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Fibrates ameliorate the course of bacterial sepsis
by promoting neutrophil recruitment via CXCR2
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Abstract

Bacterial sepsis results in high mortality rates, and new therapeu-
tics to control infection are urgently needed. Here, we investigate
the therapeutic potential of fibrates in the treatment of bacterial
sepsis and examine their effects on innate immunity. Fibrates
significantly improved the survival from sepsis in mice infected
with Salmonella typhimurium, which was paralleled by markedly
increased neutrophil influx to the site of infection resulting in
rapid clearance of invading bacteria. As a consequence of fibrate-
mediated early control of infection, the systemic inflammatory
response was repressed in fibrate-treated mice. Mechanistically,
we found that fibrates preserve chemotaxis of murine neutrophils
by blocking LPS-induced phosphorylation of ERK. This results in a
decrease of G protein-coupled receptor kinase-2 expression,
thereby inhibiting the LPS-mediated downregulation of CXCR2,
a chemokine receptor critical for neutrophil recruitment.
Accordingly, application of a synthetic CXCR2 inhibitor completely
abrogated the protective effects of fibrates in septicemia in vivo.
Our results unravel a novel function of fibrates in innate immunity
and host response to infection and suggest fibrates as a promising
adjunct therapy in bacterial sepsis.
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Introduction

Sepsis is a systemic inflammatory condition following severe bacte-
rial infection resulting in high mortality rates (Riedemann et al,
2003; Fauci et al, 2008). Sepsis is a global health problem with an
increasing incidence over the past years, accounting for > 700,000
cases/year in the United States (Fauci et al, 2008). In sub-Saharan
Africa, community-acquired bacteremia accounts for at least one-
fourth of deaths in children above 1 year of age, with Salmonella species,
Streptococcus pneumoniae, Haemophilus influenzae, and Escherichia
coli being among the most commonly isolated pathogens (Fauci
et al, 2008). Facing these high mortality rates and limited new devel-
opments of antibacterial drugs in an era of increasing anti-microbial
resistance, novel treatment options for sepsis are urgently needed.
Fibrates have been used to treat hyperlipidemia for more than
40 years. However, their effects on cardiovascular outcome remain
uncertain, restricting their use in the clinical routine (Jun et al, 2010;
Goldfine et al, 2011). Two randomized, placebo-controlled trials of
gemfibrozil demonstrated improvements in cardiovascular outcomes,
but subsequent trials of bezafibrate and fenofibrate (the BIP, FIELD,
and ACCORD studies) showed no significant overall cardiovascular
benefit over placebo (Frick et al, 1987; Rubins et al, 1999; BIP, 2000;
Keech et al, 2005; Ginsberg et al, 2010; Goldfine et al, 2011).
Fibrates are ligands of the peroxisome proliferator-activated
receptor-alpha (PPARa), a member of the nuclear receptor superfamily
of ligand-dependent transcription factors related to retinoid, steroid,
and thyroid hormone receptors (Genovese et al, 2005). Previous
studies indicated immune-regulatory properties of fibrates in macro-
phages and lymphocytes (Lee et al, 2007; Crisafulli & Cuzzocrea,
2009). Fibrates were shown to inhibit LPS/interferon-gamma
(IFN-y)-induced inflammation in macrophages, whereas they
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failed to dampen the inflammatory response in macrophages from
Ppare/~ mice (Crisafulli & Cuzzocrea, 2009). Moreover, PPARa
activation was shown to inhibit the production of proinflammatory
molecules by negatively interfering with the AP1 and NF-kB signal-
ing pathway in classically activated macrophages (Marx et al, 2001;
Neve et al, 2001; Rigamonti et al, 2008). In interleukin (I1)-10~/~
mice, fibrate treatment decreased the colonic expression of the pro-
inflammatory cytokines IFN-y and IL-17, which could be traced back
to direct inhibition of IFN-y and IL-17 expression in isolated T cells
(Lee et al, 2007). However, the potential role of fibrates in bacterial
infection has not been investigated so far.

Here, we found that fibrates promote neutrophil migration and
early clearance of pathogens independently of PPARa, leading to
significantly improved survival of septic mice. We found that
fibrates preserve the expression of CXCR2 in neutrophils, a receptor
crucially involved in chemokine sensing and migration. Finally,
blockage of CXCR2 abolished enhanced influx of neutrophils to the
site of infection and subsequently diminished the survival of fibrate-
treated mice.

Results
Fenofibrate treatment increases the survival of septic mice

To study the impact of fibrate treatment on sepsis, we used a mouse
model of Salmonella septicemia established in our laboratory (Nairz
et al, 2009, 2011, 2013). In our first set of experiments, C57BL/6
mice were inoculated intraperitoneally (i.p.) with 50 colony-forming
units (CFU) of S. typhimurium and were then set on a fenofibrate-
supplemented (0.2% wt/wt) diet or control chow (control).
Fenofibrate-treated mice showed a significantly increased survival
rate compared to controls (Fig 1A). Fenofibrate-treated mice still
displayed a significantly increased survival rate compared to
controls receiving a standard diet, even when being inoculated with
a 10-fold higher dose of S. typhimurium (500 CFU, Fig 1B). In line
with an increased mortality rate, control mice presented with leth-
argy and piloerection as soon as 72 h after S. typhimurium injec-
tion, which are clinical signs of severe sepsis (Fig 1C). Because the
study design with an inoculum of 500 CFU may rather resemble a
severe clinical course of sepsis in humans, all further experiments
were performed with this experimental setting.

To further elaborate on the mechanism underlying increased
survival of fenofibrate-treated mice, we studied bacterial loads in
liver and spleen after 3 days of infection showing markedly reduced
bacterial numbers in fenofibrate-treated animals (Fig 1D and E). In
parallel, the spleen weight, a surrogate for the severity of infection,
was reduced by 40 % in mice treated with fenofibrate (Fig 1F). Whereas
fenofibrate-treated mice had a preserved splenic organ architecture,
control animals presented with scattered inflammatory foci in the
spleens due to the formation of multiple microabscesses (Fig 11).

Fenofibrate treatment represses the inflammatory response of
septic mice

In line with the observation of reduced bacterial numbers in organs,
fibrate-treated animals displayed significantly reduced serum
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concentrations of IL-6 (Fig 1G). Moreover, fenofibrate treatment
significantly reduced mRNA expression of TNF-a, IL-6, the phago-
cyte oxidase subunit p47 (PHOX-p47), IL-12p35, IL-12p40, and IL-
23p19, as well as expression of key T helper (Th) 17 and Thl cell
cytokines IL-17 and IFN-y in spleens of Salmonella-infected mice on
day 3 after initiation of infection (Fig 1H).

Fibrates were previously shown to repress NF-xB activation in
macrophages, thereby dampening their pro-inflammatory response
(Crisafulli & Cuzzocrea, 2009). To disentangle the mechanism
underlying the repression of inflammation observed in the studies
presented here, we injected mice intraperitoneally with a sublethal
dose of LPS in the presence or absence of fibrates. While fenofi-
brate treatment significantly reduced the mRNA expression of
TNF-o, no differences in splenic mRNA expression of IL-6,
IL-12p40, PHOX-p47, IL-23p19, IL-17, and IFN-y were observed as
a consequence of fenofibrate supplementation (Supplementary Fig
S1). Thus, the reduced expression of most cytokines in fibrate-
treated mice suffering from Salmonella sepsis (Fig 1H) appeared to
be the result of fibrate-mediated reduction of bacterial load, rather
than being a consequence of direct effects of fibrates on cytokine
formation.

Accordingly, the observed reduction in bacterial numbers may
be traced back either to direct anti-microbial effects of fibrates or
to a fibrate-triggered amelioration of innate immune responses.
Using a disk diffusion test, we were able to exclude any direct
bactericidal activity of fibrates toward Salmonella (Supplementary
Fig S2).

Fibrates promote neutrophil recruitment thereby enhancing
early bacterial clearance

Successful early clearance of bacterial infection depends on efficient
neutrophil migration to the site of infection (Alves-Filho et al,
2010). In a time-course experiment using an automated cell counter,
we indeed found significantly increased neutrophil counts in the
peritoneal cavity of fenofibrate-treated mice as soon as at 12 h after
bacterial inoculation (Supplementary Fig S3), which was verified by
May-Giemsa-Gruenwald staining in smears of peritoneal fluid
(Fig 2A) and by Gr1* CD11b* F4/80" staining using FACS analysis
(Supplementary Fig S4).

Accordingly, peritoneal leukocytes of fibrate-treated mice
contained significantly more S. typhimurium (Fig 2B), whereas
conversely, bacterial counts in peritoneal exudates of fenofibrate-
treated mice were dramatically lower than in mice receiving a
control diet (Fig 2C). Moreover, hepatic bacterial loads were mark-
edly reduced in fibrate-treated mice at this early time-point (Fig 2D),
demonstrating that fibrates prevent systemic invasion of S. typhimu-
rium and sepsis by immediate clearance of bacteria from the site of
infection. To further elucidate the mechanisms underlying rapid
clearance of bacteria, we next studied the effect of fibric acids on
uptake and killing of bacteria by neutrophils. As shown in Supple-
mentary Figs S5-S7, fibrates did not modify the uptake of
S. typhimurium by neutrophils, nor did they increase neutrophil
ROS activity and degranulation. On the contrary, fibrates signifi-
cantly inhibited neutrophil ROS activity and degranulation, which
may protect from an overwhelming inflammatory response and
associated end-organ failure in vivo.

EMBO Molecular Medicine Vol 6| No 62014 811



EMBO Molecular Medicine

Fibrates promote neutrophil functionality  fvan Tanceuski et al

A 50 CFU B
100 — control 100
£ 801 = EE £ 80
604 | T 60
2 =
2 40 P <0.01 2 40
= =
@ 20 © 20 4
0 0
02 46 810 0 2 46 810
Time after infection (d) Time after infection (d)
D E G 5
P <0.001 P <0.001 .
“g 25 E 25 — 5 160 i [3
=% 20 = 5220 E 2
2 52 = 120 g 2+ P<0.001
=35 = = 2
LI 15 S 15 =) £ [
L) P<001 BO 2 80 =3
o5 10 —i os 10 2 € 1
o~ - ~
2x 5 Tx 5 g 40 P
o ] - =
2 0 & o 2B 0
control FF control FF control FF control FF
H RNA expression in spleen (%) 1
0 20 40 60 80 100 120 140
| 1 1 1 1 1 | ]
IL-4
W control
GATA-3 B FF
IL-10 control
Foxp3
IL-17 iR
RORyt
T-bet
IFNy R
IL-6 ] e
Phox-p47 K FF
IL-12p35 ]«
IL-12p40 i
IL-23p19 i
TNFa 7w

Figure 1. Fenofibrate increases the survival of mice with bacterial sepsis.

Sepsis was induced in C57BL/6 mice by intraperitoneal injection of Salmonella typhimurium.

A Survival rates of septic mice injected with 50 CFU of S. typhimurium, which were set on a fenofibrate (FF)—supplemented chow (0.2% wt/wt) or a standard diet

without fibrate (control) immediately after injection of bacteria (n = 10).

B Survival curve of septic mice injected with 500 CFU of S. typhimurium and set on a FF-supplemented chow (0.2% wt/wt) or a standard diet without fibrate (control)
immediately after injection of bacteria (n = 19-20).

C Clinical appearance of 0.2% FF-treated and control mice 72 h after inoculation with 500 CFU S. typhimurium.

D-H Bacterial loads 72 h post-infection with 500 CFU in the liver (D) and spleen (E), as well as the spleen weight (F). Data are representative of four independent

experiments, bars are means + s.e.m. Seventy-two hours after intraperitoneal injection of 500 CFU of S. typhimurium, (G) serum concentrations of IL-6 were
determined by ELISA, and (H) cytokine expression was determined in spleens of control and 0.2% FF-treated C57BL/6 mice by means of Tagman real-time PCR. Data
are shown as means + s.e.m.; *P < 0.05, **P < 0.01, ***P < 0.001 versus corresponding controls. Data are representative of two independent experiments (n = 14).
Spleens were further processed for HE staining. Whereas 0.2% FF-treated mice had preserved splenic organ architecture, control animals presented with scattered
inflammatory foci in the spleens due to multiple microabscesses (arrow-heads). Scale bars represent 200 pm.

The effect of fenofibrate on neutrophil influx and bacterial
clearance is independent of PPARa

So far, most of the immune-modulatory effects of fibrates were
shown to depend on the expression of the nuclear receptor PPARa,
for which they serve as ligands (Marx et al, 2001; Neve et al, 2001;
Genovese et al, 2005; Lee et al, 2007; Rigamonti et al, 2008; Crisaf-
ulli & Cuzzocrea, 2009). Thus, we next examined the effect of
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fenofibrate treatment on Salmonella sepsis in Pparx/~ mice. Simi-
larly as observed in C57BL/6 mice, Pparo/~ mice displayed signifi-
cantly enhanced neutrophil influx to the site of infection 12 h after
bacterial inoculation (Fig 3A) and reduced bacterial loads in liver
and spleen after 3 days of infection when fed with fenofibrate as
compared to mice receiving a control diet (Fig 3B and C). In parallel,
the spleen weight was reduced by 35% in Ppara™/~ mice treated
with fenofibrate (Fig 3D). Thus, we conclude that fibrates improve

© 2014 The Authors



lvan Tanceuski et al ~ Fibrates promote neutrophil functionality

A B
kS
= p<001 2 12
oS 25 —i @ 10
=8 20 27 8
G~ 54
£2 15 gﬂo 61pr<0.01
3 Q—
%E 1.0 X 4 [
g 0.5 I+] 2
o 4
0 F 0
control FF —~ control FF

EMBO Molecular Medicine

C D
3 127755% 3 12
5 E 10 % 5 10
E;E 8 ELLL} 8
§o 6 8z 6
°2 4 o 4-P<0.001
8x 2 T 24 [
2 [
X 0 L 9
control FF control FF

Figure 2. Fibrates increase neutrophil influx into the peritoneal cavity and promote early bacterial clearance.
Septicemia was induced in C57BL/6 mice by i.p. injection of 500 CFU Salmonella typhimurium, and the animals were set on control or 0.2% FF-supplemented chow

immediately after injection of bacteria.

A After 12 h, number of intraperitoneal neutrophils was determined in smears of peritoneal fluid (n = 3).
B-D Further, numbers of ingested bacteria in peritoneal leukocytes (B) and bacterial counts in the peritoneal exudates (C) and in livers (D) are shown (n = 7).

Data information: Data are means + s.e.m., and are representative of three experiments.

the clinical course of systemic bacterial infection independently
from PPARa.

Fibrate-mediated neutrophil recruitment is not dependent on
chemokine release from macrophages

The initiation of inflammatory responses is tightly regulated (Soehn-
lein & Lindbom, 2010; Mantovani et al, 2011). Owing to their strate-
gic location in close proximity to the site of infection, tissue-resident
macrophages are upon the primary inducers of an inflammatory
reaction (Soehnlein & Lindbom, 2010; Mantovani et al, 2011) and
as such promote the egress of neutrophils from the circulation by
secreting chemokines including CXCL1 and CXCL2. We thus investi-
gated whether the increased intraperitoneal accumulation of
neutrophils in fenofibrate-treated mice was associated with an
increased release of such chemoattractants.

Primary murine peritoneal macrophages treated with LPS showed
a markedly increased secretion of CXCL1 and CXCL2, when compared
to nonstimulated control cells. The addition of fibrates did not further
increase the release of these chemokines. At high doses, fibrates even
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decreased the release of CXCL1 and CXCL2 from activated macro-
phages over time (Supplementary Fig S8), which is in line with a
previous observation indicating that fibrates dampen the inflamma-
tory response in macrophages (Crisafulli & Cuzzocrea, 2009). Thus,
we could rule out that an increased production of chemokines by resi-
dent macrophages is responsible for the enhanced attraction of
neutrophils to the site of infection in fenofibrate-treated mice.

Fibrates reverse LPS-driven loss of CXCR2 expression, a
chemokine receptor crucial for neutrophil migration

The expression of CXCR2—the main chemokine receptor for CXCL1
and CXCL2—on neutrophils plays a critical role for their recruitment
(Alves-Filho et al, 2009, 2010; Soehnlein & Lindbom, 2010). Down-
regulation of CXCR2 expression on circulating neutrophils is associ-
ated with impaired neutrophil migration to sites of infection during
sepsis (Rios-Santos et al, 2007). The latter can be initiated via LPS-
inducible TLR 4 activation, resulting in blockage of CXCR2 expres-
sion and neutrophil migration (Alves-Filho et al, 2010). Similarly,
we found here that LPS downregulated CXCR2 expression on
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Figure 3. Fibrates increase neutrophil influx and bacterial clearance independently of PPARa.

Sepsis was induced in Ppare. '~
immediately after injection of bacteria.

A Intraperitoneal neutrophil count 12 h after infection (n = 4).

mice by intraperitoneal injection of 500 CFU of S. typhimurium, and the animals were set on control or 0.2% FF-supplemented chow

B-D Bacterial loads 72 h post-infection in the liver (B) and spleen (C), as well as the spleen weight (D) (n = 7).

Data information: Data are representative of 3 independent experiments, bars are means + s.e.m.

© 2014 The Authors
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Figure 4. Fibrates inhibit the downregulation of CXCR2 thereby preserving neutrophil functionality.

A The expression of CXCR2 was determined by FACS analysis of naive C57BL/6 bone marrow neutrophils cultured for 1 h with the fibrate WY-14643 (WY) or vehicle
(DMSO), with LPS (10 pg/ml), or a combination of these reagents. Data are means =+ s.e.m. from eight independent experiments; *P < 0.05, **P < 0.01 versus LPS.

B Chemotaxis to CXCL2 (30 ng/ml) was determined in C57BL/6 bone marrow neutrophils pre-treated for 1 h with WY, or in combination with LPS (1 pg/ml), as
indicated. Data are means + s.e.m. from four independent experiments; *P < 0.05, **P < 0.01 versus LPS.

C, D Representative Western blots showing phosphorylation of MAP kinases ERK (p-ERK) and p38 (p-p38) upon stimulation of murine neutrophils with vehicle, LPS

(1 pg/ml), WY (10 pM), or a combination of these reagents for 1 and 5 min.

E Representative immunofluorescence staining of GRK2 expression in fixed neutrophils purified from the bone marrow of naive C57BL/6 mice and cultured for 1 h with

LPS (1 pg/ml), WY (10 pM), or a combination of both. Scale bars represent 25 um.

F Mean fluorescence intensity (MFI) of GRK2 in 3—4 visual fields per treatment group from experiment (E) was determined using ImageJ; *P < 0.05 versus LPS.

neutrophils, which was prevented by co-incubation with fibrates.
This protective effect of fibrates was not only seen at a dose of
1 pg/ml LPS (unpublished data), but even at the higher dose of
10 pg/ml LPS (Fig 4A). In line with these findings, LPS-treated
neutrophils had an impaired chemotactic response toward CXCL2 as
compared to control cells, which was reversed upon concomitant
treatment with fibrates (Fig 4B).

CXCR2 expression on neutrophiles is controlled by G protein-
coupled receptor kinase-2 (GRK2), a TLR-ligand inducible serine-
threonine protein kinase that causes the internalization of chemokine
receptors (Penela et al, 2003; Vroon et al, 2006; Alves-Filho et al,
2009, 2010). This inflammation- and LPS-induced GRK2 activation
can be traced back to phosphorylation of the mitogen-activated
protein kinase (MAPK) ERK thereby blocking neutrophil chemotaxis
(Ajibade et al, 2012; Liu et al, 2012). When investigating this
pathway in isolated neutrophils, we found that fibrates block the
LPS-driven phosphorylation of ERK (Fig 4C), and the associated

814 EMBO Molecular Medicine Vol 6 | No 62014

increase in GRK2 expression (Fig 4E and F). No significant effect of
fibrates on p38 activation was observed (Fig 4D).

Moreover, we observed no effect of LPS and/or fibrates on
neutrophil migratory efficiency toward fMLP and LTB4, other
ligands important for neutrophil recruitment, pointing toward a
major role for CXCR2 in fibrate—mediated promotion of chemotaxis
(Supplementary Fig S9).

Importantly, fibric acids not only reversed LPS-mediated CXCR2
downregulation in vitro, but also preserved CXCR2 expression in vivo
on circulating neutrophils of mice infected with S. typhimurium,
corroborating the physiological relevance of our findings (Supple-
mentary Fig S10).

These data indicate that fibrates prevent CXCR2 downregulation
on neutrophils by inhibiting LPS-mediated ERK phosphorylation and
the consecutive expression of GRK2, thereby preserving neutrophil
functionality. This results in enhanced migration of neutrophils to the
site of infection and promotes the clearance of pathogenic bacteria.

© 2014 The Authors
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Figure 5. Blockade of CXCR2 expression antagonizes the beneficial effects of fibrates in sepsis.

A Survival of septic mice intraperitoneally inoculated with 500 CFU of Salmonella typhimurium and set on a 0.2% FF-enriched or a standard chow (control) in the
presence/absence of the CXCR2 inhibitor SB225002 (SB225, 10 mg/kg body weight) immediately after injection of bacteria; n = 10, P < 0.01 for all groups versus FF.

B-D In an independent, analogous experiment using SB225002, the number of intraperitoneal neutrophils (B), bacterial loads in peritoneal leukocytes (C), and within the
peritoneal exudates (D) were determined after 12 h of infection as described in Fig 2. Data are means + s.e.m., n = 5; *P < 0.05, **P < 0.01, ***P < 0.001 versus

fenofibrate.

Fibrate-mediated increase in neutrophil CXCR2 expression does
not involve IL-33

Our results partly resembled effects which have been described for
IL-33 toward induction of CXCR2 expression and neutrophil migra-
tion (Alves-Filho et al, 2010). We thus studied whether the novel
effect of fibrates described herein may be traced back to induction
of IL-33 and/or its soluble receptor ST2 (sST2) in neutrophils,
thereby preventing CXCR2 downregulation via an autocrine loop.
However, IL-33 and sST2 formation in supernatants of murine
neutrophils stimulated with LPS and treated with fibrates for up to
12 h were not significantly altered at any of the studied time-points
with any of the treatments (Supplementary Fig S11A and B).
Thus, an involvement of the IL-33 pathway in fibrate-mediated
stabilization of CXCR2 expression in neutrophils appeared
unlikely, and our results suggested a direct effect of fibrates on
CXCR2-mediated amelioration of neutrophil function.

Fibrate-mediated early bacterial clearance depends on
neutrophil CXCR2 expression

Finally, we performed survival studies in S. typhimurium-infected
mice, where CXCR2 expression was pharmacologically inhibited
upon treatment with the specific, synthetic CXCR2 blocker
SB225002. While fenofibrate treatment resulted in a significantly
better survival compared to controls, application of SB225002 abro-
gated the protective effects of fenofibrate in sepsis and significantly
reduced the survival of mice (Fig 5A).

In an independent series of experiments, we observed a signifi-
cant increase in neutrophil accumulation in the peritoneal cavity of
fenofibrate-treated mice which was associated with increased
bacterial ingestion in peritoneal leukocytes and decreased bacterial
numbers in peritoneal exudates (Fig 5B and D). In contrast, when
fibrate-treated mice were concomitantly injected with SB225002,
neutrophil counts, leukocyte- and exudate-associated bacterial loads
were comparable to untreated controls (Fig 5B and D).

Fibrates do not affect neutrophil-dependent sterile inflammation

Finally, we thought of investigating whether fibrates may not only
promote chemotaxis of neutrophils, thereby leading to early bacterial

© 2014 The Authors

clearance and inhibition of an overwhelming inflammatory
response, but if they also affect the course of inflammation per se.
In a first study, we showed that fibrates promote the migration of
neutrophils only in the presence of high levels of LPS or upon expo-
sure to bacteria, as we observed similar neutrophil numbers in peri-
toneal lavages of control and FF-treated mice 12 h after
intraperitoneal injection of thioglycollate (Supplementary Fig S12).
This observation was confirmed in another model of “sterile”
inflammation by investigating the effects of fibrates in dextran
sulfate sodium (DSS) induced colitis: We found that fibrates neither
affected disease severity of DSS-colitis as reflected by loss of body
weight and alterations of colon length (Supplementary Fig S13A and B),
nor colonic expression of pro-inflammatory genes including IL-1f,
IL-6, and TNF-o, nor did they significantly alter tissue damage as
quantified by a histological colitis scoring system as compared to
mice receiving a control diet (Supplementary Fig S13C-F). Taken
together, our data convincingly show that the effect of fibrates is
restricted to Gram-negative bacterial sepsis induced by infection
with pathogens such as S. typhimurium.

Discussion

We show here a novel function of fibrates in exerting protective
effects during bacterial sepsis by promoting neutrophil recruitment
and efficient early clearance of pathogenic bacteria at the site of
infection which could be traced back to fibrate-mediated stabiliza-
tion of CXCR2 expression. Previously, fibrates have been shown to
mitigate inflammation in classically activated macrophages and to
inhibit IL-17 and IFN-y expression in isolated murine T cells (Cuzzo-
crea et al, 2004; Lee et al, 2007; Crisafulli & Cuzzocrea, 2009).
However, in both macrophages as well as lymphocytes, the anti-
inflammatory effects of fibrates critically depended on the presence
of PPARa (Cuzzocrea et al, 2004; Lee et al, 2007; Crisafulli & Cuzzo-
crea, 2009). Importantly, the effects of fibrates on the preservation
of neutrophil functionality and improved infection control were
independent of PPARa expression, as confirmed by experiments
using Pparx~/~ mice.

Besides their well-known effects through activation of PPARa,
fibrates have been shown to exert also PPARa-independent or
“nongenomic” effects in hepatocytes, including the activation of

EMBO Molecular Medicine Vol 6 | No 6] 2014
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MAPKs (Rokos & Ledwith, 1997; Mounho & Thrall, 1999; Pauley
et al, 2002), summarized in (Gardner et al, 2005). In leukocytes,
MAPKs are involved in inflammation, apoptosis, and migration (Liu
et al, 2012). Recently, it was shown that the MAPKs p38 and ERK
have opposite effects on neutrophil migration: Whereas p38
promoted neutrophil migration, ERK inhibited it (Liu et al, 2012),
which could be traced back to differential activation of GRK2, a
crucial regulator of chemokine receptor expression (Liu et al, 2012).

From our results, it is conceivable that fibrates downregulate
GRK2 expression in neutrophils by interfering with the phosphoryla-
tion of ERK. In the studies by Liu et al, activation of ERK and the
associated potentiation of GRK2 expression resulted in internaliza-
tion of formyl peptide-receptor 1 (FPR1), which is critical for direc-
tional movement of neutrophils toward chemoattractants such as
bacterial N-formylpeptides (Liu et al, 2012). Another major receptor
for neutrophil chemotaxis is CXCR2, which senses macrophage-
derived chemokines (Soehnlein & Lindbom, 2010; Mantovani et al,
2011). In Cxcr2~/~ mice, immunity against bacterial infection is
severely compromised due to defective neutrophil chemotaxis (Tsai
et al, 2000; Tateda et al, 2001). In addition, recent studies by Mei
et al (2012) suggested CXCR2 to be a central regulator of neutrophil
homeostasis under basal conditions. Both FPR1 and CXCR2 have
been shown to be downregulated by induction of GRK2 in sepsis
(Alves-Filho et al, 2009, 2010; Liu et al, 2012). Here, we provide
compelling evidence that fibrates inhibit the LPS-inducible (p-ERK
mediated) activation of GRK2 and the subsequent downregulation
of CXCR2 in septic mice, thereby preserving neutrophil functionality
and immune-cell-mediated pathogen elimination. In addition, selective
blockage of CXCR2 in vivo inhibited the increased neutrophil trans-
migration to the site of infection in fenofibrate-treated mice. This
suggested that fibrates act on neutrophil chemotaxis mainly by
influencing CXCR2, without affecting FPR1 (summarized in Fig 6).

Although IL-33, a member of the IL-1 family, was the first mole-
cule described to preserve CXCR2-mediated migration of neutrophils
in sepsis (Alves-Filho et al, 2010), we found that the fibrate-medi-
ated stabilization of CXCR2 occurred independently of this IL-33-
mediated pathway.

Various formulations of fibrates have been used in clinical prac-
tice for decades and are generally well tolerated (Goldfine et al,
2011; Jackevicius et al, 2011). Here, we provide evidence for the
first time that fibrates, routinely used to treat dyslipidemia in
humans, may be a promising adjunct treatment to ameliorate bacte-
rial clearance and to improve the outcome from sepsis, whereas due
to the mechanism of action explored herein and supported by exper-
imental data in thioglycollate-injected mice and DSS-colitis, fibrates
do not affect the course of sterile inflammatory reactions. Given the
long-lasting experience with this drug class, our results may readily
be translated into the clinical setting. As a main consequence of
early bacterial clearance by neutrophils, fibrate treatment resulted
in a significant reduction of systemic pro-inflammatory cytokine
levels. In addition, we found that fibrates drastically reduced the
release of ROS from neutrophils which induce tissue damage at the
site of infection. Inhibition of an overwhelming inflammatory
response together with reduced tissue damage may have led to an
improvement of undesirable hemodynamic changes, which in
summary resulted in a significant better survival in mice with
Salmonella sepsis receiving a fibrate-containing diet after the initia-
tion of infection. Based on our results, we suggest that fibrates may
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S. typhimurium

Neutrophil

Fibrates

CXCR2

Figure 6. Suggested mechanisms underlying the protective effects of
fibrates in sepsis.

Our results indicate that fibrates block LPS-mediated activation of the MAPK-ERK
and associated increase in GRK2 expression, and as a consequence inhibit
degradation of CXCR2, thereby preserving chemotaxis and transmigration of
murine neutrophils. By preserving CXCR2 expression on neutrophils, fibrates
exert protective effects during bacterial sepsis by promoting rapid neutrophil
migration to the site of infection, leading to an efficient early clearance of
pathogens.

be a promising adjunct therapy (together with appropriate antibiotics
and intensive care support) in the treatment of sepsis by promoting
neutrophil influx to the primary site of infection, aiding in an
efficient elimination of bacteria, and contributing to improved clinical
outcomes from sepsis.

Materials and Methods
Chemicals and reagents

Fenofibrate and dextran sulfate sodium were purchased from
Sigma-Aldrich (St. Louis, MO). For in vitro experiments, the fibrate
WY-14643 (Sigma-Aldrich, St. Louis, MO) was used as described
(Chinetti et al, 2000). LPS (from Salmonella enterica serovar
typhimurium) was purchased from Sigma-Aldrich (St. Louis, MO),
the CXCR2 antagonist SB225002 from Tocris Bioscience (Bristol,
UK). Wild-type Salmonella enterica serovar typhimurium
(S. typhimurium) strain ATCC14028 (American Type Culture Collec-
tion, Bethesda, MD) was used for all experiments and grown under
sterile conditions in LB broth (Sigma-Aldrich, St. Louis, MO) to late-
logarithmic phase (Nairz et al, 2011).

Induction of S. typhimurium sepsis

All animal experiments were performed according to the guidelines
of the Medical University of Innsbruck and the Austrian Ministry for
Science and Education based on the Austrian Animal Testing Act of
1988 (BMWF-66.011/0012-2007-2010, BMWF-66.011/0059-11/3b/
2013, and BMWF-66.011/0101-11/10b/2010). C57BL/6 and Pparcx_/_
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mice (The Jackson Laboratory and Charles River, Sulzfeld,
Germany) were housed under specific pathogen-free conditions at
the Central animal facility of the Medical University of Innsbruck.
For sepsis induction, male mice were used at 8-10 weeks of age and
infected i.p. with indicated colony-forming wunits (CFU) of
S. typhimurium diluted in 200 ul of PBS (Nairz et al, 2011). Where
indicated, mice were injected i.p. with the CXCR2 antagonist
SB225002 at 10 mg/kg 30 min before Salmonella inoculation
(Alves-Filho et al, 2010). Immediately after injection of bacteria,
mice were set on a standard chow diet or a chow diet supplemented
with 0.2% fenofibrate (Ssniff, Soest, Germany), as indicated
(Chinetti et al, 2000; Mardones et al, 2003). The animals were
monitored twice daily for signs of illness for 10 days. In a subset of
experiments, septic mice were sacrificed 72 h after induction of
sepsis by cervical dislocation, and bacterial counts in organs were
determined as described previously (Nairz et al, 2009, 2011, 2013).

Induction of thioglycollate peritonitis

For induction of sterile inflammation, male C57BL/6 mice were used
at 8-10 weeks of age and injected i.p. with 1 ml 4% thioglycollate
(Sigma-Aldrich, St. Louis, MO). After 12 h, peritoneal leukocytes
were collected by washing the peritoneal cavity with 10 ml PBS,
and cell number was determined by the use of a XE 2100TM cell
counter (Sysmex, Vienna, Austria).

DSS-colitis

Dextran sulfate sodium (DSS)-colitis was induced in 8- to 10-week-old
C57BL/6 mice essentially as described previously (Nairz et al, 2011).
To induce acute colitis, mice were administered 3% DSS dissolved in
drinking water for 5 days. DSS water was then replaced to autoclaved
tap water until the end of experiment on day 8. Body weight, occult or
gross blood, and stool consistency were assessed daily.

Neutrophil influx

We collected peritoneal lavage fluids at indicated time-points after
S. typhimurium infection. Total and differential cell counts were
determined with the XE 2100TM cell counter (Sysmex, Vienna,
Austria). Additionally, differential cell counts were carried out in
smears stained with May-Gruenwald-Giemsa and using FACS analy-
sis as described below. To determine in vivo phagocytosis in lavage
fluids, leukocytes were collected by centrifugation, lyzed in 0.5%
sodium deoxycholic acid (Sigma-Aldrich, St. Louis, MO) as previ-
ously described, and plated on LB agar plates (Sigma-Aldrich, St.
Louis, MO) under sterile conditions in serial dilutions for 24 h
(Nairz et al, 2011).

Neutrophil isolation and chemotaxis assay

We isolated mouse neutrophils from naive C57BL/6 bone marrow by
Ficoll density gradient. Chemotaxis in response to murine CXCL2
(30 ng/ml) (R&D Systems, Minneapolis, MN), LTB4 (100 nM)
(Cayman Chemicals, Ann Arbor, MN), and fMLP (100 nM) (Sigma-
Aldrich, St. Louis, MO) was performed using a modified 48-well
Boyden microchemotaxis chamber (NeuroProbe, Gaithersburg, MD)
as described (Feistritzer et al, 2006). Data are expressed as a
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chemotaxis index, which is the ratio between the distance of directed
and random migration without attractants of neutrophils into the
nitrocellulose filters (Feistritzer et al, 2006; Schroll et al, 2012).

In vitro phagocytosis

Mouse neutrophils were isolated from naive C57BL/6 bone marrow
by Ficoll density gradient and diluted to a final concentration of
2 x 10° per well. Prior to infection, cells were incubated with vehi-
cle (DMSO) or with the fibrate WY-14643 (Wy, 100 uM) for 30 min
at 37°C. Then, neutrophils were infected with S. typhimurium at a
multiplicity of infection (MOI) of 100 for 30 min at 37°C. Infected
cells were washed with gentamicin to kill extracellular bacteria and
harvested in 0.5% sodium deoxycholic acid. The lysates were plated
onto LB agar plates and incubated at 37°C. CFUs were determined
after 24 h.

Neutrophil release of I1L-33 and sST2

Freshly isolated murine neutrophils were incubated with vehicle,
LPS (1 pg/ml), or a combination of LPS and the fibrate WY-14643
(WY, 10 uM) for 15, 30, 60 min, and 12 h. IL-33 and its soluble
receptor ST2 (sST2) in cell culture supernatants were measured by
ELISA. IL-6 measured by ELISA served to verify appropriate LPS
stimulation of the cells.

Macrophage isolation and stimulation with LPS

Resident peritoneal macrophages from naive mice were isolated as
described (Nairz et al, 2011). Macrophages were cultured with vehi-
cle, with LPS (1 pg/ml), or a combination of LPS with the fibrate
WY-14643 (WY, 10 and 100 uM) for the indicated time-points. The
secretion of chemoattractants CXCL1 and CXCL2 was determined by
means of ELISA.

Flow cytometry analysis

Cell surface staining was performed with antibodies against CXCR2
(242216, R&D Systems, Minneapolis, MN) (Alves-Filho et al, 2010),
Grl (RB6-8CS, BD Biosciences, San Jose, CA) (Yang et al, 2002),
CD11b, and F4/80 (both from BD Biosciences, San Jose, CA).
Neutrophils were identified as (Gr1* CD11b" F4/807) (Swirski et al,
2009; Drechsler et al, 2010). Cells were analyzed on a Gallios Flow
cytometer (Beckmann Coulter GmbH, Vienna, Austria). Neutrophil
numbers were calculated as total cells multiplied by percent cells
within the neutrophil gate (Swirski et al, 2009).

Western blot

Freshly isolated murine neutrophils were incubated with vehicle,
with LPS (1 pg/ml), or a combination of LPS and the fibrate WY-
14643 (WY, 10 uM) for 1, and 5 min. Preparation of proteins and
subsequent Western blot analysis were performed as described
(Tancevski et al, 2010). Antibodies against ERK, p-ERK, p38, and
p-p38 were from Cell Signaling (Danvers, MA). The chemolumines-
cent reaction was performed using Super Signal West Dura Reagent
(Pierce, Rockford, IL), and blots were visualized by Fluor-S-Imager
using Quantity One V4.1 software (Bio-Rad, Hercules, CA).
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Immunofluorescence staining

GRK2 staining and its quantification in murine neutrophils was
performed similarly as described by Alves-Filho et al (2010). Bone
marrow-derived murine neutrophils were seeded onto poly-D-
lysine-coated glass coverslips and allowed to attach for 1 h in the
presence of LPS (1 pg/ml), WY (10 uM), or a combination of both.
Subsequently, cells were fixed with ice-cold methanol for 10 min.
The cells were then washed with PBS and blocked with PBS/1%
BSA for 30 min. Coverslips were incubated for 1 h with primary
antibody against GRK2 (dilution 1:50; Abcam, Cambridge, UK), or
isotype control (Dako, Glostrup, Denmark). Alexa-Fluor-555 goat
anti-rabbit (1:250; Invitrogen, Carlsbad, CA) served as secondary
antibody. The cells were visualized using fluorescent microscopy on
a Zeiss Axio Imager M1 microscope (Zeiss, Oberkochen, Germany).
Mean fluorescence intensity was determined by the use of ImageJ
(http://rsbweb.nih.gov/ij/index.html).

ELISA

IL-6, IL-33, sST2, CXCL1, and CXCL2 were measured by the use of
Quantikine mouse ELISA Kkits (R&D Systems, Minneapolis, MN).

RNA isolation, reverse transcription, and Tagman real-time PCR

Total RNA was extracted using RNA bee according to the manufac-
turer’s protocol (Tel-test Inc) and reverse-transcribed with Omni-
script-RT Kit (Qiagen, Hilden, Germany) (Tancevski et al, 2010).
Primers and probes were described previously (Nairz et al, 2011).
HPRT served as reference (Applied Biosystems, Foster City, CA).
Tagman real-time PCRs were performed on a CFX96 PCR System
(Bio-Rad, Hercules, CA).

Measurement of neutrophil oxidative burst

Reactive oxygen species (ROS) production in neutrophils was
determined by flow cytometry, using 2’,7’-dichlorofluorescin diace-
tate (DCF-DA) (Sigma-Aldrich, St. Louis, MO). Freshly isolated
primary murine neutrophils were pre-stimulated with vehicle
(DMSO) or with the fibrate WY (100 uM) for 30 min at 37°C and
then incubated simultaneously with DCF-DA (10 uM) and with
heat-inactivated S. typhimurium at a multiplicity of infection (MOI)
of 10 for 15 min at 37°C. Oxidative burst was measured immedi-
ately using flow cytometry (Gallios, Beckmann Coulter GmbH,
Vienna, Austria). Results are expressed as mean fluorescence
intensity.

MPO assay in neutrophils

To determine myeloperoxidase activity in murine neutrophils, the
MPO ELISA Kit NWK-MPOO03 from Northwest Life Science Special-
ties, LLC (Vancouver, WA) was used according to the manufac-
turer’s protocol.

Statistical analysis

Statistical analysis was carried out using the SPSS statistical package
(IBM, North Castle, NY). We determined significance by unpaired
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The paper explained

Problem

Sepsis is a global health problem with a mortality rate of 60-70%,
accounting for almost 1,000,000 cases/year in industrialized countries.
Facing these high mortality rates and limited new developments of
antibacterial drugs in an era of increasing anti-microbial resistance,
novel treatment options for sepsis are urgently needed.

Results

We show that fibrates, a drug class normally used to treat high blood
lipids, protect from bacterial sepsis in mice by accelerating the
recruitment of neutrophils to sites of infection. By boosting the migra-
tory efficiency of these highly specialized white blood cells, fibrates
promote early clearance of bacteria, thereby drastically reducing
sepsis-driven mortality.

Impact

This study may change the treatment of sepsis in humans. Based on
our results, we suggest that fibrates may be a promising adjunct ther-
apy in the treatment of sepsis by promoting efficient elimination of
bacteria and contributing to improved clinical outcomes from sepsis.

two-tailed Student’s t-tests or by Mann-Whitney U-test to assess
data where only two groups existed. Analysis of variance combined
with Bonferroni correction or Kruskal-Wallis test, as appropriate,
was used for all other experiments. Survival studies were analyzed
with the log-rank test. P <0.05 was considered statistically
significant.

Supplementary information for this article is available online:
http://embomolmed.embopress.org
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