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ABSTRACT
1-Hexadecyl-3-trifluoroethylglycero-sn-2-phosphomethanol (MJ33)
is a fluorinated phospholipid analog that inhibits the phospholipase
A2 (PLA2) activity of peroxiredoxin 6 (Prdx6). Prdx6 PLA2 activity
is required for activation of NADPH oxidase 2 and subsequent
generation of reactive oxygen species (ROS). In vitro, MJ33
inhibited agonist-stimulated production of ROS by the isolated
perfused mouse lung, lung microvascular endothelial cells, and
polymorphonuclear leukocytes. MJ33 (0.02–0.5 mmol MJ33/kg
body weight) in mixed unilamellar liposomes was administered
to C57BL/6 mice by either intratracheal (i.t.) or i.v. routes. Lung
MJ33 content, measured by liquid chromatography/mass
spectroscopy, showed uptake of 67–87% of the injected dose
for i.t. and 23–42% for i.v. administration at 4 hours postinjection.
PLA2 activity of lung homogenates was markedly inhibited

(.85%) at 4 hours postadministration. Both MJ33 content and
PLA2 activity gradually returned to near control levels over the
subsequent 24–72 hours. Mice treated with MJ33 at 12.5–25
mmol/kg did not show changes (compared with control) in clinical
symptomatology, body weight, hematocrit, and histology of lung,
liver, and kidney during a 30- to 50-day observation period. Thus,
the toxic dose of MJ33 was .25 mmol/kg, whereas the PLA2
inhibitory dose was approximately 0.02 mmol/kg, indicating a high
margin of safety. MJ33 administered to mice prior to lung isolation
markedly reduced ROS production and tissue lipid and protein
oxidation during ischemia followed by reperfusion. Thus, MJ33
could be useful as a therapeutic agent to prevent ROS-mediated
tissue injury associated with lung inflammation or in harvested
lungs prior to transplantation.

Introduction
The NADPH oxidases (NOXs) are a widely distributed

family of proteins in mammalian organs that enzymatically
generate reactive oxygen species (ROS) (Krause et al., 2012;
Takac et al., 2012). NOX2, the original family member to be
described, has been the best studied from both biochemical
and physiologic standpoints (Babior, 2002). ROS generated by
NOX2 activity regulate many important cell and physiologic
processes and also have an important role in host defense

(Ushio-Fukai and Alexander, 2004; Leto and Geiszt, 2006;
van der Vliet, 2008). However, activation of NOX2 can be
associated with the deleterious effects of inflammation (Takac
et al., 2012).
Inflammation is a complex process that involves cellular

recruitment and activation, release of various effector mol-
ecules, and additional mechanisms that contribute to the host
response to trauma, infection, and other environmental in-
sults. However, an overly exuberant inflammatory response
can amplify the injury that occurs with a primary insult.
Oxidant stress subsequent to generation of ROS is considered
to be one of the mechanisms that may lead to tissue injury
during inflammatory states. Molecular targets of oxidant
stress include lipids, proteins, and DNA. Among other effects,
peroxidation of membrane lipids represents a major threat to
cellular integrity, oxidation of proteins can alter metabolic
function, and oxidative damage to DNA can impair cell divi-
sion and repair. Thus, modulation of oxidant stress can have
important implications for clinical management of conditions
associated with inflammation.
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In this study, our focus was the lung, which is especially
at risk for inflammatory injury associated with sepsis or
inhalation of toxic agents. Previous studies have examined
the effect of antioxidants in protecting lungs from ROS-
mediated injury with mixed results. This latter approach has
an obvious drawback since an ROS scavenger has to compete
with tissue components for reaction with ROS, unavoidably
resulting in some tissue oxidation. Thus, ROS scavenging is
unlikely to be fully protective against cellular injury. On the
other hand, targeting the pathways that generate ROS has
theoretical appeal since it could be more effective in prevent-
ing tissue oxidation. Since NOX2 is a major source of ROS
with inflammation, there have been some efforts devoted to
investigation of inhibitors of this enzyme. A relatively recent
review pointed out that most currently available NOX inhibitors
have low selectivity, potency, and bioavailability, precluding
their therapeutic use andwork in this area is continuing (Krause
et al., 2012).
We recently demonstrated that peroxiredoxin 6 (Prdx6) is

a key component of the NOX2 activation pathway in pulmo-
nary endothelial cells and alveolar macrophages (Chatterjee
et al., 2011) and a subsequent publication showed a simi-
lar requirement for a polymorphonuclear leukocyte (PMN)
cell line (Ellison et al., 2012). Peroxiredoxins are a highly
conserved family of peroxidases that are widely expressed
throughout all kingdoms of life (Rhee et al., 2005). Prdx6 is
a novel 1-cysteinemember of the family that uniquely exhibits
both glutathione peroxidase and phospholipase A2 (PLA2)
activities (Manevich and Fisher, 2005; Schremmer et al.,
2007; Fisher, 2011). These activities of Prdx6 play important
roles in lung antioxidant defense and phospholipid metabo-
lism. Activation of NOX2 is associated solely with the PLA2

activity of Prdx6 as demonstrated by rescue experiments in
Prdx6 null cells (Chatterjee et al., 2011; Ellison et al., 2012).
Phosphorylation of Prdx6 via a mitogen-activated protein
kinase (Wu et al., 2009) followed by translocation of phosphor-
ylated Prdx6 to the cell membrane are crucial steps in the
NOX2 activation pathway (Chatterjee et al., 2011).
The requirement of Prdx6 PLA2 activity for activation of

NOX2 provides a new target for modulation of ROS production.
This study proposes the use of 1-hexadecyl-3-(trifluoroethyl)-sn-
glycero-2-phosphomethanol (MJ33), a known inhibitor of the
PLA2 activity of Prdx6 that does not inhibit its peroxidase
activity (Fisher and Dodia, 1996; Kim et al., 1997). MJ33
(Supplemental Fig. 1) is a fluorinated analog of the sn-2
tetrahedral of a phospholipid transition state (Jain et al.,
1991b) that shows relatively tight binding to Prdx6 (Manevich
and Fisher, 2005) and inhibits the PLA2 activity of phosphor-
ylated recombinant Prdx6 by greater than 98% (Wu et al.,
2009). We recently demonstrated that use of a system to target
MJ33 to the pulmonary endothelium of mice blocks the in-
creases in vascular cell adhesion molecule expression and
alveolar permeability after intratracheal administration of
bacterial lipopolysaccharide (Hood et al., 2012).
In this study, we evaluated the effect of MJ33 on the

agonist-modulated activation of NOX2 activity in the intact
isolated lung, in lung endothelial cells, and in PMNs.
Furthermore, we determined the uptake of MJ33 by the
intact lung, the in vivo dose-effect relationship for inhibi-
tion of PLA2 activity and the potential toxicity of MJ33.
Finally, we evaluated the effect of MJ33 on oxidative injury
in a model of lung ischemia/reperfusion (I/R). These studies

are oriented toward the potential use of MJ33 as a therapeu-
tic agent.

Materials and Methods
Reagents. MJ33 is a fluorinated lipid analog that was originally

synthesized by Dr. Mahendra Jain, one of the co-authors of this study.
The compound is lipid soluble and somewhat soluble in aqueous
media with a critical micelle concentration of approximately 10 mM.
This agent has been shown to have specificity for PLA2, specifically
pancreatic (type 1B) PLA2 and Prdx6 PLA2, but does not inhibit
cytosolic (type IV) PLA2, phospholipases C/D, or other lipases (Jain
et al., 1991a; Fisher et al., 1992; Gelb et al., 1994; Kim et al., 1997).
MJ33 is a chemically nonreactive compound that mimics the
tetrahedral transition state of PLA2 substrates and inhibits activity
through its binding to the PLA2 protein (Gelb et al., 1994). The
inhibitor is effective at mol fraction (MJ33/ lipid substrate) of ,0.01
indicating a high binding affinity (Fisher et al., 1992). MJ33 inhibits
NOX2 by preventing the generation of the lipid products of PLA2

activity that are necessary for NOX2 activation (Chatterjee et al.,
2011). At this time, a requirement for Prdx6 in the activation of other
NOX isoforms has not been demonstrated. For the present studies,
MJ33 (as the lithium salt) was purchased from Sigma-Aldrich (St. Louis,
MO).

Authentic lipids, including 1-heptadecanoyl-2-hydroxy-sn-glycero-
3-phosphocholine (17:0 Lyso PC) used as an internal standard for mass
spectrometry (MS), were purchased fromAvanti Polar Lipids (Alabaster,
MA). [3H]dipalmitoylphosphatidylcholine ([3H]DPPC) was purchased
from American Radiolabeled Chemicals (St. Louis, MO). Horseradish
peroxidase (HRP) and the fluorescent dyes dihydrodichlorofluorescein
(H2DCF) diacetate, dihydroethidine (HE), and Amplex Red were
obtained from Life Technologies (Carlsbad, CA). Angiotensin II (AngII)
was purchased from Bachem Bioscience (Torrance, CA). Ammonium
acetate, methanol, chloroform, bovine superoxide dismutase (SOD), and
concanavalin A (Con A) were purchased from Sigma-Aldrich. High-
performance liquid chromatography–grade water and acetonitrile were
obtained from Fisher Scientific (Fair Lawn, NJ). Gases were supplied by
BOC Gases (Lebanon, NJ). A Kinetex C8 column was obtained from
Phenomenex (Torrace, CA) and WST-1 was from Dojindo (Kumamoto,
Japan).

Cell Isolation and Culture. These studies used murine wild-
type and NOX2 null pulmonary microvascular endothelial cells
(mPMVECs), human pulmonary artery smooth muscle cells
(hPASMCs), murine PMNs, and A549 cells. mPMVECs were pri-
mary isolates from mouse lungs as described previously (Chatterjee
et al., 2006) and used at passages 7–12. A549, a lung carcinoma
cell line, was obtained from the American Type Culture Collection
(ATCC, Manassas, VA). mPMVEC and A549 human lung epithe-
lial cells were grown at 37°C in Dulbecco’s modified Eagle’s
medium (DMEM)–low glucose medium supplemented with 10%
fetal bovine serum (FBS) (HyClone, Logan, UT), 25 mM HEPES,
and 5 mM L-glutamine without antibiotics; for endothelial cells,
growth supplement from bovine neural tissue was added at 1.5 mg/
100 ml (E2759; Sigma-Aldrich). Immortalized hPASMCs, a gift
from Dr. Elena Goncharova (Krymskaya et al., 2011), were grown
in DMEM–low glucose medium supplemented with 5% FBS, 2 mM
L-glutamine with antibiotics, and 1% insulin, transferrin, and
selenium.

Bone marrow PMNs were isolated from mouse femurs as described
previously (Nick et al., 2000). Briefly, mice were euthanized by
intraperitoneal pentobarbital and fibias and femurs were surgically
removed and flushed with Hanks balanced salt solution (minus Ca12

and Mg12) using a 25-gauge needle. Marrow cords were suspended in
isolation buffer and marrow cells were obtained by repeated
aspiration (Lieber et al., 2004). The suspension was layered on
a three-step Percoll gradient (72, 64, and 52%). Following centrifu-
gation at 1000g for 30 minutes, cells at the interface of the 72 and 64%
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Percoll layers were removed and washed with isolation buffer prior
to use.

Mice. Ten-week-old C57BL/6 wild-type and NOX2 (gp91phox) null
mice were obtained from The Jackson Laboratory (Bar Harbor, ME).
Animal care was in compliance with all regulations as set by the
University of Pennsylvania Institutional Animal Care and Use
Committee and by the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health. Animals
were kept under high-efficiency particulate filtered air in the vivarium
maintained at 25°C 6 3°C.

Preparation and Administration of Liposomes. Mixed uni-
lamellar liposomes were prepared using authentic lipids with the
mole fractional composition 0.5 DPPC, 0.25 egg phosphatidylcholine
(PC), 0.15 cholesterol, and 0.1 phosphatidylglycerol; this mixture
reflects the approximate composition of lung surfactant (Fisher et al.,
2005). Liposomes were prepared by evaporating the mixture of lipids
under N2 gas overnight to form a film that was re-suspended with
vigorous mixing in phosphate-buffered saline (PBS) with MJ33 at
1–10 mol %. The mixture was frozen and thawed three times by
exposure to liquid N2, followed by incubation in a 50°C water bath and
then extrusion at 50°C for 20 cycles through a 100-nm pore size filter
(Avanti Polar Lipids Mini-Extruder). The recovery of lipid after the
filtration step, based on [3H] label in DPPC, was 97%6 2.3% (mean6
S.E., n 5 8) of the initial dpm. Liposome size (approximately 100 nm)
was confirmed by measurement of dynamic light scattering using a 90
Plus Particle Sizer (Brookhaven Institute, Holtsville, NY). All
experiments with in vivo administration of MJ33 used the liposomal
formulation as the drug carrier.

For i.v. injection, mice were placed in a restraining apparatus, the
two lateral tail veins were dilated by placing the tail in warm water
(40°C) for several minutes, and a 1 ml syringe with a 26G3/8 needle
was inserted into one of the veins. Liposomes were injected as a 100 ml
bolus. For intratracheal (i.t.) injection, a midline neck incision was
performed to expose the trachea of anesthetizedmice. A small puncture
hole between the third and the fourth ring in the trachea was made
using fine micro-dissecting eye scissors and liposomes were infused
directly using a 1 ml syringe connected to PE-10 tubing. Liposomes
were instilled as a 50 ml bolus. A different i.t. method was used for
toxicity studies to avoid a surgical incision. With animals in a Plexiglas
restraining apparatus, a light-guided laryngoscope (45° angle) was
used to visualize the trachea and liposomes were infused through
a catheter.

ROS Production by Cells. mPMVECs or hPASMCs in culture
were treated with control liposomes or liposomes containing MJ33
(1 mol %) for 30 minutes and then incubated in the dark with an ROS-
sensitive indicator dye, H2DCF diacetate, or HE, for an additional 15
minutes. Cells were washed and treated with agonist to activate
NOX2 and then ROS production by cells was measured by fluorescence
microscopy. Dichlorofluorescein (DCF) fluorescence was measured at
excitation/emission of 490/530 nm and HE fluorescence at 470/610 nm
using an epifluorescence microscope fitted with a �20 objective (Nikon
Diaphot TMD; Nikon, Melville, NY). Cells were randomly selected from
the phase contrast images, and the intensity of cellular fluorescence was
measured using Metamorph software (Molecular Devices, Sunnyvale,
CA). For each field, the intensity of 6–10 cells was averaged, and 4–5
fields were analyzed for each treatment condition. Additional experi-
ments were performed by measuring total DCF fluorescence of
mPMVECs grown in multiwell plates using a fluorescence microplate
reader (FLX 800; Biotek, Winoski, VT). An increase in DCF or HE
fluorescence reflects the oxidation of deacetylated H2DCF, whereas
increased HE fluorescence reflects the generation of hydroxyethidium or
other oxidation products.

Superoxide (O2
.2) production by PMNs was measured colorimetri-

cally by the change in absorbance with reduction of the tetrazolium
salt, WST-1 (Tan and Berridge, 2000). WST is reduced by O2

.2 to a
soluble blue formazan dye (Marshall et al., 1995). PMNs (5� 105) were
equilibrated for 15 minutes at 37°C without or with MJ33 (1 mol %)
in liposomes and then WST (500 mM) and Con A (250 mg/ml) were

added to the incubation medium. Where indicated, SOD (100 U) was
added to the incubation medium. The reduction of WST-1 was
measured at 450 nm using a Cary 50 Bio UV-Visible spectrophotom-
eter (Agilent Technologies, Foster City, CA). SOD-sensitive O2

.–

production was calculated from results in the presence and absence of
SOD using amolar extinction coefficient of 37,000M21 cm21 (Tan and
Berridge, 2000)

Isolated Lung Perfusion. Mice were anesthetized with i.p.
sodium pentobarbital at 50 mg/kg body weight. Liposomes with or
without MJ33 (1 mol %) were instilled into the lung through an
endotracheal catheter placed at the level of the tracheal carina. After
15 minutes, the lungs were cleared of blood, removed from the thorax,
and placed in a chamber for continuous perfusion as described
previously (Fisher et al., 1992, 2005). Lungs were continuously
ventilated through a tracheal cannula with air containing 5%CO2 and
perfused with recirculating Krebs-Ringer bicarbonate solution sup-
plemented with 10 mM glucose and 3% bovine serum albumin. ROS
generation was measured by the addition of Amplex Red (25 mM) plus
HRP (25 mg/ml) to the perfusate (Chatterjee et al., 2011). Amplex Red
does not permeate the cell membrane and thus detects extracellular
H2O2. AngII (50 mM) was added to the lung perfusate as a NOX2
agonist. Aliquots of the perfusate were removed at 15 minute
intervals, and fluorescence intensity of the oxidized Amplex Red
product was measured (excitation/emission, 545/610 nm) using
a spectrofluorometer (Photon Technology International, Birming-
ham, NJ). At the end of the perfusion period, the lung was removed
from the chamber and dried in an oven to constant weight. Oxidation of
Amplex Red was calculated as nanomoles per gram dry weight of lung
using an extinction coefficient of 54,000 cm21M21. The slope of the line
for Amplex Red oxidation versus timewas calculated by the least mean
squares method.

Isolated lungs from wild-type and NOX2 null mice also were
studied for I/R injury. In some mice, MJ33 (4 nmol) was administered
i.v. 15 minutes before harvest of the lung. The isolated perfused and
ventilated lung was equilibrated for 30 minutes and then subjected to
ischemia by stopping the perfusion pump while ventilation continued;
this model results in ischemia without tissue hypoxia (Eckenhoff
et al., 1992; Al-Mehdi et al., 1998; Zhang et al., 2005). The perfusion
pump was restarted after 60 minutes of ischemia; reperfusion was
continued for another 60 minutes at which time the lungs were
harvested for measurement of lung oxidant injury as assessed by lipid
peroxidation (thiobarbituric acid reactive substances, 8-isoprostanes)
and protein oxidation (protein carbonyls). These procedures for
analysis of lung oxidative injury were reported previously (Liu
et al., 2010). ROS production during reperfusion was measured by
addition of Amplex Red (plus HRP) to the perfusion fluid during the
initial equilibration period as described above.

Assay for PLA2 Activity. To measure the effect of MJ33 on PLA2

activity in vivo, MJ33 in liposomes was injected via i.t. or i.v. routes.
Both male and female mice were used for these studies. Mice were
sacrificed at intervals by exsanguination under pentobarbital anes-
thesia and lungs were surgically removed, cleared of blood, and
then homogenized for analysis of PLA2 activity. The substrate for
measurement of PLA2 activity was mixed unilamellar liposomes
containing tracer [3H]DPPC (4400 dpm/nmol) incubated with lung
homogenate at 37°C for 1 hour under acidic, Ca21-free conditions
(40 mM sodium acetate: 5 mM EDTA buffer, pH 4.0) (Chen et al.,
2000). The reaction was stopped by addition of chloroform/methanol
(1:2) and lipids were extracted by the Bligh and Dyer method (Bligh
and Dyer, 1959). Radiolabeled free fatty acids were separated by
a two-step thin layer chromatography procedure using hexane/ether/
acetic acid as a solvent system along with authentic palmitic acid as
a standard. The free fatty acid spots were identified using I2 vapor,
scraped from the plate, and analyzed by scintillation counting using
an internal standard for quench correction. Values for recovered dpm
were corrected for blank values obtained in the absence of enzyme.
PLA2 activity was calculated based on the specific radioactivity of
DPPC (Chen et al., 2000).

286 Lee et al.



Detection of MJ33 in Lung Tissue byMS. MJ33wasmeasured
in lungs from mice that had been injected with varying amounts of
MJ33 via an i.t. or i.v. route. Animals were sacrificed at varying times
post-MJ33 injection. Lungs were cleared of blood by perfusion through
the pulmonary artery and homogenized for analysis of MJ33 levels
using a triple quadrupole mass spectrometer (Supplemental Fig. 1A).
In some experiments, lungs were lavaged before homogenization by
instillation and aspiration (�5) of 800 ml cold PBS. For extraction of
lipids, lung homogenate (0.5 ml), bronchoalveolar lavage fluid, or
equivalent H2O as a control was transferred to a 10-ml glass test tube
containing 1ml PBS buffer (1M, pH 6.8) that was spiked with 2 ng 17:
0 Lyso PC (Supplemental Fig. 1B). The latter was chosen as an internal
standard (STD) since it is not an endogenous phospholipid, as
confirmed by the lack of a corresponding peak in the MS transition.
After adding 2 ml methanol to each tube, the samples were vortexed for
30 seconds, and 4 ml chloroform was added to the samples and shaken
for 30 minutes. After centrifugation at 2500g for 5 minutes, the organic
layer was transferred to a new clean glass tube, and then evaporated to
dryness under nitrogen, reconstituted in 100 ml methanol, and
maintained at 4°C in the auto-sampler tray before analysis.

Reverse-phase chromatography for liquid chromatography (LC)/
MSmeasurements was performed using aWaters Alliance 2690 high-
performance liquid chromatography system (Waters Corp., Milford,
MA) with gradient elution at 30°C in the linear mode with a Kinetex
C8 column (100� 2.6 mm i.d., 2.6 mm) using a flow rate of 0.2 ml/min.
Solvent A was water and solvent B was 95% acetonitrile, each with
10 mM ammonium acetate. The linear gradient was as follows: 30% B
at 0 minutes, 30% B at 2 minutes, 100% B at 8 minutes, 100% B at 16
minutes, 30% B at 16 minutes, and 30% B at 25 minutes.

MS was conducted on a Thermo Finnigan TSQ Quantum Ultra AM
mass spectrometer (Thermo Fisher, San Jose, CA) equipped with an
electrospray ionization source operated in the positive ion mode. Unit
resolution was maintained for both parent and product ions for
multiple reaction monitoring analyses. Operating conditions were as
follows: spray voltage, 3500 V; vaporizer temperature, 300°C; and
heated capillary temperature, 280°C. Nitrogen was used for the
sheath gas and auxiliary gas set at 25 and 10 (in arbitrary units),
respectively. Collision induced dissociation was performed using
argon as the collision gas at 1.5 mTorr in the second (rf only)
quadrupole. An additional DC offset voltage was applied to the region
of the second multipole ion guide (Q0) at 5 V. The following Selected
Reaction Monitoring transitions were monitored; MJ33, mass-to-
charge ratio (m/z) 493 → 113 (collision energy 18 eV) as a qualifier,
m/z 493 → 119 (collision energy 15 eV) as a quantifier, 17:0 Lyso PC,
m/z 510 → 104 (collision energy 18 eV) as a qualifier, andm/z 510 →
184 (collision energy 15 eV) as a quantifier. The mass spectrum of
MJ33 showed the fragments 381, 139, and 113. A linear calibration
curve was constructed with authentic MJ33 in the range from 0.1 ng/ml
to 10 ng/ml (y 5 0.004x 1 0.00007; r2 0.999). No peak corresponding
to MJ33 was detected in the control samples. All data analysis was
performed using Xcalibur software, version 2.0 SR2 (Thermo Fisher)
from raw mass spectral data.

Proliferation, Cell Viability, and Clonogenic Survival in
Response to MJ33. For proliferation studies, T25 cell culture flasks
were each plated with 1 � 105 cells; MJ33 was added to the plates on
the next day. The rate of proliferation was determined on a daily basis
for up to 10 days. Attached cells weremade into a single suspension by
incubation with 0.25% trypsin/EDTA for 3–5 minutes, and counted to
obtain the total cell number on each plate. Cell viability was assessed
by a trypan blue exclusion assay (Lee et al., 2000). Clonogenic survival
studies were performed as described previously (Lee and Shogen,
2008). Briefly, 7 ml 15% FBS-DMEM (low glucose at 1 g/l) was added
to 6-well plates with 102–104 cells that were incubated at 37oC for 5 h
to allow for cell attachment and then incubated for various durations
with MJ33 at 0–25 mM. Cultures were fixed with 99.5% isopropyl
alcohol, stained with 1% crystal violet and counted. Colonies with
more than 50 cells were scored as positive. The surviving fraction was
calculated as follows: number of colonies counted/number of cells

plated � fractional plating efficiency. To evaluate a potential role of
cellular contact inhibition on MJ33 cytotoxicity for mPMVEC, feeder
cells (heavily x-irradiated at 30 Gy with a 137Cs source, rendering
them unable to generate clones) were added at 103, 104, or 105 cells
per well to generate confluent or plateau-phase growth patterns.

Toxicity Studies in Mice. Toxicity of MJ33 after its administra-
tion by i.v. or i.t. routes was evaluated by daily measurement of
animal weight and observation of the level of spontaneous activity
during the subsequent 60 days, measurement of hematocrit at 30 days
after dosing, and histologic examination of lungs, liver, and kidneys at
10 days after MJ33 administration. Death was not used as an end
point in accordance with policies of the University of Pennsylvania
Institutional Animal Care and Use Committee. Only female mice
were used for these studies because of the difficulties of housing male
mice together for prolonged periods.

Measurement of Hematocrit. To measure the hematocrit, a capil-
lary pipette containing anticoagulant was inserted in the lateral
canthus of the eye and 40 ml blood was collected from the retro-orbital
sinus. The capillary tubes were centrifuged for 10 minutes at 12,500g
(Clay Adams Autocrit Ultra3; Becton Dickinson, Franklin Lakes,
NJ), and the separate bands of hematocrit were read on a hematocrit
scale.

Histologic Evaluation. Histologic evaluation of lungs, liver,
and kidneys of mice was performed after administration of MJ33
(500 nmol) via i.v. or i.t. routes. Anesthetized mice were exsangui-
nated 10 days post-treatment by cutting the caudal vena cava. A
cannulawas inserted into the trachea and fixed with a ligature. Lungs
and heart were removed en bloc, and lungs were inflated via the
cannula by gentle infusion of fixative (10% phosphate-buffered
formalin, pH 7.0) over 5 minutes to reach a constant fluid pressure
of 25 cm H2O. The trachea was tied with a ligature, and the lungs
were placed in a glass vial containing 10% formalin and were kept on
ice for 24 hours. Livers and left kidneys also were collected and fixed
in formalin. All tissue samples were processed by the Pathology Core
at the Children’s Hospital of Philadelphia (Abramson Research
Center, Philadelphia, PA). After fixation, tissues were embedded in
paraffin and blocks were sectioned and stained with hematoxylin
and eosin. The tissue sections were examined independently by two
different investigators and a result was determined by consensus.

Statistical Analysis. All measured values are presented as the
mean 6 S.E. for each group. Analysis of variance with the post hoc
Tukey test (SysStat, San Jose, CA) was used for multiple group
comparisons. Differences within a group before and after treatment
were evaluated using a paired t test. Statistical significance was set at
95% (P , 0.05).

Results
Effect of MJ33 on Agonist-Induced ROS Production.

The effect of MJ33 on agonist-induced ROS generation was
evaluated in isolated lungs of mice with Amplex Red (plus
HRP) added to the perfusate to detect H2O2. Unilamellar
liposomes containing MJ33 at 0, 0.2, or 4 nmol were injected
i.v. into anesthetized mice and the lungs were isolated 15
minutes later for in vitro perfusion. Amplex Red oxidation
was plotted versus time of perfusion (Fig. 1A). The addition of
AngII to the perfusate resulted in an approximately 7-fold
increase in the rate of Amplex Red oxidation (Fig. 1A).
The effect of AngII was inhibited by approximately 25% by
0.2 nmol MJ33 and was essentially abolished in lungs that
had been pretreated with 4 nmol MJ33. This result indicates
ROS production in the presence of AngII and a dose-dependent
inhibition by treatment with MJ33. Similar inhibition of
Amplex Red oxidation was observed after pretreatment with 4
nmol MJ33 by the i.t. route (not shown). ROS production after
AngII treatment of lungs from NOX2 null mice was decreased

MJ33 Inhibition of NOX2 287

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.112.201079/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.112.201079/-/DC1


Fig. 1. Inhibition of agonist-induced ROS production byMJ33. (A) Effect of MJ33 on AngII- induced ROS generation by isolated perfused wild-type (WT)
andNOX2 null mouse lungs asmeasured by Amplex Red oxidation. Liposomes containing 0, 0.2, or 4 nmol MJ33 were administered intravenously over 1
min to the intact mouse. The lung was isolated 15 minutes later, placed in the temperature controlled (37°) chamber, and perfused in the absence or
presence of AngII (50 mM). Perfusate samples were taken at 15-minute intervals and analyzed for oxidized Amplex Red; results are plotted versus time of
perfusion. The numbers in parentheses indicate the slope (in nmol/g dry weight per minute) of the lines calculated by the least mean squares method.
Results are mean 6 S.E. for n = 3 (in some cases, the S.E. bars are within the plotted points). The slope of the line for NOX2 null mice minus AngII (not
shown) was essentially identical to the control. (B) ROS production by isolated mPMVECs as indicated by epifluorescence microscopy for DCF. Cells
were incubated for 30 minutes with liposomes with or without MJ33 (1 mol %), then loaded with H2DCF diacetate (5 mM) and stimulated with 10 mM
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by .90% compared with wild-type lungs, indicating that
NOX2 is the predominant source of ROS in this model (Fig.
1A). However, ROS production byNOX2 null lungs after AngII
was greater (P, 0.05) than control (evaluated at 60minutes of
perfusion), suggesting that another (non-NOX2) albeit minor
(approximately 9%) source of AngII-stimulated ROS produc-
tion. There was no significant difference in AngII-stimulated
ROS production between the wild type treated with 4 nmol
MJ33 and the NOX2 null lungs, suggesting that this dose of
MJ33 totally inhibited NOX2-dependent ROS production but
had no effect on the NOX2-independent ROS production
(Fig. 1A).
The effect of MJ33 on ROS production was evaluated

further with mPMVECs in monolayer culture. ROS pro-
ductionwas determined by oxidation of DCF orHE as assessed
by fluorescence microscopy. mPMVECs that were stimulated
by AngII showed increased DCF fluorescence (Fig. 1B) or HE
fluorescence (not shown) that was abolished by pretreatment
of cells with MJ33. Similar results were obtained for the effect
of MJ33 on ROS production by mPMVEC by measuring
cellular fluorescence with a multiplate reader (not shown).
Significant ROS production was not seen after AngII treat-
ment of NOX2 null mPMVEC (Fig. 1B).
PMNs isolated from mouse bone marrow also showed

a robust respiratory burst, as measured by WST reduction
in response to Con A (250 mg/ml) (Fig. 1C). Reduction of WST
reached a plateau value in approximately 4 minutes. This
stimulated O2

.2 generation was inhibited by pretreatment of
PMNs with MJ33 (4 mM). The rate of Con A–stimulated O2

.2

generation, calculated from the change of WST-1 absorbance
during the linearly increasing portion of the curve and
corrected for the residual after SOD treatment was 484 6 9
pmol/min per 106 cells for control cells and 104 6 74 for cells
pretreated with MJ33 (mean 6 S.E., n 5 3), a 79% reduction
in the presence of MJ33. There was essentially no SOD-
insensitive O2

.2 production by these cells (Fig. 1C). PMNs from
NOX2 null mice showedminimalWST-1 reduction after Con A
(41618 pmol/min per 106 cells), indicating NOX2 as the
predominant (.90%) source of O2

.2 under these experimental
conditions (Fig. 1C). MJ33 had no effect on this residual O2

.2

production by NOX2 null PMNs (not shown).
The results for Amplex Red oxidation by the isolated lung

stimulated with AngII indicated that about 10% of ROS
production was through non-NOX2 sources. Although there
are several possible enzymatic sources for non-NOX2 ROS
production, NOX1 would be a likely possibility because this is
the major source of ROS induced by AngII in vascular smooth
muscle (Lassègue et al., 2001). We thus evaluated the possible
effect of MJ33 on AngII-stimulated ROS production by
hPASMCs. These cells showed an increase in ROS production
in the presence of AngII that was less robust than the
response of mPMVECs (Supplemental Fig. 2). ROS pro-
duction by these cells was unaffected by the presence of MJ33,
indicating that NOX1 does not require the PLA2 activity of
Prdx6 for activation.

Uptake and Retention of MJ33 in the Lung. As the
initial step to evaluate potential use of MJ33 in vivo, the
uptake and retention of MJ33 by the lung were determined
after i.t. or i.v. administration of the agent. MJ33 accumula-
tion in the lung homogenate and bronchoalveolar lavage fluid
was evaluated by MS under positive electron spray ionization
conditions. The mass spectrum of authentic MJ33 exhibited
an intense parent ion at m/z 493 corresponding to the parent
MH1 (not shown); the tandem mass spectrometry (MS/MS)
spectrum indicated the product ions m/z 139 and m/z 113
(Supplemental Fig. 1). Since there is no isotopically labeled
MJ33 commercially available, we chose 17:0 Lyso PC as an
internal standard (STD). MS/MS analysis of the Lyso PC
standard showed the characteristic PC fragment, m/z 184
(not shown). The calibration curve used to quantify MJ33
in lung tissue was constructed using the area ratio of the
MJ33 to the area ratio of the STD. To confirm the presence of
MJ33 in the lung homogenate, we used LC-MS/MS. TheMJ33
detected in the lung homogenate had the same MH1 ion as
authentic MJ33 and the same product ions, m/z 139 andm/z
113. The internal STD was used to confirm the relative
retention time of the MJ33 detected in lung homogenate
versus the relative retention time of authentic MJ33.
In control lung (liposomes only, no MJ33), a peak corre-

sponding to MJ33 was not seen (Fig. 2A, top) but the presence
of a peak corresponding to the STD (Fig. 2A, bottom) indicated
the effective extraction of lipids from the sample. There were
significant peaks corresponding to MJ33 and the STD after
i.v. (Fig. 2B) or i.t. (Fig. 2C) injection of 0.4 nmol MJ33. At 4
hours after i.v. injection of 0.4, 4, or 10 nmol MJ33, 23–42% of
the administered dose was found in the lung (Table 1). The
retention in the lung at 4 hours after i.t. injection of MJ33 was
67–87% of the injected dose (0.4–10 nmol). The percentage of
injected MJ33 present in the lung declined slightly at 24 and
48 hours after dosing but MJ33 was undetectable in the lung
after either i.v. or i.t. administration at 72 hours post-treatment
(Table 1). MJ33 was not detected in the bronchoalveolar lavage
fluid at 4 hours after i.t. administration of 0.4 nmol (not shown).
These results indicate that the MJ33 was retained in the lung
for a considerable period and was either intracellular or tightly
bound to the cell surface.
Inhibition of Lung PLA2 Activity. The effect of MJ33

on lung PLA2 activity after i.t. or i.v. administration was
evaluated using dosing protocols similar to those used for MS
analysis. The enzymatic assay was performed at pH 4 in the
absence of Ca21, conditions that are relatively specific for the
PLA2 activity of lung Prdx6 (Fisher et al., 1992; Fisher and
Dodia, 1996). The patterns for inhibition of lung PLA2 activity
were similar for MJ33 administered by either the i.v. (Fig. 3A)
or i.t. (Fig. 3B) route. There was a marked (approximately
85%) decrease in lung PLA2 activity at the 4-hour time point
that was similar for all three doses (0.4, 4, 10 nmol) of MJ33.
However, the persistence of the inhibitory effect of MJ33
beyond 4 hours and the degree of recoverywere dose dependent.
For doses of 4 and 10 nmol, there was only slight recovery at 24

AngII. Integrated fluorescence of 10–15 cells per field was quantitated using Metamorph software. Basal conditions represent no AngII. DCF
fluorescence intensities are expressed in arbitrary units. Values are mean 6 S.E. for n = 3. *P, 0.05 versus the corresponding basal. (C) Effect of MJ33
in liposomes (1 mol %) on the respiratory burst of mouse bone marrow PMNs stimulated with Con A (250 mg/ml). ROS production was evaluated at 30-
second intervals by the change in absorbance due to reduction of WST-1. The control was Con A stimulation in the presence of SOD. This figure is
representative for n = 3.
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hours and partial recovery at 48 hours post-treatment but
activity had returned close to the control values at 72 hours
post-treatment. This pattern of effect on PLA2 activity agreed
reasonably well with the pharmacokinetics of MJ33 in lung
tissue as evaluated by MS/MS (Table 1). There were no
differences between male and female mice in the time-related
effect of MJ33 on lung PLA2 activity.
In Vitro Cytotoxicity of MJ33. Cytotoxicity of MJ33 was

evaluatedwithA549 human lung epithelial cells andmPMVEC
during the exponential growth phase and with confluence.
Plating efficiency, calculated as the percentage of seeded cells
that grow intomacroscopic colonies in the absence ofMJ33, was
approximately 45% for mPMVECs and approximately 55% for
A549 cells. There was no effect of 10–25 mMMJ33 on A549 cell
division during a 10-day observation period (Fig. 4A). Survival
of A549 cells exposed continuously during the exponential
growth phase to 5–25 mM MJ33 was unaffected as determined
by colony formation (clonogenic assay) at 2 or 7 days of exposure
(Fig. 4B). We previously showed that acute exposure (,24

hours) to MJ33 at 10–25 mM did not reduce the viability of
mPMVECs, as measured by a (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay (MTT) (Lien et al., 2012),
and this study showed no decrease in survival for confluent cells
exposed for 24 hours to 10 or 20 mM MJ33 (Fig. 4C). A
clonogenic survival assay with exposures of mPMVEC for up
to 7 days also was used to assess cytotoxicity. Continuous
exposure to 5–10 mM MJ33 for 24 hours had no effect on
survival of exponentially growing mPMVEC, although sur-
vival was decreased with longer exposure to MJ33 at
concentrations .5 mM (Fig. 4C). The presence of a feeder
cell layer resulted in a statistically significant (P , 0.05)
but relativelymodest (approximately 10%) increase ofmPMVEC
survival on exposure to 20 mM MJ33 for 24 hours (not shown).
For recombinant Prdx6 assayed in vitro, PLA2 activity was
inhibited by 50% at 0.3 mM and essentially 100% at 0.4 mM
MJ33 (not shown). Thus, these studies with primary lung
endothelial cells and a lung cancer cell line show a lack of
toxicity for confluent cells withMJ33 up to 25 mMwhile MJ33
at concentrations . 5 mM appeared to be cytotoxic to the
primary lung endothelial cells, but not the lung cancer cell
line, during the exponential growth phase. The toxic concen-
tration of MJ33 significantly exceeds the concentration re-
quired for inhibition of PLA2 activity.
In Vivo Toxicity. Toxicity studies of intact mice evalu-

ated the effect of MJ33 on their activity level, body weight,
hematocrit, and histology of lungs, liver, and kidneys. Mice
(n 5 5 per group) received a single dose of 250, 500, or 2500
nmol MJ33 (approximately 12.5–125 mmol/kg body weight)
by the i.v. or i.t. route followed by a 7-week observation
period (5 weeks for the higher dose). By clinical observation,
mice in all three treatment groups exhibited generally
normal behavior; some mice appeared to be slightly less
active during the initial 1–3 days after MJ33 administration
but then recovered during the subsequent days. Clinical
manifestations such as hyperactivity, aggressive behavior,
alopecia, dehydration, salivation, nasal discharge, constipa-
tion, or diarrhea were not observed and none of the mice died
or had to be euthanized because of poor clinical appearance.

Fig. 2. Measurement of MJ33 content in the lung using LC/MS. MJ33 (0.4 nmol in liposomes) was injected i.v. (B) or i.t. (C) in the intact mouse. The
lungs were isolated 4 h later, cleared of blood, and homogenized. An internal standard (STD), 17:0 lysophosphatidylcholine, was added to the lung
homogenate and the lipids were extracted. The chromatograms are shown in the upper panels for MJ33 and in the lower panels for the STD. The elution
time for all MJ33 and STD peaks was 7.3 minutes. MJ33 was detected fromm/z 493→ 139 and the STD fromm/z 510→ 184. Liposomes without MJ33
were injected i.t. as a baseline control (A). The integrated peak area for each panel is indicated.

TABLE 1
Lung uptake of MJ33 at increasing time after i.v. or i.t. injection as
determined by MS
Data are presented as mean 6 range for n = 2; all other values are single
measurements. The amount of MJ33 was calculated based on the area ratios (Fig. 2)
using a calibration curve constructed with the same amount of internal standard and
variable amount of MJ33.

Time Postinjection Amount Injected
Uptake %, of Injected Dose

i.t. i.v.

h nmol %

4 0.4 68 6 4 23 6 2
4 87 42

10 67 33
24 0.4 35 20

4 51 32
10 55 31

48 10 46 40
72 0.4 nd nd

4 nd nd
10 nd nd

nd, none detected.
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A small weight loss was seen for control mice at the end of 1
week of observation that was possibly related to the ex-
perimental procedures; these mice during subsequent weeks
progressively gained weight to surpass the initial body
weight by week 4 (Fig. 5). The initial weight loss was slightly
greater in most groups of mice dosed with MJ33, but the
mice subsequently resumed their normal rate of weight
gain. By 5 weeks postinjection, the mean weights for all
groups except 2500 nmol i.t. were similar and exceeded their
initial weight (Fig. 5). None of the changes in weight for the
single dose groups was statistically different from control
(P . 0.05).
MJ33 was also given in repeated doses of 2.5 mmol i.v. daily

for 4 days. The mean body weight in these mice decreased by
about 12% compared with the initial weight in the first week of
treatment and did not show a subsequent recovery as seen with
the single injection condition (Fig. 5A). The difference in body
weight beyond 3 weeks compared with control was statistically
significant (P , 0.05). Like the single dose studies, clinical
symptomologywith themultiple dose regimenwas not observed.

The hematocrit, the volume percentage of erythrocytes in
blood, was measured prior to treatment and at 30 days after 0,
250, or 500 nmol MJ33 i.t. or i.v.. There was no significant
effect of MJ33 on hematocrit at these doses (Table 2).
Tissue sections of lungs, liver, and kidneys were examined

by two observers with good agreement between their re-
spective analyses. The lungs of MJ33-treated and control
animals appeared similar with no evidence of alveolar edema,
vascular congestion, inflammation, or destruction or fibrosis
of alveolar septae (Fig. 6). Likewise, no histologic differences
were found in the liver or kidneys in the MJ33 treated groups
compared with control (Supplemental Fig. 3).
Effect of MJ33 on Lung I/R Injury. ROS production

measured by Amplex Red oxidation was increased signifi-
cantly during the reperfusion phase of I/R. (ROS production
during the ischemic period cannot be measured by this
method.) The rate of ROS production with reperfusion (Fig. 7)
was approximately 50% greater than the rate observed in the
presence of AngII (Fig. 1). The rate of ROS production with
reperfusion was decreased by 66% versus I/R by the presence

Fig. 3. PLA2 activity of lung homogenate from male and
female mice measured at varying times after i.v. (A) or i.t.
(B) injection of MJ33 (0–10 nmol) in liposomes. PLA2
activity was measured by assay in Ca2+-free medium, pH 4.
Results aremean6 S.E. for n = 3–5. *P, 0.05 versus control
(no MJ33) for each time point.

MJ33 Inhibition of NOX2 291

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.112.201079/-/DC1


of MJ33. ROS production was decreased further (approxi-
mately 80% versus I/R) with NOX2 null lungs indicating that
the major fraction but not all of NOX2-dependent ROS
production was inhibited by MJ33. Based on the result with
NOX2 null lungs, approximately 20% of ROS production
appeared to be from sources other than NOX2 in this model
of lung injury.
Oxidative stress associated with I/R was evaluated by

measuring indices of lung lipid peroxidation (thiobarbituric

acid reactive substance, 8-isoprostanes) and protein oxidation
(protein carbonyls). Altered lung permeability was evalu-
ated by the wet/dry weight ratio. Control was the isolated
wild-type lung that was continuously perfused for 2 hours
(Table 3). Values for continuously perfused NOX2 null lungs
(not shown) were essentially identical to the control wild type.

Fig. 4. Effect ofMJ33 on the proliferation of cells in culture. (A) Proliferation
of A549 cells during exposure to 0, 10, or 25 mM MJ33 during a 10-day
incubation. (B) Clonogenic assay of A549 cells after a 2- or 7-day exposure to
MJ33 at 0–25 mM. At the end of exposure, the number of colonies were
counted and expressed as a fraction of the number of cells that were
originally plated. (C) Clonogenic assay of mPMVECs treated with 0–25 mM
MJ33 for 1, 2, or 7 days. Cells were studied during the exponential growth
phase or at confluence (confl-24h). Mean 6 S.E. for n = 3–4.

Fig. 5. Change in body weight for mice that were administered 250, 500,
or 2500 nmol MJ33 in liposomes i.v. (A) or i.t. (B). An additional i.v. group
received multiple doses (i.v.) at 2500 nmol per day for 4 days. Mouse body
weights were measured at weekly intervals. Values are mean 6 S.E. for
n = 5 for each group. Initial body weight of mice was 21.56 0.15 g (n = 45).
No deaths occurred during the observation periods. *P , 0.05 compared
with the corresponding control (no MJ33).

TABLE 2
Hematocrit levels at 30 days after i.v. or i.t. injection of MJ33
Pretreatment hematocrit was 47.4 6 0.2. Values are mean 6 S.E. for n = 5.

MJ33 Dose
Hematocrit

i.t. i.v.

Control (nmol)a 47.7 6 0.3 45.8 6 0.9
250 47.2 6 0.4 46 6 0.3
500 46.4 6 0.7 47.0 6 0.4

a Blank liposomes with MJ33.
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In wild-type mice, the I/R protocol resulted in a significant
(P , 0.05) increase of 81–110% in the biochemical indices of
oxidative stress. The wet/dry ratio of the lung also was
significantly increased after I/R. These changes were largely
abolished by pretreatment of the mice with MJ33. I/R in the
NOX2 null lungs indicated that the bulk of the oxidative
damage was due to activation of the NOX2 system. However,
the values obtained for I/R with NOX2 null lungs were
significantly greater than control, indicating that approxi-
mately 20% of the lung injury with I/R could be attributed to
non-NOX2 sources of ROS (Table 3).

Discussion
Previous studies with mPMVECs, lung alveolar macro-

phages, and PMNs have shown that the PLA2 activity of
Prdx6 is required for activation of NOX2 and the subsequent
production of ROS (Chatterjee et al., 2011; Ellison et al.,

2012). We proposed that inhibiting PLA2 activity could be
useful therapeutically as a means to limit the activation of
NOX2 and ROS production that are in part responsible for cell
injury associated with lung inflammation (Kratzer et al.,
2012; Min et al., 2012). In this study, we evaluated MJ33,
a known inhibitor of the PLA2 activity of Prdx6 (Fisher and
Dodia, 1996; Kim et al., 1997), as an inhibitor of NOX2
activation. As shown in this study, MJ33 does prevent the
activation of NOX2 and generation of ROS. An important
advantage of MJ33 is that this agent does not inhibit the
peroxidase activity of Prdx6 (Fisher and Dodia, 1996) because
this activity has been shown to be important for antioxidant
defense (Wang et al., 2004, 2006a,b, 2008; Hood et al., 2012;
Lien et al., 2012). This dichotomy is consistent with the
clearly distinct active sites for the two enzymatic activities
(Chen et al., 2000; Fisher, 2011). Thus, the important role of
Prdx6 as a peroxide scavenger and its function in antioxidant
defense is preserved in the presence of MJ33.

Fig. 6. Effect of MJ33 on lung histology. The mice were
administered MJ33, 500 nmol in liposomes or blank lipo-
somes (control) by either i.t. or i.v. routes. The sections were
stained with hematoxylin and eosin. Scale bar, 200 mm in
(A); 50 mm in (B).
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We first tested the effect of MJ33 on ROS generation by
model systems including the isolated perfused mouse lung and
mPMVECs in culture that were stimulated by AngII, and
isolated bone marrow PMNs that were stimulated with Con A.
Agonist-treated PMNs fromNOX2 null mice showed scant ROS
production in the absence of MJ33, indicating NOX2 as the
predominant source of ROS; we have previously shown NOX2
as the predominant source of ROS in AngII-treated mPMVECs
(Chatterjee et al., 2011). Study of NOX2 null lungs indicated
that approximately 90% of ROS production by AngII-stimulated
lungs was via NOX2. The addition ofMJ33 to the lung perfusate
or the cell incubation medium markedly inhibited the agonist-
induced ROS production in each of these systems. MJ33 inhibits
the activation of NOX2 by preventing the generation of lipid
products of PLA2 activity (Chatterjee et al., 2011). Studies with
pulmonary artery smooth muscle cells where NOX1 is the
predominant source of ROS after AngII treatment (Lassègue
et al., 2001) indicate that MJ33 does not inhibit this NOX
isoform (Supplemental Fig. 2). These results suggest that MJ33
could be useful as a biologically active agent to inhibit NOX2-
mediated ROS generation in vivo.
To better understand possible therapeutic applications

of MJ33 in an intact animal, we measured the inhibitory
effect of MJ33 on lung PLA2 activity with increasing
concentration of the agent delivered by either i.t. or i.v.
routes. PLA2 activity in the lung homogenate was significantly

reduced to approximately 15% of the control level by MJ33
delivered by either route when measured at 4 hours after
exposure, and remained significantly reduced at 4–24 hours
after treatment. This 85% reduction in PLA2 activity (mea-
sured at pH 4 in Ca21 free buffer) with MJ33 is similar to the
effect of Prdx6 “knock-out,” indicating that the residual
activity reflects some PLA2 source other than Prdx6 (Fisher
et al., 2005). Varying doses of Prdx6 from 0.4 nmol to 10 nmol
(i.t. and i.v.) were equally effective in inhibiting enzyme
activity, but the recovery time of PLA2 activity was dose
dependent. Based on these observations, a daily treatment
with 4 nmol MJ33 (0.2 mmol/kg body weight) in the mouse
could effectively maintain near total inhibition of lung Prdx6
PLA2 activity.
We overcame the inability to label MJ33 with fluorophores

or other tags by developing a method using LC-MS/MS to
assay the pharmacodynamics of MJ33. The method used three
parameters to positively identify MJ33 in lung homogenate:
first, demonstrating the same parent ion as authentic MJ33
(m/z 493); second, demonstrating an identical product ion as
authentic MJ33 (m/z 139); and third, demonstrating the same
relative retention time to the internal standard as authentic
MJ33 (7.3 minutes). The LC/MS method was linear in the
range from 0.2 to 10 ng/ml and the limit of detection was
0.1 ng/ml.
After an i.t. injection, the percentage of injected MJ33

remaining in the lung at 4 h was 67–87% for doses of 0.4–
10 nmol. Uptake by the lung at 4 hours after i.v. injection of
MJ33 was 23–42% of the injected dose; this presumably
reflects a first pass effect of the injected lipophilic agent. MJ33
after either i.t. or i.v. injection gradually disappeared from the
lung during the subsequent 72 hours. The fate of the MJ33
after leaving the lung is not known but the agent could
be stored in the fat or excreted since it is unlikely to be
metabolized.
The measurement of lung MJ33 showed generally good

agreement with our data for MJ33-induced inhibition of PLA2

activity. Thus, either the i.t. or i.v. routes of administration
appear to be satisfactory to inhibit lung Prdx6 PLA2 activity.
The optimal route for clinical use could depend on the etiology
of the inflammatory lung disease. This study has not de-
termined the effect of route of administration on the distribu-
tion of MJ33 among the various cells that comprise the lung.
Conceivably, the distribution could favor endothelium after
i.v. administration and epithelium after i.t. dosing but that
remains to be determined.
After showing effectiveness as an enzyme inhibitor in vivo,

the next step was to evaluate potential toxicity. The only
biologic effects thus far described for MJ33 is its ability to

Fig. 7. ROS production during reperfusion in mouse lungs after 60 min
ischemia. ROS production was measured by the Amplex Red method as
described in Fig. 1. The dye was added to the perfusate during the 15-
minute equilibration period prior to ischemia. A zero reperfusion time
perfusate sample was used for background subtraction. Values represent
mean 6 S.E. for n = 3. The numbers in parentheses indicate the slope of
the line (nmol/g dry weight per minute) calculated by least mean squares.

TABLE 3
Effect of MJ33 on indices of oxidative stress associated with lung I/R
Studies were done with isolated lungs from wild-type or NOX2 null mice. Results are mean 6 S.E. for n = 3.

TBARS 8-Isoprostanes Protein Carbonyls Lung Weight Wet/Dry

nmol/mg prot

Control 74.6 6 2.5*† 210 6 7*† 5.07 6 0.19*† 5.85 6 0.04*†

I/R, wild type 136 6 3.0† 440 6 23† 9.25 6 0.12† 7.35 6 0.07†

I/R + MJ33, wild type 95.5 6 2.1* 310 6 5*† 7.00 6 0.01*† 6.35 6 0.02*
I/R, NOX2 null 82.3 6 1.8* 250 6 5* 6.09 6 0.07* 6.16 6 0.007*

Control, continuous perfusion; I/R, 1 hour ischemia followed by 1 hour reperfusion; TBARS, thiobarbituric and reactive
substance.

* P , 0.05 versus I/R, wild type; †P , 0.05 versus I/R, NOX2 null.
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inhibit several forms of PLA2, mainly pancreatic (secreted)
PLA2 and Prdx6 PLA2 (Jain et al., 1991b; Kim et al., 1997;
Chen et al., 2000). Inhibition of the pancreatic enzyme is
unlikely to be toxic over the short term and mice null for this
enzyme seem to do quite well (Huggins et al., 2002). Mice that
are null for Prdx6 have normal growth rates and life spans
(Mo et al., 2003; Wang et al., 2003) although they show
defective lung lipid metabolism with age-dependent accumu-
lation of surfactant-related lipids (Fisher et al., 2005). Prdx6
null mice also showed increased oxidant sensitivity related to
the loss of the Prdx6 peroxidase activity (Wang et al., 2003,
2004, 2006a), but this function of Prdx6 is unaffected by MJ33
(Fisher et al., 1999). Thus, a toxic effect of MJ33, if found,
would likely be due to the chemical itself and unrelated to its
inhibition of PLA2 activity.
Assay of cellular proliferation and clonogenic survival of

a lung cancer epithelial cell line and primary lung endothelial
cells were used to evaluate potential cytotoxicity of MJ33.
Toxicity of MJ33 at concentrations up to 20–25 mM was not
demonstrated for A549 cells in the rapid growth phase, for
confluent A549 cells, or for confluent mPMVECs. mPMVECs
that were treated with MJ33 for increasing time of exposure
(up to 7 days) showed inhibition of clonogenic potential at
concentrations.5 mM. Based on a dose of 4 nmol i.t. to inhibit
lung PLA2 activity for 24 hours, one can estimate an average
peakMJ33 concentration in the lung of,20 mM, a dose that is
nontoxic for confluent cells.
To assess the potential toxicity of MJ33 in intact mice,

MJ33 was administered far above the 0.4–4 nmol dosages that
fully inhibit lung Prdx6 PLA2 activity. Mice treated with
a single dose of MJ33 at up to 2500 nmol showed neither overt
clinical signs of toxicity nor weight changes that were
significantly different than control. There was no change in
hematocrit or lung histology after treatment. Based on
these results, MJ33 appears to be a reliable nontoxic inhibitor
of NOX2 activation. Considering that 0.4 nmol to the mouse
fully inhibited PLA2 activity and 2500 nmol in a single dose
was not toxic, MJ33 appears to have a safety margin of at least
6000, althoughmultiple doses of MJ33 (10mmol total dose) did
result in nonlethal toxicity.
The potential utility of MJ33 as an agent to prevent

oxidative stress was evaluated in a model of lung I/R injury.
The lung injury in I/R is recognized in part as a manifestation
of oxidative stress associated with NOX2 activation (Eckenhoff
et al., 1992; Dodd-O and Pearse, 2000; Zhang et al., 2005;
Brandes et al., 2010). The role of oxidative stress with I/R in
this study was demonstrated by increased ROS production,
increased tissue lipid peroxidation, increased protein oxida-
tion, and increased lung permeability. These manifestations
were markedly reduced by pretreatment of mice with MJ33.
These results suggest potential clinical utility for MJ33 in
conditions in which pretreatment in anticipation of I/R is
a possibility. A clear example would be pretreatment of donor
lungs in anticipation of lung transportation.
Our study based on NOX2 null mice indicates that approx-

imately 80% of the ROS production and oxidative injury with
lung I/R is due to NOX2 activation and that there was no
significant difference between NOX2 null mice and wild-type
mice pretreated with MJ33. The ROS production that was not
from NOX2 could derive from NOX1 activation, the mitochon-
drial respiratory chain, or xanthine oxidase among other
sources and does not appear to be inhibited by MJ33. NOX3

and NOX5 are not present in rodent lung and NOX4 is
constitutively active so they should not contribute to the increase
in ROS production with 2 h I/R. Of note, Prdx6 can also function
as an ROS scavenger through its peroxidase activity, and this
activity is not inhibited by MJ33.
Based on its low toxicity, MJ33 would appear to offer

a major advantage over currently available NOX2 inhibitors
(Jaquet et al., 2009; Krause et al., 2012). Among these agents,
diphenyleneiodonium, a commonly used inhibitor of NOX2
in vitro, is not specific and its toxicity related to general
inhibition of flavoproteins would preclude its use as a thera-
peutic agent (Gatley and Martin, 1979; Jaquet et al., 2009).
Apocynin is perhaps the most specific inhibitor described to
date. Importantly, this agent can ameliorate lung injury
associated with IR, hemorrhagic shock, and Gram-negative
sepsis (Wang et al., 1994; Dodd-O and Pearse, 2000; Zhou
et al., 2002; Abdelrahman et al., 2005; Zhu et al., 2008; Yang
et al., 2009). However, the mechanism for action of this
inhibitor is not clear and the margin between its therapeutic
and toxic doses after systemic administration is relatively
narrow (Tang et al., 2008). Several other drawbacks to the use
of apocynin have been noted, including observations that it
initially stimulates ROS production and that its activation
requires ROS plus a peroxidase (Brandes et al., 2010).
Recently, a TAT-peptide inhibitor of protein kinase Cd has
been shown to block NOX2 activation and protect against
sepsis-induced lung injury (Kilpatrick et al., 2010), but
studies of toxicity and specificity for the agent have not yet
been reported and clinical use of the TAT-peptide may be
problematic. Although these other inhibitors of NOX2 have
limited clinical utility, their effectiveness supports the concept
that inhibition of this enzymatic pathway can have a beneficial
effect on lung inflammation.
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