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Abstract
Acute respiratory distress syndrome (ARDS) is a devastating pulmonary disease with signi�cant
inhospital mortality and is the leading cause of death in COVID-19 patients. Potential therapies remain
limited despite advancements in understanding ARDS pathophysiology. Excessive leukocyte recruitment,
unregulated in�ammation, and resultant �brosis contribute to poor ARDS outcomes. In this study, we
evaluated the potential of the radical scavenging cerium oxide nanoparticle (CNP) conjugated to the anti-
in�ammatory microRNA-146a (CNP-miR146a) to prevent acute lung injury (ALI) following exposure to
bleomycin. We have found that CNP-miR146a can prevent ALI by altering leukocyte recruitment, reducing
in�ammation, and decreasing collagen deposition, ultimately improving pulmonary biomechanics.

Introduction
Acute lung injury (ALI) in its most severe form, acute respiratory distress syndrome (ARDS), is a highly
morbid pulmonary disease that carries an in-hospital mortality of nearly 40% worldwide.1,2 The disease
accounts for 10% of intensive care unit (ICU) admissions with a median length of ICU stay of 25 days.1,3
The injury seen in ARDS can be secondary to a range of systemic in�ammatory insults including trauma,
sepsis, and direct lung injury such as through aspiration or toxic exposure.4,5 The burden of this severe
disease is rising dramatically due to the novel coronavirus (SARS-CoV–2) causing the disease COVID–19
which escalates to ARDS in approximately 15–40% of patients hospitalized with the disease.6,7 In the
United States, this may result in 1,000,000 cases of ARDS in the year 2020 alone.8 ARDS is characterized
by hypoxic respiratory failure resultant from diffuse alveolar injury, increased capillary permeability, and
surfactant dysfunction,9,10 with long-term sequelae of pulmonary �brosis and respiratory
dysfunction.11,12 Regardless of etiology, excess in�ammation and oxidative stress are key components
of the progression of ALI to ARDS.

ALI leads to the release of pro-in�ammatory mediators from the pulmonary epithelium and endothelium,
with alveolar macrophages playing a critical role in the propagation of these in�ammatory signals.13
These chemokines promote leukocyte recruitment to the site of injury, particularly neutrophils and, in turn,
macrophages. Increased macrophage in�ltrate has been associated with activation of the NFκB (nuclear
factor kappa-light-chain-enhancer of activated B cells) pathway and upregulation of the target pro-
in�ammatory cytokines IL–6, IL–8, and TNFα.14,15 Upregulation of pro-in�ammatory mediators
promotes the release of reactive oxygen species (ROS) and collagen synthesis.16,17

Despite advancements in understanding the pathophysiology of ARDS, therapeutic options targeting the
in�ammatory response while restoring pulmonary function are limited.18 For example, the anti-
in�ammatory properties of corticosteroids are well established; however studies evaluating their mortality
bene�t and improvement in pulmonary function after ALI have had inconsistent conclusions, with results
ranging from worsened outcomes to mild improvements.18,19 There is a need for novel therapeutics that
will protect the lung from an ongoing in�ammatory insult while preventing pulmonary dysfunction and
microRNAs (miRNA, miR) are one potential target within these in�ammatory pathways.20 miRNAs are
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short, noncoding RNA molecules known to modulate gene expression through alteration of messenger
RNA (mRNA) translation or promotion of mRNA degradation.21 miR–146a, a key regulator in the
in�ammatory response with signi�cant anti-in�ammatory actions, normally represses tumor necrosis
factor receptor-associated factor 6 (TRAF6) and interleukin–1 receptor-associated kinase 1 (IRAK1),
activators of the NFκB pathway, ultimately resulting in decreased expression of pro-in�ammatory
mediators IL–6, IL–8, and TNFα.22 miR–146a has been shown to be upregulated as a defensive
response to acute lung injury,23 and overexpression of miR–146a has been shown to suppress pro-
in�ammatory mediators and to promote a pro-resolving macrophage phenotype in murine models of
ALI.24

miRNAs have rapid pharmacokinetics given their small size and negative charge, and are degraded by
ubiquitous tissue nucleases, resulting in overall instability as an unmodi�ed therapeutic.25,26 Given the
fragile nature of these small nucleotides, development of stable miRNA delivery mechanisms is of
growing interest. While therapeutic application of strategies like chemical modi�cation27,28 and viral
delivery29 may be limited by bioavailability30,31 or an individual’s innate immunity to a virus,32
respectively, nanoparticle technology offers a potential solution, protecting the miRNA from nuclease
degradation while stabilizing the nucleotide for cellular uptake.26,28 One such nanoparticle, the cerium
oxide nanoparticle (CNP), provides an advantageous delivery mechanism because CNP with multivalent
oxidation states (+3, +4) has radical scavenging properties33–39 and may protect the miRNA from
oxidative damage while neutralizing its negative charge to promote cellular uptake.40–43 We have
previously shown in diabetic wounds that local delivery of miR–146a conjugated to CNP, termed CNP-
miR146a, reduces the in�ammatory response and accelerates wound healing.44 The suppression of
acute in�ammation in lung injury could improve pulmonary function and decrease risk of chronic
pulmonary disease.

A well-established murine model of ALI/ARDS is toxic exposure to bleomycin that results in a signi�cant
in�ammatory response, as seen in ARDS, that progresses to �brosis. We hypothesize that intratracheal
administration of CNP-miR146a after bleomycin-induced acute lung injury reduces the in�ammatory
in�ltrate, decreases pro-in�ammatory cytokine levels, and lowers oxidative stress, thereby preventing
alveolar damage and improving pulmonary function.

Results

In�ammatory Cell In�ltrate
Histologic evidence of in�ammatory cells in�ltration was evaluated using CD45+ staining in lung tissue
harvested 14 days following bleomycin injury (Figure 1A-E). Bleomycin-injured mice demonstrated
signi�cantly higher CD45+ cells per high-powered �eld (HPF) compared to controls (p = 0.0008; 95% CI:
[83.9, 349.1]).
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Preventative treatment with CNP-miR146a signi�cantly decreased the number of CD45+ cells present
(Figure 1F, p = 0.0176; 95% CI: [23.03, 288.4]).

ROS Production
The concentration of CM• following oxidation of 1-hydroxy–3-methoxycarbonyl–2, 2, 5, 5-
tetramethylpyrrolidine (CMH), a superoxide selective nitroxide probe, was measured in lungs harvested at
14 days following injury using electron paramagnetic resonance (EPR) spectrometry. Bleomycin-injured
lungs had higher nitroxide concentrations of 169μM than control concentrations of 126μM (p = 0.0239,
95% CI: [–82.05, - 4.161]). All treatment groups had lower nitroxide concentrations than bleomycin-injured
lungs as depicted in Figure 2 (p < 0.0001, F = 11.12, R2 = 0.5596).

Pro-In�ammatory Gene Expression
To evaluate the effects of CNP-miR146a on pro-in�ammatory gene expression, real-time quantitative
polymerase chain reaction (RT-qPCR) was performed on right lung digests. miR–146a gene expression
was evaluated and compared to baseline levels at 4 hours, 3 days and 7 days after injury and with CNP-
miR146a prevention treatment at the time of injury. Preventative treatment with CNP-miR146a
signi�cantly increased the level of miR–146a 7 days following injury compared to untreated, bleomycin-
injured lungs (Figure 3, p = 0.0191, 95% CI: [0.1017, 0.9409]). Preventative treatment had trends toward
increasing miR146a expression levels at 4 hours and 3 days following injury.

Figure 4 depicts the relative gene expression of IL–6, IL–8, and TNFα at 3- and 7-days post injury.

Three days after injury, there was a signi�cant increase in IL–6 and TNFα gene expression (p = 0.0025,
95% CI: [2.601, 10.84]; p = 0.0474, 95% CI: [0.02014, 3.512]), with a trend toward an increase in IL–8 in
bleomycin- injured mice compared to uninjured controls (p = 0.0867, 95% CI: [–0.29, 4.658]). Preventative
treatment with CNP-miR146a signi�cantly lowered IL–6 gene expression compared to untreated,
bleomycin-injured mice 3 days following injury (p = 0.0386, 95% CI: [–8.462, –0.2253]). Seven days after
bleomycin injury, there was a signi�cant upregulation in IL–6 and IL–8 compared to controls (p < 0.0001,
95% CI: [2.96, 8.668]; p = 0.0002, 95% CI: [1.244, 4.824]). CNP-miR146a treatment lowered expression of
IL–8 and TNFα compared to untreated, injured lungs (p = 0.0297, 95% CI: [–3.312, –0.1221]; p = 0.0124,
95% CI: [–2.384, –0.2115]). To test the individual components of the conjugate treatment, CNP-miR146a,
treatment with equivalent doses of miR- 146a mimic and CNP alone was performed. miR–146a mimic
treatment additionally lowered IL–8 and TNFα gene expression compared to bleomycin-injured lungs that
did not receive treatment (p = 0.0495, 95% CI: [- 3.361, –0.0024]; p = 0.0339, 95% CI: [–2.234, –0.0615]).
Two weeks following bleomycin injury, expression of IL–6, IL–8, and TNFα returned to control levels in
bleomycin-injured lungs with no difference between treated and untreated groups (data not shown).
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Pulmonary Fibrosis and Lung Histology
Histologic evaluation of in�ation-�xed lung tissue was performed on tissue harvested 14 days following
injury to assess overall architectural change and the degree of �brosis. 4μm sections were trichrome
stained and lung injury severity score was evaluated. Bleomycin-injured mice had signi�cantly worse
cellular in�ltration and cellular hyperplasia when compared to PBS controls (p = 0.045, 95% CI: [0.07524,
4.925]), as depicted in Figure 5, with no statistically signi�cant difference in cellular in�ltration or cellular
hyperplasia between mice treated with CNP-miR146a and control mice. Overall lung injury severity scores
had a mean of 1 for controls, 11.5 for bleomycin-injured mice, and 6.5 for prevention-treated mice,
although severity scores were not signi�cantly different between the groups (p =.118, F = 3.386, R2 =
0.5752).

Using trichrome-stained slides, collagen deposition was quanti�ed per hpf for each treatment group 14
days following bleomycin injury using NIS-Elements—Advanced Research computer software. There was
a signi�cant reduction in area of collagen per hpf with miR146a mimic treatment (p = 0.0295, 95% CI: [–
20,420, - 775.3]) and with CNP-miR146a treatment (p = 0.0458, 95% CI: [–19,777, –132.4]) compared to
bleomycin- injured mice (Figure 5). Col1α2 and Col3α1 relative gene expression was evaluated using RT-
qPCR. Col1α2 was upregulated 7 days after injury in bleomycin-injured lungs compared to controls (p =
0.0009, 95% CI: [0.2382, 1.054]), with gene expression signi�cantly lower in CNP-treated and miR146a-
treated lungs compared to untreated, bleomycin-injured lungs (p < 0.0001, 95% CI: [–1.226, –0.4408]; p <
0.0001, 95% CI: [–1.217, - 0.4321]). There was no signi�cant difference in Col1α2 gene expression among
groups at 14 days following injury or in Col3α1 at 7 or 14 days after injury.

Pulmonary Function
Pulmonary function was measured during invasive mechanical ventilation 14 days after bleomycin injury
(Figure 6). Quasi-static pressure-volume loop analysis shows that, compared to uninjured controls, the
bleomycin-injured mice had signi�cantly lower compliance at 5 cmH20 on the expiratory limb (p < 0.0001,
95% CI: [–0.03787, –0.01721]) and decreased inspiratory capacity (p < 0.0001, 95% CI: [–0.303, –0.942],
while hysteresis was not signi�cantly changed. Multi-frequency forced oscillation impedance
measurements recorded at PEEP = 0 cmH2O and �t to the constant phase model show that bleomycin
increased pulmonary system elastance (p = 0.0005, 95% CI: [7.619, 35.30]) and tissue resistance (p =
0.0003, 95% CI: [1.186, 5.507]) while central airway resistance was unaffected. Preventative treatment
with CNP-miR146a restored pulmonary compliance, elastance, tissue resistance, and inspiratory capacity
to control levels. When compared to untreated, bleomycin-injured lung, CNP-miR146a treatment
signi�cantly improved compliance (p = 0.0107, 95% CI: [0.00222, 0.0229]), inspiratory capacity (p = 0.018,
95% CI: [0.0154, 0.228]), elastance (p = 0.0324, 95% CI: [–27.99, –0.869]), and tissue resistance (p =
0.0362, 95% CI: [–3.868,—–0.0967]).

Discussion
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Despite advances in mechanical ventilation and critical care, the progression of acute lung injury to ARDS
results in devastating morbidity and an in-hospital mortality of nearly 40%.1 Mortality in patients with
COVID–19 who develop ARDS carry an in-hospital mortality of 50%, with some reports suggesting a
mortality rate greater than 80% in COVID–19 ARDS.45 Therefore, there is a pressing need to develop
novel therapeutics that may prevent ALI and protect pulmonary function. In this experiment, we examined
the in vivo role of CNP- miR146a in preventing ALI at the time of bleomycin-induced lung injury through
modulation of the in�ammatory cascade.

Bleomycin-induced lung injury results in a robust in�ammatory response with increased in�ammatory cell
recruitment. Recruited leukocytes, identi�ed histologically using CD45+ staining, play a critical role in the
development of ALI. Alveolar macrophages, for instance, play a critical role in both the development of
ALI and its resolution as it transitions from a pro-in�ammatory activation state to a pro-resolving/anti-
in�ammatory phenotype.46,47 We see a robust in�ltration of leukocytes on histologic analysis of lung
tissue 14 days following injury, and treatment with CNP-miR146a reduced this leukocyte in�ltrate (Figure
1).

Leukocytes play an important role in free radical production, and excess oxidative stress is intrinsic to the
pathogenesis of ALI and ARDS. CNP with its variable valency has the potential to scavenge free radicals,
which could explain the reduction in CM• concentration with CNP alone and in conjugation with miR146a
(Figure 2). miR146a alone additionally decreased ROS concentration, which we believe is secondary to
the promotion of the pro-resolving macrophage phenotype through the anti-in�ammatory action of miR–
146a.

Higher levels of ROS promote the release of pro-in�ammatory cytokines,46 so lowering ROS may aid in
the resolution of lung injury. We have previously shown that CNP-miR146a targets the NF-κB pro-
in�ammatory pathway by inhibiting TRAF6 and IRAK1.44 NF-κB is known to promote IL–6, IL–8, and
TNFα cytokine production, which play signi�cant roles in the pathogenesis of ALI.14,15 We found that
treatment with CNP- miR146a at the time of injury is able to signi�cantly reduce IL–6 gene expression
three days following bleomycin injury. Furthermore, treatment with CNP-miR146a reduced IL–8 and TNFα
gene expression seven days following injury. Preventing the early increase in IL–6, which is an early
acute-phase reactant, may prevent an in�ammatory cascade and prevent persistent elevation of IL–8 and
TNFα at later timepoints (Figure 4).

The reduction in in�ammation at 3 and 7 days with CNP-miR146a correlates with lower oxidative stress
(nitroxide concentration) and in�ammatory cell in�ltrate 14 days after injury. Early reductions in this
in�ammatory cascade within the lung, speci�cally with reductions in IL–6, IL–8, and TNFα, may lower
chemokine signaling and leukocyte in�ltration. Importantly, there is normalization of gene expression to
control levels of IL–6, IL–8, and TNFα 14 days following injury in all treatment groups. This may be
attributed to a negative feedback loop driven by the anti-in�ammatory miR146a.

miR–146a has an intrinsic role in downregulating in�ammation in acute lung injury, however, miR–146a
gene expression is initially downregulated in bleomycin-injured lungs and does not return to a baseline
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level until 3 days following injury (Figure 3). This may suggest that the role of miR146a in the resolution
of pulmonary in�ammation is promotion of a negative feedback loop intrinsic to lungs after injury. By
treating with CNP-miR146a, we were able to increase miR–146a expression earlier and sustain signi�cant
increases in the anti-in�ammatory feedback 7 days following lung injury. This early promotion of an anti-
in�ammatory environment may heighten the potential of this negative feedback loop thereby potentiating
the ongoing in�ammation seen following bleomycin-induced acute lung injury. Furthermore, given a peak
expression level of miR146a three days following injury, treatment with CNP-miR146a at this time point
may bolster this negative feedback loop, thereby rescuing the lung from an active in�ammatory insult.
One risk with decreasing in�ammation and promoting an anti-in�ammatory microenvironment is the
development of infection. By reinforcing an innate negative feedback pathway that returns to baseline,
perhaps we would avoid this additional risk, an important factor to consider in human application.

Ultimately, the goal of treatment with CNP-miR146a is to improve long-term outcomes following ALI by
decreasing �brosis and improving pulmonary biomechanics. The long-term effects of ALI/ARDS are often
driven by lung structural changes, such as interstitial �brosis. We see that treatment with CNP-miR146a
after bleomycin-induced lung injury protects against the in�ammatory in�ltration and structural changes
seen on histology (Figure 5). While we did not �nd evidence of differences in collagen gene expression,
histologic quanti�cation of collagen deposition demonstrated a marked decrease in collagen protein
quantities in mice treated with miR146a mimic or CNP-miR146a compared to untreated, bleomycin-
injured mice. We believe that the early reduction of in�ammatory gene expression results in less
pathologic remodeling. This culminates in the critical challenge in ALI/ARDS treatment: improvement in
pulmonary function.

The potential of CNP-miR146a in a clinical setting is highlighted by the prevention of pulmonary
mechanical dysfunction with CNP-miR146a. While CNP alone and miR146a alone additionally lower ROS
and in�ammatory signaling, we found the conjugate treatment to be the most effective in improving
pulmonary mechanics (Figure 6). Treatment with CNP-miR146a at the time of injury improved pulmonary
elastance, inspiratory capacity, pulmonary compliance, and tissue resistance. By lowering in�ammatory
signaling and collagen deposition, and improving pulmonary histologic structure, CNP-miR146a prevents
acute lung injury and protects pulmonary function. This could prevent the need for mechanical ventilation
or ICU admission, and prevent the need for long-term pulmonary rehabilitation.

The rising incidence of COVID–19 and ARDS highlights the absence of effective ARDS therapies. In this
study, we show that CNP-miR146a, the conjugate of the free radical scavenging cerium oxide
nanoparticle and the anti-in�ammatory microRNA–146a, is able to prevent bleomycin-induced acute lung
injury. By reducing the in�ammatory cell in�ltrate, and preventing free radical overproduction and a
heightened in�ammatory response, CNP-miR146a provides a potential therapeutic for ALI to reduce
histologic injury and improve pulmonary mechanics.

Online Methods
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Animal Bleomycin Model
Eight- to ten-week-old male mice (C57BL/6, strain No. 000642, Jackson Laboratory) were used after
allowing the animals to acclimate to our 1600 m altitude for 1 week. Care of the animals was in
accordance with the guidelines de�ned in the NIH Guide for the Care and Use of Laboratory Animals.
Animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at
University of Colorado Denver – Anschutz Medical Campus (License #84-R–0059). Animals were
anesthetized with inhaled iso�urane prior to intratracheal administration of bleomycin or an equal
volume of phosphate buffered saline. Animals were euthanized with iso�uorane at 4 hours or three,
seven, or fourteen days after injury. Lung tissue was harvested for immunohistochemistry or tissue
homogenization and molecular testing after ventilatory testing. Each measurement was taken from
distinct samples.

Treatment of Bleomycin-Induced Lung Injury
Cerium oxide nanoparticles were synthesized and oxidized, as previously described (17, 18).

Conjugation of CNP to miR146a was performed by utilizing the activated form of 1,1-carbonyldiimidazole
(CDI) to couple the amino group of miR146a to the CNP hydroxyl group. Bleomycin-injured mice were
given 5 units/kg of bleomycin and were divided into four treatment groups with intratracheal
administration of: no treatment (Bleo), 1ng CNP alone (Bleo + CNP), 1ng miR146a mimic alone (Bleo +
miR146a), or 1ng CNP- miR146a (Bleo + CNP-miR146a) at time of injury, where CNP and miR146a mimic
are the component pieces of the conjugate treatment, CNP-miR146a. Control mice were given an
equivalent volume of PBS.

Electron Paramagnetic Resonance (EPR) Spectrometry for
Reactive Oxygen Species (ROS) Detection
Lung tissue harvested 7 days following injury (n = 5, 10, 7, 7, 11 for control, bleomycin, bleomycin + CNP,
bleomycin + miR146a, bleomycin + CNP-miR146a) was homogenized in sucrose buffer in a 1:6 ratio of
lung weight to buffer volume (0.25M sucrose, 10mM TRIS-HCl, 1mM EDTA, pH = 7.4). 60μL of lung
homogenate for each sample was mixed with 140μL of Krebs-HEPES buffer (KHB) consisting of 100μM
DTPA and 0.2mM CMH. A blank sample of 200μL KHB was used for background signal subtraction. The
samples were incubated for 1 hour at 37oC and 150μL samples were loaded in PTFE tubing with rubber
seal stoppers.48 ROS production was measured by EPR spectrometry using the superoxide selective spin
probe 1-hydroxy–3- methoxycarbonyl–2, 2, 5, 5-tetramethylpyrrolidine (CMH). The Bruker EMX nano X-
band spectrometer was used at 77 K with Bruker liquid nitrogen Finger Dewar to detect ROS as CM•. EPR
acquisition parameters were: microwave frequency = 9.65 GHz; center �eld = 3438 G; modulation
amplitude = 4.0 G; sweep width = 150 G; microwave power = 0.316 mW; total number of scans = 10;
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sweep time = 60 s; and time constant = 1.28 ms. CM• nitroxide radical concentration was obtained by
double integration followed by Spin count (Bruker).

Quantitative Real-time PCR (RT-qPCR)
Lung tissue used for RT-PCR was collected 4 hours, 3 days, 7 days, and 14 days following bleomycin-
induced lung injury (n = 7 for all treatment groups, n = 14 at 7 days for the Bleo group). Harvested lung
tissue was homogenized and total RNA was extracted using TRIzol solution per manufacture instructions
(Thermo Fisher Scienti�c). Resuspended RNA was treated with DNAse I (Thermo Fischer Scienti�c). 5ng
RNA was used for reverse transcriptase ampli�cation for miRNA and 1ng RNA was used for reverse
transcriptase ampli�cation for mRNA. RT-qPCR was performed with the BioRad CFX–9600 thermal cycler.
Normalization was attained using the housekeeper genes GAPDH for mRNA and U6 for miRNA.
Expression analysis of miR146a, TNFα, IL–6, and IL–8 was performed. All samples were examined in
triplicate and the average of each triplicate was used for statistical analysis of each sample.

Immunohistochemistry
Lung tissue was harvested at time of euthanasia 14 days after injury. The left lung was in�ated with
melted agarose solution with care to not overin�ate the lung. Once in�ated, the lung was removed and
placed in 4% Paraformaldehyde (PFA) in 10mL sterile PBS incubated on ice. The lung was kept in PFA at
room temperature for 24 hours, then dehydrated in 70% EtOH, and embedded in para�n prior to
sectioning at 4μm. Slides were stained with Mason’s trichrome. Lung injury severity score was calculated
using previously established methods (n = 2, 2, 4 for control, bleomycin, bleomycin + CNP-miR146a).49 A
score of 0 indicated no injury, 1 indicated mild injury, 2 indicated moderate injury, and 3 indicated severe
injury.49 Five 100x total magni�cation high-power �elds were randomly imaged for each sample and
collagen deposition was quanti�ed using an automated algorithm on NIS Elements—Advanced Research
imaging software and averaged for each sample (n = 7 for all treatment groups).

Slides used for immunohistochemistry were depara�nized and placed in a citrate buffer (pH 6.0).
Biocare Medical’s Decloaker was used to retrieve the heat-induced epitope and slides were stained with
Leica’s Bond Rx instrument. Primary CD45 antibodies at 1:50 solutions (BD Biosciences) were applied to
the slides, and the slides were developed with a Vectastain Elite ABC kit (Vector Laboratories). Slides were
analyzed for the number of CD45-positive cells per high-power �eld by evaluating �ve random high-power
�elds and averaging counts for each sample (n = 7 for all treatment groups).

Pulmonary Function Testing
Fourteen days after lung injury a cohort of mice were invasively ventilated to measure lung function (n =
12, 8, 6, 5, 11 for control, bleomycin, bleomycin + CNP, bleomycin + miR146a, bleomycin + CNP-miR146a



Page 11/19

groups). Mice were anesthetized with 100 mg/kg ketamine, 16 mg/kg xylazine, and 3 mg/kg
acepromazine via intraperitoneal (IP) injection. Following tracheostomy with an 18-gauge metal cannula,
the mice were ventilated with a computer-controlled rodent ventilator (SCIREQ �exiVent). Respiratory drive
was suppressed with 0.8 mg/kg IP pancuronium bromide and the electrocardiogram was used to monitor
anesthesia. A baseline ventilation with a tidal volume 10 ml/kg at 200 breaths per minute and PEEP = 3
cmH20 was applied for 10 minutes to allow the mice to stabilize on the ventilator. Recruitment
maneuvers (RM) consisting of a 3-sec ramp to 30 cmH2O and a 3-sec breath hold were applied a 2-
minute intervals during the stabilization period.

Lung function assessments included an RM followed immediately by a stepwise 16-sec pressure-volume
(PV) loop with a maximum pressure of 30 cmH2O. The PV loop data were used to calculate the quasi-
static compliance at 5 cmH2O on the expiratory limb, PV loop hysteresis area, and the delivered volume
which we refer to as the inspiratory capacity. In addition, an RM was applied and immediately followed by
four 3-sec multi-frequency forced oscillations (3 ml/kg, 13 mutually prime frequencies from 1 to 20.5 Hz)
at 10-sec intervals to measure pulmonary system impedance. The impedance data was �t to the constant
phase model50 to determine elastance, tissue damping, and central airway resistance.

Statistical Analyses
Comparison of quantitative data between multiple treatment groups was performed using one-way
ANOVA with a two-sided level of signi�cance α = 0.05. The mean of each treatment group was compared
to the means of the control and bleomycin treatment groups.
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Figure 1

Reduction of in�ammatory cell in�ltrate with CNP-miR146a. (A-E) CD45+ stained 4μm slides at 200x
power 14 days following bleomycin instillation. Acute lung injury with bleomycin resulted in a signi�cant
recruitment of leukocytes to pulmonary tissue. (A) Control, (B) Bleomycin, (C) Bleomycin + CNP-miR146a,
(D) Bleomycin + CNP, (E) Bleomycin + miR146a. (F) CD45+ cells present in lung samples were
signi�cantly higher in bleomycin-injured lungs, and treatment with CNP-miR146a signi�cantly reduced
in�ammatory cell in�ltrate number. Mean and standard deviation values from n = 7 samples per group
are shown.
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Figure 2

ROS levels 14 days following bleomycin injury measured by EPR. CM• nitroxide reactive oxygen species
concentration was signi�cantly higher in bleomycin-injured lungs compared to controls (p = 0.0239), with
all treatments normalizing nitroxide concentration to control levels, and reduced to signi�cantly lower
levels when compared to untreated bleomycin-injured lungs (p < 0.05). Mean and standard deviation
values are shown from n = 5, 10, 11, 7, 7 for control, bleomycin, bleomycin + CNPmiR146a, bleomycin +
CNP, bleomycin + miR146a samples per group.

Figure 3
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miRNA-146a relative gene expression compared to U6 gene expression. miR146a has decreased initial
expression in bleomycin-injured lungs compared to baseline, returning to control levels at day 3. CNP-
miR146a treatment signi�cantly increased expression levels of miR-146a at day 7 (p = 0.0191). Mean
values for n = 5-7 samples per group are shown.

Figure 4

Relative gene expression of pro-in�ammatory markers 3- and 7-days after bleomycin injury with
comparison to GAPDH housekeeping gene expression. Bleomycin injury signi�cantly raised IL-6, IL-8, and
TNFα gene expression compared to controls. IL-6 relative gene expression was signi�cantly reduced with
CNP-miR146a 3 days following injury (p = 0.0386), while IL-8 and TNFα gene expression were
signi�cantly lowered with CNP-miR146a treatment 7 days following injury (p = 0.0297 and p = 0.0124,
respectively). miR146a mimetic also lowered IL-8 and TNFα gene expression 7 days following injury (p =
0.0495 and p = 0.0339, respectively). Mean and standard deviation for n=7 samples is shown.
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Figure 5

Collagen levels 14 days after bleomycin injury are decreased following CNP-miR146a treatment.
Trichrome staining at 200x power (A) control, (B) Bleomycin, (C) Bleomycin + CNP-miR146a, (D)
Bleomycin + CNP, and (E) Bleomycin + miR146a lungs. (F) Trichrome quanti�cation of collagen
deposition averaged over 5 random high-powered �elds (HPF) at 100x power. Bleomycin injury resulted in
altered histologic structure and increased collagen deposition in bleomycin-injured lungs compared to
controls (p = 0.0012). CNP-miR146a treatment and miR146a treatment signi�cantly reduced collagen
deposition per HPF compared to bleomycin- injured lungs (p = 0.0454, 0.0295 respectively). Mean and
standard deviation for n = 7 samples are shown.
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Figure 6

Pulmonary mechanics 14 days after bleomycin injury. Bleomycin-injured mice had signi�cantly worse
pulmonary compliance, tissue resistance, elastance, and inspiratory capacity compared to controls, while
prevention treatment with CNP-miR146a improved pulmonary mechanics compared to untreated,
bleomycin-injured lungs and returned function to control levels. *Control v. experimental group, p < 0.05.
**Bleomycin v. Treatment group, p < 0.05. Mean and standard deviation for n = 12, 8, 6, 5, 11 for control,
bleomycin, bleomycin + CNP, bleomycin + miR146a, bleomycin + CNP-miR146a samples are shown.


