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Abstract

There is current awareness about the central role of mitochondrial dysfunction in the development of cardiac dysfunction in
systemic inflammatory syndromes, especially in sepsis and endotoxemia. The aim of this work was to elucidate the mecha-
nism that governs the link between the severity of the systemic inflammatory insult and mitochondrial function, analysing
the consequences on heart function, particularly in cardiac contractile state. Female Sprague—Dawley rats were subjected to
low-grade endotoxemia (i.p. injection LPS 0.5 mg kg~! body weight) and severe endotoxemia (i.p. injection LPS 8 mg kg™!
body weight) for 6 h. Blood NO, as well as cardiac TNF-a and IL-1 mRNA, were found increased as the severity of the
endotoxemia increases. Cardiac relaxation was altered only in severe endotoxemia, although contractile and lusitropic reserves
were found impaired in both treatments in response to work-overload. Cardiac ultrastructure showed disorientation of myofi-
brillar structure in both endotoxemia degrees, but mitochondrial swelling and cristae disruption were only observed in severe
endotoxemia. Mitochondrial ATP production, O, consumption and mitochondrial inner membrane potential decreases were
related to blood NO levels and mitochondrial protein nitration, leading to diminished ATP availability and impairment of
contractile state. Co-treatment with the NOS inhibitor L-NAME or the administration of the NO scavenger c-PTIO leads to
the observation that mitochondrial bioenergetics status depends on the degree of the inflammatory insult mainly determined
by blood NO levels. Unravelling the mechanisms involved in the onset of sepsis and endotoxemia improves the interpretation
of the pathology, and provides new horizons for novel therapeutic targets.
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BSA Bovine serum albumin

c-PTIO 2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimi-
dazoline-1-oxyl-3-oxide potassium salt

DAF 4,5-Diaminofluorescein

DCF 2',7'-Dichlorofluorescein

ISO Isoproterenol

L-NAME N -nitro-L-arginine methyl ester hydrochloride

LPS Lipopolysaccharide

MM Mitochondrial membranes

NADH Nicotinamide adenine dinucleotide

NO Nitric oxide

NOY Nitrite/nitrate

ONOO™  Peroxynitrite

PMN Polymorphonuclear leukocytes

RCR Respiratory control ratio

ROS Reactive oxygen species

TNF-a Tumor necrosis factor

Introduction

Sepsis is defined as a life-threatening organ dysfunction
caused by a deregulated host response to infection [1].
Sepsis and severe endotoxemia, caused by the presence of
high levels of lipopolysaccharide (LPS) in the blood, are
characterized by the massive increase of nitric oxide (NO)
and inflammatory cytokines in biological fluids, systemic
damage in the vascular endothelium, and impaired tis-
sue respiration despite adequate O, supply [2]. During an
acute inflammatory response, an initial pro-inflammatory
phase is characterized by neutrophil recruitment and pro-
duction of pro-inflammatory cytokines, such as TNF-a,
IL-1p, and IL-6, and is followed by an anti-inflammatory
phase with compensatory induction of anti-inflammatory
cytokines, such as IL-10 [3]. If the pro-inflammatory sce-
nario fails to resolve, it evolves to a persistent state of
low-grade inflammation [4]. In this context, there has been
growing interest in metabolic endotoxemia where a low
and persistent increase of circulating LPS is associated
with metabolic derangements [5, 6]. This situation can be
found in states of obesity, type 2 diabetes and aging [7, 8].

Myocardial dysfunction is a well-recognized manifesta-
tion in systemic inflammatory syndromes. Septic related car-
diomyopathy is multifactorial, and one of the main proposed
mechanisms for the pathogenesis of myocardial dysfunction
supports a prominent role for functional rather than ana-
tomical abnormalities. However, attempts to reduce the high
mortality rate in septic patients by manipulating functional
alterations have provided limited success [9—12]. Thus, inte-
grated and more specific studies are needed to unravel the
importance and hierarchy of the cellular and biochemical
processes occurring in the heart.
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There is current awareness about the central role of mito-
chondrial dysfunction in the development of heart failure
in this syndrome. Mitochondria provide energy to the cell
through the synthesis of ATP by F;—F; ATP synthase. Con-
sequently, impaired ATP production may result in bioener-
getic dysfunction and cardiac failure. Mitochondrial ATP
levels have been suggested to be related to the patient’s out-
come [13, 14]. Moreover, systemic inflammatory syndromes
may occur with cytopathic hypoxia; although O, tension
in the organ may be normal, mitochondria fail to properly
produce ATP from the consumed O, [15]. Dysfunctional
mitochondria may produce increased levels of reactive O,
species (ROS) that can interact with circulating NO; thus,
producing peroxynitrite (ONOO™), a powerful oxidant lead-
ing to tissue damage and organ failure. During experimental
sepsis, ONOO™, rather than NO per se, has been shown to
impair muscle contractility by its ability to oxidize proteins,
perturb calcium flux, and inhibit the electron transport chain
by nitrosylation or nitration of mitochondrial respiration
complexes [16, 17]. In a previous work of this laboratory, in
an animal model of endotoxemia, mitochondria dysfunction
was evidenced as well as changes in mitochondrial dynamics
(including mitochondrial biogenesis, fission and autophagy).
The fact that the latter mechanisms have been activated in
this pathophysiological condition, suggests an attempt to
compensate mitochondrial dysfunction; thus, revealing the
importance of maintaining mitochondrial function during
endotoxemia [18].

In this work, we used two doses of LPS to generate two
different endotoxemia degrees (low-grade and severe). Tak-
ing into account the increasing evidence suggesting that
mitochondria have a crucial role in the development of sep-
sis and endotoxemia, the aim of this work was to elucidate
the mechanism that governs the link between the severity of
the systemic inflammatory insult and mitochondrial function,
analysing consequences on ventricular function, particularly
in cardiac contractile state. The obtained results including
the in vivo co-treatment with the NOS inhibitor L-NAME or
the administration of the NO scavenger c-PTIO, allowed us
to propose that the inflammatory insult mainly characterized
by NO blood levels, has a causal relationship with decreased
mitochondrial bioenergetics, and ultimately cardiac contrac-
tile state. To our knowledge, no studies have been carried out
on mitochondrial function, cardiac function, and systemic
inflammatory response in vivo integrated into the same ani-
mal model modulating NO levels by different approaches.

Methods

Detailed methods can be found in the Supplementary mate-
rial online.
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Experimental model

Animal experiments were approved by the Animal Care
and Research Committee of the School of Pharmacy and
Biochemistry, University of Buenos Aires (CICUAL; Exp.
0054032/15), and strictly followed the NIH guidelines. Also,
practical guidelines on experimental studies in cardioprotec-
tion were followed [19]. In this study, Female Sprague—Daw-
ley rats (45 +5 days old) were obtained from the Animal
Facility of the School of Pharmacy and Biochemistry of the
University Buenos Aires and were housed under standard
conditions of light, temperature and humidity, with unlim-
ited access to water and pelleted rodent food. Intraperitoneal
injection of LPS is an extensively used model of endotox-
emia [20, 21]. Moreover, it has been previously shown that
this model induces cardiac alterations that closely resemble
the ones observed in human sepsis [22]. To induce low-
grade endotoxemia, animals were i.p. injected with LPS
(serotype 026:B6 from Escherichia coli) 0.5 mg kg™! of
body weight, while to induce severe endotoxemia, rats were
i.p. injected with LPS 8 mg kg~! of body weight. Control
animals received an equivalent volume of vehicle. After 6 h
of treatment, animals were euthanized in a CO, chamber,
and the heart and blood samples were collected for analysis.
When necessary, and with the aim to in vivo modulate
NO levels, L-NAME (NOS inhibitor) or c-PTIO (NO scaven-
ger) were used in each of the tree experimental groups pre-
viously described. When L-NAME was used, animals were
i.p. co-injected with vehicle/LPS plus L.-NAME 20 mg kg™
of body weight [23]. When c-PTIO was used, animals were
i.v. injected with c-PTIO 1.7 mg kg™! of body weight at 60,
90 and 120 min after injection with vehicle/LPS [24, 25].

Cytokines quantification

The content of TNF-a and IL-6 in plasma samples were
measured by sandwich ELISA using paired cytokine-specific
mAbs, according to manufacturer’s instructions (BD Bio-
sciences OptEIA™ set, NJ, US). Results were expressed as
pg mL~! for plasma.

Flow cytometry assessment of intravascular
leukocyte activation

Leukocyte isolation was performed as described earlier
[26, 27]. To analyze leukocyte respiratory burst activity
and intracellular NO production, isolated leukocytes were
loaded with 10 pM 2',7'-dichlorofluorescein (DCF) diacetate
or 10 pM 4,5-diaminofluorescein (DAF-2) diacetate, and
acquired on a FACSCalibur flow cytometer (Becton—Dick-
inson, NJ, US). See Supplementary material online for the
detailed procedure.

NO-haemoglobin (NO-Hb) in blood by electron
paramagnetic resonance (EPR)

Rats were anesthetized in a CO, chamber; blood was
obtained by cardiac puncture, and immediately stored at
77 K (liquid N,) until analyzed. EPR spectra were obtained
at 77 K in a Bruker spectrometer (Bruker ECS106,
Karlsruhe, Germany) with an ER 4102ST cavity. Detailed
scan parameters are included in the Supplementary material
online.

Nitrite/nitrate content

Nitrite/nitrate content in plasma or left ventricle tissue
homogenate (Supplementary material online) was meas-
ured by performing a modified Griess reaction [28]. Briefly,
samples were deproteinized through ethanol precipitation.
Afterwards, deproteinized samples were incubated with
8 mg mL~! vanadium(III) chloride (VCl;) for 30 min at
37 °C to reduce nitrate to nitrite. The detection of nitrite was
performed by the Griess reaction. Results were expressed as
uM NO; or nmol NO; mg protein™.

Isolated heart perfusion

Animals were anesthetized by an i.p. injection of sodium
pentobarbital (150 mg kg™! body weight) and sodium hepa-
rin (500 UI kg~! body weight). Hearts were excised and
placed in a perfusion system according to the Langendorff
technique, as previously described [29]. See Supplementary
material online for extended procedure. Contractile state was
evaluated as left ventricular developed pressure (LVDP),
and isovolumic relaxation (lusitropism) was analysed as the
time required for the left ventricular pressure to fall up to
50% from the peak of LVDP (#5,) [30], before and after a
B-adrenergic stimulus through the addition of 1 pM isopro-
terenol (ISO) to the perfusion line [31, 32].

Quantification of cytokines mRNA in the heart
by RT-qPCR

Total RNA was purified from frozen heart samples with
ReliaPrep™ RNA Tissue Miniprep System kit (Promega,
Madison, WI, US) according to manufacturer’s instructions.
The Improm-II™ Reverse Transcription System (Promega,
Madison, WI, US) was used to synthesize random hexamer-
primed cDNA. Targets of interest were amplified by PCR
using the primers described in Table 1. PCR primers were
designed using the online IDT PrimerQuest Tool (https://
www.idtdna.com/Primerquest/Home/Index). For relative
quantitation of TNF-a and IL-1p, the B-actin housekeeping
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Table 1 Primers for RT-qPCR

mRNA targets Sense

Antisense

TNF-a
IL-1p
IL-10
B-actin

5'-CAAATGGGCTCCCTCTC-3'
5'-AGCTACCTATGTCTTGCC-3'
5'-CATACTGCTGACAGATTCC-3'
5'-CTATGAGCTGCCTGACG-3'

5'-CTACGGGCTTGTCACTC-3'
5-GGAACATCACACACTAGC-3'
5 TGCTCCTTGATTTCTGG-3'
5'-TTCATGGATGCCACAGG-3’

gene was used as an endogenous control. Extended proce-
dure is presented in Supplementary material online.

Histology

Myocardial tissue portions were formalin-fixed and paraffin
embedded. Three micrometer tissue slides were then stained
with the hematoxilin-eosin technique. Details are included
in the Supplementary material online.

Transmission electron microscopy (TEM) of left
ventricle tissue

Left ventricle tissue processing was performed as described
before [18]. Briefly, tissue was cut into 1 mm? cubes, and
fixed with 2.5% glutaraldehyde in phosphate medium pH
7.4. After postfixation with 1% osmium tetroxide in 0.1 M
phosphate buffer, tissue was contrasted with 5% uranylac-
etate, dehydrated, and embedded in Durcupan resin (Fluka
AG, Switzerland). Ultrathin sections were cut and then
observed with a Zeiss EM 109 transmission electron micro-
scope (Oberkochen, Germany); digital images were captured
with a CCD GATAN ES1000 W camera (CA, USA).

Mitochondrial isolation and preparation
of mitochondrial membranes

Animals were anaesthetized, and hearts were immedi-
ately excised. Heart mitochondrial purified fractions were
obtained as described earlier [18, 33] by differential centrifu-
gation, with previous digestion with 2.5 UI mL~! type XXIV
bacterial proteinase (for mitochondrial preparation details
see Supplementary material online). Mitochondrial mem-
branes (MM) were obtained by freezing and thawing mito-
chondria three times and homogenizing by passage through
a 29G hypodermic needle [34]. Protein concentration was
measured by the Lowry assay using BSA as a standard [35].

Mitochondrial O, consumption
Mitochondrial O, consumption was measured in freshly
isolated mitochondria using a Clark-type O, electrode for

high-resolution respirometry (Hansatech Oxygraph, Hansat-
ech Instruments Ltd., Norfolk, UK). Resting respiration state

@ Springer

(state 4) was measured in the presence of 2 mM malate and
5 mM glutamate as substrates, and then followed by the
addition of 1 mM ADP, an active respiration state (state 3)
was obtained. Respiratory control ratio (RCR) was calcu-
lated as the ratio between state 3 and state 4 respiration rates
[36]. See Supplementary material online for the detailed
procedure.

Mitochondrial ATP production rate and P/O ratio

ATP production rate was measured in isolated mitochondria
using the luciferin/luciferase assay in a microplate reader
(Varioskan® LUX, Thermo Scientific, MA, US). The effi-
ciency of the oxidative phosphorylation process (P/O ratio),
was calculated as the number of phosphorylated ADP mol-
ecules per O, atom (ATP production rate/state 3 O, con-
sumption rate) [37]. See Supplementary material online for
the detailed procedure.

Mitochondrial membrane potential (AY,,)

Mitochondrial inner membrane potential (A¥,,) was ana-
lysed in freshly isolated mitochondria by flow cytom-
etry using 120 nM of the potentiometric cationic probe
3,3'-dihexyloxacarbocyanine iodide (DiOCy) as previously
described [38]. The 10-N-nonyl acridine orange (NAO)
probe was used to selectively stain mitochondria and to
evaluate their purity, due to its ability to selectively bind
to cardiolipin at the inner mitochondrial membrane [39].
Mitochondria selected population was 95% NAO positive.
Total depolarization induced by 2 pM m-CCCP was used as
a positive control. Extended procedure is presented in Sup-
plementary material online.

Respiratory chain complexes activities

NADH-cytochrome ¢ reductase (complex I-IIT) and succi-
nate cytochrome c reductase (complex II-III) activities were
measured by a colorimetric assay following cytochrome
¢** reduction at 550 nm (¢=19.6 mM~' cm™!) in MM.
Cytochrome oxidase activity (complex IV) was assayed
spectrophotometrically at 550 nm by following the oxida-
tion rate of 50 mM cytochrome c?* in MM [40, 41]. See
Supplementary material online for the detailed procedure.
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Mitochondrial H,0, production rate

To study ROS generation from freshly isolated mitochon-
dria, H,0, production was measured by fluorescence spec-
troscopy using the Amplex Red/horseradish peroxidase
(HRP) system [42] using 2 mM malate and 5 mM glutamate
as substrates. Extended procedure is presented in Supple-
mentary material online.

Statistical analysis

Results were expressed as mean values + SEM and represent
the mean of independent experiments. At least five animals
per treatment were used, and experiments were run in trip-
licate for each independent experiment. ANOVA followed
by the post hoc Tukey’s test was performed to analyse differ-
ences between experimental groups. Statistical significance
was considered at p <0.05.

Results

Pro-inflammatory response increased
with the severity of endotoxemia

To analyse systemic innate inflammatory response in low-
grade and severe endotoxemia, blood total leukocyte count
was determined and found significantly decreased by 51%
in the severe endotoxemia group compared to the control
group (p <0.05) (Table 2). Moreover, differential WBC
count showed that, in both groups of LPS-treated animals,
neutrophil percentage in peripheral blood increased by 58%
(p <0.05). To evaluate intravascular activation of innate
immune cells, leukocyte ROS and NO production were
assessed by flow cytometry (Fig. 1a). Quantification of DCF
fluorescence showed an increase of 88% in ROS produc-
tion in the low-grade endotoxemia group, and of 94% in
the severe endotoxemia group compared to control animals
(p <0.05) (Fig. 1b). NO production by PMN leukocytes was
analysed by DAF-2 fluorescence quantification, showing an
increase in low-grade and severe endotoxemia groups of
42% (p < 0.05) and 60% (p < 0.01) respectively (Fig. 1c).
This observation indicates enhanced PMN activation and

NO production in LPS-treated animals compared to control
animals.

Blood NO levels were measured by two different
approaches to characterize the degree of the inflammatory
response. Total blood NO was measured by EPR by the
direct formation of the mononitrosyl-hemoglobin adduct
(Hb-NO) and found increased by sixfold in low-grade ani-
mals compared to control animals, whereas in severe endo-
toxemia, a 18-fold increase was observed compared to the
control (p <0.05) (Fig. 1d, e). Moreover, as a certain amount
of NO may react with oxyhemoglobin and thus being oxi-
dized to nitrate [43], total plasma nitrite/nitrate content
was analysed. As shown in Fig. 1f, a fivefold (p <0.01) and
13-fold (p <0.0001) increase in NOx levels in low-grade and
severe endotoxemia was found. Interestingly, in the severe
endotoxemia group, a threefold increase of nitrite/nitrate
levels compared to low-grade endotoxemia was observed
(» <0.0001). These results indicate that blood NO concen-
tration is related to the severity of the inflammatory insult.
Finally, pro-inflammatory TNF-a and IL-6 plasma content
were measured (Fig. 1g). Plasma levels of both cytokines
showed a tendency to increase with the severity of the endo-
toxemia, although significant differences were observed
only in severe endotoxemia compared to control animals
(p<0.05).

Cardiac function and inflammation depend
on the degree of endotoxemia

Regarding cardiac contractile state, LVDP was not altered
among the different experimental groups in basal condi-
tions (Fig. 2a). However, after a -adrenergic stimulus with
ISO, a minor increase in LVDP (expressed as %ALVDP)
was observed in LPS-treated animals compared with con-
trol animals. As shown in Fig. 2b, control animals showed
an increase of 39% in LVDP after ISO perfusion, while
%ALVDP was only 21% in low-grade, and 20% in severe
endotoxemia (p <0.05). These results indicate an impaired
contractile reserve in both treated groups. Moreover, iso-
volumetric relaxation was evaluated through ts, and
although no changes were observed in ventricular relaxa-
tion for low-grade endotoxemic animals, an attenuated 5,
was found in the severe endotoxemia group compared to the

Table2 WBC count and

o . . Control Low-grade endotoxemia Severe endotoxemia
differential count in control,
low-grade and severe Total white cell count 3961 +507 4296 +996 1999 +307*
endotoxemia .
Neutrophils 673+ 156 (17%) 2696 +507* (58%) 2502 +531%* (57%)
Lymphocytes 3293 +522 (82%) 1740 +340%* (40%) 1787 +£323* (41%)
Monocytes 133+24 3%) 107 +£44 2%) 67+40 (1%)
Eosinophils 0 (0%) 0 (0%) 0 (0%)
Basophils 0 (0%) 0 (0%) 0(0%)

*p <0.05 as compared to control group by ANOVA-Tukey’s test (n=28)
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control animals (p <0.01) in basal conditions (Fig. 2c). This
effect was more evident when the relaxation response was
analyzed after a f-adrenergic stimulus, expressed as Afs,.
While a 33% decrease was observed in control animals, Aty
was —24% in low-grade and — 14% in severe endotoxemia

@ Springer

(p <0.05), respectively, thus indicating an impairment of the
lusitropic reserve in hearts of endotoxemic animals (Fig. 2d).
Interestingly, in basal conditions, imbalances were observed
in the mechanisms of relaxation despite maintaining a con-
tractile state preserved in severe endotoxemia. This situation
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«Fig.1 Systemic innate immune response and its relation to the sever-
ity of the endotoxemia. a PMN respiratory burst and NO production by
flow cytometry. PMN population was selected based on light scattering
properties and 30,000 events within PMN gate were collected. b Overlaid
histogram of gated (PMN) events versus DCF fluorescence intensity: con-
trol (yellow), low-grade endotoxemia (orange), severe endotoxemia (red);
and quantification as mean fluorescence intensity (MFI) DCF% control.
¢ Overlaid histogram of gated (PMN) events versus DAF-2 fluorescence;
and quantification as MFI DAF-2% control in each treatment. *p<0.05
and **p <0.01 by ANOVA-Tukey’s test (n=9). d Blood NO levels in low-
grade and severe endotoxemia measured by blood NO-Hb spectra EPR
(g=2.033). e NO-Hb signal quantification in control and LPS-treated
animals, **p<0.01 compared to control and *p<0.05 compared to low-
grade endotoxemic animals by ANOVA-Tukey’s test (n=4). f Plasma
nitrite/nitrate (NOy) levels in control and LPS-treated animals. **p<0.01
and *##¥p<0.0001 compared to the control group, and **p<0.0001
compared to low-grade endotoxemic animals by ANOVA-Tukey’s test
(n=10). g Plasma TNF-a and IL-6 content in control and LPS-treated
animals. *##¥p <0.0001 as compared to the control group, and *»<0.05
and ##p<0.0001 as compared to low-grade endotoxemic animals by
ANOVA-Tukey’s test (n=6). ND not detected

differed in the presence of work overload since both the con-
tractile and relaxation mechanisms were found attenuated,
even in low-grade inflammation.

Signs of inflammation were observed within cardiac tis-
sue in both treated groups, being more evident in severe
endotoxemia. Early phase pro-inflammatory cytokine
mRNA transcripts, such as those for IL-1$ and TNF-a, were
found increased under both treatment conditions in the heart.
As shown in Fig. 3a, mRNA transcripts for IL-1p increased
in with LPS treatment, while mRNA transcripts for TNF-a
were observed increased only in the severe endotoxemia
group. Expression of IL-10 mRNA, an anti-inflammatory
cytokine with regulatory functions, was assessed by end-
point PCR and was increased only in LPS 8 treatment (data
not shown).

To study the possible causes of the cardiac dysfunction
and inflammation, a histopathological analysis was per-
formed. Myocardial tissue from control and LPS-treated
animals exhibited a regular integrity of myocardial struc-
ture, normal cardiac muscle fibres, and no necrosis or leuko-
cyte infiltration (Fig. 3b). However, different ultrastructural
changes in myocardial tissue were evidenced in both LPS-
treatments (Fig. 3c). Electron micrographs showed disorien-
tation of myofibrils, disorder in inter-fibrillar mitochondria
population (including different sizes of mitochondria), and
interestingly, in sarcoplasmatic reticulum and mitochondrial
junctions compared to control animals. These ultrastructural
changes in cardiac tissue were even more evident in severe
endotoxemia, where the loss of myofibrillar structure and
abnormal mitochondria were also observed. Mitochondria
swelling was observed with almost complete loss of the
internal cristae structural pattern and loss of integrity of the
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Fig.2 Cardiac contractile and relaxation impairment in low-grade
and severe endotoxemia. a Ventricular systolic function. Evaluation
of left ventricular development pressure LVDP in basal conditions,
and after a B-adrenergic stimulus with 1 uM ISO according to the
Langendorff technique at constant flow; and b ventricular contractile
reserve (ALVDP) calculated as the percentage increase in LVDP after
ISO perfusion in each group. ***p <0.001 compared to the LVDP for
the control group in basal conditions, *p<0.05 compared to ALVDP
in the control group by ANOVA-Tukey’s test (n=5). ¢ Ventricular
diastolic function. Evaluation of isovolumic relaxation time (t5,) in
basal conditions and after ISO according to the Langendorff tech-
nique at constant flow; and d ventricular lusitropic reserve (Ats,) cal-
culated as the percentage decrease in t5, after ISO perfusion in each
group. *p<0.05 and **p <0.01 compared to t5, for control animals
in basal conditions, *p<0.05 compared to At in the control group by
ANOVA-Tukey’s test (n=5)

inner membrane. Enlarged cytoplasmic vacuoles were also
found in severe endotoxemic hearts (Fig. 3c).

Cardiac mitochondrial function is impaired
with the severity of the endotoxemia

Mitochondrial function was studied by different approaches;
mitochondrial respiration was analysed as the measurement
of O, consumption in resting state (state 4), and in active
state (state 3), which represents the maximal physiological
rate of O, uptake and ATP synthesis. Although no statistical
differences were observed for O, consumption in state 4 and
state 3 between control and LPS-treated animals, a decrease
in RCR in LPS-treated animals respect to control group was
found (p <0.05) (Table 3). RCR is a sensitive indicator of
mitochondrial integrity as its value depends on the degree
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Fig.3 Inflammatory sings in cardiac tissue, and changes in cardiac
ultrastructure are evidenced during endotoxemia. a Relative quan-
tification of mRNA transcripts for IL-1p and TNF-a assessed with
respect to the B-actin mRNA, as housekeeping gene, by RT-qPCR.
#p<0.05 and ***p <0.001 compared to control group, and *p <0.05
compared to low-grade endotoxemic animals by ANOVA-Tukey’s test
(n=4). b Haematoxylin—eosin staining of cardiac tissue of control,
low-grade, and severe endotoxemic animals. Magnification x400.

of mitochondrial coupling, thus the decrease observed in
RCR for low-grade and severe endotoxemia may indicate
mitochondrial dysfunction. To deeply characterize this
observation, ATP production rate was also evaluated, and a
30% decrease in the severe endotoxemia group was observed
(p<0.05) (Fig. 4a). The number of phosphorylated ADP

Table 3 Cardiac mitochondrial O, consumption impairment in endo-
toxemia

Mitochondrial O, consumption (malate + glutamate) (ng-at O min™"

mg protein™)

State 4 State 3 RCRA
Control 12.8+1.1 753+3.8 6.0+0.3
Low-grade endotoxemia 152+1.0 74.2+3.8 5.0+0.2%
Severe endotoxemia 150+1.5 70.1+4.9 4.8+0.3*

*p<0.05 as compared to control group by ANOVA-Tukey’s test
(n=6)

ARespiratory control ratio (RCR) was calculated as state 3/state 4 res-
piration rate

@ Springer

Control

LPS 0.5 LPS 8

¢ Representative electron micrographs of cardiac myocyte sections
comparing control and LPS-treated animals. Right: Control hearts
showed normal myofibrillar morphology, with normal intra-fibrillar
mitochondria (m), linked to sarcoplasmatic reticulum (arrowheads)
and T-tubules (arrows). Middle: Heart from low-grade endotoxemia
animals showed myofibrillar disarray. Left: Severe endotoxemia
induced disarrangement of myofibrils and mitochondrial swelling and
cristae disruption. Magnification X 20,000

molecules per O, atom, calculated as P/O ratio, showed a
tendency to decrease with the LPS dose (Fig. 4b). This may
indicate that the efficiency of the oxidative phosphorylation
process is impaired in both LPS treatments. Mitochondrial
membrane potential was measured by flow cytometry, and a
13% decrease for low-grade endotoxemic animals (p “0.05)
and a 20% decrease in severe endotoxemic animals (p 0.01)
were observed compared to control animals (Fig. 4c—e).
These results indicate the occurrence of mitochondrial
inner membrane depolarization in both LPS treatments and
agree with the observed alteration of mitochondrial oxi-
dative phosphorylation. Due to the observation of altered
mitochondrial bioenergetics, the activity of respiratory com-
plexes was measured. As shown in Fig. 4f i, complex I-III
activity decreased by 22% in the severe endotoxemia group
compared to the control group (p “0.05). No significant dif-
ferences were observed in complex II-III and complex IV
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Cardiac mitochondrial dysfunction is related
to oxidative and nitrosative stress

Both O,™ and H,0, are mainly produced in mitochondria.
Depending on their steady-state concentrations, they can
act as signaling molecules [44] or as mitochondrial mac-
romolecule damaging oxidants [45]. Consequently, cardiac
mitochondrial H,O, production rate was measured and found
increased by 40% (p <0.05) in the low-grade endotoxemia
group, and by 59% (p <0.01) in the severe endotoxemia
group, respect to control animals (Fig. 4g). These findings
suggest that oxidative stress may be occurring in both LPS-
treatments, and that may lead to mitochondrial dysfunction.
As NO and H,0, are increased in endotoxemia, nitrosative
damage was evaluated as protein tyrosine nitration in iso-
lated mitochondria (Fig. 4h, i). An increase in mitochondrial
tyrosine nitration of about 66% for low-grade endotoxemia,
and 82% for severe endotoxemia (p < 0.05) was observed,
suggesting an increase in the steady-state concentration of
ONOO™. Moreover, a significant increase in nitrite/nitrate
levels was observed in cardiac tissue for both endotoxemic
groups (control: 3.5+0.5,LPS 0.5: 7.8+ 1.1, LPS 8: 8.5+ 1
NO; mg protein~!, p <0.05). These results are related to the
increase in oxidative damage, supporting the hypothesis that
oxidative and nitrosative stress are closely related mecha-
nisms involved in the observed mitochondrial dysfunction
in endotoxemia.

In vivo modulation of NO bioavailability partially
restores cardiac and mitochondrial function

To elucidate if systemic NO levels determine mitochondrial
and cardiac dysfunction in endotoxemia, an inhibitor of
nitric oxide synthase (L-NAME) and a scavenger of blood
NO (c-PTIO) were used in vivo to decrease systemic NO
levels.

Co-treatment with L-NAME decreased blood NO-Hb
levels in both endotoxemic groups (Fig. 5a i). Moreover,
these results were confirmed by plasma NO; content,
which also showed a significant decrease in low-grade
and severe endotoxemia animals compared with animals
treated only with LPS (p <0.001, Fig. 5a ii). As shown
in Fig. 5a iii-iv, plasma TNF-a concentration was not
altered with L-NAME co-treatment, although IL-6 levels
in severe endotoxemia treated with L-NAME were found
slightly increased (p <0.05). This cytokine profile showed
that the innate immune system remained activated despite
L-NAME co-treatment; being this effect of L-NAME in
agreement with previous observations [46, 47]. To analyze
NO participation in cardiac function during endotoxemia,
contractile state and cardiac relaxation were measured in
animals treated with LPS plus L-NAME. As previously
observed in endotoxemia, LVDP was not altered among

the different experimental groups in basal conditions
(Fig. 5b 1). L-NAME treatment prevented the decrease in
cardiac contractile reserve in low-grade and severe endo-
toxemia, resembling cardiac contractile reserve value in
the control group (39% of %ALVDP) (Fig. 5b ii). Regard-
ing relaxation time, L-NAME co-treatment during severe
endotoxemia prevented relaxation response decay as ts,
showed no statistical differences with the control group
(Fig. 5b iii). This effect was also observed in the preser-
vation of lusitropic reserve (expressed as %Ats,) of the
severe endotoxemia group treated with L-NAME (Fig. 5b
iv). Finally, to assess mitochondrial bioenergetics, inner
membrane potential and ATP production rate were meas-
ured. As shown in Fig. 5c i, mitochondrial inner mem-
brane remained unchanged with L-NAME co-treatment in
low-grade and severe endotoxemia. Interestingly, mito-
chondrial ATP production rate increased with L-NAME
co-treatment in severe endotoxemia (p < 0.001; Fig. 5c ii).

The administration of c-PTIO decreased systemic NO
levels, measured as NO-Hb adduct (Fig. 6a i), where a
40% and 34% decrease was observed in the group of severe
and low-grade endotoxemia with c-PTIO compared to the
group treated only with LPS, respectively (p <0.05). Plasma
NOj; content was not affected by administration of c-PTIO
(Fig. 6aii), as expected and taking into account the mecha-
nism of action of c-PTIO [48]. Plasma pro-inflammatory
cytokine profile showed no alterations with the c-PTIO treat-
ment compared with endotoxemia (Fig. 6a iii, iv). Regard-
ing cardiac function, the differences observed with c-PTIO
infusion were less evident than with L-NAME co-treatment.
In this sense, a tendency to restore contractile and lusitropic
reserve was observed (Fig. 6b). Mitochondrial bioenerget-
ics was modulated by c-PTIO infusion. Mitochondrial inner
membrane potential showed no difference between control
and LPS plus c-PTIO treatment (Fig. 6¢ i). Moreover, ATP
production rate was found increased when compared LPS 8
and LPS 8 +c¢-PTIO (p <0.05) (Fig. 6c ii).

Discussion

In this work, the relationship between low-grade and severe
endotoxemia with the systemic immune response, cardiac
function, and mitochondrial performance is unravelled. Dif-
ferent previous studies have shown an association between
cardiac function and NO levels [49], mitochondrial function
and NO levels [50], and cardiac function and mitochondrial
function [51]. To our knowledge, no studies have unravelled
how NO levels and cytokine production, mitochondrial per-
formance and cardiac contractile state are interconnected
in the same animal model. The highlight of our experi-
mental design was the study of two different LPS doses to
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«Fig. 4 Cardiac mitochondrial dysfunction and oxidative and nitro-
sative stress in low grade and severe endotoxemia. a ATP production
rate by isolated cardiac mitochondria using malate and glutamate as
substrates, and b P/O ratio as the number of phosphorylated ADP
molecules per O, atom consumed during active respiration, calcu-
lated for control and LPS-treated animals. *p <0.05 as compared
to control group by ANOVA-Dunnett’s test (n=4). ¢ Cardiac mito-
chondrial inner membrane potential evaluated by flow cytometry.
Representative dot plot of the samples: mitochondria population was
selected based on light scattering properties and 30,000 events within
Mito gate were collected. d Overlaid histograms of gated (Mito)
mitochondrial events versus DiOCg fluorescence intensity. Control
(yellow), low-grade endotoxemia group (orange), and severe endo-
toxemia group (red). e DiOC fluorescence quantification as % con-
trol of gated (Mito) histogram, indicating cardiac mitochondrial inner
membrane potential. **p<0.01 as compared to the control group
by ANOVA-Tukey’s test (n=06). f Cardiac mitochondrial respiratory
chain complexes activities in control and LPS-treated animals: (i)
complex I, (ii) complex II and (iii) complex IV activities. *p <0.05
as compared to control group by ANOVA-Dunnett’s test (n=7). g
H,0, production rate by isolated cardiac mitochondria in the pres-
ence of malate and glutamate as substrates. *p <0.05 and **p <0.01
as compared to the control group by ANOVA-Tuckey’s test (n=06).
h Western blot analysis of isolated cardiac mitochondria using anti-
3-nitrotyrosine antibody (upper panel) and anti-VDAC-1 antibody
(lower panel) as loading control. (i) Densitometric unit ratio between
3-nitrotyrosine and VDAC-1. *p <0.05 as compared to control group
by ANOVA-Tuckey’s test (n=3)

generate two different inflammatory degrees, and the in vivo
use of L-NAME or c-PTIO to modulate NO bioavailability,
strengthening our conclusion.

Both experimental groups generated a typical acute
systemic response given by the stimulation of the LPS.
However, differences were observed in the systemic innate
immune response between LPS doses. A marked decrease
in the total leukocyte count in severe endotoxemia, and an
increase in NO and proinflammatory cytokines in the circu-
lation according to the severity of the inflammatory insult
were found. As an increase in the percentage of neutrophils
was observed, PMN activation was evaluated; increased
ROS and NO production was found in both LPS treatments,
supporting the activation of the cellular innate immune
response in this model. NO is a key mediator in the inflam-
matory response in this type of syndrome, and it has been
suggested to play an important role in most of the effects
of inflammation: vasodilation, altered vascular permeability
and extravasation, migration and activation of leucocytes
[52]. In inflammatory situations, PMN and endothelial cells
have been described as sources for increased NO production
[53, 54]. Although its role in inflammation has not been
described yet, is important to note that erythrocytes con-
tain a functional eNOS, and may have a putative role in
heart failure and atherosclerosis [55-57]. Since NO produc-
tion by PMN was found increased, total NO levels in the
bloodstream were measured for both LPS doses. A fivefold
increase in low-grade endotoxemia animals and a 18-fold
increase in severe endotoxemia animals were observed,

indicating that there is an increase of NO generation from
other sources apart from PMN production, which is different
in both LPS treatments. These results agree with the view
that the increase in the inflammatory response is closely
related to the severity of endotoxemia. In this way, NO has
a crucial role in the development of the inflammatory sce-
nario, possibly leading to cardiac dysfunction.

Myocardial depression is a well-recognized manifes-
tation of organ dysfunction in sepsis [58]. In the present
study, we used the Langendorff technique to study myocar-
dial function. Although this technique might is limited as
it requires an isolated perfused heart, in our experimental
setup, allowed us to independently study ventricular func-
tion from different variables such as load conditions, heart
rate, circulating catecholamines, and pH [59, 60], that could
modify the behavior of the global cardiac function apart
from changes in mitochondrial function due to the inflam-
matory response. In our work, differences in isovolumet-
ric relaxation time were observed in severe endotoxemia
animals compared to control animals in basal conditions.
It has been described that several pathophysiological enti-
ties develop diastolic dysfunction, with a contractile state
remaining within normal parameters [61]. This result agrees
with the higher amount of pro-inflammatory cytokines
and NO in blood in these treated animals. Fernandes et al.
described that, even at low doses, TNF-a and IL-1f are able
to depress myocardial function in different biological sys-
tems, such as cardiomyocytes, animal models, and humans
[11]. Additionally, NO has been described as a myocardial
depressor [9, 12]. In this sense, our results showed that the
in vivo modulation of NO by L-NAME and ¢-PTIO treatment
partially prevented cardiac dysfunction. As this recovery was
not complete, we cannot rule out the existence of alternative
intrinsic mechanisms in the myocardium leading to altered
contractile state when energy requirements rise in endotox-
emia. For example, it has been reviewed by Kakihana, that
p-adrenergic pathways are impaired in septic patients, and
in experimental septic animals [12].

Cytokines production in the cardiac tissue could be
involved as a depressor mechanism. It was described
that cardiomyocytes can have an active role in inflamma-
tory responses and release pro-inflammatory mediators
in appropriate situations [62]. In the present work, both
TNF-a and IL1-f were highly expressed in heart tissue, and
these increases were related to the LPS dose. Moreover, the
expression of anti-inflammatory cytokine IL-10 was only
observed in severe endotoxemia animals, indicating that the
compensatory regulation phase is activated, although not
improving the resolution of the inflammatory scenario. Such
observation suggests that cardiomyocytes can locally release
factors that may ultimately damage the heart. It is worth not-
ing that the ultrastructure of the severe endotoxemic myocar-
dium showed fragmentation, disorientation and dissolution
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Fig.5 Co-treatment with NOS synthase inhibitor, L-NAME, of LVDP in basal conditions, and after a f-adrenergic stimulus with

improves cardiac and mitochondrial function during endotoxemia. a
Evaluation of systemic innate immune response: (i) NO determina-
tion in blood as NO-Hb adduct by EPR in LPS-treated animals co-
injected with L-NAME. ****p <(0.0001 compared to control group,
##p <0.001 compared to LPS 0.5 animals, "p <0.05 compared to LPS
0.5 animals, and ""p <0.001 compared to LPS 8 animals by ANOVA-
Tukey’s test (n=4). (ii) Plasma nitrite/nitrate (NOJ) levels in control
and LPS-treated animals co-injected with L-NAME. ***p<(.001
compared to control group, #*#p <0.0001 compared to LPS 0.5 ani-
mals, and"""p<0.001 compared to LPS 8 animals by ANOVA-Tuk-
ey’s test (n="7). (iii) Plasma TNF-a and (iv) IL-6 content in control
and LPS-treated animals, co-treated with L-NAME. ****p <(.0001
as compared to control group, *#p <0.0001 as compared to LPS
0.5 group, ¥p<0.05 and %¥¢¢5<0.0001 compared to L-NAME
group, “““*p<0.0001 compared to LPS 0.5+L-NAME group,
and""p<0.001 compared to LPS 8 group by ANOVA-Tukey’s test
(n=9). b Ventricular systolic and diastolic function: (i) measurement

of myofibrils, and an increase in the t-tubules spaces, which
leads a disruption in sarcoplasmatic reticulum and mito-
chondria junction. This observation agrees with the cardiac
function impairment observed in severe endotoxemia. Some
of these changes were also observed in low-grade endotox-
emia, where only a partial loss of myofibril order and a loss

@ Springer

1 uM ISO; and (ii) ventricular contractile reserve (ALVDP) calcu-
lated as the percentage increase in LVDP after ISO perfusion in each
group. **p<0.01 compared to the corresponding LVDP in basal
conditions, ¥p<0.05 compared to ALVDP of L-NAME group by
ANOVA-Tukey’s test (n=4). (iii) Evaluation of isovolumic relaxation
time (f5,) in basal conditions and after ISO; and (iv) ventricular lusi-
tropic reserve (Ats) calculated as the percentage decrease in f5, after
ISO perfusion in each group. *p <0.05 compared to f5, in control
group in basal conditions, ¥p<0.05 compared to Ats, in the control
group by ANOVA-Tukey’s test (n=4). ¢ Cardiac mitochondrial func-
tion: (i) cardiac mitochondrial inner membrane potential evaluated
by flow cytometry using DiOCy probe. **p<0.01 as compared to
control group by ANOVA-Tukey’s test (n=5). (ii) Cardiac mitochon-
drial ATP production rate. **p <0.01 as compared to control group,
and ""p<0.001 compared to LPS 8 group by ANOVA-Tukey’s test
(n=5)

of pattern of mitochondrial and sarcoplasmatic reticulum
junction were found. Therefore, the impairment of the con-
tractile elements and the relationship with these depressant
molecules should continue under study in these inflamma-
tory syndromes.
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Fig.6 Administration of the NO scavenger, c-PTIO, improves in basal conditions, and after a P-adrenergic stimulus with 1 uM

mitochondrial function during endotoxemia. a Evaluation of sys-
temic innate immune response: (i) NO determination in blood as
NO-Hb adduct by EPR in low-grade and severe endotoxemia with
¢-PTIO administration. ****p <(0.0001 compared to control ani-
mals, *##p <0.001 compared to LPS 0.5 animals, and p <0.05 com-
pared to LPS 8 animals by ANOVA-Tukey’s test (n=4). (ii) Plasma
nitrite/nitrate (NOJ) levels in control and LPS-treated animals with
c-PTIO administration. *p<0.05 and ****p<(0.0001 compared
to control animals, *p<0.0001 compared to LPS 0.5 animals,
and""p<0.001 compared to LPS 8 animals by ANOVA-Tukey’s
test (n=28). (iii) Plasma TNF-a and (iv) IL-6 content in control and
LPS-treated animals with c-PTIO administration. ****p <0.0001 as
compared to control group, #*#p <0.0001 as compared to LPS 0.5
group, ¥¥p<0.01 as compared to ¢c-PTIO group, **p<0.01 com-
pared to LPS 0.5+c-PTIO group by ANOVA-Tukey’s test (n=6). b
Ventricular systolic and diastolic function: (i) evaluation of LVDP

The heart requires large amounts of energy to sustain
contractile function and is the major consumer of energy in
the body on a weight basis. Patients who died from sepsis
showed myocarditis, disruption of the contractile appara-
tus, increased amounts of interstitial collagen, and damaged
mitochondria [20]. Brealey et al. suggested that ATP con-
tent may be related to patient outcome [13]. In line with

ISO; and (ii) ventricular contractile reserve (ALVDP) calculated as
the percentage increase in LVDP after ISO perfusion in each group.
*##%p <0.001 compared to the corresponding LVDP in basal condi-
tions by ANOVA-Tukey’s test (n=4). (iii) Evaluation of isovolumic
relaxation time (f5,) in basal conditions and after ISO; and (iv) ven-
tricular lusitropic reserve (Ats,) calculated as the percentage decrease
in t5, after ISO perfusion in each group. *p<0.05 and **p<0.01
compared to 5, in control group in basal conditions; p<0.05 com-
pared to Ats, in the control group by ANOVA-Tukey’s test (n=4).
(¢) Cardiac mitochondrial function: (i) cardiac mitochondrial inner
membrane potential evaluated by flow cytometry using DiOC¢ probe.
*p<0.05 as compared to control group by ANOVA-Tukey’s test
(n=4). (ii) Cardiac mitochondrial ATP production rate. **p <0.01
as compared to the control group, and ~"p<0.01 compared to LPS 8
group by ANOVA-Tukey’s test (n=4)

these findings, we observed that mitochondrial function
is impaired as the severity of the endotoxemia increases.
Mitochondrial dysfunction was characterized by decreased
mitochondrial O, consumption, mitochondrial inner mem-
brane potential, and ATP production in severe endotox-
emia. Mitochondrial efficiency, estimated by P/O ratio, was
found decreased in severe endotoxemia. The whole scenario
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Fig. 7 Nitrite/nitrate levels in blood correlate with the decrease in
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consequently leads to decreased ATP availability. Interest-
ingly, the difference between resting and active mitochon-
drial respiration is known as mitochondrial reserve capac-
ity; this reserve allows cardiomyocytes to properly respond
to enhanced energetic demand [63]. The values calculated
(63, 59 and 55 ng at O min~! mg protein™ for control, low-
grade, and severe endotoxemia, respectively) from Table 3,
agree with the cardiac compromise observed only after a
B-adrenergic stimulus. This analysis demonstrates that mito-
chondrial bioenergetics is of importance in the cardiac con-
tractility status.

We have previously shown that mitochondrial ROS and
NO production in different tissues contribute to mitochon-
drial dysfunction in endotoxemia [40, 64]. In the present
work, analyzing different endotoxemia grades, we found a
hyperbolic correlation of nitrite/nitrate levels in plasma with
cardiac mitochondrial ATP production rate (Fig. 7), indi-
cating the key and complex role of NO in modulating the
mitochondrial respiratory chain. At low concentrations, it
acts as a competitive inhibitor with O, in complex IV active
site reversibly inhibiting oxidative phosphorylation; while in
similar or higher concentrations, and in the presence of O,",
ONOO™ is produced and it irreversibly inhibits complex I
and III [17, 65, 66]. A positive correlation was observed
in this experimental model between the decrease in mito-
chondrial function and the increase in cardiac mitochon-
drial H,O, production, NO and ONOO™ levels. Inhibition
of complex I was observed at the highest concentration of
NO in severe endotoxemia, associated with decreased mito-
chondrial inner membrane potential, decreased mitochon-
drial respiratory control ratio, thus yielding diminished ATP
production. Moreover, the fact that low-grade endotoxemia
only showed partial mitochondrial dysfunction, may indicate
that cardiac bioenergetics is started to be affected even at
a low-grade inflammatory stimulus, being this observation

@ Springer

important during the progression of other inflammatory
human conditions such as metabolic endotoxemia [7]. Ultra-
structural changes in myofibrils and mitochondria popula-
tion emerge as an interesting field to be analysed in low-
grade inflammation.

Interestingly, in vivo modulation of blood NO lev-
els with L-NAME and c-PTIO partially prevented the
observed mitochondrial and cardiac dysfunction in endo-
toxemia. Moreover, the improvement observed occurred
independently from systemic pro-inflammatory response.
In this sense, the key implication of our study is that the
inflammatory insult mainly determined by NO blood lev-
els has a causal relationship with decreased mitochondrial
bioenergetics and ultimately cardiac contractile state. Fur-
ther studies are needed to elucidate other mitochondrial
pathways related to cell and organ dysfunction in the heart.
Unravelling the mechanisms involved in the onset of sepsis
and endotoxemia would improve not only the interpreta-
tion of the pathology but also would provide new possi-
bilities for the generation of novel therapeutic targets for
treatment in the clinic as well.
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