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Abstract

Purpose Patients with hyper- vs. hypo-inflammatory subphenotypes of acute respiratory distress syndrome (ARDS) exhibit
different clinical outcomes. Inflammation increases the production of reactive oxygen species (ROS) and increased ROS
contributes to the severity of illness. Our long-term goal is to develop electron paramagnetic resonance (EPR) imaging of
lungs in vivo to precisely measure superoxide production in ARDS in real time. As a first step, this requires the develop-
ment of in vivo EPR methods for quantifying superoxide generation in the lung during injury, and testing if such superoxide
measurements can differentiate between susceptible and protected mouse strains.

Procedures In WT mice, mice lacking total body extracellular superoxide dismutase (EC-SOD) (KO), or mice overexpress-
ing lung EC-SOD (Tg), lung injury was induced with intraperitoneal (IP) lipopolysaccharide (LPS) (10 mg/kg). At 24 h
after LPS treatment, mice were injected with the cyclic hydroxylamines 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine
hydrochloride (CPH) or 4-acetoxymethoxycarbonyl-1-hydroxy-2,2,5,5-tetramethylpyrrolidine-3-carboxylic acid (DCP-AM-
H) probes to detect, respectively, cellular and mitochondrial ROS — specifically superoxide. Several probe delivery strategies
were tested. Lung tissue was collected up to one hour after probe administration and assayed by EPR.

Results As measured by X-band EPR, cellular and mitochondrial superoxide increased in the lungs of LPS-treated mice
compared to control. Lung cellular superoxide was increased in EC-SOD KO mice and decreased in EC-SOD Tg mice com-
pared to WT. We also validated an intratracheal (IT) delivery method, which enhanced the lung signal for both spin probes
compared to IP administration.

Conclusions We have developed protocols for delivering EPR spin probes in vivo, allowing detection of cellular and mito-
chondrial superoxide in lung injury by EPR. Superoxide measurements by EPR could differentiate mice with and without
lung injury, as well as mouse strains with different disease susceptibilities. We expect these protocols to capture real-time
superoxide production and enable evaluation of lung EPR imaging as a potential clinical tool for subphenotyping ARDS
patients based on redox status.
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Introduction

The most severe form of acute lung injury (ALI), acute
respiratory distress syndrome (ARDS), is a principal cause
of life-threatening illness in both adults and children. Prior
to 2020, more than 190,000 cases of ARDS were reported
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survivors is increasingly being recognized [3]. Emerging
research in ARDS establishes the urgent need to define
subphenotypes of patients (hypo-inflammatory and hyper-
inflammatory) that account for the variable responses to
therapies [4-7].

Inflammation leads to the increased production of reac-
tive oxygen species (ROS) and consequent oxidative stress,
which has been recognized as a key feature of ARDS [8].
Unfortunately, despite decades of research supporting the
role of ROS in ARDS pathogenesis, trials of antioxidant
treatments failed to reduce the mortality of this disease
[9-15]. One barrier to this work is that currently available
measures of oxidative stress are imprecise owing to technical
limitations, for example, the use of indirect markers of oxi-
dative stress such as malondialdehyde and 4-hydroxynonenal
(MDA +4-HNE), products of lipid peroxidation, as an indi-
rect measure of the cumulative lipid peroxidation in plasma
as a surrogate for lung ROS production [16, 17]. Given the
relationship between inflammation and oxidative stress, and
the evidence that the level of inflammation may differentiate
high-risk patients that will benefit from therapeutic interven-
tions, there is an urgent need to develop improved tools to
precisely detect ROS production in the lung.

Electron paramagnetic resonance (EPR) spectroscopy is
unique as a method for detecting, identifying, and quanti-
tating free radicals. It is thus a crucial analytical tool in the
field of free radical and redox biology. Detection of short-
lived free radicals in vivo by EPR requires the use of special
molecular probes — so-called “spin traps” that react with
the transient radicals to generate more stable, longer-lived
radicals that can be quantified by EPR. Specifically, cyclic
hydroxylamine probes react with superoxide with high sen-
sitivity to generate a stable nitroxide product, which is easily
identified and quantified by EPR spectroscopy (S1). In more
advanced applications, probes that are cell-permeant or that
are designed to accumulate in the mitochondria permit deter-
mination of superoxide in different cellular compartments.
Injecting the probes into live mice enables one to quantify
superoxide production in vivo.

We aim to harness the power of EPR to determine lung
superoxide production in an inflammatory model of acute
lung injury. In this study, we developed different strate-
gies to deliver the molecular probes in vivo to enhance the
EPR signal. We used two probes that detect total cellular
and mitochondrial superoxide, respectively. Selectivity of
the probes for superoxide was confirmed by the elimina-
tion of the signal by pharmacologic or genetic delivery of
superoxide dismutase [18, 19]. After the probes react with
superoxide in vivo, the resulting signal was quantified in
excised lung by EPR. We evaluated three mouse strains: 1)
WT mice; 2) a susceptible mouse strain lacking a key lung
antioxidant enzyme, extracellular superoxide dismutase
(EC-SOD, or sod3); and 3) a protected mouse strain with
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lung-specific overexpression of EC-SOD. Our findings
allowed us to determine if the EPR measurements could dis-
tinguish between mouse strains with different disease risks.

Materials and Methods
Mouse Model

Animal studies were approved by the University of Colo-
rado Denver (Aurora, CO) Institutional Animal Care and
Use Committee. We tested different strains with suscepti-
bility or resistance to LPS-induced injury due to alterations
in the expression of EC-SOD. The susceptible mouse strain
lacks total body EC-SOD (KO) [20]. The protected trans-
genic mouse strain overexpresses EC-SOD (Tg) specifically
in the lung, as the sod3 transgene is driven by the surfactant
protein C promoter in type II alveolar epithelial cells [21].
All strains are bred onto the C57BL/6 mouse background
and evaluated along with WT C57BL/6 control mice.

Periodic immunoblots verify the absence of EC-SOD in
KO mice and the presence of human EC-SOD in TG mice.
Mice are routinely genotyped depending on the breeding
strategy. All EC-SOD KO breeding pairs are genotyped
prior to use to confirm that all offspring will be total body
EC-SOD KO mice. Moreover, since heterozygous TG mice
are crossed with WT mice to generate lung-overexpressing
TG (heterozygous) mice for experiments, all offspring are
genotyped to determine if the individual is a TG mouse or
WT littermate prior to use.

Injury Model

Lung injury was induced with a single dose of intraperi-
toneal (IP) lipopolysaccaride (LPS) (E. coli O55; Sigma)
(10 mg/kg). Mice were treated with LPS or PBS controls
and evaluated at 24 h. After delivering the probes in vivo to
live mice, the mice were euthanized with CO, and cervical
dislocation. The chest cavity was opened and the lungs were
flushed with 5 ml of cold PBS via the right ventricle. Lungs
were collected for EPR measurements as described below.

Delivery of Molecular Probes

Cyclic hydroxylamines 1-hydroxy-3-carboxy-2,2,5,5-
tetramethylpyrrolidine hydrochloride (CPH) (ENZO) or
4-acetoxymethoxycarbonyl-1-hydroxy-2,2,5,5-tetrameth-
ylpyrrolidine-3-carboxylic acid (DCP-AM-H) (gift of Igor
Kirilyuk, Novosibirsk Institute of Organic Chemistry, Rus-
sia) [19] were used in this study. Stock solutions of cyclic
hydroxylamines were prepared in Krebs—Henseleit buffer
(KHB) containing 25 uM deferoxamine mesylate salt and
5 UM sodium diethyldithiocarbamate (Sigma Aldrich) and
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bubbled with nitrogen for 30 min to remove dissolved oxy-
gen. The stock solutions were freshly prepared daily and
kept on ice.

At 24 h after LPS treatment, mice were injected with
the probes CPH or DCP-AM-H to detect cellular and mito-
chondrial superoxide, respectively. CPH and DCP-AM-H
have no EPR signal of their own. However, reaction of CPH
with superoxide forms the stable nitroxide radical CPe, and
the reaction of superoxide with DCP-AM-H and intracel-
lular cleavage of the acetoxymethyl (AM) ester generates
the nitroxide DCPe. CPe and DCPe both exhibit robust and
distinct EPR spectra that are readily detected and quanti-
fied. Accumulation of DCP-AM-H in the mitochondria was
validated in a previous study using mice overexpressing the
mitochondrial isoform of superoxide dismutase (SOD2)
[19]. To minimize autoxidation, stock solutions of the probes
were first dissolved in degassed KHB containing the follow-
ing chelators, 25 uM deferoxamine mesylate salt and 5 uM
sodium diethyldithiocarbamate for a final stock concentra-
tion of 9 mM for CPH and 2.5 mM for DCP-AM-H.

CPH (0.18 mg, 90 pl of 9 mM CPH stock) was delivered
as an intraperitoneal bolus, followed immediately by 1 sub-
cutaneous (SQ) dose (0.27 mg, 135 pl of 9 mM CPH stock)
[22]. Based on an average mouse bodyweight of 20 g, the
dose was selected to provide 9 mg/kg IP and 13.5 mg/kg SQ;
this protocol is designated “IP/SQ”. We also tested 2 other
delivery strategies to optimize the EPR signal: 1) CPH was
given as described above, but with a second SQ dose 30 min
after the initial administration (deisgnated “IP/2SQ”); 2)
CPH was administered intratracheally (IT) (0.2 mg, 100 uL
of 9 mM CPH). DCP-AM-H was given as a single IP or IT
dose (100 pL of 2.5 mM stock). Lungs were harvested 1 h
after the end of IP/SQ, 30 min after the end of IP/2SQ, and
5 min after IT delivery (S2). Lungs were kept on ice and
EPR measurements were performed 2 h after the harvest.
Injections with the spin probe were staggered and alternated
between treatments (PBS/LPS) to ensure that the difference
observed was not confounded by time.

EPR Measurments

The EPR measurments were performed on an X-band (ca.
9.6 GHz) spectrometer (EMXnano, Bruker Corp.). Fresh
lung tissue (8—10 mg) was placed in the tissue cell acces-
sory and EPR measurements were performed at room tem-
perature with the following EPR acquisition parameters:
microwave frequency =9.65 GHz; center field =3432 G;
modulation amplitude =2.0 G; sweep width=_80 G; micro-
wave power =19.9 mW; total number of scans =10; sweep
time=12.11 s; and time constant =20.48 ms. Owing to the
difficulty of recovering the tissue from the tissue cell acces-
sory to perform quantitative assays, results were normalized
to the weight of tissue and not to the lung protein.

Statistical Analysis

Data were analyzed using Prism (GraphPad Software, La
Jolla, CA, USA) by unpaired t-test or ordinary one-way
ANOVA. Post-hoc analysis was performed using Tukey's
test when significant differences were found between
groups. Data are expressed as mean + SEM. Significance
was defined as p <0.05.

Results

Optimizing Probe Delivery to Detect Cellular
Superoxide in the Lungs of LPS-Treated and Control
Mice

We aimed to establish a protocol to assay superoxide pro-
duction in vivo in mice after LPS exposure. We first tested
a published protocol that used 2 doses of CPH — 0.18 mg
IP followed immediately by a single 0.27 mg dose SQ
(protocol IP/SQ) [23]. We then repeated the protocol with
the IP injection followed immediately by an SQ injection
and a second SQ injection 30 min later (protocol IP/2SQ).
The additional SQ dose enhanced the EPR signal, as
shown in Fig. 1a. Representative EPR spectra resulting
from the two dosing regimens are shown in Fig. 1b.

Cellular Superoxide was Higher in the Lungs
of LPS-Treated EC-SOD KO Mice and Lower in Mice
Overexpressing Lung EC-SOD Compared to WT

To determine whether this protocol could differentiate mice with
different disease risks due to the expression levels of EC-SOD
[20, 21, 24-41], we exposed mice with different lung injury
susceptibility to LPS. We compared a susceptible mouse strain
lacking an important first-line antioxidant defense, EC-SOD
(KO), and a protected mouse strain overexpressing EC-SOD
(Tg). Relative to WT, LPS-induced superoxide was higher in
the KO mice and lower in the Tg mice (Fig. 2a, b).

Increased Mitochondrial Superoxide in LPS-Treated
Lung Compared to the Control

LPS induces mitochondrial damage in the lung [42]. We
sought to measure mitochondrial superoxide production
in vivo after LPS challenge by injecting the mitochondri-
ally-targeted probe, DCP-AM-H. Higher mitochondrial
superoxide was detected in the lungs from LPS-treated
mice compared to control mice (Fig. 3a). The increase in
mitochondrial superoxide production after LPS treatment
was exacerbated in mice lacking EC-SOD (Fig. 3b).
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Fig. 1 Optimization of spin probe delivery method to detect cellular
superoxide in the lung of LPS-treated and control mice. Mice were
treated with LPS (10 mg/kg, intraperitoneal (IP) injection). After 24 h
mice were injected with CPH with two dosing strategies: 1) Concur-
rent IP and subcutaneous (SQ) injection, followed by lung harvest
1 h later (protocol IP/SQ); 2) Concurrent IP and SQ injection plus
a second SQ injection 30 min later, with lung harvest after a further
30 min (protocol IP/2SQ). See Materials and Methods for details.
(a) Concentration of nitroxide CPe in the lungs of PBS- and LPS-
treated mice. (b) EPR spectra of nitroxide CPe in the lungs of mice
that were PBS-treated (blue traces) and LPS-treated (red traces) fol-
lowing the two dosing strategies. Measurements at X-band were done
at room temperature. Data expressed as mean+SEM; *p<0.05,
#HHkp <0.0001 (n=4-15)
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Fig.2 Cellular superoxide was higher in the lungs of LPS-treated
EC-SOD KO mice and lower in the lungs of LPS-treated mice over-
expressing lung EC-SOD compared to WT. Mice were treated with
LPS (10 mg/kg, intraperitoneal (IP) injection). After 24 h mice were
injected with CPH (protocol IP/2SQ: concurrent IP and SQ injec-
tion plus a second SQ injection 30 min later, with lung harvest after
another 30 min). See Materials and Methods for details. Concentra-
tion of nitroxide CPe was assayed by EPR a) in lungs of EC-SOD
KO vs WT mice; (b) in EC-SOD-overexpressing Tg vs WT mice.
Data expressed as mean+ SEM; *p <0.05 (n=6-10)

Intratracheal (IT) Delivery of Molecular Probes
Enhances the EPR Signal

To enhance the signal further, we tested the direct, intratra-
cheal delivery of the probe to the lung. A significant signal
enhancement was observed compared to the IP/2SQ strategy
for both CPH and DCP-AM-H, as shown in Figs. 4a and b,
respectively. The IT delivery method still allowed differentia-
tion of injured and uninjured lungs by both CPH and DCP-
AM-H, as demonstrated in Fig. 5a and b, respectively.

Discussion

Excessive free radical production is implicated in numer-
ous diseases including ARDS. In this study, we devel-
oped new protocols for using compartment-selective
cyclic hydroxylamine probes with EPR spectroscopy to
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Fig.3 Higher mitochondrial superoxide in the lungs of LPS-treated
mice compared to control and higher in EC-SOD KO mice compared
to WT. Mice were treated with LPS (10 mg/kg, intraperitoneal (IP)
injection). After 24 h mice were injected with DCP-AM-H (IP) with
lung harvest 1 h later. See Materials and Methods for details. (a)
Concentration of nitroxide DCPe in the lungs of PBS-treated mice
and LPS-treated mice. (b) Concentration of nitroxide DCPe in the
lungs of LPS-treated EC-SOD KO and WT mice. Data expressed as
mean + SEM; *p <0.05 (n=5-9)

rigorously evaluate superoxide production in the lung
following LPS exposure. Cellular and mitochondrially-
targeted probes were delivered to live mice and lung tis-
sue was collected for EPR measurements at room tem-
perature. Both cellular and mitochondrial superoxide in
lung increased at 24 h after LPS. The increase in lung
superoxide was aggravated in mice lacking EC-SOD and
was attenuated in mice overexpressing lung EC-SOD.
Mitochondrial superoxide also increased in mice lacking
EC-SOD compared to WT mice. The EPR spectroscopic
signal was first enhanced by using an IP injection followed
by 2 SQ doses, and further increased by IT delivery. These
protocols improve the utility of EPR in detecting the pro-
duction of superoxide.

The first important outcome of this study is that we devel-
oped and validated protocols that combine EPR molecular
probes with EPR spectroscopy to detect the production of
superoxide in different cellular compartments. By inject-
ing the mice with hydroxylamine probes that accumulated
selectively in the cytosol or mitochondria, the protocols

—HA——

I
3410

I I I 1
3425 3440 3455 3470

Magnetic field (G)
b DCPe —iwp —iT
I I 1 1 1
3415 3430 3445 3460 3475

Magnetic field (G)

Fig.4 Intratracheal (IT) delivery of probes enhances the EPR sig-
nals arising from CPH and DCP-AM-H. Mice were treated with LPS
(10 mg/kg, intraperitoneal (IP) injection). After 24 h CPH or DCP-
AM-H probe was delivered intratracheally (IT); 5 min thereafter
lungs were harvested. See Materials and Methods for details. (a) EPR
spectra of nitroxide CPe in lungs from mice treated with CPH IT vs
IP. (b) EPR spectra of nitroxide DCPe in lungs from mice treated
with DCP-AM-H IT vs IP

enabled the measurement of superoxide production in
these distinct compartments under control conditions and
following LPS. This provided the advantage of capturing
superoxide generation in vivo rather than in excised lung
tissue ex vivo. Using mice that lack EC-SOD or overexpress
lung EC-SOD [21, 24-41], we were able to differentiate the
superoxide levels between susceptible and resistant mouse
strains. While EPR spectroscopy has been the gold stand-
ard for detecting paramagnetic species such as organic free
radicals, this study both advances the use of EPR spectros-
copy for biological measurements and provides advantages
over other methods used to evaluate ROS and oxidative
stress. For example, fluorescent probes of ROS are com-
mercially available and include dihydroethidium (DHE) and
dichlorodihydrofluorescein (DCFH). However, fluorescent
probes are light-sensitive, undergo facile autoxidation, and
form multiple nonspecific oxidation products that require
the use of high-performance liquid chromatography (HPLC)
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Fig. 5 Intratracheal (IT) probe delivery permits detection of increased
cellular and mitochondrial superoxide in the lungs of LPS-treated
mice compared to the control. Mice were treated with LPS (10 mg/
kg intraperitoneal (IP) injection). After 24 h CPH or DCP-AM-H
probe was delivered intratracheally (IT); 5 min thereafter lungs were
harvested. See Materials and Methods for details. (a) Concentration
of nitroxide CPe in the lungs of PBS-treated or LPS-treated mice.
(b) Concentration of nitroxide DCPe in the lungs of PBS-treated
and LPS-treated mice. Data expressed as mean+SEM; *p<0.05
(n=4-7)

for identification [43]. Although HPLC-based detection of
DHE oxidation products is selective for superoxide and has
been tested in multiple organs after LPS, it cannot be used in
imaging [44]. A study reported the injection of CPH in vivo
post-LPS, followed by EPR measurements at liquid nitrogen
temperature [45]. Our current study advances this work by
using hydroxylamine probes, validating their utility in dif-
ferent mouse strains, and detecting superoxide production in
intact tissue at room temperature.

Cyclic hydroxylamines can be susceptible to metal-
catalyzed oxidation; therefore the probes were prepared in
deoxygenated buffer containing metal chelators to minimize
autoxidation. The cyclic hydroxylamine probes are selective,
though not specific, for superoxide — for example, they can
react with peroxynitrite, the reaction product of superoxide
with nitric oxide. The best evidence of the probes’ selectivity
for superoxide in biological systems is the fact that the EPR
signals are abolished when superoxide dismutase is deliv-
ered pharmacologically or genetically [18, 19]. While we
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did not differentiate between extracellular and intracellular
superoxide with CPH, our results show that changing the
extracellular redox environment changes intracellular and
mitochondrial superoxide levels. This finding is consistent
with our recently published study in bleomycin-induced lung
injury, where altered EC-SOD content impacts mitochon-
drial superoxide production and metabolism [46]. This does
not indicate that EC-SOD directly lowers superoxide in other
compartments, but more likely demonstrates the protection
against intracellular or mitochondrial processes indirectly.
Currently, there are several other studies supporting the con-
cept that alterations in EC-SOD can impact mitochondrial
function. Kusuyama and colleagues showed that inducible
loss of EC-SOD in the placenta prevented exercise-induced
AMPK activation and downstream glucose metabolism in
the fetal hepatocyte [39]. It was also reported that EC-SOD
overexpression promoted the survival of SH-SYSY cells
by maintaining mitochondrial homeostasis [40]. These
advances establish a foundation that supports the future
application of these protocols to in vivo imaging. Further-
more, our protocols can be utilized to detect compartmental
superoxide production in other organs and disease models.

The second key outcome of this study is that we sig-
nificantly enhanced the signal by delivering the molecular
probes by intratracheal instillation. This improvement in sig-
nal-to-noise ratio (S/N) is significant because this protocol
overcomes the sensitvity limitation in using low-frequncy
EPR imaging of the lung in vivo, which is a longterm goal of
this work. Low-frequency EPR spectroscopy is essential to
in vivo EPR imaging because the radio waves used for imag-
ing penetrate into tissues much better at lower frequency.
However, the improved tissue penetration at lower frequency
comes at the price of decreased sensitivity [47, 48]. Improv-
ing S/N substantially decreases the time required for imag-
ing and improves image quality for the same data acquisi-
tion time. While IT administration is established for drug
delivery, to our knowledge this is the first study to use this
method to deliver imaging probes to the lung. The enhance-
ment in S/N through the direct delivery of the probes to
the lungs (IT delivery approach) confirmed that the signal
intensity depends on not only the amount of ROS generated
but also the local concentration of the hydroxylamine probe.
Our findings are essential advances supporting the goal of
EPR imaging the lung. We propose that a robust, real-time
imaging modality to detect lung oxidative stress could be a
useful tool to identify hyper-inflamed patients with ARDS
and guide trials in the future.

In summary, the most severe form of ALI, ARDS, is a
serious medical problem. Unfortunately, despite decades of
research in search of effective treatments, the high mortality
of ARDS has remained largely unchanged, and the long-
term burden in survivors is increasingly being recognized.
In this study, we develop EPR methodology to detect free
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radical production in damaged lungs in a murine model of
ALI The methods demonstrated in this study enable the cap-
ture of superoxide in excised lung in an ALI injury model.
This study is an important advance toward in vivo imaging
of acute lung injury in live mouse and, ultimately, to assess-
ing the redox state of the lungs of ARDS patients to guide
interventions.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11307-023-01826-5.
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