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Abstract

Chorioamnionitis (inflammation of the fetal membranes) is strongly associated with preterm
birth and in utero exposure to inflammation significantly impairs contractile function in the
preterm lamb diaphragm. The fetal inflammatory response to intra-amniotic (IA) lipopolysac-
charide (LPS) is orchestrated via interleukin 1 (IL-1). We aimed to determine if LPS induced
contractile dysfunction in the preterm diaphragm is mediated via the IL-1 pathway. Pregnant
ewes received |IA injections of recombinant human IL-1 receptor antagonist (rhiL-1ra) (Ana-
kinra; 100 mg) or saline (Sal) 3 h prior to second IA injections of LPS (4 mg) or Sal at 119d
gestational age (GA). Preterm lambs were killed after delivery at 121d GA (term = 150 d).
Muscle fibres dissected from the right hemi-diaphragm were mounted in an in vitro muscle
test system for assessment of contractile function. The left hemi-diaphragm was snap fro-
zen for molecular and biochemical analyses. Maximum specific force in lambs exposed to
IA LPS (Sal/LPS group) was 25% lower than in control lambs (Sal/Sal group; p=0.025).
LPS-induced diaphragm weakness was associated with higher plasma IL-6 protein, dia-
phragm IL-18 mRNA and oxidised glutathione levels. Pre-treatment with rhiL-1ra (rhiL-1ra/
LPS) ameliorated the LPS-induced diaphragm weakness and blocked systemic and local
inflammatory responses, but did not prevent the rise in oxidised glutathione. These findings
indicate that LPS induced diaphragm dysfunction is mediated via IL-1 and occurs indepen-
dently of oxidative stress. Therefore, the IL-1 pathway represents a potential therapeutic tar-
getin the management of impaired diaphragm function in preterm infants.

Introduction

A functioning diaphragm is critically important for the initiation and sustainment of spontane-
ous unsupported breathing. However, like the lung, the preterm diaphragm is structurally and
functionally immature at birth and therefore is poorly equipped to meet the mechanical de-
mands of breathing. Inadequate diaphragm development may also enhance the vulnerability to
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additional in utero exposures that are strongly associated with very preterm births such as
chorioamnionitis. IL-1 has a critical role in the inflammatory pathway associated with pulmo-
nary responses to chorioamnionitis [1]. Identification of a similar pathway as a determinant of
an adverse impact of antenatal inflammation on diaphragm function would support treatment
strategies targeting inhibition of the IL-1 pathway.

The preterm diaphragm needs to generate sufficient inspiratory force to overcome the me-
chanical disadvantages imposed by a highly compliant chest wall, low levels of endogenous
surfactant and noncompliant, structurally immature lungs. However, preterm infants have sig-
nificantly lower twitch trans-diaphragmatic pressure [2], a low proportion of type I and a high
proportion of immature, neonatal muscle fibres compared to term infants [3,4]. Furthermore,
the maximum force producing capacity of the diaphragm in preterm sheep is significantly
lower than the term counterparts [5]. These characteristics suggest functional impairment of
the diaphragm that may impede adequate ventilation. Additionally, as weak muscles need to
work closer to maximum contractile capacity, preterm infants may be predisposed to the devel-
opment of respiratory muscle fatigue, thereby contributing to postnatal respiratory failure.

Data from a number of species indicate that the immature diaphragm contains a low pro-
portion (<10%) of type I fatigue resistant muscle fibres, compared to the adult diaphragm (50-
60% type I fibres) [3,4,6]. Although this suggests the preterm diaphragm is highly susceptible
to fatigue, numerous studies report the opposite finding of a high fatigue resistance in the dia-
phragm of newborn rats [7] cats [8] and baboons [4]. For the most part, these studies have
evaluated muscle fatigue under in vitro conditions using repeated isometric contraction of
isolated diaphragm tissue. The fatigue resistance of the immature diaphragm under in situ con-
ditions is less widely studied, but may differ from the in vitro condition [9]. Maxwell et al re-
ported that primate immature diaphragm has high proportion of immature muscle fibres that
are highly oxidative and high mitochondrial content that may contribute to fatigue resistance
[4]. These findings suggest that the relationship between MHC expression, contractile function
and fatigability is less robust in fetal muscle compared to adult muscle.

In addition to immaturity, antenatal inflammation may further exacerbate diaphragm dys-
function in preterm infants. About 70% of preterm births are associated with intra-uterine in-
fection which commonly manifests as chorioamnionitis [10]. Chorioamnionitis frequently
induces a systemic fetal inflammatory response syndrome (FIRS) causing multiple organ injury
and adverse neonatal outcomes [11]. FIRS is mediated by pro-inflammatory cytokines (IL-1,
IL-6 and TNF-a) and diagnosed clinically by increased plasma IL-6 levels and funisitis [10,12].
Increased cytokine secretion in inflammatory diseases is commonly linked with the develop-
ment of muscle weakness [13]. Circulating pro-inflammatory cytokines play an important role
in diaphragm weakness in mice after exposure to intraperitoneal lipopolysaccharide (LPS)

[14]. Pro-inflammatory cytokines may reduce force production directly through disruption to
Ca”" handling or altered sensitivity of myofilaments to Ca**, or indirectly via myofibre atrophy
or increased production of reactive oxygen species (ROS) [15,16,17]. Developing diaphragm
myofibres contain large numbers of mitochondria [4] and have a less efficient antioxidant de-
fence system [18], suggesting that the preterm diaphragm is also prone to oxidative stress. In-
creased mitochondrial production of ROS may contribute to muscle weakness via activation of
proteolytic pathways and myofibre atrophy [13] or by altering excitation-contraction coupling.

Previously we showed that a two day intra-amniotic (IA) exposure to LPS causes diaphragm
weakness in preterm lambs and is associated with mitochondrial oxidative stress and electron
chain dysfunction [19]. However, IA LPS exposure also increases IL-10pB expression in the dia-
phragm and increases systemic IL-6 protein [20]. Importantly, IL-1 signalling plays a key role
in IA LPS induced lung and systemic inflammation in fetal lambs [1,21]. Blockade of IL-1 sig-
nalling in the amniotic cavity using rhIL-1ra inhibits both lung and systemic inflammatory
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responses [1]. It is unknown whether IA LPS induced diaphragm weakness is mediated primar-
ily via IL-1 signalling or is associated with oxidative stress.

This study investigates the role of IL-1 signalling and oxidative stress on IA LPS induced di-
aphragm weakness in preterm lambs. We hypothesised that blockade of IL-1 signalling amelio-
rates diaphragm dysfunction induced by IA LPS exposure.

Methods
Animals and Experimental Design

All experiments were conducted in accordance with the guidelines of the National Health and
Medical Research Council Code of practice for the care and use of animals for scientific pur-
poses and were approved by the University of Western Australia Animal Ethics Committee
(Approval Number: 3/400/1023). Pregnant Merino ewes were randomised to ultrasound guid-
ed IA rhIL-1ra (100 mg; Kineret (Anakinra); Amgen, CA, USA) or saline (Sal) injections 3 h
prior to a second IA injection of LPS (4 mg; Escherichia coli 055:B5, Sigma Chemical, St. Louis,
MO) or Sal at 119 d gestational age (GA) generating two experimental groups (Sal/LPS, n = 7;
rhIL-1ra/LPS, n = 8) and two control groups (Sal/Sal, n = 7; rhIL-1ra/Sal, n = 8). Preterm
lambs were delivered at 121 d GA (term = 150 d) via caesarean section and killed immediately
with pentobarbitone (150 mg/kg IV, Pitman-Moore, NSW, Australia). Longitudinal muscle
fibre strips were dissected from the right hemi-diaphragm and used for assessment of contrac-
tile function. The left hemi-diaphragm was immediately snap frozen in liquid nitrogen for mo-
lecular and biochemical analyses. Blood samples collected from the umbilical artery were
centrifuged (3 000 RPM, 10 min, 4°C): the systemic response to IA LPS exposure was deter-
mined from the plasma supernatant. All samples were snap frozen in liquid nitrogen and
stored at -80°C prior to analysis.

Diaphragm contractile function

Contractile measurements were performed according to Song et al [20]. A longitudinal strip of
diaphragm muscle fibres (3-5 mm wide) was isolated with a portion of the central tendon at
one end and rib attachment on the other end. The ends were tied with surgical silk thread and
the preparation was mounted in an in vitro muscle test system (model 1205, Aurora Scientific
In., Aurora, Canada) containing Krebs physiological salt solution (in mM: NaCl, 109; KCl, 5;
MgCl2, 1; CaCl2, 4; NaHCO3, 24; NaH2PO4, 1; sodium pyruvate, 10). The organ bath was
maintained at 25°C and continuously bubbled with 95% O, /5% CO,.

The muscle strip was manually adjusted to the optimal muscle length (L,) upon which max-
imum isometric twitch force (P,) was recorded. L, was measured using a digital calliper. Time
to peak (TTP), half relaxation time (1/2 RT) and maximum rate of force development (df/dt)
of twitch contractions were determined using the DMA software (Aurora Scientific In., Aurora,
Canada). The fatigue resistance of the diaphragm was assessed by a series of 150 tetanic con-
tractions (300 ms contraction times at 60 Hz once every second). The fatigue index (FI) was de-
termined from the ratio of the force produced during the 150" contraction relative to the 1%
contraction[6], in which a higher number indicates a greater fatigue resistance. Py and P, were
normalised for cross-sectional area (CSA) and expressed as specific force (N/ cm?). CSA was es-
timated as muscle mass (g) / (Lo x muscle density (1.056 g/ cm?)).

Muscle protein extraction

Total protein extraction of the diaphragm and analysis of protein concentration were per-
formed as described previously [20].

PLOS ONE | DOI:10.1371/journal.pone.0124390 April 10,2015 3/14



@'PLOS ‘ ONE

IL-1 Mediates LPS Induced Diaphragm Weakness

IL-1B and IL-6 plasma levels

Plasma IL-1f and IL-6 protein concentrations were measured using a sandwich ELISA assay
[20]. The wells in 96-well microplate (High binding, Microlon Greiner Bio-One, Frickenhau-
sen, Germany) were coated with 100 pL of capture antibodies from SeroTec (5 pug/mL;
MCA1658 for IL-1p and MCA1659 for IL-6, East Brisbane, Australia) in 0.1 M carbonate
buffer (pH 9.6) at 4°C overnight. The wells were blocked with 3% skim-milk solution in phos-
phate buffered saline (PBS: pH 7.2) for 1 h, then washed three times with PBS containing
0.05% Tween 20 (PBST). Plasma samples were added and incubated for 2 hours at room tem-
perature. After washing three times with PBST, the detection antibodies from SeroTec (2 pg/
mL; AHP423 for IL-1B and AHP424 for IL-6, East Brisbane, Australia) were added into the
wells and incubated for 2 hours at room temperature. The wells were subsequently washed as
above and the bound antigen was detected with goat anti-rabbit IgG-HRP (1:2000; 7074S Cell
Signalling Technology, Carlsbad CA, USA). Colour development was initiated by adding
3,3’,5,5 -tetramethyl-benzidine liquid substrate (Sigma, Castle Hill, Australia) and was stopped
after 15 min by adding 0.5 M sulphuric acid. The optical density (OD) was measured at 450
nm on a microplate reader (Labtec Multiskan, Wals, Austria).

Myeloperoxidase (MPO) staining

To quantify intra-muscular neutrophil infiltration, diaphragm sections (8 pm thickness) were
incubated with anti-myeloperoxidase polyclonal antibody (CMC28917023, Cell Marque, CA,
USA) 1:100 dilution overnight at 4°C. Preterm lamb liver sections were used as positive con-
trols. VECTASTAIN ELITE ABC kit (PK-6200, Vector Laboratories, Burlingame, CA, USA)
and ImmPACT 3, 3’-diaminobenzidine (DAB) peroxidase substrate (SK-4105, brown, Vector
Laboratories, Burlingame, CA, USA) were used to identify the MPO positive cells. Sections
were counterstained with haematoxylin for 45 seconds and cover slip applied using Vecta-
Mount AQ mounting medium (Vector Laboratories, Burlingame, CA, USA). Sections were im-
aged using a light microscope (Nikon, NY, USA) at 400X magnification.

MPO assay

Analysis of diaphragm MPO activity was obtained from total protein extract: 50 uL protein ex-
tract was pipetted into microplate wells and 200 pL phosphate buffer (pH 6.0 containing 0.167
mg/mL O-dianisidine dihydrochloride and 0.0005% hydrogen peroxide) were added to each
sample well. Lysis buffer for protein extraction was used for negative control wells. After three
minutes incubation, the optical density was measured at 450 nm using a microplate reader
(Labtec Multiskan, Wals, Austria). MPO activity was normalised to total protein content of the
protein extract and expressed as units of MPO activity/mg protein.

Cord blood leukocyte count

Cord blood was collected before lamb euthanasia and analysed for neutrophils, lymphocytes
and monocytes counts using an automated cell analyser (VetScanHMS5, Abaxis, CA, USA).

RNA isolation, reverse transcription and quantitative PCR

RNA purification, reverse transcription and quantitative PCR were performed as described by
Song et al [20]. Diaphragm mRNA expression was measured to evaluate changes in cytokine
genes (IL-1f and IL-6), proteolytic genes (muscle RING-finger protein-1 (MuRFI) and Muscle
Atrophy F-Box (MAFbx) and anti-oxidant genes (Superoxide dismutase 1 (SOD1I), Glutathione
peroxidase 1 (GPXI) and Catalase). The fluorescence signal of samples was normalised against
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the average of 18S RNA and GAPDH. The 2724€T method [22] was used to calculate relative
mRNA expression levels and presented as fold increase relative to controls.

Biochemical analysis of oxidative stress and proteolysis

The activities of reduced (glutathione, GSH) and oxidised (glutathione disulphide, GSSG) glu-
tathione in the diaphragm were measured using glutathione fluorescent detection kit (DetectX
K006-F1, Arbor Assays, MI, USA) and expressed as GSH:GSSG ratio.

The 20 S proteasome levels in the diaphragm were measured fluorometrically in total pro-
tein extracts using an assay kit (BML-AK740 assay kit, Enzo Life Sciences, NY, USA). The spe-
cific activity of the proteasome was calculated according to kit instructions and normalised
against total protein concentration.

The protein carbonyl content in diaphragm was measured using a commercially available
protein carbonyl colorimetric kit (Cayman, Ann Arbor, MI, USA).

Data analysis

Data are presented as mean (SEM) or median (range). Statistical analyses were performed
using Sigmaplot (version 12.5, Systat Software Inc, USA). Differences among multiple groups
were assessed using one-way ANOVA with post hoc analysis using Tukey honestly significant
difference (HSD) test. Nonparametric data were examined using ANOVA on ranks. Statistical
significance was accepted at p<0.05.

Results
Physiological variables at birth

Descriptive characteristics for each group are presented in Table 1. There were no significant
differences in gestational age at birth, body weight or optimal muscle length between any of
the groups.

Table 1. Lamb descriptive data and measures of diaphragm contractile function.

Sal/Sal(n
Gestational age (d) 1225+ 0.
Body weight (kg) 2.7+0.1
Lo (mm) 28.6+0.9
TTP (s) 0.21+0.0
1/2 RT (s) 0.29+0.0
Max df/dt (g/s) 653 + 46
TTP/P; (s/N.cm™) 0.023 + 0.
Twitch/Tetanus ratio 0.60+ 0.0
Fatigue index (FI) 0.58 £ 0.0

Lo—optimal muscle length; TTP—time to peak

=7) Sal/LPS(n=7) rhiL-1ra/LPS(n = 8) rhiL-1ra/Sal(n = 8)

2 121.7+£0.5 122.0 £ 0.3 121.8+0.3
2901 2.8+0.1 3.0+£0.0
28.8+0.9 29.4+0.6 28.7+1.0

2 0.28 + 0.02 0.30 £ 0.02 0.26 + 0.02

1 0.28 + 0.03 0.29 £ 0.01 0.26 + 0.01
573 + 62 779 £ 41* 727 + 35

003 0.045 £+ 0.004* 0.035 + 0.003 0.026 + 0.002

2 0.63 £ 0.01 0.55 + 0.02 0.64 + 0.01

2 0.59 £ 0.02 0.57 £ 0.02 0.60 £ 0.02

and 1/2 RT—half relaxation time of twitch contraction; df/dt—rate of force development; (FI index; lower

value indicates increased fatigability). Values are mean + sem.

*—significantly different to Sal/Sal (p<0.05).
# _significantly different to Sal/LPS (p<0.05)

doi:10.1371/journal.pone.0124390.t1001
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Fig 1. Fetal diaphragm contractile properties. Maximum specific force (A); and peak twitch specific force
(B) for Sal/Sal (n =7), Sal/LPS (n=7), rhiL-1ra/LPS (n = 8) and rhIL-1ra/Sal (n = 8) exposure lambs. Values
are mean + SEM. * p<0.05 compared to Sal/Sal; # p<0.05 compared to Sal/LPS. Samples sizes are the same
for subsequent figures.

doi:10.1371/journal.pone.0124390.g001

Diaphragm contractile function

Intra-amniotic (IA) LPS exposure two days prior to delivery significantly impaired diaphragm
contractile function in preterm fetal lambs (Fig 1). Maximal specific force (Py) and twitch force
(Py) in Sal/LPS lambs were 25% and 31% lower, respectively, compared to Sal/Sal control
lambs. RhIL-1ra treatment three hours prior to IA LPS injection prevented the LPS induced de-
crease in Pg and Py. Py and P, in the rhIL-1ra/LPS group were not significantly different to Sal/
Sal, but were significantly greater than Sal/LPS lambs (p = 0.044; p = 0.009, respectively). The
rhIL-1ra treatment alone did not alter diaphragm contractile function as P, and P, were not
significantly different between Sal/Sal and rhIL-1ra/Sal lambs.

The maximum rate of force development (df/dt) for twitch contractions was significantly
greater for rhIL-1ra/LPS compared to Sal/LPS lambs (p<0.05). Although there were no signifi-
cant differences in TTP between any groups (Table 1), when TTP was normalised to P (to ac-
count for differences in the amplitude of twitch contractions) the normalised TTP values were
significantly higher in Sal/LPS lambs compared to Sal/Sal lambs (p<0.001; Table 1). Together
these data reflect a relative slowing of the twitch contraction time in LPS exposed lambs which
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Table 2. Cord blood leukocytes counts.

Group

Sal/Sal
Sal/LPS
rhiL-1ra/LPS
rhiL-1ra/Sal

Values are mean * sem
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>
w

4-
= 2.0 =
cd T 3 1
T® £=
zo 151 2q
5.2 E =] 24
588
22 1.0{ L e !
a8 25
£ 05 e Mr—
0-0 T T U T T
Sal Sal rhiL-tra  rhiL-1ra Sal Sal rhiL-ra  rhiL-1ra
Sal LPS LPS LPS Sal LPS LPS Sal
* D
54 4-
£ —|_
D @
= o 34
o £
I 1 H7 T
3 <
& B T
£ 2 <
= @ T
1. = —
1 €1 1 [ ]
ol = : — ol — : . :
Sal Sal rhiL-ira  rhiL-1ra Sal Sal rhiL-tra  rhil-1ra
Sal LPS LPS sal Sal LPS LPS Sal

Fig 2. Systemic and diaphragm cytokine responses. Plasma IL-13 (A) and IL-6 (B) protein content.
Values are mean + SEM. Diaphragm IL-18 (C) and IL-6 (D) mRNA expression. Values are median (with 10"
and 90" centiles). * p<0.05 compared to Sal/Sal; # p<0.05 compared to Sal/LPS.

doi:10.1371/journal.pone.0124390.g002

were attenuated by rhIL-1ra treatment. Other physiological contractile parameters (1/2 RT,
twitch/tetanus ratio, and FI) were not significantly different between groups (Table 1).

Systemic inflammation

There were no significant differences in the plasma IL-1B concentration between any of the ex-
perimental groups (Fig 2A). However, plasma IL-6 protein levels in the Sal/LPS group were sig-
nificantly higher compared to the Sal/Sal group (p = 0.019) reflecting a systemic inflammatory
response to IA LPS (Fig 2B). RhIL-1ra treatment prior to IA LPS injection inhibited the fetal
systemic inflammatory response. Plasma IL-6 protein levels in the rhIL-1ra/LPS group were
not significantly different to the Sal/Sal controls, but were significantly lower than in the Sal/
LPS group (p = 0.023). Total white blood cell counts from cord blood were not significantly dif-
ferent between groups (Table 2).

Neutrophils(x 10°/L) Monocytes (x 10°/L) Lymphocytes (x 109/L)
0.10 £ 0.02 0.019 + 0.002 3.58 + 0.03
0.24 £ 0.11 0.014 £ 0.002 2.41 £ 0.04
0.24 +0.09 0.013 £ 0.002 2.13+0.27
0.15 £ 0.06 0.018 + 0.003 3.48 £ 0.52

PLOS ONE | DOI:10.1371/journal.pone.0124390 April 10,2015 7/14
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Fig 3. Diaphragm myeloperoxidase activity. MPO assay (A) (values are mean + SEM) and images of MPO
positive neutrophils in diaphragm cryosections from Sal/Sal (B) and Sal/LPS (C) lambs. Fetal liver (Sal/Sal;
D) sections were used as positive control. MPO positive cells are stained brown. Magnification 400x, scale
bars =100 ym.

doi:10.1371/journal.pone.0124390.g003

Diaphragmatic inflammation

Diaphragm IL-1B mRNA expression was significantly higher in the Sal/LPS group compared
to the Sal/Sal control group (p<0.05) (Fig 2C). Again, pre-treatment with rhIL-1ra inhibited
the local diaphragmatic inflammatory response. Diaphragm IL-1 mRNA levels in the rhIL-
1ra/LPS and rhIL-1ra/Sal groups were not significantly different to the Sal/Sal controls. There
were no significant differences in the diaphragm IL-6 mRNA levels between any groups (Fig
2D). Histological and biochemical analyses of MPO revealed no significant difference in the
number of inflammatory cells in the diaphragm after IA LPS exposure (Fig 3).

Diaphragm atrophy gene expression and 20 S proteasome activity

There were no significant differences in mRNA expression of muscle atrophy genes MuRF1
and MAFbx (Fig 4A and 4B) or in 20 S proteasome activities (Fig 4C) between groups.

Oxidative stress

IA LPS exposure caused oxidative stress in the diaphragm as reflected by a significantly higher
oxidised glutathione (GSSG) level (p = 0.003) and consequently, a significantly lower GSH:
GSSG ratio (p = 0.002) in Sal/LPS compared to Sal/Sal lambs (Fig 5A). In contrast to the in-
flammatory response, prior treatment with rhIL-1ra did not prevent the LPS induced increase
in oxidative stress. GSSG was also significantly higher (p<0.001) and GSH:GSSG significantly
lower (p = 0.004) in rhIL-1ra/LPS lambs compared to control lambs. There was no significant
difference in GSSG between Sal/Sal and rhIL-1ra/Sal groups. Furthermore, there were no sig-
nificant differences in protein carbonyl levels or mRNA expression of antioxidative genes (cat-
alase, GPX1, SOD1) between groups (Fig 5B-5E).
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Fig 4. Atrophy related signalling in the diaphragm. Atrophy gene MuRF1 (A) and MAFbx (B) mRNA
expression in diaphragm. Values are median (with 10" and 90" centiles). 20 S proteasome activity (C)
normalised against total protein concentration. Values are mean + SEM.

doi:10.1371/journal.pone.0124390.g004

Discussion

Chorioamnionitis is associated with increased IL-1 levels in the amniotic fluid and IL-1 is the
major contributor to lung proinflammatory activity and injury. IA LPS induced chorioamnio-
nitis causes diaphragm muscle weakness [20]. We show that blocking IL-1 signalling via IA
rhIL-1ra treatment ameliorates the diaphragm muscle weakness in preterm lambs. Blocking
IL-1 also attenuates the LPS induced increase in systemic IL-6 levels and diaphragm IL-18
mRNA expression. These findings suggest that rhIL-1ra treatment protects against IA LPS in-
duced diaphragm dysfunction by blocking the systemic and local inflammatory responses to in
utero infection.
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doi:10.1371/journal.pone.0124390.9005

Previous animal studies show IL-1 pathway inhibition ameliorates inflammation related re-

spiratory dysfunction. Pre-treatment with rhIL-1ra reduces the IL-1 induced damage to alveo-

lar epithelial cells in a rat model of ventilator induced lung-injury [23]. Similarly, deletion of
the IL-1 receptor type 1 (IL-1RI) gene in mice attenuates the pulmonary inflammatory re-
sponse to aerosolised LPS [24] suggesting IL-1 signalling has an important role in lung inflam-
mation and injury. Furthermore, blocking IL-1 signalling using IA rhIL-1ra injections reduces
the pulmonary and systemic inflammation induced by IA exposure to LPS in preterm lambs
[1]. Importantly, we show that the proinflammatory cytokine IL-1 is also implicated in IA LPS
induced diaphragm dysfunction in preterm lambs.

Diaphragmatic weakness leading to acute respiratory failure is associated with increased ex-
pression of pro-inflammatory cytokines resulting from a systemic inflammatory response syn-
drome [14,15,25]. Cytokine levels in amniotic fluid and fetal cord blood increase in response
to chorioamnionitis in both clinical and animal studies [1,21,26,27]. Monocyte chemotactic
protein-1 (MCP-1) is a leukocyte chemoattractant and key regulator of the cytokine response
to inflammation. Inhibition of MCP-1 with antibody neutralisation prevents diaphragm weak-
ness in endotoxin treated mice [14] which suggests a coordinated cytokine response is critical
in the development of inflammation related respiratory disorders.

We measured systemic and local (diaphragm) cytokine expression two days after IA LPS
exposure. At this time plasma IL-6 protein level and diaphragm IL-1f mRNA expression are
significantly elevated and blocking IL-1 signalling with rhIL-1ra prevented the increase in sys-
temic and diaphragm inflammatory markers. The time-course of cytokine release initiated by
IA LPS exposure suggests that IL-1 secretion occurs rapidly at the chorion/amnion [28,29]
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and precedes the release of secondary cytokines including IL-6. Numerous studies show that
activating the IL-1 pathway stimulates IL-6 production in cultured mouse skeletal muscle cells
[30], human lung fibroblast [31], endothelial cells [32] and neutrophils [33]. Although we
could not measure cytokine levels at earlier time points in this study, we propose that the in-
crease in systemic IL-6 is regulated by initial IL-1 secretion at the site of LPS exposure and
leads to the induction of cytokine expression in the diaphragm. Previously we showed that
local and systemic inflammatory responses to IA LPS are resolved within seven days, reflecting
a progressive change in cytokine expression after LPS exposure [14]. These observations are
consistent with the time course of cytokine expression characterised by Kallapur et al following
IA LPS injection in preterm sheep [28].

Proinflammatory cytokines can impair contractile function by disrupting excitation-con-
traction coupling [13] and reducing muscle mass [34] via atrophy related signalling. Our previ-
ous study in preterm lambs [20] showed that IA LPS (10 mg) exposure initiated a complex
response, characterised by an early (2 d) increase in pro-inflammatory cytokine expression and
20S proteasome activity, followed by a significant decrease in protein synthesis activity and at-
rophy related gene expression at 7 d after the initial LPS exposure. In the current study, using a
lower dose of LPS (4mg) we show that 20S proteasome enzyme activity and MURFI and
MAFbx gene expression after IA LPS exposure were not different to control levels suggesting
that the diaphragm weakness that we observed at 2 d after a low dose IA LPS exposure was not
due to muscle wasting. However, because sampling at two days after LPS exposure may have
failed to identify a transient increase in gene expression, and a lack of ovine specific antibodies
prevented us from measuring MuRF1 or MAFbx protein expression in these samples, we can-
not exclude the possible involvement of atrophy signalling in the current study. We believe this
is unlikely for two reasons: Firstly, our previous study showed that at two days after LPS expo-
sure there was no significant difference in the proportion or cross-sectional area of MHCI or
MHCII positive fibres in the diaphragm [20]. Secondly, the diaphragm weakness that we ob-
served in this study was reflected by a significantly lower maximum specific force in the 2 d
LPS group compared to controls. Because the specific force is a measure of force production
relative to the amount of muscle tissue, it is unlikely to be affected by muscle wasting. There-
fore, it is likely that the initial inflammation related diaphragm weakness that we observed was
mediated by alterations to excitation-contraction coupling [13,15].

Our analysis of the time course for twitch contractions suggest that IA LPS exposure slows
the twitch contraction times and this slowed contraction is prevented by blocking the IL-1
pathway. These findings are consistent with LPS-induced alteration to the calcium release
mechanism. This proposed mechanism is supported by the IL-1B associated decrease in sarco-
plasmic reticulum Ca** release, achieved by altering L-type Ca®* channel [35] and ryanodine
receptor [36] function in cardiac muscle. In skeletal muscle, IL- 1o (that binds to the same re-
ceptor as IL-1p) directly inhibits sarcoplasmic reticulum Ca®* release by inhibiting ryanodine
receptor activation [37].

Interestingly, rhIL-1ra treatment does not protect the diaphragm against LPS induced oxi-
dative stress. IA LPS was associated with elevated GSSG levels and consequently, a reduced
GSH:GSSG ratio, and this response was not altered by rhIL-1ra treatment. These findings sug-
gest that the LPS induced preterm ovine diaphragm dysfunction is not mediated by oxidative
stress. However, it is worth noting that there were no changes in other measures of oxidative
stress (protein carbonyl content, or mRNA expression of antioxidant genes SODI, GPX1 or
Catalase) after a two day IA LPS exposure: therefore, the overall level of oxidative stress may be
relatively low at this time point. Further, our observation that MPO activity and MPO positive
inflammatory cells in the diaphragm were unaltered two days after LPS exposure is consistent
with previous reports showing LPS induced diaphragm weakness can occur without changes in
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the intramuscular levels of neutrophils or macrophages [14]. The modest changes in mono-
cytes and oxidative stress markers may reflect the lower dose of LPS used here (4 mg) com-
pared to previous studies (10-20 mg) [1,20,28]. Although an IA LPS dose response study
showed that 4 mg and 10 mg IA endotoxin caused similar inflammation in the lung and chor-
ioamnion and lung maturation [29], it is possible that the inflammatory response is somewhat
weaker in the more distal diaphragm muscle. While IL-1 signalling is an important contributor
to LPS induced inflammation, other pathways downstream of toll-like receptor 4 activation
also contribute to fetal inflammation and oxidative stress [1].

Although our results indicate that IA LPS exposure did not alter the fatigue resistance of the
preterm diaphragm, extrapolation of these results to the clinical setting should be made with
caution. The in vitro fatigue protocol used in this study involved maximal isometric contrac-
tions of isolated diaphragm fibres. Although this technique may be adequate for evaluating the
decrease in maximum force producing capacity over time, it is unlikely to accurately reflect the
in vivo function in which the diaphragm is activated at submaximal levels and is required to
contract against a compliant rib cage. Respiratory fatigue in the clinical setting reflects the
balance between the work performed by the diaphragm during breathing, and the functional
capacity of the diaphragm. Due to the significant (25%) reduction in the force producing ca-
pacity, the diaphragm of LPS exposed animals is more likely to be operating closer to maximal
functional capacity and therefore any level of fatigue may result in the development of insuffi-
cient spontaneous respiratory effort and respiratory failure.

In conclusion, IA LPS exposure causes diaphragm weakness in preterm lambs and blockade
of IL-1 signalling protects the diaphragm from inflammation induced contractile dysfunction.
We suggest that the IL-1 pathway is implicated in diaphragm weakness following LPS induced
chorioamnionitis and IL-1 may directly affect excitation-contraction coupling. Diaphragmatic
dysfunction due to immature muscle function, increased work load, inflammatory insult and/
or fatigue may contribute to postnatal respiratory failure in preterm infants. Therefore, IL-1
may be an attractive therapeutic target in chorioamnionitis induced diaphragm dysfunction.

Acknowledgments

The authors gratefully acknowledge the assistant of Steven Wainewright (animal breeding) and
staff from Animal Care Services at the University of Western Australia.

Author Contributions

Conceived and designed the experiments: JJP GJP AJB. Performed the experiments: KK GJP
AJB PBN YS. Analyzed the data: KK YS JJP GJP. Contributed reagents/materials/analysis tools:
JJP YS GJP. Wrote the paper: KK AJB YS PBN JJP GJP.

References

1. Kallapur S, Nitsos |, Moss TJ, Polglase GR, Pillow JJ, Cheah FC, et al. IL-1 mediates pulmonary and
systemic inflammatory responses to chorioamnionitis induced by lipopolysaccharide. Am J Respir Crit
Care Med. 2009; 179: 955-961. doi: 10.1164/rccm.200811-17280C PMID: 19234101

2. Dimitriou G, Greennough A, Moxham J, Rafferty GF. Influence of maturation on infant diaphragm func-
tion assessed by magnetic stimulation of phrenic nerves. Pediatr Pulmonol. 2003; 35(1): 17—22. PMID:
12461734

3. Keens T, Bryan AC, Levison H, lanuzzo CD. Developmental pattern of muscle fiber types in human
ventilatory muscles. J Appl Physiol Respir Environ Exerc Physiol. 1978; 44(6): 909-913. PMID: 149779

4. Maxwell L, McCarter RJ, Kuehl TJ, Robotham JL. Development of histochemical and functional proper-
ties of baboon respiratory muscles. J Appl Physiol Respir Environ Exerc Physiol. 1983; 54(2): 551-561.
PMID: 6833051

PLOS ONE | DOI:10.1371/journal.pone.0124390 April 10,2015 12/14


http://dx.doi.org/10.1164/rccm.200811-1728OC
http://www.ncbi.nlm.nih.gov/pubmed/19234101
http://www.ncbi.nlm.nih.gov/pubmed/12461734
http://www.ncbi.nlm.nih.gov/pubmed/149779
http://www.ncbi.nlm.nih.gov/pubmed/6833051

@ PLOS | one

IL-1 Mediates LPS Induced Diaphragm Weakness

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

Lavin T, Song Y, Bakker A.J, McLean C.J, Macdonald W.A, Pillow J.J, et al. Developmental changes
in diaphragm muscle function and fibre type composition in the preterm lamb. Pediatr Puimonol. 2013;
48(7): 640-648. doi: 10.1002/ppul.22762 PMID: 23401383

Javen |, Williams NA, Young IR, Luff AR, Walker D. Growth and differentiation of fast and slow muscles
in fetal sheep, and the effects of hypophysectomy. J Physiol. 1996; 494 (Pt 3): 839-849. PMID:
8865079

Watchko JF, Sieck GC. Respiratory muscle fatigue resistance relates to myosin phenotype and SDH
activity during development. J Appl Physiol. 1993; 75: 1341-1347. PMID: 8226549

Sieck GC, Fournier M, Blanco CE. Diaphragm muscle fatigue resistance during postnatal development.
J Appl Physiol. 1991; 71: 458—-464. PMID: 1834623

Lesouef PN, England SJ, Stogryn HAF, Bryan AC. Comparison of diaphragmatic fatigue in newborn
and older rabbits. J Appl Physiol. 1988; 65: 1040—1044. PMID: 3182472

Romero R, Espinoza J, Gongalves LF, Kusanovic JP, Friel L, Hassan S. The role of inflammation and
infection in preterm birth. Semin Reprod Med. 2007; 25(1): 21-39. PMID: 17205421

Gotsch F, Romero R, Kusanovic JP, Mazaki-Tovi S, Pineles BL, Erez O, et al. The fetal inflammatory
response syndrome. Clin Obstet Gynecol. 2007; 50(3): 652—-683. PMID: 17762416

Gomez R, Romero R, Ghezzi F, Yoon BH, Mazor M, Berry SM. The fetal inflammatory response syn-
drome. Am J Obstet Gynecol. 1998; 179(1): 194-202. PMID: 9704787

Reid M, Lannergren J, Westerblad H. Respiratory and limb muscle weakness induced by tumor necro-
sis factor-alpha: involvement of muscle myofilaments. Am J Respir Crit Care Med. 2002;15; 166(4):
479-484.

Labbe K, Danialou G, Gvozdic D, Demoule A, Divangahi M, Boyd JH, et al. Inhibition of monocyte che-
moattractant protein-1 prevents diaphragmatic inflammation and maintains contractile function during
endotoxemia. Crit Care. 2010; 14(5): R187. doi: 10.1186/cc9295 PMID: 20950459

Callahan L, Supinski GS. Sepsis-induced myopathy. Crit Care Med. 2009; 37: 354-367. doi: 10.1097/
CCM.0b013e318193023a PMID: 19112303

Callahan L, Nethery D, Stofan D, DiMarco A, Supinski G. Free radical-induced contractile protein dys-
function in endotoxin-induced sepsis. Am J Respir Cell Mol Biol. 2001; 24(2): 210-217. PMID:
11159056

Supinski G, Wang W, Callahan LA. Caspase and calpain activation both contribute to sepsis-induced
diaphragmatic weakness. J Appl Physiol. 2009; 107(5): 1389—1396. doi: 10.1152/japplphysiol.00341.
2009 PMID: 19661453

Song Y, Pillow JJ. Ontogeny of Proteolytic Signaling and Antioxidant Capacity in Fetal and Neonatal Di-
aphragm. Anat Rec (Hoboken). 2012; 295: 864—871. doi: 10.1002/ar.22436 PMID: 22396157

Song Y, Pinniger GJ, Bakker AJ, Moss TJ, Noble PB, Berry CA, et al. Lipopolysaccharide-induced
weakness in the preterm diaphragm is associated with mitochondrial electron transport chain dysfunc-
tion and oxidative stress. PLoS One. 2013;: 8(9): €73457. doi: 10.1371/journal.pone.0073457 PMID:
24039949

Song Y, Karisnan K, Noble PB, Berry CA, Lavin T, Moss TJ, et al. In utero LPS exposure impairs pre-
term diaphragm contractility. Am J Respir Cell Mol Biol. 2013; 49(5): 866—874. doi: 10.1165/rcmb.2013-
01070C PMID: 23795611

Berry C, Nitsos |, Hillman NH, Pillow JJ, Polglase GR, Kramer BW, et al. Interleukin-1 in lipopolysaccha-
ride induced chorioamnionitis in the fetal sheep. Reprod Sci. 2011; 18: 1092-1102. doi: 10.1177/
1933719111404609 PMID: 21493953

Livak K, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)). Methods. 2001; 25(4): 402—408. PMID: 11846609

Frank J, Pittet JF, Wray C, Matthay MA. Protection from experimental ventilator-induced acute lung in-
jury by IL-1 receptor blockade. Thorax. 2008; 63(2): 147—-153. PMID: 17901159

Hudock K, Liu Y, Mei J, Marino RC, Hale JE, Dai N, et al. Delayed resolution of lung inflammation in
I-1rn-/- mice reflects elevated IL-17A/granulocyte colony-stimulating factor expression. Am J Respir
Cell Mol Biol. 2012; 47(4): 436—444. doi: 10.1165/rcmb.2012-01040C PMID: 22592923

Supinski G, Callahan LA. B-hydroxy-f-methylbutyrate (HMB) prevents sepsis-induced diaphragm dys-
function in mice. Respir Physiol Neurobiol. 2014;1; 196: 63—68. doi: 10.1016/j.resp.2014.02.008 PMID:
24582719

Yoon B, Jun JK, Romero R, Park KH, Gomez R, Choi JH, et al. Amniotic fluid inflammatory cytokines
(interleukin-6, interleukin-1beta, and tumor necrosis factor-alpha), neonatal brain white matter lesions,
and cerebral palsy. Am J Obstet Gynecol. 1997; 177(1): 19-26. PMID: 9240577

PLOS ONE | DOI:10.1371/journal.pone.0124390 April 10,2015 13/14


http://dx.doi.org/10.1002/ppul.22762
http://www.ncbi.nlm.nih.gov/pubmed/23401383
http://www.ncbi.nlm.nih.gov/pubmed/8865079
http://www.ncbi.nlm.nih.gov/pubmed/8226549
http://www.ncbi.nlm.nih.gov/pubmed/1834623
http://www.ncbi.nlm.nih.gov/pubmed/3182472
http://www.ncbi.nlm.nih.gov/pubmed/17205421
http://www.ncbi.nlm.nih.gov/pubmed/17762416
http://www.ncbi.nlm.nih.gov/pubmed/9704787
http://dx.doi.org/10.1186/cc9295
http://www.ncbi.nlm.nih.gov/pubmed/20950459
http://dx.doi.org/10.1097/CCM.0b013e318193023a
http://dx.doi.org/10.1097/CCM.0b013e318193023a
http://www.ncbi.nlm.nih.gov/pubmed/19112303
http://www.ncbi.nlm.nih.gov/pubmed/11159056
http://dx.doi.org/10.1152/japplphysiol.00341.2009
http://dx.doi.org/10.1152/japplphysiol.00341.2009
http://www.ncbi.nlm.nih.gov/pubmed/19661453
http://dx.doi.org/10.1002/ar.22436
http://www.ncbi.nlm.nih.gov/pubmed/22396157
http://dx.doi.org/10.1371/journal.pone.0073457
http://www.ncbi.nlm.nih.gov/pubmed/24039949
http://dx.doi.org/10.1165/rcmb.2013-0107OC
http://dx.doi.org/10.1165/rcmb.2013-0107OC
http://www.ncbi.nlm.nih.gov/pubmed/23795611
http://dx.doi.org/10.1177/1933719111404609
http://dx.doi.org/10.1177/1933719111404609
http://www.ncbi.nlm.nih.gov/pubmed/21493953
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/17901159
http://dx.doi.org/10.1165/rcmb.2012-0104OC
http://www.ncbi.nlm.nih.gov/pubmed/22592923
http://dx.doi.org/10.1016/j.resp.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24582719
http://www.ncbi.nlm.nih.gov/pubmed/9240577

@ PLOS | one

IL-1 Mediates LPS Induced Diaphragm Weakness

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Viscardi R, Muhumuza CK, Rodriguez A, Fairchild KD, Sun CC, Gross GW, et al. Inflammatory markers
in intrauterine and fetal blood and cerebrospinal fluid compartments are associated with adverse pul-
monary and neurologic outcomes in preterm infants. Pediatr Res. 2004; 55(6): 1009-1017. PMID:
15155869

Kallapur S, Willet KE, Jobe AH, Ikegami M, Bachurski CJ. Intra-amniotic endotoxin: chorioamnionitis
precedes lung maturation in preterm lambs. Am J Physiol Lung Cell Mol Physiol. 2001; 280(3):
L527-L536. PMID: 11159037

Kramer B, Moss TJ, Willet KE, Newnham JP, Sly PD, Kallapur SG, et al. Dose and time response after
intraamniotic endotoxin in preterm lambs. Am J Respir Crit Care Med. 2001; 164(6): 982—-988. PMID:
11587983

Luo G, Hershko DD, Robb BW, Wray CJ, Hasselgren PO. IL-1beta stimulates IL-6 production in cul-
tured skeletal muscle cells through activation of MAP kinase signaling pathway and NF-kappa B. Am
J Physiol Regul Integr Comp Physiol. 2003; 284(5): R1249-R1254. PMID: 12676746

Elias J, Lentz V. IL-1 and tumor necrosis factor synergistically stimulate fibroblast IL-6 production and
stabilize IL-6 messenger RNA. J Immunol. 1990; 145(1): 161-166. PMID: 2358670

Jirik F, Podor TJ, Hirano T, Kishimoto T, Loskutoff DJ, Carson DA, et al. Bacterial lipopolysaccharide
and inflammatory mediators augment IL-6 secretion by human endothelial cells. J Immunol. 1989;
142(1): 144-147. PMID: 2783321

Qishi K, Machida K (1997) Some plasma component is essential for IL-6 secretion by Neutrophils. Envi-
ron Health Prev Med 2(2):89-92. doi: 10.1007/BF02931972 PMID: 21432460

Reid M, Moylan JS. Beyond atrophy: redox mechanisms of muscle dysfunction in chronic inflammatory
disease. J Physiol. 2011;1; 589(Pt 9): 2171-2179. doi: 10.1113/jphysiol.2010.203356 PMID: 21320886

El Khoury N, Mathieu S, Fiset C. Interleukin-1{ reduces L-type Ca2+ current through protein kinase Ce
activation in mouse heart. J Biol Chem. 2014; 289(32): 21896—21908. doi: 10.1074/jbc.M114.549642
PMID: 24936064

Duncan D, Yang Z, Hopkins PM, Steele DS, Harrison SM. TNF-alpha and IL-1beta increase Ca2+ leak
from the sarcoplasmic reticulum and susceptibility to arrhythmia in rat ventricular myocytes. Cell Calci-
um. 2010; 47(4): 378-386. doi: 10.1016/j.ceca.2010.02.002 PMID: 20227109

Friedrich O, Yi B, Edwards JN, Reischl B, Wirth-Hiicking A, Buttgereit A, et al. IL-1a reversibly inhibits
skeletal muscle ryanodine receptor. a novel mechanism for critical illness myopathy? Am J Respir Cell
Mol Biol. 2014; 50(6): 1096—1106. doi: 10.1165/rcmb.2013-00590C PMID: 24400695

PLOS ONE | DOI:10.1371/journal.pone.0124390 April 10,2015 14/14


http://www.ncbi.nlm.nih.gov/pubmed/15155869
http://www.ncbi.nlm.nih.gov/pubmed/11159037
http://www.ncbi.nlm.nih.gov/pubmed/11587983
http://www.ncbi.nlm.nih.gov/pubmed/12676746
http://www.ncbi.nlm.nih.gov/pubmed/2358670
http://www.ncbi.nlm.nih.gov/pubmed/2783321
http://dx.doi.org/10.1007/BF02931972
http://www.ncbi.nlm.nih.gov/pubmed/21432460
http://dx.doi.org/10.1113/jphysiol.2010.203356
http://www.ncbi.nlm.nih.gov/pubmed/21320886
http://dx.doi.org/10.1074/jbc.M114.549642
http://www.ncbi.nlm.nih.gov/pubmed/24936064
http://dx.doi.org/10.1016/j.ceca.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20227109
http://dx.doi.org/10.1165/rcmb.2013-0059OC
http://www.ncbi.nlm.nih.gov/pubmed/24400695

