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Abstract
The development of regional lung injury in the preterm lung is not
well understood. This study aimed to characterize time-dependent
and regionally speciﬁc injury patterns associated with early
ventilation of the preterm lung using a mass spectrometry–based
proteomic approach. Preterm lambs delivered at 124–127 days
gestation received 15 or 90 minutes of mechanical ventilation
(positive end-expiratory pressure = 8 cm H2O, VT = 6–8 ml/kg)
and were compared with unventilated control lambs. At study
completion, lung tissue was taken from standardized nondependent
and dependent regions, and assessed for lung injury via histology,
quantitative PCR, and proteomic analysis using Orbitrap–mass
spectrometry. Ingenuity pathway analysis software was used to
identify temporal and region-speciﬁc enrichments in pathways
and functions. Apoptotic cell numbers were ninefold higher in
nondependent lung at 15 and 90 minutes compared with controls,

whereas proliferative cells were increased fourfold in the dependent
lung at 90 minutes. The relative gene expression of lung injury
markers was increased at 90 minutes in nondependent lung and
unchanged in gravity-dependent lung. Within the proteome, the
number of differentially expressed proteins was fourfold higher in the
nondependent lung than the dependent lung. The number of
differential proteins increased over time in both lung regions.
A total of 95% of enriched canonical pathways and 94% of
enriched cellular and molecular functions were identiﬁed only in
nondependent lung tissue from the 90-minute ventilation group. In
conclusion, complex injury pathways are initiated within the preterm
lung after 15 minutes of ventilation and ampliﬁed by continuing
ventilation. Injury development is region speciﬁc, with greater
alterations within the proteome of nondependent lung.
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In preterm infants, the lung is structurally
immature, surfactant deﬁcient, and prone to
collapse. Consequently, preterm infants often
require respiratory support, either via
mechanical ventilation or noninvasive
respiratory support to ensure survival.
However, even brief periods of mechanical
ventilation applied to the structurally fragile
preterm lung can initiate inﬂammation and
injury (1), and may inﬂuence the effectiveness
of subsequent therapies, such as surfactant
(2–4). Furthermore, ventilator-induced lung
injury (VILI) rarely resolves while mechanical
ventilation is continuing (5).
Underlying VILI development in the
preterm lung is a complex interplay between
mechanical traumas, such as barotrauma,
volutrauma, or atelectotrauma and
biological injury responses known
collectively as biotrauma. In preterm
infants, the structural immaturity and
surfactant-deﬁcient state of the lung can
result in delivery of excessive VTs to those
lung units ﬁrst engaged in aeration, setting
in process a pattern of inhomogeneous
ventilation (6) and thereby exposing the
lung to injury from over-distension in some
regions and atelectasis and shear forces in
others (7). In adult experimental models,
inhomogeneous ventilation causes regional
lung strain and leads to the development of
regionally speciﬁc inﬂammatory responses
(8). Furthermore, in adult humans, the risk
of developing VILI is higher with increased
ventilation inhomogeneity due to the
induction of regional stress patterns (9).
This mechanism of injury is very likely at
play in the preterm infant; however,
experimental studies of the immature lung
have predominantly chosen a whole-lung,
single–time point approach, thereby
preventing documentation of regional
injury development. Proteomics has the
capacity to facilitate mapping, at a cellular
level, the time-dependent, regional injury
response to ventilation of the preterm lung.
In this study, we aimed to characterize
the temporal proteome response in the
nondependent and gravity-dependent lung
regions from birth. Using the lamb model of
preterm birth, we compared alterations
between nondependent and gravitydependent lung tissue after either 15 minutes
or 90 minutes of ventilation. We initially
provide histological evidence of temporally
evolving morphological patterns with
regionally speciﬁc induction of apoptosis
and proliferation. Alterations in gene
expression of lung injury markers evolved
632

A detailed description of the methods is
provided in the data supplement. The study
was performed at the animal research
facility of the Murdoch Children’s Research
Institute and approved by our Animal
Ethics committee.

expression of lung injury markers as per
the method of Hillman and coworkers
(10). Lambs assigned to the 90-minute
ventilation group were maintained on PPV
for the entire study period, independent of
placental support. Fraction of inspired
oxygen was initially 0.3 in the placentaindependent (90-min) group and the ewes
in the 15-minute group, and altered to
maintain oxygen saturation as measured by
pulse oximetry (SpO2) 88–95%. VT and
ventilator rate were adjusted as required
to maintain PaCO2 in the range of
45–60 mm Hg. All lambs, including an
additional group of unventilated controls
(0-min group) received a lethal dose of
pentobarbitone at study completion.

Mechanical Ventilation Strategy

Physiological Measurements

Border-Leicester/Suffolk lambs (124–
127 d gestation) exposed to antenatal
corticosteroids were delivered via caesarean
section under general anesthesia. While on
placental support, lambs were instrumented
and intubated, lung ﬂuid was passively
drained, and a circumferential array of
electrodes positioned for electrical impedance
tomography (EIT; Swisstom Pioneer system;
Swisstom) as previously described (3).
To ensure optimal detection of the acute
injury response, two model variations were
studied: a placental support model (15-min
ventilation study group; n = 7) and a
placenta-independent model (90-min
ventilation study group; n = 10). The
placental support model enabled evaluation
of a brief period of standardized positivepressure ventilation (PPV) while limiting the
confounding effect of oxygen exposure (5).
However, it was not sustainable for longer
periods of ventilation, and does not replicate
the usual clinical course after preterm birth.
Therefore, we also studied tissue from a
placenta-independent model in which
preterm lambs were maintained solely with
mechanical ventilation for 90 minutes. All
lambs received PPV in volume-targeted
mode (SLE5000; SLE Ltd.) at positive endexpiratory pressure (PEEP) of 8 cm H2O and
initial set VT of 7 ml/kg, or were assigned to
a third no-ventilation control group. Arterial
blood gas analyses were performed at 5, 10,
and 15 minutes, and then 15 minutely.
Lambs receiving 15 minutes of
ventilation remained on placental support
throughout, with the endotracheal tube
clamped at PEEP at 15 minutes. Lambs were
then maintained solely on placental support
for a further 30 minutes to allow for the

Regional aeration and ventilation (EIT),
airway pressure, VT, and dynamic
compliance (Cdyn) were measured
continuously for the ﬁrst 15 minutes and
then for 2 minutes before each arterial blood
gas analysis, as detailed previously (3, 11).

with time spent on ventilation, but were
conﬁned to the nondependent lung. Finally,
we demonstrate that proteome complexity
develops over time and in a regional speciﬁc
manner, with the greatest magnitude of
change observed within the nondependent
lung after 90 minutes of ventilation.

Methods

Sample Collection

At study completion, lung tissue was taken
from standardized nondependent and
gravity-dependent sites within the right
upper lobe for histology and right lower lobe
for gene and protein analysis.
Lung Histology

Histological examination of sections stained
with hematoxylin and eosin was performed on
composite micrographs (Olympus BX51 slide
scanner; Olympus). Immunohistochemistry
was used to detect apoptotic cells (cleaved
caspase-3; R&D Systems) and proliferative
cells (Ki-67; Abcam). All postimage analysis
was performed using the ImageJ software
suite (National Institutes of Health; available
from: https://imagej.nih.gov/nih-image/).
RNA Preparation and Quantitative
PCR

RNA was extracted from lung tissue using
TRIzol, and 0.1 mg RNA was reverse
transcribed into cDNA. All quantitative
RT-PCR reactions were performed in
triplicate on the Light-Cycler 480 System
(Roche). The 22DDCt method (12) was used
to calculate relative changes in gene
expression, determined from quantitative
RT-PCR experiments using RPS29 as a
housekeeping gene and relative to the
0-minute group (13). Primer sequences are
detailed in Table E1 in the data supplement.
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Determination of Protein Composition
via Orbitrap Mass Spectrometry
Protein extraction and digestion. Protein
extractions were performed on the same day
using the same batch of reagents. Tryptic
digestion and desalting were performed
before samples were reconstituted to
50 mg/100 ml in mass spectrometry
(MS)–loading buffer.
Liquid chromatography and tandem
MS analysis. Peptide samples (1 ml) at

500 ng/ml were analyzed with liquid
chromatography and tandem MS using an
Orbitrap Elite mass spectrometer (Thermo
Fisher Scientiﬁc) coupled to an Ultimate
3000 UHPLC (Thermo Fisher Scientiﬁc).
To avoid batch effects, all samples were run
in tight temporal sequence with no other
samples analyzed in between the study
samples.
Peptide identiﬁcation. Orbitrap elite
raw ﬁles were viewed in Xcalibur software
(Thermo Fisher Scientiﬁc) and abnormal
ion content chromatograms excluded from
further analysis. MaxQuant software
(Ver. 1.5.3.30; Max Planck Institute of
Biochemistry) was used to identify proteins
using the Uniprot Ovies Aries database.
Proteins with a false discovery rate of 1% or
less, and with a minimum detection rate of
ﬁve replicates per group, were considered
for further analysis.
Ingenuity pathway analysis. Enriched
pathways and functions associated with
the proteome data sets were identiﬁed using
ingenuity pathway analysis (IPA) software
(Qiagen) with lung-speciﬁc ﬁlters enabled
as detailed in the data supplement. As sheep
proteins are not represented in IPA,
only proteins exhibiting 65% or greater
homology to human protein sequences
after assessment by National Center for
Biotechnology Information Basic Local
Alignment Search Tool (BLAST) were
included in the analysis.

Statistical Analysis
EIT, histology, and gene expression. Data

were tested for normality and analyzed
in PRISM 6 (GraphPad Software, Inc.).
A P value less than 0.05 was considered
signiﬁcant, and time and region used as
factors for two-way ANOVA.
Proteome analysis. Protein abundance
data at the individual protein level
obtained from either nondependent or

gravity-dependent lung tissue samples
exposed to either no ventilation, 15 or
90 minutes of ventilation was tested
for normality, and one-way ANOVA
testing performed. Holm-Sidak (parametric
data) or Dunn’s (nonparametric data)
multiple comparison posttesting was
performed and proteins exhibiting P values
of less than 0.05 in protein abundance in
0-minute versus 15-minute ventilation or
0-minute versus 90-minute ventilation
were considered differentially expressed
between the groups. To assess whether
there were time-dependent or regionspeciﬁc differences in the composition of
the proteome, partial least squares–
discriminant analysis was performed in
the R package MixOmics (version 3.1.1).

Results
Ventilation Outcomes Are Largely
Comparable between the Placental
Support and Placenta-Independent
Models

A total of 24 lambs delivered from 20 ewes
were studied. No ewes had evidence of
sepsis or chorioamnionitis. Study groups
were comparable for gestational age,
weight, and parity, but there were more
females in the unventilated control group
and ﬁrst borns in the 90-minute ventilation
study group (Table E2). There was no
difference in delivery of VT or PEEP
between the placental support model
(15-min study group) and the placentaindependent model (90-min study group;
Figures 1A and 1B); however, peak
inspiratory pressure was slightly elevated
in the placental support group at 15
minutes (Figure 1C). Cdyn was
comparable between the two study groups
(Figure 1D). Among measures of gas
exchange, SpO2 (Figure 1E) was
comparable between the models; however,
the alveolar– arterial oxygen difference was
higher at 15 minutes, and PaCO2 higher at
5 and 15 minutes in the placentaindependent group (Figures 1F and 1G).
In both groups, aeration favored the
nondependent region at 15 minutes,
although the response at 5 minutes was
variable (Figure 1H). The spatial distribution
of VT was similar to aeration during the ﬁrst
15 minutes of life. It was initially greater in
the nondependent lung at 5 minutes (both
groups), becoming more uniform only after
15 minutes of PPV (Figure 1I).
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Morphological Evidence of Time- and
Region-Speciﬁc Patterns of Preterm
Lung Injury

Micrographs representing temporal alterations
in morphology are shown in Figure 2A
(nondependent lung tissue) and Figure 2B
(dependent lung tissue). Morphometric
analysis of alveolar units demonstrated a
decrease in the number of alveoli per ﬁeld of
view in dependent lung tissue (Figure 2C),
and an increase in the average alveolar size
(Figure 2D) and alveolar size variance
(Figure 2E) in both nondependent and
gravity-dependent lung with more prolonged
ventilation. Among morphological markers
of injury and repair, the number of detached
epithelial cells within alveoli was similarly
increased approximately threefold after either
15 or 90 minutes of ventilation in both
nondependent and dependent lung tissue
compared with unventilated controls
(Figure 2F). The proportion of apoptotic cells
in the gravity-dependent lung was
comparable between ventilated and
unventilated lambs. By contrast, the
nondependent lung exhibited a ninefold
increase in the proportion of apoptotic cells
at both 15 and 90 minutes of ventilation
when compared with unventilated controls
(Figure 2G). Conversely, although the
proportion of proliferative cells was
unchanged in the nondependent lung, in the
gravity-dependent lung the proportion of
proliferative cells increased over time, with a
fourfold increase observed in the dependent
lung at 90 minutes of ventilation (Figure 2H).

Molecular Evidence of Time- and
Region-Speciﬁc Patterns of Preterm
Lung Injury

All six genes exhibited increased expression
in nondependent lung tissue when compared
with gravity-dependent lung tissue. The
relative gene expression of IL1BI, IL6, IL8,
CTGF (connective tissue growth factor), and
CYR61 (cysteine-rich angiogenic inducer 61)
was increased at 90 minutes of ventilation in
nondependent lung tissue when compared
with region-matched unventilated controls
and time-matched dependent lung
expression (Figures 3A–3E). EGR1 (early
growth response-1) gene expression was
increased from 15 minutes of ventilation in
nondependent lung when compared with
unventilated controls (Figure 3F). The
dependent lung gene expression of all six
genes remained unchanged throughout the
ventilation period.
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Figure 1. Ventilation and gas exchange parameters for the 15-minute (placental support model) and 90-minute (placenta-independent model) study
groups. (A) Tidal ventilation (VT), (B) positive end-expiratory pressure (PEEP), (C) peak inspiratory pressure (PIP), (D) dynamic compliance (Cdyn), (E)
peripheral oxygen saturation as measured by pulse oximetry (SpO2), (F) alveolar–arterial oxygen difference (AaDO2), (G) arterial carbon dioxide tension/pressure
(PaCO2), (H) regional distribution of aeration, and (I) tidal ventilation (CoV). Placental support model (open circle) and placenta-independent model (solid
squares). Aeration expressed as a ratio to ideal aeration for the anatomical shape of the chest (7), with a value of 1.0 representing homogenous aeration, and
greater than 1.0 representing relatively more aeration in the nondependent hemithorax compared with dependent. VT is expressed as the geometric center of
gravity-dependent ventilation (CoV), with a value of 59% representing homogenous ventilation in the preterm lamb (3). The gray squares depict distribution of
aeration or ventilation toward the nondependent lung. All data are mean 6 SD. *P , 0.05, **P , 0.01, and ***P , 0.001 (one-way ANOVA).

Orbitrap-MS Identiﬁed Regional and
Time-Speciﬁc Alterations in the Lung
Proteome

Using Orbitrap-MS, we identiﬁed 1,813
and 1,815 protein group reads with a
false discovery rate of less than 1% in
nondependent and dependent lung,
634

respectively. Details of postidentiﬁcation
ﬁltering are presented in Figure 4A, and
a complete list of differential proteins
provided in Tables E3 and E4. Supervised
partial least squares–discriminant analysis
displayed minor overlap between the 15and 90-minute ventilation time points in

both nondependent and dependent lung
tissue, with clearer separation between
ventilated and unventilated proteome
observed within the dependent lung
(Figure 4B). Similar to our earlier
histological and molecular observation, a
greater number of differentially expressed
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Figure 2. Temporal alterations in regional morphology. (A) Representative micrographs of nondependent lung tissue (Non-dep lung) and (B) dependent
lung tissue (Dep lung) from unventilated lambs (09) and lambs ventilated for either 15 minutes (159) or 90 minutes (909). Tissue was stained with hematoxylin
and eosin (H&E) for general morphological assessments, and immunohistochemistry used to detect apoptotic cells (anti–cleaved caspase 3) or
proliferative cells (anti-Ki67). Scale bars: 200 mm, 50 mm, and 100 mm. (C) Image assessment included quantification of the number of alveoli, (D) mean
alveolar size, (E) coefficient of variance in alveolar size, (F) number of detached epithelial cells/alveolus, (G) proportion of apoptotic cells, and (H) proportion
of proliferative cells. Data represent mean 6 SD. *P , 0.05, **P , 0.01, and ***P , 0.001 (two-way ANOVA).

proteins was observed in nondependent
lung tissue compared with dependent lung
tissue (158 vs. 41), with the number of
differentially expressed proteins increased
over time in both lung regions (Figure 4C).

Volcano plots were used to visualize
patterns of differential expression between
the groups (Figure 4D). At 15 minutes
of ventilation, plots derived from
nondependent lung tissue contained
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more signiﬁcant proteins with increased
expression, as opposed to gravitydependent tissue in which more signiﬁcant
proteins exhibited decreased expression.
Increasing and decreasing protein
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ORIGINAL RESEARCH

0

***
***

10

***

5

0
0'

15' 90'

Non-dep lung

15
10
5
0

E

CTGF
15

0'

15' 90'

Dep lung

***

***
**

20

Relative expression (CT)

5

C

IL6
25

***
20

***
*

10

0
0'

15' 90'

Non-dep lung

IL8
40

***
30

0'

15' 90'

Dep lung

***
*

20
10
0

F

CYR61
30

Relative expression (CT)

Relative expression (CT)

***

***
**

10

D
Relative expression (CT)

B

IL1B
15

Relative expression (CT)

Relative expression (CT)

A

EGR1
20

***

15

***

*
10
5
0
0'

15' 90'

Non-dep lung

0'

15' 90'

Dep lung
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expression were seen with equal frequency
in nondependent and gravity-dependent
lung tissue at 90 minutes of ventilation.
The cellular location distribution of
differentially expressed proteins was
comparable among the groups with the
exclusion of 15-minute, gravity-dependent
lung in which plasma membrane proteins
were not differentially expressed (Figure
4E). Protein function increased in diversity
with longer ventilation duration in both the
nondependent lung (5 vs. 10 identiﬁed
protein types at 15 and 90 min,
respectively) and the dependent lung
(2 vs. 5; Figure 4F).
IPA Identiﬁed Time- and RegionSpeciﬁc Enrichments in Canonical
Pathways and Cellular and Molecular
Functions

To facilitate the interpretation of results,
only enriched canonical pathways and
cellular functions with three or more
differentially expressed proteins are
reported, with full results detailed in Tables
E5 and E6, respectively. A total of 95% of
canonical pathways containing three or
more differentially expressed proteins were
enriched exclusively in the nondependent
636

lung at 90 minutes of ventilation excluding
eukaryotic initiation factor (EIF) 2 signaling,
which was enriched at both 15 and 90
minutes of ventilation in the nondependent
lung and oxidative phosphorylation and
mitochondrial dysfunction pathways, which
were enriched in both the nondependent
and gravity-dependent lung regions at 90
minutes (Figure 5A). The 59 canonical
pathways assigned to 15 pathway classiﬁers
were enriched in the nondependent lung at
90 minutes, including a diverse range of
signaling pathways and cellular processes
(Figure 5B). Among the top 20 signiﬁcant
pathways identiﬁed by IPA (Figure 5C),
EIF2 signaling was ranked as the most
signiﬁcant pathway, followed by the
NRF2-mediated oxidative stress response
with the most represented pathway
categories being intracellular and second
messenger signaling (EIF2 signaling,
regulation of eIF4 and p70S6K signaling,
phosphatidylinositol-3/AKT signaling, and
integrin signaling), and retinoid X receptor
(RXR) signaling peroxisome proliferatoractivated receptor (PPAR), liver X
receptor (LXR)/RXR, farnesoid X receptor
(FXR)/RXR and PPARa/RXRa signaling
pathways).

Among cellular and molecular
functional enrichments, 95% of
enrichments were identiﬁed in
nondependent lung tissue, predominantly
at 90 minutes of ventilation (Figure 6A).
Nondependent lung enrichments common
to both time points included cell-to-cell
signaling and interaction, small-molecule
biochemistry, and cellular growth and
proliferation (Figure 6B). A single
commonality, enrichment of functions
associated with cellular development,
was identiﬁed in nondependent and
dependent lung exposed to 90 minutes
of ventilation (Figure 6C). A total of
15 cellular and molecular functional
enrichments were speciﬁc to
nondependent lung tissue at 90 minutes
of ventilation, including metabolic
enrichments, cellular enrichments,
molecular enrichments, and indicators
of injury (Figure 6D).
We concluded our studies by using
the cell type identiﬁer assigned by IPA
to each function descriptor to map the
cell types associated with three enriched
cellular functions within the nondependent
lung after 90 minutes of ventilation.
Enrichments in “cell-to-cell signaling
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Figure 5. IPA identification of enriched canonical pathways. The threshold for identification of significant
enrichments was 1.5 2log (P value) or greater and three or more proteins associated with the pathway.
(A) Overlap of canonical pathway enrichments in nondependent and dependent lung after 15 or 90
minutes of ventilation. (B) Proportion of canonical pathways identified in 90-minute, nondependent lung
tissue assigned to specific category descriptors by IPA. (C) Top 20 canonical pathways identified by IPA
in 90-minute, nondependent lung tissue with the colored bars depicting the specific category
descriptors. IPA identified enrichments based on their Fisher exact test P value (P , 0.001 all analysis).
EIF2 = eukaryotic initiation factor 2; FXR/RXR = farnesoid X receptor/retinoid X receptor; LXR/RXR = liver
X receptor/retinoid X receptor; mTOR = mammalian target of rapamycin; p70S6K = P70 S6 kinase;
PPAR = peroxisome proliferator-activated receptor; PPARa/RXRa = peroxisome proliferator-activated
receptor a/retinoid X receptor a.

and interaction” were associated with a
diverse range of cell types, including
immune cells, blood cells, endothelial
cells, epithelial cells, ﬁbroblasts,
neuroepithelial cells, blood platelets,
connective tissue, neurons, and ﬁbronectin
matrix (Figure 6E). Within the
functional category of “cell death,”
epithelial cell associations were identiﬁed
in all three subcategories (apoptosis,
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cell death, and necrosis), with apoptosis
also associated with immune cells,
blood cells, neurons, and blood platelets
(Figure 6F). Among “cellular growth
and proliferation enrichments,” ﬁbroblasts
were associated with the subcategories
elastogenesis and proliferation, epithelial
cells with development and proliferation,
and immune cells with induction and
proliferation (Figure 6G).

VILI development within the preterm
lung is mediated by a complicated,
interconnected array of physiological
insults, including mechanical traumas
(stretch, shear stress) and increased oxygen
exposure (oxidative stress), processes
that are exacerbated by ventilation
inhomogeneity (14). The complex array of
injury-speciﬁc biomediators underlying the
regional VILI response, and the timing
of their expression, has not been
comprehensively investigated. Using
Orbitrap-MS and IPA, we were able to map
the proteins and pathways that underlie
VILI initiation and continuation in
nondependent and gravity-dependent
lung. Regional and temporal alterations in
protein expression were highly varied,
and included: 1) the temporal ampliﬁcation
within the nondependent lung of a single
pathway (EIF2 signaling); 2) ventilationand aeration-associated alterations; 3)
functionally speciﬁc alterations of oxidative
phosphorylation/mitochondrial dysfunction
pathway proteins in nondependent and
dependent lung; and 4) alterations in vascular
endothelial growth factor–, IL-6–, and RXRbased signaling pathways.
The established VILI paradigm
suggests that lung injury begins with a few
inappropriately applied inﬂations (2) with
injury, then perpetuated with subsequent
breaths (5). Our study of known injury
markers, such as numbers of detached
epithelial cells (both lung regions), the
number of apoptotic cells, as well as EGR1
gene expression (nondependent lung only),
was consistent with this paradigm. At the
proteome level, EIF2 signaling in the
nondependent lung was uniquely identiﬁed
as being perpetuated and exacerbated with
duration of ventilation. EIF2 signaling
integrates both global and speciﬁc mRNA
translation. However, after exposure to
environmental stress, EIF2 signaling shifts
from protein synthesis to the translation of
stress-related mRNA transcripts involved in
metabolism, the redox state of the cells, and
apoptosis (15). Similarly, we observed that
in the nondependent lung, environmental
stress provided by 15 minutes of ventilation
led to increased abundance of proteins
related to global mRNA translation
(EIF1AX, RPLP2, and RPL37A), whereas
further ventilation for 90 minutes increased
the diversity of EIF2 signaling to include
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Figure 6. IPA identification of enriched molecular and cellular functions. The threshold for identification of significant enrichments was 1.5 2log (P value) or
greater and three or more proteins associated with the pathway. (A) Overlap of functional molecular and cellular enrichments in nondependent and
dependent lung after 15 or 90 minutes of ventilation. (B) Enrichments common to the nondependent lung. (C) Enrichments identified at 90 minutes of
ventilation in both nondependent and dependent lung tissue. (D) Enrichments unique to nondependent lung tissue at 90 minutes of ventilation. IPA
identified enrichments based on their Fisher exact test P value (P , 0.001, all analysis). Stacked bar graphs depict association of specific cell types within
the enriched cellular and molecular function categories of (E) cell-to-cell signaling and interaction, (F) cell death, and survival and (G) cellular growth and
proliferation using the proteome of nondependent tissue exposed to 90 minutes of ventilation.
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both global translation proteins (RPLP1,
RPLP2, RPS12, FAU, RPL19, RPS25) and
speciﬁc mRNA translation proteins
associated with proliferation and cell
growth (KRAS, RPS6, RPS19), growth
inhibition (RPL23A), cell migration
(ACTC1, RPSA, ACTB), and angiogenesis
(RRAS). Protein synthesis, performed by
the ribosome, is the core of cellular life
(16). Until recently, the structure of the
ribosomal unit was considered largely
invariant. However, recent studies have
begun to uncover the impact of ribosomal
composition on ribosomal function and
the physiological state of the cell (16). The
diversity of alterations identiﬁed in this
study likely reﬂect the need for the
respiratory cell population to rapidly alter
the ribosomal proteome from a stable
stoichiometry to increased translation of
repair proteins in the face of continuing
ventilation-initiated damage.
Imbalances in regional lung
ventilation, with early relative overdistension of nondependent lung regions
(17–19) and less aeration within gravitydependent regions (19, 20) are
increasingly being linked with VILI
development. In the current study,
morphological assessments failed to
conﬁrm regional evidence of either
histological volutrauma (via alveolar size
measurements) or atelectasis (via variance
in alveolar size), which may reﬂect
histological-speciﬁc distortions in lung
volume due to subjection of the lung to
pressure curve measurements before
ﬁxation. However, preferential ventilation
toward the nondependent lung was
detected via EIT (functional imaging),
and was associated with increased
apoptosis and injury gene expression.
Proteome alterations were similarly
dominant within the nondependent lung,
with 80% of differential proteins altered
only in the nondependent lung, and
95% of canonical pathways and 78%
of cellular and molecular functions
uniquely enriched in nondependent lung
ventilated for 90 minutes. Our results
mirror gene array studies in which 81%
of genes in nondependent lung tissues
are differentially expressed in response
to ventilation (21), and suggest that
decreased alteration of the dependent
lung proteome may reﬂect lack of
ventilation rather than atelectasis or
injury. In contrast, over-distension of
the airways within the nondependent
640

lung has previously been shown to
result in direct tissue injury (17).
However, concurrent atelectasis within
the gravity-dependent lung may also
injure distal, nonatelectatic airways
(22). Although we were unable to
elucidate the relative importance of
volutrauma versus atelectotrauma
in mediating VILI development,
it is likely that both contributed
to the magnitude of biotrauma
response observed in nondependent
lung tissue.
This study highlights both the clear
distinctions and subtle nuances of the
regional lung injury response to PPV.
For example, although the oxidative
phosphorylation/mitochondrial
dysfunction pathways were implicated in
both nondependent and gravity-dependent
lung, deeper investigation revealed clear
region-speciﬁc mitochondrial alterations.
There was an increase in the expression of
respiratory chain complex IV (cytochrome
c oxidase) proteins in the nondependent
lung, and decreased expression of
respiratory chain complex III and V
proteins in the gravity-dependent lung.
We postulate that this mitochondrial
response may reﬂect the different
ventilation-associated physiological insults
encountered within the nondependent and
dependent lung exposed to mechanical
stretch and oxidative stress, respectively.
Cyclic mechanical stretch, including that
which occurs during ventilation, has
previously been shown to induce cell
membrane stress failure, resulting in cell
death and apoptosis of alveolar epithelial
cells (23, 24) via the mitochondrial-initiated
intrinsic pathway (25), with ventilated
infants exhibiting increased lung expression
of cleaved caspase-3 (26). In this
study, preferential ventilation of the
nondependent lung (as demonstrated by
EIT) was accompanied by nondependent
lung-speciﬁc increases in: gene expression
of the stretch injury marker, IL-8, the
number of cleaved caspase-3–positive
apoptotic cells, and the protein expression
of intrinsic apoptosis pathway mediators
(COX5A, COX5B, COX6A1, and
COX6B1). In contrast, the reduction of
chain III and V proteins (UQCRC2, ATP50,
ATP5I) in the gravity-dependent lung may
indicate a hyperoxia-mediated decrease
in ATP generation and energy supply, such
as observed in the hyperoxia-treated
newborn mouse model (27). Alternatively,

these changes may reﬂect the oxidative
mitochondrial DNA damage reported in
ventilated preterm infants (28).
A major strength of this study was the
use of proteomics, which allowed for the
unbiased global identiﬁcation of proteins
and signaling pathways. Mirroring a
previous gene array study of the ventilated
rat lung (29), by not limiting our focus
to previously studied injury mediators,
we were able to develop a broader
understanding of the cellular diversity
driving the biotrauma response within the
nondependent lung. Previous targeted
studies of the biotrauma response have
predominantly focused on inﬂammatory
mediators; however, antiinﬂammation
therapies have failed to inhibit lung injury
(30). Similarly, our functional analysis of
the differential protein set obtained from
90-minute nondependent lung suggested
immune cell involvement in cellular
functions, such as cell-to-cell signaling,
cell death and survival, and proliferation.
However, in line with our previous
observations from the plasma proteome,
functional analysis also suggested
involvement of blood cells, blood platelets,
and the ﬁbronectin matrix (31), as well
as proteins related to endothelial cell,
epithelial cell, ﬁbroblast, and neuronal
function. Furthermore, our proteomic
analysis not only conﬁrmed known
neonatal lung injury pathways, such as the
extensively studied vascular endothelial
growth factor (32, 33) and IL-6 (34–36)
signaling pathways, but also identiﬁed an
entirely novel association with three
closely related RXR-mediated nuclear
receptor families: LXR/RXR, FXR/RXR,
and PPARa/RXRa. Each of the nuclear
receptors forms a heterodimer with RXR,
and can be activated with agonists against
either LXR/FXR/PPARa or RXR during
oxidative stress (37, 38) or under
conditions of energy deprivation (39),
resulting in activation of target genes
involved in lipogenesis and inﬂammation.
Central to disturbances in LXR, FXR,
and PPARa signaling pathways was a
twofold decrease in FASN protein
abundance in the nondependent lung.
FASN is transcriptionally regulated
by LXR (40), FXR (41), and retinol A
(42). Functionally, decreased FASN
expression is associated with inhibition
of proliferation (43), providing a potential
explanation for the regionally speciﬁc
proliferation response observed in the
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current study. Furthermore, our results,
when considered with recent studies of
rodent model of respiratory disease,
provide novel evidence for the
consideration of LXR agonists as potential
therapeutic candidates for the prevention
and/or treatment of preterm VILI. In
rodent models, LXR agonist treatment has
been shown to provide protection against
lung injury via decreased production of
ROS (37), attenuation of the inﬂammatory
response (44–46), and promotion of
pulmonary remodeling (47). These are
pathological features reminiscent of
preterm lung injury.
Limitations

There are a number of limitations of this
study. In our recreation of the clinical
scenario experienced by the preterm human,
PPV was supplemented with blended
oxygen, and thus we were unable to fully
distinguish between the effects of
mechanotrauma and those of oxidative
stress. Similarly, although ventilation
heterogeneity was identiﬁed via EIT, our
inability to differentiate volutrauma versus
atelectasis states in regional, histological
samples prevents us from assigning
observed protein alterations to a speciﬁc
mechanotrauma. We concede that, although
the placental support and neonatal
ventilation lambs were largely comparable
with regard to the pressure and volume
effects within the lung, the provision of
continuing placental support in the 15minute ventilation groups may have limited
the systemic effects of oxygen on the lungs

and other tissues. In line with current
respiratory support management practices,
betamethasone was administered in all
mothers, and this may have inﬂuenced
proteome expression. However, among the
differential proteins identiﬁed, only the
expression of ABCC4 (48) and LGALS1 (49)
has been previously associated with
betamethasone administration. Although
we sampled comparable regions between
animals for each type of analysis, the
patterns of injury we have reported may
differ if alternative sample sites are used.
Guo and colleagues (50) recently observed
gene expression changes in a range of
pulmonary cell types in response to
initiation of respiration at birth in mice
using single-cell RNA analysis. Our use
of whole-tissue samples did not allow for
attribution of observed protein changes to
a speciﬁc pulmonary cell compartment.
However, a diverse range of cell types was
implicated in the enriched function
analysis, suggesting that single-cell
proteomic studies are warranted. Finally,
our lambs were anesthetized and supported
via a cuffed endotracheal tube without
any spontaneous respiratory effort,
inconsistent with clinical practice. Recent
studies have demonstrated that: 1)
dynamic changes in gene expression
occur in response to initiation of normal
breathing at birth (50); and 2) greater
injury within the dependent lung during
spontaneous effort in experimental
models of acute respiratory distress
syndrome (51), suggesting that
it is likely that noninvasive respiratory
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