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Abstract

Dysregulation of the inflammatory response against infection contributes to mortality in sepsis.
Inflammation provides critical host defense, but it can cause tissue damage, multiple organ failure
and death. Because the nuclear transcription factor peroxisome proliferator-activated receptor y
(PPARY) exhibits therapeutic potential, we characterized the role of PPARY in sepsis. We
analyzed severity of clinical signs, survival rates, cytokine production, leukocyte influx, and
bacterial clearance in a cecal ligation and puncture (CLP) model of sepsis in Swiss mice. The
PPARY agonist rosiglitazone treatment improved clinical status and mortality, while increasing
IL-10 production and decreasing TNF-a and IL-6 levels, and peritoneal neutrophil accumulation
24 h after CLP. We noted increased bacterial killing in rosiglitazone treated mice, correlated with
increased generation of reactive oxygen species. Polymorphonuclear leukocytes (PMN) incubated
with LPS or E. coli and rosiglitazone increased peritoneal neutrophil extracellular trap (NET)-
mediated bacterial killing, an effect reversed by the PPARYy antagonist (GW 9662) treatment.
Rosiglitazone also enhanced the release of histones by PMN, a surrogate marker of NET
formation, effect abolished by GW 9662. Rosiglitazone modulated the inflammatory response and
increased bacterial clearance through PPARY activation and NET formation, combining
immunomodulatory and host-dependent anti-bacterial effects and, therefore, warrants further study
as a potential therapeutic agent in sepsis.

Correspondence to: Adriana R. Silva, ar si | va71@nmai | . com



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Araljo et al. Page 2

Keywords

Inflammation; infection; sepsis; PPAR; neutrophil extracellular trap; bacterial elimination;
bacterial clearance

Introduction

Sepsis is a frequent complication of critically ill patients causing morbidity and mortality
worldwide. Clinical and preclinical studies indicate that imbalance in inflammatory mediator
production has severe consequences for the host and is probably responsible for a larger
proportion of death than the invading organism itself (1).

Polymorphonuclear leukocytes (PMN) represent the first line of innate immune defense
against extracellular microorganisms. Classically, neutrophils are known to eliminate
bacteria by phagocytic uptake and intracellular killing (2). More recently, an additional
pathogen elimination mechanism was reported for neutrophils, as these cells are able to form
neutrophil extracellular traps (NET) upon proper activation (3). NET are lattices of DNA,
histones and granular proteins that function to trap extracellular pathogens in a process that
may or may not result in neutrophil death (3). Previous studies have shown that NET are
effective against different pathogens, such as Gram-negative bacteria (Salmonella
typhimurium, Shigella flexneri, and E. coli) (4), gram-positive bacteria (Streptococcus
pneumoniae) (5), as well as fungi (Aspegillus)(6) and protozoa (Leishmania amazonensis)
(7). These structures can also be induced when neutrophils are stimulated by phorbol
myristate acetate (PMA), lipopolysaccharide (LPS), interleukin-8 (IL-8), platelet-activating
factor and other agonists (7). Nevertheless, the mechanisms by which these structures are
formed remain incompletely defined. Some studies report intracellular signaling proteins
involved in NET formation, as protein kinase C, Rac 2 (8), and mTOR regulating NET
formation through HIF-1 protein expression leading to bacterial clearance (9).

Several groups have demonstrated that pharmacological activation of peroxisome
proliferator-activated receptor gamma (PPARY) by natural or synthetic ligands, including
thiazolidinediones (TZD), leads to anti-inflammatory effects. There are three known PPAR
receptors: a, B/8, and y which are all broadly involved in the regulation of various metabolic
processes, especially those related to lipid and glucose homeostasis (10). PPARYy inhibits
activity of the transcription factor NF-xB, thereby inhibiting the expression of inflammatory
cytokines such as tumor necrosis factor alpha (TNF-a) and interleukin 12 (IL-12), the
expression of adhesion molecules (11). Treatment with rosiglitazone, a PPARy synthetic
agonist, inhibits LPS-induced lung injury as well as neutrophil infiltration in the lung and
intestine, resulting in increased survival in experimental endotoxic shock (12). In addition,
Standage et al. (13) showed that PPAR expression is downregulated in patients with septic
shock, and the magnitude of that decrement correlates with the severity of the disease. We
showed that rosiglitazone treatment protected against cerebral microvascular dysfunction,
decreased leukocyte—endothelial cell interactions, and increased functional capillary density
in septic animals (14). Here we asked whether the PPARY receptor plays a role in
modulating inflammation and bacterial killing after induction of sepsis by cecal ligation and
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puncture, a pre-clinical model of polymicrobial peritoneal infection and what mechanism
would be involved in bacterial clearance.

Materials and Methods

Experimental Animals

Ten week old Male Swiss mice (Oswaldo Cruz Foundation breeding unit) weighing 25 to 30
g were used. The animals were kept at a constant temperature (25°C) with unlimited access
to pellet diet and water in a room with a 12 h light/dark cycle.

Animals used in our experiments died with euthanasia for peritoneal lavage procedure and
without euthanasia due to sepsis complications because it was one aim of the study. We
euthanized animals prior to the end of our experiment with a letal dose of ketamine and
xylazin, following the Guidelines of Our Institution Animal Ethics Committee to analyze
inflammatory parameters. We avoided any animal suffering and distress using anesthesia
with ketamine and xylazin during surgical procedure, and all efforts were made to minimize
suffering. We described the possibility of animal death without euthanasia in our study
protocol submitted to our Institutional Animal Ethics Committee. Our ethics committee
specifically reviewed and approved the mortality aspects of the protocol. This study was
carried out in strict accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the Animal Welfare Committee of the Oswaldo Cruz Foundation.

Ethics Statement

The Animal Welfare Committee of the Oswaldo Cruz Foundation under license number
0260-05 (CEUA/FIOCRUZ) approved the experiments in these studies. The same institution
provided ethical approval created the guidelines followed by this Committee.

Surgical procedure and CLP model

Sepsis was induced by cecum ligation and puncture (CLP) as previously described (15, 16).
After surgery, the animals received subcutaneous sterile isotonic saline (1 mL) for fluid
resuscitation. Fifteen minutes after the CLP procedure, the mice were randomly divided into
2 groups: CLP + vehicle (DMSO, v/v, i.v.), CLP + rosiglitazone (0.5 mg/kg, i.v.). Two
additional sham-operated groups, sham + vehicle (DMSO, v/v, i.v.), sham + rosiglitazone
(0.5 mg/kg, i.v.), were also included in our analysis. In some experiments we also treated
CLP or CLP + rosiglitazone animals with DNase (5 mg/kg dissolved in saline solution
enriched with 2 mM CaCl2, i.p., 1 h after CLP). The animals were followed for 7 days after
the surgical procedure for determination of survival. Randomly selected animals were
euthanized at 3 or 24 h after CLP for sampling of blood and biological fluids.

Assessment of the severity of sepsis

At 24 h after CLP, mice were scored for severity of sepsis. In this assessment, higher scores
reflect increased severity. Mice were scored based on the following variables: piloerection,
curved trunk, alterations in gait, seizures, lethargy, respiratory rate, lacrimation, grip
strength, feces alterations, body tone, and body temperature alterations (adapted from (17)
and (14)). Each animal received a total score between 1 and 11 and was ranked as: 1-3 (mild
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sepsis); 3—7 (moderate sepsis) and 8-11 (severe sepsis). In our experimental conditions,
most animals were ranked as moderate sepsis.

Leukocyte analysis

Twenty-hours after CLP, the mice were anaesthetized with isoflurane, and blood samples
were collected by cardiac puncture in tubes containing 100 uL of 3.2 % sodium citrate. They
were euthanized immediately after the procedure in a carbon dioxide (CO,) chamber.
Peritoneal lavage was performed with 3 mL of phosphate-buffered saline (PBS) solution.
Total leukocyte counts were performed in Neubauer chambers using optical microscopy,
after diluting the samples (40x) in Turk solution (2 % acetic acid). Differential leukocyte
analysis was performed on cytospin smears stained by panotic solution.

Measurement of oxidative stress

Blood cells obtained from vehicle-treated or rosiglitazone-treated septic mice were
incubated with dihydrorhodamine 123 (DHR) for 15 min at 37° C and with phorbol
myristate acetate (PMA) for 15 min at 37° C in the absence or presence of catalase for
measurement of hydrogen peroxide activity after 15 min. In one set of experiments, blood
cells from untreated septic mice were obtained and incubated in vitro with rosiglitazone (5
uM) for 1 h before DHR incubation. Erythrocyte lysis was performed with ammonium-
chloride-potassium (ACK) lysis buffer. The blood was centrifuged and the supernatant
discarded. The cells were washed twice to remove the excess fluorescence and resuspended
in buffer solution (PBS). All samples were analyzed by flow cytometry on the
FACScalibur® and the data were analyzed with the FCS Express 3.0 software.

Cytokine measurement

Levels of TNF-a, Interleukin 6 (IL-6) and Interleukin 10 (1L-10) from the peritoneal fluid
were measured by enzyme-linked immunosorbent assay (ELISA) using a commercial kit
according to the manufacturer’s instructions (Duoset kit — R&D Systems). The plates were
read at 450 nm, and the cytokine concentrations were estimated by plotting against a
standard curve constructed with the recombinant cytokines.

Determination of CFU

The number of colony-forming units (CFU) in the peritoneal lavage was determined 3 or 24
h after CLP diluting the samples 10 or 100 times, seeding on culture plates and incubating
under aerobic and sterile conditions on LB-agar for 24 h at 37°C. The number of bacteria
colonies were counted and expressed as CFU/mL.

DNA measurement

NET formation was quantified in the free cell peritoneal lavage fluid by using the Picogreen
dsDNA kit (Invitrogen) according to the manufacturer’s instructions.

Live cell imaging from septic mice

The live cell imaging and/or scanning electron microscopy were performed as described by
Yost CC et al., 2009 (18) with some changes. Animals were submitted to CLP and 15 min

Shock. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Araljo et al.

Page 5

after the procedure treated with rosiglitazone (0.5 mg/kg, i.v.). The sham-operated animals
received the same treatment as the control group. After 3 hours, the animals were euthanized
by CO2 chamber and the peritoneal fluid was collected. The peritoneal fluid was placed on
glass coverslips coated with poly-I-lysine 1 hour at 37°C in 5% CO,/95% air. After pre-
incubation, the cells were gently washed with PBS and incubated with a mixture of cell-
permeable (Syto Green) and impermeable (Sytox Orange) DNA fluorescent dyes. Confocal
microscopy and NET formation visualization was accomplished using a FV300 1 x 81
microscope and FluoView software (Olympus, Center Valley, PA) maintained by the
Fluorescent Microscopy Core Facility at the University of Utah. 60x objectives were used.
Z-series images were obtained at a step size 0.5 pm over a range of 20 um for each field.
Adobe Photoshop CS2 was used for image processing (Adobe Systems, San Jose, CA).

Human PMN isolation

PMN were isolated from anticoagulated (ACD or EDTA) venous blood of healthy adults
under a protocol approved by the University of Utah Institutional Review Board, and
informed consent was obtained in accordance with the Declaration of Helsinki. PMN
suspensions (>95% pure) were prepared by positive immunoselection using anti-CD15-
coated microbeads and an auto-MACS cell sorter (Miltenyi Biotec). The PMN were re-
suspended at indicated concentrations in M199 culture medium (37°C).

Live cell imaging

PMN (2 x 10° cells/mL) were incubated with control buffer or stimulated with LPS (0.1
ng/mL) in the presence or absence of rosiglitazone (0.5 uM) and/or GW 9662 (0.5 uM) for 1
h at 37°C in 5% CO,/95% air on poly-L-lysine coated glass coverslips. After stimulation
and/or treatment, the PMN were gently washed with PBS and incubated with a mixture of
cell-permeable (Syto-Green) and impermeable (Sytox-Orange) DNA fluorescent dyes.
Confocal microscopy was accomplished using a FVV300 1 x 81 microscope and FluoView
software (Olympus, Center Valley, PA). Both 20x and 60x objectives were used. Z-series
images were obtained at a step size 0.5 um over a range of 20 um for each field.

Western blotting for protein histone H3 detection

After live cell imaging of NET, the slides were washed with 1x PBS to remove excess
fluorescent dyes, and then treated with DNAse (2.5 U/mL) for 15 min to degrade the
extracellular nuclear material. The reaction was stopped using EDTA. After 5 min of
treatment, the supernatants were removed and placed in 1.5 mL tube and centrifuged at 300
g for 2 min to remove contaminating whole PMN. After centrifugation, the supernatant was
collected, placed in a sterile tube, prepared for western blotting using 4x Lammelli buffer
and frozen at —80° C for subsequent analysis of histone H3 content. Western blots were
performed according to manufacturer’s instructions (Odyssey™ system, Li-Cor,
Biosciences, USA). Ten micrograms of total protein was applied in each well. After transfer,
the membrane was incubated for 1 h with blocking solution (Odyssey™ system - Li-Cor,
Biociences, USA) at 4°C. Subsequently, the membrane was incubated overnight with a
polyclonal antibody to detect human histone H3 protein (Cell Signaling Technology). The
detection and quantitation of bands was performed using the Odyssey Infrared Imaging
System (Li-Cor Biosciences, USA).
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Bacterial killing assay

Bacterial killing efficiency of freshly-isolated PMN was determined. PMN were incubated
for 30 min at 37°C in 5% CO2/95% air alone or with the phagocytosis inhibitors
cytochalasin B and D (10 puM) or DNAse (40 U/mL). Cytochalasin treatment inhibits
bacterial killing by inhibiting phagocytosis without blocking PMN degranulation, and
DNAse inhibits NET-dependent bacterial Killing. The leukocytes were then stimulated with
LPS (100 ng/mL), placed in poly-L-lysine—coated wells of a 24-well tissue culture plate, and
incubated at 37°C for 1 h prior to addition of E. coli (1 CFU/100 PMN), followed by
continued incubation for 2 h. The PMN were then permeabilized with 0.1% Triton-X 100
for 10 min and each well was scraped to free all cells. Serial dilutions were performed and
cultures were grown on 5% sheep blood agar plates (Hardy Diagnostics, Santa Maria, CA).
After 24-h incubation, bacterial colonies were counted. We analyzed total and fractional
NET-mediated bacterial killing and phagocytosis-mediated bacterial killing.

Statistical analysis

Results

ANOVA was used to compare parametric data from multiple groups with Neuman-Keuls
and Dunnett's C post-hoc testing (Graphpad Software, Inc. San Diego, CA). Survival curves
and comparisons between curves were assessed using the Mantel-Cox log-rank test. A value
of p< 0.05 was considered statistically significant when comparing mean and SEM or when
comparing survival curves.

Rosiglitazone improves illness severity scores and survival rate in mice subjected to CLP

To determine whether there were differences in the effect of rosiglitazone given by different
administration routes, animals were treated with rosiglitazone i.v. or i.p. (0.5 mg/kg, 15 min
after CLP) or its vehicle (DMSO). Animals were followed for 144 h. We first observed a
decrease in the severity of sepsis in rosiglitazone-treated animals using a clinical score based
on changes in appearance, physiology, and behavior as previously described (14). The
illness severity score decreased from 6.0 £ 0.4 to 3.3 + 0.2 (p<0.0001) in septic animals
treated i.v. with rosiglitazone (14). A survival rate of 30% was recorded for the vehicle
treated group. Rosiglitazone increased the survival rate to 50% and 80% in animals treated
by the i.p or i.v. route, respectively. No mortality was observed in sham-operated animals +
rosiglitazone treatment (Figure 1). We found the i.v. route showed the best results and chose
that via for further experiments.

Glitazones have been widely used to treat type 2 diabetes because of their beneficial effects
in the control of hyperglycemia (19). Septic mice have a clear trend towards hypoglycemia.
Because of that, we determined whether rosiglitazone might interfere with glucose
homeostasis in mice challenged by CLP. As expected, blood glucose levels were decreased
in CLP animals (134 mg/dL £ 12, sham vs 75 mg/dL £ 7, CLP). Treatment with
rosiglitazone did not further decrease glucose levels in animals subjected to CLP (75 mg/dL
+ 7, CLP + vehicle vs 84 mg/dL + 3, CLP + rosiglitazone).
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Rosiglitazone decreases neutrophil accumulation after CLP

Next, we investigated the effect of rosiglitazone (0.5 mg/kg, i.v., 15 min post-surgery) on
leukocyte infiltration into the peritoneal cavity after CLP. As expected, CLP animals
showed an increase in the numbers of leukocytes (Figure 2A) in the peritoneal cavity 24 h
post CLP mainly due to an influx of neutrophils (Figure 2C). There was no increase in
mononuclear cell counts at 24 h (Figure 2B). Rosiglitazone treatment effectively reduced the
number of total leukocytes, as well as the number of neutrophils in the peritoneal cavity
when compared to vehicle treated CLP animals (Figure 2A, 2C).

Rosiglitazone has anti-inflammatory effects in septic mice

To access the anti-inflammatory effect of rosiglitazone treatment in CLP mice we analyzed
the levels of IL-6, IL-10 and TNF-a in the peritoneal fluid 24 h after CLP. These cytokines
were chosen because there is evidence that they modify key events in sepsis and other
inflammatory conditions. Vehicle-treated septic animals showed increased levels of TNF-a,
IL-6 and IL-10 in the peritoneal fluid (Figure 2). On the other hand, rosiglitazone-treated
animals showed a marked reduction in TNF-a (Figure 2D), and IL-6 (Figure 2E), levels
whereas the anti-inflammatory cytokine IL-10 level was increased when compared to the
vehicle treated group (Figure 2F).

Rosiglitazone increases bacterial clearance by NET formation in septic mice

To investigate whether rosiglitazone treatment had an effect on bacterial clearance that
would contribute to the increase in the survival rate shown in Figure 1, we analyzed CFU
counts in the peritoneal fluid 24 h after CLP. As shown in Figure 3A, CFU counts were
reduced in the peritoneal fluid recovered from rosiglitazone-treated CLP mice as compared
to vehicle treated septic mice, indicating improved bacterial clearance. We next asked
whether increased nitric oxide (NO) production, NET formation, and/or intracellular
oxidative stress could account for improved bacterial clearance in rosiglitazone treated mice.
We observed that CLP animals treated with vehicle had an increase in NO production as
compared to sham-operated animals, and that rosiglitazone treatment did not affect NO
production (supplemental figure 1).

In additional studies, we measured extracellular DNA in septic animals treated with
rosiglitazone via fluorimetry. As shown in Figure 4B, we observed an increase in
extracellular DNA content in the CLP group when compared to sham operated animals. CLP
animals treated with rosiglitazone showed a further increase in extracellular DNA levels.

We also analyzed the effect of rosiglitazone on the generation of intracellular reactive
oxygen species (ROS) in assays where leukocytes were obtained from the blood of CLP
mice. We found that in vitro treatment with rosiglitazone increased the production of the
antimicrobial ROS hydrogen peroxide by these cells. The results in figure 3C are consistent
with observations indicating that generation of ROS is a key event in the formation of NET
(18). A similar effect on ROS generation was obtained with PMA, a well-known ROS
inducer and inducer of NET formation (20). PMA and rosiglitazone did not show an additive
effect (Figure 3C). In vivo treatment with rosiglitazone was as effective in increasing the
production of the antimicrobial ROS hydrogen peroxide by these cells (Figure 3D).

Shock. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Araljo et al.

Page 8

Our next approach was about the role of rosiglitazone on NET formation induction in vivo
in septic animals. Figure 4 nicely shows DNA extracellular release in septic animals. We see
an even more pronounced effect of rosiglitazone enhancing DNA extracellular release as a
component of NET formation during experimental sepsis (figure 4).

To investigate whether NET formation would play a role in rosiglitazone effect on bacterial
clearance and animal survival, we treated septic animals with DNase to dismantle NET and
rosiglitazone and analyzed CFU counts in peritoneal lavage at earlier time point (3 h after
CLP) and survival curve for 7 days. DNase treatment abolished rosiglitazone decrease in
bacterial growth (Figure 5A). DNase treatment also abolished rosiglitazone protective effect
on mortality (Figure 5B), showing rosiglitazone effect on bacterial clearance and mortality
can be attributed to NET formation during experimental sepsis.

Rosiglitazone increases the bacterial clearance by human PMN incubated with E. coli

Because rosiglitazone decreased CFU counts in mice subjected to CLP, we investigated
whether rosiglitazone had an effect on bacterial clearance by human PMN incubated with E.
coli. We obtained human PMN from healthy individuals and treated them with different
concentrations of rosiglitazone (0.5 to 50 M) for 1 h. E. coli (2 x 10% CFU/mL) was then
added to the culture and after 24 h the number of CFU was determined. As shown in Figure
6, the number of CFU was significantly lower in PMN cultures treated with different
concentrations of rosiglitazone, with a pronounced effect at the highest concentration (50
UM). Rosiglitazone did not have a direct effect on bacterial growth (supplemental figure 2).

Rosiglitazone increases neutrophil extracellular trapping via PPARYy receptor activation

We next investigated whether PPARy modulates the formation of NET by human PMN, and
if this effect could account for the rosiglitazone-induced increase in bacterial clearance.
Purified human PMN were stimulated with LPS (100 ng/mL) or E. coli in the presence or
absence of rosiglitazone (0.5 pug/mL) with or without the PPARYy antagonist, GW9662, for 1
h. We detected NET-like structures by confocal microscopy using sytox-orange DNA dye to
stain extracellular DNA. As shown in Figure 7, both LPS (Figure 7E) and E. coli (Figure 71)
induced NET formation 1 h after stimulation. Incubation of neutrophils with rosiglitazone
enhanced NET formation after stimulation with LPS (Figure 7F) or E. coli (Figure 7J). Co-
incubation with rosiglitazone and the PPARY antagonist, GW9662, inhibited this effect
(Figure 7G and Figure 7L). Of note, rosiglitazone (Figure 7C) and GW 9662 showed no
independent effects on NET formation on unstimulated cells nor did GW 9662 on LPS or E.
coli stimulated neutrophils (Figure 7H, 7M, respectively).

We confirmed our results by examining increased extracellular histone H3 protein content, a
surrogate marker for NET formation, in the supernatants of PMN cell cultures stimulated
with either LPS (0.1 ng/mL) or E. coli (Figure 8A, 8B, respectively). Again, there was a
pronounced rosiglitazone enhancing effect. Here again, incubation with GW 9662 inhibited
the effect of rosiglitazone.
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Rosiglitazone-mediated increases in bacterial killing involves NET formation

Last, we investigated whether rosiglitazone’s ability to increase NET formation affects
bacterial killing. As shown in Figure 9A, rosiglitazone increased PMN-dependent killing of
E. coli. This effect was abolished by GW 9662. We then assessed phagocytosis-mediated
intracellular killing, by pre-incubating LPS-stimulated PMN with DNase to dismantle NET.
E. coli was added to the culture and CFU numbers were determined 1 h later. Under these
conditions, incubation of PMN with rosiglitazone did not significantly affect phagocytotic
killing (Figure 9B). We next determined the effects of rosiglitazone on NET-mediated
extracellular killing, by pre-incubating PMN with cytochalasin B and D to inhibit
phagocytotic killing. Rosiglitazone markedly increased NET-mediated extracellular killing
(Figure 8C). In agreement with experiments aimed at the detection of NET formation, GW
9662 significantly reduced total and NET-mediated extracellular killing indicating a PPARY-
mediated effect on both NET formation and bacterial killing (Figure 9C).

Discussion

Sepsis is a syndrome caused by dysregulated innate immune responses of the individual to
an invading organism. In our study, CLP animals developed manifestations of sepsis
including increased illness severity scores consistent with moderate disease, an exacerbated
inflammatory response, increased peritoneal bacterial growth, and increased mortality.

Our study aimed to investigate the involvement of the nuclear receptor PPARY in bacterial
clearance in sepsis. The properties of PPARY agonists have been described in some
experimental models of sepsis and septic shock (10). Treatment with PPARY ligands
decreased organ injury associated with hemorrhagic or endotoxic shock or ischemia-
reperfusion injury in rodent models (21).

TZDs, such as rosiglitazone, are PPARYy agonists that act as insulin-sensitizing drugs by
activating transcription of genes responsible for the regulation of glucose metabolism (19).
Because glycemic control may have protective effects in sepsis (22), we monitored glucose
levels in our model. In contrast to most humans (22), mice develop hypoglycemia after
sepsis and this was not affected by rosiglitazone indicating that the protective effect of
rosiglitazone is not related to its actions on glucose metabolism.

We showed that intravenous administration of rosiglitazone was the most effective route for
administration of the drug in preventing acute mortality due to sepsis. The protective role of
rosiglitazone was clinically evident, since it improved the illness severity score used to
predict severity of sepsis (14). We have also recently provided evidence that PPARYy
agonists modulate leukocyte-endothelial interactions, including rolling and adhesion of
leukocytes in brain microvasculature during sepsis (14). Our results are in agreement with
those of Zingarelli et al. (21), who found that PPARY agonists 15d-PGJ2 or ciglitazone
increased survival and reduce the inflammatory response in rats subjected to experimental
sepsis. Zingarelli et al. (21) also reported that ciglitazone reduced infiltration of leukocytes
into the lung, liver, and colon after polymicrobial sepsis in rats. Similarly our findings
demonstrated that rosiglitazone reduced the numbers of neutrophils in the peritoneal fluid.
Although literature has already described rosiglitazone effects increasing survival during
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sepsis, we are the first to show rosiglitazone post-treatment with a very low dose is equally
effective in protecting animals from lethality and decreasing neutrophil counts in the site of
infection. These findings are consistent with observations indicating that PPAR ligands
inhibit chemotaxis and expression of adhesion molecules (23, 24), although we herein
describe originally that besides well-known role of PPARY agonists on leukocyte
recruitment modulation, other mechanisms such as NETosis would explain decreased
neutrophil numbers at peritoneum.

Excessive production of inflammatory cytokines in sepsis is harmful to the host and may
worsen the outcome in experimental and clinical settings (25). TNF-a can reproduce the
signs observed during sepsis or endotoxemia. IL-6 is an important biomarker of severity of
sepsis, while IL-10 serves as a counterbalance for the intense inflammatory response. Our
analysis showed treatment with rosiglitazone decreased the levels of TNF-a and IL-6 in the
infected peritoneum. We also showed an increase in IL-10 levels in septic animals treated
with rosiglitazone. In agreement, Kim et al. (26) have shown that treatment with
pioglitazone or rosiglitazone enhances expression of IL-10 in lung tissue of asthmatic mice
and decreasing the illness severity score of these animals. Rosiglitazone-induced increases
in IL-10 levels concomitant with decreased IL-6 and TNF-a levels and may contribute, at
least in part, to the a better outcome and increased survival of rosiglitazone-treated animals
observed in our model. Those findings are consistent to the M1 and M2 paradigm of
macrophage activation, where PPARy promotes the polarization to alternative anti-
inflammatory M2 macrophages (27).

Besides inflammation, bacterial rapid spread is a distinguished characteristic of sepsis.
Neutrophils are first line defense cells that eliminate invading pathogens. We observed that
treatment with rosiglitazone significantly modulated neutrophils numbers, cytokine
responses, and increased bacterial clearance, which together may account for the protective
effect in sepsis. As rosiglitazone did not affect bacterial growth when added directly to
bacterial culture, the decrease in CFU observed in our experiments must be related to an
effect on the host response. Similarly, a study by Stengenga et al. showed a protective effect
of ciglitazone on bacterial growth in a model of pneumonia induced by Streptococcus
pneumonia independent of macrophage ability to phagocytize bacteria (28). While the anti-
inflammatory effects of PPARYy agonists in sepsis have been established (10), the
mechanism by which PPARYy activation increases bacterial elimination is still unclear.
Indeed, PPARa also seems to modulate the capacity of the host to fight bacteria, since
PPARa knockout mice subjected to sepsis are reported to have an increase in bacterial load,
that is accompanied by decreased survival (13). Once again, authors do not show the cellular
mechanism involved in bacterial clearance.

During inflammation and/or infection, exposure of phagocytic cells to bacterial products,
IL-1, TNF-a or IFN-y leads to the production and release of reactive nitrogen species (RNS)
and ROS, such as peroxynitrate (ONOQ™), superoxide (0%7) and hydrogen peroxide (H,05)
(29). NO is important in host defense against infection, acting synergistically with ROS to
form ONOO™ and eliminate bacteria. We observed that cells obtained from the blood of
septic animals have increased the intracellular levels of ROS. Rosiglitazone further
increased ROS production in these cells, a response that could account in part for its
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enhancement of microbicidal activity. Nonetheless, there was no significant change in NO
release in the peritoneum of septic animals treated with rosiglitazone, suggesting the
involvement of other killing mechanism.

Neutrophils phagocytize microbes, produce ROS, release antimicrobial factors through
degranulation, and form NET as part of their arsenal to fight invading organisms (2). NET is
a complex lattice of extracellular fibers, primarily composed of decondensed chromatin,
with bound antimicrobial proteins including neutrophil elastase and histones (30). NET kill
pathogens efficiently and may in some circumstances limit spread of infection and decrease
neutrophil protease-induced damage by locally retaining the proteases and limiting their
toxic, proteolytic activity. While the mechanisms governing NET formation remain
incompletely characterized, neutrophil elastase migration from primary granules to the
nucleus is shown to precede NET formation (18). Myeloperoxidase (MPQ), an enzyme
present in NET and also a marker of neutrophil activity, migrates to the nucleus, synergizing
with elastase to trigger chromatin decondensation, independent of enzymatic activity.
Importantly, MPO-deficient patients are unable to form NET and are more susceptible to
infections (8), so MPO is actively associated with NET ability to kill bacteria. Furthermore,
the addition of H,05 in the presence of NET results in greater microbicidal activity,
highlighting the synergism between ROS and NET in eliminating pathogens.

We found increased amounts of extracellular DNA in the peritoneal fluid sample from
rosiglitazone-treated septic animals, suggesting increased NET formation. It is conceivable
that increased intracellular ROS production after rosiglitazone treatment is critical for
increased NET formation under the same conditions, a potential proposed mechanism of
increased bacterial elimination induced by rosiglitazone. We found extracellular DNA in
peritoneal lavage of septic animals and an impressive enhancement effect of rosiglitazone
treatment. Images show rosiglitazone may even increases trapping of bacteria.

Literature discusses the role of extracellular histones on toll-like receptor (TLR)2 and TLR4
dependent activation. Circulating extracellular histones are found in plasma of patients in
septic shock, potentially contributing to endothelial dysfunction, organ failure, and death in
experimental sepsis. Histone can cause inflammation, damage of alveolar epithelial cells,
cytokine production, lung gas exchange disturbances and thrombi formation in pulmonary
veins. Kalbitz et al. 2015 relate extracellular histones to cardiac dysfunction development,
tissue injury and associated lethality in sepsis (31). Although NET components can cause
vascular injury under some conditions, NET keeps intact even under blood flow and traps
bacteria within the vasculature (4). Deficiency in NET production or the destruction of NET
scaffold by DNases have increased susceptibility to infections, aligning evidences in favor
of a beneficial role for NET during infections (32). For instance during polymicrobial sepsis
DNase treatment reduced NET-mediated bactericidal activity and resulted in augmented
bacterial dissemination and tissue damage, showing a beneficial role of NET formation in
sepsis (33). Those findings claim NET act as antimicrobial host tool and represent a physical
barrier that avoids microbe dissemination, very helpful in early phase of infectious diseases
by ensnaring and killing pathogens (32). Our data favor the beneficial role of NET formation
during infection. There is no doubt in our model DNA dismantling worsened sepsis
prognosis and abolished rosiglitazone protective effect. We highlight the possibility of
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modulating some deleterious effect of extracellular free histones with rosiglitazone, as it
showed anti-inflammatory actions.

We found neutrophils stimulated with different concentrations of LPS or incubated with E.
coli produce NET and that rosiglitazone enhanced that effect directly. NET contains H1,
H2A, H2B, H3 and H4 histones besides granule proteins (3). Chromatin decondensation is
associated with the conversion of arginine residues to citrulline in histone H3 in mature
neutrophils (34). We found rosiglitazone increased the release of histone H3 by PMN
following stimulation with either LPS or E. coli, confirming our parallel results with live
image analysis of NET formation in vitro and in vivo. We showed the effect of rosiglitazone
occurred directly in neutrophils and it was mediated by PPARYy activation. Increased ability
to eliminate bacteria was related to increased NET formation in either rosiglitazone-treated
neutrophils or rosiglitazone-treated septic animals. We analyzed total bacterial killing,
phagocytotic intracellular killing, and NET-mediated extracellular killing in vitro. Since the
increase in bacterial killing induced by rosiglitazone was dependent on extracellular killing,
we surmise that this effect is dependent upon NET formation. Once again, we showed
rosiglitazone-induced increased bacterial Killing was mediated by the PPARY receptor
activation. The increase in bacterial elimination by rosiglitazone in vitro also occurred in
vivo. Rosiglitazone showed a critical beneficial effect on bacterial killing in the peritoneal
cavities of infected animals. The disassembling of NET by DNase reverted bacterial
clearance favored by rosiglitazone. This is the first demonstration that PPARY activation
increases the formation of NET and improves bacterial elimination in isolated neutrophil
and in a model of sepsis.

In summary, we have shown that rosiglitazone favorably modulates the inflammatory
response and increases NET-dependent elimination of bacteria in a preclinical model of
sepsis. We believe modulation of inflammatory response and NET formation induced by
rosiglitazone through PPARYy activation mechanism improved host ability to restrain
bacterial spreading increasing survival. These effects may uncover new potential short-term
applications for rosiglitazone and other TZD in the treatment of bacterial infections,
especially since TZD are well characterized and already approved for clinical use.
Additional pre-clinical data may support new trails to assess TZDs in the management of
patients with sepsis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

PPARYy peroxisome proliferator-activated receptor gamma
CLP cecal ligation and puncture
TZD thiazolidinediones
NET neutrophil extracellular traps
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Figure 1. Rosiglitazone protects mice from mortality after CLP Swiss
Mice were anaesthetized, submitted to CLP and subsequently treated with rosiglitazone (0.5

mg/Kg i.p. or i.v) or vehicle 15 min after CLP. Sham operated animals were included as
controls. The survival rate was monitored for 7 days in animals randomized to vehicle,
rosiglitazone 0.5 mg/kg i.p., or rosiglitazone 0.5 mg/kg i.v. treatment. The experiment was
performed 4 independent times, with 10 animals for each group. * denotes p < 0.05 when
compared to sham animals. + denotes p < 0.05 when compared to septic animals.

Shock. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Araljo et al.

Mononuclear cells Total leukocytes

Neutrophils

Page 17
500 A 0.084 D |
~ 40 o 5
.gi E 0.06
% 30- E
N ; 0.04-
Na - Z -
VL I S bl 504
oo — =3
0 0.00
501 B 404 E *
- 401
g 5 3.0
= 301 £
9 o0
é 20- £ 2.04
2 A
= 1.01
— =
0.0
500 C 25, F
+
i 404 -~ 2.04
£ . =
- - B _S- A%
g 30 g 1
S 20- = 1.0
= -
104 -+ 0.5-
0- m_ 00- i
S \© N & & A% S
g@é\ § & & 4 & %‘@ g% &\&' S
& x> S @\Q Q" 0\3
B OS = < &y

Figure 2. Rosiglitazone inhibits neutr ophil accumulation the peritoneal fluid of mice subjected to
CLP

Swiss mice were submitted to CLP and 15 min later were treated with rosiglitazone (0.5
mg/kg, i.v.) or vehicle. Twenty-four hours later the mice were euthanized, and the peritoneal
fluid was collected for total leukocytes (A), mononuclear cells (B), and neutrophils (C)
counts and TNFa (D), IL-6 (E) and I1L-10 (F) measurement by ELISA. Each bar represents
the mean + SEM from at least 6 animals. The experiment was performed 3 independent
times. * denotes p < 0.05 when compared with sham groups and + denotes p < 0.05 when
compared with CLP + vehicle.
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Figure 3. Rosiglitazone increases bacterial clearance and ROS production during sepsis
Swiss mice were submitted to CLP and treated or not with rosiglitazone (0.5 mg/kg, i.v.) or

vehicle 15 min after surgery. Peritoneal lavage fluid was collected 3 or 24 h later. (A) CFU
analysis of peritoneal lavage obtained from rosiglitazone-treated septic animals 24 h after
CLP; (B) DNA quantification of peritoneal lavage obtained from rosiglitazone-treated septic
animals. (C) In vitro effect of rosiglitazone on the oxidative burst in cells obtained from the
blood of septic mice. Blood samples were collected 4 h after CLP. Total leukocytes were
incubated for 1 h with rosiglitazone (Rosi; 5 pM, 37 °C) and then stimulated with PMA in
the presence of catalase and DHR for fluorescence measurement of rhodamine 123
(represented as mean of fluorescence intensity — MFI) in FACS. (D) Effect of rosiglitazone
in vivo treatment on the oxidative burst in cells obtained from the blood of septic mice.
Animals were submitted to CLP and treated with rosiglitazone (Rosi; 0.5 mg/kg i.v.). Blood

Shock. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Araljo et al.

Page 19

samples were collected 4 h after CLP. Total leukocytes were stimulated with PMA in the
presence of catalase and DHR for fluorescence measurement of rhodamine 123 (represented
as mean of fluorescence intensity — MFI) in FACS.
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Sham+Rosi

Figure 4. Rosiglitazone treatment increased NET formation in septic mice
NET formation was detected by live cell imaging with confocal microscopy using 2 DNA

dyes, one cell impermeable (Sytox Orange, which stains extracellular DNA red and dead
bacteria in these images) and the other cell permeable (Syto Green, which identifies nuclear
DNA). Experiments were performed on poly-I-lysine-coated glass coverslips. NET
formation was examined by scanning electron microscopy 3 hours after CLP, 60x objective.
The images are representative of 1 experiment from 3 different animals from each subjective
group (sham+rosi, CLP, CLP+Rosi). The arrows show dead bacteria trapped by NET.
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Figureb5.

DNase treatment abolishes rosiglitazone-induced bacterial killing and increase in survival in
septic animals. Swiss Mice were anaesthetized, submitted to CLP and treated with
rosiglitazone (0.5 mg/kg i.v) or vehicle 15 min after CLP. Some animals also received
DNase treatment 1 h after CLP (5 mg/kg, i.v.). (A) CFU analysis (3 h after CLP) of
peritoneal lavage obtained from septic animals treated with rosiglitazone and DNase. CFU
counts are expressed as individual values and median columns are the mean + SEM from at
least 6 animals per group. The experiment was performed 3 independent times. Sham
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operated animals were included as controls in survival experiment. The survival rate was
monitored for 7 days in animals. The experiment was performed with 10 animals for each
group. In (A) * denotes p < 0.05 when comparing to CLP, while # denotes p < 0.05 when
comparing CLP + Rosi vs. CLP + Rosi + DNase. In (B) * denotes p < 0.05 when compared
to sham animals. + denotes p < 0.05 when compared to septic animals, while # denotes p <
0.05 when comparing CLP + Rosi vs. CLP + Rosi + DNase.
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Figure 6. Rosiglitazone increases bacterial clearance by PMN in vitro
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C Ecoli

B r0si 0.5 uM + E. coli
rosi 5 uM + E. coli
0D rosi 50 uM + E. coli

Human PMN were purified and incubated with E. coli in the presence or absence of
rosiglitazone or vehicle (DMSO). The data represent 3 different experiments with different
donors. Each bar represents the mean + SEM. * denotes p < 0.05 compared to E. coli

stimulated PMN.
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DMSO Ethanol rosiglitazone GW 9662

LPS +DMSO LPS +rosiglitazone = LPS + rosiglitazone LPS + GW9662
+ GW9662

E.coli + DMSO E. coli + E. coli + rosiglitazone  E.coli + GW9662
rosiglitazone + GW9662

Figure 7. PPARYy activation directly enhances DNA extracellular releaseinduced by LPSor E.
coli
Human PMN were purified and incubated with LPS (0.1 ng/mL) or E. coli (2 x 10°

CFU/mL) in the presence and absence of rosiglitazone (0.5 uM), GW 9662 (0.5 uM), or
vehicle (DMSO or ethanol was added to the suspension). The cells were then placed on
slides pre-coated with poly-L-lysine and incubated for 1 h. Extracellular DNA was stained
with Sytox-orange and the nuclear DNA with Syto-green. Conditions represented in images:
(A) DMSO; (B) ethanol; (C) rosiglitazone; (D) GW9662, (E) LPS + DMSO; (F) LPS +
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rosiglitazone; (G) LPS + rosiglitazone + GW 9662; (H) LPS + GW 9662; (1) E. coli +
DMSO; (J) E. coli + rosiglitazone; (L) E. coli + rosiglitazone + GW 9662; (M) E. coli + GW
9662. Three separate experiments were performed with PMN from different donors. The
images were captured using confocal microscopy and a 60x objective.
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Figure 8. Rosiglitazone enhances histone H3 release by PMN in vitro
Human PMN were purified and (A) LPS (0.1 ng/mL) or (B) E. coli was added to the cells in

the presence of rosiglitazone (Rosi; 0.5 pM) and/or GW9662 (0.5 pM). DMSO or ethanol
were used as vehicle controls. The experiments were performed on poly-L-lysine glass
coverslips. DNase (2.5 U/mL) was added following LPS stimulation (60 min) to dismantle
extracellular NET and the supernatant was collected for histone H3 quantitation by western
blotting. Data were repeated twice with PMNs from different donors.
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Figure 9. Rosiglitazone increases NET-mediated extracellular bacterial killing
(A) Total killing of E. coli mediated by phagocytosis and NET formation in PMN stimulated

with LPS (0.1 ng/mL) * rosiglitazone (Rosi; 0.5 uM) and/or GW 9662 (GW; 0.5 uM) was
determined. (B) Phagocytotic Killing of E. coli in PMN stimulated with LPS (0.1 ng/mL) £+
rosiglitazone (Rosi; 0.5 uM) and/or GW 9662 (GW; 0.5 uM) was determined. (C) NET-
mediated Killing of E. coli in PMN stimulated with LPS (0.1 ng/mL) + rosiglitazone (Rosi;
0.5 uM) and/or GW 9662 (GW; 0.5 uM) was examined in parallel. Data are represented as
the mean £ SEM of 3 different experiments from different PMN donors. * denotes p < 0.05
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compared to E. coli. + denotes p < 0.05 compared to E. coli + Rosi. The agar plate images
were analyzed in 3 independent studies, showing images of CFU from PMN + E coli, PMN
+ cytochalasin + E. coli + rosiglitazone, PMN + cytochalasin + E. coli + rosiglitazone +
Gw.
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