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Lung inflammation interrupts alveolarization and causes bronchopulmonary dysplasia (BPD). Besides
mechanical ventilation and hyperoxia, sepsis contributes to BPD pathogenesis. Adrenomedullin (Adm)
is a multifunctional peptide that exerts anti-inflammatory effects in the lungs of adult rodents. Whether
Adm mitigates sepsis-induced neonatal lung injury is unknown. The lung phenotype of mice exposed to
early postnatal lipopolysaccharide (LPS) was recently shown to be similar to that in human BPD. This
model was used to test the hypothesis that Adm-deficient neonatal mice will display increased LPS-
induced lung injury than their wild-type (WT) littermates. Adm-deficient mice or their WT littermates
were intraperitoneally administered 6 mg/kg of LPS or vehicle daily on postnatal days (PNDs) 3 to 5. The
lungs were harvested at several time points to quantify inflammation, alveolarization, and vasculari-
zation. The extent of LPS-induced lung inflammation in Adm-deficient mice was 1.6-fold to 10-fold
higher than their WT littermates. Strikingly, Adm deficiency induced STAT1 activation and potenti-
ated STAT3 activation in LPS-exposed lungs. The severity of LPS-induced interruption of lung devel-
opment was also greater in Adm-deficient mice at PND7. At PND14, LPS-exposed WT littermates
displayed substantial improvement in lung development, whereas LPS-exposed Adm-deficient mice
continued to have decreased lung development. These data indicate that Adm is necessary to decrease
lung inflammation and injury and promote repair of the injured lungs in LPS-exposed neonatal mice.
(Am J Pathol 2021, 191: 2080e2090; https://doi.org/10.1016/j.ajpath.2021.09.001)
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Preterm infants are at increased risk of developing the
chronic lung disease, bronchopulmonary dysplasia (BPD),
the most common complication of preterm birth in the United
States.1 Alveolar simplification is a unique histopathologic
feature of this disease.2 This disease lacks curative therapies,
and the affected infants continue to have cardiorespiratory
and neurodevelopmental morbidities in later life.3 Therefore,
studies to determine the mechanisms and develop therapeutic
strategies for BPD are warranted.

Balanced signaling of the innate and adaptive immune
systems is needed to restore the immune homeostasis
following an inflammatory insult. Failure to achieve this
homeostasis leads to several inflammatory disorders,
including BPD.4,5 Inflammatory stimuli, such as infection,
mechanical ventilation, and hyperoxia, disrupt growth factor
signaling and cell proliferation in the developing lungs and
stigative Pathology. Published by Elsevier Inc
contribute to BPD pathogenesis.6e9 More important, post-
natal infection independently increases the risk for devel-
oping BPD.10e18 Thus, understanding the molecular
mechanisms that lead to infection-mediated inflammatory
response is important to develop therapeutic strategies for
this disease. The current experiments were designed to meet
this necessity.
Adrenomedullin (Adm) is a ubiquitous multifunctional

peptide that is predominantly present in highly vascular-
ized organs, including the lungs.19 Adm signals via
calcitonin receptor-like receptor (Calcrl) and
. All rights reserved.

mailto:shivanna@bcm.edu
mailto:shivanna@bcm.edu
https://doi.org/10.1016/j.ajpath.2021.09.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2021.09.001&domain=pdf
https://doi.org/10.1016/j.ajpath.2021.09.001
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2021.09.001


Figure 1 Lipopolysaccharide (LPS) increases pulmonary adrenomedullin (Adm) expression. Lung tissues of C57BL6J wild-type mice treated intraperito-
neally daily with phosphate-buffered saline (PBS) or LPS at doses of 3 (L3), 6 (L6), or 10 (L10) mg/kg through postnatal days (PNDs) 3 to 5 were harvested on
either PND3 (AeC) or PND5 (DeF) for gene expression assays. Real-time RT-PCR analyses-based determination of Adm [PND3 (A) and PND5 (D)], Calcrl [PND3
(B) and PND5 (E)], and Ramp2 [PND3 (C) and PND5 (F)] mRNA levels. Significant differences between PBS- and LPS-treated animals are indicated. Values are
presented as the means � SD (AeF). n Z 4 to 6 mice per group (AeF). ***P < 0.001 versus PBS (analysis of variance).
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receptor-activityemodifying protein 2 (Ramp2).20 In
addition to its critical role in vascular development, Adm
protects adult rodents against lung injury secondary to
mechanical ventilation,21 ischemia-reperfusion,22 lipo-
polysaccharide (LPS),23 and carrageenan.24 However, the
role of Adm in LPS-induced developmental lung injury is
Figure 2 Lipopolysaccharide (LPS) does not affect pulmonary Adm
expression in adrenomedullin (Adm) haplodeficient mice: Admþ/� mice and
their wild-type littermates (Admþ/þ) were treated intraperitoneally with
phosphate-buffered saline (PBS) or 6 mg/kg of LPS (L6) on postnatal days
(PNDs) 3 to 5, and their lung tissues were harvested on PND5 to determine
Adm mRNA levels by real-time RT-PCR analyses. Values are presented as the
means � SD. n Z 4 to 5 mice per group. ***P < 0.001 Admþ/þ versus
Admþ/� mice exposed to PBS; yyyP < 0.001 Admþ/þ versus Admþ/� mice
exposed to L6 (analysis of variance).
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unknown. Gram-negative bacterial infection substantially
increases the risk of developing BPD.17 Consequently,
LPS, a major biologically active component and primary
recognition structure of Gram-negative bacteria,25 has
been widely used to model infection in animals.26,27 A
recently developed mouse model of lung injury caused by
chronic LPS exposure during the saccular phase of lung
development had a phenotype similar to that of human
BPD.28 Therefore, in the curernt study, this model was
used to test the hypothesis that Adm-deficient neonatal
mice will display increased LPS-induced experimental
BPD than their wild-type (WT) littermates.

Materials and Methods

Animals

This study was approved and conducted in strict accordance
with the federal guidelines for the humane care and use of
laboratory animals by the Institutional Animal Care and Use
Committee of Baylor College of Medicine (Houston, TX).
Dr. Kathleen Caron (University of North Carolina at Chapel
Hill) provided us the Adm haplodeficient (Admþ/�) mice on
a 129/SvEv background, and the generation of these mice
has been reported previously.29 These Admþ/� mice were
backcrossed onto C57BL/6J wild-type mice (stock number
000664; The Jackson Laboratory, Bar Harbor, ME) for 12
generations to obtain Admþ/� mice on a C57BL/6J
2081
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background for the current experiments. Time-pregnant
mice raised in our animal facility were used for the exper-
iments. Adm�/� mice are embryonically lethal; therefore,
Admþ/� mice were used for the studies. Admþ/� mice un-
derwent both genotyping and real-time RT-PCR analysis.
Pharmacologic Inhibition of Adm Signaling

To inhibit Adm signaling in vivo, neonatal C57BL/6J WT
mice were injected intraperitoneally with 100 mg/kg of
AM22e52 (American Peptide Company Inc., Sunnyvale,
CA) or an equivalent volume of phosphate-buffered saline,
once daily on postnatal days (PNDs) 1 to 7. The dose of the
Adm receptor antagonist, AM22e52, was based on its in vivo
use in rodents, as described previously.30,31
LPS Treatment

Adm-sufficient and Adm-deficient mice were injected intra-
peritoneally with 6 mg/kg of Escherichia coli O55:B5 LPS
(Sigma-Aldrich, St. Louis, MO; L2880) or an equivalent
volume of phosphate-buffered saline, once daily on PNDs 3
to 5. In a separate set of experiments, neonatal WT mice
were injected intraperitoneally with 3, 6, or 10 mg/kg of
LPS through PNDs 3 to 5 to investigate the dose- and time-
dependent effects of LPS on pulmonary Adm, Calcrl, and
Ramp2 mRNA expression.
Figure 3 Adrenomedullin (Adm) deficiency potentiates lipopolysaccharide (L
termates (Admþ/þ) were treated intraperitoneally with phosphate-buffered saline (
development was quantified on PND7. Representative hematoxylin and eosinest
exposed to PBS (A and B) or L6 (C and D). Alveolarization was determined by radi
presented as the means � SD (E and F). n Z 9 mice per group (E and F). *P < 0.
Admþ/� mice exposed to L6; zzzP < 0.001 PBS versus L6 (analysis of variance).
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Analysis of Alveolarization and Pulmonary
Vascularization

The mice were euthanized on PND7 or PND14, and their
lungs were inflated and fixed with 10% formalin at 25 cm
H2O pressure for lung morphometry studies.28 Alveolar
development was determined by radial alveolar counts
(RACs) and mean linear intercepts (MLIs), as described
previously.28 Pulmonary vessel density was also determined
as described before.32 Briefly, the number of von Wille-
brand factor (vWF)estained blood vessels with a diameter
of <150 mm was quantified from at least 10 random
nonoverlapping fields (original magnification, �20) for each
animal to determine the pulmonary vascular density.

Real-Time RT-PCR Assays

Total RNA was isolated from the lungs at PND3 or PND5
and reverse transcribed to cDNA. Real-time quantitative
RT-PCR analysis was performed using gene expression
master mix (Thermo Fisher Scientific, Waltham, MA;
4369016) and the following gene-specific primers: Adm
(AP7DPHX and PN4331348), Calcrl (Mm00516986_m1),
chemokine (C-C motif) ligand 2 (CCL2;
Mm00441242_m1), CCL3 (Mm00441259_g1), CXCL1
(Mm04207460_m1), intercellular adhesion molecule 1
(ICAM1; Mm00516023_m1), IL1B (Mm00434228_m1),
Ramp2 (Mm00490256_g1), tumor necrosis factor-a (TNF-
a; Mm00443258_m1), and glyceraldehyde 3-phosphate
PS)einduced alveolar simplification. Admþ/� mice and their wild-type lit-
PBS) or 6 mg/kg of LPS (L6) on postnatal days (PNDs) 3 to 5, and their lung
ained lung sections from Admþ/þ (A and C) and Admþ/� (B and D) mice
al alveolar counts (RACs; E) and mean linear intercepts (MLIs; F). Values are
05 Admþ/þ versus Admþ/� mice exposed to PBS; yyP < 0.01 Admþ/þ versus
Scale bars Z 100 mm (AeD).
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dehydrogenase (GAPDH; Mm99999915_g1). GAPDH was
detected as the reference gene. The DD cycle threshold (Ct)
method was used to calculate the fold change in mRNA
expression: DCt Z Ct (target gene) � Ct (reference gene),
DDCt Z DCt (treatment) � DCt (control), and fold
change Z 2(�DDCt).
Immunoblot Assays

The lung protein lysates were obtained on PND5 using
radioimmunoprecipitation assay lysis buffer (Santa Cruz
Biotechnologies, Dallas, TX; sc-24948), separated by 10%
SDS-PAGE, and transferred to polyvinylidene difluoride
membranes. The membranes were incubated overnight at
4�C with primary antibodies against: b-actin (Santa Cruz
Biotechnologies; sc-47778; dilution 1:5000), STAT1 (Cell
Signaling Technology, Danvers, MA; 9172; dilution
1:1000), phosphorylated (p)-STAT1 [STAT1(Tyr701); Cell
Signaling Technology; 7649; dilution 1:1000], STAT3 (Cell
Signaling Technology; 12640; dilution 1:1000), and
p-STAT3 [STAT3(Ser727); Cell Signaling Technology;
9134; dilution 1:1000]. The primary antibodies were
detected by incubation with appropriate horseradish
peroxidaseeconjugated secondary antibodies. The immu-
noreactive bands were detected by chemiluminescence
methods, and the band densities were quantified using
Image Lab software version 1.80 (Chemidoc touch imaging
system; Bio-Rad Laboratories, Inc., Hercules, CA).28
Figure 4 Adrenomedullin (Adm) deficiency impairs resolution of lipopolysacc
type littermates (Admþ/þ) were treated intraperitoneally with phosphate-buffered
their lung development was quantified on PND14. Representative hematoxylin and
mice exposed to PBS (A and B) or L6 (C and D). Alveolarization was determined by
are presented as the means � SD (E and F). nZ 6 mice per group (E and F). *P <
Admþ/þ versus Admþ/� mice exposed to L6; zP < 0.05, zzP < 0.01 PBS versus L
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Statistical Analysis

GraphPad Prism 5 software (GraphPad Software, La Jolla,
CA) was used to analyze the results, and the data are
expressed as means � SD. At least two separate experi-
ments were performed to determine alveolarization and
pulmonary vascularization on PND7. P < 0.05 was
considered significant. The effects of the gene, exposure,
and their associated interactions on outcome variables
were analyzed using analysis of variance. Multiple com-
parison testing by the post hoc Bonferroni test was per-
formed if the statistical significance of either variable or
interaction was noted by analysis of variance.

Results

LPS Exposure Transiently Increases Adm mRNA Levels
in Saccular Murine Lungs

The dose- and time-dependent effects of LPS on Adm
signaling in saccular murine lungs were investigated.
Because of the absence of reliable antibodies to detect
Adm or its signaling receptors, Calcrl and Ramp2, in
murine lungs, the analyses of the LPS effects on Adm
signaling in neonatal lungs were primarily based on real-
time RT-PCR analyses. One-time LPS administration
increased Adm mRNA expression (3 mg/kg of LPS,
2 � 0.1; 6 mg/kg of LPS, 1.8 � 0.1; 10 mg/kg of LPS,
1.6 � 0.3; and phosphate-buffered saline, 0.9 � 0.2;
haride (LPS)einduced alveolar simplification. Admþ/� mice and their wild-
saline (PBS) or 6 mg/kg of LPS (L6) on postnatal days (PNDs) 3 to 5, and
eosinestained lung sections from Admþ/þ (A and C) and Admþ/� (B and D)
radial alveolar counts (RACs; E) and mean linear intercepts (MLIs; F). Values
0.05 Admþ/þ versus Admþ/� mice exposed to PBS; yyP < 0.01, yyyP < 0.001
6 groups (analysis of variance). Scale bars Z 100 mm (AeD).
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P < 0.001) (Figure 1A), but not Calcrl (Figure 1B) or
Ramp2 (Figure 1C) mRNA expression on PND3. No dose-
dependent effect of LPS on the Adm mRNA levels was
observed within the range of LPS doses used in the study
(Figure 1A). Although a single dose of LPS increased
Adm mRNA expression, repeated doses of LPS failed to
increase either Adm mRNA levels (Figure 1D) or the
mRNA levels of its signaling receptors, Calcrl (Figure 1E)
and Ramp2 (Figure 1F), as determined by real-time PCR
analyses on PND5. On the basis of recent findings,28 the
LPS dose of 6 mg/kg was selected for the remainder of the
studies to produce a robust model of moderate lung injury,
which is clinically relevant and important to identify
meaningful strategies for managing infants with significant
BPD. Next, the effect of LPS on the pulmonary Adm
mRNA levels in Adm haplodeficient (Admþ/�) mice was
evaluated. On LPS exposure, the pulmonary Adm mRNA
levels continued to be significantly lower in Admþ/� than
in their wild-type littermates (Admþ/þ) (Figure 2).
Adm Deficiency Potentiates LPS-Induced Alveolar
Simplification in Neonatal Mice

Alveolar development was determined by RAC and MLI
measurements on PND7 or PND14. Consistent with the
recent report,33 Adm-deficient neonatal mice had decreased
alveolarization at baseline (Figures 3 and 4). LPS exposure
decreased alveolar development (ie, alveolar simplification)
Figure 5 Adrenomedullin (Adm) antagonist potentiates lipopolysaccharide (
treated intraperitoneally with phosphate-buffered saline (PBS) or 100 mg/kg of
through 7, while they were exposed to i.p. treatments with PBS or 6 mg/kg of L
Representative hematoxylin and eosinestained lung sections from PBS (A and C)
D). Alveolarization was determined by radial alveolar counts (RACs; E) and mean lin
n Z 3 to 4 mice per group (E and F). **P < 0.01, ***P < 0.001 PBS versus AM22

treated mice exposed to L6; zzP < 0.01, zzzP < 0.001 PBS versus L6 groups (ana
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on PND7, as evidenced by decreased RACs (Figure 3,
AeE) and increased MLIs (Figure 3, AeD and F) in LPS-
treated mice compared with vehicle-treated mice. However,
the extent of alveolar simplification was significantly greater
in Adm-deficient mice than Adm-sufficient mice (Figure 3, E
and F). Alveolarization at PND14 was estimated in mice
exposed to vehicle or LPS on PNDs 3 through 5, to deter-
mine whether the LPS effects on alveolarization were
transient or persistent. Although LPS-exposed Adm-suffi-
cient mouse lungs showed a modest increase in RACs
(Figure 4, A, C, and E) and decrease in MLIs (Figure 4, A,
C, and F), LPS-exposed Adm-deficient mouse lungs
continued to have a significant decrease in RACs (Figure 4,
B, D, and E) and increase in MLIs (Figure 4, B, D, and F) at
PND14, indicating that Adm may be necessary to recover
from LPS-induced inflammatory lung injury.

Pharmacologic Inhibition of Adm Signaling
Potentiates LPS-Induced Alveolar Simplification in
Neonatal Mice

AM22e52 is a Calcrl-Ramp2 receptor complex antagonist
and is widely used to inhibit Adm signaling. Therefore, this
compound was used to determine the effects of pharmaco-
logic inhibition of Adm signaling on alveolar development
at PND7. Consistent with a recent study33 and the findings
in Adm-deficient neonatal mice, exposure of neonatal WT
mice to AM22e52 decreased alveolarization at baseline
LPS)einduced alveolar simplification. C57BL/6J wild-type (WT) mice were
the Adm antagonist, AM22e52, once daily through postnatal days (PNDs) 1
PS (L6) daily on PNDs 3 to 5. Lung development was quantified on PND7.
and AM22e52 (B and D) treated mice exposed to PBS (A and B) or L6 (C and
ear intercepts (MLIs; F). Values are presented as the means � SD (E and F).

e52 treated mice exposed to PBS; yP < 0.05, yyP < 0.01 PBS versus AM22e52

lysis of variance). Scale bars Z 100 mm (AeD).
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Figure 6 Adrenomedullin (Adm) deficiency potentiates lipopolysaccharide (LPS)einduced pulmonary vascular
simplification. Admþ/� mice and their wild-type littermates (Admþ/þ) were treated intraperitoneally with
phosphate-buffered saline (PBS) or 6 mg/kg of LPS (L6) on postnatal days (PNDs) 3 to 5, and their lung vascu-
larization was quantified on PND7. AeD: Representative von Willebrand factor (vWF)eimmunostained lung sections
from Admþ/þ (A and C) and Admþ/� (B and D) mice exposed to PBS (A and B) or L6 (C and D). E: Pulmonary
vascularization was determined by quantifying vWF-stained lung blood vessels. Values are presented as the
means � SD (E). n Z 9 mice per group (E). *P < 0.05 Admþ/þ versus Admþ/� mice exposed to PBS; yP < 0.05
Admþ/þ versus Admþ/� mice exposed to L6; zzzP < 0.001 PBS versus L6 (analysis of variance). Scale barsZ 100 mm
(AeD). HPF, high-power field.
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(Figure 5). LPS exposure decreased alveolar development
(ie, alveolar simplification), as evidenced by decreased
RACs (Figure 5, AeE) and increased MLIs (Figure 5, AeD
and F) in LPS-treated mice compared with vehicle-treated
mice. However, the extent of alveolar simplification was
significantly greater in mice treated with the Adm receptor
antagonist, AM22e52 (Figure 5, E and F).

Adm Deficiency Potentiates LPS-Induced Pulmonary
Vascular Simplification in Neonatal Mice

The observation of detrimental effects of Adm deficiency
on LPS-induced alveolar development was followed by
Figure 7 Adrenomedullin (Adm) d
vascular simplification. Admþ/� mice a
phosphate-buffered saline (PBS) or
vascularization was quantified on PND
sections from Admþ/þ (A and C) and
Pulmonary vascularization was determ
the means � SD (E). n Z 6 mice p
yP < 0.05 Admþ/þ versus Admþ/� mi
bars Z 100 mm (AeD). HPF, high-po
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the evaluation of whether Adm deficiency caused a similar
effect on LPS-induced pulmonary vascular simplification.
Pulmonary vascularization was determined by quantifying
vWF-stained pulmonary blood vessels on PND7 or
PND14. Consistent with the recent study,33 Adm-deficient
neonatal mice had decreased pulmonary vascularization at
baseline (Figures 6 and 7, A, B, and E). LPS exposure
decreased pulmonary vascularization (ie, pulmonary
vascular simplification) on PND7, as evidenced by
decreased vWF-stained pulmonary blood vessels in LPS-
treated mice compared with vehicle-treated mice
(Figure 6). However, the extent of pulmonary vascular
simplification was significantly greater in Adm-deficient
eficiency impairs resolution of lipopolysaccharide (LPS)einduced pulmonary
nd their wild-type littermates (Admþ/þ) were treated intraperitoneally with
6 mg/kg of LPS (L6) on postnatal days (PNDs) 3 to 5, and their lung
14. AeD: Representative von Willebrand factor (vWF)eimmunostained lung
Admþ/� (B and D) mice exposed to PBS (A and B) or L6 (C and D). E:

ined by quantifying vWF-stained lung blood vessels. Values are presented as
er group (E). **P < 0.01 Admþ/þ versus Admþ/� mice exposed to PBS;
ce exposed to L6; zzzP < 0.001 PBS versus L6 (analysis of variance). Scale
wer field.
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mice than in Adm-sufficient mice (Figure 6). To determine
whether the LPS effects on pulmonary vascular simplifi-
cation are transient or persistent, pulmonary vasculariza-
tion was estimated at PND14 in mice exposed to vehicle or
LPS on PNDs 3 through 5. Although LPS-exposed Adm-
sufficient mouse lungs showed a modest increase in vWF-
stained pulmonary blood vessels (Figure 7, A, C, and E),
LPS-exposed Adm-deficient mouse lungs continued to
have a significant decrease in vWF-stained pulmonary
blood vessels at PND14 (Figure 7, B, D, and E), indicating
that Adm may be necessary to recover from LPS-induced
inflammatory lung injury.
Pharmacologic Inhibition of Adm Signaling
Potentiates LPS-Induced Pulmonary Vascular
Simplification in Neonatal Mice

The next set of experiments evaluated whether pharma-
cologic inhibition of Adm signaling caused a similar effect
on LPS-induced pulmonary vascular simplification. Pul-
monary vascularization was determined by quantifying
vWF-stained pulmonary blood vessels on PND7. Consis-
tent with the recent study33 and the current findings in
Adm-deficient neonatal mice, exposure of neonatal WT
mice to AM22e52 decreased pulmonary vascularization at
baseline (Figure 8). LPS exposure decreased pulmonary
vascularization (ie, pulmonary vascular simplification) on
PND7, as evidenced by decreased vWF-stained pulmonary
blood vessels in LPS-treated mice compared with vehicle-
treated mice (Figure 8). However, the extent of pulmonary
vascular simplification was significantly greater in mice
treated with the Adm receptor antagonist, AM22e52

(Figure 8).
Figure 8 Adrenomedullin (Adm) ant
simplification. C57BL/6J wild-type (WT)
100 mg/kg of the Adm antagonist, AM22

exposed to i.p. treatments with PBS or 6
on PND7. AeD: Representative von Will
AM22e52 (B and D) treated mice expos
determined by quantifying vWF-stained l
mice per group (E). **P < 0.01 PBS ve
treated mice exposed to L6; zzzP < 0.00
HPF, high-power field.
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Adm Deficiency Potentiates LPS-Induced Pulmonary
Inflammation in Neonatal Mice

Lung inflammation is an important and final common medi-
ator of lung injury, leading to the development of BPD.
Therefore, the current model was used to quantify lung
inflammation to determine the mechanisms through which
Adm signaling deficiency augments neonatal lung injury. The
extent of lung inflammation was determined by quantifying
the production of the proinflammatory cytokines CCL2,
CCL3, CXCL1, ICAM-1, IL-1b, and TNF-a in the lung tissues
by real-time RT-PCR. Consistent with the prior study,28 LPS
increased the expression of CCL2 (Figure 9A), CCL3
(Figure 9B), CXCL1 (Figure 9C), IL-1b (Figure 9E), and
TNF-a (Figure 9F) mRNA levels between 3.4-fold and 14.3-
fold, but did not affect ICAM-1 (Figure 9D) mRNA levels in
the saccular lungs of Adm-sufficient mice. However, the
extent of LPS-induced inflammation was significantly
augmented in Adm-deficient mice, wherein LPS not only
increased the expression of CCL2 (Figure 9A), CCL3
(Figure 9B), CXCL1 (Figure 9C), IL-1b (Figure 9E), and
TNF-a (Figure 9F) mRNA levels between 8.8-fold and 37.6-
fold (1.6-fold to 10-fold higher than Adm-sufficient mice), but
also increased ICAM-1 (Figure 9D) mRNA levels by 4.8-fold.
Finally, transcription factors that regulate inflammation

were investigated. In alignment with the previous study,28

LPS activated STAT3, but not STAT1, in the saccular lungs
of Adm-sufficient mice. The p-STAT3/total STAT3 ratio
increased by 18.5-fold in the LPS group (Figure 9, G and I).
However, in Adm-deficient mice, LPS not only increased the
expression of p-STAT3/total STAT3 ratio by 27.5-fold
(Figure 9, G and I), but also increased p-STAT1/total
STAT1 by 6.4-fold (Figure 9, G and H), suggesting that Adm
may regulate lung inflammation via these transcription factors.
agonist potentiates lipopolysaccharide (LPS)einduced pulmonary vascular
mice were treated intraperitoneally with phosphate-buffered saline (PBS) or
e52, once daily through postnatal days (PNDs) 1 through 7, while they were
mg/kg of LPS (L6) daily on PNDs 3 to 5. Lung vascularization was quantified
ebrand factor (vWF)eimmunostained lung sections from PBS (A and C) and
ed to PBS (A and B) or L6 (C and D). E: Pulmonary vascularization was
ung blood vessels. Values are presented as the means � SD (E). n Z 3 to 4
rsus AM22e52 treated mice exposed to PBS; yyP < 0.01 PBS versus AM22e52

1 PBS versus L6 groups (analysis of variance). Scale bars Z 100 mm (AeD).
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Pharmacologic Inhibition of Adm Signaling
Potentiates LPS-Induced Pulmonary Inflammation in
Neonatal Mice

To determine if pharmacologic and genetic inhibition of
Adm signaling have similar effects on lung inflammation,
the extent of lung inflammation in AM22e52etreated WT
mice was determined by quantifying the production of the
proinflammatory cytokines in the lung tissues by real-time
RT-PCR analyses. Consistent with the findings in Adm-
deficient neonatal mice, the extent of LPS-induced inflam-
mation was significantly augmented in neonatal mice treated
with the Adm receptor antagonist, AM22e52. Herein, LPS-
induced expression of CCL2 (Figure 10A) and TNF-a
(Figure 10C) mRNA levels were significantly greater in
AM22e52etreated mice than in vehicle-treated mice.
Furthermore, the effect of Adm inhibition on ICAM-1 gene
expression in LPS-treated mice was consistent, wherein LPS
increased ICAM-1 mRNA levels only when Adm signaling
was inhibited by AM22e52 (Figure 10B).

Discussion

The present study examined the immediate and intermediate
effects of Adm gene and LPS exposure and the interactions
between them during the saccular lung developmental stage
on alveolarization, pulmonary vascularization, and lung
Figure 9 Adrenomedullin (Adm) deficiency potentiates lipopolysaccharide (LPS
(Admþ/þ) were treated intraperitoneally with phosphate-buffered saline (PBS)
inflammation was quantified on PND5. AeF: Real-time RT-PCR analyses-based dete
(F) mRNA expression levels. G: Determination of phosphorylated STAT1 (p-STAT
immunoblotting. H and I: Quantification and normalization of p-STAT1 (H) and p-S
are presented as the means � SD (AeF, H, and I). n Z 4 to 5 mice per group (A
yyP < 0.01 and yyyP < 0.001 Admþ/þ versus Admþ/� mice exposed to L6 (analys
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inflammation in mice. The findings demonstrate that Adm
deficiency in neonatal mice potentiates and impairs the
resolution of LPS-induced lung injury. Furthermore, data
show that Adm deficiency potentiates LPS-induced inflam-
mation and specifically activates STAT1 in saccular lungs.
Finally, data show that pharmacologic Adm signaling inhi-
bition produces similar effects to genetic inhibition in LPS-
exposed neonatal mice.

Adm attenuates tissue inflammation and injury in animal
models of sepsis. Furthermore, this peptide is elevated in
animal models34e36 and humans37 with sepsis. Therefore,
initially, the effects of LPS on the expression of Adm and its
receptors in WT mice were elucidated. Consistent with the
above studies, LPS increased Adm expression in neonatal
murine lungs. However, this effect was transient, indicating
that neonatal murine lungs cannot mount a sustained pro-
tective response when exposed to inflammatory stimuli.
More importantly, chronic LPS exposure did not increase
Adm mRNA levels in these transgenic mice. LPS has been
shown to decrease the expression of Adm signaling cor-
eceptors, Calcrl and Ramp2.34,38 In contrast, LPS did not
decrease the Adm receptor levels in the current model. The
discrepant findings may be due to the differences in the
mouse age, tissue, or cell type, and LPS dose.

Sepsis increases the odds of developing BPD,11,12 and
microbial products, such as LPS, disrupt lung devel-
opment.28,39e41 Likewise, the RAC was decreased, and the
)einduced lung inflammation. Admþ/� mice and their wild-type littermates
or 6 mg/kg of LPS (L6) on postnatal days (PNDs) 3 to 5, and their lung
rmination of CCL2 (A), CCL3 (B), CXCL1 (C), ICAM-1 (D), IL-1b (E), and TNF-a
1), STAT1, phosphorylated STAT3 (p-STAT3), and STAT3 protein levels by
TAT3 (I) band intensities to those of STAT1 and STAT3, respectively. Values
eF, H, and I). *P < 0.05, **P < 0.01, and ***P < 0.001 PBS versus L6;
is of variance).
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MLI was increased in LPS-exposed mice at PND7. LPS also
decreased the pulmonary vasculature. Furthermore, genetic
and pharmacologic inhibition of Adm signaling in vivo
potentiated these LPS effects, highlighting the protective
role of Adm in the initiation of LPS-induced alveolar and
pulmonary vascular simplification. Adm and its receptors are
co-expressed primarily in endothelial and epithelial cells of
the lungs.42,43 Increased expression of Adm signaling
components in these cells that modulate proliferation and
differentiation combined with increased Adm expression
during alveolarization44e46 indicate that Adm regulates lung
development, injury, and repair. Consistent with this notion,
Adm regenerates alveoli and vasculature in rodent models of
hyperoxic lung injury30 and pulmonary emphysema.47 The
current study provides further evidence that Adm also pro-
tects neonatal lungs against LPS-induced injury.

The longitudinal course of chronic LPS-induced neonatal
lung injury is unknown. Consequently, the study investi-
gated the effects of chronic LPS exposure on lung devel-
opment at PND14. The RAC and pulmonary vasculature
increased, and the MLI decreased, at PND14 in Adm-suffi-
cient mice exposed to LPS, indicating that WT mice can
substantially recover from LPS-induced developmental lung
injury. By contrast, Adm-deficient mice exposed to LPS
continued to display significant alveolar and pulmonary
vascular simplification, emphasizing that Adm promotes
lung repair, a concept supported by other investigators.30,48

These findings indicate that low-dose LPS exposure in WT
mice causes a transient perturbation in lung development
without overwhelming the lung reparative homeostasis.
However, when protective and/or reparative molecules, such
as Adm, are deficient, it can cause severe and persistent lung
developmental deficits.

Lung inflammation is a hallmark of BPD. Therefore, the
extent of lung inflammation was next examined by
Figure 10 Adrenomedullin (Adm) antagonist potentiates lipopolysaccharide
treated intraperitoneally with phosphate-buffered saline (PBS) or 100 mg/kg of
through 5, while they were exposed to i.p. treatments with PBS or 6 mg/kg of LPS
time RT-PCR analyses-based determination of CCL2 (A), ICAM-1 (B), and TNF-a (C
n Z 3 to 4 mice per group (AeC). *P < 0.05, ***P < 0.001 PBS versus L6; yP < 0
to L6 (analysis of variance).
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quantifying the proinflammatory cytokines in the lung
tissues. Consistent with the prior study,28 LPS increased
the expression of CCL2, CCL3, CXCL1, IL-1b, and TNF-a
mRNA levels, but had no effect on ICAM-1 mRNA levels
in the saccular lungs of Adm-sufficient mice. However, the
extent of LPS-induced inflammation was significantly
augmented in Adm-deficient mice, wherein LPS increased
the expression of all these chemokines/cytokines,
including ICAM-1, severalfold higher than in Adm-suffi-
cient mice. Furthermore, similar effects were observed in
neonatal WT mice treated with the Adm receptor antago-
nist, AM22e52, and exposed to LPS. These findings are
congruent with those of other investigators,23,34 indicating
that Adm exerts potent anti-inflammatory effects in lung
tissues. However, the current study differs from others in
two aspects: first, it used a chronic LPS-exposure model;
and second, it determined the effects of Adm deficiency in
the developing lungs.
Transcription factors, such as STAT, modulate inflam-

mation and play a key role in BPD pathogenesis.49 STAT3
regulates cell proliferation during the development, injury,
and repair of organs50e52 as well as inflammation,53,54 the
biological processes that play a major role in the patho-
genesis of BPD. For instance, STAT3 activation increases
pulmonary vascularization,55 which is critical for healthy
lung development. Furthermore, Adm decreases STAT1 and
STAT3 activation in animal models of inflammatory bowel
disease.56,57 Therefore, the effects of Adm gene on STAT
signaling were investigated. In alignment with the previous
study,28 LPS activated STAT3, but not STAT1, in the
saccular lungs of Adm-sufficient mice. However, in Adm-
deficient mice, LPS activated both STAT1 and STAT3,
severalfold higher than in Adm-sufficient mice, indicating
that Adm modulates LPS-induced lung injury via STAT1
and STAT3. The molecular mechanisms responsible for
(LPS)einduced lung inflammation. C57BL/6J wild-type (WT) mice were
the Adm antagonist, AM22e52, once daily through postnatal days (PNDs) 1
(L6) daily on PNDs 3 to 5. Lung inflammation was quantified on PND5. Real-
) mRNA expression levels. Values are presented as the means � SD (AeC).
.05, yyP < 0.01, and yyyP < 0.001 PBS versus AM22e52 treated mice exposed
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these differences are currently unclear, and future mecha-
nistic studies using transgenic mice are necessary to deter-
mine the interactions between Adm and these STATs and
their effects on lung inflammation and development.

The strengths of the current study are that: it examined
the immediate and delayed effects of chronic LPS exposure
on lung development, which has a high translational sig-
nificance; and it utilized a robust transgenic approach and a
pharmacologic approach to identify the role of Adm in LPS-
mediated developmental lung injury. However, this study
has some limitations. It did not elucidate sex- or cell-specific
effects of Adm and the impact of Adm deficiency on lung or
pulmonary vascular function. It also did not elucidate the
exact molecular mechanisms through which Adm deficiency
potentiates inflammatory injury in the developing lungs.
These will be addressed in future studies.

In summary, this is the first study, to our knowledge, that
characterized the effects of Adm deficiency on LPS-exposed
developing lungs and identified potential mechanisms
whereby Adm regulates lung inflammation. Specifically, it
demonstrated that Adm deficiency potentiates LPS-induced
alveolar and pulmonary vascular simplification, and delays
recovery from LPS-induced lung developmental deficits.
Furthermore, it showed that the Adm-deficient lungs mount
a robust inflammatory response by activating STAT1 and
STAT3 pathways. These findings have significant implica-
tions for the development of therapeutic targets for sepsis-
induced BPD in infants.
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