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ARTICLE INFO ABSTRACT

Keywords: Supraphysiological concentrations of oxygen (hyperoxia) can compromise host defense and increase suscepti-
Survival bility to bacterial and viral infections, causing ventilator-associated pneumonia (VAP). Compromised host de-
a7nAChR fense and inflammatory lung injury are mediated, in part, by high extracellular concentrations of HMGB1, which
;%:ﬂlj;atory Jung injury can be decreased by GTS-21, a partial agonist of «7 nicotinic acetylcholine receptor (¢7nAChR). Here, we report
Mitochondria that a novel a7nAChR agonistic positive allosteric modulator (ago-PAM), GAT107, at 3.3 mg/kg, i.p., signifi-

cantly decreased animal mortality and markers of inflammatory injury in mice exposed to hyperoxia and sub-
sequently infected with Pseudomonas aeruginosa. The incubation of macrophages with 3.3 pyM of GAT107
significantly decreased hyperoxia-induced extracellular HMGB1 accumulation and HMGB1-induced macrophage
phagocytic dysfunction. Hyperoxia-compromised macrophage function was correlated with impaired mito-
chondrial membrane integrity, increased superoxide levels, and decreased manganese superoxide dismutase
(MnSOD) activity. This compromised MnSOD activity is due to a significant increase in its level of gluta-
thionylation. The incubation of hyperoxic macrophages with 3.3 pM of GAT107 significantly decreases the levels
of glutathionylated MnSOD, and restores MnSOD activity and mitochondrial membrane integrity. Thus, GAT107
restored hyperoxia-compromised phagocytic functions by decreasing HMGB1 release, most likely via a
mitochondrial-directed pathway. Overall, our results suggest that GAT107 may be a potential treatment to
decrease acute inflammatory lung injury by increasing host defense in patients with VAP.

MnSOD glutathionylation

1. Introduction Alveolar macrophages are the first line of defense against invading

pathogens that enter the distal airways [9-11]. In ex vivo cultures of

Patients in intensive care units (ICUs) are often given supplemental
oxygen therapy up to 100% oxygen (hyperoxia, >21% oxygen) [1-3].
Although oxygen therapy is a lifesaving intervention, prolonged expo-
sure to hyperoxia can produce acute inflammatory lung injury and
compromise lung host defense [2,4-6]. Consequently, compromised
host defense can contribute to an increased susceptibility to pulmonary
bacterial infections that cause ventilator-associated pneumonia (VAP) in
patients receiving oxygen therapy, especially those receiving mechani-
cal ventilation [7,8].

alveolar macrophages, prolonged exposure to hyperoxia impairs the
phagocytosis of bacteria known to produce VAP, such as Staphylococcus
aureus, Pseudomonas aeruginosa (PA), and bacteria from the Enterobac-
teriaceae family [7,12,13]. Since alveolar macrophages in the airways
are essential against invading pathogens, impairment of their functions
can increase the susceptibility to bacterial infections in patients
receiving oxygen therapy and animals exposed to hyperoxia [14-17].
It has been reported that VAP patients had a 17-fold higher level of
high mobility group box-1 (HMGB1) protein in their airways, compared
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to healthy controls [18]. HMGBI1 is a nuclear protein that can be
secreted from immune cells, such as alveolar macrophages, into the
extracellular milieu, where it functions as a late mediator of inflam-
mation [19,63]. The high levels of accumulated extracellular airway
HMGBI1 play a major role in the compromised host defense against
bacterial infection in both mice with cystic fibrosis and those subjected
to hyperoxia [15,21]. Therefore, decreasing the extracellular levels of
HMGBI1 could represent a therapeutic approach for the treatment of
VAP.

The activation of a7 nicotinic acetylcholine receptors («7nAChRs) in
alveolar macrophages, with the partial-agonist, GTS-21, significantly
decreases the active release and extracellular accumulation of HMGB1
[17]. The a7nAChR is a homomeric pentamer that is a ligand-gated ion
channel on neuronal and non-neuronal cells [22-24]. In vitro, GTS-21
significantly decreases the active release and extracellular accumula-
tion of HMGBI1 [17]. In addition, the active release of HMGB1 from
hyperoxia-compromised macrophages results from the activation of
NF-kB and the subsequent hyper-acetylation of lysine residues on
HMGBI is required for its translocation from the nucleus to the cyto-
plasm. Interestingly, although GTS-21 significantly increased bacterial
clearance and decreased lung injury in hyperoxia-exposed mice with
P. aeruginosa pneumonia [17], GTS-21 did not significantly alter the
mortality rate (data not shown). Consequently, we wanted to determine
the efficacy of a next generation a7nAChR activator on animal survival
in a mouse model of VAP and the potential mechanisms in an in vitro
model, where macrophage functions are compromised by exposure to
hyperoxia.

GAT107, a (+)-enantiomer of racemic 4-(4-bromophenyl)-3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide, is a positive
allosteric modulator (PAM) and direct allosteric activator (DAA) that 1)
increases or potentiates the response to orthosteric site ligands and 2)
activates the a7nAChR ion channel (in the absence of an orthosteric
agonist) by binding to an allosteric site distinct from that of the PAM site
[25-27]. Interestingly, in vitro, the a7nAChR can be rapidly desensitized
by acetylcholine (ACh) and the co-administration of GAT107 with ACh
produces a significant decrease in the ACh-induced desensitization
[25-27]. Tt is likely that GAT107 facilitates the conversion from
desensitized states to conducting states which surmounts receptor
desensitization [25-27].

In a previous study, we reported that GAT107 was efficacious in
restoring hyperoxia-compromised macrophage bacterial phagocytosis in
cultured cells and bacterial clearance from the airways in mice exposed
to hyperoxia that were subsequently exposed to PA via intratracheal
administration [28]. In this study, we further determined whether
GAT107 can significantly increase the survival rate in a mouse model of
VAP. In this study, we report that GAT107 significantly increased the
probability of survival and decreased hyperoxia-induced acute inflam-
matory lung injury by decreasing hyperoxia-induced NF-xB activation
and decreasing HMGBI1 release from macrophages into the airways. The
prolonged exposure of macrophages to hyperoxia induces oxidative
stress and mitochondrial damage [29-31]. Our results indicated that
hyperoxia-induced mitochondrial damage is correlated with S-gluta-
thionylation of manganese superoxide dismutase (MnSOD), and this is
significantly decreased by GAT107.

2. Materials and methods
2.1. Animal studies

Male C57BL/6 mice (6-10 weeks old; The Jackson Laboratory, Bar
Harbor, ME, USA) were used in this investigation, based on a protocol
(protocol #1953) approved by the Institutional Animal Care and Use
Committees of St. John’s University. The mice were housed in a specific
pathogen-free environment, maintained at 22 °C in ~50% relative hu-
midity and a 12 h light/dark cycle. All mice had ad libitum access to
standard rodent food and water. Mice were randomized to receive either
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3.3 mg/kg of GAT107 ((+)-(4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-
3H-cyclopenta[c]quinoline-8-sulfonamide), donated by Dr. Ganesh A.
Thakur (Northeastern University, Boston, MA) or vehicle control
(DMSO), administered by intraperitoneal injection, every 12 h, starting
24 h after the onset of hyperoxic exposure until the termination of
hyperoxia exposure. After 48 h of exposure, the mice were inoculated
with 0.1 x 108 colony-forming units (CFUs) of Pseudomonas aeruginosa
(PA) through a 1- to 2-cm incision on the neck to expose the trachea after
anesthetization with sodium pentobarbital (75 mg/kg i.p.). We selected
PAOQ1, a laboratory strain of PA, as the pathogen to induce lung infection
as it has been reported to account for 21% of all VAP cases [32], as
described in our published studies [15]. Twenty-four hours after bac-
terial inoculation, mice were euthanized, and bronchoalveolar lavage
(BAL) fluid was collected and analyzed for markers of lung injury and
inflammatory responses. For animal survival studies, mice were sub-
jected to hyperoxia exposure for 72 h and inoculated similarly as stated
above and as described [15,21,33]. Mice were then monitored every
hour over the course of 24 h for survival.

2.2. Exposure to hyperoxia

Male C57BL/6 mice were placed in microisolator cages (Allentown
Caging Equipment, Allentown, NJ, USA), which were kept in a Plexiglas
chamber (BioSpherix, Lacona, NY, USA) and exposed to > 95% O for up
to 72 h. The exposure of murine macrophage RAW 264.7 cells was
conducted in humidified Plexiglas chambers (Billups-Rothenberg, Del
Mar, CA, USA), flushed with 95% 0,/5% CO, at 37 °C for 24 h. An
oxygen analyzer (MSA; Ohio Medical Corporation, Gurnee, IL, USA) was
used to monitor the oxygen concentration in the chamber.

2.3. Bronchoalveolar lavage (BAL) and protein quantification

Mice were anesthetized using sodium pentobarbital (120 mg/kg i.
p-)- A 1- to 2-cm incision was made on the neck, the trachea was
dissected, and a 20-gauge x 1.25-inch intravenous catheter was inserted
caudally into the lumen of the exposed trachea. The lungs were gently
lavaged twice with 1 mL of sterile, nonpyrogenic phosphate-buffered
saline (PBS) solution (Mediatech, Herndon, VA, USA) containing a
cocktail of protease and phosphatase inhibitors (Thermo Fisher, Wal-
tham, MA). BAL samples were centrifuged at 200xg at 4 °C for 5 min,
and the resultant supernatants were stored flash frozen in liquid nitro-
gen and then stored in a freezer at —80 °C. Total protein content in the
BAL was determined using the Pierce Bicinchoninic acid (BCA) assay Kit
(Thermo Fisher, Waltham, MA), as per the manufacturer’s instructions.

2.4. Differential cell counting

Mouse BAL samples were obtained as described above. BAL samples
were centrifuged at 200xg at 4 °C for 5 min, and the pellet was obtained
and resuspended in red blood cell lysis buffer. Subsequently, total
leukocyte counts were determined using a hemocytometer and an equal
quantity of total leukocytes per sample was mounted onto slides using a
Shandon Cytospin Centrifuge. The slides were then stained with hema-
toxylin and eosin and neutrophils were identified and counted manually
using a hemocytometer, as described previously [17].

2.5. Cell culture and special reagents

Murine macrophage-like RAW 264.7 cells (TIB-71; American Type
Culture Collection (ATCC), Manassas, VA) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) and supplemented with 10% Fetal
Bovine Serum (Atlanta Biologicals, Lawrenceville, GA). Cells were
maintained at 37 °C in normoxia (5% CO5/21% O,) for 24 h, allowed to
grow to 70-80% confluency, and subcultured every 2 days.
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2.6. Phagocytosis assay

RAW 264.7 cells were seeded in 24-well plates, allowed to adhere for
6 h, and then exposed to 10 pg/mL of recombinant HMGB1 (rtHMGB1)
(donated by Dr. Haichao Wang of the Feinstein Institutes for Medical
Research, Manhasset, NY, USA), which was administered simulta-
neously with GAT107 or the vehicle control. RAW 264.7 cells were
incubated at 37 °C for 1 h with opsonized fluorescein isothiocyanate
(FITC)-labeled latex beads (Polysciences, Warrington, PA), at a ratio of
100 : 1 (beads: cell). Macrophages were incubated with 0.04% Trypan
blue in PBS for 10 min to quench beads that were not internalized by
macrophages. To visualize the uptake of FITC-labeled latex beads,
macrophages were fixed with 4% paraformaldehyde for 10 min, washed
once with PBS, and stained with 4',6-diamidino-2-phenylindole (DAPI)
(Molecular Probes, Eugene, OR). To visualize the cell cytoskeleton, cells
were stained with rhodamine phalloidin (Molecular Probes, Eugene,
OR). The phagocytosis or uptake of the beads was assessed visually using
an Evos Fluorescent Microscope (Thermo Fischer, Waltham, MA) and
200 individual macrophages per well in duplicates from three inde-
pendent experiments were allocated for each experimental group as
described [17].

2.7. Western blot analysis and p65 binding activity

The levels of extracellular HMGB1 were determined in RAW 264.7
macrophages cultured in serum-free Opti-MEM I medium (Gibco, Wal-
tham, MA), and RAW cells were cultured in DMEM with 10% FBS for
analysis of intracellular proteins, such as actin. Macrophages were
seeded in 6-well plates and exposed to hyperoxia and incubated with
GAT107 as described above. For the analysis of extracellular HMGBL1 in
the cell culture media, after hyperoxic exposure, the cell culture su-
pernatant was collected and centrifuged at 130xg at 4 °C for 10 min and
concentrated using 10 kDa Centricon centrifugal filter (Millipore Sigma,
Burlington, MA). For intracellular protein analysis, cells were washed
three times in PBS and lysed with a cell lysis buffer (Cell Signaling
Technology, Danvers, MA) that contained a protease and phosphatase
inhibitor cocktail (Thermo Fischer, Waltham, MA). The total protein
content of cell lysate was determined using the Pierce Bicinchoninic acid
(BCA) assay Kit (Thermo Fisher, Waltham, MA), as per the manufac-
turer’s instructions. Samples were loaded onto 12% or 15% SDS-po-
lyacrylamide gels (Bio-Rad, Hercules, CA) and transferred to
Immobilon-P membranes (Millipore, Bedford, MA). Nonspecific bind-
ing sites on the membrane were blocked by incubating the membrane
with 5% nonfat dry milk (Bio-Rad, Hercules, CA) in Tris-buffered saline
(TBS), containing 0.1% Tween 20 (TBST), for 1 h at room temperature.
Subsequently, the membranes were washed three times with TBST and
incubated overnight at 4 °C with anti-HMGB1 antibody (1:1000, #6893,
Cell Signaling), anti-MnSOD antibody (1:1000, #AD-SOD-110, Enzo,
New York, NY), and anti-pan-actin antibody (1:1000, #8456, Cell
Signaling), diluted in 5% nonfat dry milk in TBST. After three washes
with TBST, the membranes were incubated with goat anti-rabbit
horseradish peroxides-coupled secondary antibody (1:5000; GE
Healthcare, Chicago, IL) for 1 h at room temperature. Subsequently,
membranes were washed three times with TBST, and the immunoreac-
tive proteins were visualized using the SuperSignal West Pico Plus
Chemiluminescent Substrate (Thermo Fisher, Waltham, MA) per the
manufacturer’s instructions. The images were developed using a Bio-
Rad ChemiDoc XRS imaging system (Bio-Rad, Hercules, CA). Immuno-
reactive bands were quantified using ImageJ software (version 2.0.0).

Western blot assays were used to determine the level of NF-kB (p65)
in cell lysates, using a Transcription Factor Assay Kit (Cayman Chemical,
Ann Harbor, MI). The amount of transcriptionally active and free un-
bound NF-kB subunit p65 was measured based on its interaction with a
double-stranded specific DNA sequence, using an enzyme-linked
immunosorbent assay. A colorimetric product was formed and
measured spectrophotometrically at 450 nm, using a Synergy LX
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multimode reader (Biotek, Winooski, VT, USA). Data was compared to a
standard curve and normalized to total protein content.

2.8. Measurement of mitochondrial membrane potential and
mitochondrial superoxide

RAW 264.7 cells were seeded in 96-well black wall, clear bottom
plates, exposed to hyperoxia, and incubated as described above.
Macrophage mitochondrial membrane potential was determined using
the tetramethylrhodamine ethyl ester (TMRE) with the Mitochondrial
Membrane Potential Assay Kit (Abcam, Cambridge, UK), as per the
manufacturer’s instructions. In brief, following a 24 h incubation period,
cells were incubated with 1 pM of TMRE for 20 min at 37 °C. Prior to
TMRE, a negative control for mitochondrial membrane polarization,
was generated by incubating the cells with 20 pM of carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP), an uncoupling compound,
for 15 min at 37 °C. After incubation with TMRE, the cells were gently
washed with PBS containing 0.2% BSA and the level of fluorescence was
determined at an excitation wavelength of 549 nm and an emission
wavelength of 570 nm, using a Synergy LX multimode reader. The same
experimental design was used in another set of experiments that incu-
bated RAW 264.7 cells with Mitotracker Green, as a control, per the
manufacturer’s protocol (Thermo Fisher, Waltham, MA). The amount of
TMRE signal in each condition was normalized to its Mitotracker Green
signal and reported as a percent compared to the control. For the mea-
surement of mitochondrial superoxide levels, after 24 h of incubation,
macrophages were incubated with 5 pM of the MitoSOX reagent (Invi-
trogen, Carlsbad, CA), to measure reactive oxygen species (ROS) in
mitochondria, for 10 min at 37 °C and washed three times with warm
PBS as per the manufacturer’s instructions. The presence of mitochon-
drial superoxide was detected using a Synergy LX multimode reader at
excitation and emission wavelengths of 510 and 580 nm, respectively.

2.9. Determination of TNFa levels

For detection of TNFa in the cell culture media, samples were pre-
pared as described above for HMGB1 in the western blot assays. Equal
volumes of cell culture media were incubated with a commercially
available TNFa ELISA (Thermo Fisher, Hampton, NH), as described by
the manufacturer’s instructions. A colorimetric product was formed and
measured spectrophotometrically at 450 nm using a Synergy LX multi-
mode reader (Biotek, Winooski, VT, USA).

2.10. Measurement of manganese superoxide dismutase (MnSOD)
activity

After 24 h of hyperoxic exposure and incubation with DMSO vehicle
control or with 3.3 pM of GAT107, which was administered simulta-
neously with hyperoxic exposure, RAW 264.7 macrophage cell lysate
was prepared as described above. Equal amounts of protein were used
and evaluated MnSOD activity, using a superoxide dismutase (SOD)
colorimetric activity kit (Thermo Fisher), as per manufacturer’s in-
structions. Non-mitochondrial iron SOD (FeSOD) and copper zinc SOD
(CuZnSOD) was inhibited by incubating the cell lysate with cyanide. Cell
lysate containing cyanide was then incubated with xanthine oxidase, an
enzyme that produces superoxide in the presence of oxygen. The amount
of superoxide not dismutated to hydrogen peroxide by MnSOD reacted
with a nitro blue tetrazolium reagent to yield a yellow color. This
colorimetric product was read at 450 nm, using a Synergy LX multimode
reader. The results were compared to a standard curve generated by
using bovine erythrocyte SOD (produced without the addition of cya-
nide) and normalized to total protein concentrations.

2.11. Immunoprecipitation and immunodetection

RAW 264.7 cells were exposed to 24 h of hyperoxia and incubated
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simultaneously with GAT107 (0 or 3.3 pM) as described above. Cell
lysate was collected, and protein content was determined as described
for the western blot assay. MnSOD was co-immunoprecipitated from cell
lysate using the Pierce Direct Magnetic IP/Co-Immunoprecipitation Kit
(Thermo Scientific, Waltham, MA) containing a polyclonal anti-MnSOD
antibody (Enzo, New York, NY), based on the manufacturer’s in-
structions. After immunoprecipitation, samples were immediately sub-
jected to SDS-PAGE and western blot analysis as described above.
Western blot analysis was conducted as described above, using anti-
MnSOD antibody (1:1000, Enzo, New York, NY) and monoclonal anti-
glutathione antibody (1:1000, ViroGen, Watertown, MA).

2.12. Statistical analysis

The statistical analyses were done using GraphPad Prism statistical
software (version 7.0a). The results are presented as the mean + SEM.
All data sets were analyzed for statistical significance using an analysis
of variance (ANOVA) with Dunnett’s post hoc analysis. Animal mortality
data were analyzed using a Kaplan-Meier curve. Correlation analysis
was done using a two-tail Pearson Correlation Coefficient test. A 95%
confidence interval was used and a p value less than 0.05 was considered
significant.

3. Results
3.1. Survival studies

Prolonged exposure to hyperoxia is a critical mediator for the

A
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increased rates of mortality in patients with pulmonary infection [13,15,
34,35,63]. To ascertain whether GAT107 administration to
hyperoxia-compromised mice with PA lung infection could increase the
survival rate, mice were initially exposed to 72 h of 95% O,. During the
72 h of hyperoxia exposure, mice were given 3.3 mg/kg i.p. of GAT107,
based on the previous studies [28,36] or vehicle (DMSO), starting after
24 h of hyperoxia. As previously reported [15] and in Fig. 1, the mice
that remained in hyperoxia (>95% O>) had significantly higher mor-
tality rates (20% survival rate, p < 0.05), 24 h after exposure to PA
intratracheally, compared to mice that remained in room air (21% O3)
(100% survival rate). In hyperoxic mice given 3.3 mg/kg i.p. of GAT107
and exposed to PA, there was a significant increase in the survival rate
(60% of the mice survived, p < 0.05), compared to mice given the
vehicle. In addition, GAT107 significantly increased the mean survival
time to 18.25 versus 15.25 h in mice given the vehicle. Overall, these
data suggest that GAT107 increases the probability of mice surviving
following exposure to hyperoxia and intratracheal exposure to PA.

3.2. Systemic administration of GAT107 decreases acute inflammatory
lung injury

To determine if GAT107-mediated increase in animal survival was
due to a decrease in acute inflammatory lung injury, mice were exposed
to 48 h of 95% O3, prior to PA inoculation, as described previously [15].
During the 48 h of hyperoxia exposure, mice were given 3.3 mg/kg i.p.
of GAT107 or vehicle (DMSO). After 48 h, mice were intratracheally
inoculated with PA, which produced pulmonary infection and inflam-
mation. Twenty-four hours after intratracheal inoculation, the BAL was
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Fig. 1. Systemic administration of GAT107 increases probability of survival and attenuates inflammatory lung injury in mice exposed to hyperoxia and PA
lung infection. Male C57BL/6 were exposed to either 21% O2 (room air) or >95% 02 (hyperoxia) for 72 h, inoculated with PA (0.1 x 108 CFUs/mouse), and then
returned to an environment of 21% O2 after inoculation. Hyperoxic mice were randomized to receive either GAT107 (3.3 mg/kg) or vehicle control intraperitoneally,
every 12 h, starting at hour 24 of hyperoxia. (A) After mice were inoculated, animal survival was monitored and recorded every hour for 24 h and the percentage of
mice that survived is shown in the Kaplan-Meier curve. Data was analyzed using the log-rank Mantel-Cox test (n = 5-10 mice/group). (B) BAL samples were
harvested 24 h after PA inoculation. The total protein content in the BAL samples was quantified using bicinchoninic acid (BCA) assay. (C) The number of leukocytes
was determined in BAL samples using a hemocytometer. (D) A differential cell counting analysis was used to determine the number of neutrophils following the
staining of neutrophils with cytospin and Hema3 staining. Data represents the mean + SEM from two-independent experiments (n = 6 mice per group). *p < 0.05

compared to hyperoxia exposed vehicle treated control group.
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collected. Fig. 1 shows that mice exposed to hyperoxia and challenged
with PA (vehicle control group) had significantly higher levels of protein
in their airways (2944.52 + 247.07 pg protein/mL, p < 0.05), total
airway leukocyte infiltrates (39.1 £+ 6.28 x 10* cells/mL, p < 0.05), and
infiltrated neutrophils (16 + 2.01 x 10 cells/mL, p < 0.05), compared
to mice that remained at 21% O3 (379.84 + 55.97 pug protein/mL, 3.12
+1.01 x 10* leukocytes/mL, and 0.247 + 0.09 x 10* neutrophils/mL),
and these results were consistent with the study of Patel et al. (2013)
[15]. However, mice given 3.3 mg/kg i.p. of GAT107 had significantly
lower levels of airway protein content and total leukocyte and neutro-
phil infiltrates (329.59 + 91.21 pg protein/mL, 13.00 + 4.08 x 10*
leukocytes/mL, and 0.73 + 0.73 x 10* neutrophils/mL, respectively, p
< 0.05), compared to mice given the vehicle. These data suggest that
GAT107 can protect mice in our mouse model of VAP from acute in-
flammatory lung injury and increase their survival.

3.3. GAT107 significantly decreases airway accumulation of HMGBI in
hyperoxia-exposed mice with P. aeruginosa (PA) lung infection

Excessive levels of HMGB1 in the airways and lungs of mice play a
critical role in the pathogenesis of hyperoxia-induced inflammatory lung
injury [37]. Therefore, we conducted experiments to determine if the
systemic administration of GAT107 attenuates the accumulation of
HMGB1 in the airways of mice exposed to hyperoxia and PA. Mice were
exposed to 95% O for 48 h. During the 48 h of hyperoxia exposure, mice
were given 3.3 mg/kg i.p. of GAT107 or vehicle (DMSO). After 48 h,
mice were challenged with intratracheal PA. After 24 h, BAL fluids were
collected and the level of HMGB1 was determined using western blot
assays. As shown in Fig. 2A, mice that were exposed to 95% O hyper-
oxic conditions and intratracheally challenged with PA had significantly
higher levels of HMGB1 in the airways (6350.5 & 805.1 A U. HMGBL1, p
< 0.01), compared to mice that remained in 21% O room air (3637.4 +
469.5 A U. HMGB1). The administration of 3.3 mg/kg i.p. of GAT107
significantly decreased the accumulation of airway HMGB1 in mice
exposed to hyperoxia and PA lung infection (762.7 + 190.1 A U.
HMGBI1, p < 0.001), compared to vehicle-treated mice. These data
suggest that GAT107 protects mice in this VAP model from acute

A B
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inflammatory lung injury, in part, by decreasing the airway accumula-
tion of HMGB1.

3.4. GAT107 significantly decreases the accumulation of extracellular
HMGBI in cell culture media and protects against HMGB1-induced

phagocytic dysfunction

The prolonged exposure of patients and mice to hyperoxia causes the
accumulation of HMGB1 in the airways, which is a potent pro-
inflammatory mediator that impairs macrophage functions [15,37,63].
To determine if GAT107 decreases hyperoxia-induced HMGB1 release
from macrophages under hyperoxic conditions, RAW 264.7 cells were
exposed to >95% O for 24 h, in the presence of either 3.3 pM of
GAT107 or vehicle (DMSO). Western blot analysis of the culture media
from macrophages exposed to hyperoxia indicated a significant increase
in extracellular HMGB1 (119.18 + 18.89%, p < 0.05), compared to
macrophages that remained at room air (21% O3) (8.003 + 4.68%). The
hyperoxia-induced increase in extracellular HMGB1 levels was signifi-
cantly decreased following incubation with 3.3 pM of GAT107 (39.8 +
8.54%, p < 0.05) (Fig. 2B), when normalized to macrophages exposed to
hyperoxia and incubated with vehicle in the absence of GAT107 (119.18
+ 18.89%).

It has been reported that the excessive accumulation of extracellular
HMGBI in the airways mediates the impairment of macrophage func-
tions [15,21,37,38]. To determine if GAT107 attenuates
HMGB1-induced macrophage phagocytic dysfunction, RAW 264.7 cells
were incubated with 10 pg/mL of recombinant HMGB1 (rHMGB1) for
24 h, in the presence or absence of GAT107 (3.3 pM) or the vehicle
(DMSO). Similar to hyperoxia-compromised macrophages, macro-
phages incubated with rHMGB1 had impaired phagocytic function,
compared to macrophages incubated with vehicle (47.65 + 1.62% vs.
100%, p < 0.05). However, HMGB1-compromised macrophage phago-
cytic function was significantly attenuated following incubation with
3.3 pM of GAT107 (66.32 + 0.21%, p < 0.05) (Fig. 2D), compared to
macrophages incubated with rHMGB1 and the vehicle. These results
indicate that GAT107 significantly 1) decreases the accumulation of
HMGBI1 airway levels released from macrophages exposed to hyperoxia
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Fig. 2. GAT107 significantly attenuates hyperoxia-induced accumulation of extracellular HMGB1 and HMGB1-induced macrophage dysfunction. (A) Male
C57BL/6 mice were exposed to either 21% O2 (room air) or >95% O2 (hyperoxia) for 48 h and then inoculated with PA (0.1 x 108 CFUs/mouse) and were returned
to 21% 02 after inoculation. Hyperoxic mice were randomized to receive GAT107 (3.3 mg/kg) or vehicle control (1 mL/kg), intraperitoneally, every 12 h starting at
hour 24 of hyperoxia. BAL was harvested 24 h after inoculation and western blot assays were conducted to determine the levels of extracellular HMGB1 in BAL. A
representative western blot of HMGB1 is presented and HMGB1 levels were quantified using western blot analysis. (B) RAW 264.7 macrophages were either cultured
in room air (white bar) or exposed to hyperoxia (black bar) without or with GAT107 in DMSO (grey bars). After 24 h, cell culture supernatant was collected and the
level of extracellular HMGB1 was determined using western blot analysis. A representative western blot of HMGBI is presented (B) and HMGB1 levels were
quantified using western blot analysis. (C-D) RAW 264.7 macrophages were either exposed to vehicle control (white bar) or 10 pg/mL of HMGB1 (black bar)
without or with 3.3 pM GAT107 (grey bars). Cells were incubated with fluorescein isothiocyanate (FITC)-labeled mini-beads for 1 h and stained with rhodamine
phalloidin and DAPI to visualize the cytoskeleton and nucleus. Immunofluorescent micrographs show the phagocytosed beads (green), cytoskeleton (red), and DNA
in the nucleus (blue) of RAW 264.7 cells following their incubation with HMGB1. Fluorescent micrographs were quantified using ImageJ for phagocytic activity and
represented as percent of beads phagocytosed per macrophage in a bar graph (n = 3). The bar graphs represent the quantification of phagocytosis of at least 200
cells. Each value represents the mean + SEM of three independent experiments for each group. *p < 0.05, versus the 95% O2 vehicle control group.
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and 2) inhibits macrophage dysfunction caused by airway HMGB1.

3.5. GAT107 significantly decreases hyperoxia-induced NF-kB activation
and extracellular levels of TNFa

Previously, we have reported that hyperoxia-induced NF-kB activa-
tion plays a critical role in the release of HMGB1 from hyperoxic mac-
rophages [39]. Consequently, in these experiments, we determined the
effect of GAT107 on the activation of NF-kB, a known mediator of
inflammation that causes the release of HMGB1 from cells, such as
macrophages [17,39,40]. The exposure of macrophages to hyperoxia
significantly increased NF-kB activation (1.5 + 0.006-fold, p < 0.05),
compared to macrophages exposed to room air (1.00 + 0-fold). The
incubation of hyperoxia-exposed macrophages with 3.3 uM of GAT107
significantly decreased (1.19 + 0.005-fold, p < 0.05) the
hyperoxia-induced increase in NF-kB (p65 subunit) binding to DNA,
compared to the vehicle (1.47 + 0.005-fold) (Fig. 3A). Furthermore, the
transcription activation of NF-kB by HMGBI increases the production
and secretion of TNFo [41]. As shown in Fig. 3B, macrophages exposed
to hyperoxia had a significantly greater accumulation of TNFx in their
culture media, compared to macrophages exposed to room air (107.15
+ 14.94%, p < 0.05 versus 54.84 + 3.24%). In addition, GAT107
significantly decreased the levels of extracellular TNF« at 3.3 pM (60.26
+ 14.08%, p < 0.05), compared to vehicle control (107.15 + 14.94%).

3.6. GAT107 significantly decreases hyperoxia-induced mitochondrial
membrane hyperpolarization and the accumulation of mitochondrial
superoxide

The exposure of macrophages to hyperoxia produces mitochondrial
damage [31,42]. Furthermore, mitochondrial damage significantly in-
hibits macrophage phagocytosis [43]. To determine if 24 h exposure of
macrophages to hyperoxia affects mitochondrial function, the mito-
chondrial membrane potential was determined using the tetrame-
thylrhodamine ethyl ester (TMRE) assay. The results indicated that the
mitochondrial membrane potential of macrophages exposed to hyper-
oxia was hyperpolarized (141 + 13.8%, p < 0.05), compared to mac-
rophages exposed to room air control (100%) (Fig. 4A). However,
hyperoxia-induced mitochondrial hyperpolarization was significantly
decreased by 3.3 pM of GAT107 (62.85 + 7.29%, p < 0.05), compared to
the vehicle (123.5 + 4.6%) (Fig. 4A). Furthermore, the prolonged
exposure to hyperoxia also significantly increased the mitochondrial
levels of superoxide (mitoSOX) (212 + 23%, p < 0.05), when normal-
ized to that from macrophages that remained in room air (21% O3)
(100%) (Fig. 4B). GAT107, at 3.3 pM, significantly decreased (147.7 +
33.4%, p < 0.05) the hyperoxia-induced increase in mitoSOX levels,
compared to hyperoxia-compromised macrophages incubated with
vehicle (226.3 + 31%) (Fig. 4B). Therefore, these results suggest that
GAT107 decreases hyperoxia-induced mitochondrial membrane dam-
age by decreasing hyperoxia-induced accumulation of superoxide in

A B
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mitochondria.

3.7. GAT107 significantly attenuates hyperoxia-compromised MnSOD
activity

Under normal cellular conditions, mitoSOX is rapidly dismutated
into hydrogen peroxide by MnSOD [44]. To determine if hyperoxia
exposure affects the total levels of MnSOD protein expression in mac-
rophages, western blot analysis was performed on macrophage lysate
collected from RAW 264.7 cells exposed to 24 h of hyperoxia and
incubated with GAT107. Interestingly, in macrophages exposed to
hyperoxic conditions, there was a significant increase in the total level of
MnSOD protein (2.93 + 0.18 MnSOD/actin, p < 0.05), compared to
macrophages that remained in room air (1.17 + 0.23 MnSOD/actin)
(Fig. 5B). Furthermore, incubation with 3.3 pM of GAT107 did not
significantly (2.89 + 0.13 MnSOD/actin) alter the hyperoxia-increase in
MnSOD protein, compared to the vehicle (2.78 £+ 0.15 MnSOD/actin).
Therefore, we postulated that the significant increase in mitoSOX
following prolonged exposure to hyperoxia could not result from an
alteration in the protein levels of MnSOD (Fig. 5).

To determine if GAT107 modulated MnSOD activity under hyperoxic
conditions, macrophage whole cell lysate was collected and subjected to
MnSOD enzyme activity assay. As shown in Fig. 5C, macrophages
exposed to hyperoxic conditions had significantly lower MnSOD activity
(2.72 £ 0.11 U/mg protein, p < 0.05), compared to macrophages that
remained in room air (3.9 + 0.2 U/mg protein). Interestingly, the in-
cubation of hyperoxia-exposed macrophages with 3.3 pM of GAT107
significantly increased MnSOD activity, (3.26 + 0.047 U/mg, p < 0.05),
compared to macrophages incubated with the vehicle (2.73 + 0.09 U/
mg) (Fig. 5C). These data indicated that GAT107 attenuates hyperoxia-
induced MitoSOX by increasing MnSOD activity, independent of its
protein levels.

3.8. GAT107 restores MnSOD activity by inhibiting hyperoxia-induced
glutathionylation of MnSOD

Previous studies have reported that in oxidative stress environments,
MnSOD undergoes post-translational modification that decreases its
catalytic activity [44]. MnSOD activity was not dependent on the levels
of the MnSOD protein as GAT107 did not significantly alter MnSOD
activity, compared to the hyperoxia control group (Fig. 5). Therefore,
we determined the effect of GAT107 on the post-translational gluta-
thionylation of MnSOD, which could affect MnSOD activity. Western
blot analysis of co-immunoprecipitated MnSOD indicated that macro-
phages exposed to hyperoxia had significantly higher levels of gluta-
thionylated MnSOD, compared to macrophages exposed to room air
(91.8 + 6.7% versus 7.6 + 4.5% GSH/MnSOD, p < 0.05) (Fig. 6B).
Macrophages exposed to hyperoxia in the presence of 3.3 pM of GAT107
had a significantly lower level of glutathionylated MnSOD, compared to
macrophages incubated with vehicle (53.5 + 7.5% versus 91.2 + 6.5%

Fig. 3. GAT107 significantly attenuates
hyperoxia-induced NF-kB activation and increases
extracellular TNFa levels. RAW 264.7 macrophages
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collected and analyzed for NF-kB (p65 subunit)
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GSH/MnSOD, p < 0.05) (Fig. 6B). Correlation analysis indicated a sig-
nificant negative correlation between an increase in the gluta-

thionylation of MnSOD and MnSOD activity (correlation coefficient, r =

—0.8818, p < 0.0001) (Fig. 6C). Thus, in the presence of 3.3 pM of

4. Discussion

GAT107, glutathionylation of MnSOD was significantly decreased,

resulting in a corresponding increase in MnSOD activity. These results
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Fig. 4. GAT107 decreases hyperoxia-induced
mitochondrial membrane hyperpolarization and
the accumulation of mitochondrial superoxide.
RAW 264.7 macrophages were either exposed to 21%
02 (room air, white bar) or 95% O2 (hyperoxia, black
bar) without or with GAT107 (grey bars). After 24 h,
(A) macrophage mitochondrial integrity was deter-
mined using the tetramethylrhodamine, ethyl ester
(TMRE) mitochondrial membrane potential assay that
was normalized to MitoTracker Green. (B) The levels
of mitochondrial superoxide in macrophages were
analyzed using the MitoSOX dye assay at 24 h of
hyperoxia. Each value represents mean + SEM of
three independent experiments for each group. *p <
0.05, versus the hyperoxia exposed vehicle treated
control group.

Fig. 5. GAT107 attenuates hyperoxia-
compromised MnSOD activity. RAW 264.7 macro-
phages were either exposed to 21% O2 (room air,
white bar) or 95% 02 (hyperoxia, black bar) without
or with GAT107 (grey bars). After 24 h, whole cell
lysates were analyzed for total MnSOD levels using
western blot assays for MnSOD. (A) Representative
western blots for MnSOD and actin are presented, and
(B) MnSOD and actin levels were quantified using
western blot analysis. (C) RAW 264.7 macrophage cell
lysate was used to determine MnSOD activity, using a
SOD activity kit in the presence of cyanide. Each value
represents mean + SEM of three independent experi-
ments for each group. #p < 0.05, versus the room air
control group; *p < 0.05, versus the hyperoxia
exposed vehicle treated control group.

Fig. 6. The hyperoxia-induced glutathionylation
of MnSOD was significantly decreased by GAT107.
RAW 264.7 macrophages were either exposed to 21%
02 (room air, white bar) or 95% O2 (hyperoxia, black
bar) without or with GAT107 (grey bars). After 24 h,
whole cell lysates were co-immunoprecipitated for
MnSOD. (A) Representative western blots for immu-
noprecipitated MnSOD and conjugated GSH. (B)
Densiometric analysis for immunoreactive GSH and
MnSOD bands were determined and the ratio of
glutathione (GSH) to MnSOD was reported as a per-
centage on the bar graph. Each value represents the
mean + SEM of 3-4 independent experiments for each
group. *p < 0.05, versus hyperoxia exposed vehicle
control group. (C) MnSOD activity of the samples
compared to their corresponding percentage of
MnSOD glutathionylation presented as a correlation
plot. Each value on the correlation plot represents
individual sample data points from 3 to 4 independent
experiments. The measure of strength between the X
and Y variables was determined by a two-tailed
Pearson-correlation coefficient, which computed a p
< 0.0001 between MnSOD activtabity and percentage

indicate that the activation of a7nAChRs significantly increases the
antioxidant capacity of mitochondria.

In this study, our results indicated that GAT107 significantly
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increases the survival rates of mice exposed to hyperoxia and inocula-
tion with PA via intratracheal instillation. The rescue effects produced
by GAT107 were negatively correlated with a significant decrease in
hyperoxia-induced inflammatory lung markers, such as a decrease in
lung permeability (decrease in total lung protein content) and the
decrease in total leukocyte and neutrophil lung infiltration (Fig. 1). This
improved outcome in this mouse model of VAP was due, in part, to 1)
decreasing the accumulation of airway HMGBI1 and its downstream
signaling pathway and 2) increasing mitochondria integrity by
decreasing hyperoxia-induced mitochondria oxidative stress, via inhib-
iting the glutathionylation of MnSOD.

4.1. GATI107 increases survival and decreases acute inflammatory lung
injury

Since 1899, numerous studies in humans have shown that exposure
to hyperoxia promotes the pathogenesis of pneumonia and lung injury
[4,6,45,46]. Unfortunately, approximately one-third of mechanically
ventilated ICU patients develop VAP, which has a 4.6% mortality rate
[34,35,47]. Importantly, there is a positive correlation between the
length of mechanical ventilation and the incidence of patient mortality
in ICU [48]. Hyperoxia-induced toxicity increases inflammatory re-
sponses and aging biomarkers, primarily due to the increased levels of
ROS and cellular redox imbalance [4,45]. Furthermore, prolonged
exposure to hyperoxia causes hyperoxia-induced acute lung injury,
characterized by increased airway protein content and inflammatory
cell infiltration, which is mediated, in part, by oxidative stress and the
extracellular accumulation of HMGB1 [5,15,17,37]. Previously, it has
been reported that the activation of the cholinergic anti-inflammatory
pathway protects against shock-induced death and lung injury in dogs
by decreasing vaso-permeability and the secretion of TNFa and IL-1a
[49]. The activation of the o7nAChR-mediated cholinergic
anti-inflammatory pathway decreases hyperoxia-induced lung inflam-
mation via the vagus nerve, which eventually restores compromised
neuroimmunomodulation and increases lung immune homeostasis and
neurocognitive functions [17,28,45,50,51]. The partial a7nAChR
agonist, GTS-21, has been reported to have a protective effect against
hyperoxia and LPS-induced lung injury by decreasing the
pro-inflammatory response of macrophages [17,20,51]. Therefore, it is
possible that patients who receive prolonged oxygen therapy, such as
those on mechanical ventilation, may benefit from the treatment with
activators of the cholinergic anti-inflammatory pathway, such as GTS-21
and GAT107, as inflammatory lung injury would be decreased and this
could increase survival of these patients. Importantly, as mentioned
earlier, the duration of mechanical ventilation is correlated with the
incidence of mortality in ICU patients [48]. Thus, it is possible that
GAT107 may improve the probability of survival by decreasing pul-
monary inflammation, lung permeability/edema and lung injury. It is
possible that treatments such as GAT107 could allow clinicians to use
conservative oxygen strategies and/or reduce the number of days that a
patient needs to be mechanically ventilated [52].

4.2. GAT107 protects mouse lungs and macrophages from the
accumulation of extracellular HMGB1 and protects against HMGB1-
induced phagocytic dysfunction

The i.p. administration of 3.3 mg/kg of GAT107 significantly
decreased the accumulation of HMGBI in the airways of hyperoxia-
exposed mice inoculated intratracheally with PA (Fig. 2). This finding
was consistent with our previous study using GTS-21, which signifi-
cantly decreased HMGB1 accumulation in the airways of mice exposed
to hyperoxia either alone or in the presence of PA lung infection [17,51].
HMGB]1, a non-histone chromosomal protein, is present in the nucleus
under normal conditions [53-56]. Immune cells may release HMGB1
when damaged or stressed and this induces its cytoplasmic trans-
location, and ultimately, release into the extracellular milieu [63].
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HMGBI1 can bind to pattern recognition receptors (PRRs) to induce a
pro-inflammatory cascade, followed by the downstream activation and
nuclear translocation of NF-xB [55,57-59]. In hyperoxia-exposed mice,
GTS-21 prevented the nuclear-to-cytoplasmic localization of HMGBL1 in
alveolar epithelial cells and macrophages [17,51], a critical step in the
active secretion of HMGB1 [63]. In addition, GTS-21 also decreased the
systemic increase of extracellular HMGB1 produced by hyperoxia [17].
Thus, GAT107, after i.p. administration, may be acting on multiple cell
types to decrease the levels of HMGBI1 in the airways of animals exposed
to hyperoxia. Nonetheless, alveolar macrophages are the main resident
inflammatory cells in the lung that are one of the major sources of
extracellular HMGBLI in the lungs [63]. Interestingly, alveolar macro-
phages in patients with severe acute respiratory coronavirus-2 (SAR-
S-CoV-2) pneumonia have been reported to be central mediators of the
lung hyper-inflammatory response [60].

In this study, 3.3 pM of GAT107 significantly reduced (65-70%) the
hyperoxia-induced extracellular accumulation of HMGBI1 in the media
of cultured macrophages (Fig. 2). Previously, GTS-21, at 25 and 50 pM,
also decreased hyperoxia-induced HMGB1 extracellular accumulation
by 50-60%, and this was mediated, in part, by a decrease in NF-kB
activation [51]. Our results indicated that GAT107 did not completely
decrease the release and extracellular accumulation of HMGB1 from
hyperoxia-compromised macrophages. Although GAT107 significantly
decreased the extracellular levels of HMGBI, it is possible that the
remaining extracellular HMGB1 produces phagocytic dysfunction [21].
As shown in Fig. 2, 3.3 pM of GAT107 significantly protected macro-
phages against HMGB1-induced phagocytic dysfunction and almost
completely reversed the hyperoxia-induced decrease in the phagocytotic
activity of cultured macrophages [28]. However, the biology of HMGB1
is rather complicated and the functions of HMGB1 are dependent on its
location, concentration, and translational modifications. While nuclear
HMGBI is involved in the regulation of DNA transcription and DNA
repair, extracellular HMGB1 can function as a potent inflammatory
cytokine, facilitating the infiltration of immune cells, including neu-
trophils, monocytes, and T cells, to the sites of infections, thus inducing
cellular damage and/or tumorigenesis [61,62,63]. Thus, depleting
extracellular HMGB1 could be problematic under such conditions.
However, excessive levels of extracellular HMGB1 can induce an exag-
gerated secretion of numerous proinflammatory cytokines, thereby
compromising macrophage functions [21,61,63], resulting in
infection-induced pneumonia, severe inflammatory acute lung injury,
and even acute respiratory distress syndrome (ARDS) in severe cases of
COVID-19 patients. Therefore, it is rational to modulate, instead of
depleting, the levels of extracellular HMGBI1.

Numerous clinical studies indicate that inflammation and oxidative
stress are the primary clinical manifestations of COVID-19 [55]. It is
likely that GAT107 alters HMGB1-induced downstream signaling that is
involved in the propagation of inflammation, intracellular oxidative
stress and phagocytic dysfunction [63]. In a clinical observational study
conducted by Passos et al. (2022) [55], oxidative stress markers, such as
glial fibrillary acidic protein (GFAP), receptor for advanced glycation
end products (RAGE), HMGB1 and cyclo-oxygenase-2 (COX-2), were
measured to evaluate their role in COVID-19 pathogenesis, in 93 pa-
tients from Sergipe, Brazil. The results indicated a significant increase in
the GFAP and GFAP breakdown product, GFAP-BP, in COVID-19 pa-
tients admitted to ICU and critical COVID-19 patients, compared to
outpatients (GFAP: 1:22 [0.97-1.66], 1.07 [0.60-1.30], GFAP-BP: 1.16
[0.97-1.43], 0.74 [0.59-1.21] respectively). Furthermore, the level of
GFAP-BP was significantly increased in ICU patients/critically ill pa-
tients, compared to healthy controls (GFAP: 1.22 [0.97-1.66], 0.86
[0.61-1.13], GFAP-BDP: 1.16 [0.97-1.43], 0.67 [0.51-0.82]
respectively).

Extracellular HMGB1 binds with high affinity to negatively charged
pathogens and damage-associated molecular patterns (DAMPs), such as
LPS, DNA, and viral RNA [64]. The binding of HMGB1 to LPS allows for
the RAGE-mediated endocytosis of HMGBI1-LPS complexes and the
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activation of intracellular receptors that initiate inflammatory cytokine
production, inflammasome, and pyroptosis activation [64]. Impor-
tantly, when cultured macrophages are incubated with a7nAChR ago-
nists or acetylcholine, macrophage immune activation is prevented by
inhibiting the endocytosis of HMGB1 and HMGB1 complexed with LPS
[65]. However, the exact mechanism by which GTS-21 or acetylcholine
inhibits the endocytosis of HMGB1 and HMGB1-LPS complexes remains
to be elucidated. There are current ongoing COVID-19 clinical trials that
are evaluating activators of the cholinergic anti-inflammatory pathway
(such as nicotine, an a7nAChR agonist), as it is possible they can
attenuate the COVID-19 cytokine release syndrome by decreasing the
cellular endocytosis of HMGB1-SARS-CoV-2 RNA complexes [66].

Extracellular HMGBI1 can also activate toll-like receptor 4 (TLR4) on
macrophages, eliciting downstream signaling involved in pro-
inflammatory cytokine production, which further increases HMGB1
release, thus creating a deleterious feedback cycle [19,21,63]. Passos
et al. (2022) reported a significant increase in RAGE immunocontents in
COVID-19 patients admitted to the ICU, compared to those previously
infected with SARS-CoV-2 and healthy controls (1.11 [0.96-1.43], 0.71
[0.53-1.03], 0.61 [0.46-1.05]) [55]. GAT107, by activating a7nAChR,
could attenuate these HMGBI1-PRR-mediated deleterious effects by
increasing the levels of the protein, interleukin-1 receptor-associated
kinase-M (IRAK-M). Maldifassi et al. (2014) previously reported that
after a7nAChR activation, IRAK-M upregulation occurs, a negative
regulator of TLR4-mediated downstream pro-inflammatory cytokine
upregulation [23,67]. Furthermore, in the same study, the knockdown
of the IRAK-M gene significantly decreased the efficacy of nicotine in
decreasing the LPS-induced secretion of TNFoa from human
macrophages.

4.3. GATI107 decreases hyperoxia-induced NF-xB activation and TNFa
secretion

GAT107 also significantly decreased the hyperoxia-induced activa-
tion of NF-kB and the release of TNFa into culture media (Fig. 3). The
active release of HMGB1 from macrophages has been previously re-
ported to be due, in part, to the activation of NF-kB by hyperoxia [17,
39]. In addition, NF-xB is also a critical transcription factor for TNFa
[68]. As an early mediator of inflammation, TNFa is also present in the
airways of critically ill VAP patients, at concentrations up to 1303
ng/mL [69,70]. Importantly, TNFa, in combination with HMGB1, plays
a critical role in mediating lung inflammation and injury [63,68]. Once
in the extracellular milieu, HMGBI1 can activate autocrine-like pathways
that further increase the production and secretion of TNFo and HMGB1
[63]. Thus, targeting NF-kB activation can interrupt or blunt this
HMGBI1 deleterious feedback cycle that causes excessive inflammation.
Indeed, GTS-21 increases bacterial clearance and survival in a mouse
model of VAP by decreasing the NF-kB-induced release of HMGB1 and
its accumulation in the airways [17]. Under normoxic conditions,
HMGB1 remains in the nucleus and is a non-chromosomal DNA binding
protein [19,63]. Upon stimulation by LPS or oxidative stress, HMGBI1 is
released from macrophages by translocating from the nucleus to the
cytoplasm, where it is released by endolysosomes into the extracellular
milieu [71-73]. NF-kB activation induces the translocation of HMGB1
from the nucleus to the cytoplasm [17]. The release of HMGBI1 from cells
may also involve the activation of pathways distinct from NF-kB. Lu
et al. (2014) reported that inflammasome activation induces the active
release of HMGB1 from macrophages [74]. Furthermore, in the same
study, GTS-21 significantly decreased inflammasome-mediated release
of HMGB1 [74]. GAT107 significantly decreased hyperoxia-induced
HMGBI1 release and extracellular accumulation of cultured macro-
phages. GAT107 had greater efficacy in decreasing inflammasome- and
hyperoxia-induced HMGBI1 release at concentrations significantly lower
than GTS-21, which may be due to GAT107’s potent ago-PAM activation
of a7nAChR, compared to partial agonists, such as GTS-21.
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4.4. Hyperoxia disrupts mitochondrial membrane integrity

As shown in Fig. 4, mitochondrial membrane hyperpolarization oc-
curs in macrophages exposed to 24 h of hyperoxia. Furthermore, mito-
chondrial hyperpolarization may indicate a dysregulation of oxidative
phosphorylation, which increases ROS generation and the subsequent
loss of ATP production [75,76]. There are at least ten known sites in
mitochondria that produce ROS [71,77-79]. However, it has been re-
ported that in the presence of high levels of oxygen, the mitochondrial
flavoprotein, quinone oxidoreductase, may be the only source of ROS
[80]. In mice exposed to 72 h of hyperoxia, there was a significant in-
hibition of complex I activity (which produces ROS) and decreased ATP
production in isolated pulmonary mitochondria [81]. In this study,
GAT107 significantly decreased hyperoxia-induced macrophage mito-
chondrial hyperpolarization. Therefore, by normalizing the mitochon-
drial membrane potential, GAT107 is involved in the maintenance of
mitochondrial integrity and this establishes conditions reported in
normal mitochondria.

4.5. GATI107 decreases the hyperoxia-induced decrease in MnSOD
activity

Under normal physiological conditions, MnSOD catalyzes the dis-
mutation reaction of mitochondrial superoxide into hydrogen peroxide,
at a rate of 2 x 10° M~ !s7!, and hydrogen peroxide is rapidly bio-
transformed to water by catalase [44,82,83]. However, as shown in
Fig. 5, 24 h of hyperoxia exposure significantly decreased MnSOD ac-
tivity. Other studies have reported that the intermittent exposure of
macrophages to hyperoxia for 7 days significantly decreased MnSOD
function at 7 days, but interestingly, after 3 weeks, MnSOD function was
significantly increased [84]. In contrast, in guinea pigs exposed to
hyperoxia for 3 days, alveolar macrophage MnSOD function was
significantly increased [85]. However, in cultured macrophages over-
expressing MnSOD or after incubation with exogenous SOD, macro-
phages had significantly greater phagocytic capacity for PA after
exposure to 24 h of hyperoxia [86,87].

In our study, GAT107 restored mitochondrial function, as indicated
by the normalization of mitochondrial membrane potential (Fig. 4).
GAT107 also normalized mitochondrial superoxide levels (Fig. 4). The
GAT107-mediated normalization of mitochondrial superoxide levels
was significantly correlated with attenuated hyperoxia-compromised
MnSOD activity (Fig. 5), suggesting that excessive levels of mitochon-
drial superoxide may result from MnSOD dysfunction. Moreover,
GAT107’s restoration of MnSOD activity was not dependent on the
overall protein levels of MnSOD (Fig. 5). Interestingly, in cultured
macrophages exposed to 3-weeks of intermittent hyperoxia, macro-
phages survived only if they expressed significantly higher levels of
MnSOD activity [84]. Therefore, since GAT107 did not significantly
alter the total protein levels of MnSOD, it suggests that MnSOD activity
is not being modulated at the protein level. Therefore, it is possible that
GAT107 may be increasing MnSOD activity by affecting
post-translational modifications [88]. Indeed, studies have reported that
post-translational modifications of MnSOD significantly alter its enzy-
matic function [44,89-93]. The glutathionylation of proteins has been
reported to have a protective role against irreversible oxidative modi-
fications (e.g., sulfonic acid) of reactive cysteine residues [94]. Our re-
sults indicated that hyperoxia induces the glutathionylation of MnSOD
and this was significantly decreased by incubating macrophages with
3.3 pM of GAT107. Furthermore, the increase in MnSOD gluta-
thionylation was significantly correlated with decreased MnSOD activity
(Fig. 6), indicating that glutathionylation of MnSOD modulates its
enzymatic activity. Previously, it has been reported that under oxidative
stress conditions, non-mitochondrial CuZnSOD is glutathionylated at
Cys111 and FeSOD is glutathionylated at Cys57 [44]. Currently, it re-
mains to be determined how GAT107 decreases the glutathionylation of
MnSOD. We postulate that GAT107 may be decreasing MnSOD
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glutathionylation through pathways that augment the mitochondrial
antioxidant capacity, thereby decreasing the oxidative burden on
MnSOD by the GAT107-induced activation of the Nrf2/HO-1 pathway
[28]. Also, the upregulation of heme oxygenase-1 (HO-1) can cause its
translocation to mitochondria from the cytoplasm. In human lung
epithelial cells exposed to particulate matter that is 2.5 pm (PM2.5) in
diameter, there was a significant increase in the preferential trans-
position of HO-1 into the mitochondria, which may play a protective
role in PM2.5-induced necrosis [95]. The activation of a7nAChR by
acetylcholine or GTS-21 results in the downstream Nrf2 activation and
the transcriptional upregulation of antioxidants such as glutathione [22,
23,96-98]. It is likely that under oxidative stress conditions,
non-enzymatically and enzymatically catalyzed glutathionylation re-
actions occur in the mitochondria, since the mitochondrial concentra-
tion of glutathione is approximately 5-10 mM [99]. In addition, the
de-glutathionylation of proteins may be facilitated by sulfiredoxins,
glutaredoxin 2 (Grx2) and thioredoxin (Trx) [94,100,101]. Thus,
GAT107 could affect the de-glutathionylation of proteins by acting on
one of these de-glutathionylating enzymes, although this remains to be
determined. It is likely that hyperoxia-induced lung injury results from
dysregulation of proteins that maintain the glutathionylation status of
proteins, as dysregulation of glutathionylation has been linked to lung
diseases, such as idiopathic pulmonary fibrosis, asthma, and chronic
obstructive pulmonary disorder [101]. Therefore, the activation of
a7nAChR by GAT107 could be a potential therapeutic option for pa-
tients with various lung diseases and disorders.

5. Conclusion

In this article, we report that the novel a7nAChR agonistic positive
allosteric modulator (ago-PAM), GAT107, significantly increased the
probability of survival by decreasing acute inflammatory lung injury in a
mouse model of VAP. Mechanistically, GAT107 decreased the accumu-
lation of extracellular HMGBI in the airways by inhibiting its release
from hyperoxic lung cells, including macrophages, and by attenuating
HMGB1-mediated macrophage dysfunction. Furthermore, hyperoxia
can impair mitochondrial integrity by increasing the levels of ROS and
decreasing MnSOD activity, which is caused by glutathionylation.
GAT107 decreased hyperoxia-induced mitochondrial damage and
increased MnSOD activity by decreasing hyperoxia-induced MnSOD
glutathionylation. GAT107 restored macrophage functions by modu-
lating the glutathionylation status of MnSOD. Therefore, GAT107, by
activating a7nAChR, may be a potential treatment for oxidative stress-
induced inflammatory lung injury by improving the clinical outcome
in patients on oxygen therapy.
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