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ORIGINAL RESEARCH
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Abstract

Positive-pressure ventilation results in ventilator-induced lung
injury, and few therapeutic modalities have been successful at
limiting the degree of injury to the lungs. Understanding the primary
drivers of ventilator-induced lung injury will aid in the development
of specific treatments to ameliorate the progression of this syndrome.
There are conflicting data for the role of neutrophils in acute
respiratory distress syndrome pathogenesis. Here, we specifically
examined the importance of neutrophils as a primary driver of
ventilator-induced lung injury in a mouse model known to have
impaired ability to recruit neutrophils in previous models of
inflammation. We exposed Duoxa1/1 and Duoxa2/2 mice to low–
or high–tidal volume ventilation with or without positive end-
expiratory pressure (PEEP) and recruitment maneuvers for 4 hours.
Absolute neutrophils in BAL fluid were significantly reduced in

Duoxa2/2 mice compared with Duoxa1/1 mice (6.7 cells/ml; 16.4
cells/ml; P= 0.003), consistent with our hypothesis that neutrophil
translocation across the capillary endothelium is reduced in the
absence of DUOX1 or DUOX2 in response to ventilator-induced
lung injury. Reduced lung neutrophilia was not associated with a
reduction in overall lung injury in this study, suggesting that
neutrophils do not play an important role in early features of acute
lung injury. Surprisingly, Duoxa2/2 mice exhibited significant
hypoxemia, as measured by the arterial oxygen tension/fraction of
inspired oxygen ratio and arterial oxygen content, which was out of
proportionwith that seen in theDuoxa1/1mice (141, 257,P= 0.012).
These findings suggest a role for dual oxidases to limit physiologic
impairment during early ventilator-induced lung injury.

Keywords: positive-pressure ventilation; dual oxidases; acute lung
injury; NADPH oxidases

Positive-pressure ventilation is a life-saving
modality that has been used extensively for
decades, yet ventilator-induced lung injury
(VILI) occurs commonly, and few
therapeutic modalities have resulted in
improved outcomes. The ARDSNet trial
focused on the use of protective low–tidal
volume (LTV) ventilation and lowered the
mortality rate by 22% by using lower
ventilator settings, yet injury from
positive-pressure ventilation has persisted,
and no further improvements in mortality

have occurred in more than two decades
(1, 2).

An association between neutrophil
recruitment into the lungs and disease
severity has been identified in patients with
acute respiratory distress syndrome
(ARDS), yet the role of neutrophils as
effector cells or simply markers of disease
severity remains to be determined (3–7).
Select studies have determined that the
elimination of airway neutrophilia is
associated with reduced lung injury, yet

increased airway neutrophilia is correlated
with higher airway neutrophil counts.
Grommes and Soehnlein evaluated the role
of neutrophils in acute lung injury and
concluded that the presence of neutrophils
within the airways was not directly injurious,
but that the neutrophil degranulation caused
local injury, suggesting that regulation of
neutrophil activity may be a possible
therapeutic approach (3).

To address the association between
airway injury and airway neutrophilia, we
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examined VILI in a Duoxa2/2 mouse
model shown to have impaired neutrophil
recruitment (8). Dual oxidases (DUOX1
and DUOX2) are members of the
membrane-bound nicotinamide adenine
dinucleotide phosphate oxidase family that
reside on the epithelial surface of the lung
and are integral in airway epithelial integrity
and airway epithelial signaling during
various inflammatory responses (9). DUOX
appears to play a critical role in granulocyte
recruitment, yet the mechanism is not yet
fully understood (8, 9). Based on these
observations, we hypothesized that
Duoxa2/2 mice would have reduced lung
neutrophilia in a ventilator-induced acute
lung injury model. resulting in less lung
injury compared with Duoxa1/1 mice (10).

A portion of this study was presented at
the American Thoracic Society Symposium
in 2018 (11).

Methods

Animals
Duoxa1/1 mice (129S6/SvEvTac) were
obtained from Taconic Biosciences.
Duoxa2/2 mice were generated as previously
described (12). Duoxa2/2 mice are
phenotypically hypothyroid; they are treated
with subcutaneous injections of 40 ng L-T4/g
body weight from birth to weaning and then
supplemented with L-Thyroxine (Sigma) in
the drinking water (9). Duoxa1/1 mice were
imported and housed in our facility for
1–6 weeks before study enrollment, with
Duoxa2/2 mice living in our facility from
birth up to 15 weeks before study enrollment.
Procedures with the mice were performed in
accordance with an approved Institutional
Animal Care and Use Committee protocol.

Ventilator Experiment Definitions
Mice were exposed to either protective (LTV;
tidal volume of 5 ml/kg; positive end-
expiratory pressure of 4 cm H2O; respiratory
rate of 170 breaths/min; recruitment
maneuvers of 20 cm H2O; inspiratory hold
for 10 s, 20 m) or injurious (high tidal
volume [HTV]; tidal volume of 10 ml/kg;
PEEP of 0; respiratory rate of 110
breaths/min; recruitment maneuvers)
ventilation. Oxygenation Index and
Oxygen Saturation Index were calculated
using mean airway pressure (MAP) (cm
H2O)3 fraction of inspired oxygen
(FIO2

)3 100O arterial oxygen tension
(PaO2

) or MAP3 FIO2
3 100O SpO2

,

respectively (13). Wild-type and knockout
mice were divided into nonventilated
(NV2/2 and NV1/1), protective (LTV2/2

and LTV1/1), and injurious (HTV2/2 and
HTV1/1) groups.

Experimental Groups and Protocol
Duoxa2/2 and Duoxa1/1 mice were
sedated as previously described (10).
Positive-pressure ventilation was instituted
for 4 hours using a MiniVENT (type 845;
Harvard Apparatus). Mice were assigned to
groups as reported in Table 1. FIO2

was
set at 40% by using an OxyDial (Starr
Life Sciences Corporation). Mice were
monitored as previously described and
killed via carotid artery exsanguination
(10). Arterial blood gas samples were
collected via carotid arterial puncture
and analyzed using a standard blood gas
analyzer (ABL 815; Radiometer).

BAL Processing
BAL was performed using 1-ml aliquots of
sterile PBS. Live and differential cell counts,
protein and albumin concentrations, and
cytokine and chemokine concentrations
(Milliplex; Millipore Corporation) were
evaluated as described in the data
supplement. Concentrations that were
reported as out of range or below the
detection limit were calculated by using the
equation detection limit/(square root of 2)
to allow for statistical comparison.

Histopathology
The left lung was fixed with 1%
paraformaldehyde, sectioned, and stained
with hematoxylin and eosin or Ly6G
antibody (BD Pharmingen). An acute lung
injury scoring system (14) was applied as
described previously (10) and adjusted to
reflect the lack of hyaline membranes
present in ARDS-like lesions in mice (15).
Further details are available in the data
supplement.

Statistics
GraphPad Prism 8 (GraphPad Software,
Inc.) was used for data analysis. Outliers
were identified, normality was assessed, and
data were evaluated by using a one-way
ANOVA, Kruskal-Wallis test, Welch’s
t test, or Mann-Whitney test with a
predetermined P value of ,0.05 unless
otherwise specified. Further details are
outlined in the data supplement.

Results

Positive-Pressure Ventilation Period
Both Duoxa2/2 mice and Duoxa1/1 mice
had a median age of 12 weeks (range, 8–15
wk and 9–15 wk, respectively). Duoxa2/2

mice had a median weight of 21.9 g (range,
18–28 g), and Duoxa1/1 mice had a median
weight of 21.4 g (range, 19–25 g). No
significant differences were noted between
age and weights between groups. All mice
survived to the endpoint of the experiment
at 4 hours of positive-pressure ventilation.
Respiratory rates were set for the two
tidal volumes to maintain normocapnia
(unpublished pilot data). In the protective
ventilation group Duoxa2/2 mice had a
median PaCO2 of 33 mm Hg, and Duoxa1/1

mice had a median PaCO2 of 39 mm Hg.
Duoxa2/2 and Duoxa1/1 mice in the injurious
ventilation group had a median PaCO2 of
44 mm Hg and 42 mm Hg, respectively.

Histopathology
Overall, lung histology scores were not
significantly different between the protective
and injurious ventilation strategies in both
the Duoxa2/2 and Duoxa1/1 groups. Lung
histology scores were significantly elevated
in the LTV2/2 group (mean 0.586 0.11)
compared with the LTV1/1 group (mean
0.416 0.16; P= 0.0151), but no significant
differences were noted in the HTV2/2

group compared with the HTV1/1 group
(Figure 1A). Histology images showed
evidence of proteinaceous debris as
well as hemorrhage and neutrophilic
influx in the interstitium, consistent
with VILI (Figure 1B). Consistent
with our hypothesis, Duoxa2/2 mice had
significantly lower neutrophil counts
than Duoxa1/1 mice in the alveolar
compartment (mean 11% vs. 25%;
P= 0.0006), perivascular compartment
(mean 7% vs. 21%; P= 0.003), and
peribronchiolar compartment (mean 11%
vs. 23%; P= 0.012), but not in the vascular
compartment (mean 14% versus 15%,
P= 0.718) (Figures 1C–1E). No hyaline
membrane formation was observed in any
group, which was predicted based on the
short experimental exposure (4 h).

Alveolar–Capillary Barrier
Other important components of acute lung
injury (alveolar edema and pulmonary
capillary congestion) were assessed by
concentrations of BAL albumin. Ventilation

ORIGINAL RESEARCH

Cagle, Linderholm, Franzi, et al.: DUOX and VILI 209



in all animals demonstrated significant
increases in albumin compared with
nonventilated control animals (Figure 2).
Albumin values in the HTV2/2 group
(mean 0.17 mg/ml) and HTV1/1 group
(0.21 mg/ml) were significantly higher
compared with the nonventilated animals
(NV2/2 0 mg/ml; P=0.018 and NV1/1

0 mg/ml; P=0.001). Albumin values were
significantly higher in the HTV1/1 group
compared with the LTV1/1 group (mean

0.21 mg/ml vs. 0.11 mg/ml; P=0.031), but no
differences were noted in the HTV2/2 group
compared with the LTV2/2 group (mean
0.17 mg/ml vs. 0.14 mg/ml; P. 0.999).

Alveolar Neutrophils and Inflammatory
Mediators
BAL total leukocyte counts (Table 2) were
similar across all groups, with no significant
differences using a Kruskal-Wallis test and
Dunn’s multiple comparisons test. Similar

to our lung histology findings, neutrophil
percentages were significantly lower in
the Duoxa2/2 mice compared with the
Duoxa1/1 mice after injurious ventilation
(7% vs. 18%; P= 0.003) (Figure 3A).
Absolute neutrophil counts were
significantly lower in the Duoxa2/2 mice
compared with the Duoxa1/1 mice after
injurious ventilation as well (6.7 cells/ml vs.
16.4 cells/ml; P= 0.003) (Figure 3B).

To determine whether differences in
BAL neutrophils were due to changes in
bronchoalveolar cytokines/chemokine
concentrations, we measured various
common neutrophil chemoattractants
in BAL supernatants (Figure 3C).
Paradoxically, the murine IL-8 homolog
MIP-2 was higher in the Duoxa2/2

injurious ventilation group compared with
the Duoxa1/1 injurious ventilation group
(36.9 pg/ml vs. 5.2 pg/ml; P= 0.002)
(Figure 3D). No differences were noted
when evaluating the other IL-8 homologs
CXCL1/KC (KC) (54.1 pg/ml vs. 70.3
pg/ml; P= 0.082) or CXCL5/LIX (LIX)
(2.8 pg/ml vs. 2.8 pg/ml; P= 0.489) in the
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Figure 1. Differential neutrophil recruitment in Duoxa2/2 and Duoxa1/1 mice after ventilator-induced lung injury. (A) Lung injury scores in LTV and HTV
groups of Duoxa2/2 and Duoxa1/1mice. (B) Lung histopathology (hematoxylin and eosin stain. Scale bar, 100 mm. (C) Neutrophil counts (percentage
of total cells) in AV, PV, V, and PB compartments from lung sections stained with rat anti-Ly6G (aLy6G) antibody. (D and E) Immunohistochemical staining
(aLy6G) in HTV2/2 (D) and HTV1/1 mice (E). Data are shown as median values with 95% confidence intervals. n=10 per group. Scale bar, 100 mm.
*P<0.05, **P<0.01, and ***P<0.001. AV=alveolar; HTV=high tidal volume; LTV= low tidal volume; PB=peribronchiolar; PV=perivascular; V= vascular.

Table 1. Experimental Groups

Nonventilated Protective Ventilation Injurious Ventilation

Duoxa2/2 (n= 3) Tidal volume 5 ml/kg Tidal volume 10 ml/kg
PEEP 4 cm H2O PEEP 0 cm H2O
Recruitment maneuvers Recruitment maneuvers
4 h (n= 10) 4 h (n=10)

Duoxa1/1 (n= 3) Tidal volume 5 ml/kg Tidal volume 10 ml/kg
PEEP 4 cm H2O PEEP 0 cm H2O
Recruitment maneuvers Recruitment maneuvers
4 h (n= 10) 4 h (n=10)

Definition of abbreviation: PEEP=positive end-expiratory pressure.
Mice were assigned to nonventilated, protective ventilation, and injurious ventilation groups.
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HTV2/2 group versus HTV1/1 group. This
discordance between neutrophil recruitment
and MIP-2 concentrations suggests that
MIP-2–derived neutrophil recruitment is
impaired in the Duoxa2/2 mice. Differential
cytokine expression of multiple cytokines,
including PAF (platelet-activating factor)
(1.1 pg/ml vs. 0.9 pg/ml; P= 0.006), was seen
in the HTV2/2 group compared with the
HTV1/1 group (Table E1 in the data
supplement). The mechanisms to explain
these cytokine differences remain unclear.

Pulmonary Function
Duoxa2/2 and Duoxa1/1 mice were
ventilated in their respective groups based
on VT settings adjusted according to
individual body weight. Figure 4A shows
that all animals met their tidal volumes
goals (LTV2/2 5 ml/kg, LTV1/1 5 ml/kg,
HTV2/2 10 ml/kg, and HTV1/1 10 ml/kg;
P= 0.776). MAP varied between Duoxa2/2

and Duoxa1/1 groups in their respective
ventilation groups as depicted in Figure 4B,

with the median MAP of 4.5 cm H2O in the
Duoxa2/2 protective ventilation group and
of 5 cm H2O in the Duoxa1/1 protective
ventilation group (P, 0.0001). The MAPs
for the Duoxa2/2 injurious ventilation
group and the Duoxa1/1 injurious
ventilation group were 7.1 cm H2O and
6.9 cm H2O, respectively (P= 0.019).

Physiologic dysfunction was based on
the amount of hypoxemia in each group.
SpO2

was lower in the high-VT groups
compared with the low-VT groups,
consistent with the induction of lung injury
in our model, as shown in Figure 5A.
Oxygen saturation index was recorded
throughout the positive-pressure
ventilation period, with significant
differences between all groups, as shown
in Figure 5C. PaO2

/FIO2
ratios were

significantly lower in both the injurious and
noninjurious Duoxa2/2 groups compared
with the Duoxa1/1 groups, as depicted
in Figure 5B. Oxygenation index was
significantly increased in the Duoxa2/2

injurious ventilation group compared
with the Duoxa1/1 group, as shown in
Figure 5D, yet no differences were noted in
the noninjurious ventilation groups.

Discussion

To determine whether neutrophils are
important mediators of VILI, we
hypothesized that Duoxa2/2 mice would
have reduced lung neutrophilia compared
with Duoxa1/1 mice after a VILI challenge,
resulting in less lung injury. Duox has been
shown to be essential for some, but not all,
neutrophilic stimuli (9, 16, 17), and we
show here for the first time that Duox is
required for neutrophil recruitment in
response to VILI. However, there was no
evidence of worsening histologic lung
injury score or alveolar–capillary leak
between the Duoxa2/2 and Duoxa1/1 mice

after injurious amounts of ventilation. This
suggests little role for neutrophils early in
the development of ARDS. Despite similar
amounts of lung injury, the injurious
ventilatory strategy induced severe
hypoxemia in Duoxa2/2 mice compared
with the Duoxa1/1 mice. This suggests an
unexpected function for Duox in regulating
oxygen exchange in the lung.

As predicted, Duoxa2/2 mice had
significantly reduced lung neutrophils
compared with wild-type animals in
response to injurious ventilatory strategies
(Figures 3A and 3B). Differential
neutrophilic influx into the lung does not
appear to be due to lack of IL-8 production,
similar to our previous findings with
allergen challenge (8). Both Duoxa2/2 and
Duoxa1/1 groups had significant increases
in IL-8 homologs KC, MIP-2, and LIX
compared with nonventilated control
animals (Figure 3D). Similar neutrophil
concentrations were present in the vascular
space of both Duoxa2/2 and Duoxa1/1

mice, yet translocation across the capillary
endothelium appears to be impaired in the
Duoxa2/2 mice (Figure 1C). These data
suggest that neutrophil recruitment in
response to VILI occurs through a
noncanonical IL-8–independent
mechanism, or that Duox-mediated signals
are required for LIX-, MIP-2–, or KC-
mediated recruitment of neutrophils from
the vascular space into the lung. In fact,
several chemokines and cytokines were
significantly elevated in Duoxa2/2 mice
compared with wild-type mice after
injurious ventilation, including IL-1a,
IL-1b, IL-10, IL-12(p70), M-CSF, MIP-1a,
MIP-2, and PAF (Figure 3C). The higher
concentrations of these cytokines in
conjunction with less neutrophil
recruitment suggests disrupted Duox-
dependent signaling pathways downstream
of these cytokines.

Table 2. BAL Leukocytes and Differential Cell Counts

Leukocytes Neutrophils [% Absolute] Macrophages [% Absolute] Lymphocytes [% Absolute]

NV2/2 28 1 0 99 28 0 0
NV1/1 19 0 0 100 19 0 0
LTV2/2 34 9 3 90 31 1 0
LTV1/1 34 14 5 86 29 1 0
HTV2/2 34 7 3 92 31 1 0
HTV1/1 34 18 6 80 27 2 1

Definition of abbreviations: HTV=high tidal volume; LTV= low tidal volume; NV=nonventilated.
Median values are recorded and presented as cells/ml.
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Alternative mechanisms for neutrophil
recruitment include Duox-dependent
EGFR (epidermal growth factor receptor)
or purinergic signaling. Several publications
have shownDuox1 to be essential for EGFR-
mediated signaling, IL-8 production in
cell culture, and neutrophil recruitment
in vivo (17, 18). Similarly, the release of
mitochondrial DNA, formyl-Met-Leu-Phe
peptide, and ATP during alveolar stretch
has been shown to be important for
neutrophil chemotaxis in VILI (19).
DUOX is localized in type II alveolar
epithelial cells (20), and DUOX-dependent
purinergic signaling from airway
epithelium has been shown to be an
important mechanism for multiple

pathways of gene regulation and cellular
response (20–23).

To standardize the definition of acute
lung injury in animals across research
studies, Matute-Bello and colleagues
devised a validated scoring system in
which neutrophilic inflammation is one
component of the total acute lung injury
score (14). Based on this scoring system,
no significant differences were noted
between the Duoxa2/2 and Duoxa1/1

injurious ventilation groups (Figure 1A).
Because the Duoxa2/2 mice had minimal
lung neutrophilia, the degree of lung
injury in the Duoxa2/2 mice may be
underrepresented based on lung histology
alone. The degree of severe hypoxemia

observed in the Duoxa2/2 group suggests
that lung histology alone inadequately
reflects the degree of physiologic
impairment in these mice. In our study,
several indicators of oxygenation were
significantly decreased in the Duoxa2/2

injurious ventilation group compared with
all other groups (Figure 5). This profound
hypoxemia is a critical feature of clinically
important acute lung injury and, in our
model, occurs independently of neutrophil
migration into the lung. We are unable to
fully address the mechanism for severe
hypoxemia observed in the Duoxa2/2 mice,
but several plausible mechanisms are
suggested by our data and published
literature.
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A simple explanation for worsening
hypoxemia is decreased alveolar epithelial
barrier function in the Duoxa2/2 mice.
DUOX is recognized to be important
component of epithelial regeneration and
wound repair in response to injury in
isolated tracheobronchial epithelial cells
(16, 24). However, we did not observe
differences in barrier function between the
wild-type and knockout animals (Figure 2).
Albumin was significantly elevated in both
groups during high-VT ventilation
compared with the nonventilated animals,
confirming VILI induced alveolar edema,
but no differences were observed between
the Duoxa2/2 and Duoxa1/1 mice
(Figure 2). Similarly, evaluation of
baseline airway barrier function and
channel activity was assessed by Ussing
chamber measurements in isolated
mouse tracheoepithelial cell cultures.
No significant differences were observed
in the Duoxa2/2 mice compared with the
Duoxa1/1 mice (data not shown). This

argues against barrier dysfunction being a
predominant driver of hypoxemia in the
knockout animals.

Altered cross-talk signaling from type
II alveolar epithelial cells to the pulmonary
vascular endothelium is a highly plausible
explanation for the disproportionate
hypoxemia seen in the Duoxa2/2 mice. The
most compelling of multiple possible
mechanisms is DUOX-dependent paracrine
signaling from type II alveolar epithelial
cells inducing nitric oxide (NO) production
in pulmonary vascular endothelium. There
is clear evidence that alveolar stretch
induces endothelial NO release (25), which
is necessary for appropriate pulmonary
capillary vasodilation and avoidance of
ventilation–perfusion mismatch. This
stretch-induced NO is dependent on the
calcium-dependent release of ATP and the
activation of P2Y2 receptors in the alveolar
epithelium. This immediately suggests a
plausible mechanism of stretch-induced,
DUOX-dependent paracrine signaling from

type II alveolar cells to regulate NO release
from the pulmonary epithelium. In the
absence of DUOX, there is potential loss of
this paracrine signaling pathway that results
in ventilation–perfusion mismatch and the
hypoxemia we observed in the knockout
mice.

Alternatively, increased platelet
activation or coagulation in pulmonary
vessels may be a mechanism for worsening
hypoxemia in the Duoxa2/2 mice. In
support of this possibility, cytokine
expression of PAF was significantly
increased in the knockout mice during
LTV and HTV ventilation compared
with unventilated animals, and PAF
concentrations were higher in the
Duoxa2/2 mice compared with the
Duoxa2/2 mice after both the protective
and injurious ventilatory strategies
(Table 1).

It is highly unlikely that pulmonary
vascular endothelium alone is responsible
for the derangements seen in the
knockout mice, as DUOX has not been
identified in this cell type, nor has it
been identified in related tissues, including
vascular smooth muscle, fibroblasts, or
perivascular adipocytes (25). However, the
interdependence between the alveolar
epithelium and pulmonary capillary bed
during early development may have
resulted in deranged alveolar–capillary
architecture and function that is elicited by
our injurious ventilation protocol.

There are potential confounders in this
study. The use of Duoxa1/1 mice purchased
from an exogenous vendor as control
animals versus the in-house Duoxa2/2

mice may have resulted in important
differences in the gut or lung microbiome
that influenced our results. Similarly, most
of the mice were females, and we were
unable to equally match all groups based on
sex. We do not anticipate a profound skew
on the major findings of this study based on
these confounders; we expect cytokine
expression levels to be at the highest risk
for biased results. Duoxa2/2 mice are
functionally hypothyroid and are routinely
supplemented with thyroxine in their
drinking water to maintain a euthyroid
state. We periodically measure thyroid
function in our knockout colonies, but
we did not measure thyroid function
in the mice used for this study. Because
inadequate supplementation leads to
underdeveloped, underweight mice, the
equal weights between all mice in our study,
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as means. n=10 per group. MAP=mean airway pressure; VT = tidal volume.

ORIGINAL RESEARCH

Cagle, Linderholm, Franzi, et al.: DUOX and VILI 213



combined with our periodic direct
measurements of thyroid function, reassure
us that the knockout mice were adequately
supplemented.

We hypothesized that in a VILI model,
Duoxa2/2 mice would have reduced
lung neutrophilia, resulting in less severe
lung injury compared with Duoxa1/1

mice. To the contrary, we did not observe
a correlation between lung injury and
lung neutrophilia, which suggests that
neutrophil migration into the lung is
minimally important for early features
of acute lung injury. Importantly, the
Duoxa2/2 mice had significantly impaired
oxygenation compared with the Duoxa1/1

mice. These data suggest that dual oxidases
are important in limiting profound
hypoxemia and regulating hypoxic
pulmonary vasoconstriction during
VILI. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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