron content

Blood was collected from the retro-orbitary sinus. Plasma
nitrite/nitrate concentrations were determined with the
Griess reaction (18). Plasma TNF-« and IL-1 were measured
according to the manufacturer’s instructions using a mouse
TNF-oo and IL-1f enzyme-linked immunosorbent assay
(ELISA) kits from Invitrogen. The IFN-f was measured with
a mouse IFN-f ELISA Kit from Santa Cruz Biotechnology.
The HMGB1 was determined by ELISA using an HMGB1
antibody (ab 18256) from Abcam (San Francisco, CA). To
measure liver iron, tissue underwent acid digestion as
described (43), and iron content was measured on an
Olympus AU400 automat using the OSR6186 kit (Olympus
Diagnostic, Rungis, France). Plasma iron was assessed with
the same method.

RNA isolation and qRT-PCR analysis of iNOS,
MnSOD, Tfam, and COX2 mRNA expression

The RNA was purified from livers using the TRIzol® re-
agent (Invitrogen). Reverse transcription was performed
with 2 ug of total RNA in a reaction buffer containing 20 mM
Tris-HCI (pH 8.3), 375 mM KCl, 15 mM MgCl2, 10 mM di-
thiothreitol, 0.5 mM of each deoxynucleoside triphosphate,
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FIG. 11. MnSOD overexpression delayed death after ad-
ministration of a high dose of LPS in mice. The WT mice
and MnSOD™* ™ " mice received LPS (5 or 25 mg/kg), and the
survival rate of 25 mice per group was monitored daily for 6
days. The Kaplan-Meyer method was used to compare dif-
ferences in mortality rates between groups. (A) LPS (5 mg/kg)
and (B) LPS (25 mg/kg).

250ng of random primers, 2U RNase inhibitor, and 10U
Moloney murine leukemia virus reverse transcriptase. The
reaction was carried out at 37°C for 50 min, and the mixture
was heated at 70°C for 15 min. The qRT-PCR was performed on
an 5-ul aliquot of the reverse transcription reaction with
0.25 uM of each primer (Table 3) and 10 ul of Master SYBR
Green Mix (Sigma) on a Chromo IV light cycler apparatus (Bio-
Rad, Marne-La-Coquette, France). The PCR conditions were
one cycle at 94°C for 3 min followed by 40 cycles at 94°C for 30's
and 60°C for 1 min. Amplification of transcripts was confirmed
by a melting curve generated at the end of each run. The PCR
specificity was further ascertained by checking the size of the
PCR products on agarose gels. Controls (no DNA template)
were run to ensure that there was no amplification of con-
taminating DNA. Expression of the mouse ribosomal protein
S6 (S6) was used as the reference gene. The 27 AC method was
used to express relative Tfam, iNOS, MnSOD, and COX2 ex-
pression normalized to S6.

Hepatic MnSOD and Cu,ZnSOD activities

Native gel assays were used to assess MnSOD and
Cu,ZnSOD activities (19). Total hepatic proteins (100 ug) were
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resuspended in 40% glycerol and 0.025% bromophenol blue,
and loaded on a nondenaturing 15% polyacrylamide gel.
Migration was performed at 4°C for 12h at 120V, and su-
peroxide dismutase activity was assessed within the gel, as
described (19).

Northern blot hybridization assay
for COX2 and ND1 mRNAs

Ten-microgram aliquots of RNA were denatured for 10 min
at 65°C in 61.5% deionized formamide, 19.6% formaldehyde,
and 5% glycerol “Northern buffer” (10 x stock: 0.5 M boric acid,
50mM sodium borate, 100mM sodium sulfate, and 10 mM
EDTA, pH 8.0). Samples were rapidly cooled and subjected to
electrophoresis in 1% agarose-formaldehyde. The RNA was
blotted onto Hybond-N" nylon filters. Filters were hybridized
overnight at 65°C in a solution containing the radiolabeled
probe and single-stranded salmon sperm DNA. The probe for
mitochondrial COX2 mRNA extended from nucleotide 5454 to
nucleotide 7720 of the mouse mtDNA; that for NDI, ranged
from nucleotide 3102 to nucleotide 3803. After hybridization,
filters were first washed twice for 30 min at room temperature
in 1% sodium dodecyl sulfate (SDS), 0.25 M phosphate buffer,
and then thrice for 30 min at 65°C in 0.1% SDS, 0.40 M phos-
phate buffer. Signals were detected with an Instant Imager.

Western blot analysis of Tfam, PGC-1,
iNOS, MnSOD, and COX2

To assess protein expression, equal amounts of total liver
proteins (50 ug) were separated by SDS-polyacrylamide gel
electrophoresis, and transferred onto nitrocellulose mem-
branes. Membranes were blocked and incubated overnight at
4°C with an antibody against MnSOD, iNOS, Tfam, PGC-1, or
COX2. After three washings with PBS, membranes were in-
cubated for 1h at room temperature with an appropriate
horseradish peroxidase-conjugated secondary antibody
(1:10,000 dilution) in PBS containing 0.05% Tween 20. Blots
were stained with the enhanced chemiluminescence method,

>
FIG. 12. Effect of LPS on Toll-like receptor 4 (TLR4)
protein expression, mitochondrial superoxide production,
and mtDNA content in HepG2 cells. The HepG2 cells
(4x10° cells/ml) were incubated for 6 or 24 h with or with-
out LPS (5 uM) in Dulbecco’s modified Eagle’s medium. (A)
Total proteins underwent SDS-PAGE and transfer to nitro-
cellulose membranes that were revealed with anti-TLR4 or
anti-f-actin antibodies. The TLR4 protein/ f-actin protein in-
tensity ratio (mean+SEM) was quantified (n=3 determina-
tions). (B) The HepG2 cells were plated in 96-well plates and
incubated with or without LPS (5uM) and Mito-TEMPO
(10 ug/ml). Six or 24 h later, MitoSOX Red (5 uM) was added to
the cells and incubated for an additional 10 min at 37°C. The
MitSOX Red fluorescence was then recorded at Extinction/
Emission 510/520nm. (C) Total DNA (300ng) was extracted
and blotted onto a nylon membrane. The DNA was hybridized
with a human mtDNA probe, stripped, and rehybridized with
a human C,t-1 nDNA probe. For each cell culture dish, blot
intensities were determined by densitometry analysis, and the
mtDNA/nDNA hybridization ratio was calculated and ex-
pressed as the percentage of the mean value for untreated cells
(Oh). Values represent means+SEM for six determinations.
*Different from untreated cells (0h), p<0.05. *Different from
cells treated with LPS alone and studied at 24 h, p<0.05.

CHOUMAR ET AL.

and exposed to an X-ray film. Blots were stripped and ex-
posed to an anti-f-actin antibody. Protein bands were quan-
tified by densitometry.

Liver morphology, ALT activity, caspase-3 activity,
and assay for nDNA fragmentation

A liver fragment for light microscopy was fixed with 10%
formalin in PBS, dehydrated in an alcoholic series, placed in
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FIG. 13. Suggested mecha-
nisms for LPS-induced mi-
tochondrial dysfunction.
The LPS/TLR4 interaction on 1

e
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ing to mtDNA degradation
by mitochondrial endonucle-
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centration and peroxynitrite
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'i 4 Respiratory Complex activity |
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| 1 Liver ATP |

formation), and complex I proteins (thus decreasing complex I activity, which should partially block the flow of electrons,
and increase their reaction with oxygen to form superoxide). Concomitantly, IFN-o/f activates RNase L, which degrades
both Tfam mRNA and mitochondrial transcripts. Albeit not responsible for early effects (6 h), the decreased transcripts could
help sustain mitochondrial dysfunction 48h after LPS administration. The suggested site of action of the protective com-
pounds Mito-TEMPO, MnSOD, UA, 1400W, nitro-L-arginine methyl ester (L-NAME), and CHL are shown.

toluene baths, and embedded in paraffin. Sections (3-um
thick) were prepared for hematoxylin and eosin staining. The
ALT activity was measured with the Enzyline ALAT/GPT kit
(Biomérieux, Marcy 'Etoile, France). For the caspase-3 activ-
ity assay, livers were minced and homogenized in 1mM
EDTA, 50 mM Hepes, 0.1% 3-[(3-cholamidopropyl)dimethy-
lammonio)-1-propane-sulfonate, 5mM dithiothreitol, 4 mg/
ml leupeptin, and 4 mg/ml pepstatin, pH 7.4. After centrifu-
gation at 14,000 g, caspase-3 activity was measured in the

TABLE 3. MoUSE GENE-SPECIFIC OLIGONUCLEOTIDE
SEQUENCES USED IN QUANTITATIVE REAL-TIME
PoLYMERASE CHAIN REACTION

Gene
product Primer sequences
Tfam FW: 5-GGCCAAGGGAGATGTTACAA-3’
RV: 5-GCTTGATAGCCTCCAGCAAC-3’
iNOS FW: 5-GGGCAAACATCACATTCAGATCCCG-3
RV: 5-ATATTGCTGTGGCTCCCATGTT-3
MnSOD  FW: 5-TTAACGCGCAGATCATGCA-3’

RV: 5-GGTGGCGTTGAGATTGTTCA-3’
S6 FW: 5-TGTCCGCCAGTATGTTGTCAGGAAG-3'
RV: 5-TGCTTTGGTCCTGGGCTTCTTACC-3
FW: 5-GATAACCGAGTCGTTCTGCCA-3’
RV: 5-CCCTGGTCGGTTTGATGTTAC-3’

COX2

Tfam, mitochondrial transcription factor A; iNOS, inducible nitric
oxide synthase; MnSOD, manganese superoxide dismutase; S6,
mouse ribosomal protein S6; COX2, subunit 2 of cytochrome c
oxidase; FV, forward; RV, reverse.

supernatant with a fluorescent assay kit (Biomol) (19). We
looked for nDNA fragmentation using the sensitive C,t-1
hybridization technique (32). Briefly, hepatic DNA was sep-
arated on 2% agarose gels and transferred to a nylon mem-
brane (Hybond-N*). Membranes were hybridized with
mouse C,t-1 nDNA probe labeled by random priming (32).

Culture of human hepatic cell lines

The human hepatoma HepG2 and HuH7 cell lines were
purchased from ATCC (Rockville, MD) and Japan Health Re-
search Resources Bank (Osaka, Japan), respectively. Cells were
cultured at 37°C ina 5% CO,/95% air atmosphere in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf
serum, streptomycin (0.1 mg/ml) and penicillin (100 U/ml).

Statistical analysis

Since the different parameters investigated were similar in
mice sacrificed either 2, 6, 24, or 48 h after water administra-
tion, these mice were pooled into a single group and served as
zero-time controls (designed as “0h”) for mice sacrificed 2, 6,
24, or 48 h after LPS administration. We used one-way anal-
ysis of variance (ANOVA) tests followed by Fisher’s protected
least significant difference (PLSD) tests to assess the effects of
the LPS treatment.

In some experiments, where we used both WT mice and
MnSOD™ ** transgenic mice, we applied two-way ANOVA
to assess the mitochondrial effects of the MnSOD genotype,
the LPS treatment, and their interactions. The means of di-
verse groups were then compared with Fisher’s PLSD post hoc
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tests. Values were expressed as means +standard error of the
mean, and the significance level was set at p<0.05. The Ka-
plan-Meyer log-rank method were used to compare the dif-
ferences in survival rates between groups. The chi-square test
(%) or the chi-square test corrected for continuity (x°%) was
used to assess differences between frequencies of LPS-
induced liver histology lesions.
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Abbreviations Used

ALT = alanine amino transferase
ANOVA = analysis of variance
ATP =adenosine triphosphate
CHL = chloramphenicol
COX2 = subunit 2 of cytochrome ¢ oxidase
Cu,ZnSOD = copper-zinc superoxide dismutase
DCF = 2’,7’-dichlorofluorescein
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DHR123 = dihydrorhodamine 123
DMEM = Dulbecco’s modified Eagle’s medium
EDTA = ethylenediaminetetraacetic acid
ELISA = enzyme-linked immunosorbent assay
H,DCF-DA = 2’,7"-dichlorodihydrofluorescein diacetate
HMGBI = high-mobility group protein box-1
IFN-¢, -8 or -y = interferon-o, -f§, or -y
IL-1p = interleukin-1/
iNOS = inducible nitric oxide synthase
i.p. =intraperitoneally
L-NAME = nitro-L-arginine methyl ester
LPS =lipopolysaccharide
Mito-TEMPO = (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-
4-ylamino)-2-oxoethyl)triphenylpho-
sphonium chloride, monohydrate
MnSOD = manganese superoxide dismutase
MnSOD™ ** mice =MnSOD-overexpressing transgenic mice
mtDNA = mitochondrial DNA
NADH = reduced nicotinamide-adenine
dinucleotide
NADP* = oxidized nicotinamide-adenine
dinucleotide phosphate
NADPH = reduced nicotinamide-adenine
dinucleotide phosphate

ND1 =subunit 1 of NADH dehydrogenase
nDNA = nuclear DNA
NOS =nitric oxide synthase
NOX =NADPH oxidase
NRF-1 or NFR-2 =nuclear respiratory factor-1 or -2
OXPHOS = oxidative phosphorylation system
PAGE = polyacrylamide gel electrophoresis
PBS = phosphate-buffered saline
PGC-1 = peroxisome proliferator-activated
receptor gamma coactivator 1
PLSD = protected least significance difference
PTX = pentoxifylline
qRT-PCR = quantitative real-time polymerase
chain reaction
RNS = reactive nitrogen species
ROS =reactive oxygen species
56 = mouse ribosomal protein S6
SDS =sodium dodecyl sulfate
SEM = standard error of the mean
TBARs = thiobarbituric acid reactants
Tfam = mitochondrial transcription factor A
TLR4 = Toll-like receptor 4
TNF-o = tumor necrosis factor-alpha
WT =wild type
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