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Abstract

Septic cardiac dysfunction is the main cause of death in septic patients. Here we investigate
whether exogenous carbon monoxide can protect cardiac function and improve survival against
sepsis by interfering with mitochondrial energetic metabolism. Male C57BL/6 mice were subjected
to cecal ligation and puncture to induce sepsis. Exogenous carbon monoxide delivered from
Tricarbonyldichlororuthenium (Il) dimer (carbon monoxide releasing molecule Il, 8mg/kg) was
used intravenously as intervention. We found that carbon monoxide significantly improved cardiac
function (LVEF 80.26 + 2.37% vs. 71.21 + 1.37%, P <0.001; LVFS 43.52 + 1.92% vs. 34.93 + 1.28%,
P < 0.001) and increased survival rate of septic mice (63% vs. 25%, P < 0.01). This phenomenon
might be owing to the beneficial effect of carbon monoxide on abolishing the elevation of cardiac
enzyme activity, cytokines levels and apoptosis rate, then attenuating cardiac injury in septic mice.
Meanwhile, carbon monoxide significantly reversed the loss of mitochondrial number, effectively
inhibited cardiac mitochondrial damage in septic mice by modulating glucose uptake, adenosine
triphosphate and lactate content. Furthermore upregulation of peroxisome proliferator-activated
receptor-y coactivator-1a, nuclear respiratory factor | and mitochondrial transcription factor A
genes in cardiac tissue were revealed in septic mice treated with carbon monoxide. Taken to-
gether, the results indicate that exogenous carbon monoxide effectively modulated mitochondrial
energetic metabolisms by interfering with expression of peroxisome proliferator-activated re-
ceptor-Yy coactivator-10, nuclear respiratory factor | and mitochondrial transcription factor A
genes, consequently exerted an important improvement in sepsis-induced cardiac dysfunction.
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Introduction

Sepsis is defined as the host inflammatory re-
sponse to severe, life-threatening infection with the
presence of organ dysfunction [1, 2]. Despite ad-
vancements in the understanding of its pathophysi-
ology, sepsis continues to pose serious clinical chal-
lenges and is the leading cause of death in patients

admitted to intensive care units (ICU) [3, 4]. Heart is
an important target organ frequently affected by sep-
sis and always affected by septic shock [5, 6]. Septic
patients suffering cardiac dysfunction showed a high
mortality of 70-90% vs. 20% without cardiac dysfunc-
tion [7]. With improving awareness of the importance
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of cardiac dysfunction in sepsis, low cardiac index
and echocardiographic evidence were added to the
recent definition of severe sepsis or septic shock [8].
Among the main potential mechanisms underlying
the pathophysiology of cardiac dysfunction in sepsis,
mitochondrial depression may represent a key cellu-
lar event [9-12].

Endogenous carbon monoxide (CO), a
by-product of inducible heme oxygenase (HO-1), can
exert various physiological effects including modu-
lating inflammation [13-15]. Recently, transition metal
carbonyls have been identified as novel CO-releasing
molecules (CORMs) with the potential to facilitate the
pharmaceutical use of CO by delivering it to tissues
and organs. Our previous studies confirmed that Tri-
carbonyldichlororuthenium (II) dimer (CORM-2) re-
leased CO attenuated inflammatory response and
protected the function of liver, lung and small intes-
tine of septic mice by interfering with activation of
nuclear factor-xB (NF-xB) and expression of intercel-
lular adhesion molecule-1 (ICAM-1) [16-18]. Howev-
er, little is known whether CORM-2 released CO can
protect cardiac mitochondria and improve cardiac
function in septic mice.

Here, cecal ligation and puncture (CLP)-induced
septic mice and LPS-stimulated neonatal rat ventric-
ular myocyte cultures (NRVMCs) are employed to
test whether CORM-2, one of the novel groups of
CORMs, can modulate cardiac mitochondrial ener-
getic metabolism and exert an important improve-
ment in sepsis-induced cardiac dysfunction. Peroxi-
some proliferator-activated receptor-y (PPAR-y) co-
activator-la (PGC-1a), called ‘master regulators’ of
mitochondrial biogenesis, is a potent activator of
transcription factors nuclear respiratory factor 1
(NRF-1), nuclear respiratory factor 2 (NRF-2) and
mitochondrial transcription factor A (Tfam). These
genes collectively initiate the expression of mito-
chondrial genes and almost all the proteins involved
in oxidative phosphorylation in mitochondria.
Therefore, further studies discover the effect of
CORM-2 on the expression of PGC-1a, NRF-1, NRF-2
and Tfam.

Materials and Methods

Detailed descriptions of the materials and
methods are available in the Online Data Supplement
(Additional file 1). A brief description of the methods
used is given below.

Ethics statement

The experiments outlined in this manuscript
conform to the Guide for the Care and Use of Labor-
atory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1996).

All experimental protocols were approved by the
Council on Animal Care at Jiangsu University on the
Protection and the Welfare of Animals and followed
the National Institutes of Health of China guidelines
for the care and use of experimental animals.

Animal and CLP protocol

Total of two hundred and seventy eight male
C57BL/6 mice (body weight 20 + 2 g, Experimental
Animal Center of the Jiangsu University, Zhenjiang,
Jiangsu, China) were given free access to normal
mouse diet and tap water. All mice were randomly
assigned to 4 groups according to the different design
of each experiment: Sham group; CLP group; CLP +
CORM-2 group; and CLP + inactive CORM-2
(iCORM-2) group. In each experiment, mice in sham
group underwent sham procedure, whereas mice in
CLP group received cecal ligation and puncture, mice
in CLP + CORM-2 group and CLP + iCORM-2 group
were subjected to the same injury with immediate
administration of CORM-2 (8 mg/kg, iv.) and
iCORM-2 (8 mg/kg, i.v.), respectively.

Primary neonatal rat ventricular myocyte
cultures (NRVMCs)

One-day-old SD rats were sacrificed and hearts
were harvested. After scalpel homogenization, ven-
tricular myocytes were isolated following a series of
collagenase/pancreatin digestions. The cells were
resuspended in DMEN/F12 and maintained for 1 h in
a humidified atmosphere with 5% CO; and 95% air.
Then the supernatant containing the ventricular my-
ocyte was harvested gently. Forty-eight hours after
planting, NRVMCs were washed with medium and
incubated with lipopolysaccharide (LPS, 10 pg/mL)
in the absence or presence of CORM-2 (50 pmol/ L) for
12 h.

Survival

A total of 53 C57BL/6 male mice were randomly
assigned into 4 groups: Sham group (n=8), CLP group
(n=15), CLP + CORM-2 group (n=15), CLP +
iCORM-2 group (n=15). All mice had normal access
for water and food and were monitored every 6 h for
72 h.

Biochemical assays

Mice were anesthetized and blood samples were
collected from the heart at 6, 12 and 24 h after CLP.
Levels of aspartate aminotransferase (AST), lactate
dehydrogenase (LDH), creatine kinase (CK) and CK
myocardial isoform (CK-MB) in serum were deter-
mined by a serum autoanalyzer (AU2700, Olympus,
Tokyo, Japan). The released LDH in the supernatants
of NRVMCs was calculated according to the following
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equation: LDH release = LDH in the supernatant -
LDH in the cell-free medium.

Quantitation of apoptosis

Mice were euthanized 24 h after CLP surgery.
Hearts were harvested and apoptosis was quantified
by flow cytometry using Annexin V and PI double
staining. Annexin V is a Ca?*-dependent phospholip-
id-binding protein with high affinity for membranal
apoptotic marker phospholipid phosphatidylserine
(PS). Membranes of dead and damaged cells are
permeable to PI. Cells that are positive for Annexin V
but negative for PI were considered undergoing
apoptosis. The apoptotic rate was calculated as the
percentage of Annexin V-positive and Pl-negative
cells divided by the total number of cells in the gated
region.

Measurement of IL-13 and TNF-a

Blood samples were collected from the heart 24 h
after CLP surgery. Enzyme-linked immunosorbent
assay (ELISA) kits were used to detect serum IL-1p
and TNF-a concentrations following the manufactur-
er’s recommended procedures.

Echocardiography

Transthoracic echocardiography was performed
using Agilent Sonos 5500 ultrasound systems (Agilent
Technologies Inc, Lexington, MA., USA). 24 h after
CLP surgery mice were anesthetized with 2% inhaled
isoflurane and placed on a temperature-controlled
platform. After tracing left ventricular end-diastolic
dimensions (LVDd) and left ventricular end-systolic
dimensions (LVDs), manufacturer software automat-
ically computed left ventricular ejection fraction
(LVEF) and left ventricular fraction shortening (LVFS)
according to Teichholz Formula. Analysis of the data
was performed with software provided by Visu-
alSonics (Toronto, Ont., Canada).

Mitochondria isolation

At 6, 12 and 24 h after CLP, fresh heart tissues
were homogenized. The homogenates were centri-
fuged at 850 g for 10 min to collect supernatants, fol-
lowed by centrifuging at 10,000 g for additional 10
min. The mitochondrial pellet was then resuspended
in a final washing buffer. Protein concentration was
determined by BCA protein assay kit.

Determination of mitochondrial ROS

Mitochondrial ROS were measured with a non-
fluorescent probe DCFH-DA. All groups of isolated
cardiac mitochondria were incubated with DCFH-DA
at 37°C for 30 min. ROS levels were determined via a
fluorescence spectrometry at an excitation wavelength
of 488 nm and an emission wavelength of 535 nm.

Determination of mitochondrial membrane
potential (MMP)

Mitochondrial membrane potential was meas-
ured with a fluorescent dye, JC-1. Isolated cardiac
mitochondria were stained with JC-1 at 37°C for 30
min. MMP was shown as fluorescence intensity via
the use of a fluorescence spectrometry at an excitation
wavelength of 488 nm and an emission wavelength of
595 nm.

Determination of mitochondrial swelling

Mitochondrial swelling was assessed by meas-
uring the absorbance at 540 nm. Cardiac mitochondria
were prepared in the assay buffer. The extent of mi-
tochondrial swelling was assayed by measuring the
decrease in absorbance (A540) every 30 sec for 30 min
after the addition of 50 pmol/L Ca?* at 37°C. Results
were normalized to sham group.

Transmission electron microscopic
examination

Hearts were fixed in 2.5% gluteraldehyde in 0.1
M sodium cacodylate buffer and post-fixed in 1%
osmium tetroxide in 0.1 M sodium cacodylate buffer
with 0.3% potassium ferrocyanide at 24 h after CLP.
Tissue was stained with 4% aqueous uranyl acetate,
dehydrated, infiltrated, and embedded in in LX112
(Ladd Research). Ultrathin sections (80 nm) were cut
and imaged using a Philips Tecnai 12 electron micro-
scope.

mtDNA Copy Number

Total DNA from each heart was extracted using
QIAamp DNA Mini Kit. Mitochondrial cytochrome ¢
oxidase subunit II (mtCOII) gene was quantified by
qPCR for mtDNA. 185 rRNA served as controls.

Confocal microscopy

Confocal microscopical examination of mito-
chondrial staining in heart sections was performed.
Mean fluorescence intensities from at least five indi-
vidual hearts were measured using Image] and the
means of these images were used for further statistical
analysis.

RNA Extraction and Real-time quantitative
PCR (qPCR)

Total RNA from each heart was extracted using
the TRIzol Reagent. First-strand complimentary DNA
(cDNA) was synthesized using the RevertAid First
Strand c¢cDNA Synthesis Kit. Real-time qPCR was
performed using Maxima SYBR Green/ROX qPCR
Master Mix. Gene special primers were listed in Ad-
ditional file 1: Supplementary Table 1. The relative
level of gene expression was normalized to the level
of GAPDH and calculated using the 2-2ACT method.
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Small-animal Positron Emission Tomography
(PET) imaging

24 h after CLP, mice were maintained under 2%
isoflurane anesthesia throughout the scanning period.
PET scanning was performed 60 min after injection of
18.9 + 1.6 MBq of FDG for 10 min. The PET images
were reconstructed using the Inveon Acquisition
Workplace software. Cardiac FDG uptake was calcu-
lated as standardized uptake value (SUV).

Determination of ATP and lactate content

Cardiac ATP and lactate content were assessed
in homogenized tissue samples. Homogenates were
centrifuged at 2,500 rpm at 4°C and the supernatants
were harvested. Then, ATP and lactate content in the
homogenates were measured using assay Kkits fol-
lowing the manufacturer’s instructions.

Measurement of oxygen consumption

NRVMCs were harvested from culture, resus-
pended in 3 mL of complete medium. Out of this
suspension, 2 mL was transferred into a sealed
chamber connected to a Clark-type electrode, and
maintained at 37°C. Oxygen consumption was rec-
orded as the rate of decrease in oxygen tension within
the chamber over the first 180 sec.

Statistical analysis

All the data were analyzed using software
GraphPad Prism 5. 5-8 mice and 5 wells for each
group were calculated. Values were presented as
mean * SD. Statistical analysis was performed using
one-way factorial analysis of variance (ANOVA) and
Student’s t-test for the comparisons. Survival was
analyzed with log-rank test. P < 0.05 was considered
to be statistically significant.

100

Results

Effect of CORM-2 on survival of septic mice

Survival of mice was analyzed during 72 h after
CLP procedures. As shown in Fig 1, no deaths oc-
curred in the sham group. Most of mice challenged
with CLP died between 12 h and 24 h. CORM-2 ad-
ministration dramatically increased the survival rate
of septic mice from 25% to 63%. iCORM-2, which did
not release carbon monoxide, had no effect on sur-
vival of septic mice.

Effect of CORM-2 on cardiac injury of septic
mice

In septic mice, significant increases of myocardi-
al enzymes in serum were seen at 6, 12 and 24 h after
CLP surgery (P < 0.001. Fig 2A). The in vivo admin-
istration of CORM-2 significantly abolished this ele-
vation (P < 0.001). Apoptosis of cardiac cells was as-
sessed by Annexin V/PI staining. Flow cytometry
(FC) results showed a significant decrease of apopto-
sis rate in the presence of CORM-2 at 24 h after CLP
surgery (0.46 = 0.07 vs. 0.72 £ 0.07, P < 0.001. Fig 2B).
In Fig 2C, at 24 h after CLP, the levels of IL-1p and
TNEF-a in serum were markedly increased compared
with those in sham mice (P < 0.001). After admin-
istration of CORM-2, the elevation of IL-1p and TNF-a
levels were effectively abolished (P < 0.05).

Effect of CORM-2 on mitochondrial damage in
the heart of septic mice

Cardiac mitochondrial function was assessed by
examination of mitochondrial ROS production, mi-
tochondrial membrane potential (MMP) and mito-
chondrial swelling. As shown in Fig 3A, cardiac mi-
tochondrial ROS were significantly increased at 24 h
after CLP (P < 0.001). The elevation was abolished
after administration of CORM-2 (P < 0.05). Consistent
results were found in MMP alternations. As shown in

Fig 3B, mitochondrial depolarization was

‘—[-.___ —— Sham observed 24 h after surgery (P < 0.001) and
T 801 - !_ mo CLP this decline was prevented by CORM-2 (P
Z 604 1,__ L S T z t; : ;%F::I'i < 0.05). Meanwhile, significant attenuation
» E__! of Ca?*-induced mitochondrial swelling in
§ 404 I T the hearts of CLP mice was observed only
S 40 feememecmonaaaatt at 24 h after CLP surgery (P < 0.01) (Fig
3C). Treatment with CORM-2 significantly

0 12 " 26 5 a0 2 inhibited the alterations (P < 0.05). Repre-

Time (hours)

Fig |. Effect of carbon monoxide releasing molecule-2 (CORM-2) on survival of septic
mice. Mice were challenged with cecal ligation and puncture (CLP) and treated with CORM-2 or
inactive CORM-2 (iCORM-2). All mice had normal access to water and food. Animal survival was
monitored 4 times a day for up to 72 h after CLP. Most of mice challenged with CLP died between 12
h and 24 h. CORM-2 dramatically increased the survival of septic mice from 25% to 63%. *P < 0.01

compared with sham, #P < 0.0] compared with CLP.

sentative electron microscopic images (Fig
3D) showed some early changes of mito-
chondria like breakage of inner and outer
membranes, variable swelling and lose of
matrix density in CLP mice compared with

sham mice. CORM-2 effectively inhibited
these structural destructions.
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Fig 2. Effect of carbon monoxide releasing molecule-2 (CORM-2) on cardiac injury of septic mice. Mice were challenged with CLP and treated with CORM-2 or
iCORM-2. A, Myocardial enzymes, including LDH, AST, CK and CK-MB, were detected at 6, 12 and 24 h after CLP surgery. Myocardial enzymes were increased at 6, 12 and 24
h after CLP. In vivo administration of CORM-2 significantly abolished this elevation. B, 24 h following CLP surgery, apoptosis of cardiac cells was assessed by Annexin V/PI staining.
Representative flow cytometry (FC) images were shown. C, FC results showed a high apoptotic rate at 24 h after CLP surgery and then a significant decrease in the presence of
CORM-2. D, At 24 h after CLP, the levels of interleukin (IL)- 1B and tumor necrosis factor (TNF-a) in serum were markedly increased compared with those in sham mice. After
administration of CORM-2, the elevation of TNF-a and IL-I(3 levels were effectively abolished. Data were shown as mean + SD, *P < 0.05 compared with sham, “P < 0.01
compared with sham, **P < 0.00| compared with sham, #P < 0.05 compared with CLP, ##P < 0.0] compared with CLP, ##P < 0.00| compared with CLP.

Effect of CORM-2 on mitochondrial number in
the heart of septic mice

Mitochondrial number was assayed by mito-
tracker green staining and mtDNA copy number (Fig
4). Accumulation of mitotracker was detected by
confocal microscopy. Results showed that CLP sig-
nificantly reduced the accumulation of mitotracker

compared with sham mice (10.46 £2.15 vs. 20.92 £ 1.50
MEFI, P < 0.001). Administration of CORM-2 signifi-
cantly reversed the loss of mitotracker accumulation
(18.23 + 1.54 vs. 10.46 + 2.15 MFI, P < 0.001). mtDNA
copy number was also reduced in CLP challenged
mice while CORM-2 significantly restored it (0.87
0.2 vs. 0.52 £0.20, P < 0.05).
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treated with CORM-2 or iCORM-2. Cardiac mitochondrial ROS (A), mitochondrial membrane potential (MMP) (B) and mitochondrial swelling (C) were assessed at 6, 12 and
24 h after CLP injury. Mitochondrial damage was detected at 24 h after CLP surgery as indicated by collapse of MMP, excess generation of ROS and poor ability of swelling.
Treatment with CORM-2 significantly inhibited the alterations. Data were shown as mean + SD, P < 0.0 compared with sham, =P < 0.00] compared with sham, #P < 0.05
compared with CLP. (D), Representative electron microscopic images showed some early changes of mitochondria like breakage of inner and outer membranes, variable swelling
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Fig 4. Effect of carbon monoxide releasing molecule-2 (CORM-2) on mitochondrial number in the heart of septic mice. Mice were challenged with CLP and
treated with CORM-2 or iCORM-2. 24 h following CLP surgery, mitochondrial number was assayed by mitotracker green staining and mtDNA copy number. Accumulation of
mitotracker was detected by confocal microscopy. Representative images and mean Fluorescence Intensity were shown in A and B. Results showed that CLP significantly
reduced the accumulation of mitotracker compared with sham mice. Administration of CORM-2 significantly reversed the loss of mitotracker. C, mtDNA copy number was also
reduced in CLP challenged mice while CORM-2 significantly abolished this reduction. Data were shown as mean # SD, P < 0.0| compared with sham, **P < 0.00| compared with
sham, #P < 0.05 compared with CLP, ##P < 0.00] compared with CLP.

0.001). After in vivo administration of CORM-2, FDG
uptake was significantly decreased (3.7 £ 0.4 vs. 5.4
0.6 SUV, P < 0.05). Cardiac ATP (Fig 5C) content was

Effect of CORM-2 on FDG uptake, ATP and
lactate content in the heart of septic mice

Positron emission tomography (PET) was used
to assay the 18F labeled FDG uptake in mice (Fig 5A).
Calculated as SUV, results (Fig 5B) displayed that CLP
mice had higher FDG uptake than that in sham mice
at 24 h after CLP injury (5.4 £ 0.6 vs. 21 £0.2SUV, P <

slightly but significantly lower in CLP mice when
compared with sham mice at 24 h after CLP surgery
(281.55 £ 14.25 vs. 348.15 £ 34.19 nmol/mg, P < 0.05).
With the treatment with CORM-2, ATP content was
significantly increased (319.85 + 10.88 vs. 281.55 *
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14.25 nmol/mg, P < 0.05). Production of lactate (Fig
5D) was low in sham group. After CLP challenge,
lactate levels were significantly increased (2.60 + 0.46
vs. 0.85 £ 0.07 U/L, P < 0.001) whereas administration
of CORM-2 markedly decreased lactate production
(1.69 £0.21 vs. 2.60 £ 0.46 U/L, P < 0.05).

Effect of CORM-2 on cardiac function of septic
mice

LVEF and LVFS were determined by echocar-
diography to assess cardiac function (Fig 6, Addi-
tional file 1: Supplementary Table 2). In Fig 6, at 24 h
after CLP, LVEF and LVFS were found to be signifi-
cantly lower in CLP mice as compared with sham
mice (LVEF 71.21 + 1.37 vs. 85.88 + 3.31, LVFS 34.93 +
1.28 vs. 48.01 + 3.84, P < 0.001). Treatment with
CORM-2 prevented the reductions of LVEF and LVFS
(LVEF 80.26 + 2.37 vs. 71.21 + 1.37, LVFS 43.52 + 1.92
vs. 34.93 +1.28, P < 0.001).

Effect of CORM-2 on LPS-stimulated NRVMCs

To assess the effect of CORM-2 on the septic
cardiac myocytes, we employed the in witro
LPS-stimulated NRVMCs to mimic the septic patho-
physiology. Representative fluorescence photomicro-
graphs (Fig 7A) revealed that LPS stimulation in-
creased ROS levels compared with control whereas
CORM-2 treatment significantly reduced
LPS-induced ROS generation. Fluorescence spec-
trometry analysis (Fig 7B) was consistent with the
fluorescence spectrometry results. Damaged cells lead
to the release of LDH into culture medium. LDH re-
lease (Fig 7C) was markedly higher in NRVMCs
treated with LPS for 12 h than that in control group
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(39.00 + 4.58 vs. 8.67 £ 4.73 U/L, P < 0.001) but was
significantly ~decreased when NRVMCs were
co-incubated with LPS plus CORM-2 (25.33 + 2.08 vs.
39.00 +4.58 U/L, P < 0.01). Fig 7D showed that mito-
chondrial oxygen consumption was significantly re-
duced at 12 h following LPS stimulation as compared
with the control group (2.86 + 0.08 vs. 4.70 £ 0.51
nmol/min/10¢ells, P < 0.001). However, CORM-2
administration markedly improved oxygen con-
sumption (3.63 * 037 wvs. 286 + 0.08
nmol/min/10¢6cells, P < 0.01).

Effect of CORM-2 on mitochondrial biogenesis
genes in the heart of septic mice

PGC-1a and its downstream transcriptional fac-
tor NRF-1 and NRF-2 are essential for almost all the
proteins involved in oxidative phosphorylation in
mitochondria. In addition, PGC1-a and NRFs are re-
sponsible for the transcription of the Tfam, a molecule
controlling mitochondrial DNA replication and tran-
scription of mitochondria-encoded genes. Results of
PGC-1la mRNA (Fig 8A) showed no significant dif-
ference in CLP mice at 6, 12 and 24 h compared with
sham mice. However, in vivo administration of
CORM-2 significantly elevated the expression of
PGC-la mRNA (6 h1.98 £0.50 vs. 1.12 £ 0.42, P <0.01;
12h1.76 £0.46 vs. 0.93 £1.61, P < 0.01; 24 h1.62 £ 0.22
vs. 1.09 £ 0.15, P < 0.05). Analogous to PGC-1a, NRF-1
mRNA (Fig 8B) was not significantly altered by CLP
surgery but in vivo administration of CORM-2 effec-
tively raised the expression of NRF-1 (12 h 1.45 + 0.24
vs.1.05£0.20,24 h 1.55 £ 0.28 vs. 1.09 £ 0.21, P < 0.05).
No significant difference was observed for the ex-
pression of NRF-2 mRNA (Fig 8C) among all groups
at 6, 12 or 24 h.
Expression of
Tfam mRNA (Fig
8D) in CLP mice
was significantly
decreased at 24 h
(0.52+0.17 vs. 1.00
D & + 0.12, P < 0.05),

- CORM-2 treat-

ment  markedly
CLP+CORM-2  CLP+ICORM-2

Imol/mg)

abolished this de-
cline (12 h 1.14 *
0.31 vs. 0.69 £ 0.06,
24 h 0.96 £ 0.23 vs.
052 + 017, P <
0.01).

Tomography (PET) scanning. B, Standardized uptake value (SUV) results displayed that CLP mice had higher '8F-fluorodeoxyglucose (FDG)
uptake than that in sham mice at 24 h after CLP injury. After in vivo administration of CORM-2, FDG uptake was significantly decreased. C,
Cardiac ATP content was slightly but significantly lower in CLP mice as compared with sham mice at 24 h after CLP surgery. With the
treatment of CORM-2, ATP content was significantly increased. D, Production of lactate was low in sham group. After CLP challenge, lactate
levels were significantly increased whereas administration of CORM-2 markedly decreased lactate production. Data were shown as mean *
SD, *P < 0.05 compared with sham, **P < 0.001 compared with sham, #P < 0.05 compared with CLP.
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Fig 6. Effect of carbon monoxide releasing molecule-2 (CORM-2) on cardiac function of septic mice. Mice were challenged with CLP and treated with CORM-2 or
iCORM-2. A, Representative images of echocardiography. 24 h following CLP surgery left ventricular end-diastolic dimensions (LVDd), left ventricular end-systolic dimensions
(LVDs) were measured by echocardiography and left ventricular ejection fraction (LVEF), left ventricular fraction shortening (LVFS) were calculated automatically by software.
B, LVEF and LVFS were found to be significantly lower in CLP mice as compared with sham mice. Treatment with CORM-2 prevented the reductions of LVEF and LVFS. Data
were shown as mean * SD, **P < 0.00| compared with sham, ##P < 0.00| compared with CLP.
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Fig 7. Effect of carbon monoxide releasing molecule-2 (CORM-2) on reactive oxygen species (ROS) levels, lactate dehydrogenase (LDH) release and
oxygen consumption in lipopolysaccharide (LPS)-stimulated neonatal rat ventricular myocyte cultures (NRVMCs). NRVMCs were stimulated by LPS for 12 h
and treated with CORM-2 or iCORM-2. A, Representative fluorescence photomicrographs revealed that LPS stimulation increased ROS levels compared with the control,
whereas CORM-2 treatment significantly reduced LPS-induced ROS generation. B, Fluorescence spectrometry analysis was consistent with the fluorescence spectrometry
results. C, LDH release was markedly higher in NRVMCs treated with LPS than that in control group and LDH release was significantly decreased when NRVMCs were
co-incubated with LPS and CORM-2. D, Oxygen consumption was assayed by Clark-type electrode. Oxygen consumption was significantly reduced at 12 h following LPS
stimulation as compared with control group. However, CORM-2 markedly improved oxygen consumption. Data were shown as mean * SD, *P < 0.0] compared with sham, **P
< 0.001 compared with sham, #P < 0.05 compared with CLP, #P < 0.0] compared with CLP
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compared with CLP, ##P < 0.0] compared with CLP.

Discussion

Sepsis is the most leading cause of death in pa-
tients admitted to ICU [3]. In a recent study, annual
number of cases in America exceeded 750,000 with
215,000 associated deaths [19]. Cardiac dysfunction is
a major factor to the mortality of patients suffering
sepsis [20]. It was reported that the mortality of septic
patients with cardiac dysfunction reached up to
70-90% compared with 20% without cardiac dysfunc-
tion [7]. Mitochondria are crucial for maintaining
cardiac function. A growing body of evidence indi-
cates that mitochondria contribute to the pathogenesis
of septic cardiac dysfunction [21-23]. In the present
study, we provide the evidence that exogenous CO
liberated from CORM-2 prevents cardiac dysfunction
against sepsis and this beneficial effect may be owing
to the improvement in mitochondrial energetic me-
tabolism.

CO is a metabolic product of heme oxygenase
(HO) with remarkable anti-inflammatory capacity [24,
25]. Recently, transition metal carbonyls have been

identified as the potential to facilitate the pharmaceu-
tical use of CO by delivering it to the tissues and or-
gans of interest [13, 26]. Studies elucidated that
CORM-2 suppressed LPS-induced inflammatory re-
sponses in human umbilical vein endothelial cells
(HUVECs), peripheral blood mononuclear cells
(PBMCs) and macrophages [27, 28]. Similarly, the
results reported in our laboratory and others con-
firmed that CO derived from CORMs rescued mice
from lethal sepsis induced by LPS or CLP [16-18].
Until now, however, little is known whether CORM-2
can protect cardiac function in septic mice.

CLP, golden standard model for polymicrobial
sepsis, was employed to mimic the septic pathophys-
iologic conditions [29, 30]. Survival assay revealed
that only 25% of mice survived from CLP while in vivo
administration of CORM-2 markedly increased it to
63%. Levels of myocardial enzymes were dramatically
downregulated by CORM-2. Cardiac enzymes, in-
cluding AST, LDH, CK and CK-MB, are proteins from
heart muscle cells that are released into the blood-
stream when heart muscle is damaged. The levels of
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serum cardiac enzymes dramatically increased with
the prolonged time of CLP injury and multiplied
several times at 24 h which indicated the severe car-
diac injury during sepsis. Cardiac enzymes were re-
leased due to the damage of cardiac cells so we further
examined the apoptotic rate of cardiac cells by An-
nexin V/PI staining at 24 h after CLP surgery. Flow
cytometry results proved the high apoptotic rate in
CLP-challenged mice and CORM-2 significantly sup-
pressed the apoptosis. Evidenced by the decreased
myocardial enzymes levels and apoptosis rate, ad-
ministration of CORM-2 significantly alleviated the
cardiac injury in septic mice. IL-1p and TNF-a were
potent mediators of cardiac injury in septic cardiac
injury [31, 32]. After application of CORM-2, the ele-
vation of serum IL-1B and TNF-a was markedly
abolished which suggested the role of CORM-2 in the
prevention of CLP-induced tissue damage might in-
volve in downregulation of the production of cyto-
kines.

It is well-known that mitochondrial damage di-
rectly deteriorates energy supply for maintaining
normal cell functions, especially when it goes to car-
diac cells [33-35]. Extensive researches highlighted the
fact of mitochondrial damage in septic patients and
animal models [36, 37]. To estimate the mitochondrial
damage, MMP, mitochondrial ROS and mitochondrial
swelling were detected at 6, 12 and 24 h after CLP
surgery. Results revealed that collapse of MMP, ex-
cess generation of ROS and poor ability to swell oc-
curred at 24 h after CLP surgery. These data were in
accordance with the previous studies that short-term
(< 6 h) laboratory models of sepsis showed variable
changes in mitochondrial respiration, whereas longer
term models (>12 h) consistently revealed impaired
mitochondrial function [38]. The lengthy course of
sepsis and extended exposure to reactive nitrogen
species (RNS) might be the cause of irreversible inhi-
bition or permanent damage to mitochondria [39].
After in vivo administration of CORM-2, mitochon-
drial damage was greatly inhibited. Not only dam-
aged mitochondria but also decreased mitochondrial
number was proved to affect cardiac function in sep-
sis. Thus we assayed the mitochondrial number by
mitotracker green staining and mtDNA copy number
at 24 h after CLP surgery. We found that CLP signifi-
cantly reduced the mitochondrial number compared
with sham mice. As expected, the extent of decrease of
mitochondrial number was slight in CLP mice treated
with CORM-2.

To determine the potential consequence of the
above phenomena, we investigated the in vivo ability
of mice for cardiac glucose metabolism using
18E-FDG/micro-PET. To date, the application of PET
technology has enabled remarkable research observa-

tions in cancer and neurobiology. However, the ap-
plication of PET technology in the field of inflamma-
tion is constrained, and this is primarily due to the
limitations of tracers and resolution [40]. An increas-
ing number of radiolabels have been applied for in
vivo imaging of small animals. 8F-FDG is a glu-
cose-like radioactive tracer, which has been applied
for the in vivo study of changes in glucose metabolic
ability of local tissue and organs in humans and ani-
mals, as influenced by various diseases or drugs [40].
18E-FDG is transported into cells by the glucose
transporter that is located on the cell membrane and
then phosphorylated to 8F-2'-FDG-6 by hexokinase
(HK). Unlike G-6-P, 8F-2'-FDG-6 does not continue
glucose metabolism but is retained in cells. Therefore,
the 8F-FDG levels represent the ability of cells to
transport and metabolize glucose. Evidence shows
that high FDG uptake not only occurs in malignan-
cies, but also is commonly present in benign inflam-
matory  responses  [40]. In  this  study,
18E-FDG/micro-PET was applied for the first time to
investigate changes in cardiac glucose metabolism in
septic mice after CORM-2 intervention. Results
showed that the level of cardiac glucose metabolism
in septic mice was significantly increased, and ex-
ceeded normal levels. By contrast, CORM-2-treated
septic mice showed no significant difference when
compared with the sham group. Despite sep-
sis-induced high glucose uptake, significantly im-
paired production of ATP and excessive accumulation
of lactate were observed in septic mice as the result of
mitochondrial damage and loss of mitochondrial
number. Owing to the protective role of CORM-2 on
mitochondria, ATP production was preserved and
lactate accumulation was abolished.

Septic cardiac dysfunction is characterized by
impaired left ventricular systolic functions [5, 20]. To
evaluate the effects of CORM-2 on cardiac function,
transthoracic echocardiography was performed in the
mice at 24 h after CLP surgery. In the present study,
left ventricular systolic function in CLP mice was sig-
nificantly impaired as evidenced by decreased LVEF
and LVFS. However, in vivo administration of
CORM-2 significantly improved LVEF and LVEFS, in
other words, the cardiac systolic function during sep-
sis. As a consequence, survival rate of CLP-induced
septic mice was found to be markedly increased by
CORM-2 intervention.

LPS, a constituent of the outer membrane of
Gram-negative bacteria, is the leading cause of sepsis
and experimental administrated to NRVMCs can
mimic the same inflammatory response [41]. After
LPS administration, ROS generation and LDH release
in NRVMCs were markedly increased while this ele-
vation was abolished when co-incubated with
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CORM-2 which indicated a cytoprotective role of
CORM-2. Since mitochondria consumed approxi-
mately 90% oxygen of cell oxygen uptake, decreased
oxygen consumption directly reflected the poor mi-
tochondrial function. Mitochondrial dysfunction evi-
denced by decreased oxygen consumption was found
in LPS-stimulated NRVMCs whereas CORM-2 sig-
nificantly improved it.

Cells do not generate mitochondria de novo, but
instead identify and dispose of defective mitochon-
dria while stimulating healthy mitochondria to pro-
liferate through mitochondrial biogenesis [42]. Mito-
chondrial biogenesis protects metabolism from mito-
chondrial dysfunction produced by activation of in-
nate immunity by LPS or other bacterial products [43,
44]. PGC family, called ‘master regulators’ of mito-
chondrial biogenesis, are potent activators of tran-
scription factors NRF-1 and NRF-2 which are respon-
sible for almost all the proteins involved in oxidative
phosphorylation in mitochondria [45, 46]. Moreover,
PGC-1a cooperates with NRF-1 and NRF-2 on Tfam
controlling mitochondrial DNA replication and tran-
scription of mitochondria-encoded genes [47].
RT-qPCR results showed that CLP slightly increased
the expression of PGC-1a and NRF-1 genes with no
significance compared with those in sham mice.
However, these increases were important for sup-
porting mitochondrial function in response to CLP
challenges in early phase of sepsis [43]. Interestingly,
CORM-2 administration significantly up-regulated
the expression of PGC-1a and NRF-1 genes after CLP,
leading to exerting more effective protection of mito-
chondrial function. On the contrary, CLP challenge
obviously reduced the expression of Tfam, resulting
in impaired mitochondrial DNA replication. Expect-
antly, the expression of Tfam was significantly
up-regulated in septic mice after CORM-2 interven-
tion. Therefore, we speculated that activation and
upregulation of mitochondrial biogenesis (PGC-1a,
NRF-1 and Tfam genes) were the potential mecha-
nism of CORM-2 on improving mitochondrial ener-
getic metabolism and protecting mitochondrial func-
tion during sepsis. Previous studies confirmed that
cyclic GMP (cGMP), as the second messenger effector
produced by soluble guanylyl cyclase (sGC), was
generally believed to mediate the effect of CO in other
well-established cardiovascular and immune systems
[48-50]. Mitochondrial biogenesis was regulated by
c¢GMP through increasing the expression of PGC-1a,
NRF-1 and Tfam genes [51, 52]. Thus the sGC/cGMP
pathway might be involved in the protective effect of
CO on mitochondrial biogenesis in septic animals.

In summary, data from the present study con-
sisting of in vivo and in vitro experiments provide a
basis for the use of-CORM-2 as an effective strategy

for improvement in sepsis-induced cardiac dysfunc-
tion. Mitochondrial energetic metabolic involvement
may underlie the potential mechanisms. However,
there is still a great gap in the respect to applying
CORM-2 to treatment in clinical sepsis. Murine CLP
and LPS-challenged sepsis model can’t fully mimic
the pathophysiology in humans and the positive re-
sults of CORM-2 in our study need further experi-
mental investigations. Besides, although CO gas has
already passed safety evaluation in Phase I testing in
healthy humans, possessed a backbone carrier moiety,
CORM-2 needs to be stringently characterized from a
metabolical and toxicological standpoint [13]. Further
studies are required to assist for more comprehensive
understanding of the pharmacokinetics and biology
of CO and CORMs.
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