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Abstract

Sepsis is a leading cause of death among patients in the intensive care unit,
resulting from multi-organ failure. Activity of xanthine oxidoreductase
(XOR), a reactive oxygen species (ROS) producing enzyme, is known to be
elevated in nonsurvivors of sepsis compared to survivors. We have previously
demonstrated that XOR is critical for ventilator-induced lung injury. Using
febuxostat, a novel nonpurine inhibitor of XOR, we sought to determine the
role of XOR inhibition in a murine model of sepsis-induced lung injury and
mortality. C57BL/6] mice were subjected to intravenous (IV) lipopolysaccha-
ride (LPS) for various time points, and lungs were harvested for analyses. Sub-
sets of mice were treated with febuxostat, pre or post LPS exposure, or
vehicle. Separate groups of mice were followed up for mortality after LPS
exposure. After 24 hr of IV LPS mice exhibited an increase in XOR activity
in lung tissue and a significant increase in pulmonary endothelial barrier dis-
ruption. Pretreatment of animals with febuxostat before exposure to LPS, or
treatment 4 h after LPS, resulted in complete abrogation of XOR activity.
Inhibition of XOR with febuxostat did not prevent LPS-induced pulmonary
vascular permeability at 24 h, however, it accelerated recovery of the pul-
monary endothelial barrier integrity in response to LPS exposure. Further-
more, treatment with febuxostat resulted in significant reduction in mortality.
Inhibition of XOR with febuxostat accelerates recovery of the pulmonary
endothelial barrier and prevents LPS-induced mortality, whether given before
or after exposure to LPS.

Introduction

Sepsis is a devastating illness with an annual incidence
of 750,000, representing nearly 10% of all intensive care
unit (ICU) admissions with a mortality approaching
30% (Angus and van der Poll 2013). Sepsis constitutes
a complex systemic inflammatory response initiated by
microbial factors that perpetuate proinflammatory medi-
ators, a key pathophysiological consequence of sepsis
leading to endothelial barrier disruption (Angus and van
der Poll 2013; Goldenberg et al. 2011). Injury to this
barrier in any given vital organ leads to extravasation of
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proteinaceous fluid as well as inflammatory cells from
the intravascular space resulting in local tissue hypoxia,
organ dysfunction, and ultimately organ failure (Angus
and van der Poll 2013; Goldenberg et al. 2011). Proba-
bility of mortality from sepsis increases with each addi-
tional failed organ (Mayr et al. 2014). Currently,
therapy relies heavily on early recognition of sepsis with
prompt initiation of antimicrobial agents and supportive
care (Angus and van der Poll 2013; Dellinger et al.
2013).

Pathophysiological mechanisms of organ dysfunction
observed in sepsis are thought to be related to an
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exuberant inflammatory state which results in collateral
tissue damage (Goldenberg et al. 2011). Specifically, reac-
tive oxygen species (ROS) play a key pathogenic role in
sepsis-induced organ dysfunction (Boueiz et al. 2008;
Fink 2002). Recent human studies have shown that oxida-
tive damage is a prominent feature in sepsis-induced
organ failure (Galley et al. 1996; Luchtemberg et al. 2008;
Rice et al. 2011; Ware et al. 2011) stressing a role for
attenuating oxidative damage as a mechanism of treating
sepsis.

Because of its ability to generate ROS, xanthine oxi-
doreductase (XOR) plays an essential role in the patho-
genesis of various organ dysfunctions (Boueiz et al
2008). Interestingly, XOR activity is elevated in patients
with sepsis when compared with healthy volunteers and
noninfected patients (Galley et al. 1996). A role for oxi-
dant injury in sepsis-induced organ dysfunction has been
studied extensively in animal models (Fink 2002). Our
group has demonstrated inhibition of XOR with allop-
urinol is protective in rodent models of acute lung
injury, ventilator-induced lung injury, and cigarette
smoke lung injury (Abdulnour et al. 2006; Hassoun
et al. 1998; Kim et al. 2013; Le et al. 2008). With the
recent advent of a specific XOR inhibitor, febuxostat,
additional studies investigating the role of this enzyme
in many disease states are emerging (Lee et al. 2014;
Nomura et al. 2014).

To that end, we hypothesized that, in a murine model
of sepsis, XOR mediated oxidative damage leads to wors-
ened lung injury, and inhibiting XOR with febuxostat
would protect against endotoxemia-induced lung injury.

Materials and Methods

The Johns Hopkins University Institutional Animal Care
and Use Committee approved all animal protocols.

Experimental protocol and animal exposure
to intravenous LPS

Male C57BL/6] (wild type, WT) mice aged 10-12 weeks
(Jackson Laboratory, Bar Harbor, ME) were randomly
exposed to intravenous PBS or lipopolysaccharide (LPS,
0127:B8, Sigma) via retro-orbital injection to mimic sep-
sis, as previously described (Yardeni et al. 2011). For sur-
vival studies, mice were weighed daily and followed until
death or recovery. Food and water were available ad libi-
tum.

Febuxostat treatment

Febuxostat was obtained from Takeda Pharmaceuticals
(Deerfield, IL). Febuxostat was crushed and dissolved in
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water and given via oral gavage at a dose of 5 mg/kg per
day. For pretreatment with febuxostat, the first dose was
administered the previous evening (~16 h before) and
30 min prior to LPS exposure. The treatment dosing of
febuxostat started 4 h after LPS exposure. The febuxostat
dosing was chosen based on previous publications (Kim
et al. 2013). For longer time points, febuxostat was given
once daily for the duration of the experiment.

Assessment of lung injury

After exposure to experimental conditions, mice were sac-
rificed at the indicated time points. At the time of har-
vest, the main pulmonary artery was cannulated and the
lungs were flushed free of blood with 2 mL of phosphate
buffered saline. Pulmonary edema was assessed by deter-
mining the ratio of right lung wet weight to total body
weight or the lung wet-to-dry weight ratios, both as
described previously (Aggarwal et al. 2010; Damarla et al.
2014). Bronchoalveolar lavage fluid (BALF) was collected
for assessment of cell counts and protein concentration,
as previously described (Damarla et al. 2014; Singer et al.
2016).

Biochemical studies of lung tissue

Lung tissues for biochemical assays were weighed at the
time of harvest and then immediately snap-frozen in lig-
uid nitrogen for subsequent analysis. Enzymatic XOR
activity of lung tissue homogenates was assessed using a
fluorometric assay as previously described (Kayyali et al.,
2001,2003; Kim et al. 2013). In short, xanthine oxidase
activity is determined as the rate of oxidation of pterin to
the fluorescent product isoxanthopterin. After which,
methylene blue is added as an electron acceptor to mea-
sure the combined activities of both xanthine oxidase and
xanthine dehydrogenase. The use of methylene blue obvi-
ates any fluorescence overlap that may be present with
NADH and isoxanthopterin. The reaction is then inhib-
ited by the addition of allopurinol. Lastly, the addition of
a known concentration of isoxanthopterin serves as an
internal standard for fluorescence quenching. The units of
this assay are umol-min~' g-tissue”'. We further adjust
XOR activity for protein concentration. Lung myeloper-
oxidase activity was measured using an assay based on
the colorimetric conversion of the substrate o-dianisidine
dihydrochloride as previously described (Yu et al. 2006).
Lung tissue Resolvin E1 was assessed using an ELISA kit
(MyBioSource; San Diego, CA), according to manufac-
turer’s guidelines.

Immunoblotting of lung homogenates was performed
using standard techniques as previously described (Kim
et al. 2013). Antibodies directed at phospho-Histone
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H2A.X (Ser139), f-actin, Caspase 3 (Cell Signaling; Bos-
ton, MA), and CMKLR1 (Cayman Chemical, Ann Arbor,
MI) were used. Quantification of immunoreactive bands
was performed using ImageJ (Bethesda, MD).

Statistics

Data are shown as mean + SEM. We performed multiple
comparisons by a nonparametric analysis of variance
using the Kruskal-Wallis test. Comparison between two
groups was performed using the nonparametric Mann—
Whitney test. Nonparametric tests were used to not
assume normal distribution of data. Survival curves were
analyzed using the Log-rank test. A P < 0.05 was consid-
ered significant. Data were analyzed using GraphPad
Prism 7.

Results

Intravenous lipopolysaccharide induces XOR
activity

As sepsis leads to multi-organ failure and eventual death,
we sought to create a murine model of sepsis that mimics
organ dysfunction and increased mortality. Adult male
mice were subjected to intravenous LPS at increasing
doses and followed up for assessment of mortality. As
shown in Figure 1A, intravenous administration of LPS
causes a dose-dependent increase in mortality. A dose of
30 mg/kg of LPS leads to mortality within 6 h of LPS
administration suggesting distributive shock followed by
vascular collapse as the mechanism of death. Whereas,
5 mg/kg of LPS had no observed mortality, and was,
therefore, considered a sublethal dose.

As we sought to create a severe sepsis model that
results in lung injury, we chose a dose of 9.5 mg/kg of
LPS for subsequent studies. As shown in Figure 1A, with
9.5 mg/kg of LPS there is no early, that is, within 24 h,
mortality observed. At 24 h there is ~200% increase in
XOR activity in lung tissue homogenates from mice
exposed to LPS as compared to vehicle, Figure 1B. After
24 h of LPS exposure, there is a significant increase in
pulmonary vascular permeability, as evidenced by an
increase in the right lung wet weight to body weight ratio,
Figure 1C. Further, exposure to IV LPS seemed to only
affect the endothelial barrier as there is no evidence of an
alveolitis (epithelial barrier injury), as evidenced by a sim-
ilar BAL fluid protein concentration, Figure 1D, and a
slightly decreased BAL fluid total cell count (Fig. 1E),
similar to our previously published results (Damarla et al.
2014; Singer et al. 2016). These data implicate XOR (and
potentially XOR-induced ROS) as a potential determinant
of lung injury.
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Inhibiting XOR with febuxostat does not
improve lipopolysaccharide-induced lung
injury

Many preclinical animal model studies of drug interven-
tions have utilized a preventative strategy to test the effi-
cacy of a particular therapeutic intervention where the
drug is given prior to exposure to the injurious agent
(Bernard et al. 1984; Xiang et al. 2003). In order to test
the role of therapeutic inhibition of XOR, that is, after
the initiation of injury, we first established a time course
of XOR activation after exposure to LPS. There was a
time-dependent increase in XOR activity starting at 4 h
after LPS exposure (data not shown). Four hours after
LPS exposure was chosen for the timing of therapeutic
XOR inhibition. As shown in Figure 2A, treatment with
febuxostat completely abrogated XOR activity, whether
given prior to LPS exposure (pretreatment) or 4 h after
LPS exposure (therapeutic strategy).

Sepsis is a common etiology of the acute respiratory
distress syndrome (ARDS) (Matthay et al. 2012). Addi-
tionally, oxidative damage has long been thought to play
a pathogenic role in the development of ARDS (Bernard
et al. 1984; Matthay et al. 2012). Further, we have previ-
ously demonstrated that inhibiting XOR with allopurinol
is protective against murine ventilator-induced lung
injury (Abdulnour et al. 2006; Le et al. 2008). Therefore,
we sought to determine if febuxostat, a more specific
XOR inhibitor (Becker et al. 2005; Edwards 2009; Ernst
and Fravel 2009), could protect against endotoxemia-
induced lung injury. After 24 h of LPS exposure, there is
a significant increase in pulmonary vascular permeability,
Figure 2B. Surprisingly, XOR inhibition with febuxostat
had no effect on lung injury after LPS exposure, Fig-
ure 2B.

In order to identify potential mechanisms of lung
injury despite XOR inhibition, we first investigated for
evidence of apoptosis. We have previously shown that IV
LPS leads to significant endothelial apoptosis (Damarla
et al. 2014; Singer et al. 2016). As shown in Figure 2C,
there is significant activation of caspase 3, as shown by
increased cleavage of caspase 3, which was not attenuated
by treatment with febuxostat.

Given our hypothesis of attenuating ROS as the mecha-
nism of protection, we tested for markers of oxidative
damage. We have previously shown that febuxostat can
prevent cigarette smoke-induced oxidative damage (Kim
et al. 2013). Oxidative damage resulting from reactive
oxygen species plays a key pathogenic role in organ dys-
function in many disease states including sepsis (Boueiz
et al. 2008; Fink 2002). Double-stranded DNA breaks, as
induced by oxidant free radicals (Dedon and Goldberg
1992), lead to a rapid phosphorylation of the histone
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Figure 1. Intravenous exposure to lipopolysaccharide induces mortality and lung XOR activation in mice. (A) C57BL/6) mice were exposed to
increasing concentrations of IV LPS and followed up for mortality. There is a dose-dependent increase in mortality, with no mortality observed
at 5 mg/kg of LPS. At 9.5 mg/kg of LPS there is no early mortality (day 1) but this increases over time. (B) WT mice were exposed to 9.5 mg/kg
of LPS for 24 h after which lungs were harvested for XOR activity. After LPS exposure, there is a significant increase in XOR activation. (C) After
24 h of LPS exposure, there is a marked increase in pulmonary vascular permeability as measured by R lung-wet weight to body weight ratio.
(D) After 24 h of LPS exposure, there is no difference in protein concentrations from bronchoalveolar lavage fluid. (E) After 24 h of LPS
exposure, there is a decrease in total cell counts in the bronchoalveolar lavage fluid. N = 4-13 mice per group. *P < 0.05 versus all others.

#P < 0.05 versus LPS alone and control.

H2AX at serine 139, which is identified by probing with
antibodies against y-H2AX (Rogakou et al. 1998). In
response to systemic LPS, there is marked increase in
double stranded DNA breaks, as evidenced by y-H2AX
expression, in lung tissue, Figure 2D. Interestingly, inhibi-
tion of XOR does not completely abrogate LPS-induced
y-H2AX expression. Since XOR activity was diminished
to below control levels (Fig. 2A) with febuxostat treat-
ment, we searched for other potential sources of ROS. As
LPS leads to an influx of inflammatory cells, that is, neu-
trophils (Zhu et al. 2017), we measured myeloperoxidase
activity as marker of neutrophil-generated ROS. As shown
in Figure 2 Xanthine Oxidoreductase, there is marked
increase in myeloperoxidase activity after LPS exposure.
There is no attenuation of myeloperoxidase activity in the
setting of XOR inhibition with febuxostat, Figure 2E,
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suggesting that neutrophil-induced ROS may lead to
endothelial apoptosis and resultant pulmonary vascular
permeability.

Inhibiting XOR with febuxostat promotes
resolution of lipopolysaccharide-induced
lung injury

In non-neutrophil predominant states, XOR-derived ROS
have been implicated in endothelial dysfunction (Battelli
et al. 2016; Landmesser et al. 2007). Further, in diseased
states circulating XOR can bind to vascular beds and lead
to endothelial dysfunction. Since our data and previous
observations suggest that the pulmonary endothelium
rather than the epithelium is a direct target of IV LPS, we
reasoned that sustained specific XOR inhibition with
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Figure 2. Inhibiting XOR with febuxostat does not prevent lipopolysaccharide-induced lung injury. Mice were exposed to LPS and a subset
were pretreated or therapeutically treated with febuxostat. Twenty-four hours later lung tissue was harvested for analyses. (A) Therapeutic
administration of febuxostat 4 h after LPS exposure inhibits day 1 LPS-induced lung XOR activity similarly to pretreatment with febuxostat.

(B) Pulmonary vascular permeability as measured by lung-wet weight to body weight ratios was significantly higher in all mice exposed to LPS.
This was not attenuated by febuxostat treatment. (C) Left Panel) A representative immunoblot reveals increased cleaved-caspase 3, a marker of
apoptosis, in response to LPS. Febuxostat treatment did not significantly attenuate caspase 3 cleavage; confirmed by densitometry (Right Panel).
(D) Left Panel) A representative immunoblot reveals increased y-H2A.X, a marker of oxidative damage, in response to LPS. Febuxostat treatment
did not significantly attenuate oxidative damage; confirmed by densitometry (Right Panel). (E) Neutrophil-derived oxidants, as assessed by lung
myeloperoxidase activity, was significantly higher in all mice exposed to LPS. Febuxostat treatment did not attenuate lung myeloperoxidase

activity. N = 4-28 mice per group *, P < 0.05 versus all others.

febuxostat could lead to improved recovery from LPS-
induced endothelial barrier dysfunction.

We therefore focused the next set of experiments on
endothelial barrier recovery, that is, lung injury resolu-
tion, in our murine model of endotoxemia-induced lung

injury. Given the mortality with 9.5 mg/kg of IV LPS
(Fig. 1A), we performed resolution of lung injury experi-
ments using a sublethal dose of LPS, 5 mg/kg, to avoid
survival bias. As shown in Figure 3A, mice exposed to
5 mg/kg of IV LPS still had pulmonary endothelial barrier
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Figure 3. Inhibiting XOR with febuxostat promotes LPS-induced pulmonary endothelial barrier recovery. Mice were exposed to a sublethal dose
of LPS, 5 mg/kg, and a subset were therapeutically treated with febuxostat and after indicated time points lungs were harvested for analyses.
(A) Pulmonary endothelial barrier function as measured by lung-wet weight to dry weight ratios increased significantly in all mice after exposure
to LPS. Febuxostat treatment led to a restitution of the pulmonary endothelial barrier by day 3, as compared to LPS exposure alone. (B) Lung
tissue resolvin E1 was measured by ELISA. Febuxostat treatment led to significantly higher resolvin E1 levels on day 2 after LPS exposure, as
compared to LPS exposure alone. C. Lung tissue chemokine like receptor 1 (CMKLR1) was measured by immunoblotting. Febuxostat treatment
led to marked increase in CMKLR1 expression on day 3 after LPS exposure, as compared to LPS exposure alone (Left Panels). Quantification is
provided in the Right Panel. N = 3-8 mice per group. *, P > 0.05 versus Control.

dysfunction on day 3, as evidenced by left lung wet to
dry weight ratios, which was significantly improved by
treatment with febuxostat after LPS exposure, Figure 3A.
With enhanced resolution of endothelial barrier perme-
ability, we next investigated the role of a proresolution fac-
tor. Previous reports have implicated resolvin E1 (RvEl) in
resolution of lung injury (El Kebir et al. 2012). Therefore,
we measured lung tissue RvE1 over the time course of lung
injury resolution. As noted in Figure 3B, there was a signif-
icant increase in RvEl in mice treated with febuxostat, as
compared to LPS alone, on day 2 of injury, that is 1 day
prior to endothelial barrier recovery (Figure 3A). There are
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multiple putative mechanisms of action for RvE1; interest-
ingly, the main cells targeted by RvE1 are immune cells and
platelets (Fredman and Serhan 2011). In addition, recent
reports have identified one of RvEl main receptor targets
as chemokine-like receptor 1 (CMKLR1) which is expressed
on endothelial cells (Kaur et al. 2010). Therefore, we mea-
sured lung tissue expression of CMKLR1 over the time
course of lung injury resolution. As noted in Figure 3C,
there was a significant increase in CMKLR1 expression in
mice treated with febuxostat, as compared to LPS alone, on
day 3 of injury, which coincides with endothelial barrier
recovery (Fig. 3A).
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Inhibiting XOR with febuxostat improves
lipopolysaccharide-induced mortality

Sustained endothelial barrier dysfunction/disruption is a
key pathogenic feature leading to sepsis-induced mortal-
ity (Angus and van der Poll 2013; Goldenberg et al.
2011). Having demonstrated the effects of febuxostat on
accelerating pulmonary endothelial barrier recovery, we
investigated the effects of febuxostat treatment on
LPS-induced mortality. As shown in Figure 4, LPS
exposure leads to significant mortality with death
starting to occur essentially at day 2. In contrast, mice
treated with febuxostat (either pretreated or after LPS
exposure) exhibit a significant survival advantage
with no significant differences between the treatment
strategies.

Discussion

This study demonstrates that in a murine model of
intravenous LPS-induced lung injury, inhibiting XOR
does not prevent/treat acute lung injury. However,
inhibiting XOR with febuxostat leads to a more rapid
resolution from lung injury, potentially occurring via
resolvin El. Furthermore, inhibition of XOR with pre-
treatment or therapeutic dosing of febuxostat signifi-
cantly abrogates sepsis-induced mortality. To the best
of our knowledge, this is the first description of a ben-
eficial effect of therapeutic XOR inhibition with febux-

ostat in a murine model of endotoxemia-induced

mortality.
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- -Febuxostat, 24 h Pre-LPS, n=15
—&--Febuxostat, 4 h post LPS, n=13
80 1
— b A ]
©
2 601
2
®
o 40-
° P<0.0001
20 1 "_*_*_*
0

0 1 2 3 4 5 6 7

#Events: 0 7 12 10 1 1 1
# Observed: 52 52 45 33 23 22 21

Figure 4. Febuxostat inhibits LPS-induced mortality. Mice were
exposed to 9.5 mg/kg LPS and survival was assessed. A subset of
mice were either pretreated with febuxostat or therapeutically
treated with febuxostat 4 h after LPS administration. N = 13-24
mice per group. The LPS group has a significantly lower survival by
Log Rank test, P < 0.0001 versus all others.
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XOR is a highly conserved enzyme with activity present
in all organs tested, with liver and intestines showing the
highest amount of activity (Harrison 2004). Concentra-
tion and activity of circulating XOR is low at baseline,
however, in response to inflammatory stimuli both can
increase dramatically and initiate oxidative damage in
organs with low intrinsic XOR content (Berry and Hare
2004; Boueiz et al. 2008; Harrison 2004). This likely
occurs via binding of circulating XOR to the vascular
endothelium where it can then be internalized (Harrison
2004; Houston et al. 1999; Malik et al. 2011). Due to its
ability to bind and act on vascular endothelium of various
organs, XOR-derived oxidative damage is thought to play
a pathogenic role in many cardiovascular diseases (Berry
and Hare 2004; Boueiz et al. 2008). However, several clin-
ical trials of XOR inhibition in various disease states have
yielded mixed results (Dawson et al. 2009a,b; Dogan et al.
2011; Hare et al. 2008). One potential reason for the lack
of efficacy may be related to the use of allopurinol or its
active metabolite oxypurinol. Allopurinol prevents sub-
strate binding to the co-factor molybdenum. Therefore,
enzyme turnover resulting in ROS formation occurs
before effective inhibition of XOR by allopurinol is
achieved (Harrison 2004; Malik et al. 2011). Additionally,
recent reports suggest that allopurinol is far less effective
at inhibiting vascular endothelial bound XOR (Malik
et al. 2011). Furthermore, allopurinol being a purine ana-
log may have nonspecific effects on other enzymes of the
purine and pyrimidine metabolism pathways (Komoriya
et al. 2004; Takano et al. 2005).

In contrast, febuxostat is a highly selective nonpurine
analog inhibitor of XOR that binds to the substrate bind-
ing site to prevent catalytic activity (Bruce 2006; Ernst
and Fravel 2009; Schumacher 2005; Yu 2007), and more
effectively inhibits endothelium-bound XOR thereby pre-
venting vascular inflammation (Becker et al. 2005; Malik
et al. 2011). Our data clearly shows that febuxostat effec-
tively inhibits XOR but not MPO activity in lung tissue
after LPS exposure, Figures 2A and E. While there is a
decrease in LPS-induced oxidant injury with febuxostat
treatment, this is not statistically significant, Figure 2D,
suggesting that LPS-induced lung injury is likely the result
of multiple oxidant generating enzymes.

Resolution from lung injury is an active process medi-
ated by several physiological mechanisms (Fredman and
Serhan 2011; Robb et al. 2016). Resolvins are a class lipid
mediators derived from poly-unsaturated fatty acids that
actively suppress inflammation (El Kebir et al. 2012; Fred-
man and Serhan 2011; Robb et al. 2016; Seki et al. 2009).
RvE1 reduces neutrophil transmigration and can promote
clearance of neutrophils (Seki et al. 2009; Yoshimura and
Oppenheim 2011). Recent reports have also demonstrated
improved survival after intraperitoneal E. coli challenge
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with RvE1 (El Kebir et al. 2012). There are multiple puta-
tive mechanisms of action for RvEl; interestingly, the
main cellular compartments targeted by RvEI are immune
cells and platelets (Fredman and Serhan 2011). However,
recent reports have identified chemokine-like receptor 1
(CMKLR1) as a main receptor target of RvEl expressed
on endothelial cells (Kaur et al. 2010). Once activated,
CMKLRI initiates prosurvival, proliferative and promigra-
tion signaling cascades (Manning and Cantley 2007;
Yoshimura and Oppenheim 2011; Zhou et al. 2000). This
is particularly relevant after apoptotic-endothelial injury
(e.g., with LPS), as restoration of barrier function requires
endothelial cell proliferation and/or migration (Kawasaki
et al. 2015; Toya and Malik 2012; Zhao et al. 2006). Our
data clearly show marked endothelial barrier disruption
after LPS exposure and restoration of endothelial barrier
function on day 3 with febuxostat treatment, as compared
with LPS alone, Figure 3A. Although the exact mecha-
nism(s) by which XOR inhibition with febuxostat pro-
motes resolution of the endothelial barrier remain
uncertain, our data suggests that RvEl-mediated recovery
may be one of them, Figure 3, and is a current focus of
on-going studies in our laboratory.

We recognize the limitations of an IV LPS-induced
sepsis model in completely mimicking human sepsis.
However, in order to test the therapeutic benefit of XOR
inhibition with febuxostat we deliberately chose an
approach where confounding factors of pathogen speci-
ficity (e.g., gram positive or negative bacteria) and vari-
ability in infection seen in other models, that is,. cecal
ligation and puncture or bacteremia, would be avoided.
IV LPS administration is a well-characterized model (Ban-
nerman and Goldblum 2003; Tasaka et al. 2005; Xu et al.
1994) that mimics gram-negative bacteremia, the most
common type of isolated pathogen leading to sepsis
(Angus and van der Poll 2013; Mayr et al. 2014). Further-
more, there is a reliable, reproducible, and quantifiable
level of lung injury as well as mortality observed, which
makes this model ideally suited to test the efficacy of
therapies on these parameters.

Finally, a major strength of our study lies in the use of
a treatment dosing strategy for febuxostat. Many inhibitor
studies show attenuation of injury or mortality with pre-
treatment. Although, this strategy is critical in identifying
pathogenic mechanisms involved in development of
injury, pretreatment is difficult to translate to a clinical
setting where risk prediction, that is, the potential for a
patient to develop sepsis, is less reliable. In contrast, we
used a treatment strategy that tests the role of XOR inhi-
bition with febuxostat after initiation of injury. Our data
clearly show that treatment dosing with febuxostat is
equivalent to pretreatment in preventing sepsis-induced
mortality.
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In summary, this study provides compelling evidence
that in a murine LPS-induced sepsis model there is signif-
icant XOR activation, oxidative damage, organ dysfunc-
tion and mortality, similar to the human condition.
Inhibition of XOR with febuxostat, hours after LPS expo-
sure, promotes recovery of the pulmonary endothelium
and prevents death. Furthermore, this preclinical study
suggests that febuxostat may be a viable therapeutic
option in patients with sepsis that needs to be further
explored.

Conflict of Interest

None declared.

References

Abdulnour, R. E., X. Peng, J. H. Finigan, E. J. Han, E. J.
Hasan, K. G. Birukov, et al. 2006. Mechanical stress
activates xanthine oxidoreductase through MAP kinase-
dependent pathways. Am. J. Physiol. Lung Cell. Mol.
Physiol. 291:1345-1353.

Aggarwal, N. R., F. R. D’Alessio, K. Tsushima, D. C. Files,

M. Damarla, V. K. Sidhaye, et al. 2010. Moderate oxygen
augments lipopolysaccharide-induced lung injury in mice.
Am. J. Physiol. Lung Cell. Mol. Physiol. 298:L371-L381.

Angus, D. C., and T. van der Poll. 2013. Severe sepsis and
septic shock. N. Engl. J. Med. 369:2063.

Bannerman, D. D., and S. E. Goldblum. 2003. Mechanisms of
bacterial lipopolysaccharide-induced endothelial
apoptosis. Am. J. Physiol. Lung Cell. Mol. Physiol.
284:1899-L914.

Battelli, M. G., L. Polito, M. Bortolotti, and A. Bolognesi.
2016. Xanthine oxidoreductase-derived reactive species:
physiological and pathological effects. Oxid. Med. Cell
Longev. 2016:3527579.

Becker, M. A., H. R. Jr Schumacher, R. L. Wortmann, P. A.
MacDonald, W. A. Palo, D. Eustace, et al. 2005. Febuxostat,
a novel nonpurine selective inhibitor of xanthine oxidase: a
twenty-eight-day, multicenter, phase II, randomized, double-
blind, placebo-controlled, dose-response clinical trial
examining safety and efficacy in patients with gout. Arthritis
Rheum. 52:916-923.

Bernard, G. R., W. D. Lucht, M. E. Niedermeyer, J. R.
Snapper, M. L. Ogletree, and K. L. Brigham. 1984. Effect of
N-acetylcysteine on the pulmonary response to endotoxin in
the awake sheep and upon in vitro granulocyte function.

J. Clin. Invest. 73:1772-1784.

Berry, C. E., and J. M. Hare. 2004. Xanthine oxidoreductase
and cardiovascular disease: molecular mechanisms and
pathophysiological implications. J. Physiol. 555:589-606.

Boueiz, A., M. Damarla, and P. M. Hassoun. 2008. Xanthine
oxidoreductase in respiratory and cardiovascular disorders.
Am. J. Physiol. Lung Cell. Mol. Physiol. 294:1L830-L840.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



M. Damarla et al.

Bruce, S. P. 2006. Febuxostat: a selective xanthine oxidase
inhibitor for the treatment of hyperuricemia and gout. Ann.
Pharmacother. 40:2187-2194.

Damarla, M., A. R. Parniani, L. Johnston, H. Maredia,

L. Serebreni, O. Hamdan, et al. 2014. Mitogen-activated
protein kinase-activated protein kinase 2 mediates apoptosis
during lung vascular permeability by regulating movement
of cleaved caspase 3. Am. J. Respir. Cell Mol. Biol.
50:932-941.

Dawson, J., T. Quinn, C. Harrow, K. R. Lees, C. J. Weir, S. J.
Cleland, et al. 2009a. Allopurinol and nitric oxide activity in
the cerebral circulation of those with diabetes: a randomized
trial. Diabetes Care 32:135-137.

Dawson, J., T. J. Quinn, C. Harrow, K. R. Lees, and M. R.
Walters. 2009b. The effect of allopurinol on the cerebral
vasculature of patients with subcortical stroke; a randomized
trial. Br. J. Clin. Pharmacol. 68:662—668.

Dedon, P. C,, and I. H. Goldberg. 1992. Free-radical
mechanisms involved in the formation of sequence-
dependent bistranded DNA lesions by the antitumor
antibiotics bleomycin, neocarzinostatin, and calicheamicin.
Chem. Res. Toxicol. 5:311-332.

Dellinger, R. P., M. M. Levy, A. Rhodes, D. Annane,

H. Gerlach, S. M. Opal, et al. ; Surviving Sepsis Campaign
Guidelines Committee including the Pediatric S. 2013.
Surviving sepsis campaign: international guidelines for
management of severe sepsis and septic shock: 2012. Crit.
Care Med. 41:580-637.

Dogan, A., M. Yarlioglues, M. G. Kaya, Z. Karadag, S. Dogan,
I. Ardic, et al. 2011. Effect of long-term and high-dose
allopurinol therapy on endothelial function in normotensive
diabetic patients. Blood Press. 20:182-187.

Edwards, N. L.. 2009. Febuxostat: a new treatment for
hyperuricaemia in gout. Rheumatology (Oxford) 48 (Suppl
2): 1i15-i19.

El Kebir, D., P. Gjorstrup, and J. G. Filep. 2012. Resolvin E1
promotes phagocytosis-induced neutrophil apoptosis and
accelerates resolution of pulmonary inflammation. Proc.
Natl Acad. Sci. USA 109:14983-14988.

Ernst, M. E., and M. A. Fravel. 2009. Febuxostat: a selective
xanthine-oxidase/xanthine-dehydrogenase inhibitor for the
management of hyperuricemia in adults with gout. Clin.
Ther. 31:2503-2518.

Fink, M. P. 2002. Reactive oxygen species as mediators of
organ dysfunction caused by sepsis, acute respiratory
distress syndrome, or hemorrhagic shock: potential benefits
of resuscitation with Ringer’s ethyl pyruvate solution. Curr.
Opin. Clin. Nutr. Metab. Care 5:167-174.

Fredman, G., and C. N. Serhan. 2011. Specialized proresolving
mediator targets for RvEl and RvDI in peripheral blood
and mechanisms of resolution. Biochem. J. 437:185-197.

Galley, H. F., M. J. Davies, and N. R. Webster. 1996. Xanthine
oxidase activity and free radical generation in patients with
sepsis syndrome. Crit. Care Med. 24:1649-1653.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Febuxostat Improves Murine Sepsis

Goldenberg, N. M., B. E. Steinberg, A. S. Slutsky, and W. L.
Lee. 2011. Broken barriers: a new take on sepsis
pathogenesis. Sci. Transl. Med. 3: 88 ps25.

Hare, J. M., B. Mangal, J. Brown, C. Jr Fisher,

R. Freudenberger, W. S. Colucci, et al. 2008. Impact of
oxypurinol in patients with symptomatic heart failure.
Results of the OPT-CHF study. J. Am. Coll. Cardiol.
51:2301-2309.

Harrison, R. 2004. Physiological roles of xanthine
oxidoreductase. Drug Metab. Rev. 36:363-375.

Hassoun, P. M., F. S. Yu, C. G. Cote, J. J. Zulueta,

R. Sawhney, K. A. Skinner, et al. 1998. Upregulation of
xanthine oxidase by lipopolysaccharide, interleukin-1, and
hypoxia. Role in acute lung injury. Am. J. Respir. Crit. Care
Med. 158:299-305.

Houston, M., A. Estevez, P. Chumley, M. Aslan, S. Marklund,
D. A. Parks, et al. 1999. Binding of xanthine oxidase to
vascular endothelium. Kinetic characterization and oxidative
impairment of nitric oxide-dependent signaling. J. Biol.
Chem. 274:4985-4994.

Kaur, J., R. Adya, B. K. Tan, J. Chen, and H. S. Randeva.
2010. Identification of chemerin receptor (ChemR23) in
human endothelial cells: chemerin-induced endothelial
angiogenesis. Biochem. Biophys. Res. Commun.
391:1762-1768.

Kawasaki, T., T. Nishiwaki, A. Sekine, R. Nishimura, R. Suda,
T. Urushibara, et al. 2015. Vascular Repair by Tissue-
resident Endothelial Progenitor Cells in Endotoxin-induced
Lung Injury. Am. J. Respir. Cell Mol. Biol. 53:500-512.

Kayyali, U. S., C. Donaldson, H. Huang, R. Abdelnour, and
P. M. Hassoun. 2001. Phosphorylation of xanthine
dehydrogenase/oxidase in hypoxia. J. Biol. Chem.
276:14359-14365.

Kayyali, U. S., R. Budhiraja, C. M. Pennella, S. Cooray, J. J.
Lanzillo, R. Chalkley, et al. 2003. Upregulation of xanthine
oxidase by tobacco smoke condensate in pulmonary
endothelial cells. Toxicol. Appl. Pharmacol. 188:59-68.

Kim, B. S., L. Serebreni, O. Hamdan, L. Wang, A. Parniani,
T. Sussan, et al. 2013. Xanthine oxidoreductase is a
critical mediator of cigarette smoke-induced endothelial
cell DNA damage and apoptosis. Free Radic. Biol. Med.
60:336—-346.

Komoriya, K., S. Hoshide, K. Takeda, H. Kobayashi, J. Kubo,
M. Tsuchimoto, et al. 2004. Pharmacokinetics and
pharmacodynamics of febuxostat (TMX-67), a non-purine
selective inhibitor of xanthine oxidase/xanthine
dehydrogenase (NPSIXO) in patients with gout and/or
hyperuricemia. Nucleosides, Nucleotides Nucleic Acids
23:1119-1122.

Landmesser, U., S. Spiekermann, C. Preuss, S. Sorrentino,

D. Fischer, C. Manes, et al. 2007. Angiotensin II induces
endothelial xanthine oxidase activation: role for endothelial
dysfunction in patients with coronary disease. Arterioscler.
Thromb. Vasc. Biol. 27:943-948.

2017 | Vol. 5 | Iss. 15 | e13377
Page 9



Febuxostat Improves Murine Sepsis

Le, A., R. Damico, M. Damarla, A. Boueiz, H. H. Pae,

J. Skirball, et al. 2008. Alveolar cell apoptosis is dependent
on p38 MAP kinase-mediated activation of xanthine
oxidoreductase in ventilator-induced lung injury. J. Appl.
Physiol. 105:1282—1290.

Lee, H. J., K. H. Jeong, Y. G. Kim, J. Y. Moon, S. H. Lee,

C. G. Ihm, et al. 2014. Febuxostat ameliorates diabetic renal
injury in a streptozotocin-induced diabetic rat model. Am.
J. Nephrol. 40:56-63.

Luchtemberg, M. N., F. Petronilho, L. Constantino, D. P.
Gelain, M. Andrades, C. Ritter, et al. 2008. Xanthine oxidase
activity in patients with sepsis. Clin. Biochem. 41:1186—
1190.

Malik, U. Z,, N. J. Hundley, G. Romero, R. Radi, B. A.
Freeman, M. M. Tarpey, et al. 2011. Febuxostat inhibition
of endothelial-bound XO: implications for targeting vascular
ROS production. Free Radic. Biol. Med. 51:179-184.

Manning, B. D., and L. C. Cantley. 2007. AKT/PKB signaling:
navigating downstream. Cell 129:1261-1274.

Matthay, M. A., L. B. Ware, and G. A. Zimmerman. 2012. The
acute respiratory distress syndrome. J. Clin. Invest.
122:2731-2740.

Mayr, F. B, S. Yende, and D. C. Angus. 2014. Epidemiology of
severe sepsis. Virulence 5:4-11.

Nomura, J., N. Busso, A. Ives, C. Matsui, S. Tsujimoto,

T. Shirakura, et al. 2014. Xanthine oxidase inhibition by
febuxostat attenuates experimental atherosclerosis in mice.
Sci. Rep. 4:4554.

Rice, T. W., A. P. Wheeler, B. T. Thompson, B. P.
deBoisblang, J. Steingrub, P. Rock;Investigators
NNARDSNoand Network NACT 2011. Enteral omega-3
fatty acid, gamma-linolenic acid, and antioxidant
supplementation in acute lung injury. JAMA 306:1574-1581.

Robb, C. T, K. H. Regan, D. A. Dorward, and A. G. Rossi.
2016. Key mechanisms governing resolution of lung
inflammation. Semin. Immunopathol. 38:425-448.

Rogakou, E. P, D. R. Pilch, A. H. Orr, V. S. Ivanova, and
W. M. Bonner. 1998. DNA double-stranded breaks induce
histone H2AX phosphorylation on serine 139. J. Biol. Chem.
273:5858-5868.

Schumacher, H. R. Jr. 2005. Febuxostat: a non-purine,
selective inhibitor of xanthine oxidase for the management
of hyperuricaemia in patients with gout. Expert Opin.
Investig. Drugs 14:893-903.

Seki, H., Y. Tani, and M. Arita. 2009. Omega-3 PUFA derived
anti-inflammatory lipid mediator resolvin El. Prostaglandins
Other Lipid Mediat. 89:126—130.

Singer, B. D., J. R. Mock, F. R. D’Alessio, N. R. Aggarwal, P.
Mandke, L. Johnston, et al. 2016. Flow-cytometric method
for simultaneous analysis of mouse lung epithelial,
endothelial, and hematopoietic lineage cells. Am. J. Physiol.
Lung Cell. Mol. Physiol. 310:1L796-L801.

2017 | Vol. 5 | Iss. 15 | e13377
Page 10

M. Damarla et al.

Takano, Y., K. Hase-Aoki, H. Horiuchi, L. Zhao, Y. Kasahara,
S. Kondo, et al. 2005. Selectivity of febuxostat, a novel non-
purine inhibitor of xanthine oxidase/xanthine
dehydrogenase. Life Sci. 76:1835-1847.

Tasaka, S., H. Koh, W. Yamada, M. Shimizu, Y. Ogawa,

N. Hasegawa, et al. 2005. Attenuation of endotoxin-induced
acute lung injury by the Rho-associated kinase inhibitor,
Y-27632. Am. J. Respir. Cell Mol. Biol. 32:504-510.

Toya, S. P., and A. B. Malik. 2012. Role of endothelial injury
in disease mechanisms and contribution of progenitor cells
in mediating endothelial repair. Immunobiology
217:569-580.

Ware, L. B, J. P. Fessel, A. K. May, and L. J. Roberts II. 2011.
Plasma biomarkers of oxidant stress and development of
organ failure in severe sepsis. Shock 36:12-17.

Xiang, L., D. Klintman, and H. Thorlacius. 2003. Allopurinol
inhibits CXC chemokine expression and leukocyte adhesion
in endotoxemic liver injury. Inflamm. Res. 52:353-358.

Xu, H., J. A. Gonzalo, Y. St Pierre, I. R. Williams, T. S.
Kupper, R. S. Cotran, et al. 1994. Leukocytosis and
resistance to septic shock in intercellular adhesion molecule
1-deficient mice. J. Exp. Med. 180:95-109.

Yardeni, T., M. Eckhaus, H. D. Morris, M. Huizing, and
S. Hoogstraten-Miller. 2011. Retro-orbital injections in
mice.Lab. Anim. (NY) 40:155-160.

Yoshimura, T., and J. J. Oppenheim. 2011. Chemokine-like
receptor 1 (CMKLR1) and chemokine (C-C motif) receptor-
like 2 (CCRL2); two multifunctional receptors with unusual
properties. Exp. Cell Res. 317:674—684.

Yu, K. H. 2007. Febuxostat: a novel non-purine selective
inhibitor of xanthine oxidase for the treatment of
hyperuricemia in gout. Recent Pat. Inflamm. Allergy Drug
Discov. 1:69-75.

Yu, H. P., S. Yang, Y. C. Hsieh, M. A. Choudhry, K. I. Bland,
and I. H. Chaudry. 2006. Maintenance of lung
myeloperoxidase activity in proestrus females after trauma-
hemorrhage: upregulation of heme oxygenase-1. Am. J.
Physiol. Lung Cell. Mol. Physiol. 291:1400-L406.

Zhao, Y. Y., X. P. Gao, Y. D. Zhao, M. K. Mirza, R. S. Frey,
V. V. Kalinichenko, et al. 2006. Endothelial cell-restricted
disruption of FoxM1 impairs endothelial repair
following LPS-induced vascular injury. J. Clin. Invest.
116:2333-2343.

Zhou, H., X.-M. Li, J. Meinkoth, and R. N. Pittman. 2000. Akt
Regulates Cell Survival and Apoptosis at a
Postmitochondrial Level. J. Cell Biol. 151:483-494.

Zhu, G., X. Xin, Y. Liu, Y. Huang, K. Li, and C. Wu. 2017.
Geraniin attenuates LPS-induced acute lung injury via
inhibiting NF-kappaB and activating Nrf2 signaling
pathways. Oncotarget 8:22835-22841.

© 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.



