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Abstract

Severe thermal injury induces a pathophysiological response that affects most of the organs
within the body; liver, heart, lung, skeletal muscle among others, with inflammation and
hyper-metabolism as a hallmark of the post-burn damage. Oxidative stress has been impli-
cated as a key component in development of inflammatory and metabolic responses
induced by burn. The goal of the current study was to evaluate several critical mitochondrial
functions in a mouse model of severe burn injury. Mitochondrial bioenergetics, measured
by Extracellular Flux Analyzer, showed a time dependent, post-burn decrease in basal res-
piration and ATP-turnover but enhanced maximal respiratory capacity in mitochondria iso-
lated from the liver and lung of animals subjected to burn injury. Moreover, we detected a
tissue-specific degree of DNA damage, particularly of the mitochondrial DNA, with the most
profound effect detected in lungs and hearts of mice subjected to burn injury. Increased
mitochondrial biogenesis in lung tissue in response to burn injury was also observed. Burn
injury also induced time dependent increases in oxidative stress (measured by amount of
malondialdehyde) and neutrophil infiltration (measured by myeloperoxidase activity), partic-
ularly in lung and heart. Tissue mononuclear cell infiltration was also confirmed by immuno-
histochemistry. The amount of poly(ADP-ribose) polymers decreased in the liver, but
increased in the heart in later time points after burn. All of these biochemical changes were
also associated with histological alterations in all three organs studied. Finally, we detected
a significant increase in mitochondrial DNA fragments circulating in the blood immediately
post-burn. There was no evidence of systemic bacteremia, or the presence of bacterial
DNA fragments at any time after burn injury. The majority of the measured parameters dem-
onstrated a sustained elevation even at 20—40 days post injury suggesting a long-lasting
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effect of thermal injury on organ function. The current data show that there are marked time-
dependent and tissue-specific alterations in mitochondrial function induced by thermal
injury, and suggest that mitochondria-specific damage is one of the earliest responses to
burn injury. Mitochondria may be potential therapeutic targets in the future experimental
therapy of burns.

Introduction

Severe burn injury results in an inflammatory and hypermetabolic stress leading to profound
alterations in energy expenditures. Even though the burn insult, itself, is a localized event, the
response of the body is systemic; it triggers, among others, hepatic dysfunction, cardiac dys-
function, skeletal muscle dysfunction, pulmonary alterations and disturbances in metabolism
and growth and development; many of these alterations extend well beyond the time of the
healing of the burn wound (months to years) [1-4].

A key event in the pathogenesis of thermal injury is the excess generation of reactive oxy-
gen/nitrogen species (ROS/RNS) produced by a variety of cellular sources including the mito-
chondria [5-7]. One of the downstream effects of ROS/RNS-mediated damage is the induction
of DNA damage, including various base lesions and single-strand breaks (SSBs), in both
nuclear and the mitochondrial DNA. Mitochondrial DNA is more susceptible to ROS-induced
damage than its nuclear counterpart, yet mitochondrial DNA damage, mitochondrial dysfunc-
tion and its consequences have, so far, received little attention in connection with the patho-
physiological effects of burn injury. Also, although mitochondrial dysfunction has been linked
with the hypermetabolic stress response to burn injury [8-10], the role of mitochondrial DNA
damage in response to thermal trauma has not yet been thoroughly investigated.

Taking into account that mitochondria generate 90% of cellular ATP, it is important to care-
fully define the role of the mitochondria in the pathogenesis of burn trauma. In the present
study we investigated the changes in several mitochondrial functions in response to scald burn
injury in mice. We observed a differential degree of remote tissue damage, as measured by the
presence of lipid peroxidation products (malondialdehyde, MDA), as well as marked changes
in mitochondrial bioenergetics and DNA damage to the mitochondrial and nuclear DNA, with
the highest levels of damage observed in the lungs and the heart. The observed damage per-
sisted for approximately 40 days post-injury. We also detected a marked increase of circulating
mitochondrial DNA fragments early after injury (with a peak at 3 hours) suggesting that mito-
chondria may be particularly sensitive to thermal injury, which is consistent with the observed
remodeling of mitochondrial bioenergetics.

Materials and Methods
Mouse Model of Burn Injury

All animal procedures were performed according to the National Institutes of Health guide-
lines for experimental animal use. Permission to perform this study was obtained from the
Institutional Animal Care and Use Committee at the University of Texas Medical Branch in
Galveston. Male BALB/c mice (10-12 weeks old) were housed at 24-26°C on a 12:12 light:dark
cycle. Sham and burn treated mice underwent identical experimental procedures, with the
exception of injury. Following an intraperitoneal (i.p.) injection of 0.1 mg/kg buprenorphine,
mice were anesthetized by inhalation of 3-5% isoflurane. Next, ~40% of the dorsum was
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shaved with electrical clippers and ~ 1cc of lactated ringers (LR) solution was injected under
the skin along the spinal column. The dorsa of burn treated animals were then exposed to
~95°C water for 10 sec to produce a full thickness scald wound covering ~30% of the total body
surface area (TBSA). Mice were then resuscitated with 2 cc of LR. Burn and sham treated mice
were individually housed throughout the experimental period. To minimize animal suffering,
pain or distress, animals were scored twice daily throughout the post burn period using an
IACUC-approved Rodent Intervention Score Sheet to assess their well-being and clinical status
by certified veterinarian. To minimize suffering of the animals the analgesic buprenorphine
was administered when indicated to reduce pain and distress. Cohorts of mice were sacrificed
at 3 hours, 1, 4, 10, 20, and 40 days post-injury. Heart, liver and lung tissues were harvested for
further analysis.

Mitochondrial Isolation for Bioenergetics Studies

Mitochondria from freshly excised livers and lungs of sham and burn animals were immedi-
ately isolated by differential centrifugation [9,10]. The mitochondrial isolation buffer (MSHE
+ BSA) was composed of 210 mM mannitol, 70 mM sucrose, 5 mM HEPES, 1 mM EGTA and
0.5% (w/v) fatty acid-free BSA, pH 7.2. The mitochondrial assay solution (MAS-1) was com-
posed of 220 mM mannitol, 70 mM sucrose, 10 mM KH,PO,, 5 mM MgCl,, 2 mM HEPES, 1
mM EGTA and 0.2% (w/v) fatty acid-free BSA, pH 7.2. All steps of mitochondria isolation
were performed at 4°C. Briefly, tissues were extracted and minced in 10 volumes of MSHE

+ BSA. The tissue was homogenized with a drill-driven Teflon glass homogenizer with 8-10
strokes. Homogenate was centrifuged at 600 x g for 10 min, the supernatant was decanted to a
separate tube and centrifugation was repeated 2 more times. Next, the supernatant was trans-
ferred to a new tube and centrifuged at 10,000 x g for 10 min, the supernatant fraction was
eliminated and the fat/lipid layer, which covered the crude mitochondria pellet was carefully
aspirated. The pellet was resuspended in 2 ml of MSHE + BSA, and the centrifugation step was
repeated 2 more times at 10,000 x g for 10 min. Finally, the pellet was resuspended in 100 pl of
MSHE + BSA. Protein concentration (mg/ml) was determined using DC Protein Assay from
BioRad. Mitochondrial preparations were used within 1-4 h for functional assays.

Measurement of Mitochondrial Bioenergetics

The XF24 Extracellular Flux Analyzer (Seahorse Biosciences, North Billerica, MA) was used to
measure mitochondrial bioenergetic function, as described earlier [9,10]. Briefly, respiration by
the mitochondria (5 pug/well) was sequentially measured in a coupled state with succinate (5.5
mM) as a substrate (basal respiration, State 2), followed by State 3 (phosphorylating respira-
tion, in the presence of ADP (4 mM), State 4 (non-phosphorylating or resting respiration) fol-
lowing conversion of ADP to ATP and State 4o, induced with the addition of oligomycin

(2 uM). Next, maximal uncoupler-stimulated respiration (State 3u) was detected by the admin-
istration of the uncoupling agent FCCP (4 pM). At the end of the experiment the Complex IIT
inhibitor antimycin A (4 M) was applied to completely inhibit mitochondrial respiration.
Inclusion of rotenone (2.2 M) next to succinate in the initial condition (in state 2) triggers the
respiration to be driven only by Complex II-IV. This ‘coupling assay’ examines the degree of
coupling between the electron transport chain (ETC), and the oxidative phosphorylation
(OXPHOS), and can distinguish between ETC and OXPHOS with respect to mitochondrial
function/dysfunction. Since we measured mitochondrial bioenergetics of isolated mitochon-
drial from various time points after injury (ranging from 3 hours to 40 days), we analyzed at
least 2 shams and 6 burn injured animals per each time point; mitochondria from sham and
burn animals was always included on the same Seahorse plate, in order to minimize inter-assay
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variability. Due to lack of statistical significant differences between the mitochondrial function
of the various sham animals, we present the sham samples studied at various time points after
burn together as a single sham group.

Quantification of DNA Damage

Integrity of the nuclear and the mitochondrial DNA, measured by the relative amount of DNA
damage, was analyzed by semi-quantitative, long-amplicon PCR assays (LA-PCR) using Long-
Amp Taq DNA Polymerase (New England BioLabs, Ipswich, MA) [11]. Total DNA was iso-
lated using DNase Blood and Tissue Kit (QIAGEN, Hilden, Germany). Briefly, damage to
nuclear DNA was estimated by quantification of the PCR amplification of the 10kb nuclear-
specific DNA fragment using PicoGreen fluorescent dye to detect amplified double-stranded
DNA (Quant-iT™ PicoGreen; Life Technologies, Carlsbad, CA). Damage to the mitochondrial
DNA was estimated by quantification of the PCR amplification of the 8.9kb mitochondrial-
specific DNA fragment using PicoGreen staining. Obtained data was normalized by the sec-
ondary PCR amplification of 221bp mitochondrial genome-specific fragment for correction of
the multiple copies of the mitochondrial DNA. LA-PCR assay is based on premises that DNA
damage inhibits progression of DNA polymerase during PCR reaction and thus amplification
of appropriate DNA fragment is negatively correlated with the level of the DNA damage.

Measurement of Malondialdehyde

Concentration of the most abundant lipid peroxidation product, malondialdehyde (MDA),
was measured with ALdetect (MDA-Specific) Lipid Peroxidation Assay Kit (Enzo Life Science,
Farmingdale, NY) according to the manufacturer’s recommendation. The final MDA concen-
tration is expressed in uM.

Mitochondrial Volume (Citrate Synthase Activity)

Citrate synthase, the initial enzyme of TCA cycle and marker of the mitochondrial matrix is
frequently used as a normalization factor for various mitochondrial-specific activities, and was
determined using a Citrate Synthase Assay Kit according to the manufacturer’s recommenda-
tions (Sigma).

Myeloperoxidase Activity

Tissue infiltration by polymorphonuclear leukocytes (neutrophils and monocytes) as an indi-
cation of inflammation was detected by measurement of myeloperoxidase (MPO) activity
using Myeloperoxidase Fluorometric Detection Kit according to the manufacturer’s recom-
mendation. The final MPO activity is express as U/g of wet tissue.

Quantification of Tissue Poly of ADP-Ribose (PAR) Groups

To determine the activity of PARP after burn injury, we measured the amount of PARylation
in liver, lungs and hearts in homogenates obtained 3 hours, 24 hours, 4 days and 10 days post
burn, together with their sham controls. PAR groups were detected using PAR-specific anti-
body (BD Bioscience) and ECL Western Blotting substrates (Pierce). Densitometry analysis of
signal was performed using a Gel Imaging system (G:Box, Syngen).

Quantification of Circulating Mitochondrial DNA in Plasma

Total DNA content of mice plasma was determined by spectrophotometry and diluted to 100
ng/pl. For the determination of plasma mtDNA content, Real-time qPCR based method was
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performed using CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) and Maxima™
SYBR green qPCR master mix (ThermoScientific) with the following primer set: 5 ~CCG AGC
TAC TAC CAT CAT TCA AGT-3" ;5" ~GAT GGT TTG GGA GAT TGG TTG ATG T-3' , which
give amplicon of 117bp. Next, mtDNA content was calculated in 100 ng of total plasma DNA
by ddCT method. Calculated data were normalized to sham plasma mtDNA content in 100 ng
of total plasma DNA and represented in %. In order to assess the specificity of the mtDNA
primers and, in order to rule out bacterial infection induced by burn injury, we perform similar
experiments using total DNA isolated from mouse liver and three most frequently occurring
upon infection bacterial strains, namely, Escherichia coli, Pseudomonas aeruginosa and Staphy-
lococcus aureus.

Bacterial Cultures

To investigate infection induced by burn injury blood and burn wounds or non-injured skin
from the same area of sham-injured mice were harvested at 1 and 4 days post-burn or sham
injury. Wounds and skin were homogenized in sterile saline, and 0.1 ml blood and homoge-
nates was plated on tryptic soy agar plates and incubated overnight at 37°C for determination
of colony forming units (cfu) per gram of wound/skin or ml of blood.

Histopathology and Immunohistochemistry

4 mice of each experimental group (sham and burn) were sacrificed at 24 hours and 4 days
post burn/sham injury. Heart, lung and liver tissues were harvested for histological analysis
using hematoxylin & eosin staining and for immunohistochemical localization of MPO
(abcam#9535), CD68, a marker of marker for the various cells of the macrophage lineage
(including monocytes, histiocytes, giant cells, Kupffer cells, and osteoclasts) (abcam#125212)
and neutrophil elastase (abcam#21595).

Statistical Analysis

Data are shown as means standard deviation (SD). Student’s t-test was used to detect differ-
ences between groups; *p<0.05 and **p<0.01 represent statistically significant differences.

Results
Burn Injury Induces Temporal Changes in Mitochondrial Bioenergetics

The effect of burn injury in changes of major bioenergetics parameters was investigated with
the Extracellular Flux Analysis method in mitochondria isolated from the liver and the lungs at
various time points post-burn. A significant decrease of major bioenergetic parameters;
namely, basal respiration, ATP synthesis and maximal respiratory capacity, was detected at the
early time points post injury in the liver mitochondria (Fig 1A and 1B). Although proton leak
and maximal respiratory capacity returned to normal by the end of the study, some other mito-
chondrial functional parameters remained altered even at 40 days: basal respiration remained
higher than control, while ATP turnover remained lower than control (Fig 1B). Significant
changes in the mitochondrial bioenergetic parameters were also detected in mitochondria iso-
lated from the lung tissue at 3 hours and 10 days post-burn (Fig 2A and 2B). We detected a
reduction in basal respiration, ATP-synthesis and maximal respiratory capacity linked oxygen
consumption as early as 3 hours post-burn (Fig 2B). However, at 10 days post-burn, all mea-
sured bioenergetic parameters were elevated, when compared to sham treated animals (Fig
2B). Taken together, our data indicate that similar changes occur in the mitochondrial bioener-
getics of both tissues analyzed, with an initial decrease of major parameters in response to burn
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Fig 1. Burn injury induces time-dependent changes in the mitochondrial bioenergetics in the liver.
Bioenergetic parameters of the isolated mitochondria from liver of mice subjected to burn injury were
analyzed by Extracellular Flux Analysis. (A) Traces of oxygen consumption of mitochondria isolated from
sham or burn injured animals at various time points post burn injury are shown. (B) Calculated bioenergetics
parameters are shown. The results are based on n = 6 per group and represent mean+SD. *, ** p<0.05 and
p<0.01 respectively, relative to sham animals.

doi:10.1371/journal.pone.0143730.g001
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Fig 2. Burn injury induces time-dependent changes in the mitochondrial bioenergetics in the lung.
Bioenergetic parameters of the isolated mitochondria from lungs of mice subjected to burn injury were
analyzed by Extracellular Flux Analysis. (A) Traces of oxygen consumption of mitochondria isolated from
sham or burn injured animals at various time points post burn injury are shown. (B) Calculated bioenergetics
parameters are shown. The results are based on n = 6 per group and represent mean+SD. *, ** p<0.05 and
p<0.01 respectively, relative to sham animals.

doi:10.1371/journal.pone.0143730.g002
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injury, followed by a (perhaps compensatory) increase in some of the bioenergetic parameters
studied.

Burn Induces Tissue-Specific, Persistent DNA Damage

We have also investigated the effect of burn injury on the DNA damage in three organs: the
liver, the lungs and the heart. The integrity of mitochondrial and nuclear DNA, as reflected
by the amount of DNA damage at various times post-burn injury was estimated using PCR
of long DNA fragments (LA-PCR assay), the only currently available technique for concur-
rent measurement of DNA damage in both genomes [11]. This assay detects mostly DNA
breaks, single- and double-strand DNA breaks, thus it underestimates the degree of DNA
damage (since DNA polymerase by-passes most DNA lesions, e.g. those induced by oxida-
tive stress, such as 8-oxoguanine) [12]. Although, we were not able to detect significant
changes in the integrity of the mitochondrial and nuclear DNA in the liver after burn in
comparison to sham treated animals (Fig 3A), the mitochondrial DNA integrity in the lungs
was reduced by 50% as early as 3 hours post-burn (Fig 3B). Interestingly, mitochondrial
DNA damage in the lung tissue persisted even at 10 days post-burn, while no detectable
damage was observed to the nuclear DNA in the same organ (Fig 3B). Damage to both mito-
chondrial and nuclear DNA was observed in the heart at 24 h and the damage persisted until
10 days post-injury (Fig 3C). Since the accumulation of DNA breaks after oxidative/nitrative
stress may either result in the activation of PARP enzymes and/or the degradation of PARP
via caspases and other intracellular proteases, we followed our DNA damage analysis by
measuring amount of poly-ADP-ribose groups in tissue extracts of burn injured animals at
various time points (Fig 4). Burn injury resulted in a decrease of the PARylation in liver at 4
and 10 days post injury as compared to sham treated animals (Fig 4A) consistently with our
previous observation about lack of burn induced DNA damage in liver tissue (Fig 3A). In,
contrast, an increase in PARylation was detected in the heart at 4 and 10 days post burn (Fig
4C), which is in line with our observation demonstrating the accumulation of persistent
DNA damage in heart tissue upon burn injury (Fig 3C). Taken together, these data indicate
that there is a tissue-specific accumulation of DNA damage induced by burn, with the heart
and the lungs being more affected than the liver, which results in the activation of PARP,
and, consequently, increased accumulation of PAR polymers in the heart, but not in the
liver.

Mitochondrial Volume Decreases at the Early Time Points after Burn
Injury

Since we observed significant changes in mitochondrial bioenergetics and mitochondrial DNA
integrity after burn injury, next we evaluated whether burn also induces changes in the mito-
chondrial biogenesis. Citrate synthase, a commonly used quantitative marker for mitochon-
drial mass, was measured in liver, lung and heart after burn injury. We observed a significant
decrease in citrate synthase activity at 3 hours post-burn in the liver and the lungs (Fig 5A and
5B), with no detectable changes in later time points in the liver. However, a 50% increase in
mitochondrial volume was noted in the lungs at 10 days post-burn (Fig 5C), suggesting that
increased mitochondrial biogenesis may be a potential mechanism utilized by the lungs to
compensate for the negative effect of burn injury. In contrast to the changes noted in the lung,
no significant changes in citrate synthase activity were noted in the heart tissue in response to
burn injury.

PLOS ONE | DOI:10.1371/journal.pone.0143730 December 2, 2015 8/26



el e
@ ' PLOS | ONE Burn and Mitochondrial Dysfunction

A Liver
B mtDNA
140+ Bl nuDNA
°3120-
2100+
S 80-
i)
S 60+
§ 40+
a
20+
0-
$ > o g &
2
P LA -
B. Lung
B miDNA
140+ B nuDNA
< 1201
‘=100~
-‘? *%
S 80-
- *%*
S 60+ *%k %%
§ 40+
a
20+
0-
$ > I g &
2
& Q Q,"b Q Q,’\
C. Heart
1404 EE miDNA
I nuDNA
< 1201
100 * x
:';‘ 80- *% ** o
E 601 o
Z 40
a

(3
Qbs

(<
Q
P

A\ NN
R )

Fig 3. Changes in mitochondrial and nuclear DNA integrity in response to burn injury. Damage to
nuclear and mitochondrial DNA was quantified using LA-PCR assay in (A) liver, (B) lungs and (C) heart of mice
subjected to burn injury. The results are based on n = 6 per group and represent meanSD. *, *¥* p<0.05 and
p<0.01 respectively, relatively to sham animals.

doi:10.1371/journal.pone.0143730.g003
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Burn Induces the Accumulation of Lipid Peroxidation Products,
Particularly in the Heart

Burn injury is known to be associated with increased oxidative stress. We have measured the
levels of the most abundant lipid peroxidation product, malondialdehyde (MDA) in the lungs,
liver and heart tissues of the animals subjected to burn injury. Although we detected a statisti-
cally significant increase of the MDA in the liver and lung at various post-burn time points as
compared to sham-treated animals (Fig 6A and 6B), the changes were relatively modest. In
contrast, a 10-fold increase in MDA levels was detected in the heart of animals subjected to
burn injury; this increase manifested as early as 3 hours post-injury and persisted even at 40
days post-burn (Fig 6C), suggesting a long-lasting oxidative stress in this organ following burn

injury.

Burn Induces a Time-Dependent Accumulation of Myeloperoxidase in
Lung and Heart

Oxidative stress and inflammation are intimately intertwined in many pathophysiological con-
dition, because oxidants can upregulate pro-inflammatory signal transduction pathways, and
the infiltration of activated mononuclear and polymorphonuclear cells into tissues can elevate
oxidant production. Here we investigated the amount of myeloperoxidase (MPO), an enzyme
stored in azurophilic granules of polymorphonuclear neutrophils and macrophages, in tissue
homogenates as a marker of inflammatory cell infiltration into the parenchymal organs after
burn injury. The heart and the lung, but not the liver showed a time-dependent increase in
MPO activity post-burn (Fig 7). Elevated MPO activity persisted even at 40 days post-burn. In
the lung and heart we observed a 2-3-fold increase of MPO at 20 and 40 days post burn (Fig 7B
and 7C).

Burn injury Is Associated with the Release of DNA into the Circulation

Increased levels of cell-free nuclear DN A-derived fragments in the plasma of burn patients
has recently been reported; this phenomenon was attributed to cell necrosis due to burn injury
[13]. With the availability of real-time quantitative PCR technology, the presence of mito-
chondrial DNA in various human body fluids has also been associated with several patholo-
gies including metabolic diseases, HIV and cancer [14-16]. Our analysis of the level of DNA
damage in the various parenchymal tissues post-burn showed that mitochondrial DNA dam-
age primarily occurs in the lung and heart tissue. We analyzed amounts of total and mito-
chondrial DNA in serum isolated from burn-injured animals at various time points. No
significant differences were detected in the amounts of total DNA in plasma between sham
and burn injured animals (Fig 8A). However, there was a 3-fold increase in mitochondrial
DNA fragments in the plasma of animals subjected to burn as early as 3 hours post-burn,
which persisted to at least 4 days post-burn and returned to normal (undetectable) levels by
10 days post-injury (Fig 8B).

Since mitochondrial DNA resembles bacterial DNA, in order to assess the potential contri-
bution of systemic bacterial infection to the pathogenesis of our mouse burn model, we tested
mitochondrial DNA specific primers using DNA isolated from three strains of bacteria com-
monly found in infected wound, namely, E. coli, P. aeruginosa, and S. aureus. Amplification of
117bp DNA fragment was found only when total DNA of mouse liver was used as a template
for PCR reaction (Fig 9A). To further test whether the results shown in the current study are
due to burn injury per se, or, alternatively, are also related to complications induced by wound
infection and bacteremia, wound and blood bacterial cultures were performed at 1 and 4 days

PLOS ONE | DOI:10.1371/journal.pone.0143730 December 2, 2015 12/26



o ®
@ : PLOS | ONE Burn and Mitochondrial Dysfunction

A. MDA (liver)
15.0-
12.5+
*%*
= 10.0+ *%x
E *%
< 7.5+ *% * *%
[m)
= 5.0+
2.5+
0.0~

IR S S R R

TS T
B. MDA (lungs)
15.0+
12.5+
E 10.0- *
< 7.5
S so0- -
2.5+
0.0-

OEPSMIC S S S
) N $ o \) N \)
O & & &S
C. MDA (heart)

MDA [uM]

Fig 6. Changes in MDA, an index of lipid peroxidation, in response to burn injury. MDA levels were
measured in (A) liver, (B) lungs and (C) heart of mice subjected to burn injury. The results are basedonn =6
per group and represent mean+SD. *, ** p<0.05 and p<0.01 respectively, relatively to sham animals.

doi:10.1371/journal.pone.0143730.g006
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using qPCR. The results are based on n = 6 per group and represent mean+SD. *, ** p<0.05 and p<0.01
respectively, relatively to sham treated animals.

doi:10.1371/journal.pone.0143730.g008
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post-burn or sham injuries (Fig 9B). Negligible amounts of bacteria were cultured from burn
wounds at 1 and 4 days post-burn (1,100 and 1,600 cfu/g, respectively), and were well below
those that are typically associated with wound infections (>10 cfu/g). Bacterial counts in burn
wounds were actually lower than in sham, non-injured skin, presumably due to destruction of
normal skin flora during the scald burn. Additionally, there were no clinical signs of infection
in burn-injured mice throughout the study, and blood cultures were also negative (Fig 9B).

Burn Induces Infiltration of Macrophages and Neutrophils in Lungs and
Heart

Finally, we performed histopathology and immunohistochemistry analysis of liver (Fig 10),
lung (Fig 11) and heart (Fig 12) tissue, using H&E staining and antibodies against myeloperox-
idase (MPO), CD68 and neutrophil elastase. Burn-induced changes in tissue histopathology
were observed in all tissues analyzed. Moreover, significant staining with MPO of the lung tis-
sue (but not the liver and the heart) was noted at 4 days post burn (Fig 11B), supporting our
biochemical analysis of MPO activity presented in Fig 7. In addition, we detected enhanced
staining with CD68 in lungs (Fig 11C) and heart (Fig 12C), indicating that these tissues are
affected not only by the infiltration of polymorphonuclear cells (neutrophils), but also by infil-
tration of cells from the monocytic/macrophage. In line with the MPO data, there was some
basal staining for elastase in all tissues, which markedly increased after burn injury, with the
most pronounced changes occurring in the lung (Figs 10D, 11D and 12D).

Discussion

Our data indicate that burn injury in mice induces time-dependent and tissue-specific changes
in mitochondrial bioenergetics, mitochondrial DNA damage and mitochondrial biogenesis
that persist beyond the acute post-burn period (Table 1). Moreover, elevated levels of mito-
chondrial DNA fragments in the circulation suggest that mitochondria are not only targets but
may also be effectors/transducers of the cellular alterations associated with burn injury. More-
over, our results suggest that the changes reported in the current study are related to burn
injury per se (rather than a combination of burn and subsequent sepsis), since we found no evi-
dence of infection, bacteremia, or circulating bacterial DNA.

One of the primary aims of the current study was to examine the effect of burn injury on
several mitochondrial functions in two parenchymal organs, the liver and the lung. We have
studied the liver in more detail in terms of temporal resolution (3 and 24 days after burn injury,
as well as 4, 10, 20 and 40 days). At the earliest time point (3 hours post-burn), most mitochon-
drial parameters remained unchanged, but 24 hours after burns a significant suppression of
most mitochondrial parameters (including basal respiration and maximal respiratory capacity)
occurred. Surprisingly, these alterations were maintained for 10 days post-burn. Some of the
parameters normalized by 20 and 40 days, but even at the latest time point studied (40 days)
basal respiration continued to show a significant elevation compared to baseline (Fig 1). Mito-
chondria isolated from the lung tissue presented with a similar pattern; an early suppression
(detected at 3 days), followed by a later increase (detected at 10 days). However, in the lung tis-
sue, at 10 days, the mitochondrial function was not only normalized, but markedly elevated
compared to the initial control values (Fig 2). The delayed increase in lung mitochondrial func-
tion (but less increase in liver mitochondrial function) however, is not explained by our find-
ings of mitochondrial biogenesis (Fig 5), since in the Seahorse experiments we plate a standard
amount of mitochondria, and therefore the Seahorse method specifically measures the intrinsic
changes in the function of the mitochondria, but it is not affected overall amount of mitochon-
dria present in the tissue.
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Fig 10. Changes in histopathology of liver induced by burn. Liver sections of animals at 1 and 4 days post burn injury with there control shams were
stained with (A) H&E; (B) MPO; (C) CD68; (D) neutrophil elastase. Representative pictures of n = 4 for each animal group are shown.

doi:10.1371/journal.pone.0143730.g010

The conclusion that changes in the mitochondrial function following burn show a time-
dependent and tissue-dependent pattern is further supported by a recent study investigating
changes in the metabolic function of white adipose tissue. In this tissue, the early time points
post burn injury were not associated with a significant suppression of mitochondrial function,

PLOS ONE | DOI:10.1371/journal.pone.0143730 December 2, 2015 18/26



D)
@ : PLOS | ONE Burn and Mitochondrial Dysfunction

sham (24h) burn (24h) sham (4d) burn (4d)

C. CD68

D. Neutrophil elastase.

Fig 11. Changes in histopathology of lungs induced by burn. Lung sections of animals at 1 and 4 days post burn injury with there control shams were
stained with (A) H&E; (B) MPO; (C) CD68; (D) neutrophil elastase. Representative pictures of n = 4 for each animal group are shown.

doi:10.1371/journal.pone.0143730.g011

while later time points (10 days to 40 days) were associated with an increase in mitochondrial
respiration, as well as an increase in mitochondrial biogenesis (assessed by the measurement of
citrate synthase activity) [17]. It is also important to mention that in the white adipose tissue,
the later time points were also associated with an upregulation of UCP1, a hallmark of
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Fig 12. Changes in histopathology of heart induced by burn. Heart sections of animals at 1 and 4 days post burn injury with there control shams were
stained with (A) H&E; (B) MPO; (C) CD68; (D) neutrophil elastase. Representative pictures of n = 4 for each animal group are shown.

doi:10.1371/journal.pone.0143730.9012

'browning' (conversion of white adipose tissue to metabolically more active brown adipose tis-
sue) [17].

Mitochondrial DNA damage has been implicated in a wide variety of pathophysiological
conditions, including various forms of critical illness [18-20]. The current report indicates that
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Table 1. Changes in various parameters in various organs after burn injury. A single arrow shows a statistically significant change; double arrows
show statistically significant changes that are more than 100% increases (i.e. doubling of the parameter) or a more than 50% decrease in the given parame-
ter. Horizontal arrows indicate no significant change in the parameter.
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the degree of mitochondrial (and, to some extent, nuclear) DNA damage is highly tissue depen-
dent. For instance, in the liver, mitochondrial (or nuclear) DNA integrity was well maintained
after burn injury (even though the function of the mitochondria was significantly affected). In
contrast, in lung tissue mitochondrial DNA was already damaged by 3 hours, and the damage
was sustained even at 10 days after burn. The heart tissue responded similarly to the lung tissue
with respect to mitochondrial DNA damage; however, in the heart tissue there was also
observed significant damage to the nuclear DNA (a change not observed in the other two
organs analyzed). DNA damage can be viewed as a deleterious consequence of burn injury,
even though, according to the current study, it does not closely correlate with the changes in
mitochondrial bioenergetic function. For example, in the liver tissue, there was a marked sup-
pression of mitochondrial function at 1-3 days post-burn, even though we could not detect
any changes in mitochondrial DNA integrity in the same tissue. Although it is an attractive
hypothesis that mitochondrial DNA damage during burn injury suppresses the transcription
of key mitochondrial electron transport chain proteins, which, in turn, impairs mitochondrial
function, we must conclude that changes in mitochondrial DNA integrity are probably not the
primary drivers of mitochondrial dysfunction in the current experimental model.
Oxidative/nitrative stress has been implicated in the pathogenesis of burn injury by multiple
studies [5,21-29]. Since oxidative/nitrative stress is also known to induce DNA damage and
mitochondrial dysfunction, it is a reasonable hypothesis that the production of reactive oxi-
dants and free radicals is a significant causative factor in the changes in mitochondrial function
and mitochondrial DNA integrity observed in the current study. The measurement of tissue
malondialdehyde levels (which results from lipid peroxidation of polyunsaturated fatty acids)
is only one of many measures of oxidative stress, and, therefore, it must be interpreted with
caution. Nevertheless, MDA analysis has been widely used in studies focusing on tissue damage
during critical illness, and it tends to correlate with oxidative stress 'load’ in various organs.
The results of the MDA analysis in the current study only show a partial correlation with the
mitochondrial bioenergetic alterations and the degree of DNA damage in the various tissues.
For example, in the liver tissue, MDA was elevated both at the early post-burn time points
(where mitochondrial function was found to be suppressed) and at the later time points (where
mitochondrial function returned to normal even in the absence of increased mitochondrial
biogenesis). Furthermore, this increased oxidative stress load' in the liver was not associated
with detectable mitochondrial or nuclear DNA damage. On the other hand, in the lung tissue,
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for most of the time points analyzed, the marked alterations in bioenergetics and the significant
damage to the mitochondrial DNA occurred in the absence of detectable increases in MDA lev-
els. Notably, we have observed the most pronounced increases in MDA elevation in the heart
tissue, and this was the organ with indiscriminate DNA damage (i.e. damage to both nuclear
and mitochondrial DNA). This correlation may suggest a causative relationship, although this
issue remains to be directly evaluated (e.g. by testing the effect of antioxidants and free radical
scavengers on mitochondrial and nuclear DNA integrity) in the current model.

Previous preclinical and clinical studies have demonstrated increases in various parenchy-
mal tissues as well as in circulating leukocytes after burn injury [5,30-33]. Importantly, changes
in tissue PARP activity post-burn (as assessed by the detection of tissue levels of PAR poly-
mers) mirrored the changes in nuclear DNA damage: PARP activation was observed in the tis-
sue where nuclear DNA damage was observed, while in the two other tissues, where nuclear
DNA damage was not noted, increases in tissue PARylation were not noted, either. Although
PARPI has both nuclear and mitochondrial localization in many cell types [34-37], the major-
ity of cellular PARylation is of nuclear origin, and the current findings are also consistent with
this notion. Interestingly, in the liver, PARylation decreased at later time points post-burn.
PARPI can be degraded by caspases and other intracellular proteases (including metalloprotei-
nases) [34,35,38] and caspase activation has previously been reported in the liver post-burn
[39,40]. We hypothesize that PARP1 degradation may be responsible for the observed decrease
in PAR polymers in the liver after burn injury; further studies detecting caspase activity, full-
length PARP1 as well as cleaved PARP fragments are necessary to further explore this
hypothesis.

In many models of critical illness, elevations in tissue levels of MDA (a marker of oxidative
stress) and MPO (myeloperoxidase, a marker of inflammatory cell infiltration) or macrophage/
neutrophil infiltration occur hand-in-hand [25-28]. It is generally assumed that these two phe-
nomena are part of interrelated pro-oxidant / pro-inflammatory processes, whereby increased
oxidative stress activates pro-inflammatory signaling pathways, which, in turn, recruit mono-
nuclear cells into the oxidatively damaged tissues, which, in turn, create further oxidative/nitra-
tive damage, tissue injury and further pro-inflammatory signaling. However, in the current
experimental model, changes in MDA and MPO showed different temporal and tissue-specific
patterns, indicative of a more complex relationship between these two parameters. For exam-
ple, the increased MDA levels in the liver were not associated with increased MPO levels at any
of the time points studied. In contrast, in the lung, there was a time-dependent increase in
MPO (which was the most pronounced at the latest time point studied), even though in this tis-
sue we were unable to detect any increase in MDA at any of the time points investigated. In the
heart, MDA levels showed a marked initial increase, followed by a gradual decrease, while
MPO levels showed the opposing trend (no change in the early time points, followed by an
increase in the latest time points studied). Overall, the changes in MDA and MPO did not
show a good correlation with either the changes in mitochondrial bioenergetic parameters, nor
with the degree of mitochondrial or nuclear DNA integrity in any of the organs studied.

One additional parameter that we have studied in the current set of experiments was the
presence of circulating DNA (total DNA as well as mitochondrial DNA). While the amount of
total DNA was unaffected by burns, the relative proportion of mitochondrial DNA was
increased at the earliest time point (3 hours), followed by a rapid decline, reaching baseline
control levels by 10 days post-burn. While this pattern of circulating mitochondrial DNA levels
did not closely correlate with any of the parameters studied in the present report (bioenergetic
parameters, DNA damage, tissue MDA or MPO), the pattern is similar to that of many cyto-
kines and other pro-inflammatory mediators that show an initial increase in various forms of
critical illness, followed by a time-dependent decline. Another potential explanation may be
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that due to presence of DNases in blood, the mitochondrial DNA released at the earlier time
point post burn injury is subject to a subsequent degradation process. Nevertheless, circulating
mitochondrial DNA has been identified as one of the mediators that may contribute to remote
organ injury in various forms of critical illness [18-20] and the current findings are also in line
with such a potential role in the current model.

Taken together, the current data are consistent with the hypothesis that burn induces a sys-
temic response, which includes time-dependent and organ-specific changes in mitochondrial
function and mitochondrial DNA integrity. These changes do not show a close correlation,
either with tissue levels of oxidative stress or inflammatory cell infiltration, nor with the
amount of mitochondrial DNA in the circulation, suggesting the presence of multiple causative
factors and complex interrelationships between the various parameters studied here. The cur-
rent series of experiments, although by design descriptive and not mechanistic, further support
prior data showing that burn induces a multi-organ dysfunction [1-4], that burn induces a
multi-organ dysfunction [1-4], that burn induces oxidative/nitrative stress [5-7,21,23,24], that
burn induces mononuclear and polymorphonuclear cell infiltration into various tissues [5,41-
47], that burn can induce PARP activation [5,30-33] and that burn can impair mitochondrial
function [8,48-53]. Nevertheless, to our knowledge, the current study represents the most
comprehensive analysis to date of multiple mitochondrial parameters in a murine model of
burn injury. We are well aware of an on-going, intensive discussion on the potential utility (or
lack thereof) of murine models to study human critical illness; with the current status of the
discussion being that—while much caution and many caveats remain to be considered—
murine models remain useful for basic and applied research into the pathogenesis of human
disease [54-57]. Taken together, we hope that the current findings will serve as a good starting
point for future, mechanistic studies to elucidate the role of various (local and circulating) fac-
tors and mechanisms in the pathogenesis of the profound alterations in mitochondrial function
induced by burns.

Acknowledgments

This work was supported by the US National Institutes of Health 2P50 GM060338 and by a
grant from the Shriners of North America (#85800) to C.S.

Author Contributions

Conceived and designed the experiments: BS CP TTK LS DNH CS. Performed the experi-
ments: BS AB AA GO CP TTK. Analyzed the data: BS CS. Wrote the paper: BS CP TTK LS
DNH CS.

References

1. Herndon DN and Tompkins RG (2004) Support of the metabolic response to burn injury. Lancet, 2004.
363: 1895-902. PMID: 15183630.

2. Jeschke MG, Chinkes DL, Finnerty CC, Kulp G, Suman OE, Norbury WB et al., (2008) Pathophysio-
logic response to severe burn injury. Ann Surg, 248: 387—401. doi: 10.1097/SLA.0b013e3181856241
PMID: 18791359.

3. Keck M, Herndon DH, Kamolz LP, Frey M and Jeschke MG. (2009) Pathophysiology of burns. Wien
Med Wochenschr, 159: 327-36. doi: 10.1007/s10354-009-0651-2 PMID: 19652939.

4. Jeschke MG, Gauglitz GG, Kulp GA, Finnerty CC, Williams FN, Kraft R et al., (2011) Long-term persis-
tance of the pathophysiologic response to severe burn injury. PLoS One, 6: e21245. doi: 10.1371/
journal.pone.0021245 PMID: 21789167.

5. Lange M, Szabo C, Traber DL, Horvath E, Hamahata A, Nakano Y et al., (2012) Time profile of oxida-
tive stress and neutrophil activation in ovine acute lung injury and sepsis. Shock, 37: 468—-72. doi: 10.
1097/SHK.0b013e31824b1793 PMID: 22266977.

PLOS ONE | DOI:10.1371/journal.pone.0143730 December 2, 2015 23/26


http://www.ncbi.nlm.nih.gov/pubmed/15183630
http://dx.doi.org/10.1097/SLA.0b013e3181856241
http://www.ncbi.nlm.nih.gov/pubmed/18791359
http://dx.doi.org/10.1007/s10354-009-0651-2
http://www.ncbi.nlm.nih.gov/pubmed/19652939
http://dx.doi.org/10.1371/journal.pone.0021245
http://dx.doi.org/10.1371/journal.pone.0021245
http://www.ncbi.nlm.nih.gov/pubmed/21789167
http://dx.doi.org/10.1097/SHK.0b013e31824b1793
http://dx.doi.org/10.1097/SHK.0b013e31824b1793
http://www.ncbi.nlm.nih.gov/pubmed/22266977

@’PLOS ‘ ONE

Burn and Mitochondrial Dysfunction

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Ward PA. (2010) Oxidative stress: acute and progressive lung injury. Ann NY Acad Sci, 1203: 53-9.
doi: 10.1111/].1749-6632.2010.05552.x PMID: 20716283.

Sarma JV and Ward PA. (2011) Oxidants and redox signaling in acute lung injury. Compr Physiol, 1:
1365-81. doi: 10.1002/cphy.c100068.

Cree MG, Fram RY, Herndon DN, Qian T, Angel C, Green JM, et al., (2008) Human mitochondrial oxi-
dative capacity is acutely impaired after burn trauma. Am J Surg, 196: 234-9. doi: 10.1016/j.amjsurg.
2007.09.048 PMID: 18639661.

Médis K, Coletta C, Erdélyi K, Papapetropoulos A and Szabo C. (2013) Intramitochondrial hydrogen
sulfide production by 3-mercaptopyruvate sulfurtransferase maintains mitochondrial electron flow and
supports cellular bioenergetics. FASEB J, 27: 601—11. doi: 10.1096/fj.12-216507 PMID: 23104984.

Coletta C, Mddis K, Szczesny B, Brunyanszki A, Olah G, Rios EC et al., (2015) Regulation of vascular
tone, angiogenesis and cellular bioenergetics by the 3-mercaptopyruvate sulfurtransferase/H2S path-
way: functional impairment by hyperglycemia and restoration by a-lipoic acid. Mol Med, 21: 1-14.
PMID: 25715337.

Ayala-Torres S, Chen Y, Svoboda T, Rosenblatt J, and Van Houten B (2000) Analysis of gene-specific
DNA damage and repair using quantitative polymerase chain reaction. Methods, 22: 135-47. PMID:
11020328.

Kathe SD. Shen GP, and Wallace SS (2004) Single-stranded breaks in DNA but not oxidative DNA
base damages block transcriptional elongation by RNA polymerase Il in HeLa cell nuclear extracts.
J Biol Chem, 279: 18511-20. PMID: 14978042.

Chiu TW, Young R, Chan LYS, Burd A and Lo DYM (2006) Plasma cell-free DNA as an indicator of
severity of injury in burn patients. Clin Chem Lab Med, 44: 13—-17. PMID: 16375578.

Zhong XY, Ladewig A, Schmid S, Wight E, Hahn S, and Holzgreve W (2007) Elevated level of cell-free
plasma DNA is associated with breast cancer. Arch Gynecol Obstet, 276: 327-31. PMID: 17431649.

Chen X, Bonnefoi H, Diebold-Berger S, Lyautey J, Lederrey C, Faltin-Traub E, et al., (1999) Detecting
tumor-related alterations in plasma or serum DNA of patients diagnosed with breast cancer. Clin Can-
cer Res, 5:2297-303. PMID: 10499596.

Malik AN and Czajka A. (2013) Is mitochondrial DNA content a potential biomarker of mitochondrial
dysfunction? Mitochondrion, 13:481-92. doi: 10.1016/j.mit0.2012.10.011 PMID: 23085537.

Porter C, Herndon DN, Bhattarai N, Ogunbileje JO, Szczesny B, Szabo C et al., (2015) Severe burn
injury induces thermogenically functional mitochondria in murine white adipose tissue. Shock, 44:
258-64 doi: 10.1097/SHK.0000000000000410 PMID: 26009824.

Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W et al., (2010) Circulating mitochondrial DAMPs
cause inflammatory responses to injury. Nature, 464: 104—7. doi: 10.1038/nature08780 PMID:
20203610.

Yao X, Wigginton JG, Maass DL, Ma L, Carlson D, Wolf SE, et al., (2014) Estrogen-provided cardiac
protection following burn trauma is mediated through a reduction in mitochondria-derived DAMPs. Am
J Physiol Heart Circ Physiol, 306: H882—94. doi: 10.1152/ajpheart.00475.2013 PMID: 24464748.

ltagaki K, Kaczmarek E, Lee YT, Tang IT, Isal B, Adibnia Y, et al., (2015). Mitochondrial DNA released
by trauma induces neutrophil extracellular traps. PLoS One, 10: e0120549. doi: 10.1371/journal.pone.
0120549 PMID: 25774524,

Horton JW. (2003) Free radicals and lipid peroxidation mediated injury in burn trauma: the role of antiox-
idant therapy. Toxicology, 189: 75-88. PMID: 12821284.

Esechie A, Kiss L, Olah G, Horvath EM, Hawkins H, Szabo C et al., (2008) Protective effect of hydrogen
sulfide in a murine model of acute lung injury induced by combined burn and smoke inhalation. Clin Sci
(Lond), 115:91-7. doi: 10.1042/CS20080021 PMID: 18315525.

Maybauer DM, Maybauer MO, Szabo C, Westphal M, Traber LD, Salzman AL et al, (2011) The peroxy-
nitrite catalyst WW-85 improves microcirculation in ovine smoke inhalation injury and septic shock.
Burns, 37:842-50. doi: 10.1016/j.burns.2010.12.020 PMID: 21345598.

Asmussen S, Bartha E, Olah G, Sbrana E, Rehberg SW, Yamamoto Y et al., (2011) The angiotensin-
converting enzyme inhibitor captopril inhibits poly(adp-ribose) polymerase activation and exerts benefi-
cial effects in an ovine model of burn and smoke injury. Shock, 36: 402-9. doi: 10.1097/SHK.
0b013e318228f614 PMID: 21701415.

Cuzzocrea S, Mazzon E, Dugo L, Caputi AP, Aston K, Riley DP et al., (2001). Protective effects of a
new stable, highly active SOD mimetic, M40401 in splanchnic artery occlusion and reperfusion. Br J
Pharmacol, 132: 19-29. PMID: 11156557.

Liaudet L, Mabley JG, Soriano FG, Pacher P, Marton A, Hasko G et al., (2001) Inosine reduces sys-
temic inflammation and improves survival in septic shock induced by cecal ligation and puncture. Am J
Respir Crit Care Med, 164: 1213-20. PMID: 11673212.

PLOS ONE | DOI:10.1371/journal.pone.0143730 December 2, 2015 24 /26


http://dx.doi.org/10.1111/j.1749-6632.2010.05552.x
http://www.ncbi.nlm.nih.gov/pubmed/20716283
http://dx.doi.org/10.1002/cphy.c100068
http://dx.doi.org/10.1016/j.amjsurg.2007.09.048
http://dx.doi.org/10.1016/j.amjsurg.2007.09.048
http://www.ncbi.nlm.nih.gov/pubmed/18639661
http://dx.doi.org/10.1096/fj.12-216507
http://www.ncbi.nlm.nih.gov/pubmed/23104984
http://www.ncbi.nlm.nih.gov/pubmed/25715337
http://www.ncbi.nlm.nih.gov/pubmed/11020328
http://www.ncbi.nlm.nih.gov/pubmed/14978042
http://www.ncbi.nlm.nih.gov/pubmed/16375578
http://www.ncbi.nlm.nih.gov/pubmed/17431649
http://www.ncbi.nlm.nih.gov/pubmed/10499596
http://dx.doi.org/10.1016/j.mito.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23085537
http://dx.doi.org/10.1097/SHK.0000000000000410
http://www.ncbi.nlm.nih.gov/pubmed/26009824
http://dx.doi.org/10.1038/nature08780
http://www.ncbi.nlm.nih.gov/pubmed/20203610
http://dx.doi.org/10.1152/ajpheart.00475.2013
http://www.ncbi.nlm.nih.gov/pubmed/24464748
http://dx.doi.org/10.1371/journal.pone.0120549
http://dx.doi.org/10.1371/journal.pone.0120549
http://www.ncbi.nlm.nih.gov/pubmed/25774524
http://www.ncbi.nlm.nih.gov/pubmed/12821284
http://dx.doi.org/10.1042/CS20080021
http://www.ncbi.nlm.nih.gov/pubmed/18315525
http://dx.doi.org/10.1016/j.burns.2010.12.020
http://www.ncbi.nlm.nih.gov/pubmed/21345593
http://dx.doi.org/10.1097/SHK.0b013e318228f614
http://dx.doi.org/10.1097/SHK.0b013e318228f614
http://www.ncbi.nlm.nih.gov/pubmed/21701415
http://www.ncbi.nlm.nih.gov/pubmed/11156557
http://www.ncbi.nlm.nih.gov/pubmed/11673212

@’PLOS ‘ ONE

Burn and Mitochondrial Dysfunction

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Cevik O, Oba R, Macit C, Cetinel S, Kaya OT, Sener E et al., (2012) Lycopene inhibits caspase-3 activ-
ity and reduces oxidative organ damage in a rat model of thermal injury. Burns, 38: 861-71. doi: 10.
1016/j.burns.2012.01.006 PMID: 22356815.

Liang X, Wang RS, Wang F, Liu S, Guo F, Sun L et al., (2013) Sodium butyrate protects against severe
burn-induced remote acute lung injury in rats. PLoS One, 8: e68786. doi: 10.1371/journal.pone.
0068786 PMID: 23874764.

Ahmad A, Crupi R, Campolo M, Genovese T, Esposito E, Cuzzocrea S. (2013) Absence of TLR4
reduces neurovascular unit and secondary inflammatory process after traumatic brain injury in mice.
PLoS One, 8:€57208. doi: 10.1371/journal.pone.0057208 PMID: 23555560.

Shimoda K, Murakami K, Enkhbaatar P, Traber LD, Cox RA, Hawkins HK et al., (2003) Effect of poly
(ADP ribose) synthetase inhibition on burn and smoke inhalation injury in sheep. Am J Physiol Lung
Cell Mol Physiol, 285: L240-9. PMID: 12626333.

Murakami K, Enkhbaatar P, Shimoda K, Cox RA, Burke AS, Hawkins HK et al., (2004) Inhibition of poly
(ADP-ribose) polymerase attenuates acute lung injury in an ovine model of sepsis. Shock, 21: 126-33.
PMID: 14752285.

Bartha E, Asmussen S, Olah G, Rehberg SW, Yamamoto Y, Traber DL et al., (2011) Burn and smoke
injury activates poly(ADP-ribose)polymerase in circulating leukocytes. Shock, 36: 144—8. doi: 10.1097/
SHK.0b013e318212988c PMID: 21330947.

Olah G, Finnerty CC, Sbrana E, Elijah |, Geroé D, Herndon DN et al., (2011) Increased poly(ADP-ribo-
syl)ation in skeletal muscle tissue of pediatric patients with severe burn injury: prevention by proprano-
lol treatment. Shock, 36: 18—23. doi: 10.1097/SHK.0b013e3182168d8f PMID: 21368715.

Jagtap P, Szabo C. (2005) Poly(ADP-ribose) polymerase and the therapeutic effects of its inhibitors.
Nat Rev Drug Discov, 4:421-40. PMID: 15864271.

Burkle A, Virag L. (2013) Poly(ADP-ribose): PARadigms and PARadoxes. Mol Aspects Med, 34:
1046-65. doi: 10.1016/j.mam.2012.12.010 PMID: 23290998.

Szczesny B, Brunyanszki A, Olah G, Mitra S, Szabo C. (2014) Opposing roles of mitochondrial and
nuclear PARP1 in the regulation of mitochondrial and nuclear DNA integrity: implications for the regula-
tion of mitochondrial function. Nucleic Acids Res, 42: 13161-73. doi: 10.1093/nar/gku1089 PMID:
25378300.

Brunyanszki A, Olah G, Coletta C, Szczesny B, Szabo C. (2014) Regulation of mitochondrial poly
(ADP-Ribose) polymerase activation by the B-adrenoceptor/cAMP/protein kinase A axis during oxida-
tive stress. Mol Pharmacol, 86: 450-62. doi: 10.1124/mol.114.094318 PMID: 25069723.

Kwan JA, Schulze CJ, Wang W, Leon H, Sariahmetoglu M, Sung M et al., (2004) Matrix metalloprotei-

nase-2 (MMP-2) is present in the nucleus of cardiac myocytes and is capable of cleaving poly (ADP-
ribose) polymerase (PARP) in vitro. FASEB J, 18: 690-2. PMID: 14766804.

Jeschke MG, Low JF, Spies M, Vita R, Hawkins HK, Herndon DN et al., (2001) Cell proliferation, apo-
ptosis, NF-kappaB expression, enzyme, protein, and weight changes in livers of burned rats. Am J Phy-
siol Gastrointest Liver Physiol, 280: G1314-20. PMID: 11352826.

Song J, Finnerty CC, Herndon DN, Boehning D, Jeschke MG. (2009) Severe burn-induced endoplas-
mic reticulum stress and hepatic damage in mice. Mol Med, 15: 316-20. PMID: 19603103.

Sandre C, Agay D, Ducros V, Faure H, Cruz C, Alonso A et al., (2006) Kinetic changes of oxidative
stress and selenium status in plasma and tissues following burn injury in selenium-deficient and sele-
nium-supplemented rats. J Trauma, 60: 627-34. PMID: 16531865.

Sener G, Sehirli AO, Gedik N, Dillger GA (2007) Rosiglitazone, a PPAR-gamma ligand, protects
against burn-induced oxidative injury of remote organs. Burns, 33: 587—93. PMID: 17467912.

Sehirli O, Sener E, Sener G, Cetinel S, Erzik C, Yegen BC. (2008) Ghrelin improves burn-induced multi-
ple organ injury by depressing neutrophil infiltration and the release of pro-inflammatory cytokines. Pep-
tides, 29: 1231-40. doi: 10.1016/j.peptides.2008.02.012 PMID: 18395937.

Saunders FD, Westphal M, Enkhbaatar P, Wang J, Pazdrak K, Nakano Y et al., (2010) Molecular bio-
logical effects of selective neuronal nitric oxide synthase inhibition in ovine lung injury. Am J Physiol
Lung Cell Mol Physiol, 298: L427-36. doi: 10.1152/ajplung.00147.2009 PMID: 19965980.

Enkhbaatar P, Wang J, Saunders F, Lange M, Hamahata A, Rehberg S et al., (2011) Mechanistic
aspects of inducible nitric oxide synthase-induced lung injury in burn trauma. Burns, 37: 638-45. doi:
10.1016/j.burns.2010.12.011 PMID: 21334141.

Yalcin AD, Bisgin A, Erbay RH, Oguz O, Demir S, Yilmaz M et al., (2012) Trimetazidine effect on burn-
induced intestinal mucosal injury and kidney damage in rats. Int J Burns Trauma, 2: 110-7. PMID:
23071909.

PLOS ONE | DOI:10.1371/journal.pone.0143730 December 2, 2015 25/26


http://dx.doi.org/10.1016/j.burns.2012.01.006
http://dx.doi.org/10.1016/j.burns.2012.01.006
http://www.ncbi.nlm.nih.gov/pubmed/22356815
http://dx.doi.org/10.1371/journal.pone.0068786
http://dx.doi.org/10.1371/journal.pone.0068786
http://www.ncbi.nlm.nih.gov/pubmed/23874764
http://dx.doi.org/10.1371/journal.pone.0057208
http://www.ncbi.nlm.nih.gov/pubmed/23555560
http://www.ncbi.nlm.nih.gov/pubmed/12626333
http://www.ncbi.nlm.nih.gov/pubmed/14752285
http://dx.doi.org/10.1097/SHK.0b013e318212988c
http://dx.doi.org/10.1097/SHK.0b013e318212988c
http://www.ncbi.nlm.nih.gov/pubmed/21330947
http://dx.doi.org/10.1097/SHK.0b013e3182168d8f
http://www.ncbi.nlm.nih.gov/pubmed/21368715
http://www.ncbi.nlm.nih.gov/pubmed/15864271
http://dx.doi.org/10.1016/j.mam.2012.12.010
http://www.ncbi.nlm.nih.gov/pubmed/23290998
http://dx.doi.org/10.1093/nar/gku1089
http://www.ncbi.nlm.nih.gov/pubmed/25378300
http://dx.doi.org/10.1124/mol.114.094318
http://www.ncbi.nlm.nih.gov/pubmed/25069723
http://www.ncbi.nlm.nih.gov/pubmed/14766804
http://www.ncbi.nlm.nih.gov/pubmed/11352826
http://www.ncbi.nlm.nih.gov/pubmed/19603103
http://www.ncbi.nlm.nih.gov/pubmed/16531865
http://www.ncbi.nlm.nih.gov/pubmed/17467912
http://dx.doi.org/10.1016/j.peptides.2008.02.012
http://www.ncbi.nlm.nih.gov/pubmed/18395937
http://dx.doi.org/10.1152/ajplung.00147.2009
http://www.ncbi.nlm.nih.gov/pubmed/19965980
http://dx.doi.org/10.1016/j.burns.2010.12.011
http://www.ncbi.nlm.nih.gov/pubmed/21334141
http://www.ncbi.nlm.nih.gov/pubmed/23071909

@’PLOS ‘ ONE

Burn and Mitochondrial Dysfunction

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Csontos C, Rezman B, Foldi V, Bogar L, Drenkovics L, Roth E et al., (2006) Effect of N-acetylcysteine
treatment on oxidative stress and inflammation after severe burn. Burns, 38: 428-37. doi: 10.1016/].
burns.2011.09.011 PMID: 21978796.

Cree MG, Fram RY, Herndon DN, Qian T, Angel C, Green JM et al., (2008) Human mitochondrial oxida-
tive capacity is acutely impaired after burn trauma. Am J Surg, 196: 234-9. doi: 10.1016/j.amjsurg.
2007.09.048 PMID: 18639661.

Porter C, Herndon DN, Sidossis LS, Bgrsheim E. (2013) The impact of severe burns on skeletal muscle
mitochondrial function. Burns, 39: 1039-47. doi: 10.1016/j.burns.2013.03.018 PMID: 23664225.

Yao X, Wigginton JG, Maass DL, Ma L, Carlson D, Wolf SE et al., (2014) Estrogen-provided cardiac
protection following burn trauma is mediated through a reduction in mitochondria-derived DAMPs. Am
J Physiol Heart Circ Physiol, 306: H882—94. doi: 10.1152/ajpheart.00475.2013 PMID: 24464748.

Porter C, Herndon DN, Bgrsheim E, Chao T, Reidy PT, Borack MS, et al., (2014) Uncoupled skeletal
muscle mitochondria contribute to hypermetabolism in severely burned adults. Am J Physiol Endocrinol
Metab, 307: E462—7. doi: 10.1152/ajpendo.00206.2014 PMID: 25074988.

Silveira PC, Venancio M, Souza PS, Victor EG, de Souza Notoya F, Paganini CS et al., (2014). lonto-
phoresis with gold nanoparticles improves mitochondrial activity and oxidative stress markers of burn
wounds. Mater Sci Eng C Mater Biol Appl, 44:380-5. doi: 10.1016/j.msec.2014.08.045 PMID:
25280718.

Porter C, Herndon DN, Barsheim E, Bhattarai N, Chao T, Reidy PT et al., (2015) Long-term skeletal
muscle mitochondrial dysfunction is associated with hypermetabolism in severely burned children. J
Burn Care Res, 2015 Sep 7. [Epub ahead of print] 26361327.

Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, Xu W et al., (2013) Genomic responses in
mouse models poorly mimic human inflammatory diseases. Proc Natl Acad Sci USA, 110: 3507-3512.
doi: 10.1073/pnas.1222878110 PMID: 23401516.

Cauwels A, Vandendriessche B. Brouckaert P. (2013) Of mice, men, and inflammation. Proc Natl Acad
Sci USA, 110: E3150. doi: 10.1073/pnas.1308333110 PMID: 23852732.

Osuchowski MF, Remick DG, Lederer JA, Lang CH, Aasen AO, Aibiki M et al., (2014) Abandon the
mouse research ship? Not just yet! Shock, 41: 463-75. doi: 10.1097/SHK.0000000000000153 PMID:
24569509.

Takao K, Miyakawa T. (2015) Genomic responses in mouse models greatly mimic human inflammatory
diseases. Proc Natl Acad Sci USA, 112: 1167-72. doi: 10.1073/pnas.1401965111 PMID: 25092317.

PLOS ONE | DOI:10.1371/journal.pone.0143730 December 2, 2015 26/26


http://dx.doi.org/10.1016/j.burns.2011.09.011
http://dx.doi.org/10.1016/j.burns.2011.09.011
http://www.ncbi.nlm.nih.gov/pubmed/21978796
http://dx.doi.org/10.1016/j.amjsurg.2007.09.048
http://dx.doi.org/10.1016/j.amjsurg.2007.09.048
http://www.ncbi.nlm.nih.gov/pubmed/18639661
http://dx.doi.org/10.1016/j.burns.2013.03.018
http://www.ncbi.nlm.nih.gov/pubmed/23664225
http://dx.doi.org/10.1152/ajpheart.00475.2013
http://www.ncbi.nlm.nih.gov/pubmed/24464748
http://dx.doi.org/10.1152/ajpendo.00206.2014
http://www.ncbi.nlm.nih.gov/pubmed/25074988
http://dx.doi.org/10.1016/j.msec.2014.08.045
http://www.ncbi.nlm.nih.gov/pubmed/25280718
http://dx.doi.org/10.1073/pnas.1222878110
http://www.ncbi.nlm.nih.gov/pubmed/23401516
http://dx.doi.org/10.1073/pnas.1308333110
http://www.ncbi.nlm.nih.gov/pubmed/23852732
http://dx.doi.org/10.1097/SHK.0000000000000153
http://www.ncbi.nlm.nih.gov/pubmed/24569509
http://dx.doi.org/10.1073/pnas.1401965111
http://www.ncbi.nlm.nih.gov/pubmed/25092317

