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Abstract
Purpose Mechanical ventilation is a well-established therapy for patients with acute respiratory failure. However, up to 35% 
of mortality in acute respiratory distress syndrome may be attributed to ventilation-induced lung injury (VILI). We previously 
demonstrated the efficacy of the synthetic tripeptide feG for preventing and ameliorating acute pancreatitis-associated lung 
injury. However, as the mechanisms of induction of injury during mechanical ventilation may differ, we aimed to investigate 
the effect of feG in a rodent model of VILI, with or without secondary challenge, as a preventative treatment when admin-
istered before injury (prophylactic), or as a therapeutic treatment administered following initiation of injury (therapeutic).
Methods Lung injury was assessed following prophylactic or therapeutic intratracheal feG administration in a rodent model 
of ventilation-induced lung injury, with or without secondary intratracheal lipopolysaccharide challenge.
Results Prophylactic feG administration resulted in significant improvements in arterial blood oxygenation and respiratory 
mechanics, and decreased lung oedema, bronchoalveolar lavage protein concentration, histological tissue injury scores, blood 
vessel activation, bronchoalveolar lavage cell infiltration and lung myeloperoxidase activity in VILI, both with and without 
lipopolysaccharide. Therapeutic feG administration similarly ameliorated the severity of tissue damage and encouraged the 
resolution of injury. feG associated decreases in endothelial adhesion molecules may indicate a mechanism for these effects.
Conclusions This study supports the potential for feG as a pharmacological agent in the prevention or treatment of lung 
injury associated with mechanical ventilation.
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Introduction

Mechanical ventilation is a well-established therapy for 
patients with acute respiratory failure, however, potential 
adverse effects include ventilation-induced lung injury 
(VILI) and barotrauma, ventilator-associated pneumonia, 
haemodynamic changes, and neuromuscular disorders [1]. 
As up to 35% of mortality in acute respiratory distress syn-
drome (ARDS), may be attributed to VILI, this is an impor-
tant area of research.

Experimental studies suggest two main mechanisms of 
VILI: volutrauma, injury from excess distension; and atelec-
trauma, local shear injury from tidal opening and closing. In 
the rat model of VILI, high tidal volume and zero positive 
end-expiratory pressure (PEEP) induce physiological and 
morphological lung changes, with altered cellular processes 
within the lung [2]. Hyperdistension of lung parenchyma is 
transmitted from the extracellular environment to the cell 
interior through the extracellular matrix-cytoskeleton [1], 
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resulting in plasma membrane and barrier dysfunction, a 
primary factor in VILI [3]. VILI also exacerbates respira-
tory dysfunction due to pulmonary alveolar inflammation 
resulting from lipopolysaccharide (LPS) exposure alone [4, 
5]. Previously, we have utilized models of VILI with second-
ary challenge to demonstrate the presentation of lung injury 
immediately following commencement of VILI [6].

The ability of a novel therapeutic pharmacological agent, 
the synthetic tripeptide feG ((D-Phe)–(D-Glu)–Gly), to 
decrease neutrophil recruitment, infiltration, and activa-
tion in vitro and in vivo has previously been demonstrated 
[7]. Possible mechanisms include decrease in integrin and 
adhesion molecule expression, and direct anti-inflammatory 
responses including decrease in reactive oxygen species and 
inflammatory cytokine production on neutrophils [7–9]. 
Dose-response assays have demonstrated a bell-shaped 
response curve, with neither lower (10 μg/kg) or higher 
(350 μg/kg) peptide doses inhibiting neutrophil migration 
in various models of injury [7]. Utilizing models of acute 
pancreatitis-associated lung injury we have demonstrated 
both prevention and amelioration of lung injury following 
prophylactic or therapeutic feG administration [8, 10, 11]. 
However, the ability of feG to similarly prevent or ameliorate 
mechanically induced lung damage such as in VILI has not 
been previously investigated.

We hypothesised that feG would reduce the recruitment, 
infiltration, and/or activation of neutrophils, during VILI, 
with or without secondary LPS challenge. In addition, we 
hypothesised that this reduction in neutrophil infiltration into 
the lung may be due to inhibition of endothelial cell surface 
adhesion molecules. Thus we investigated the effect of feG 
when administered before (prophylactic) or after (therapeu-
tic) induction of VILI, with and without secondary LPS 
challenge, on the severity of tissue damage and resolution 
of injury.

Materials and Methods

Please refer to the online supplement for greater detail.

Animals

Male Sprague-Dawley rats (100–130 g) were randomly allo-
cated to treatment groups (Table S1; n = 4–7). The study 
protocol was approved by the Flinders University Animal 
Welfare Committee.

Rats were anaesthetised via continuous intravenous infu-
sion of thiopental (60 mg/kg/h; Abbott) and paralysed with a 
bolus injection of pancuronium bromide (1 mg/kg i.v.; Astra 
Zeneca, UK) maintained by continuous infusion (0.2 mg/
kg/h i.v.). Mean arterial pressure was continuously moni-
tored through cannulation of the left femoral artery using 

disposable blood pressure transducers connected to a Pow-
erLab and Quad Bridge Amp (AD Instruments, Australia).

VILI

VILI was induced by 2 h of injurious ventilation (high tidal 
volume (Vt) = 35 ml/kg; positive end-expiratory pressure 
(PEEP) = 0  cmH2O; fraction of inspired oxygen  (FiO2) = 
1.0; breathing frequency (f) = 20 min−1). The control group 
received low-Vt non-injurious ventilation (Vt = 7 ml/kg; 
PEEP = 2  cmH2O;  FiO2 = 1.0; f = 120 min−1).

VILI + LPS

A tracheotomy was performed before intratracheal instilla-
tion of lipopolysaccharide (LPS) (Escherichia coli O55:B5, 
2 mg/kg body weight in saline; Sigma-Aldrich, MO) [6, 
11]. VILI was then induced by 2 h of injurious ventilation, 
as previously. Control rats received equivalent volumes of 
saline intratracheally (vehicle control) and received low-Vt 
non-injurious ventilation, as previously.

feG Administration

To investigate the effect of feG as a preventative and thera-
peutic treatment, on the severity of tissue damage and reso-
lution of injury, when administered (1) before (prophylactic) 
or (2) after VILI (therapeutic), (3) with or (4) without sec-
ondary LPS challenge,

A single 0.1 ml dose of feG (100 µg/kg body weight in 
saline; kindly supplied by Dr Joseph Davison, PhD, Univer-
sity of Calgary, Canada) was administered intratracheally 
5 min before VILI (prophylactically, feG(0)), or 20 min after 
initiation of VILI (therapeutically, feG(20)). Vehicle control 
groups received intratracheal saline.

Respiratory Mechanics

Respiratory mechanics were assessed after 2 h by measuring 
the lung’s impedance following a forced oscillation using a 
computer-controlled ventilator [12].

Lung Harvest

Following 2 h of ventilation, the lungs and the heart was 
removed en bloc. Lung lobes were resected for determina-
tion of wet-to-dry weight ratio, MPO activity, and tissue 
protein determined by colorimetric assay (Bio-Rad Labo-
ratories, CA) [13]. Bronchoalveolar lavage (BAL) was per-
formed, following isolation of the top right two lobes, for 
determination of alveolar cytokine, total protein and cells 
[13].
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Histological and Immunohistological Analysis

Following BAL, the right lung lobes were fixed at 20  cmH2O 
with 10% buffered formalin, paraffin-embedded and cut into 
4 µm sections. Sections were stained with hematoxylin and 
eosin [6] for scoring of pulmonary inflammatory cell infil-
tration and alveolar wall thickening using a semiquantitative 
score (0–3) on blinded, randomly selected images by two 
independent investigators [14].

Similarly, formalin-fixed, paraffin-embedded sec-
tions were labelled with vascular cell adhesion molecule 
(VCAM)-1 antibody (C-19, Santa Cruz (sc-1504), 10 μg/ml) 
or PECAM-1 (M-20, Santa Cruz (sc-1506), 0.2 μg/ml) and 
counterstained with hematoxylin before visualisation by an 
Olympus BX45 microscope linked to a XC10 camera. Five 
images were collected per sample and were assessed using 
a semiquantitative score as above for intensity (0–3) and 
density of staining (0–3), on blinded sections by two inde-
pendent investigators. To ensure specificity of the immu-
nohistological staining reactions, consecutive sections were 
incubated in the absence of the primary antibody.

Analysis

The main outcome measures were arterial blood oxygena-
tion, respiratory compliance, lung oedema, lung tissue pro-
tein concentration, BAL soluble protein concentration, his-
tological tissue injury scores, BAL cell infiltration and lung 
MPO activity. Due to small group sizes, difference between 
groups was tested by nonparametric Kruskal–Wallis test fol-
lowed by Mann–Whitney U post hoc analyses, as appropri-
ate, using SPSS v17.0 (IBM, NY) and data are displayed as 
column graphs (mean ± SD). A p ≤ 0.05 was considered 
statistically significant.

Results

VILI

High-Vt mechanical ventilation decreased arterial blood 
oxygenation, and increased respiratory tissue elastance, lung 
oedema, lung tissue protein concentration, histological tissue 
injury scores, BAL cell infiltration and lung MPO activity 
(Figs. 1 and 2, and S1) (Table 1). The VILI alone model did 
not result in a change in BAL soluble protein concentration, 
however, a small increase was found in soluble protein from 
homogenised lung tissue following induction of VILI, com-
pared to baseline control values (Fig. 1d).

Prophylactic feG treatment (High Vt + feG(0)) signifi-
cantly improved arterial blood oxygenation and respiratory 
mechanics, and decreased lung oedema, lung tissue protein 
concentration, histological tissue injury scores, BAL cell 

infiltration and lung MPO activity, most to baseline control 
values (Figs. 1 and 2, and S1) (Table 2). Therapeutic feG 
treatment (High Vt + feG(20)) similarly improved these indi-
ces of lung injury, most to baseline saline control values.

Investigation of vascular adhesion molecules in the feG 
treatment groups (High Vt + feG(0) and High Vt + feG(20)) 
identified a significant decrease in vascular cell adhesion 
molecule (VCAM)-1 and platelet endothelial cell adhesion 
molecule (PECAM)-1 in the animals treated with feG either 
prophylactically or therapeutically (Fig. 3) (Table 2). No 
immunostaining was detected in the antibody control.

VILI + LPS

The addition of LPS exacerbated lung injury with decreased 
arterial blood oxygenation, diminished respiratory compli-
ance, and increased BAL protein concentration and histo-
logical tissue injury scores, compared with VILI alone (Fig. 
S2). High-Vt mechanical ventilation with intratracheal LPS 
instillation decreased arterial blood oxygenation, diminished 
respiratory compliance, and increased lung oedema, BAL 
protein concentration, histological tissue injury scores, BAL 
cell infiltration and lung MPO activity (Figs. 2 and 4, and 
S3) (Table 2). Unlike the VILI alone model, the combina-
tion of high-Vt mechanical ventilation with intratracheal 
LPS resulted in increased BAL soluble protein concentra-
tion, due to the exacerbation of VILI and generation of lung 
inflammation (Fig. 4d).

Prophylactic feG treatment (LPS + High Vt + feG(0)) 
significantly improved arterial blood oxygenation and res-
piratory mechanics, and decreased lung oedema, histologi-
cal tissue injury scores, BAL neutrophil and macrophage 
infiltration and lung MPO activity, most to baseline control 
values (Figs. 2 and 4, and S3) (Table 2). Therapeutic feG 
treatment (LPS + High Vt + feG(20)) similarly improved res-
piratory mechanics, and decreased BAL protein concentra-
tion, histological tissue injury scores, and BAL neutrophil 
and macrophage infiltration.

Discussion

In this study, feG reduced leukocyte infiltration, amelio-
rated the severity of lung injury, and restored lung function 
when administered both prophylactically and therapeuti-
cally. In addition, a ‘two-hit’ presentation of secondary 
bacterial infection on a background of VILI, modelled in 
this study through the intratracheal instillation of LPS, simi-
larly resulted in amelioration and resolution of lung injury, 
following prophylactic or therapeutic feG administration. 
We previously established the efficacy of feG in inhibiting 
the inflammatory response and ameliorating and prevent-
ing injury in classically inflammatory models of acute lung 
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injury [8, 11]. Amelioration of lung injury in VILI, which is 
primarily a mechanically induced lung injury model, albeit 
with recognised inflammatory components [3], provides 
valuable additional insights into the mechanisms of action 
of feG.

VILI can induce physiological and morphological lung 
changes, with altered cellular processes within the lung 
[2]. Previously, we have demonstrated lung injury that is 
apparent immediately upon commencement of VILI, with 
diminished respiratory function and decreased arterial blood 
oxygenation. Mechanisms contributing to VILI include 

regional overdistension, resulting from the application of 
stress that causes tissues and cells to assume configurations 
not found in unaided breathing [15], and low-volume injury, 
which results from the repeated collapse and recruitment of 

Fig. 1  Ventilation-induced lung injury (VILI) induces severe lung 
damage which is ameliorated following feG treatment. Changes in 
arterial blood  PaO2 (mmHg), tissue elastance  (cmH2O/ml), lung 
oedema (wet/dry weight ratio), lung tissue protein concentration (µg/
ml), bronchoalveolar lavage (BAL) neutrophil count (cells/ml), and 

lung myeloperoxidase (MPO) activity (U/mg protein) following VILI 
with prophylactic (0) or therapeutic (20) feG administration. Data are 
presented as mean ± SD (n = 4–6). *p < 0.05 compared with low Vt. 
†p < 0.05 compared with High Vt

Fig. 2  Histological improvement of lung damage following pro-
phylactic or therapeutic feG treatment. Images of hematoxylin and 
eosin-stained sections of lung tissue harvested from rats following 
prophylactic (0) or therapeutic (20) feG administration in the a ven-
tilation-induced lung injury (VILI) model, and b lipopolysaccharide 
(LPS) + VILI model. Magnification ×40

◂
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unstable lung structure leading to epithelial airspace lining 
abrasion (atelectrauma) [15]. Resulting mechanotransduc-
tion, a chemical signal production by cells in response to 
mechanical stimuli, leads to alveolar oedema and accumula-
tion of plasma proteins, surfactant dysfunction and increased 
surface tension resulting in increased tissue resistance and 
tissue elastance and subsequent impairment in gas exchange 
[3]. In ALI, mechanical ventilation can exacerbate pre-exist-
ing lung injury, as well as initiating lung injury, through 
the interaction of reparative and injurious mechanotrans-
ductive pathways. VILI thereby can result in disruption of 
pulmonary epithelium and endothelium, atelectasis, hypox-
emia, and release of inflammatory mediators [16]. The VILI 
model, therefore, contrasts with ALI models induced by 
endotoxin or secondary to inflammatory diseases, including 
acute pancreatitis, whereby the initiating and predominant 
insult is inflammatory with chemotactic cytokine-mediated 
infiltration of large numbers of activated neutrophils to the 
lung [8, 11]. Together with resident macrophages, these 
neutrophils facilitate an inflammatory cascade, stimulating 
both further leukocyte chemotaxis and a respiratory burst, 
resulting in pulmonary epithelial cell apoptosis and necrosis 
[11, 17]. While the ultimate end-points of pulmonary epi-
thelial barrier permeability, influx of protein-rich oedema-
tous fluid and surfactant inactivation, resulting in decreased 
lung compliance and impaired gas exchange [17–19], remain 
similar, there is an intrinsic difference, primarily in neutro-
phil response [8]. Additionally, increased soluble protein in 
homogenised lung tissue, but not BAL, was noted in this 

study. This increase in soluble tissue protein may be due 
to deposition within the interstitial spaces with a smaller 
intra-alveolar flux. Our observed amelioration in the severity 
of lung injury, and resolution of lung injury, following feG 
administration in both VILI and VILI with severe secondary 
lung challenge resulting in pronounced lung inflammation, 
indicate that in the clinical setting feG may be administered 
either as a preventative at the commencement of mechani-
cal ventilation, or as a treatment following the development 
of ARDS.

Maintaining adequate peripheral oxygenation without 
increasing tidal volume is one of the main challenges in the 
intensive care unit, and the primary criteria for lung-protec-
tive ventilation strategies [20]. Despite significant advances 
in injury prevention with these modified ventilation strate-
gies [16], which include reduced tidal volume and addition 
of PEEP, morbidity and mortality due to VILI-associated 
acute lung injury remain, highlighting the complexity of 
this condition [3, 21]. Mortality rates associated with VILI 
have been reduced by 22% via the reduction of tidal volume 
from 12 ml/kg to 6 ml/kg in critically ill patients [16]. The 
addition of PEEP is a crucial component of non-injurious 
mechanical ventilation [22], as it improves oxygenation by 
recruiting collapsed alveoli and increasing the functional 
residual capacity. However, these strategies alone do not 
provide complete protection against VILI [23]. A recent 
study observed substantial over distension, via computed 
tomography, and inflammatory mediator release in one-third 
of ARDS patients ventilated with a tidal volume of 6 ml/

Table 1  Histological lung 
alteration scores following 
ventilation-induced lung 
injury (VILI), with or without 
intratracheal lipopolysaccharide 
(LPS) instillation, and 
prophylactic or therapeutic feG 
administration

Model Group n Pulmonary inflamma-
tory cell infiltration

Alveolar wall thickening

VILI Low Vt 4 0.92 ± 0.69 0.83 ± 0.43
High Vt 5 2.13 ± 0.51* 2.20 ± 0.38*
High Vt + feG (0) 6 1.44 ± 0.54 1.39 ± 0.25#
High Vt + feG (20) 6 1.72 ± 0.53 1.56 ± 0.17*#

VILI + LPS Low Vt 6 0.89 ± 0.27 0.84 ± 0.55
LPS + High Vt 7 2.67 ± 0.39* 2.33 ± 0.27*
LPS + High Vt + feG (0) 6 1.17 ± 0.28# 1.45 ± 0.35*#
LPS + High Vt + feG (20) 7 1.50 ± 0.28*# 1.50 ± 0.28*#

Table 2  Vascular cell adhesion molecule (VCAM)-1 and platelet endothelial cell adhesion molecule (PECAM)-1 intensity and density of stain-
ing scores following ventilation-induced lung injury with prophylactic or therapeutic feG administration

Data are presented as mean ± SD (n = 3–6)
*p < 0.05 compared with Low Vt. #p < 0.05 compared with High Vt

Vascular adhesion 
molecules

Groups Significance

Low Vt High Vt High Vt + feG (0) High Vt + feG (20) p

VCAM-1 3.3 ± 1.5 6.0 ± 0.0* 3.0 ± 1.6# 2.8 ± 1.9# 0.05
PECAM-1 2.3 ± 1.0 4.0 ± 1.0* 2.3 ± 1.0# 1.4 ± 0.5# 0.01
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kg predicted body weight [24]. Stress distribution within 
the lung is also not uniform and therefore identical venti-
lation parameters in two individual patients can result in 
variable amounts of mechanotransduction [3]. Therapies are, 
therefore, still needed to alleviate lung injury and multiple 
systemic organ failure secondary to VILI. feG appears prom-
ising as a preventative treatment at the commencement of 
mechanical ventilation, following the development of VILI, 
or as a preventative against additional injury due to second-
ary infection. In addition, the administration of feG prophy-
lactically to vulnerable ventilated patients would mean that 
tidal volume could be safely increased if augmented alveolar 
ventilation were indicated.

The synthetic analogue, feG, is derived from the subman-
dibular gland peptide-T, which is a biologically active seven-
amino acid peptide that protects against systemic inflamma-
tory response syndrome [7]. Previous dose–response assays 
have demonstrated a bell-shaped dose–response curve, 
with neither lower (10 μg/kg) or higher (350 μg/kg) peptide 
doses inhibiting neutrophil migration in various models of 
injury, including endotoxin and ovalbumin challenge [7]. A 
bell-shaped dose-dependent recovery was also observed in 
the ability of migrated neutrophils to generate superoxide 
anion [7]. Previous mechanistic studies using data mining, 
molecular modelling, and enzymatic techniques have dem-
onstrated that in vitro feG inhibits expression of CD49d on 

Fig. 3  Significantly decreased 
vascular cell adhesion mol-
ecule (VCAM)-1 and platelet 
endothelial cell adhesion 
molecule (PECAM)-1 follow-
ing prophylactic or therapeutic 
feG treatment. Images of lung 
tissue harvested from rats in the 
ventilation-induced lung injury 
model. Magnification ×40
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rat-circulating neutrophils and the binding of CD11b and 
CD16b antibodies to stimulated human and rat neutrophils 
[7, 9]. In vivo feG also reduces the capacity of neutrophils to 
generate reactive oxygen species, by preventing the deregu-
lation of protein kinase C [7, 9]. Targeted rat inflammatory 
gene arrays from a ‘two-hit’ model of acute pancreatitis-
induced lung injury have likewise demonstrated that feG acts 
by downregulating several inflammatory genes (via direct 
or indirect methods) that have integrated roles in inflam-
matory cell trafficking via adhesion, infiltration and activa-
tion [8]. From the current study, in line with previous data, 

feG administration is associated with a modulation of the 
immune response with decreased adhesion molecule expres-
sion and neutrophil infiltration into the lungs. Specifically, 
we investigated vascular adhesion molecule expression 
and demonstrated that feG downregulates VCAM-1 and 
PECAM-1 in the lung. Vascular cell adhesion molecule 
(VCAM)-1, whose expression on pulmonary vascular 
endothelium is responsible for neutrophil sequestration, 
recruiting and directing leukocyte traffic to sites of inflam-
mation, was decreased following prophylactic or therapeu-
tic feG administration [25]. Similarly, PECAM-1, whose 

Fig. 4  Ventilation-induced lung injury (VILI) with intratracheal 
lipopolysaccharide (LPS) induces severe lung inflammation and dam-
age which is ameliorated following prophylactic or therapeutic feG 
treatment. Changes in arterial blood  PaO2 (mmHg), tissue elastance 
 (cmH2O/ml), lung oedema (wet/dry weight ratio), lung tissue pro-
tein concentration (µg/ml), bronchoalveolar lavage (BAL) neutrophil 

count (cells/ml), and lung myeloperoxidase (MPO) activity (U/mg 
protein) following VILI with LPS instillation and prophylactic (0) or 
therapeutic (20) feG administration. Data are presented as mean ± SD 
(n = 6–7). *p < 0.05 compared with low Vt. †p < 0.05 compared 
with LPS + High Vt



679Lung (2019) 197:671–680 

1 3

expression on endothelial cell intercellular junctions in 
confluent vascular beds is responsible for leukocyte recruit-
ment and adhesion, was decreased following prophylactic or 
therapeutic feG administration [26]. While the previous data 
indicates that this decrease in vascular adhesion molecule 
expression may be only part of the overall action of feG, in 
mice models of acute pancreatitis, blocking VCAM-1 on 
pulmonary vascular endothelium similarly decreased leu-
kocyte adherence and recruitment into the lung and reduced 
lung injury, demonstrating the potential importance of this 
mechanism [25].

In conclusion, these data highlight the potential of feG 
to act as a preventative treatment when administered before 
VILI, or as a therapeutic treatment to ameliorate the sever-
ity of tissue damage and improve outcomes when adminis-
tered following initiation of VILI, with or without secondary 
inflammatory challenge. Therefore, this study indicates that 
feG may be able to significantly reduce the morbidity and 
mortality rate associated with VILI. This study supports the 
potential for feG as a pharmacological agent in the preven-
tion and alleviation of lung injury and multiple systemic 
organ failure secondary to mechanical ventilation.
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