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Background

Respiratory failure is a major cause of mortality during septic shock and is due in part to
the decreased ventilatory muscles contraction. These muscles depend mainly on fatty acid
oxidation as an important source of ATP. We investigated the effects of remote ischemic
preconditioning and postconditioning (RpostC) on the contractile functions of the diaphragm
in relation to metabolic functions during systemic inflammation in lipopolysaccharide (LPS)-
induced endotoxemia model.

Materials and methods

A total of 24 adult male albino rats were divided equally into four groups: (i) the control group
(group 1); (ii) LPS group (group 2), in which rats were treated with a single intraperitoneal
injection of LPS (0.8 mg/kg intraperitoneal single dose); (iii) preconditioned group (group 3),
in which remote ischemic preconditioning was induced with three ischemia/reperfusion cycles
of the right hind limbs just before LPS injection; and (iv) postconditioned group (group 4), in
which remote ischemic postconditioning was induced as in group 3 just after LPS injection.
The animals were killed 5 days after the treatment. Among all groups, the contractility of the
diaphragm was examined and the gene expressions of the carnitine palmitoyl transferase
1B (CPT-18), the nuclear receptor peroxisome proliferator-activated receptor-a. (PPARo.),
peroxisome proliferator-activated receptor y coactivator-1a. (PGC-1c), and the nuclear factor
erythroid 2-related factor 2 (Nrf2) — the master of antioxidant response element — by real-time
reverse transcription-PCR in the rat diaphragm tissue were determined; in addition, the serum
levels of inflammatory markers, tumor necrosis factor oo (TNFo) and interleukin-6, and lipids
were measured.

Results

Both types of remote ischemic, preconditioning and postconditioning, significantly improved
the contractile performance of the diaphragm (P < 0.001) compared with rats in the LPS
group. These improvements were accompanied with significant elevation in the diaphragmatic
expression of PPARo, PGC-1o, and CPT-1p, together with decreased serum lipids. In
addition, there was a significant improvement in Nrf2 with a reduction in serum TNFo and
interleukin-6.

Conclusion

Our results showed that the improvement of contractile performance of the diaphragm during
sepsis was related to the improvement in the expression of nuclear hormone receptors
involved in fat oxidation and modulation in oxidative stress and its consequences on
inflammatory response. On the basis of these findings, we can suggest that early rational
postconditioning interventions may be one of the promising strategies in the management
of sepsis.
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Introduction

'The diaphragm is the principal muscle of respiration,
and is primarily composed of fatigue-resistant slow-

Respiratory failure in patients with septic shock is
a major cause of morbidity and mortality [1]. This
respiratory insufficiency is usually attributed to lung
injury, but there is increasing evidence that decreased
ventilatory muscle contraction, particularly of the
diaphragm, contributes significantly to this respiratory
failure [2,3].
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Disease processes that interfere with diaphragmatic
innervations, contractile properties, or mechanical
coupling to the chest wall can result in diaphragmatic
dysfunction. Such dysfunction, in turn, can lead
to dyspnea, decreased exercise performance, sleep-
disordered breathing, and respiratory failure [4].

The prognostic significance of impaired respiratory
muscle strength has not been established yet. However,
it emerges as a novel, independent predictor of
prognosis in patients with congestive heart failure [5]
and acute respiratory distress syndrome [6].

The mechanisms accounting for the ventilatory
muscle failure during inflammation are likely to be
multifactorial. Inflammation compromises blood
perfusion of, and nutrient uptake in, skeletal muscles.
It interferes with its structural integrity and contractile
function. Inflammatory cytokines mediate these effects
by affecting gene expression and adaptive responses [7].

Moreover, a systemic inflammatory state could impact
negatively on skeletal muscle performance because of
the alterations in the muscle energetic. Muscle depends
on both glucose and free fatty acids (FA) as an energy
source required for muscle contraction and, because of
its high energy demands, the diaphragm is particularly
dependent on FA oxidation, which, compared with the
oxidation of glucose, can produce greater amounts of

ATP [8].

FA oxidation in muscle and other tissues is regulated by
the activation of nuclear hormone receptors, particularly
peroxisome proliferator-activated receptors (PPARs),
thyroid hormone receptors, and estrogen-related
receptor o [9,10]. These nuclear hormone receptors
form obligate heterodimers with retinoid X receptor,
allowing for the activation of gene transcription. Many
studies have shown that the expression of retinoid X
receptor, PPARa, thyroid hormone receptor o and f,
and estrogen-related receptor o decrease in liver, kidney,
heart, and diaphragm following the administration of

lipopolysaccharide (LPS) [11-14].

Otherstudies have also indicated thatin models of sepsis
there is a reduction in the expression of crucial nuclear
hormone receptor coactivators, such as peroxisome
proliferator-activated receptor Yy coactivator-1a. and
B (PGC-1a and PGC-1p), which are required for
the nuclear hormone-mediated increases in gene
transcription [12,14].

These data suggest that the decrease in these nuclear
hormone receptors and their coactivators plays an
important role in regulating FA metabolism during
infection. Many studies have demonstrated a decrease

in FA oxidation in the liver, kidney, heart, and
diaphragm during infections [14-16].

A clear association between oxidative stress and
depressed skeletal muscle performance has been
described in several acute and chronic conditions,
such as systemic inflammation and chronic obstructive
lung diseases. This can be attributed to the elevated
levels of oxidant-derived post-translational protein
modifications, including protein carbonylation inside
skeletal muscle fibers when oxidative stress develops.
This is supported by recent studies that showed that
several myofilament (myosin heavy chain and actin),
mitochondrial (aconitase, creatine kinase), and
cytosolic [enolase, aldolase and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and carbonic
anhydrase III] proteins are carbonylated inside the
skeletal muscle fibers in many animal models of muscle
dysfunction, and in humans with impaired skeletal
muscle contractility [17].

In the last decade, the understanding on oxidative stress
has broadened considerably, and it is now often seen as
an imbalance, with origins in our genes, and the ways
in which gene expression is regulated. At the center of
this new focus is the transcription factor called nuclear
factor (erythroid-derived 2)-like 2 (Nrf2). Nrf2 is
referred to as the ‘master regulator’ of the antioxidant
response, modulating the expression of hundreds of
genes, including not only the familiar antioxidant
enzymes but also a large number of genes that control
seemingly disparate processes such as immune and
inflammatory responses, tissue remodeling and fibrosis,
carcinogenesis and metastasis, and even cognitive
dysfunction and addictive behavior [18]. Thus, the
dysregulation of Nrf2-regulated genes provides a
logical explanation for the relation between observable
oxidative stress and perhaps 200 human diseases
involving these various physiological processes, each
reflecting a network involving many gene products.
'The evolutionary self-association of these many genes
under the common control of Nrf2 suggests that the
immune and inflammatory systems may present the
largest demand for increased antioxidant protection,
apart from constitutive oxidative stress resulting from
the mitochondrial oxygen consumption for metabolic

purposes [18].

Remote preconditioning hasa greater potential for clinical
application than does conventional preconditioning, as it
can be performed in a nonvital organ, avoiding the high
risk of inducing ischemia by preconditioning in the vital
organ such as the brain or the heart [19].

Remote ischemic preconditioning (RIPC) or
postconditioning (RpostC), achieved with repeated
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brief periods of ischemia and reperfusion of one
organ before or after a prolonged ischemic period,
has been reported to protect distant organs against
ischemic injury [20]. The effects are associated with the
downregulation of key steps leading to cell death and
systemic inflammatory responses [20,21].

Indeed, systemic effects of RIPC and RpostC stimuli
exist, which might be used to harness their protection
not only in acute ischemic syndromes but also in
many other types of tissue injuries. Recent studies
also suggest RIPC and RpostC-mediated protective
effects in systemic inflammatory situations [22]. More
recently, a study from our group has shown that RIPC
carried out in the lower limbs attenuates the cisplatin-
induced hepatotoxicity in rats [23].

However, little research has been conducted examining
the effects of RpostC in the setting of LPS-induced
sepsis model. We investigated whether RpostC
could improve contractile muscle performance of the
diaphragm compared with RIPC and suppress LPS-
induced proinflammatory cytokines. In addition, we
assessed whether RpostC might upregulate PPAR0,
PGC-1o, and carnitine palmitoyl transferase 1
(CPT-1B) leading to the improvement of LPS-
induced energetic alterations. An assessment of the
potential antioxidant role through the effect on the
expression on Nrf2, the master of antioxidant response,
was also carried out.

Materials and methods
Experimental animal

The study was conducted on 24 inbred strains of
adult male albino rats matched for age and weight
(69 months and 150-200 g). Rats were inbred in
the Experimental Animal Unit, Faculty of Medicine,
Cairo University. They were kept at room temperature
and normal dark-light cycles, in groups of four per
cage, and were maintained according to the standard
guidelines of Institutional Animal Care and Use
Committee, and after obtaining the approval from the
Institutional Review Board. Animals had free access
to standard rat chow and had unrestricted access to
drinking water.

Rats were divided equally into four groups, and were
treated as follows: group 1 (control group), which was
treated with saline solution (1 ml/100 g body weight,
intraperitoneal); group 2 (LPS group), which was
treated with a single intraperitoneal injection of LPS
(0.8 mg/kg intraperitoneal single dose) [24]; group 3
(preconditioned group), in which RIPC was induced
just before the LPS injection according to the protocol

described below; and group 4 (postconditioned group),
in which RpostC was induced as in group 3 just after
the LPS injection.

Five days after saline or LPS administration, blood
samples were collected from all rats before killing and
the diaphragms were dissected for the demonstration
of contractile performance in the right hemidiaphragm.
The left hemidiaphragms were blotted dry, quickly
frozen in liquid nitrogen, and stored at -80°C for
quantitative real-time PCR gene expressions of CP7-
1B, PPAR-0., PGC-10., and Nrf2. The serum level of
lipids and proinflammatory cytokines, tumor necrosis
factor oo (TNFo) and interleukin-6 (IL-6), were
measured for all groups.

Induction of remote ischemia preconditioning/
postconditioning
Anesthesia

Before starting, the experimental animals were
anesthetized with  thiopental (50-60 mg/kg)
administered intraperitoneally together with heparin
(500 IU) [25]. Then, an area of the right hind limb was
shaved.

Remote ischemic preconditioning/postconditioning
Remote ischemic conditioning was induced by a brief
occlusion either before or after LPS. Occlusion was
induced by using a tourniquet (a rubber band) tied
to the right hind limb. The blood circulation of the
limb was stopped by increasing the pressure on the
trochanter with the rubber band. Cessation of the
blood flow in descending branches of the femoral
artery was indicated by the appearance of clear signs of
ischemia (cyanosis and cold skin).

The protocol for ischemic conditioning consisted
of three cycles of 10 min limb ischemia followed by
10 min of reperfusion [25].

In-vitro assessment of rat diaphragmatic contractile
function

The rats were anesthetized with pentobarbital sodium
(70 mg/kgbodyweight,intraperitoneal). The diaphragm
and the adherent lower ribs were quickly excised after
a combined thoracotomy and laparotomy, and were
immediately submersed in cooled and oxygenated
(95% O, and 5% CO,) Krebs’ solution at pH 7.4.
This Krebs’ solution consisted of 137 mmol/l NaCl,
4 mmol/l KCl, 2 mmol/I CaCl,, 1 mmol/l MgCl, 1
mmol/l KH PO,, 24 mmol/l NaHCO,, and 7 mmol/l
glucose. The right hemidiaphragm was dissected and
then hung by a string to a wide-range force transducer

(MLT1030/D-310; AD Instruments, Sydney, New
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South Wales, Australia). The diaphragm was mounted
vertically in tissue baths containing Krebs’ solution
bubbling with 95% O, and 5% CO, with a pH of 7.4.
Temperature of the solution was maintained at 37°C.
'The muscle was stimulated directly by using platinum
plate electrodes (electronic square wave stimulator;
AD Instruments, Castle Hill, Australia) placed in
close apposition of the bundle. A direct isometric
twitch response was elicited by stimulating the muscle
supramaximally with 0.2-Hz rectangular pulses of
0.5 ms duration and recorded by using an isometric
transducer [26]. Muscle preload force was adjusted until
the optimal fiber length for maximal twitch tension
was achieved. After 10 min of thermoequilibration,
contractile activity was continuously monitored and
recorded using a Power Lab Data Acquisition System
(4/30-ML866-AD Instruments) with an ML110
Bridge Bioelectric Physiographic Amplifier (Castle
Hill, Australia).

In the averaged twitch record we measured the
tollowing:

(1) The tension developed (from the baseline to the
peak).

(2) Contraction time (from the onset of tension
record to the peak).

(3) Half-relaxation time (from the peak to fall of
tension to the half of the peak value).

(4) Peak rate of muscle contractions (ap/dt,_ ) and
peak rate of relaxations (dp/dt_, ), which were
obtained through electronic differentiation of the
twitch curve.

Data analysis was carried out offline by using peak
analysis. The peak analysis is a specific software for the
detection and analysis of all recorded signal peaks in
acquired waveforms. All the calculated parameters except
for half-relaxation time (HRT) are displayed in a table
form, showing the values of all peaks with an average value
for all. Then we selected any of these peaks to be displayed
separately for measuring HRT using manually controlled
cursors according to its above-mentioned definition.

Serum lipid assay

'Thelevels of high-densitylipoprotein (HDL), triglycerides
(TGs), and cholesterol were determined in the serum of
rats in all groups using conventional laboratory methods.

Assessment of serum proinflammatory cytokines
Measurement of serum tumor necrosis factor o.

TNFo was measured by using the ELISA (Quantikine;
R&D Systems, Minneapolis, USA) according to the

manufacturer’s instructions [27].

Measurement of serum interleukin-6

IL-6 was measured by using the ELISA (Quantikine;
R&D Systems) according to the manufacturer’s
instructions [28].

Detection of carnitine palmitoyl transferase §,
peroxisome proliferator-activated receptor-a,
peroxisome proliferator-activated receptor y
coactivator-1a, and erythroid 2-related factor 2 gene
expression by quantitative real-time polymerase
chain reaction

RNA isolation and reverse transcription

Total RNA wasisolated from the tissue homogenate using
the High Pure RNA Isolation Kit (Roche Diagnostics,
Mannheim, Germany), and then was quantified on a
Nano Drop 1000 Spectrophotometer (Thermo Scientific,
Wialtham, Massachusetts, USA). The OD 260 nm/280
nm ratio was among 1.9-2.0. RNA samples were further
assessed through electrophoresis on 1.5% agarose gels,
and then visualized under UV light after ethidium
bromide staining. RNA samples were stored at -80°C
in aliquots until use. cDNA was synthesized with 1 pg
total RNA and 1 pl d(T)18 oligo using the RevertAid
First Strand cDNA Synthesis Kit (Fermentas Thermo

Scientific) according to the manufacturer’s instruction.

Quantitative real-time polymerase chain reaction

Quantitative PCR was carried out in an optical 96-
well plate with an ABI Prism 7500 Fast Sequence
Detection System (Applied Biosystems, Carlsbad,
California, USA) and universal cycling conditions at a
minimum temperature of 95°C (40 cycles of 15 s at 95°C
and 60 s at 60°C). Each 10 pl reaction contained 5 ul
SYBR Green Master Mix (Applied Biosystems), 0.3 ul
gene-specific forward and reverse primers (10 umol/1),
2.5 ul ¢cDNA, and 1.9 ul nuclease-free water. The
sequences of PCR primer pairs used for each gene are

shown in Table 1. Data were analyzed by using the

Table 1 Primer sequences used for real-time polymerase
chain reaction

Primers Sequence
CPT-13 Forward primer: 5-CGGTTCAAGAATGGCATCATC-3
Reverse primer: 5-ATCACACCCACCACCACGATA-3
PPAR-o. Forward primer: 5-ACTTATCCTGTGGTCCCCGG-3’
Reverse primer: 5-CCGACAGAAAGGCACTTGTGA-3’
PGC-10. Forward primer: 5-TGTGCAACTCTCTGGAACTG-3’
Reverse primer: 5-TGAGGACTTGCTGAGTGGTG-3’
Nrf2 Forward primer: 5-CCTCAACTATAGCGATGCTGAATCT-3
Reverse primer: 5-AGGAGTTGGGCATGAGTGAGTAG-3
GAPDH Forward primer: 5-CTCCCATTCTTCCACCTTTG-3’
Reverse primer: 5-CTTGCTCTCAGTATCCTTGC-3’
CPT-1B, carnitine palmitoyl transferase 1p3; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; Nrf2, nuclear factor
erythroid 2-related factor 2; PGC-1a, peroxisome proliferator-

activated receptor y coactivator-1c;; PPAR-a, peroxisome
proliferator-activated receptor-a.
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ABI Prism Sequence Detection System software and
quantified using the v1.7 Sequence Detection software
(PE Biosystems, Foster City, California, USA). Relative
expression of studied genes was calculated using the
comparative threshold cycle method. All values were

normalized to the GAPDH genes [29].

Statistical analysis

'The data were coded and entered using the statistical
package SPSS (version 15; SPSS Inc., Chicago, Illinois,
USA). The data were summarized using descriptive
statistics: mean = SD for all variables. Statistical
differences between groups were tested using analysis
of variance for quantitative normally distributed
variables. When a significant /" was obtained, multiple
comparison after tests were used to determine which
groups were significantly difterent. P-values less than
or equal to 0.05 were considered statistically significant.

Results

The results of contractile performance of the
diaphragm: contraction time (t), developed tension
(D), peak rate of contraction (dp/dt__ ), peak rate of
relaxation (dp/dt_, ), and half-relaxation time

These results are summarized in Table 2. There was a
statistically significant elevation in # (P < 0.001) in rats
of the LPS group compared with the control group. In
contrast, the D, together with dp/dt__ were statistically
markedly reduced (P < 0.001 for both) in the same
group compared with the control group. Clearly, there
was an extreme slowing of relaxation in LPS rats as
indicated by significant (P < 0.001) decrease in dp/dt_,
and HRT compared with controls.

Both types of remote ischemic conditioning significantly
improved all parameters of contractile performance
(P < 0.001, <0.001, <0.001, 0.001, <0.001 for ¢z, D,
dp/de_, dp/dt_ , and HRT, respectively) compared
with the LPS group. Interestingly, except for dp/dt__
and dp/dt_. , all other contractile parameters in both
preconditioned and postconditioned groups showed
significant difference compared with control rats.

There was no significant difference between the two
types of remote ischemic conditioning on the contractile
performance of the diaphragm, except for developed
tension, which was significantly lower with RpostC
intervention compared with the preconditioned group.

The results of serum lipids: triglyceride, cholesterol,
and high-density lipoprotein

There was a statistically significant elevation of TG
and cholesterol (P < 0.001 for both), and a depression
in HDL (P < 0.001) in LPS-treated rats compared

with the control rats.

All measured serum lipids were significantly improved
in RIPC and RpostC (P < 0.001 for all) compared
with the LPS group. Both types of remote ischemic
conditioning reduced TG to the degree to be
insignificant compared with the level for the control
group, whereas both interventions significantly
partially improved cholesterol and HDL. There was no
significant difference between the two types of remote
ischemic conditioning on serum lipids except for HDL,
which was significantly slightly higher in the RpostC
group (P = 0.032) compared with the preconditioned
group (Table 3).

The changes in the serum level of proinflammatory
cytokines: tumor necrosis factor o and interleukin-6

Both cytokines exhibited notable statistically significant
rise (P < 0.001 for both) in rats of the LPS group. They
were significantly reduced in RIPC and RpostC rats
(P < 0.001 in both) compared with LPS rats, but they
were still significantly (P < 0.001 for both) higher

compared with the control animals (Table 4).

The changes in the levels of diaphragm-relative
expression of carnitine palmitoyl transferase 18,
peroxisome proliferator-activated receptor-a,
peroxisome proliferator-activated receptor y
coactivator-1a, and nuclear factor erythroid 2-related
factor 2

The changes are summarized in Fig. 1. There was a

statistically significant depression of gene expression of

Table 2 The contractile performance of the diaphragm showing the values of contraction time (f) (ms), developed tension (D)

(g), peak rate of contraction (dp/dt__), peak rate of relaxation (dp/dt

‘max:

in each group)

), and half-relaxation time (s) in the studied groups (n = 6

'min:

Groups Parameters (mean + SD)

Contraction time (ms) Developed tension (g) dp/at__ (g/s) dp/at . (g/s) Half-relaxation time (s)
Control 0.15 + 0.006 4523 + 0.45 15.623 + 1.831 12.869 + 4.083 0.11 = 0.005
LPS 0.26 + 0.019* 1.291 + 0.42* 8.0493 + 2.05* 7174 + 2.889* 0.150 + 0.006*

0.20 + 0.016™*
0.195 + 54.63"*

2.98 + 0.508"*
2.18 + 0.409**@

Preconditioned
Postconditioned

17.36 + 1.439*
15.028 + 3.193*

14.317 + 1.5653*
13.088 + 3.175*

0.129 + 0.005**
0.127 + 0.009*#

ap/at ., peak rate of contraction; dp/at_ , peak rate of relaxation; LPS, lipopolysaccharide; *Statistically significant as compared with
controls at P < 0.05; *Statistically significant as compared with the LPS group at P < 0.05; @Statistically significant as compared with the

preconditioned group at P < 0.05.
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Table 3 The level of serum lipids: triglycerides (mg/dl), cholesterol (mg/dl), and high-density lipoprotein (mg/dl) in the studied

groups (n = 6 in each group)

Groups Parameters (mean + SD)

TG Cholesterol HDL
Control 88.383 + 8.787 144.4000 + 9.168 58.467 + 3.26
LPS 124.383 + 15.877* 196.9833 + 10.457* 36.70 £ 2.791*

99.833 + 7.635"
95.367 + 7.063*

Preconditioned
Postconditioned

172.65 = 10.172**
165.267 + 14.291*#

45.083 + 3.4**
49.867 + 4.629*"@

HDL, high-density lipoprotein; LPS, lipopolysaccharide; TG, triglyceride; *Statistically significant as compared with control at P < 0.05;
#*Statistically significant as compared with the LPS group at P < 0.05; @Statistically significant as compared with preconditioned at P < 0.05.

Table 4 Serum level of proinflammatory cytokines: tumor
necrosis factor o (pg/ml) and interleukin-6 (pg/ml) in the
studied groups (n = 6 in each group)

Groups Parameters (mean + SD)

TNFo IL-6
Control 37.05 + 5.352 33.73 £ 2.1
LPS 156.63 + 31.19* 123.62 + 15.19*
Preconditioned 85.7 + 12.877*# 77.67 £ 14.74*#
Postconditioned 73.68 + 11.804*# 67.4 = 13.06**

IL-6, interleukin-6; LPS, lipopolysaccharide; TNFa, tumor necrosis
factor o; *Statistically significant as compared with controls at

P < 0.05; “Statistically significant as compared with the LPS group
at P < 0.05.

CPT-1B, PPARo., PGC-1a., and Nrf2 in LPS-treated
rats (P = 0.03, <0.001, <0.001, <0.001, respectively)
compared with controls.

All expressed genes were significantly improved in the
RIPC and RpostC groups (P = 0.01, <0.001, <0.001,
0.001, <0.001, respectively) compared with the LPS
group. Both types of remote ischemic conditioning
elevated all expressed genes to be comparable to the
control level (P > 0.05) except for Nrf2, which was
significantly (P < 0.001) still less than the control
level. There were no significant differences between
the two types of remote ischemic conditioning on the
previously expressed genes.

Discussion

We investigated the effect of RIPC and RpostC in
relation to their anti-inflammatory, antioxidant, and
energetic response on the diaphragmatic contractile
performance, during the early phase of muscle
dysfunction [6] in LPS-induced sepsis in a rat model.

In the current work, RIPC and RpostC significantly
produced comparable effects in improving the
contractile performance of the diaphragm and
suppressing serum proinflammatory cytokines. These
effects were accompanied with significant elevation
in diaphragmatic expression of PPARa, PGC-1a,
and CPT-1P - the key enzyme that transports FA
moieties across the mitochondrial membranes together
with decreased serum lipids. Moreover, there was an

Figure 1
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improvement in the expression of Nrf2: the master of
antioxidant response element (ARE).

In the present study, the developed tension of the
diaphragm in the LPS group was significantly lower
than that in the control group. This characteristic
suggests a functional impairment of the diaphragm,
which may impede adequate ventilation. In contrast,
as weak muscles need to work closer to maximum
contractile capacity [30], LPS rats may be predisposed
to respiratory muscle fatigue, thus contributing to
respiratory failure.

Although the developed tension was significantly
higher in preconditioned rats compared with the
postconditioned rats, it was significantly improved by
both types of interventions compared with LPS rats.
In addition, both interventions resulted in comparable
improvement of all other measured contractile
parameters, ¢, dp/dt_ , dp/dt ., and HR'T, compared
with the LPS results.

Inflammatory reaction plays a critical role in skeletal
muscle dysfunction [31]. The release of inflammatory
cytokines and the aggregation and infiltration of
inflammatorycellsare thekeystepsininflammation [32].
TNFo is primarily produced by macrophages, and it
acts to promote inflammatory cascade by increasing
the release of other proinflammatory cytokines and by
influencing neutrophil recruitment [33]. TNFa, as an
important cytokine in inflammation, plays a pivotal
role in the inflammation induced by LPS [33]. Indeed,
TNFo can induce the release of other inflammatory
mediators, increase the expression of cell adhesion
factors, and promote the adhesion of neutrophils to
endothelial cells. Previous studies suggest that the
level of TNFo increases significantly after LPS [34].
Interestingly, treatment with TNFo has been shown to
also decrease diaphragmatic pressure and contraction
in a way similar to endotoxin administration [34]. The
administration of TNFa antibodies partially blocked
the deleterious effects of LPS on diaphragmatic
contractility, suggesting that the effects of sepsis and
LPS are mediated by cytokines [33].

Measuring the levels of TNFo and IL-6 were relevant
in the context of this study because these cytokines have
the potential to induce skeletal muscle proteolysis via
the ubiquitin—proteasome pathway [35]. In addition,
TNFou activates the proteolytic enzymes caspase-8
and caspase-3 in the diaphragm of mice exposed to

LPS [36].

Data observed in the current work were in agreement
with the previous studies, as they indicated the presence
of an association between systemic proinflammatory

markers and strength in the diaphragm during
endotoxemia. We found that serum TNFa and IL-6
protein levels in the LPS group were significantly
higher compared with the control group.

In contrast, RIPC and RpostC interventions before
and after LPS injection, respectively, significantly
decreased these proinflammatory cytokines. This is
in agreement with the findings of a recent study by
Gyurkovics e# al. [37], who also showed lower TNFa.
levels and reduced distant organ (lung and renal)
impairment with RpostC treatment.

The major biological role of the PPAR/PGC-la
complex in the muscles appears to be the transcriptional
control of enzymes involved in fatty acid uptake and
oxidation [38]. PGC-1a activates mitochondrial
biogenesis [37] and induces the expression of reactive
oxygen species scavengers [39].

In addition, PPARa also governs inflammation by
downregulating gene expression through a mechanism
called transrepression. Specifically, it has been shown
that activated PPARo binds to c-Jun and to the
p65 subunit of nuclear factor kB (NF-kB), thereby
inhibiting NF-kB-mediated signaling. Moreover,
PPARa induces the inhibitory protein IxBo, which
normally retains NF-kB in a nonactive form [40].
NF-«B is considered as an amplifying mechanism
that can exaggerate the disease-specific inflammatory
process through the coordinated activation of several
inflammatory genes [41].

We found that LPS injection led to a downregulation
of gene expression of the PGC-lo and PPARa.
Thus, the decrease in coactivator, coupled with a
decrease in the levels of the receptors that regulate FA
metabolism, would be expected to lead to reductions
in the enzymes and transport proteins. Then, one can
speculate that the inability to generate energy through
FA oxidation might contribute to the development of
diaphragm weakness. In agreement with our findings
were the results of a study by Feingold ez a/.[11,12,14].
Although a decrease in the expression of any one of
these genes could decrease FA oxidation, it is likely
that the LPS-induced reduction of FA oxidation
activity is the result of a coordinated downregulation
of several genes that mediate multiple steps along the

FA oxidation pathway [14].

Inthe currentwork,the LPS-mediated increase in serum
lipids were reduced significantly by both RIPC and
RpostC interventions. The effect of RIPC and RpostC
on LPS-induced changes in the serum lipid may be
due to their effects on lipid delivery to the peripheral
organs, primarily muscles that result in lowering their
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serum levels, or it may be related to the improvement
in the mitochondrial function that aftects fatty acid
oxidation. This hypothesis is supported by our finding
of improved expression of CPT-1f together with the
induction of both PPARo and PGC-1o.. Furthermore,
our assumption was supported by Schilling ez a/. [42],
who demonstrated that the reduction in myocardial

TG is an effect of increased PGC-1.

Interestingly, Feingold er a/ [12] assumed that,
whereas FA oxidation was decreased, the incorporation
of FAs into TGs was somewhat increased in the
diaphragm. This increase appears to be substrate driven
as the expression of the enzymes that catalyze the
incorporation of FAs into TGs is decreased rather than
increased. Thus, in the diaphragm, similar to the liver,
heart, and kidney, infection induces a decrease in FA
oxidation with an increase in FA incorporation into
TGs [12] accompanied with a reduction in the nuclear
hormone receptor and coactivator expression [14].

Most of the changes in protein synthesis and lipid
metabolism that occur during infection are beneficial
to the organism [14]. One can only speculate on
the potential benefits of decreasing FA oxidation in
these organs. Infection stimulates an increase in TG-
rich lipoproteins, which have been shown to directly
bind toxic bacterial products, such as endotoxin and
lipoteichoic acid, and thereby reduce their harmful
effects [43]. Moreover, TG-rich lipoproteins could
provide FAs for metabolism by cells of the immune
system that play a crucial role in host defense or tissue
repair. For example, studies have shown that LPS

stimulates the uptake of TG by macrophages [44].

However, the decrease in FA oxidation in the heart,
kidney, and diaphragm could also have detrimental
effects. As compared with the oxidation of glucose or
lactate, the oxidation of FA produces the most energy
per molecule. ATP generated from FA oxidation is an
important energy source for metabolically active tissues
such as the heart, kidney, and diaphragm. During severe
sepsis, multiorgan failure, including renal and heart
tailure, often occur and one can speculate that the inability
to generate energy via FA oxidation might contribute to
the development of these abnormalities [44].

Since mitochondrial dysfunction is evident in animal
models of sepsis [45,46] and contributes to respiratory
muscle weakness [47] and organ damage [48], one can
speculate the PGC-1a/PPARol pathway system as a
potential mechanism thatlinks between the improvement
in energetic metabolism and RIPC or RpostC.

As the pathogenesis of sepsis-induced mitochondrial
injury is associated with free radical generation and

resulting oxidative stress, one should assess this
pathway in mediating organ dysfunction.

Given the regulatory role of the transcription factor
Nrf2, the ‘master regulator’ of the ARE, in modulating
the expression of hundreds of genes, including
antioxidant enzymes, inflaimmation response, and
others [18], we assessed the alteration in its expression
after the LPS injection and its response to preischemic
and postischemic conditioning. We found that the
LPS injection led to a downregulation of Nrf2, which
was significantly improved with both preconditioning
and postconditioning.

This finding was in agreement with that of Song
et al. [49], who found that nuclear expression of Nrf2
decreased in preterm lamb after LPS exposure in utero,
and the significant association between Nrf2 protein
level.

Under nonstressed conditions, Nrf2 is sequestered in
the cytoplasm as an inactive complex and constitutively
degraded through the ubiquitin—proteasome system by
binding to kelch-like ECH-associated protein 1 (Keap1).
Oxidative or covalent modification of thiols in some
cysteine residues of Keap1lead to dissociation of Nrf2 from
Keapl and subsequently nuclear accumulation of Nrf2.
Within the nucleus, Nrf2 binds to the ARE, a regulatory
enhancer region within gene promoters. This binding
triggers the production of many phase II detoxifying
and antioxidant enzyme genes such as hemeoxygenase
1 (HO-1) and NAD(P)H: quinoneoxidoreductase 1
(NQO1), both of which protect cells against oxidative

stress and a wide range of other toxins [50].

Thus, the fall in nuclear Nrf2 with inflammation would
be responsible for the downregulation of antioxidant
gene expression during infection.

In the current work, it is noted that RIPC has a
protective effect similar to RpostC. However, a
number of advantages favor the latter in clinical
practice, as the most frequent clinical situation is that
of establishing the treatment when the process of
inflammation has already occurred and not otherwise.
However, further carefully controlled human studies
are needed to determine whether clinical differences
exist in the muscle injury and recovery trajectories of
sepsis in patients with and without concomitant acute
respiratory distress syndrome.

Conclusion
This research presents evidence that endogenous

protective mechanism triggered by RIPC and
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RpostC lead to improvement in anti-inflammatory,
antioxidants and energetic of the diaphragm during
sepsis. These findings suggest that early rational
postconditioning interventions may be one of the
most promising strategies in the management of sepsis
to prevent or retard diaphragmatic dysfunction and
related respiratory failure.

Acknowledgements

'The authors thank Afaf Mohamed Afify and Aza Kamal, the
technicians at the Department of Medical Physiology, for
their kind help in this work.

Ola M. Tork, who formulated the idea of work, designed
the research study, carried out data analysis, and wrote
and revised the manuscript. Amal F. Dawood carried out
statistical analysis, and wrote and revised the manuscript.
Nermeen B. Sadek performed the experimental work,
and wrote and revised the manuscript. Manal M.
Mahmoud performed the experimental work, and wrote
and revised the manuscript. Laila A. Rashed performed
the biochemical analysis and wrote and revised the
manuscript. Samah Selim carried out data analysis and
revised the manuscript.

Financial support and sponsorship
Nil.

Conflicts of interest
There are no conflicts of interest.

References
1 Sharma S, Kumar A. Septic shock, multiple organ failure, and acute
respiratory distress syndrome. Curr Opin Pulm Med 2003; 9:199-209.

2 Lanone S, Taille C, Boczkowski J, Aubier M. Diaphragmatic fatigue during
sepsis and septic shock. Intensive Care Med 2005; 31:1611-1617.

3 Demoule A, Jung B, Prodanovic H, Molinari N, Chanques G, Coirault C,
et al. Diaphragm dysfunction on admission to the intensive care unit.
Prevalence, risk factors, and prognostic impact — a prospective study. Am
J Respir Crit Care Med 2013; 188:213-219.

4 McCool FD, Tzelepis GE. Dysfunction of the diaphragm. N Engl J Med
2012; 366:932-942.

5 Meyer FJ, Borst MM, Zugck C, Kirschke A, Schellberg D, Kiibler W, et al.
Dysfunction in congestive heart failure: clinical correlation and prognostic
significance. Circulation 2001; 103:2153-2158.

6 Files DC, Sanchez MA, Morris PE. A conceptual framework: the early and
late phases of skeletal muscle dysfunction in the acute respiratory distress
syndrome. Crit Care 2015; 19:266-276.

7 Costamagna D, Costelli P, Sampaolesi M, Penna F. Role of inflammation
in muscle homeostasis and myogenesis. Mediators Inflamm. 2015;
2015:805172.

8 Jeukendrup AE. Regulation of fat metabolism in skeletal muscle. Ann N 'Y
Acad Sci 2002; 967:217-235.

9 Giguere, V. Transcriptional control of energy homeostasis by the estrogen-
related receptors. Endocr Rev 2008; 29:677-696.

10 Scarpulla, RC. Nuclear control of respiratory gene expression in
mammalian cells. J Cell Biochem 2006; 97:673—-683.

11 Feingold K, Kim MS, Shigenagav J, Moser A, Grunfeld C. Altered
expression of nuclear hormone receptors and coactivators in mouse heart
during the acute-phase response. Am J Physiol Endocrinol Metab 2004;
286:E201-E207.

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Feingold KR, Wang Y, Moser A, Shigenaga JK, Grunfeld C. LPS decreases
fatty acid oxidation and nuclear hormone receptors in the kidney. J Lipid
Res 2008; 49:2179-2187.

Kim MS, Sweeney TR, Shigenaga JK, Chui LG, Moser A, Grunfeld C,
et al. Tumor necrosis factor and interleukin 1 decrease RXR alpha, PPAR
alpha, PPAR gamma, LXR alpha, and the coactivators SRC-1, PGC-
1alpha, and PGC-1beta in liver cells. Metabolism 2007; 56:267—-279.

Feingold KR, Moser A, Patzek SM, Shigenaga JK, Grunfeld C. Infection
decreases fatty acid oxidation and nuclear hormone receptors in the
diaphragm. J Lipid Res 2009; 50:2055-2063.

Takeyama N, Itoh Y, Kitazawa Y, Tanaka T. Altered hepatic mitochondrial
fatty acid oxidation and ketogenesis in endotoxic rats. Am J Physiol 1990;
259:E498-E505.

Wang, X, Evans RD. Effect of endotoxin and platelet activating factor on
lipid oxidation in the rat heart. J Mol Cell Cardiol 1997; 29:1915-1926.

Barreiro E, Hussain SN. Protein carbonylation in skeletal muscles: impact
on function. Antioxid Redox Signal 2010; 12:417-429.

Hybertson BM, Gao B, Bose SK, McCord JM. Oxidative stress in health
and disease: the therapeutic potential of Nrf2 Activation. Mol Aspects Med
2011; 32:234-246.

Ren C, Gao X, Steinberg GK, Zhao H. Limb remote-preconditioning
protects against focal ischemia in rats and contradicts the dogma of
therapeutic time windows for preconditioning. Neuroscience. 2008;
1514:1099-1103.

Tapuria N, Kumar Y, Habib MM, Abu Amara M, Seifalian AM, Davidson
BR. Remote ischemic preconditioning: a novel protective method from
ischemia reperfusion injury — a review. J Surg Res 2008; 150:304—-330.

Xu B, Gao X, Xu J, Lei S, Xia ZY, Xu Y, et al. Ischemic postconditioning
attenuates lung reperfusion injury and reduces systemic proinflammatory
cytokine release via heme oxygenase 1. J Surg Res 2011; 166:e157—e164.

Kim YH, Yoon DW, Kim JH, Lee JH, Lim CH. Effect of remote ischemic
post-conditioning on systemic inflammatory response and survival rate
in lipopolysaccharide-induced systemic inflammation model. J Inflamm
2014; 21:11-16.

Tork OM, Dawood AF, Sadek NB, Rashed LA. Protective effects of remote
ischemic pre-conditioning against cisplatin-induced hepatotoxicity in rat.
Kasr Al Ainy Med J 2015; 21:94—-100.

Khairallah MI, Kassem, LA, Yassin, NA, Gamal El Din MA, Zekri M,
Attia, M. The hematopoietic growth factor ‘erythropoietin’ enhances the
therapeutic effect of mesenchymal stem cells in Alzheimer’s disease. Pak
J Biol Sci 2014; 17:9-21.

Selimoglu O, Ugurlucan M, Basaran M, Gungor F, Banach M, Cucu O,
et al. Efficacy of remote ischaemic preconditioning for spinal cord
protection against ischaemic injury: association with heat shock protein
expression. Folia Neuropathol 2008; 46:204—-212.

Kaifuchi N, Omiya Y, Kushida H, Fukutake M, Nishimura H, Kase Y.
Effects of shakuyakukanzoto and its absorbed components on twitch
contractions induced by physiological Ca?* release in rat skeletal muscle.
J Nat Med 2015; 69:287-295.

Maskos K, Fernandez-Catalan C, Huber R, Bourenkov GP, Bartunik H,
Ellestad GA, et al. Crystal structure of the catalytic domain of human tumor
necrosis factor-alpha-converting enzyme. Proc Natl Acad Sci USA 1998;
95:3408-3412.

Hirano T. Interleukin 6. In: JJ Oppenheim, AW Thomson, editors The
cytokine handbook. 3rd ed. New York: Academic Press; 1998. 197.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-delta delta C(T)) method. Methods
2001; 25:402—-408.

Karisnan K, Bakker AJ, Song Y, Noble PB, Pillow JJ, Pinniger GJ,
Interleukin-1 receptor antagonist protects against lipopolysaccharide
induced diaphragm weakness in preterm lambs. PLoS One 2015;
10:e0124390.

Ferrari R, Caram LMO, Faganello MM, Sanchez FF, Tanni SE, Godoy I.
Relation between systemic inflammatory markers, peripheral muscle
mass, and strength in limb muscles in stable COPD patients. Int J Chron
Obstruct Pulmon Dis 2015; 2015:1553—-1558.

Speyer CL, Ward PA. Role of endothelial chemokines and their receptors
during inflammation. J Invest Surg 2011; 24:18-27.

Shindoh C, Hida W, Ohkawara Y, Yamauchi K, Ohno |, Takishima T,
et al. TNF-alpha mRNA expression in diaphragm muscle after endotoxin
administration. Am J Respir Crit Care Med 1995; 152:1690-1696.

Wilcox PG, Wakai Y, Walley KR, Cooper DJ, Road J. Tumor necrosis
factor alpha decreases in vivo diaphragm contractility in dogs. Am J Respir
Crit Care Med 1994; 150:1368-1373.



35

36

37

38

39

40

41

42

43

Remote ischemic pre- and post-conditioning improve contractility of the diaphragm during endotoxemia Tork et al. 33

Mitch WE, Goldberg AL. Mechanisms of muscle wasting: the role of the
ubiquitin—proteasome pathway. N Engl J Med 1996; 335:1897—-1905.

Supinski GS, Ji X, Wang W, Callahan LA. The extrinsic caspase pathway
modulates endotoxin-induced diaphragm contractile dysfunction. J Appl
Physiol 2007; 102:1649-1657.

Gyurkovics E, Aranyi P, Stangl R, Onody P, Ferreira G, Lotz G, et al.
Postconditioning of the lower limb — protection against the reperfusion
syndrome. J Surg Res 2011; 169:139-147.

Finck BN, Kelly DP. PGC-1 coactivators: inducible regulators of energy
metabolism in health and disease. J Clin Invest 2006; 116:615—-622.
St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, Jager S, et al.
Suppression of reactive oxygen species and neurodegeneration by the
PGC-1 transcriptional coactivators. Cell 2006; 127:397—408.
Rakhshandehroo M, Knoch B, Muller M, Kersten S. Peroxisome
proliferator-activated receptor alpha target genes. PPAR Res 2010;
2010:612089.

Barnes PJ, Karin M. Nuclear factor-xB — a pivotal transcription factor in
chronic inflammatory diseases. N Engl J Med 1997; 336:1066—1071.
Schilling J, Lai L, Sambandam N, Dey CE, Leone TC, Kelly DP. Toll-like
receptor-mediated inflammatory signaling reprograms cardiac energy
metabolism by repressing peroxisome proliferator-activated receptor y
coactivator-1 signaling. Circ Heart Fail 2011; 4:474-482.

Khovidhunkit W, Kim MS, Memon RA, Shigenaga JK, Moser AH,
Feingold KR, et al. Effects of infection and inflammation on lipid and

44

45

46

a7

48

a9

50

lipoprotein metabolism: mechanisms and consequences to the host.
J Lipid Res 2004; 45:1169—-1196.

Wheeler AP, Bernard GR. Treating patients with severe sepsis. N Engl J
Med 1999; 340:207-214.

Brealey D, Karyampudi S, Jacques TS, Novelli M, Stidwill R, Taylor V,
et al. Mitochondrial dysfunction in a long-term rodent model of sepsis
and organ failure. Am J Physiol Regul Integr Comp Physiol 2004; 286:
R491-R497.

Supinski GS, Callahan LA. Hemin prevents cardiac and diaphragm
mitochondrial dysfunction in sepsis. Free Radic Biol Med 2006;
40:127-137.

Callahan LA, Supinski GS. Sepsis induces diaphragm electron transport
chain dysfunction and protein depletion. Am J Respir Crit Care Med 2005;
172:861-868.

Galley HF. Oxidative stress and mitochondrial dysfunction in sepsis. Br J
Anaesth 2011; 107:57-64.

Song Y, Pinniger GJ, Bakker AJ, Moss TJM, Noble PB, Berry CB, et al.
Lipopolysaccharide-induced weakness in the preterm diaphragm is
associated with mitochondrial electron transport chain dysfunction and
oxidative stress. PLoS One 2013; 8:e73457.

Sun G, LiY, Ji Z. Atorvastatin attenuates inflammation and oxidative stress
induced by ischemia/reperfusion in rat heart via the Nrf2 transcription
factor. Int J Clin Exp Med 2015; 8:4837-4845.



