
The American Journal of Pathology, Vol. 189, No. 5, May 2019
ajp.amjpathol.org
ANIMAL MODELS
Genetic Strain and Sex Differences in a

Hyperoxia-Induced Mouse Model of Varying

Severity of Bronchopulmonary Dysplasia
Sean Leary,* Pragnya Das,* Devasena Ponnalagu,y Harpreet Singh,y and Vineet Bhandari*z
From the Departments of Pediatrics* and Pharmacology, Physiology and Medicine,y Drexel University College of Medicine, Philadelphia; and the Division of
Neonatology,z St. Christopher’s Hospital for Children, Philadelphia, Pennsylvania
Accepted for publication
C

h

January 24, 2019.

Address correspondence to
Vineet Bhandari, M.D., D.M.,
Drexel University College of
Medicine, St. Christopher's
Hospital for Children, 160 East
Erie Avenue, Philadelphia, PA
19134. E-mail: vineet.
bhandari@drexel.edu.
opyright ª 2019 American Society for Inve

ttps://doi.org/10.1016/j.ajpath.2019.01.014
Bronchopulmonary dysplasia (BPD) is a disease prevalent in preterm babies with a need for supple-
mental oxygen, resulting in impaired lung development and dysregulated vascularization. Epidemio-
logic studies have shown that males are more prone to BPD and have a delayed recovery compared with
females, for reasons unknown. Herein, we tried to recapitulate mild, moderate, and severe BPD, using
two different strains of mice, in males and females: CD1 (outbred) and C57BL/6 (inbred). Aside from
higher body weight in the CD1 strain, there were no other gross morphologic differences with respect to
alveolar development between the two strains. With respect to lung morphology after oxygen exposure,
females had less injury with better preservation of alveolar chord length and decreased alveolar protein
leak and inflammatory cells in the bronchoalveolar lavage fluid. In addition, housekeeping genes, which
are routinely used as loading controls, were expressed differently in males and females. In the BPD
mouse model, gonadotropin-releasing hormone was increased in females compared with males. Specific
miRNAs (miR-146 and miR-34a) were expressed differently in the sexes. In the severe BPD mouse
model, administering miR-146 mimic to males attenuated lung damage, whereas administering miR-146
inhibitor to females increased pulmonary injury. (Am J Pathol 2019, 189: 999e1014; https://doi.org/
10.1016/j.ajpath.2019.01.014)
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It has become increasingly recognized that genetic background
can result in a different phenotype when the same genetic
manipulation, treatment regimen, or environmental exposure is
performed.1 Different strains may exhibit distinct levels of
gene expression, although all mouse strains contain the same
collection of genes.1,2 In addition, the same genetic alteration
results in profoundly different phenotypes when present on
different strain backgrounds, influencing various physiological
and pathologic parameters studied. Whitehead et al3 studied
the effect of oxygen injury on nine genetically diverse inbred
strains after an acute exposure to hyperoxia and found that the
response to O2 depends, in part, on the genetic background. It
has also been previously suggested that outbred mouse strains
should be limited in their use in research because of larger
phenotypic variability and unknown genetic background,4 but
therewas no evidence to show that outbred strains showa lot of
variability in disease models. Investigators have reported on
three strains ofmice (C57B1/6J, 129/J, and C3H/HeJ), ranging
stigative Pathology. Published by Elsevier Inc
from sensitive to resistant, regarding their response to hyper-
oxia.5 Others have used a variety of mice strains (BALB/c,
FVB/n, C3H, and 129SV) for neonatal hyperoxia studies.6We
compared C57BL/6 (inbred) with CD1 (outbred) strains
because, although the former is a well-established neonatal
model for hyperoxia-induced injury, the latter has not been
studied in the context of bronchopulmonary dysplasia (BPD),
to the best of our knowledge.

There are certain diseases that are characteristic of one
specific sex, whereas there may be others that are more
common in one sex. In many instances, one sex responds to
. All rights reserved.
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the drugs more effectively than the other.7 Similarly, in the
laboratory, researchers have a preference of working with
one sex that is more specific to their area of research.
Problems may arise when there is a discrepancy in the re-
sults because of sex differences. Most biomedical research
is conducted with a preferential bias toward the male sex.7

As a result, most animal models of disease-related pheno-
types remain poorly studied regarding sex differences.8 To
raise awareness of this critical issue, the NIH stressed the
importance of public health in studying sex differences in all
disease models that are submitted as research grants to the
NIH.9 Sex-specific differences exist in the development and
the severity of BPD.10,11 In human studies, males born
before the age of 26 weeks have shown a higher incidence
of BPD and higher neonatal and infant mortality rates than
females, after adjusting for confounding variables.10,12

Considering sex differences in all studies throughout the
entire biomedical research pipeline is necessary to
adequately inform clinical research and improve health
outcomes.13 Hence, the goal of this study was to charac-
terize the hyperoxia-induced BPD phenotype, in two
different mouse strains, under varying oxygen exposures in
an attempt to mimic mild (40% O2), moderate (60% O2),
and severe (100% O2) BPD, in males and females. Although
no animal model can perfectly model the varying severities
of human disease, we are able to show gradations of severity
of lung pathology using the three different concentrations of
oxygen noted above, as has been reported by others.14,15

Materials and Methods

Animal Approval

Wild-type CD1 and C57BL/6 mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). All animal work was
approved by the Institutional Animal Care and Use Committee
of Drexel University College of Medicine (Philadelphia, PA).

Mouse Model of BPD

Newborn pups of both strains were exposed to hyperoxia in
an airtight Plexiglas container (55 � 40 � 50 cm) (Bio-
Spherix, Parish, NY), as previously described.16,17 Exposure
to supplemental oxygen began either immediately or within 8
hours after birth [designated as postnatal day (PN) 1] and was
continued through PN4 (saccular stage of lung development),
after which the animals were recovered in room air (RA) until
PN14 (alveolar stage of lung development). Oxygen con-
centrations during the first 4 days of life included 40%, 60%,
and 100% in an effort to emulate mild, moderate, and severe
BPD, respectively. Lactating dams were alternated between
hyperoxia and RA to prevent oxygen toxicity in the adult
mice during the 4 days of hyperoxia treatment. Litter size was
limited to six to eight pups per dam, in both strains, to control
for the effect of litter size on nutrition and growth. Pups were
sacrificed on PN14. Throughout the experiment, free access
1000
to food and water was given, and oxygen concentrations were
continually monitored.

Bronchoalveolar Lavage

Pupswere sacrificed on PN14, and the tracheawas cannulated
with a small-caliber needle. Two volumes of 300 mL of cold
1� phosphate-buffered saline were instilled, gently aspirated,
and pooled. Samples were centrifuged at 1000 � g for 10
minutes at 4�C. The supernatant was collected, and total
protein was quantified using the Pierce BCA Protein Assay
Kit (Fisher Scientific Co, Houston, TX). The cell pellet was
dissolved in 200 mL 1� phosphate-buffered saline and
cytospun for differential and total cell count using the HEMA
differential stain (Fisher Scientific, Kalamazoo, MI).

Histology

Both the RA control and BPD mice were anesthetized
(using a cocktail of xylazine-ketamine), and tracheas were
cannulated by instilling phosphate-buffered saline endo-
tracheally at 25 cm H2O pressure for 15 minutes. The tra-
chea was tied, and lung and heart tissues were harvested
after perfusion and fixed overnight in 4% paraformaldehyde.
Fixed tissues were then washed in fresh phosphate-buffered
saline, dehydrated using 70% ethanol, cleared, and
embedded in paraffin to be stained with hematoxylin and
eosin (H&E), as previously described.16,17

Lung, Heart, and Vascular Morphometry

Left-lobe lung sections (5 mm thick) were stained with
H&E. Multiple randomly chosen areas (at least 10 areas)
from each section were imaged using �100 total magnifi-
cation. Sections with large airways or blood vessels were
excluded. Mean chord length of the airspace was estimated,
as previously described,16 using ImageJ version 1.45 (NIH,
Bethesda, MD; http://imagej.nih.gov/ij).
For measuring the right and left ventricular thickness, cross-

sections of whole hearts at the level of the atrial-ventricle
junction were analyzed on H&E-stained sections (5 mm thick).
The Fulton index was measured by calculating the ratio be-
tween the thickness of the right ventricle (RV) and the left
ventricle (LV) and the ratio betweenRV/LVþ interventricular
septum (IVS).18

For measuring the thickness of the pulmonary artery, an
arbitrary line was drawn from the dorsal to the ventral side
on H&E-stained sections (5 mm thick) using Olympus
CellSens software version 7 (Olympus America, Center
Valley, PA), and the thickness measured in both the RA and
BPD groups in all of the experimental groups was studied.
Quantitative measurements for pulmonary arterial hyper-

tension were done by measuring the ratio of thickness of the
arterial wall on H&E sections and comparing it with the
diameter of the arterial lumen (arterial wall thickness/diameter
of lumen). For all morphometric analyses, either ImageJ or
ajp.amjpathol.org - The American Journal of Pathology
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Strain and Sex Differences in BPD
Olympus CellSens software version 7 was used. Formeasuring
themean alveolar area, theAnalyze Particles function of ImageJ
was used in conjunction with a custom written macro for the
measurement of the lung architecture and alveolar area. Values
were pooled for each individual animal for statistical analysis.

PAAT and PAET

CD1 and C57BL/6 mouse pups at PN14 were anesthetized
using a cocktail of xylazine-ketamine. High-resolution
transthoracic echocardiography was performed using the
Vevo 2100 machine (Visual Sonics, Toronto, ON, Canada)
with a high-frequency (18- to 38-MHz) probe (Visual
Sonics MS400). A Visual Sonic software analysis tool
(Vevo 2100 Imaging System; FujiFilm VisualSonics Inc.,
Toronto, ON, Canada) was used to obtain pulmonary arte-
rial acceleration time (PAAT) values. A short PAAT or
small PAAT/pulmonary arterial ejection time (PAET) ratio
indicates high peak systolic pulmonary artery (PA) pressure,
as previously described.19

Quantitative Real-Time PCR

The hypothalamus and whole lung samples from mice of both
strains from the RA and BPD groups were harvested at PN14
and homogenized, and total RNA was extracted using TRIzol
(Invitrogen, Carlsbad, CA) and the Qiagen miRNeasy Kit
(Qiagen, Frederick,MD) for synthesis of cDNA.Total RNA (1
mg) was used for regular cDNA synthesis using the High Ca-
pacity cDNA Kit (Applied Biosystems, Foster City, CA), per
the manufacturer’s instructions, whereas cDNA for miRNA
expression was synthesized using the miScript II RT Kit
(Qiagen). Real-time PCR was performed in a 20-mL volume
with SYBR Green (Applied Biosystems) for mRNA quanti-
fication and QuantiTect SYBR Green PCR Kit (Qiagen) for
miRNA quantification. U6 and 18S were used as the reference
genes in the lungs, whereas phosphoglycerate kinase 1 (Pgk1)
was used as a housekeeping gene for measuring the expression
of genes in the brain.20 All primers used for real-time quanti-
tative PCR (qPCR) in this study were extracted from the
Harvard University primer bank (https://pga.mgh.harvard.
edu/primerbank, last accessed January 25, 2019).

miRNA Mimic and Inhibitor Experiments

Two doses of 20 mmol/L in a volume of 3 mL/nostril of miR-
146 mimic or the inhibitor (Qiagen) were administered intra-
nasally on PN2 and PN4, as described before.17 The sex was
differentiated on PN2 and PN4, as previously described,21 so
that males were selectively administered with the mimic and
females were administeredwith the inhibitor, in the same litter.

Western Blot Analysis

Western blot analyses for glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), b-actin, vinculin, Akt, toll-like
The American Journal of Pathology - ajp.amjpathol.org
receptor 4 (TLR4; Cell Signaling Technology, Danvers,
MA; 1:1000), platelet-derived growth factor (PDGF)-A,
secreted phosphoprotein 1 (Spp1), IL-1 receptoreassociated
kinase 1 (IRAK1; Santa Cruz Biotechnology, Dallas, TX;
1:500), and angiopoietin 1 and 2 (Ang1 and Ang2,
respectively; 1:500; Sigma, St. Louis, MO) were performed,
as previously described,17 by loading 30 mg of lung protein,
followed by immunoblotting with the above antibodies and
visualization with Odyssey infrared imaging system (LI-
COR Biosciences, Lincoln, NE).

miRNA in Situ Hybridization and Immunofluorescence

In situ hybridization was performed, as previously
described,22 with modifications for miRNA. Briefly, sec-
tions were deparaffinized and dehydrated through a series
of graded alcohol and permeabilized with proteinase K for
15 minutes at 37�C. A double digoxygenin-labeled locked
nucleic acid miR-146-5p probe (40 nm; Qiagen) was
incubated on paraffin sections and hybridized overnight at
55�C. Afterwards, the sections were washed with 5� sa-
line sodium citrate, 1� saline sodium citrate, and 0.2�
saline sodium citrate (two times each at 55�C for 10 mi-
nutes) and incubated with anti-digoxygenin antibody
(Roche, Nutley, NJ; 1:500) overnight at 4�C. They were
allowed to develop with nitroblue tetrazolium/5-bromo-4-
chloro-3-indolyl phosphate alkaline phosphatase substrate
(Roche) and were subsequently immunostained with SP-C
(Abcam, Cambridge, UK; 1:500), RAGE (R&D Systems,
Minneapolis, MN; 1:100), and von Willebrand factor
(Dako, Agilent Technologies, Santa Clara, CA; 1:100) for
specific colocalization of miR-146 with alveolar type II or
type I or endothelial cells, respectively.

Imaging

All images were captured on an Olympus IX70 with DP73
camera attachment. At least five to seven low-power
(magnification, �20) or high-power (magnification, �40)
images were acquired for quantification. CellSens software
version 7 was used for merging of bright-field with fluo-
rescence images and modified with Adobe Photoshop 13
(Adobe Inc., San Jose, CA) for acquiring the best images.

Statistical Analysis

All statistical analyses were performed using Graph Pad
Prism version 7.0 (GraphPad Software, San Diego, CA).
The data are expressed as the means � SD with n Z 5 to 7
mice in each group for morphometry, n Z 4 to 5 mice for
qPCR analysis, n Z 8 to 10 fields on H&E sections for
image analysis, and n Z 5 to 9 mice for miR-146 mimic/
inhibitor experiments. Groups were compared with the two-
tailed unpaired t-test and one- or two-way analysis of
variance, as appropriate. P < 0.05 was considered statisti-
cally significant.
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Figure 1 Gross difference between males and
females in response to hyperoxia in different
strains of mice. A: The average body weight of CD1
mice is significantly higher than that of C57BL/6
mice in both room air (RA) and bronchopulmonary
dysplasia (BPD) groups. B and C: There is no dif-
ference in the body weight between C57BL/6 (B)
or CD1 (C) males and females in both RA and BPD
groups. D: There is increased bronchoalveolar
lavage (BAL) protein in the BPD group of both the
strains. E: Males show a significant increase of the
protein over females in the C57BL/6 strain in both
RA and BPD groups. F: There is no difference be-
tween the two sexes on exposure to hyperoxia in
the CD1 strain. G: The chord length is increased in
the BPD group of both C57BL/6 and CD1 strains
compared with RA, with no difference between the
strains. H: The males have significantly increased
chord length over the females in both RA and BPD
groups only in the C57Bl/6 strain. I: In the CD1
strain, there is no difference between the two
sexes in RA; the BPD group, however, shows
increased chord length over the RA group. J: The
alveolar area is increased in the BPD group of both
C57BL/6 and CD1 strains compared with RA, with
no difference between the strains. K: The males
have significantly increased alveolar area over the
females in both RA and BPD groups. In BPD males,
the alveolar area is significantly higher than in
BPD females. In the CD1 strain, the BPD males
show increased alveolar area compared with RA
males. There is no difference between the males
and the females of the BPD group. L: The chord
length is increased in the BPD group of both
C57BL/6 and CD1 strains compared with RA, with
no difference between the two strains. The males
have significantly increased chord length over the
females in both RA and BPD groups only in the
C57BL/6 strain. n Z 7 to 8 (AeL). *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

Leary et al
Results

Strain and Sex Differences in Response to Severe BPD
(100% O2) with Special Reference to Lung, Heart, and
Blood Vessels

To begin trying to elucidate any differences in the two ge-
netic background strains, C57BL/6 mice of the RA and BPD
groups were compared with CD1 mice of the RA and BPD
groups. Both C57BL/6 and CD1 mice pups were exposed to
100% O2 to mimic severe BPD in human babies in the
neonatal intensive care unit. To assess if there were any
changes in morphologic features after hyperoxia exposure,
the survival and body weight were recorded in males and
1002
females in both the strains; there was no mortality after
recovery from severe hyperoxia exposure at PN14 in either
males or females of both the strains of mice. As the CD1
pups are larger in size, the BPD group of this strain was
expected to have an increased body weight over C57BL/6
BPD pups, even after hyperoxia (Figure 1A). There was no
difference in the total body weights in both males and fe-
males of the C57BL/6 (Figure 1B) as well as the CD1
strains (Figure 1C).
When examining bronchoalveolar lavage (BAL) protein

levels, chord length, and alveolar area, all of the parameters
were significantly increased in the pups of the BPD group
over the RA group of the same strain. As has been previ-
ously reported,5,6,17 there was increase in total BAL protein
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Structural, functional, and hemodynamic changes in the vasculature. A and B: The mean arterial thickness increases in both bronchopulmonary
dysplasia (BPD) males (M) and females (F) over room air (RA) controls in both the C57BL/6 (A) and the CD1 (B) strains. C and D: Right ventricular hypertrophy
was assessed using right ventricle (RV)/left ventricle (LV) and the Fulton index [RV/LV þ interventricular septum (IVS)]. The ratios are higher in the BPD group
of the C57BL/6 strain compared with the CD1 strain. E: Both the RA and the BPD groups of the CD1 strain show significantly less pulmonary arterial ac-
celeration time (PAAT) over the C57BL/6 strain. F and G: Both the BPD males and females show decreased PAAT compared with their RA controls in the C57BL/
6 (F) and the CD1 (G) strains. H: There is no difference in the PAAT/pulmonary arterial ejection time (PAET) ratio in both males and females of RA and BPD
groups of both the strains used in this study. I: Representative image of Western blot analysis, showing expression of angiopoietin 1 (Ang1) and Ang2 in males
and females of RA and BPD groups (top panel), along with fold-change quantification (bottom panels). Ang1 is higher in females than males, whereas the
reverse is true for Ang2 in the RA group. However, Ang2 is higher in BPD males compared with females, whereas there is no change in Ang1 expression between
the males and females in the BPD group. n Z 7 to 8 (AeH); n Z 3 (I). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Strain and Sex Differences in BPD
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(Figure 1, DeF), chord length (Figure 1, GeI), and alve-
olar area (Figure 1, JeL) in the BPD groups of both
C57BL/6 and CD1 strains. However, no difference was
seen in these parameters in the control or in the BPD group
of these two different strains. The females showed signifi-
cantly less BAL protein than males in the C57BL/6 strain
(Figure 1E) but not in the CD1 strain (Figure 1F). Both
males and females of both strains showed increased BAL
protein in the BPD group compared with RA controls
(Figure 1, E and F). Chord length is a widely used
parameter to characterize the dimensions of distal air space
on histologic lung sections. It is a measure of acinar
airspace, complex alveoli, and alveolar ducts all combined.
The BPD groups of both males and females in both strains
had increased chord length compared with RA controls
(Figure 1, GeI). Although females showed decreased chord
length over males in both RA and BPD groups of the
C57BL/6 strain (Figure 1H), there was no significant dif-
ference in the chord length between the two sexes in the
CD1 strain (Figure 1I). When measuring the alveolar area,
it was found that, although there was no difference between
the two strains of mice in this study, the BPD groups of
both the strains of mice had larger alveolar areas over the
RA groups (Figure 1J). The female lungs showed smaller
alveolar areas than males in both the RA and the BPD
group of the C57BL/6 strain only (Figure 1K) but not the
CD1 strain (Figure 1L). Although there was no striking
difference between the females of the RA and BPD groups
of the CD1 strain, there was an obvious difference in the
alveolar area between both the sexes of the C57BL/6 strain;
there was only a difference in alveolar area between the
males of the CD1 strain in the BPD group over the RA
group (Figure 1, K and L). Representative H&E staining of
lung sections from both strains of mice is shown in
Supplemental Figure S1A.

The pulmonary artery thickness was measured to assess if
there were any changes after hyperoxia treatment in males
and females of both C57BL/6 and CD1 strains. There was
no significant difference in arterial thickness between the
two sexes or between the two strains, although both strains
showed increased wall thickness in the BPD group
compared with the RA control group (Figure 2, A and B).

As BPD is associatedwith right ventricular hypertrophy and
pulmonary hypertension,23 the differences in these parameters
in different strains of mice were studied in both males and
females. The ratio of RV/LV (Figure 2C) and the Fulton index
Figure 3 Housekeeping genes as loading controls for bronchopulmonary dy
analyses (IeK) with corresponding quantification bar graphs showing the express
Actin (A) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; B) are signific
(M) in both the RA and the BPD groups, whereas there is no change in vinculi
hypoxanthine-guanine phosphoribosyl transferase (HPRT; D), phosphoglycerate kin
(B2M; G) in the lungs of both males and females in both RA and BPD groups. H: Th
protein level, there are significant differences between b-actin and GAPDH in male
moderate (J), and severe (K)], whereas vinculin remains unchanged (IeK). Vincu
whereas 18S was used as a reference gene for normalization in qPCR assays for lung
cT, cycle threshold.

The American Journal of Pathology - ajp.amjpathol.org
(Figure 2D) were higher in the BPD group compared with the
RA group in both strains of mice. There was no difference in
the RV/LV ratio or the Fulton index in both sexes studied.
Differences between the strains became apparent when quan-
tifying PAAT by echocardiography to monitor cardiopulmo-
nary function. PAAT and PAET are quantitativemethods used
to study the blood flow velocity characteristics in the RV
outflow tract in response to changes in ventricular mechanical
performance and pulmonary vascular load and compliance.24

At baseline, CD1 mice had significantly lower PAAT than
C57BL/6 mice, and there was no PAAT and PAET difference
between the BPD groups in these two strains (Figure 2E). BPD
pups had significantly lower PAAT when compared with RA
animals of their respective strains (Figure 2, F and G). How-
ever, there was no change in the PAAT/PAET ratio between
the RA and the BPD groups (Figure 2H).

To assess for differences in the lung vasculature between
the two sexes in both the RA and BPD groups in the two
strains of mice, von Willebrand factor (a marker for endo-
thelial cells) immunostaining was performed on lung sections
of all these groups. There was no difference in the staining
between the two sexes in the two strains; the BPD group
showed fewer vessels with a disrupted pattern compared with
the RA group in both the strains (Supplemental Figure S1B).

Ang1 and Ang2 are the most intensively investigated
members of the angiopoietin group. As the endothelium is
also affected in BPD, with Ang1 activating Tie2 (a receptor
tyrosine kinase expressed on endothelial cells) and Ang2
functioning as a Tie2 antagonist, the sex-specific expression
of these proteins was studied in the BPD system. By
competitive binding of Ang1 and Ang2 to Tie2, this inter-
action promotes vessel assembly and stability. Ang1 was
expressed twofold higher in females than males in RA,
whereas there was no change in BPD between the two
sexes. On the contrary, Ang2 was expressed at least onefold
higher in males than females in RA; in the BPD group, there
was significantly higher expression of Ang2 in the males
compared with females. The Ang1/Ang2 ratio was also 2.2-
fold higher in females compared with males in RA, with no
change in the BPD group (Figure 2I).

Strain and Sex Differences in Response to Mild (40%)
and Moderate (60%) BPD

To assess if mild (40% O2) and moderate (60% O2) hyperoxia
exposure affects the lungs in a similar way as the severe form of
splasia (BPD): Real-time quantitative PCR (qPCR; AeH) and Western blot
ion of commonly used housekeeping genes in the C57BL/6 strain. AeC: b-
antly increased (1.5-fold) in females (F) compared with room air (RA) males
n expression (C). DeG: qPCR also shows differences in the expression of
ase 1 (Pgk1; E), ribosomal protein L13a (RPL13a; F), and b-2-microglobulin
ere is no change in the expression of 18S in the lungs. IeK: Similarly, at the
s and females of RA and BPD groups in all of the BPD experiments [mild (I),
lin was used as a loading control for Western blot analyses in lung tissues,
s. n Z 8 (AeH); n Z 3 (IeK). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 4 Males (M) and females (F) differ in alveolar septation. AeH: Hematoxylin and eosin staining showing differences in secondary septa during lung
development in males and females of the C57BL/6 strain. AeH: Room air (RA) males (A and E) show thinner secondary septa than RA females (C and G),
whereas bronchopulmonary dysplasia (BPD) males (B and F) show short and thick septa with club-shaped ends (arrowheads), compared with BPD females (D
and H) with pointed tips (arrows). EeH: Higher magnification of the septa tips, indicated with arrows and arrowheads in AeD. Alveolar septation in lung
alveogenesis is controlled by genes, such as platelet-derived growth factor-A (PDGFA) and secreted phosphoprotein 1 (Spp1). Akt is considered to play a role in
overall lung development. IeO: Real-time quantitative PCR showing expression of PGDF-A (I), along with Western blot analyses of PGDF-A (J), Spp1 (K), and
Akt (L), with corresponding densitometric quantifications (MeO). PDGF-A, Spp1, and Akt are expressed more in females than in males in both RA and BPD
groups. Vinculin is the loading control. n Z 8 to 10 (AeD); n Z 3 (JeL). **P < 0.01, ***P < 0.001. Scale bars Z 20 mm (AeH).
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injury (100%O2 exposure), PN1 pups from both strains ofmice
were exposed to 40% or 60% O2 for 4 consecutive days and
then allowed to recover in RA until P14. In the C57BL/6 strain,
BAL protein levels increased in all forms of hyperoxia expo-
sure, and there was no significant difference between 40%,
60%, and 100% O2 exposure (Supplemental Figure S2A).
When evaluating the morphometric parameters (chord length
and alveolar area), there was no significant difference between
the RA group and the BPD group exposed to 40%, but the 60%
hyperoxia group had increased chord lengths. However, the
severe form of BPD showed more injury than the mild form, as
assessed by alveolar area (Supplemental Figure S2B) and chord
length (Supplemental Figure S2C) in theC57BL/6 strain. These
data are in accord with those previously reported by other
investigators.14

In the CD1 pups, there was no increased BAL protein in the
mild andmoderate groups (Supplemental Figure S2D).When
analyzing morphometrics, significantly increased chord
lengths were observed at 40%, 60%, and 100% O2 exposed
mice, although significant increases in alveolar area and BAL
protein were not found until mice were exposed to 100% O2

(Supplemental Figure S2, E and F). In terms of morphometric
and BAL protein responses to varying severity of BPD,
C57BL/6 males and females respond in a fairly similar
manner. Bothmales and females respond in a dose-dependent
manner, with increases in chord length, alveolar area, and
BAL protein from RA through 100% O2 (Supplemental
Figure S2, GeL). In both males and females, BAL protein
seems to be the most sensitive measurement as it increases
even at 40% O2 exposure, whereas chord length and alveolar
area need more severe hyperoxia exposure to show changes.
As no major differences were found in severe BPD in CD1,
C57BL/6 mice were chosen to assess sex-related differences.

Differential Expression of Housekeeping Genes in
Males and Females in Response to Mild, Moderate, and
Severe BPD

To understand the mechanism that contributes to a sex-specific
difference in BPD, it was important to choose an appropriate
reference gene for normalization of all qPCR and Western blot
analysis experiments. Hence, several housekeeping genes,
including b-actin (ACTB), hypoxanthine-guanine phosphor-
ibosyl transferase (HPRT), GAPDH, vinculin (VCL), Pgk1,
18S, ribosomal protein L13a (RPL13A), b-2-microglobulin
(B2M), and TATA-boxebinding protein (TBP), were tested.
There was a marked difference in the expression of all these
genes between the males and the females in mild, moderate, as
well as severe BPDmodels (Figure 3, AeK). Vinculin and 18S
were the only two housekeeping genes that showed a consistent
expression in the lung, without any change between the two
sexes and in the RA and BPD groups (Figure 3, C and HeJ).
Vinculin was chosen as the standard reference loading-control
gene for the downstream Western blot studies, whereas 18S
was used as the normalizing gene in qPCR assays. However, in
the pituitary extracts, b-actin and HPRT could not be used as
The American Journal of Pathology - ajp.amjpathol.org
reference genes for normalization because the females showed
more expression of these genes than the males in both RA as
well as BPD groups (Supplemental Figure S3, A and B). Pgk1
was the only gene that did not show any variation and was
consistent throughout all of the groups in both the sexes
exposed to severe hyperoxia (Supplemental Figure S3C).

Expression of GnRH in Hyperoxia-Induced Lung Injury

Gonadotropin-releasing hormone (GnRH) is the principal
regulator for both the trophic hormones (follicle-stimulating
hormone and luteinizing hormone); it stimulates secretion of
luteinizing hormone, leading to gonadal secretion of the sex
steroids testosterone, estrogen, and progesterone. Male sex
hormones have been previously shown to increase lung injury
in neonatal rats, but no mechanism has since been defined.25

Because many morphologic changes were observed in the
lungs between males and females in response to hyperoxia
compared with RA controls, it was reasoned that the hormones
could have a sex-specific influence on lung morphology and
physiology. Hence, it was determined if there was any differ-
ence in the expression of GnRH that controls the secretion of
follicle-stimulating hormone and luteinizing hormone
(responsible for sexual dimorphism). Females had similar
levels of GnRH as males at RA, whereas the expression of
GnRH in BPD was significantly higher in females than males
(Supplemental Figure S4). Thismay show, to some extent, that
GnRH acts differently in different sexes in response to
hyperoxia to exert a protective effect on the female lungs.

Expression of Sex HormoneeRelated Genes in Mouse
Lung Tissue in Response to Hyperoxia

In a classic negative feedback loop, sex steroids inhibit
secretion of GnRH and also appear to have direct negative
effects on gonadotropins. This regulatory loop leads to pul-
satile secretion of luteinizing hormone and, to a much lesser
extent, follicle-stimulating hormone. Hence, to further explore
possiblemechanisms behind the sex-related dimorphisms seen
in BPD, the expression of various hormone-related genes was
examined, including androgen receptor, estrogen receptors
(ESTRs) 1 and 2, progesterone receptor, opiate receptor, sex
hormoneebinding globulin, a-fetoprotein, transformation-
related protein 53, and calcitonin gene-related peptide. On
qPCR analysis, no significant sex differences were observed in
any of the above genes between the RA and BPD groups, but
there was a trend toward higher expression of AR, ESTR1,
ESTR2,PR,AFP, andCGRP in BPD and a trend toward higher
expression of Trp53 in males over females in the BPD group
(Supplemental Figure S5).

Biased Expression of Key Genes (PDGFA, Spp1, and Akt)
with Respect to Sex in BPD

Alveolar septation is a key event in alveolarization, during
which evaginations arise from within the saccular wall
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Figure 5 miRNAs (miR-34a and miR-146) are differentially expressed in males (M) and females (F). Real-time quantitative PCR showing expression of miR-
34a, miR-146, IL-1 receptoreassociated kinase 1 (IRAK1), and toll-like receptor 4 (TLR4). A and B: miR-34a is expressed more in bronchopulmonary dysplasia
(BPD) males than in BPD females (A), whereas miR-146 is expressed more in the BPD females than males (B). There is no change in the expression of both
miRNAs in room air (RA). IRAK1 is a downstream target of miR-146 and is involved in the inflammation pathway. C and D: IRAK1 and TLR4 are significantly up-
regulated in males and females in the BPD group, but the expression of IRAK1 is significantly decreased in females when compared with males in the BPD
group. Lung morphometry showing measurement of chord length and alveolar area in both males and females after treatment with miR-146 mimic and in-
hibitor, respectively, after exposure to hyperoxia. E and F: Both the chord length (E) and the alveolar area (F) are significantly increased in the BPD males
compared with RA males, but after treatment with mimic, they are restored to normal. G and H: The females given the antagomir show increased chord lengths
and alveolar areas compared with wild type (WT). I and J: Representative images of Western blot analyses, with corresponding densitometric quantification
showing expression of IRAK1 and TLR4 after treating the males with miR-146 mimic (I) and the females with antagomir (J). The BPD males show increased
expression of IRAK1 and TLR4 compared with RA, but after treatment with miR-146 mimic, the expression is significantly decreased. On the contrary, in
females treated with miR-146 antagomir, IRAK1 and TLR4 are significantly up-regulated in both the RA and BPD groups. Vinculin was used as the loading
control. n Z 5 to 8 (AeF). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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peripheral airways, dividing the distal airspace into alveoli, and
thereby leading to a substantial increase in the gas exchange
surface of the lung. The whole process is regulated by the
concerted action of gene expression programs, growth factor
signaling, and extracellularmatrix production.26 The tips of the
secondary septa in females were found to be protruding and
seemed to be in an active state of division, whereas the males
had blunt tips in the secondary septa. In the BPD group of both
the sexes, males had short club-shaped secondary crests with
round tips, whereas females had more elongated secondary
septa with pointed tips (Figure 4, AeH).
PDGF-A and Spp1 (alias osteopontin) play crucial roles in

alveolar septation. Akt is a prosurvival factor, the activation of
which preserves alveolar development, whereas its inhibition
disrupts normal lung development because of increased
apoptosis and results in simplified alveoli, as seen in BPD
lungs.27 Disruption of the PDGFA gene results in failure of
elastic fiber deposition in saccular walls and secondary septa-
tion, whereas Spp1 promotes pneumocyte growth. Mice lack-
ing Spp1 have smaller, more compliant lungs with an enlarged
airspace, similar to the BPD phenotype.28 Similarly, Pdgfa
knockout mouse lungs have an enlarged alveolar airspace with
absence of secondary septation, characteristic of BPD.29

Because males have a worse prognosis in BPD than females,
it was considered that there would be a differential response in
the expression of PDGF-A and Spp1 between males and fe-
males. BPD males had a significantly decreased expression of
PDGF-A and Spp1 compared with BPD females (Figure 4,
IeK, M, and N), suggesting that lack of adequate secondary
septa due to the decreased expression of PDGF-A and SPP1 in
malesmight have contributed to a severe phenotype inBPD.As
females did better thanmales in BPD,moreAkt expressionwas
expected in females than males by Western blot analysis. On
exposure to hyperoxia, males had a significantly lower
expression of Akt compared with females (Figure 4, L and O).

Sex-Specific Expression of miRNAs in Hyperoxia-
Induced Lung Injury

miRNAs were studied to assess if these small regulatory RNAs
played any role in mediating this difference in the severe BPD
model. Because females do better than males in BPD, males
might be might be more susceptible to this condition than fe-
males. Also, some miRNAs (eg, miR-146) may regulate innate
immunity by interfering in the inflammation pathway.30 Using
Ingenuity Pathway Analysis, miR-146 and miR-34a were
identified to be involved in several inflammatory signaling
pathways mediating TLR signaling and triggering receptor
expressed on myeloid cells 1 (TREM1) signaling via IRAK1
and Ang1/Ang2 (Supplemental Figure S6). Using TargetScan
(http://www.targetscan.org/mmu_72, last accessed December
21, 2018) and miRTarBase (http://mirtarbase.mbc.nctu.edu.
tw/php/search.php, last accessed December 21, 2018), several
targets that were involved in the pathogenesis of BPD were
identified.21,27,31 Because miR-34a is a key regulator in
BPD,17 sex-specific differences in the expression of miR-34a
The American Journal of Pathology - ajp.amjpathol.org
and miR-146 and their downstream targets Ang1 and IRAK1,
respectively, were studied. There were no changes in the gene
expression of miR-34a and miR-146a between males and
females in RA; however, miR-34a was significantly increased
in BPD males over BPD females, whereas the converse was
true for miR-146, with higher expression in BPD females
over BPD males (Figure 5, A and B).

Mediation of Inflammation by miR-146 via the
Inflammatory Pathway in Response to Hyperoxia in
Males and Females

Previous studies have shown that inflammation is more
prominent in males over females.32 As miR-146 is an im-
mediate early-response gene induced by proinflammatory
mediators, it was tested if miR-146 had any role in attenu-
ating inflammation in females over males. An increased
expression of miR-146a in BPD females was seen over
males (Figure 5B). From in situ hybridization and colocal-
ization of in situ hybridization with immunofluorescence,
miR-146 was found to be expressed in some type II alveolar
epithelial cells, in room air (Supplemental Figure S7). Using
RAGE and von Willebrand factor as markers, no expression
of miR-146 was seen in type I alveolar epithelial cells or
endothelial cells, respectively, in room air (data not shown).

Furthermore, as miR-146 is a negative regulator of TLR4,
and IRAK1 is a direct target of miR-146 (downstream of
TLR4),30 the expression of IRAK1 and TLR4 was studied
in both males and females in the severe BPD model. Both
TLR4 and IRAK1 were significantly up-regulated in both
the sexes in the BPD group, with no differences observed in
RA (Figure 5, C and D). In addition, females had signifi-
cantly lower levels of IRAK1 in BPD compared with males
(Figure 5C). These data suggest that IRAK1 levels in BPD
females might be suppressed through miR-146 and that
suppression of this inflammatory pathway may play a pro-
tective role, in part, in females with BPD having better
outcomes, compared with males.

To further test that higher expression of miR-146 in fe-
males is one of the factors responsible for less damage in the
female lungs during BPD, the levels of miR-146 were
altered in males and females. miR-146 mimic was admin-
istered to the male pups by intranasal administration during
hyperoxia exposure, and the males showed a better lung
morphology (comparable to BPD females), with increased
expression of miR-146, as was evident from BAL protein,
total neutrophil count (not shown), and overall lung archi-
tecture (chord length and alveolar area). There was no sig-
nificant difference between the treated BPD males and the
males exposed only to RA (Figure 5, E and F). In addition,
the females that were administered the miR-146 antagomir
showed more damaged lung morphology through increased
chord lengths and alveolar areas compared with wild-type
animals (Figure 5, G and H).

To confirm that miR-146 exerts its effect through inflam-
mation mediated by IRAK1, expression of IRAK1 was
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studied after treatment with miR-146 mimic, followed by
hyperoxia. The mRNA levels of IRAK1 were significantly
decreased in RA and BPD (Supplemental Figure S8), and the
protein levels of IRAK1 and TLR4 were significantly
decreased in both RA and BPD animals given the mimic
(Figure 5I). IRAK1 levels were significantly increased in the
females given the antagomir in RA and BPD groups, whereas
TLR4 was significantly increased in the BPD females given
the antagomir (Figure 5J), suggesting increased levels of
inflammation in the treated females.
Discussion

Sex is an important biological variable, and investigators
have attempted to find a mechanism to explain a preferential
diagnosis of a certain disease and its corresponding response
to therapy in one sex over the other. Epidemiologic findings
of sex differences during lung development indicate a worse
male prognosis in several neonatal disorders.33 The inci-
dence of BPD is lower among preterm females, and males
are often considered an independent predictor for the
development of BPD.34 Developing therapeutic strategies
for BPD has been complicated by a lack of a standardized
mouse model used in research laboratories. Between
January 2013 and June 2015, 41 different oxygen exposure
protocols had been reported in BPD animal models, often
resulting in inconsistent findings.35 In the present study, we
have attempted to find genetic background strain and sex
differences in BPD with respect to lung morphology, BPD-
associated pulmonary hypertension, select inflammatory
pathways involved in BPD, and the importance of sex-
specific miRNAs as a contributing factor to BPD. In addi-
tion, it was explored if varying concentrations of oxygen
impacted BPD in this mouse model.

While comparing the two strains of mice used in this
study, CD1 and C57BL/6, it was found that, except for
having a significant difference (increase) in the average
body weight of the CD1 strain over the C57BL/6 strain,
there were no differences between the strains. There was no
mortality in either sexes of the two strains at any time point,
as has been reported by Lingappan et al.21 While evaluating
alveolar development between the two strains of mice, there
was no difference in the BAL protein, chord length, or
alveolar area between the two strains; however, as expected,
the BPD group showed increased measurements of the lung
injury markers in both strains.

When analyzing male/female differences, although there
was no difference in BAL protein, alveolar areas, and chord
lengths between the males and females in the CD1 strain,
these measurements were all increased in the BPD group
over the RA control group. On the contrary, the C57BL/6
males had increased protein in their BAL fluid, chord
lengths, and alveolar areas, compared with females, in both
the RA and the BPD groups. Thus, males exhibit a more
severe lung phenotype than the females in the C57BL/6
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strain. Female lungs are smaller and weigh less than those of
males and, on average, may contain fewer respiratory
bronchioles at birth. Adult female mice and rats have more,
but smaller, alveoli than males of the same species, thereby
providing them with larger alveolar surface area/body mass
ratios.36 In humans, the number of alveoli per unit area and
alveolar volume do not differ between boys and girls, but
boys have larger lungs than girls. Thus, the total number of
alveoli and alveolar surface area are larger for boys than for
girls for a given age.36 Hence, it is not surprising to see
larger alveoli in male mice of the BPD group.
Impaired pulmonary angiogenesis, characterized by pul-

monary vascular abnormalities, is observed in patients with
BPD, which includes dysregulated pulmonary angiogenesis,
abnormal pulmonary vascular remodeling, heightened pul-
monary vascular tone, and development of abnormal collat-
eral circulations.37 In the current study, although there was a
striking difference between the number, organization, and
patterning of the alveolar endothelial cells between the RA
and BPD groups, no major differences in the above vascu-
lature organization were seen between the two sexes in both
the strains of mice. A recent study has shown decreased
vascularization in female C56Bl/6J mice using von Wille-
brand factor staining after exposure to 95% O2 from PN1 to
PN5 in lung sections at PN21.21 Another study that showed
sex-specific differences in pulmonary vascularization after
neonatal hyperoxia used Sprague-Dawley rats and exposed
them to 85% to 90% O2 from PN2 to PN21.38 Our study used
hyperoxia exposure from PN1 to PN4 and obtained the lung
sections at PN14. It is possible that a longer exposure (even an
extra day of exposure to the neonatal mouse lung, equivalent
to exposing a human preterm lung for 3 to 4 weeks, at this
critical developmental stage has a significant impact based on
the speed of the developmental changes occurring in the lung
at this stage) to hyperoxia-induced injury, waiting until PN21,
and the different animalmodelmay havemade the differences
more obvious. However, significant sex differences were also
noted in the expression of angiogenic factors, similar to one
group of investigators noted above.21,39

Pulmonary hypertension, an abnormal physiological
response to a structural alteration in the lung, is often the link
between lung dysfunction and the structural and functional
adaptation of the right side of the heart.40 Pulmonary arterial
hypertension results in pulmonary vascular remodeling and
shows increased right ventricular systolic pressure and pul-
monary vascular resistance that may result in RV failure.41 To
assess pulmonary arterial hypertension in the BPD model,
besides PAAT and PAET, other echocardiographic parame-
ters, like PA velocity time integral, PA peak velocity and PA
mean velocity, and PA peak gradient and PA mean gradient
(data not shown), were also measured. Other than PAAT, no
differences were found in all these parameters. BPD-
associated pulmonary hypertension may arise because of
various insults, including disruption of fetal lung develop-
ment, perinatal infection/inflammation, mechanical ventila-
tion, and hyperoxia, to cause pulmonary inflammation that
ajp.amjpathol.org - The American Journal of Pathology
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can have a deleterious impact on airways, alveoli, and pul-
monary vasculature.42 Increased pulmonary arterial systolic
pressure causes early closure of the pulmonary artery and
attainment of the peak velocity, therefore decreasing the
PAAT.

Herein, we measured the arterial thickness of the pul-
monary artery, RV hypertrophy, PAAT, and PAET using
echocardiography and found that, although there were sig-
nificant differences between the BPD and the RA groups in
both strains of mice with respect to the above parameters,
there were no differences between the males and the females
in both RA and BPD groups.

In humans, it is well known that sex differences determine
the occurrence of pulmonary arterial hypertension as well as
the susceptibility to the treatment.43 The survival rate of fe-
males was found to be better, establishing the protective ef-
fect of the sex-related hormone 17b estradiol.43 It is also
reported that the circulating plasma level of estradiol is
similar in both males and females at PN10 in case of rats.44

There were no sex-related differences observed in the pa-
rameters used to detect pulmonary hypertension in hyperoxia-
exposed mice; perhaps a similar estradiol profile until PN14
in both males and females rules out the possibility of a pro-
tective effect of estradiol. Oxidation-reduction signaling plays
a key role in regulating cell survival in response to hyperoxia.
Oxidation-reductionesensitive pathways are commonly
modulated by cysteine thiol modifications by thioredoxin and
glutathione oxidoreductase systems. Previous reports have
shown that hyperoxia exposure results in impairment of thi-
oredoxin that negatively impacts heat shock protein 90
(HSP90)-oxidative responses to cell survival, leading to
impaired lung development and the pathogenesis of
BPD.45,46 Both males and females likely showed a similar
effect in oxidation-reduction signaling modification pathways
impacting pulmonary hypertension in response to the
hyperoxia conditions.

It is important to remember that, although hyperoxia-
induced injury at critical stages of lung development leads
to permanent structural and functional impairments (eg, the
BPD pulmonary phenotype leads to long-term consequences
in the adult47,48), they may not become apparent during the
earlier stages of postnatal life. These assessments were made
at PN14; however, maturational changes can modulate the
appearance and severity of these changes, which may
become more obvious at a later age when reparative pro-
cesses have maximized or been modulated by differential
hormonal levels. Although it is a speculation at this stage,
until experimental data (beyond the scope of the present
article) are available, the possibility of hormonal or
oxidation-reduction signaling effects affecting the pheno-
type in the long-term cannot be ruled out.

Surprisingly, the loading controls b-actin, HPRT,
GAPDH, Pgk1, RPL13, B2M, and TBP were significantly
higher in the lungs of RA females than males. Only 18S and
vinculin were consistent across the two sexes. Similarly, in
the brain tissue, although the females showed increased
The American Journal of Pathology - ajp.amjpathol.org
expression of b-actin and HPRT at RA over the males, Pgk1
was consistently expressed in both the sexes. All these genes
were also differentially expressed across the RA and the BPD
groups. Some earlier work49 reported that, in the rat liver,
there were seven genes that were not constant and were
directly or indirectly regulated by sex-dependent hormones,
compromising their application as normalizing controls.
Similarly, others50 have also reported that among 17 house-
keeping genes studied in the placentas of males and females,
only 3 were stably expressed without any variation between
the males and the females. Mild-moderate versus severe
hyperoxia exposure led to differential expression of b-actin
and GAPDH. Although actin filaments may contribute to the
structural framework of alveolar sacs, GAPDH acts as a
sensor during cellular stress and also maintains cytoskeletal
architecture and controls cell death.51 Prenatally, an effective
alveolar-capillary interface is gradually established through a
relative thinning of the interstitial compartment by
apoptosis.52 Postnatally, when apoptosis appears to be
involved in trimming off excess type II epithelial cells and
fibroblasts to increase lung surface area to enhance gas ex-
change, an inhibition of apoptosis may contribute to the
marked relative increase in epithelial cells. This increase may
affect the differential expression of not only b-actin and
GAPDH, but also other genes in the hyperoxia pathway.

Sex hormones influence lung development, and the im-
plications are significant for preterm babies. Although some
sex differences are due to classic differences in circulating
hormones, there is increasing evidence that genetic factors
make an important contribution.53 Epidemiologic data sug-
gest the involvement of sex in the incidence, susceptibility,
and severity of lung diseases underlying hormonal, physi-
ological, molecular, and developmental differences between
males and females.21 It is a well-established fact that in
many species, surfactant production is delayed in male fe-
tuses compared with the females,54 thus emphasizing that
hormones might have some role during lung development
and maturation. This eventually contributes to its adapt-
ability, to some extent, to withstand or fall prey to any
external insult, like hyperoxia-mediated lung injury. In lieu
of this, the expression of several hormone-related genes [Ar,
ESTR1, ESTR2, progesterone receptor (Pgr), Opr, Afp, and
Trp53] was studied, and no differences in their expression
either between males and females or between RA and BPD
groups were found at PN14. GnRH had a higher expression
in BPD females than males (with no difference at RA). This
suggests that a positive feedback loop between the hypo-
thalamus, pituitary, and gonads (ovaries), with increased
secretion of estrogen and progesterone in the females, may
play a protective role in numerous developmental processes
required for functional and physiological adaptation. The
above-mentioned hormone-related genes probably do not
contribute to the injury caused by BPD in the alveolar stage
of lung development in this mouse model.

The lung morphology and the architecture (with respect
to chord length, septal thickness, and secondary septa tip)
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were more severely damaged in BPD males than females.
As some of the factors that impair lung development after
hyperoxia injury are PDGF-A, Spp1, and Akt,28 expression
of these genes was studied in BPD. PDGF-A is involved in
secondary septation, and its absence demonstrates a BPD-
like phenotype. The mRNA and protein expression levels
of PDGF-A were considerably decreased in BPD males
compared with BPD females. Similarly, Akt is a regulatory
molecule involved in cell survival, proliferation, and dif-
ferentiation. Most important, it is a downstream target of
phosphatidylinositol 3-kinase, which recruits PDGF-A to
exert its action through this pathway.55 Akt was also
decreased in BPD males compared with females, suggesting
that in BPD, PDGF-A is decreased, which further decreases
Akt, resulting in larger alveoli, as is the case in males. Spp1
is a functional candidate cytokine for lung development in
mice, the absence of which results in larger alveoli,28 as is
evident in BPD. Herein, BPD males had less Spp1
compared with BPD females. Additional studies are
required to evaluate if the above-mentioned genes play a
definitive role in structuring the alveolar septa, which is
impaired more in the males on hyperoxia exposure.

Recently, miRNAs have been implicated in both early
and late lung development.56,57 Using Ingenuity Pathway
Analysis, in silico approaches, and published literature, it
has been shown that miRNAs and their potential targets are
involved in BPD.17,58,59 We report the differential expres-
sion of miR-146 and miR-34a along with their direct targets
(IRAK1 for miR-146 and Ang1 for miR-34a) in males and
females in BPD. Because there are other targets [sirtuin 1
(Sirt1), Notch1, vascular endothelial growth factor b
(Vegfb), B-cell lymphoma 6 (Bcl6), and breast cancer 1
(Brca1) for miR-34a and Irak2, Notch1, nuclear factor
kappaelight-chain-enhancer of activated B cells 1 (Nfkb1),
wnt1, SMAD4, Wnt5a, and vascular endothelial growth
factor a (Vegfa) for miR-146] that are also implicated in
BPD, it might be worth analyzing the expression of these
candidates in future studies. miR-34a was significantly up-
regulated and miR-146 was down-regulated in males (with
a worse lung phenotype) in BPD. A recovery of the
damaged lung with subsequent improvement in its down-
stream pathways has been reported using an antagomir for
miR-34a.17 Herein, miR-146 mimic was used to restore the
normal lung phenotype in males, and miR-146 antagomir
was used to increase alveolar damage in females with
exposure to hyperoxia. miR-146 is an NF-kBedependent
gene, which suggests that it could be actively involved in
the inflammation pathway through a negative feedback loop
involving down-regulation of IRAK, its direct target.30 This
begs the question whether IRAK1 was down-regulated with
the increase in miR-146a expression (due to miR-146a
mimic administration in BPD). IRAK1 was considerably
increased in BPD males with respect to females, and miR-
146 overexpression by miR-146 mimic significantly
decreased the IRAK1 levels, which are upstream of IL-1b.
Blocking miR-146 also significantly increased IRAK1
1012
levels. There was impressive improvement in chord length,
BAL protein, alveolar area, and total and neutrophil count
exclusively in the males after mimic dosing. Decreased
miR-146 may be responsible, in part, for the worse lung
phenotype in males after hyperoxia exposure.
To conclude, of the two strains of mice studied, the C57BL/

6 strain appears to have a more robust BPD phenotype. Severe
BPD (100% O2) caused more damage than moderate BPD
(60% O2), and mild exposure (40% O2) had a minimal dele-
terious effect. Vinculin can be used as a loading control for
Western blot analysis, whereas 18S and Pgk1 can be used as
reference genes for qPCR in lung and brain assays, respec-
tively, in BPD research. miRNAs are expressed differentially
in males and females; hence, mimics and antagomirs can be
selectively used for the two sexes while using them as thera-
peutic targets. As males have worse prognosis than females, a
different dosing regimen should probably be applied for them
in treatment strategies. Further detailed structural and func-
tional studies are needed to unravel the sex-specific differences
of several molecular signaling pathways involved in BPD.
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