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Abstract

Sepsis-associated multiple organ failure is a major cause of mortality characterized by a massive increase of reactive oxygen and nitrogen
species (ROS/RNS) and mitochondrial dysfunction. Despite intensive research, determining events in the progression or reversal of
the disease are incompletely understood. Herein, we studied two prototype sepsis models: endotoxemia and cecal ligation and puncture
(CLP)—which showed very different lethality rates (2.5% and 67%, respectively)—, evaluated iNOS, ROS and respiratory chain activity,
and investigated mitochondrial biogenesis and dynamics, as possible processes involved in sepsis outcome. Endotoxemia and CLP showed
different iNOS, ROS/RNS, and complex activities time-courses. Moreover, these alterations reverted after 24-h endotoxemia but not after
CLP. Mitochondrial biogenesis was not elicited during the first 24 h in either model but instead, 50% mtDNA depletion was observed.
Mitochondrial fusion and fission were evaluated using real-time PCR of mitofusin-2 (Mfn2), dynamin-related protein-1 (Drpl), and using
electron microscopy. During endotoxemia, we observed a decrease of Mfn2-mRNA levels at 46 h, and an increase of mitochondrial
fragmentation at 6 h. These parameters reverted at 24 h. In contrast, CLP showed not only decreased Mfn2-mRNA levels at 12—-18 h but
also increased Drpl-mRNA levels at 4 h, and enhanced and sustained mitochondrial fragmentation. The in vivo pretreatment with mdivi-1
(Drpl inhibitor) significantly attenuated mitochondrial dysfunction and apoptosis in CLP. Therefore, abnormal fusion-to-fission balance,
probably evoked by ROS/RNS secondary to iNOS induction, contributes to the progression of sepsis. Pharmacological targeting of Drpl

may be a potential novel therapeutic tool for sepsis.

Keywords: nitric oxide, mitochondria, lipopolysaccharide, reactive oxygen species, iNOS

Introduction

Sepsis and multiple organ failure remain a leading cause of
mortality. The events triggered early in the onset of human
sepsis seem to be crucial in the prognosis of the disease.
Early diagnosis and interventions have been documented to
improve outcomes and decrease sepsis-related mortality
when implemented in the initial “golden hours” [1].

Preclinical models cannot fully replicate the complex-
ity of human sepsis [2,3]. The simplest animal model of
sepsis involves the exogenous administration of a toxin,
such as bacterial lipopolysaccharide (LPS) [4,5]. Other
sepsis models are based on the disruption of the intestinal
barrier by surgical procedures; among them, cecal ligation
and puncture (CLP) is the most frequently used model.
Endotoxin administration mimics blood bacterial contam-
ination or transient episodes of bacteriemia compared to
that of fecal peritonitis, which depicts sepsis after a more
complex and severe clinical picture that leads to multiple
organ failure [6].

During sepsis, the liver is the second organ affected
after the lungs, and plays a major function in host defense
[7], clearing circulating bacteria and bacterial products,

and producing acute-phase reactants. These include tumor
necrosis factor-oo (TNF-o) and interleukins (IL), which
call the pro-inflammatory network to action, including
inducible nitric oxide synthase (iNOS) [8,9].

Nitric oxide (NO) is an important element of host
defense, a central component of innate immunity, and an
effective antimicrobial agent [10]. Large amounts of NO
and peroxynitrite (ONOQO™), among other factors, are
implicated as mediators for the late phase of hypotension,
apoptosis, lactic acidosis, and multiple organ failure in
septic or endotoxic shock [8,9]. Mitochondrial dysfunc-
tion and the subsequent disruption in energy metabolism
are associated with multiple organ failure, and an increased
mortality in critically ill patients [11]. Oxidative/nitrosa-
tive stress occurs within the mitochondria during sepsis.
Persistent high levels of NO and other free radicals, result
in mitochondrial proteins (semi-) permanent modifica-
tions, particularly affecting complex I [12], leading to a
prolonged inhibition of mitochondrial respiration and,
subsequently, to the decline of ATP synthesis. Besides
proteins, other molecules such as phospholipids and
nucleic acids are vulnerable to oxidative/nitrosative stress.
Indeed, mitochondrial DNA is particularly susceptible,
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due to its naked structure and proximity to free radicals
production site undergoing degradation, which results in
incomplete synthesis of respiratory chain proteins and
exacerbation of reactive oxygen species (ROS) generation.
However, oxidative stress is not only associated with mito-
chondrial DNA depletion, but also with increased mtDNA
content, like in aging and exercise, which could be under-
stood as a regulatory mechanism that prevents cell energy
deprivation [13]. In this context, increased mitochondrial
biogenesis is part of the cellular response to oxidative
stress [14]. The mtDNA transcription and replication
are regulated by nuclear factors and co-activators such as
peroxisome proliferator-activated receptor gamma coacti-
vator 1-alpha (PGC-1a), nuclear respiratory factors (NRF)
1 and 2, and the mitochondrial transcription factor A
(Tfam) [15].

Oxidative stress also results in mitochondrial fragmen-
tation [16]. Mitochondrial fusion through mitofusins
(Mfn) 1 and 2, and optic atrophy 1 (OPA1) and fission
through dynamin-related protein 1 (Drpl), fission 1 (Fisl),
and mitochondrial fission factor work in concert to main-
tain the shape, size, and number of mitochondria and their
physiological function [17,18]. The balance of these
opposing events affects the inheritance of mtDNA, trans-
mission of energy, cellular differentiation, metabolite
maintenance, and calcium homeostasis [19]. The dynamic
process is thought to function as a rescue mechanism:
fusion allows dysfunctional/damaged mitochondria to
recover its functionality by coupling to healthy ones; fis-
sion induces fragmentation of the organelle and mitophagy
when damage is excessive, in order to rescue the cell
[16-19]. If this is not possible, apoptosis or necrosis signal
take over and execute cell death. In spite of its protective
role, excessive mitochondrial fission is associated with
neurodegeneration and other mitochondriopathies.
Recently, an inhibitor of Drpl, mitochondrial division
inhibitor (mdivi-1), which blocks the self-assembly of
Drpl, and protects against different pathological situations
as ischemic renal, brain, or myocardial damage in vivo,
has been described [20].

In this context, the aim of this study is to evaluate
mitochondrial biogenesis and dynamics in relation to
mitochondrial nitro-oxidative stress as possible processes
involved in sepsis outcome, performing endotoxemia and
CLP models as experimental approaches.

Methods
Chemicals

Griess assay kit was purchased from Cayman (Ann
Harbor, MI). The Oxyblot detection kit, ApopTag® Plus
In Situ Apoptosis Fluorescein detection kit and Fluorsave
were from Millipore (Billerica, MA). Proteinase K,
4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate
(DAF-FM diacetate), DMEM, Mitotracker green, Trizol,
Alexa Fluor conjugated anti-rabbit IgG and SYBR®
GreenER™ gPCRSuperMix, from Invitrogen (Carlsbad,

CA). Antibodies against iNOS (M19), Tom 40, VDAC,
cytochrome ¢ and B-actin were from Santa Cruz (Santa
Cruz, CA); against 3-nitrotyrosine (clone 1A6), from
Upstate-Millipore (Bedford, MA). Horseradish peroxi-
dase-conjugated secondary antibodies and ECL immuno-
chemical detection kit were obtained from GE Healthcare
(Piscataway, NJ, USA). The 3 H-L-arginine was from
Perkin Elmer (Waltham, MA) and M-MLV reverse
transcriptase from Promega (Madison, WI). LPS from
Escherichia coli, 0153, 2’,7’-dichlorodihydrofluorescein-
diacetate (DCFH-DA), 1400 W, L-NG—nitroarginine methyl
ester (L-NAME), mitochondrial division inhibitor
(mdvi-1), and other chemicals were purchased from
Sigma-Aldrich (St. Louis, MO).

Animals

Male Wistar rats (3 months old, 220-250 g) were pur-
chased from the School of Pharmacy and Biochemistry,
University of Buenos Aires, Argentina. Animal experi-
ments were performed in accordance with the Principles
of Laboratory Animal Care. The animal experiments
were approved by the local Scientific and Technology
Ethics Committee at the University of Buenos Aires. All
efforts were made to minimize animal suffering and to
reduce the number of animals used. For endotoxemic
model, Wistar rats were injected i.p. with 10 mg/kg body
weight of LPS from Escherichia coli, 0153, and sacrificed
at2, 4, 6, 12, and 24 h. Control animals were injected with
sterile pyrogen-free 0.9% sodium chloride. For the CLP
model, animals were fasted for 16 h before any surgical
procedure. Rats were anesthetized with ketamine and
xylazine (60 and 7.5 mg/kg body weight, respectively),
and subjected to cecal ligation-double puncture procedure
with a 21-gauge needle as described [6]. Sham group was
subjected to the same procedure avoiding CLP. After
surgery, 5 ml of 0.9% saline was injected subcutaneously
to prevent shock. Animals were sacrificed at 2, 4, 6, 12,
and 18 h after the procedure. Animals were randomly
assigned for each group and each experimental model.

Drug administration and experimental groups

Rats were randomly divided in four treatment groups:
sham + DMSO, sham + mdivi-1, CLP 18 h + DMSO,
and CLP 18 h + mdvi-1. Mdivi-1 was injected at 50 mg/kg
intraperitoneally (dissolved in DMSO) 1 h prior to sham
or CLP procedure and animals were sacrificed at 18 h
after surgery. Additionally, CLP and sham rats injected
with DMSO alone were included [20].

Biochemical parameters

Blood samples were collected using cardiac puncture.
Nitrite/nitrate concentrations (NOx) were determined
by Griess assay, oxidation and nitration of plasma proteins
by Oxyblot detection kit and immunoblotting against
3-nitrotyrosine, respectively, and chemical determinations
were done by standard methods.
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Isolation and Purification of Liver Mitochondria

Liver mitochondria were isolated from homogenized
tissue by differential centrifugation. When needed, further
purification was performed using Percoll gradient, as
described [21]; minimal contamination was found (2-3%)
by comparing activities of lactate dehydrogenase (cytoso-
lic marker) and succinate-cytochrome c¢ reductase
(mitochondrial marker). Mitochondrial pellets were stored
in the presence of antiproteases and antiphosphatases.
For mitochondrial treatment with 50 pg/ml proteinase K,
antiproteases were avoided.

Preparation of mitochondrial fractions

Fractionation of purified mitochondria was performed
using hypotonic disruption and differential centrifuga-
tion, as previously described [22]. Briefly, mitochondria
were broken by water treatment and centrifuged at
12,000 g at 4°C for 10 min; supernatant represents outer
membrane and intermembrane space (OM + IMS) and
pellet, mitoplasts (MP). Supernatant was centrifuged at
100,000 g for 30 min to precipitate OM. Mitoplasts
were further disrupted by sonication, and centrifuged at
8000 g to discard unbroken mitoplasts; supernatant was
centrifuged at 100 000 g for 30 min. Supernatant repre-
sents matrix fraction (M) and pellet, inner membrane
fraction (IM). Purity of the fractions was tested using
immunoblotting of proteins specifically localized in each
fraction: Tom40, cytochrome ¢, VDAC, and MnSOD for
OM, IMS, IM, and M, respectively.

Immunoblotting

Proteins were separated using electrophoresis on 7.5% (iNOS,
3-nitrotyrosine and carbonyl groups) or 10% (B-actin and
Tom40) SDS-polyacrylamide gel, as appropriated and trans-
ferred to a PVDF membrane (GE, Healthcare). Membranes
were incubated with antibodies anti-INOS (M19, 1:1000),
Tom 40 (1: 10000), and B-actin (1:3000), and, after several
washes, incubated with appropriate horseradish peroxidase-
conjugated secondary antibodies. Detection of immunoreac-
tive proteins was accomplished by chemiluminescence with
ECL. Quantification of bands was performed by digital image
analysis by Totallab analyzer software (Nonlinear Dynamics
Ltd, Biodynamics, Argentina). Equal loading was controlled
with the appropriate subcellular markers.

NOS activity in subcellular fractions

NOS activity was determined in mitochondrial and cyto-
solic fractions by conversion of [*H]-L-arginine to [*H]-L-
citrulline as previously described [21]. Inducible NOS
activity was calculated by the subtraction of the activity
measured in the presence of its specific inhibitor 1400 W.

Immunogold electron microscopy

Purified mitochondria were suspended in 4% paraformalde-
hyde and 0.5% glutaraldehyde, pH 7.4, for 2 h at 4°C,
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washed overnight with 0.32 M sucrose at 4°C, further dehy-
drated and embedded in Vestopal. Immunocytochemistry
was performed using a primary polyclonal antibody anti-C-
terminal iNOS at a dilution of 1:20 in phosphate-buffered
saline (PBS), pH 7.4, and a gold-coupled goat secondary
antibody. Grids were washed in PBS and counterstained
with 1% uranyl acetate. Nonspecific background was
blocked by incubation with 5% normal goat serum in PBS
at the beginning of the procedure. Positive (using cyto-
chrome c as primary antibody) and negative controls (in the
absence of a primary antibody) were included. Specimens
were observed in a Zeiss EM-109-T transmission electron
microscope (Zeiss, Oberkochen, Germany) at 80 kV.

Liver Cell Isolation and Detection of Intracellular oxidants

Hepatocytes were isolated using two-step collagenase
perfusion [23]. Intracellular oxidants were detected
using flow cytometry after incubating hepatocytes in
phenol red-free DMEM with 5 uM DCFH-DA for 30 min,
at 37°C with 5% CO,,.

Confocal microscopy

Hepatocytes were grown on glass coverslips, and fixed for
20 min with cold paraformaldehyde 2%. Following rehy-
dration with PBS, cells were permeabilized with 0.1%
Triton X-100 and blocked with 3% fetal bovine serum,
each for 30 min. Cells were incubated with antibodies
directed against Tom 40 and iNOS (1:100 dilution) over-
night at 4°C, washed with PBS, and exposed to goat Alexa
Fluor 488 conjugated anti-rabbit IgG for Tom 40 staining,
and goat Alexa Fluor 594-conjugated anti-mouse IgG for
iNOS (1:500 dilution) for 45 min. After extensive rinsing
with PBS, samples were incubated with diamidinophe-
nylindole (0.5 ng/ml), mounted with Fluorsave. Samples
were kept at 4°C prior to analysis. Detection was per-
formed using confocal microscopy Olympus FV300
(Olympus Ltd, Tokyo, Japan). For negative controls, an
identical procedure was followed, but primary antibodies
were omitted (data not shown).

Detection of mitochondrial nitric oxide

Mitochondria (I mg protein/ml) were incubated with
10 uM of DAF-FM, 0.5 uM of Mitotracker green, and
0.3 mM of L-arginine for 30 min, at 37°C in a humidified
incubator under an atmosphere equilibrated with 5% CO,.
Other mitochondrial fractions were preincubated with 3
mM NOS inhibitor L-NAME during 30 min before dye
incubation to determine unspecific fluorescence. Fluores-
cence was measured with a FACScalibur Flow-Cytometer
(Becton-Dickinson, Mountain View, CA) [24].

Mitochondrial electron transfer chain complex activities

Disrupted mitochondria were prepared by three cycles
of freezing/thawing. Nicotinamide adenine dinucleotide—
and succinate-cytochrome ¢ reductase activities
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(complexes I-III and II and III, respectively) were assayed
by cytochrome c¢ reduction at 550 nm with a Hitachi
U3000 spectrophotometer (Hitachi, Tokyo, Japan) at
30°C. Cytochrome oxidase activity (Complex IV) was
determined by monitoring cytochrome c¢ oxidation at
550 nm (g55,=21 mM~'.cm™!); the reaction rate was
measured as the pseudo—first-order reaction constant (k")
and expressed as k’/min. mg protein [25].

Genomic DNA preparation

Liver material was homogenized in lysis buffer (10 mM
Tris-HCl pH 8, 1 mM EDTA, and 0.1% SDS). After
adding proteinase K, lysates were incubated at 55°C for
3 h, vortexed vigorously and centrifuged (8000 g for
15 min); the resting supernatant was mixed with phenol/
chloroform/isoamyl alcohol (25:24:1), and centrifuged.
The supernatant was vigorously mixed with chloroform
and centrifuged (8000 g for 15 min); the resulting super-
natant was mixed with sodium acetate and isopropanol.
Tube was maintained at —20°C for 10 min and then cen-
trifuged. The DNA pellets were washed with 70% ethanol,
air dried, and dissolved in Tris-EDTA buffer. Genomic
DNA stock was subsequently diluted in DNAse-free water
to a final concentration of 40 ng/ul.

RNA isolation and Retrotranscription

Total RNA was extracted from liver with Trizol. The
cDNA was synthesized from 1 pg of total RNA with
15 mM of random hexamers and MMLV reverse tran-
scriptase according to manufacturer’s instructions.

Quantitative real-time PCR (RT-qPCR)

For RT-qPCR studies, cDNA samples were diluted 5-fold,
and, for mtDNA/nDNA gPCRs, 40 ng of total genomic
DNA were used. PCR amplification and analysis were
performed with ABI PRISM 7500 Sequence Detector
System (PE Applied Biosystems, Foster City, CA). The
SYBR® GreenER™ gPCR SuperMix UDG was used for
all reactions, following manufacturer instructions. The
mtDNA/nDNA ratio was calculated using mtDNA prim-
ers for the D-loop region and primers for a single-copy
nuclear gene (glyceraldehyde 3-phosphate dehydrogenase,
GAPDH) that is assumed to be present in two copies per
diploid genome. The primer sequences and sizes of the
amplified fragments are shown in Table I.

Electron microscopy

Liver samples were fixed in 4% paraformaldehyde, 2%
glutaraldehyde, and 5% sucrose in PBS, followed by 2-h
post-fixation in 1% osmium tetroxide, and then 1 h in
uranyl acetate in 50% ethanol. Samples were washed with
ethanol 50% and dehydrated with a graded series of etha-
nol, clarified with acetone and embedded in Vestopal.
Grids were prepared and stained with uranyl acetate and
lead citrate. Samples were observed at 100 kV with a Zeiss

Table I. Rat gene-specific oligonucleotide sequences used in
quantitative real-time polymerase chain reaction.

Gene product Primer sequences

Mfn2 FW: 5"-GCACCGCCATATAGAGGAAGG-3’
RV: 5-CGCACAGACACAGGAAGAAGG-3’
Drpl FW: 5-GACTTTGCTGATGCCTGTGG-3’

RV: 5-GTTGCCTGTTGTCGGTTCC-3’

PGC-1a FW: 5-CACAACCGCAGTCGCAAC-3’
RV: 5" TGGCTTTATGAGGAGGAGTCG-3’
NRF1 FW: 5~ AGTATGCTAAGTGCTGATGAAG-3’
RV: 5-AACCGTGTCTGCTGTCTC-3’
NRF2 FW: 5-GAGCAAGTGACGAGATGG-3’
RV: 5-AATGTTGAGTGTGGTGAGG-3’
Tfam FW: 5-CCTCGGTCAGCATATAAC-3’
RV: 5-CTTCATTTCATTGTCATAACG-3’
-actin FW: 5"-CACACCCGCCACCAGTTC-3’
RV: 5-CCCATACCCACCATCACACC-3’
D-loop FW: 5-TGGTAAAATTTCCCGACACA-3’
RV: 5-ATAAGGCCAGGACCAAACCT-3’
GAPDH FW: 5~ AGACAGCCGCATCTTCTTGT-3’

RV: 5 TGATGGCAACAATGTCCACT-3’

Mfn2, mitofusin 2; Drpl, dynamin-related protein 1; PGC-1a., peroxisome
proliferator-activated receptor-y-coactivator-1o;; NRF1, nuclear respiratory
factor 1; NRF2, nuclear respiratory factor 2; Tfam, mitochondrial
transcription factor A; GADPDH, glyceraldehyde 3-phosphate dehydrogenase;
FW, forward; RV, reverse.

EM-109-T transmission electron microscope (Zeiss,
Oberkochen, Germany).

Terminal deoxynucleotidyltransferase-mediated dUTP
nick-end labeling (TUNEL) assay

Liver samples were fixed in 10% paraformaldehyde and
embedded in paraffin, and then liver slices were taken and
processed according to Apop Tag Plus detection Kkit.

Statistical analysis

Data are mean = SEM. Survival rate was tested using
Log-rank test. Other parameters were tested using
One-way analysis of variance with post-hoc Dunnett’s or
Bonferroni test, and significance were accepted at P < 0.05.
The GraphPad Prism 5.0 (La Jolla, CA) program was used
for both statistical analysis and figure design.

Results
Survival rates in endotoxemia and CLP

Survival rates were very similar for both models until 12 h
after each procedure, but afterwards, mortality abruptly
increased in CLP (67.1% vs. 2.5% at 24 h) (Supplementary
Figure 1 available online at http://informahealthcare.com/
doi/abs/10.3109/10715762.2014.906592). In this context,
the observations stopped at 24 h, and we studied the time
course of CLP up to 18 h after surgery.

We also tested biochemical parameters in order to eval-
uate hepatic, renal, and muscle damage (Supplementary
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Table I available online at http://informahealthcare.
com/doi/abs/10.3109/10715762.2014.906592). Hepatic
transaminases—alanine transaminase (ALT) and aspartate
transaminase (AST)—, wurea, lactate dehydrogenase
(LDH), and creatine kinase (CK) were significantly
increased by 2-3 fold after 6-12 h LPS, but returned to
control values at 24 h. In contrast, almost all parameters
were markedly increased after 12—-18 h CLP.

These data showed that biochemical alterations were
reverted after 24 h of LPS treatment, while CLP induced
a progressive and irreversible impairment leading to mul-
tiple organ failure and death.

INOS time course in liver mitochondria

During endotoxemia, iNOS expression and activity progres-
sively increased in cytosol since 2 h up to 6 h after LPS
inoculation, and then decreased (Figure 1A and B). iNOS
translocated into mitochondria reached its maximal expres-
sion at 6 h, which was maintained even after proteinase K
treatment, indicating the intramitochondrial localization of
the enzyme. Interestingly, mitochondrial import was not
dependent on the levels of iNOS cytosolic expression, since
at 4 h mitochondrial expression was very low while cytoso-
lic expression was almost maximal, suggesting a regulated
mechanism for iNOS import. Time course of iNOS expres-
sion and activity in CLP was different to LPS one, because
it progressively increased at 12-18 h, in both cytosol and
mitochondrial compartments and, in opposite to endotox-
emia, it did not return to control (sham) levels. No modula-
tion was observed in Ca-dependent mtNOS activity or
expression in either experimental model (data not shown).

Mitochondrial fractionation showed that iNOS was
mainly present at the outer mitochondrial membrane and
in the intermembrane space after proteinase K incubation
in 6-h LPS-treated rats (Figure 1C).

Mitochondrial expression of iNOS was also demon-
strated using immunogold electron microscopy (Figure 1D)
and confocal microscopy (Figure 2). Interestingly, in CLP,
perinuclear clustering of mitochondria was observed using
confocal microscopy.

Nitrative and oxidative stress time course

Mitochondrial NO levels were measured using flow
cytometry with DAF-FM dye in the presence or absence
of the NOS inhibitor, L-NAME. As shown in Figure 3. A,
maximal NO detection was at 4-6 h (6-fold respect to
control), and then decreased at 24 h in LPS, while it was
maximal at 12-18 h in CLP (3-fold respect to sham), in
parallel to iNOS expression.

Oxidants production was measured in isolated hepato-
cytes using flow cytometry with DCFH-DA at different
times after each treatment. The data showed a similar pat-
tern to mitochondrial NO production in both experimental
models (Figure 3B).

Protein carbonyls and nitration in liver mitochondria
were also maximal at 4-6 h after LPS treatment and 12 h
after CLP (Figure 3C and D).
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Plasma protein oxidation and nitration were also
evaluated (Supplementary Figure 2A available online at
http://informahealthcare.com/doi/abs/10.3109/10715762.
2014.906592), showing maximal band intensities at 12 h
in endotoxemia and CLP. NO metabolites nitrate and nitrite
(NOx) were significantly increased only at 6 h of LPS
treatment, but from 6 to 18 h after CLP (Supplementary
Figure 2B available online at http://informahealthcare.
com/doi/abs/10.3109/10715762.2014.906592).

ETC complex activities

As nitro-oxidative stress compromises mitochondrial
function and the respiratory chain, we evaluated the
activity of the electron transfer chain (ETC) complexes
(Figure 4). As expected, we observed impairment of
mitochondrial functionality that paralleled ROS/RNS
overproduction. In LPS, there was a significant inhibition
of the activities of complexes I-III (—65% at 4—-12 h)
and complex IV (—50% at 6-12 h); this effect reverted at
24 h (Figure 4A and C). Complexes II and III were not
affected (Figure 4B). In contrast, CLP resulted in a pro-
gressive decrease of the activity of all the assessed mito-
chondrial complexes (up to 50-60% inhibition), and no
reversion was observed. Alterations of systemic biochem-
ical parameters were also in accordance with this time
course (Supplementary Table I available online at http://
informahealthcare.com/doi/abs/10.3109/
10715762.2014.906592).

Liver mitochondrial biogenesis

As mitochondrial biogenesis is part of the cellular response
to oxidative stress, and it is addressed by some authors to
mediate mitochondrial recovery, we studied transcriptional
activation of nuclear-encoded activators by RT-qPCR and
mtDNA/nDNA levels (Figure 5). An mRNA analysis of
PGC-1a showed a 4-fold increase at 2 h after LPS admin-
istration and then a decrease to less than 50% at 4—12 h;
while after CLP there was about a 4-fold increase at 2—4 h
and then, a progressive decrease (Figure 5A). The mRNA
profile of the transcription factor NRF1 showed only a
significant increase (2-fold) at 6 h after LPS treatment
(Figure 5B), and NRF2 mRNA had nonsignificant modifi-
cations in either experimental model (Figure 5C). Tran-
scription factor, Tfam, was negatively modulated in both
models with a significant decrease at 624 h after LPS and
1218 h after CLP (about 50-60%) (Figure 5D). Because
mtDNA damage can impair mitochondrial gene transcrip-
tion, mtDNA content was evaluated using real-time PCR
(Figure 5E). As expected, mtDNA/nDNA ratio was dimin-
ished after either treatment (—50%). These data indicate
that mitochondrial biogenesis is not involved in mitochon-
drial and systemic recovery at 24 h after endotoxemia.

Liver mitochondrial dynamics

We then measured the transcriptional regulation of mito-
chondrial fusion and fission proteins Mfn2 and Drpl,

RIGHTS LI MKy



6 A.S. Gonzalez et al.

(A) LPS CLP
iNOS | e . e Sk | | —
Cytosol
B-actin | s ————— —
iNOS | - ‘ | - - -
Mitochondria
Tom40 | - —— - | “ . e e— —— ——
C 2 4 6 12 24 S 2 4 6 12 18
= 2.5 5 2 ® mit
2 * < . cyt
— 2 %*
2 g *
g e g
E N . s
= ‘® 0.5 *
2 5 :
3 8 o 7]
C 2 4 6 12 24 S 2 4 6 12 18
<t
3 hours after treatment hours after treatment
g
2 (B) 5 4 . 5 0
a 2> ; 70 * > 2 25
% S E 60 I S E 2
e B £ % g c
s © E 40 g g 18
4 » w30 W § 10
&) o2 2 o8
Zz Z8 0 Z%¢ °
= & 0 E o
—; C 2 4 6 12 24 S 2 4 6 12 18
3 % hours after treatment hours after treatment
2 (C)
FE iNOS‘—- p — - - -
ER4
ER
ugé iNOS C S Mp IM OM Mat IMS Cyt
S Mit
=
= .
3 (D) saline LPS 6 h sham CLP12h
% -
-7
2
3
&
3
i3

Figure 1. iNOS expression and activity in experimental sepsis. Rats were sacrificed at 2, 4, 6, 12, and 24 h after LPS administration
(10 mg/kg) and at 2, 4, 6, 12, and 18 h after CLP procedure. Control rats were treated with pyrogen-free saline solution and sham
rats were subjected to a midline laparotomy as CLP group but avoiding cecal ligation and puncture. (A) Representative immunoblot of
proteins separated using SDS-PAGE reveals the differential distribution of iNOS in cytosol and mitochondria of rat livers at different
times after treatment (n =15, for each experimental group). (B) Time course of iNOS activity in cytosol and mitochondria of rat
livers measured by 3H-L-citrulline formation (n =6, for each experimental group, per duplicate). (C) Submitochondrial distribution
of iNOS obtained from rat liver after 6 h of LPS treatment. Abbreviations: iNOS: positive control; C: control mitochondria; S:
mitochondria from LPS-treated animals; Mp: mitoplasts; IM: inner mitochondrial membrane; OM: outer mitochondrial membrane;
Mat: matrix; IMS: intermembrane space and Cyt: cytosol from LPS-treated animals (n=3). Values represent means = standard
error of the mean (SEM), *represents p<<0.05 respect to control or sham, one-way analysis of variance (ANOVA) and Dunnett’s
post-hoc test. (D) Representative immunogold electron microscopy of control and 6 h LPS (on the left), and sham and 12 h CLP rat
liver mitochondria (on the right) against polyclonal C-terminal iNOS antibody (primary magnification: 40,000X) from n =3 for each
experimental group.

respectively. Endotoxemia showed a significant decrease
of Mfn2 mRNA at 4-6 h (~70-80%), and no changes of
Drpl mRNA. On the other hand, CLP evolved with a
significant decrease of Mfn2 mRNA after 12 h (~60%),

and a significant increase of Drpl mRNA at 4 h (2-3
folds), (Figure 6A and B).

Electron microscopy of rat liver slices showed some mor-
phological changes in mitochondria that were quantified
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merge

Figure 2. Colocalization of iNOS with Tom40 in hepatocytes of septic rats. Rats were sacrificed after 6 h of LPS administration (10 mg/kg)
and at 18 h after CLP procedure. Hepatocytes were isolated using two-step collagenase perfusion and then grown on glass coverslips, and
fixed with paraformaldehyde 2%. Cells were incubated with antibodies directed against Tom40 and iNOS and then exposed to goat Alexa
Fluor 488 conjugated anti-rabbit IgG for Tom40 staining, and goat AlexaFluor 594-conjugated anti-mouse IgG for iNOS (n =3, per

duplicate).

per arbitrary area. Control and sham groups were charac-
terized by predominantly tubular-shaped mitochondria. At
6 h of LPS treatment, time point of maximal ROS damage,
tubular mitochondria decreased (—45%), and round-
shaped mitochondria increased (+46%). It occurred
simultaneously to the diminution of Mfn2 mRNA. At
24 h, when mitochondria functionality recovered, the dif-
ferential percentage of mitochondrial shapes returned to
that of control group (Figure 6C). On the other hand, at
12 h of CLP surgery, tubular mitochondria were decreased
(—65%) and round (fragmented) ones were increased
(+ 100%) (Figure 6D). In contrast to LPS treatment, after
CLP procedure, no reversion of this effect was observed.

Taking into account that mitochondrial fragmentation
could be related to apoptosis by the mitochondrial-
mediated pathway, we evaluated apoptosis by TUNEL assay
(Figure 7). We observed increased positive cells in endotox-
emia at 6 h, which reverted at 24 h, and in CLP at 12-18 h,

indicative of apoptosis, suggesting that increased mitochon-
drial fragmentation resulted in cell apoptosis in sepsis.

Effects of pharmacological inhibition of Drpl on CLP

In order to investigate the effect of the inhibition of mito-
chondrial fission on the progressive mitochondrial dys-
function observed in CLP, we pretreated rats with mdivi-1,
the selective Drpl GTPase activity inhibitor. Electron
microscopy of liver slices confirmed that intraperitoneally
injected mdivi-1 was able to prevent liver mitochondrial
fragmentation after 18-h CLP (Figure 8A). We then eval-
uated the effect of the Drpl inhibitor on mitochondrial
functionality and apoptosis. We observed that pretreat-
ment of the animals with mdivi-1 prevented the inhibition
of the activity of the ETC complexes (I-IIL, II and III, and
IV) (Figure 8B) and hepatocyte apoptosis (Figure 8C),
induced by CLP after 18 h of the procedure.
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Figure 3. Production of reactive oxygen and nitrogen species in experimental sepsis. (A) Representative flow cytometry histograms
of 1 mg/ml of isolated mitochondria incubated with 0.3 mM L-arginine, 10’M DAF-FM and 0.5'M MitoTracker (per duplicate) at
495 nm (excitation) and 515 nm (emission) in the presence or absence of NOS inhibitor (3 mM L-NAME) from n =3 for each group.
(B) Representative flow cytometry histograms of isolated hepatocytes incubated in phenol red-free DMEM with 5’M DCFH-DA,
obtained by duplicate, at 504 nm (excitation) and 529 nm (emission) from n = 3 for each experimental group. (C) Representative western
blot of protein carbonyls obtained from rat liver mitochondria at different times after LPS or CLP treatment from n =4 for each group.
(D) Representative western blot of nitrated proteins from the different groups; membranes were revealed with anti-3-nitrotyrosine
antibodies from n =4 for each group.
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Figure 4. Effects of LPS or CLP treatment on mitochondrial complex activities. Liver mitochondria were isolated, and subjected to three
cycles of freeze/thawing (A) Complexes I-III activity was measured following the reduction of cytochrome ¢ at 30°C in the presence of
NADH and KCN. (B) Complexes II and III activities, by following the reduction of cytochrome ¢ at 30°C in the presence of potassium
succinate. (C) Complex IV activity was assayed by the oxidation of cytochrome c. The reaction rate was measured as the pseudo—first-order
reaction constant (k') and expressed as k'/min. mg protein. Results are expressed as mean == SEM for 6-8 rats per duplicate, and *represents
p <0.05, one-way analysis of variance (ANOVA) and Dunnett’s post-hoc test.
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Figure 5. Effects of LPS administration and CLP procedure on mitochondrial biogenesis. (A, B, C, and D) The mRNA levels of PGC-1a,
NRF1, NRF2, and Tfam were measured in TRIZOL-treated liver extracts from all the studied groups, 3-actin mRNA was used as standard.
(E) Quantification of mtDNA and nuclear DNA by qPCR. mtDNA/nDNA ratio was calculated. Results were expressed as the mean = SEM,
n=35, per duplicate, and *represents p <0.05, one-way analysis of variance (ANOVA) and Dunnett’s post-hoc test.
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Figure 6. Effects of LPS administration and CLP procedure on mitochondrial dynamics. (A and B) The mRNA levels of the fusion protein
Mfn2 and the fission protein Drpl were measured in TRIZOL-treated liver extracts from all the studied groups using RT-qPCR. Results are
expressed as the mean = SEM, n=5 per duplicate. (C and D) Mitochondrial morphology was evaluated using electron microscopy of fixed
liver slices from control, sham, LPS 6 h and CLP 18 h groups (n =5 for each experimental group). (Magnification: 3000X). (E) Tubular,
fragmented, and intermediate mitochondria were counted per arbitrary area. The percentage distribution of tubular, fragmented, and
intermediate hepatocyte mitochondria was determined in a minimum of 8—10 random fields at 3000 X magnification to ensure a representative
area of analysis (n =35 for each experimental group). Mitochondria whose length were more than thrice its width were considered tubular;
round mitochondria were considered fragmented; while the remaining ones were named intermediate. The analysis was performed by two
different investigators in a blinded fashion. *represents p <0.05, one-way analysis of variance (ANOVA), and Dunnett’s post-hoc test.

Discussion

The objective of this research was to find out the early
events that could play a role in the progression of sepsis
and its reversal, for which we studied CLP as an experi-
mental model of progressive, and high-lethality sepsis
and endotoxemia, as a limited injury process. We focused
on mitochondrial functionality, mainly related to nitric
oxide and ROS overproduction; and on mitochondrial
biogenesis and dynamics as possible processes involved
in sepsis outcome. Our observations demonstrate that
mitochondrial fusion to fission imbalance is the event
determining differential progression of experimental sep-
sis. To the best of our knowledge, this is the first study
demonstrating that fusion to fission imbalance is linked
to a differential progression of sepsis.

The different outcome of sepsis is clearly expressed by
survival rates after 12 h of treatment, which show that
rats undergoing CLP are significantly more susceptible to

die than animals undergoing LPS (Supplementary Figure 1
available online at http://informahealthcare.com/doi/abs/
10.3109/10715762.2014.906592), in accord with a
marked and progressive alteration of hepatic, renal and
muscle biochemical profiles, representative of multiple
organ failure.

Inducible NOS is differentially expressed in each
experimental situation: while it appeared early in liver
cytosol of endotoxemic rats and progressively disappeared
after 6 h; in CLP, it almost maintained its maximal expres-
sion and activity from 6 to 18 h (Figure 1A and B). iNOS
was translocated into mitochondria in both models and
was mainly expressed in outer membrane and intermem-
brane space (Figure 1C). The presence of iNOS in mito-
chondria was previously observed by us and other groups
in diaphragm, liver, lung, and heart [26-28].

Mitochondrial NO levels paralleled iNOS time course
in both models (Figure 3) and its overproduction was fol-
lowed by increased plasma NOx levels (Supplementary
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(ANOVA) and Dunnett’s post-hoc test.

Figure 2 available online at http://informahealthcare.com/
doi/abs/10.3109/10715762.2014.906592), and increased
ROS and nitrogen species (RNS) generation both at mito-
chondrial and systemic levels.

Increased mitochondrial NO production was mostly
generated by inducible NOS, since mitochondrial Ca-
dependent NOS activity was unchanged after both
treatments (data not shown). Our data are in accord with
Loépez et al. [28], which showed in mice diaphragm
mitochondria that Ca-dependent activity exhibited no
variations at 24 h after CLP, and that the Ca-independent
activity was undetectable in the iNOS ™/~ mice. In contrast
to constitutive neuronal NOS, iNOS specific activity was not
modified by translocation into mitochondria, as was previ-
ously described by Jagnandan et al. by transfection of mito-
chondria-targeted iNOS constructs to COS-7 cells [29].

Excess ROS and NO production also compromises
mitochondrial structure and function through direct oxida-
tion of protein, lipids, and mtDNA, or by generation of
peroxynitrite [30]. We and others have previously shown
that complex I can be nitrated when mitochondrial NO
levels are increased, and that nitration is accompanied by
inhibition of its activity [31,32] via a reversible nitrosyla-
tion of thiol groups in the complex, or by irreversible
nitration [33-37]. On the other hand, substantial carbony-
lation of specific subunits of mitochondrial respiratory
complexes I, III, and V has been shown in chagasic murine

hearts infected by Trypanosoma cruzi, which presented
deficiencies in the activities of the respiratory chain com-
plexes and reduced mitochondrial ATP generation capac-
ity during the course of infection and disease development
[38]. We showed herein that alterations in mitochondrial
function (evaluated as ETC complex activities) followed
the same time course as mitochondrial NO and oxidants
production in both experimental models. Moreover, liver
mitochondrial dysfunction was parallel to protein nitration
and carbonylation, and increased ALT and AST transam-
inases, markers of hepatocyte injury (Supplementary
Table I available online at http://informahealthcare.com/
doi/abs/10.3109/10715762.2014.906592). Our results are
consistent with previous studies demonstrating liver and
skeletal muscle mitochondrial dysfunction during sepsis
[26,39—41].

In order to address the reason of the recovery of mito-
chondrial functionality observed after LPS treatment, we
evaluated mitochondrial biogenesis, because previous
studies have shown an involvement of this process in the
recovery of mitochondrial functions [30]. The protection
of mitochondrial integrity and quality is the task of cel-
lular programs that monitor and replace dysfunctional
mitochondria with new organelles [16,30,42]. This pro-
cess of mitochondrial quality control involves a bige-
nomic program of nuclear- and mitochondrial-encoded
gene regulation that rapidly adjusts mitochondrial mass,
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Figure 8. Effects of mdivi-1 on mitochondrial dysfunction and apoptosis. Rats were treated with 50 mg/kg mdivi-1 (dissolved in DMSO)
intraperitoneally 1 h prior to sham or CLP procedure and animals were sacrificed at 18 h after surgery (CLP + mdivi-1 and Sham +
mdivi-1). Controls of vehicle effect were included (CLP + DMSO and Sham + DMSO). Animals (3-4) were randomly assigned to each
experimental group. (A) Examination of mitochondrial fragmentation in liver tissue. Percentage of tubular, fragmented, and intermediate
mitochondria per arbitrary area was quantified as in Figure 6. (B) Mitochondrial complex activities measured in isolated liver mitochondria
from the four experimental groups in the same conditions described in Figure 4. (C) Apoptosis was evaluated by TUNEL assay by counting
positive cells in liver slices of each group, per duplicate. Results are expressed as mean = SEM for 3—4 rats and *represents p < 0.05 respect
to sham + DMSO, **represents p < 0.05 between CLP + DMSO vs. CLP + mdivi-1 compared using one-way analysis of variance (ANOVA)

and Bonferroni post-hoc tests, respectively.

distribution, and phenotype. The program requires the
transcription and replication of mitochondrial DNA,
mitochondrial protein synthesis, mitochondrial fusion
and fission, mitochondrial autophagy, and mitochondrial
proliferation, as well as reorganization of the cytoskele-
ton [42]. Unexpectedly, we found that rat liver mitochon-
drial biogenesis was not significantly elicited in either
experimental model during the first 24 h (Figure 5).
There were only slight modifications in PGC-1o. and
NRF1 transcription factors during early sepsis, mostly in
endotoxemia. Actually, Tfam and mtDNA/nDNA content
decreased after 6 h of either treatment. These results are
in accord with a recent study of Choumar et al. [15], who
found that mtDNA was severely damaged after 6-24 h,
and just recovered at 48 h after LPS administration, and
that liver mtDNA depletion was prevented by inhibiting
iNOS activity, scavenging peroxynitrite, or overexpress-
ing MnSOD. On the other hand, Crouser et al. found that
liver mitochondrial protein carbonylation was maximal
at 24 h after CLP and sustained for more than 48 h, dur-
ing which time mitochondrial mass was significantly
reduced [43]. Therefore, our results showed that mito-
chondrial biogenesis is not involved in the early recovery

of mitochondrial functions seen in endotoxemia, since it
was not elicited prior to reversion.

Recently, some studies have shown that interference of
either mitochondrial fusion or fission leads to a loss of
mtDNA replication [44]. Considering that Mfn2 expres-
sion and activity are regulated at transcriptional level, we
evaluated Mfn2 mRNA time course and found an 80%
decrease at 6 h after endotoxemia, which was partially
recovered afterwards; while minimal values were found at
12 h after CLP (Figure 6A). Drpl mRNA was only mod-
ified after CLP, 2-3 fold increase at 2—4 h that was par-
tially sustained at 18 h (Figure 6B). These data show that,
in sepsis, the balance between mitochondrial fusion and
fission is disrupted either by decreased Mfn2 gene tran-
scription and/or increased Drpl one. Mitochondrial mor-
phology observed using electron microscopy of liver
samples was differentially affected by LPS and CLP. While
in LPS-treated animals, fusion (evaluated by the number
of elongated mitochondria) was recovered at 24 h; in CLP,
mitochondria remained fragmented (evaluated by the
number of round mitochondria) at 18 h after treatment. In
this sense, we suggest that ROS/RNS overproduction is
responsible for this effect, sustained in previous reports
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showing that oxidative stress, triggered by NO and/or O,/
H,0,, increases mitochondrial fragmentation [45-47].

Aside from influencing mitochondrial morphology and
the degree of connectivity of mitochondrial networks,
mitochondrial fission and fusion proteins can contribute
to repair defective mitochondria, to oxidative phosphory-
lation efficiency, and intramitochondrial calcium signal
propagation [48,49]. Chen et al. showed that mitochon-
drial fusion impairment in skeletal muscle leads to
increased mtDNA point mutations and deletions, and a
severe defect in respiratory capacity [44]. In this context,
complex I is the most affected by DNA mutations since 7
mtDNA-encoded subunits are present in this complex, and
complex II is the less compromised because it is coded
exclusively by nuclear DNA. These data are in accord with
our findings since we observed a more severe decrease of
complex I activity than of complex II in both models,
which was only affected after 12—18 h of CLP.

The decline of respiratory capacity may lead to the
accumulation of mitochondria with low membrane poten-
tial and inactivation of the fusion protein OPA1, which is
less likely engaged in subsequent fusion events [50]. More-
over, disruption of mitochondrial fusion can result in mito-
chondrial dysfunction and loss of respiratory capacity,
constituting a vicious circle of mitochondrial functionality
impairment. During CLP, mitochondria underwent this
deleterious feedback mechanism, leading to permanent
harm of mitochondrial functionality and dynamics. On the
other hand, endotoxemia showed a recovery of both mito-
chondrial fusion and respiratory capacity, avoiding the
vicious circle depicted above. Whether this escape is
favored by the limited ROS/RNS generation, or there exists
a signal threshold needed to trigger the vicious circle that
is not elicited in endotoxemia is still unknown.

Mitochondrial fusion and intermixing of mitochondrial
content appear to be a major factor in the maintenance of
the bioenergetics state [S1], and the loss of this capacity
is linked to progressive mitochondrial damage.

Pathologic or experimentally induced imbalance of
fusion and fission can also be linked to apoptosis [52].
Morphological changes of mitochondria are closely asso-
ciated with apoptosis, and Drpl1 is essential for the normal
progression of apoptosis. We observed that, at maximal
NO levels, increased fragmentation was accompanied by
apoptosis both at 6 h after LPS and at 1218 h after CLP,
suggesting that fragmentation and mitophagy were not
able to rescue the cell from the execution of the program
cell death.

Recent evidence demonstrates that mdivi-1 inhibits
mitochondrial fission by blocking Drpl self-assembly
and GTP hydrolysis, attenuates apoptosis by inhibiting
mitochondrial outer membrane permeabilization, and
inhibits cytochrome c¢ release during apoptosis [20].
Herein, we observed that inhibition of mitochondrial
fission by mdivi-1 administration previous to CLP
procedure prevented the inhibition of mitochondrial
ETC complexes and hepatocyte apoptosis. These results
suggest that mdivi-1 treatment may be a potential thera-
peutic tool for sepsis.

Mitochondrial dynamics and sepsis 13
Conclusions

Endotoxemia and CLP have different time courses of nitric
oxide and oxidants production that are followed by dif-
ferential mitochondrial dysfunction and organ failure with
alteration of biochemical markers of tissue damage. It is
interesting to note that endotoxemia shows an early and
acute liver damage accompanied by cell apoptosis that
afterwards is reverted; while CLP procedure shows a more
progressive mitochondrial damage that leads to apoptosis
and irreversible tissue injury. The recovery of mitochon-
drial function after 24 h of LPS treatment seemed not to
be due to increased mitochondrial biogenesis but instead,
to a decreased mitochondrial fragmentation and the recov-
ery of mitochondrial fusion. In contrast, CLP procedure
seemed to be a model of progressive damage that is related
to the imbalance of mitochondrial fusion and fission.
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