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BACKGROUND AND PURPOSE

Zymosan-induced non-septic shock is a multi-factorial pathology that involves several organs including the kidneys, liver and
lungs. Its complexity and diversity presents a continuing therapeutic challenge. Given their pleiotropic effect, statins could be
beneficial in non-septic shock. One of the molecular mechanisms underlying the anti-inflammatory effect of statins involves
the peroxisome proliferator-activated receptor (PPAR) o.. We used a zymosan-induced non-septic shock experimental model to
investigate the role of PPARc in the anti-inflammatory effects of simvastatin.

EXPERIMENTAL APPROACH

Effects of simvastatin (5 or 10 mg-kg™ i.p.) were analysed in PPARx knock-out (KO) and PPARc wild type (WT) mice after
zymosan or vehicle administration. Organ injury in lung, liver, kidney and intestine was evaluated by immunohistology.
PPARo mRNA expression and nuclear factor-xB activation were evaluated in all experimental groups, 18 h after study onset.
Cytokine levels were measured in plasma, and nitrite/nitrate in plasma and peritoneal exudate. Nitric oxide synthase,
nitrotyrosine and poly ADP-ribose were localized by immunohistochemical methods.

KEY RESULTS

Simvastatin significantly and dose-dependently increased the zymosan-induced expression of PPARc levels in all tissues
analysed. It also dose-dependently reduced systemic inflammation and the organ injury induced by zymosan in lung, liver,
intestine and kidney. These effects were observed in PPARaWT mice and in PPARoKO mice.

CONCLUSIONS AND IMPLICATIONS
Simvastatin protected against the molecular and cellular damage caused by systemic inflammation in our experimental model.
Our results also provide new information regarding the role of PPARc: in the anti-inflammatory effects of statins.

Abbreviations

ALT, alanine aminotransferase; AST, aspartate aminotransferase; HMG-CoA, 3-hydroxy-3-methylglutaryl co-enzyme A
reductase; IL-1B, interleukin 1f; iNOS, inducible NO synthase; MODS, multiple organ dysfunction syndrome; NF-«B,
nuclear factor-xB; PAR, poly ADP-ribose; PEC, peritoneal exudate cells; PPAR, peroxisome proliferator-activated receptor;
PPARoWT, PPARa wild type; PPARoKO, PPARa knock-out; PMN, polymorphonuclear; RXR, 9-cis-retinoic acid receptor;
TNFo, tumour necrosis factor o
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Introduction

Sepsis is defined as an infection-induced systemic inflamma-
tory response that ultimately leads to the multiple organ
dysfunction syndrome (MODS) (Merx et al., 2005). Despite
new treatment approaches such as activated protein C or
low-dose corticosteroids (Siempos et al., 2008), every third
intensive care unit patient in Europe suffers from sepsis
(Vincent et al., 2006) and sepsis is the leading cause of death
in intensive care units (Angus et al., 2003). Sepsis is a very
complex inflammatory syndrome involving activation of
inflammatory cascades, cytokine release and endothelial dys-
function (Remick et al., 2007). Therefore, efforts to inhibit
individual inflammatory mediators may not be sufficient to
arrest the entire inflammatory process. A well-tested experi-
mental model of human MODS is zymosan-induced non-
septic shock. Zymosan is a non-bacterial, non-endotoxic
agent that produces acute peritonitis and multiple-organ
failure characterized by functional and structural changes in
the liver, intestine, lung and kidneys (Cuzzocrea et al., 2007).

Statins, such as simvastatin, are lipid-lowering drugs that
inhibit 3-hydroxy-3-methylglutaryl co-enzyme A (HMG-
CoA) reductase. They are widely prescribed to lower choles-
terol and are the first-line treatment for the prevention of
coronary artery disease and atherosclerosis (Maron et al.,
2000). Simvastatin also exerts important immunomodulatory
and anti-inflammatory effects independent of lipid lowering
(Alvarez de Sotomayor et al., 2008; Fraunberger et al., 2009).
Statins exert pleiotropic effects on endothelium, platelets,
smooth muscle cells and inflammation. Indeed, they improve
endothelial and microvascular function, and reduce inflam-
mation by decreasing the expression of pro-inflammatory
transcriptional factors such as nuclear factor (NF)-xB that
result in decreased expression of cytokines, chemokines and
inducible NO synthase (iNOS) (Jasiniska et al., 2007). Simvas-
tatin inhibits NO production in a murine model of endotoxic
shock by reducing iNOS (Giusti-Paiva ef al., 2004). A large
body of information from retrospective database enquires
and observational studies indicate that statins may be helpful
in sepsis (Gao et al., 2008). However, the clinical benefit of
statin therapy in sepsis has yet to be demonstrated in ran-
domized controlled trials.

The peroxisome proliferator-activated receptor (PPAR)a
belongs to the superfamily of nuclear receptors that are
ligand-activated transcription factors (Abbott, 2009; Fruchart,
2009; receptor nomenclature follows Alexander et al., 2009).
Upon ligand activation, PPARa forms a heterodimer with the
9-cis-retinoic acid receptor (RXR) that regulates gene expres-
sion by binding to specific gene promoter response elements.
PPARa binds a diverse set of ligands including arachidonic
acid metabolites and synthetic fibrate drugs (Sher etal.,
1993). In addition, PPARe plays a pivotal role in the regula-
tion of lipid metabolism, and it also exerts pronounced
anti-inflammatory activities by negatively interfering with
pro-inflammatory signalling pathways including NF-xB
(Marx et al., 2004; Okamoto et al., 2005; Paukkeri et al., 2007;
Becker et al., 2008). We and others have reported that activa-
tion of PPARc resulted in significant anti-inflammatory
effects in various experimental models (Becker ef al., 2008),
including ours (Genovese et al., 2006; 2009; Crisafulli et al.,
2009). We also demonstrated that the absence of PPARo
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increases the degree of multiple organ failure induced by
zymosan in mice (Di Paola etal., 2006). With this back-
ground, we have here evaluated the role of the nuclear recep-
tor PPARa in the anti-inflammatory effects of simvastatin
during systemic inflammation induced by zymosan in a
murine model of non-septic shock.

Methods

Animals

All animal care and experimental procedures complied with
the European Economic Community regulations on protec-
tion of laboratory animals (O] of E.C. L.358/1, 12/18/1986)
and were approved by the local Ethics Committee for Animal
Experimentation and the University of Messina Review Board
for the care of animals. Mice (4-5 weeks old, 20-22 g) with a
targeted disruption of the PPAR«a gene [PPARo knock-out (KO)]
and wild-type (WT) littermate controls (PPARoWT) were pur-
chased from Jackson Laboratories (Harlan Nossan, Milan,
Italy). Mice homozygous for the PparatniJGonz targeted
mutation are viable, fertile and appear normal in appearance
and behaviour. Exon eight, encoding the ligand-binding
domain, was disrupted by the insertion of a 1.14 kb neomy-
cin resistance gene in the opposite transcriptional direction.
After electroporation of the targeting construct into J1 ES
cells, the ES cells were injected into C57BL/6N blastocysts.
This strain was created on B6, 12954 background and was
maintained as a homozygote on a 12984/SvJae background
by brother sister mating. The animals were housed in a room
at a constant temperature of 22 + 2°C and 40-60% relative
humidity with 12 h light/dark cycles and fed a standard labo-
ratory mice diet and water ad libitum. Every effort was made
to minimize both animal number and suffering during the
experiments.

Drug treatment and groups

Mice were allocated to two main groups: PPARoWT (n = 40)
and PPARaKO (n = 40). Each group was randomly divided into
two subgroups: (i) the Sham-operated (SHAM) WT group (n =
20) consisting of PPARaWT mice treated intraperitoneally
(i.p.) with the vehicle (saline solution 0.9 % NacCl); (ii) the
ZYMOSAN WT (ZYM WT) group (n = 20) consisting of
PPARaWT mice treated i.p. with zymosan (500 mg-kg™, sus-
pended in vehicle); (iii) the SHAM KO group (n = 20) consisting
of PPARoKO mice treated i.p. with the vehicle; and (iv) the
ZYMOSAN KO (ZYM KO) group (n = 20) consisting of
PPARoKO mice treated i.p. with zymosan. One and 6 h after
administration of vehicle or zymosan, all four subgroups (n =
80) were treated with simvastatin 5 or 10 mg-kg™' i.p. We used
10 mg simvastatin to obtain the anti-inflammatory effect and
5 mg simvastatin as a submaximal dose. Eighteen hours after
the study onset, lung, liver, kidney, intestine and plasma were
obtained from all the animals.

Reverse transcriptase polymerase chain
reaction (RT-PCR) analysis

Total RNA was extracted from lung, liver and kidney tissues of
all the experimental groups, 18 h after the study onset, using



Trizol reagent (Invitrogen, Milan, Italy) according to the pro-
tocol recommended by the manufacturer. RNAs were treated
with DNase (Promega, Milan, Italy) to remove DNA contami-
nation. The concentration of RNA was measured with a
NanoDrop ND-1000 spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE, USA). RNA integrity was verified
by electrophoresis on denaturing 1% agarose gel (EuroClone,
Milan, Italy). Absence of residual DNA was verified by PCR on
total RNA without reverse transcription. cDNA was generated
from 1ug of each RNA sample. Reverse transcription was
performed at 25°C for 5 min, at 42°C for 30 min and at 85°C
for 5 min (iScript cDNA synthesis Kit, Bio-Rad, Milan, Italy).
The internal mRNA standard was the housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). For
the reverse transcription PCR, 3 uL of cDNA were incubated
with 14.1 uL de-ionized distilled water, 1 uL MgCl,, 2 uL
dNTP, 2.5 uL 10X PCR buffer, 0.4 uL Taq polymerase (Euro-
clone) and primer pairs for target genes. Primers (PRIMM, San
Raffaele Biomedical Science Park, Milan, Italy) were as
follows:

PPARo sense: 5'-AAGCCATCTTCACGATGCTG-3’

PPARa antisense: 5-TCGGAGGTCCCTGAACAGTG-3’

GAPDH sense: 5-TCACTGGCATGGCCTTCC-3’

GAPDH antisense: 5-CCCTCAGATGCCTGCTTC-3’

The PPARa and GAPDH cycling conditions were 30 s of
denaturation at 94°C, 30 s of annealing at 58°C and 30 s of
elongation at 72°C over 30 cycles for all reactions. The PCR
products were separated on 2% agarose gel and visualized
with ethidium bromide staining. Densitometric evaluation of
signal strengths in RT-PCR was performed with Quantity One
software (Gel Doc-2000, Bio-Rad).

Acute peritonitis assessment

At 18 h after zymosan or vehicle injection, animals were
killed under ether anaesthesia. The abdominal cavity was
opened and the peritoneal cavity washed with 3 mL of phos-
phate buffer saline (PBS; composition in mM: NaCl 137, KCI1
2.7, NaH,PO, 1.4, Na,HPO, 4.3, pH 7.4). The peritoneal
exudate and washing buffer were removed by aspiration and
the total volume was measured. Exudates contaminated with
blood were discarded. The peritoneal exudate was centrifuged
at 7000x g for 10 min at room temperature. Cells were sus-
pended in PBS and counted with an optical microscope in a
Burker chamber after vital staining with Trypan blue.

Myeloperoxidase activity

Myeloperoxidase activity, which is an index of polymorpho-
nuclear (PMN) leukocyte accumulation, was determined as
previously described (Cuzzocrea et al., 2007). Illeum and lung
tissues, collected at the specified time point, were homog-
enized in a solution containing 0.5% hexa-decyl-trimethyl-
ammonium bromide dissolved in 10 mM potassium
phosphate buffer (pH 7) and centrifuged for 30 min at
20 000x g at 4°C. An aliquot of the supernatant was allowed
to react with a solution of tetra-methyl-benzidine (1.6 mM)
and 0.1 mM H,O,. The rate of change in absorbance was
measured with a spectrophotometer at 650 nm. Myeloperoxi-
dase activity was defined as the quantity of enzyme degrading
1 umol of peroxide min™ at 37°C, and was expressed in units
per gram weight of wet tissue.

PPARc and simvastatin

Preparation of nuclear and cytoplasmic
protein extracts

Tissue samples of lung, liver and kidney were obtained, 18 h
after the study onset, from all experimental groups and were
washed twice with cold PBS. Cytosolic and nuclear extraction
was performed with two different lysis buffers. Tissues were
homogenized on ice in 500 pL ice-cold hypotonic cytoplas-
mic buffer [10 mM HEPES pH 7.9, 10 mM KCI, 0.1 mM EDTA,
0.1 mM EGTA, 1 mM dithiothreitol (DTT), 0.5 mM phenyl-
methylsulphonyl fluoride (PMSF) with a protease inhibitor
cocktail] using a Politron PT 13 000 D tissue homogenizer
(Kinematica, Bohemia, NY, USA). After 15 min incubation on
ice, the homogenates were centrifuged at 13 000x g for 1 min
at 4°C. Supernatants containing cytoplasmic extracts were
stored at —80°C. Nuclear pellets were resuspended in 334 pL
of high salt extraction buffer (20 mM HEPES pH 7.9, 0.4 M
NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.5 mM PMSF
with a protease inhibitor cocktail), and the tubes were vigor-
ously rocked at 4°C for 30 min on a shaking platform. The
nuclear extracts were centrifuged at 13 000x g for 15 min at
4°C (Dignam et al., 1983). The supernatants were frozen in
aliquots at —-80°C until use. Protein contents were determined
by the Bradford method (Bradford, 1976).

NF-«B nuclear translocation assessment

by Western blot

Proteins from cytoplasmic and nuclear fractions were added
to 2X sodium dodecyl sulphate (SDS) sample buffer [0.125 M
Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 10% B-
mercaptoethanol, 0.004% bromphenol blue], and boiled in a
water bath for 5 min. Protein samples (40 pg per lane) were
separated on denaturing 10% SDS polyacrylamide gel and
transferred to a nitrocellulose membrane. Non-specific
binding to the membrane was blocked for 1 h at room tem-
perature with 5% milk in Tris buffer saline with 0.1% Tween
20 (T-TBS). Membranes were then incubated at 4°C overnight
with primary antibody for nuclear NF-xB p65 (1:1000) and
cytosolic IkB-a (1:500) in 1% T-TBS containing 5% non-fat
dry milk, washed three times with 0.1% T-TBS solution, and
then incubated for 1 h at room temperature with a secondary
antibody (anti-rabbit IgG peroxidase conjugated). Laminin
and GAPDH were used as internal standard for nuclear and
cytosolic extracts respectively. The immunoreactive bands
were visualized using an enhanced chemilumunescence
system (SuperSignal West Femto Maximum Sensitivity Sub-
strate, Pierce, Rockford, IL, USA). The protein bands were
scanned and quantitated with Gel Doc-2000 (Bio-Rad).

Measurement of nitrite/nitrate

Nitrite/nitrate (NO,/NOj3") production, an indicator of NO
synthesis, was measured in plasma and exudate samples col-
lected 18 h after vehicle or zymosan administration. Plasma
was incubated with nitrate reductase (0.1 U-mL™) and nico-
tinamide adenine dinucleotide phosphate (1 mM) and flavin
adenine dinucleotide (50 uM) at 37°C for 15 min, followed by
another incubation with lactate dehydrogenase (100 U-mL™)
and sodium pyruvate (10 mM) for 5 min. The nitrite concen-
tration in the samples was measured by the Griess reaction,
by adding 100 uL of Griess reagent [0.1% (w/v) naphthyleth-
ylenediamide dihydrochloride in H,O and 1% (w/v)
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sulphanilamide in 5% (v/v) concentrated H,PO,; vol. 1: 1] to
the 100 pL sample. The optical density at 550 nm (ODsso) was
measured using an ELISA microplate reader (SLT- Lab Instru-
ments, Salzburg, Austria). Nitrate concentrations were calcu-
lated by comparison with OD550 of standard solutions of
sodium nitrate prepared in saline solution.

Measurement of cytokines

Tumour necrosis factor (TNF)a and interleukin (IL)-1 levels
were measured in plasma samples collected 18 h after
zymosan or vehicle administration. The assay was carried out
by wusing a colorimetric, commercial kit (Calbiochem-
Novabiochem Corporation, San Diego, CA, USA) according to
the manufacturer’s instructions. All cytokine determinations
were performed in duplicate serial dilutions.

Immunohistochemical localization of iNOS,
nitrotyrosine, and poly ADP-ribose (PAR)
Tissues, taken at the end of the experiment, were fixed in
10% (w/v) PBS-buffered formaldehyde, and 8 um sections
were prepared from paraffin-embedded tissues. After
de-paraffinization, endogenous peroxidase was quenched
with 0.3% (v/v) hydrogen peroxide in 60% (v/v) methanol for
30 min. The sections were permeabilized with 0.1% (w/v)
Triton X-100 in PBS for 20 min. Non-specific adsorption was
minimized by incubating the section in 2% (v/v) normal goat
serum in PBS for 20 min. Endogenous biotin or avidin binding
sites were blocked by sequential incubation for 15 min with
biotin and avidin (Santa Cruz, Milan, Italy) respectively. Sec-
tions were incubated overnight with: (i) rabbit anti-
nitrotyrosine antibody (1:500 in PBS, w/v); (ii) with anti-iNOS
antibody (1:500 in PBS, w/v); or (iii) with anti-PAR (1:500 in
PBS, v/v). Sections were washed with PBS, and incubated with
secondary antibody. Specific labelling was detected with a
biotin-conjugated goat anti-rabbit IgG and avidin-biotin per-
oxidase complex. The counter stain was developed with diami-
nobenzidine (brown) and nuclear fast red (red background). To
confirm that the immunoreactions for the nitrotyrosine were
specific, we incubated some sections with the primary anti-
body (anti-nitrotyrosine) in the presence of excess nitroty-
rosine (10 mM). Similarly, to confirm the binding specificity
for iNOS or PAR, we incubated some sections with only the
primary antibody (no secondary) or with only the secondary
antibody (no primary). Under these conditions, there was no
positive staining in the sections, which indicates the validity
of the immunoreaction in all the experiments carried out.

Quantification of organ function and injury
Blood samples were taken 18 h after zymosan or vehicle injec-
tion. The blood sample was centrifuged (1610x g for 3 min at
room temperature) to separate plasma. All plasma samples
were analysed within 24 h in a veterinary clinical laboratory
using standard laboratory techniques. The following enzymes
were measured in plasma as indicators of multiple organ
injury/dysfunction: (i) amylase and lipase as indicators of
pancreatic injury; (ii) alkaline phosphatase, aspartate ami-
notransferase (AST, a non-specific marker for hepatic injury),
alanine aminotransferase (ALT, a specific marker for hepatic
parenchymal injury) and bilirubin as indicators of liver injury
(Baue, 1993); and (iii) creatinine, as an indicator of reduced
glomerular filtration rate, and hence, renal failure.
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Light microscopy

Lung, liver, kidney and intestine samples were taken 18 h
after zymosan or saline injection. The tissue slices were fixed
in Dietric solution (14.25% ethanol, 1.85% formaldehyde,
1% acetic acid) for 1 week at room-temperature, dehydrated
by graded ethanol and embedded in Paraplast (Sherwood
Medical, Mahwah, NJ, USA). Sections (7 um thick) were
de-paraffinized with xylene, stained with haematoxylin/eosin
and observed in an Axiovision Ziess microscope (Milan,
Italy). The segments of each type of tissue were evaluated by
an experienced histopathologist, without knowledge of the
treatments. The following morphological criteria were used
for scoring lung injury: O, normal lung; grade 1, minimal
oedema or infiltration of alveolar or bronchiolar walls; grade
2, moderate oedema and inflammatory cell infiltration
without obvious damage to lung architecture; and grade 3,
severe inflammatory cell infiltration with obvious damage to
lung architecture. The following morphological criteria were
used for scoring kidney injury: the measured parameters
were: (i) tubular damage; (ii) monocyte and macrophage infil-
tration; and (iii) glomerular damage. A semi-quantitative
score (0-4) was assigned based on the masked reading. The
following morphological criteria were used for scoring liver
injury: 0, no damage; 1 (mild), focal oedema and necrosis; 2
(moderate), diffuse swelling, necrosis and hepatocellular
injury; 3 (severe), necrosis with evidence of neutrophil infil-
tration; and 4 (major), widespread necrosis with massive neu-
trophil infiltration and evidence of haemorrhage. The
following morphological criteria were used for intestine
injury: O, no damage; 1 (mild), focal epithelial oedema and
necrosis; 2 (moderate), diffuse swelling and necrosis of the
villi; 3 (severe), necrosis with the presence of neutrophil
infiltrate in the submucosa; and 4 (highly severe), widespread
necrosis with massive neutrophil infiltrate and haemorrhage.

Statistical analysis

All values in the figures and text are expressed as mean =+
standard error (SEM) of the mean of n observations. For the in
vivo studies, n represents the number of animals studied. In
the experiments involving histology or immunohistochem-
istry, the figures shown are representative of at least three
experiments performed on different experimental days. The
results were analysed by one-way ANOVA followed by a Bon-
ferroni post hoc test for multiple comparisons. A P-value less
than 0.05 was considered significant.

Materials

Unless otherwise stated, all compounds were obtained from
Sigma-Aldrich Company (Milan, Italy). Primary anti-
nitrotyrosine antibody were purchased from Upstate (DBA,
Milan, Italy); the primary anti-iNOS, anti-PAR, anti-p65, anti-
IxB-o, anti-laminin antibodies and secondary non-specific
IgG antibody for Western blot analysis were obtained from
Santa Cruz Biotechnology (DBA, Milan, Italy). All the other
reagents used for the Western blot were purchased from Bio-
Rad Laboratories. Reagents and secondary and non-specific
IgG antibody for immunohistochemical analysis were from
Vector Laboratories (DBA, Milan, Italy). All other chemicals
were of the highest commercial grade available. All stock
solutions were prepared in non-pyrogenic saline (0.9% NaCl;
Baxter Healthcare Ltd, Thetford, Norfolk, UK).



Results

Effect of simvastatin on PPARo expression in

the zymosan-induced non-septic shock model

The effect of simvastatin (5 and 10 mg-kg™") on PPARo expres-
sion was measured by RT-PCR in samples of lung (Figure 1A),
liver (Figure 1B) and Kkidney (Figure 1C) tissues from
PPARaWT and PPARoKO mice. Simvastatin induced a dose-
dependent increase of PPARc mRNA in all tissues of ZYM WT
mice compared with the SHAM WT group. The genetic
absence of PPARo. was confirmed by the absence of
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Figure 1

Effects of simvastatin on PPARo. mRNA levels in the zymosan-induced
non-septic shock model. Total RNA was extracted from lung (A), liver
(B) and kidney (C) of all experimental groups, and the levels of mMRNA
encoding PPARa were determined by reverse transcriptase poly-
merase chain reaction. Eighteen hours after zymosan administration
simvastatin treatment induced a dose-dependent increase of PPARc
mRNA levels in the ZYM WT compared with the SHAM WT group.
mRNA levels were normalized with respect to the housekeeping gene
GAPDH, and gene expression values were expressed as arbitrary units
+ SEM of three different experiments. *P < 0.05, significantly differ-
ent from SHAM groups; °P < 0.05, significantly different from vehicle;
#P < 0.05, significantly different from simvastatin 5 mg. KO, knock-
out; PPAR, peroxisome proliferator-activated receptor; WT, wild type;
ZYM, zymosan.

PPARc and simvastatin

mRNA expression in the SHAM and ZYM KO groups
(Figure 1).

Role of the functional PPARo gene in the
anti-inflammatory effect of simvastatin
during zymosan-induced non-septic

shock model

To determine whether PPARa was involved in the anti-
inflammatory property of simvastatin during zymosan-
induced non-septic shock, we evaluated the effect of
simvastatin in PPARoKO and PPARaWT mice treated with
zymosan or vehicle. Acute peritonitis occurred 18 h after
zymosan administration, as shown by the production of
turbid exudate (Figure 2A). The total number of peritoneal
exudate cells (PEC) (Figure 2B) was determined by Trypan
blue staining after i.p. administration of zymosan or vehicle.
The number of PMN leukocytes was significantly higher in
the ZYM WT group than in the SHAM WT group, which
demonstrates the absence of abnormalities in the peritoneal
cavity or fluid of the SHAM WT group.

Zymosan injection was associated with an increase in PEC
counts in ZYM WT group at 18 h, over those in the SHAM WT
group (Figure 2B). Because of the increase in PECs after
zymosan injection, we prepared cytospin samples of PEC to
determine the cell types present in peritoneal exudate.
Wright-Giemsa-stained slides of all controls contained
mostly mononuclear cells including resident macrophages
and lymphocytes and very few PMN neutrophils, as reported
by others (Szabé et al., 1997). All cells appeared healthy and
intact. Eighteen hours after zymosan administration, almost
all cells appeared lysed, and neutrophils could not be distin-
guished from macrophages because of massive phagocytosis
by leukocytes. Therefore, we used carried out cell staining
with specific esterases for neutrophil and macrophages in an
attempt to differentiate between cell populations in the
zymosan-treated animals. In agreement with previous obser-
vations (Szab¢ et al., 1997), we found 90% of mononuclear
cells in the peritoneal cavity together with 10% PMNs in all
sham animals. In contrast, the cells in the samples from the
ZYM WT group could not be identified because of abundant
phagocytosis and lysis of cells.

The absence of the functional PPARa receptor in the ZYM
KO group was accompanied by significantly enhanced
exudate formation (Figure 2A) and PEC counts (Figure 2B).
Treatment with simvastatin significantly and dose-
dependently reduced exudate formation (Figure 2A) and the
PEC count (Figure 2B) in the ZYM WT, but not in the ZYM KO
group.

A hallmark of zymosan-induced MODS is the accumula-
tion of neutrophils in the lung and intestine, which aug-
ments tissue damage. Therefore, we evaluated the extent of
inflammatory cell infiltration in the lung (Figure 2C) and
ileum tissues (Figure 2D) by measuring myeloperoxidase
activity 18 h after zymosan or vehicle administration.
Myeloperoxidase activity in both tissue types was signifi-
cantly higher in the ZYM KO group than in the ZYM WT
group (Figure 2C and D). Treatment with simvastatin signifi-
cantly and dose-dependently reduced myeloperoxidase activ-
ity in ZYM WT, but not in ZYM KO group. On the contrary,
there were no differences between the SHAM groups.
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Effect of PPARc on anti-inflammatory activity of simvastatin against zymosan-induced inflammation. Simvastatin reduced the increase in the
volume of exudate (A), accumulation of polymorphonuclear cells (PMNs, B) in the peritoneal cavity, and myeloperoxidase (MPO) activity levels
in the lung (C) and in the ileum (D) of mice 18 h after zymosan treatment (see Figure 2). The genetic absence of the PPARc receptor blocked the
effect of simvastatin treatment in the ZYM KO group. Data are means + SEM of 10 mice for each group. *P < 0.05, significantly different from
SHAM groups; °P < 0.05, significantly different from vehicle; #P < 0.05, significantly different from simvastatin 5 mg. KO, knock-out; PPAR,

peroxisome proliferator-activated receptor; WT, wild type; ZYM, zymosan.

Role of the functional PPARo gene in the
anti-inflammatory effect of simvastatin on
NF-xB activation

Inactive NF-xB is located in the cytosol, complexed with its
inhibitory protein, IkB. Activation of NF-kB is characterized
by a decrease of cytoplasmic IxB and an increase of nuclear
p6S. Therefore, we evaluated NF-kB activity by Western blot
in lung (Figure 3A and D), liver (Figure 3B and E), and
kidney (Figure 3C and F) tissues from PPARoWT and
PPARoKO mice. Eighteen hours after zymosan administra-
tion, nuclear p65 was higher in the ZYM KO than in the
ZYM WT group (Figure 3D-F). Conversely, cytoplasmic
expression of IkB-o. was lower in the ZYM KO than in the
ZYM WT group (Figure 3A-C). These data suggest that
PPARo: may interfere with NF-xB activation. Simvastatin
treatment, in a dose-dependent manner, significantly
reduced NF-xB activation, decreasing nuclear p65 and
increasing cytoplasmic IxB-o. expression in the ZYM
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group. However, simvastatin did not affect the nuclear
and cytoplasmic fraction of NF-xB in the SHAM group
(Figure 3).

Role of functional PPARo gene in the
anti-inflammatory property of simvastatin on
NO formation and up-regulation of TNFo
and IL-1p levels during zymosan-induced
non-septic shock model

The biochemical and inflammatory changes observed in
zymosan mice were associated with a significant increase in
the volume of exudate and in plasma NO, levels. In fact,
nitrite/nitrate levels were significantly higher in zymosan-
treated mice than in sham mice (Figure 4A and B). Eighteen
hours after zymosan administration, the volume of exudates
and the plasma level of nitrite/nitrate were significantly
higher in the ZYM KO group (Figure 4A and B). Simvastatin
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zymosan.

significantly and dose-dependently reduced the exudate
volume and nitrite/nitrate levels in the ZYM WT, but not in
the ZYM KO group (Figure 4A and B).

Eighteen hours after zymosan administration, TNFo. and
IL-1P levels were significantly higher in the plasma of the

ZYM KO group than in the ZYM WT and SHAM groups
(Figure 4C and D). Simvastatin significantly and dose-
dependently inhibited the release of pro-inflammatory cytok-
ines in the ZYM WT but not in the ZYM KO group (Figure 4C
and D).
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Role of functional PPARa gene in the
anti-inflammatory property of simvastatin on
nitrosative stress and PAR activation

To determine nitrosative stress, we examined iNOS expres-
sion in lung, liver and kidney sections, 18 h after zymosan or
vehicle administration (Figure 5). Immunohistochemical
analysis with a specific anti-iNOS antibody resulted in posi-
tive staining in the lung (Figure 5A, panel a), liver (Figure 5B,
panel a) and kidney (Figure SC, panel a) of the ZYM WT
group. This result was more obvious in the ZYM KO group
(Figure SA-C, panels a-b). All immunohistochemical and his-
tological analysis were performed with the highest dose of
simvastatin (10 mg-kg™) and data from the SHAM groups are
not shown.

Simvastatin inhibited iNOS expression in the lung
(Figure 5A, panel c), liver (Figure 5B, panel c) and kidney
(Figure 5C, panel c¢) of the ZYM WT, but not of the ZYM KO
group (Figure SA-C, panels a-d). Similarly, immunohis-
tochemical analysis with a specific anti-nitrotyrosine anti-
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body, revealed positive staining in the lung (Figure 6A, panel
a), liver (Figure 6B, panel a) and kidney (Figure 6C, panel a)
of the ZYM WT and ZYM KO groups (Figure 6A-C, panels
a-b). Simvastatin inhibited nitrotyrosine staining in the
lung (Figure 6A, panel c), liver (Figure 6B, panel c) and
kidney (Figure 6C, panel c) of the ZYM WT, but not of the
ZYM KO group (Figure 6A-C, panels a—d). Leukocyte infiltra-
tion in tissues has been implicated in the zymosan-induced
release of free oxygen and nitrogen radicals, thereby favour-
ing poly (ADP ribose) polymerase (PARP) activation (Peralta-
Leal etal., 2009). In our study, immunohistochemistry for
PAR, which is an indicator of in vivo PARP activation,
resulted in positive PAR staining in the nuclei of inflamma-
tory cells in the lung (Figure 7A, panel a), liver (Figure 7B,
panel a) and kidney (Figure 7C, panel a) of the ZYM WT and
ZYM KO groups (Figure 7A-C, panels a-b). Simvastatin
inhibited PAR staining in the lung (Figure 7A, panel c), liver
(Figure 7B, panel c¢) and kidney (Figure 7C, panel c) from the
ZYM WT, but not of the ZYM KO group (Figure 7A-C, panels
a-d).
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Figure 5

Immunohistochemical localization of iINOS in the mouse lung, liver and kidney. Eighteen hours after zymosan injection, iNOS positive staining was
more intense in the lung (A, panel b), liver (B, panel b) and kidney (C, panel b) of the ZYM KO compared with the ZYM WT group (A-C, panel
a). Simvastatin inhibited iINOS positive staining in all analysed tissues (A-C, panel c) of the ZYM WT group. The genetic absence of the PPARc
receptor blocked the effect of simvastatin treatment (A-C, panel d). The figure is representative of at least three experiments performed on
different experimental days. iNOS, inducible NO synthase; KO, knock-out; PPAR, peroxisome proliferator-activated receptor; WT, wild type; ZYM,

zymosan.

Role of functional PPARo gene in the
anti-inflammatory property of simvastatin

on zymosan-induced non-septic shock

Pancreatic injury. To determine the effects of simvastatin
treatment on pancreatic injury after zymosan or vehicle
administration, we evaluated plasma levels of amylase and
lipase. In the SHAM groups, administration of vehicle did not
affect plasma levels of amylase or lipase (Figure 8A and B).
Plasma levels of amylase and lipase, which are indicative of
pancreatic injury, were significantly higher in the ZYM KO
than in the ZYM WT and SHAM groups (Figure 8A and B).
Simvastatin significantly and dose-dependently prevented
the increase in plasma levels of amylase and lipase in the ZYM
WT, but not in the ZYM KO group (Figure 8A and B).

Renal dysfunction. To determine the effects of simvastatin
treatment on renal dysfunction after zymosan or vehicle

administration, we evaluated plasma levels of creatinine.
Eighteen hours after zymosan administration, plasma levels
of creatinine, which are indicative of renal dysfunction, were
significantly increased in the ZYM KO group relative to the
ZYM WT and SHAM groups (Figure 8C). Simvastatin signifi-
cantly and dose-dependently inhibited the increase of plasma
levels of creatinine in the ZYM WT, but not in the ZYM KO
group (Figure 8C).

Liver injury. To evaluate the effects of simvastatin treatment
on liver injury after zymosan or vehicle administration,
we measured the plasma levels of alkaline phosphatase
(Figure 8D), AST (Figure 8E), ALT (Figure 8F) and bilirubin
(Figure 8G). Eighteen hours after zymosan administration,
there was a significant increase in the plasma levels of alka-
line phosphatase, AST, ALT and bilirubin, which is indicative
of hepatocellular injury in the ZYM KO group compared with
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Figure 6

Immunohistochemical localization of nitrotyrosine in mouse lung, liver and kidney. Eighteen hours after zymosan injection, nitrotyrosine positive
staining was more intense in the lung (A, panel b), liver (B, panel b) and kidney (C, panel b) of ZYM KO group compared with the ZYM WT group
(A-C, panel a). Simvastatin (10 mg-kg™") inhibited nitrotyrosine positive staining in all analysed tissues (A-C, panel c) of ZYM WT group. The
genetic absence of the PPARa receptor blocked the effect of simvastatin treatment (A-C, panel d). The figure is representative of at least three
experiments performed on different experimental days. KO, knock-out; PPAR, peroxisome proliferator-activated receptor; WT, wild type; ZYM,

Kidney

Zymosan.

the ZYM WT and SHAM groups (Figure 8D-G). Simvastatin
significantly and dose-dependently inhibited plasma levels of
alkaline phosphatase (Figure 8D), AST (Figure 8E), ALT
(Figure 8F), bilirubin (Figure 8G) in the ZYM WT, but not in
the ZYM KO group.

Role of functional PPARo gene in the
anti-inflammatory property of simvastatin

on organ injury caused by zymosan

Histological evaluation of lung (Figure 9A), liver (Figure 9B),
kidney (Figure 9C) and intestine (Figure 9D) sections 18 h
after zymosan administration revealed marked pathological
changes. Lung sections revealed inflammatory infiltration by
neutrophils, macrophages and plasma cells (Figure 9A).
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Hepatic damage was characterized by necrosis of hepatocytes
(Figure 9B). In the kidney, there was extravasation of neutro-
phils as well as tubular injury (Figure 9C). In the intestine,
there was infiltration of inflammatory cells, oedema in the
space bounded by the villus, and separation of the epithelium
from the basement membrane (Figure 9D). Absence of the
functional PPARo gene in the ZYM KO group resulted in a
significant enhancement of lung (Figure 9A, panel b), liver
(Figure 9B, panel b), kidney (Figure 9C, panel b) and intes-
tine (Figure 9D, panel b) injury. Simvastatin reduced lung
(Figure 9A, panel c¢), liver (Figure 9B, panel c), kidney
(Figure 9C, panel c) and intestine (Figure D, panel c¢) injury in
the ZYM WT, but not in the ZYM KO group (Figure 9A-D,
panels a—d). These effects were quantified with a histological
score and are shown in Table 1.
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Figure 7
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Immunohistochemical localization of PAR in mouse lung, liver and kidney. Eighteen hours after zymosan injection, PAR positive staining was more
intense in the lung (A, panel b), liver (B, panel b) and kidney (C, panel b) of the ZYM KO group compared with the ZYM WT group (A-C, panel
a). Simvastatin inhibited PAR positive staining in all analysed tissues (A-C, panel c) of the ZYM WT group. The genetic absence of the PPARc
receptor blocked the effect of simvastatin treatment (A-C, panel d). The figure is representative of at least three experiments performed on
different experimental days. KO, knock-out; PAR, poly ADP-ribose; PPAR, peroxisome proliferator-activated receptor; WT, wild type; ZYM, zymosan.

Discussion

This study shows that the PPARa receptor is involved in the
anti-inflammatory effect of simvastatin in an experimental
model of zymosan-induced multiple organ failure. In particu-
lar, exposure of lung, liver, kidney and intestine to simvasta-
tin reduced multiple organ dysfunction, increased PPAR«
expression, and decreased the development of zymosan-
induced acute peritonitis, PMN leukocyte infiltration, activa-
tion of transcription factor NF-xB, NO formation, cytokine
expression, nitrosative stress and PAR activation.

Statins are competitive inhibitors of HMG-CoA reductase,
and thus decrease endogenous cholesterol formation. In addi-
tion to their effect on plasma lipid concentrations, statins
exert such pleiotropic activities as anti-platelet, anti-oxidant,
anti-inflammatory and immunomodulatory activity (Fehrana
et al., 2009; Liu et al., 2009). Cross-talk between statins and

PPARo was first demonstrated by Martin etal. (2001) in
human HepG2 hepatoma cells, and subsequent studies
showed that statins increase PPARoc mRNA levels (Landrier
et al., 2004; Sanguino et al., 20035).

We found that both low and high doses of simvastatin
dose-dependently increased PPARo: mRNA expression in lung,
liver and kidney tissues. PPARa has previously been impli-
cated in the acute anti-inflammatory effect of simvastatin in
vitro and in vivo (Paumelle et al., 2006). Our data show that
simvastatin significantly reduced the development of acute
peritonitis, leukocyte infiltration and exudate formation
during zymosan-induced non-septic shock and that these
effects were less evident in PPARoKO mice. Moreover, bio-
chemical and histological evaluations showed that simvasta-
tin reduced the multiple organ dysfunction induced by
zymosan. The increased expression of PPARo could be one
of the possible anti-inflammatory mechanisms of statins
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Effect of PPARc on the anti-inflammatory effect of simvastatin against zymosan-induced organ dysfunction. The increase in plasma amylase (A),
lipase (B), creatinine (C) (U-L™"), alkaline phosphatase (D), AST (E), ALT (F) and bilirubin (G) at 18 h after zymosan administration (see Figure 8)
was inhibited by simvastatin. The genetic absence of the PPARc receptor significantly blocked the effect of simvastatin treatment. Data are means
+ SEM of 10 mice for each group. *P < 0.05, significantly different from SHAM groups; °P < 0.05, significantly different from vehicle; #P < 0.05,
significantly different from simvastatin 5 mg. KO, knock-out; PPAR, peroxisome proliferator-activated receptor; WT, wild type.

involved in the complete recovery of the functionality and
structure of organs exposed to zymosan. These data are in line
with our previous study demonstrating that the absence of
the PPARc functional gene enhances the degree of multiple
organ failure induced by zymosan (Di Paola et al., 2006).

A number of experimental studies indicate that PPAR«x
exerts its anti-inflammatory effects by diverse mechanisms.
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PPARo induced catabolism of lipid pro-inflammatory media-
tors thus, negatively controlling inflammation (Becker et al.,
2008). In addition, PPAR« interferes with the activity of the
transcription factors AP-1, NF-xB and STAT-1, thereby pro-
moting the signal transduction of cytokines, lipopolysaccha-
rides and interferons (Delerive efal., 2001). Here, we
demonstrate that in absence of PPARo gene, zymosan
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Figure 9

Morphological changes in lung, liver, kidney and intestine, 18 h after zymosan administration. The histological alterations observed at 18 h after
zymosan injection in the lung (A, panel b), liver (B, panel b), kidney (C, panel b) and intestine (D, panel b) of the ZYM KO group were more evident
than in the ZYM WT group (A-D, panel a). Simvastatin reduced histological alterations in all analysed tissues (A-D, panel c). The genetic absence
of the PPARo receptor significantly blocked the effect of simvastatin treatment (A-D, panel d). The figure is representative of at least three
experiments performed on different experimental days. KO, knock-out; PPAR, peroxisome proliferator-activated receptor; WT, wild type; ZYM,

Zymosan.

induced a more severe inflammatory response. Simvastatin
significantly and dose-dependently reduced NF-kB activation
in lung, liver and kidney tissues in zymosan PPARaWT and
PPARoKO mice. These data are in line with our previous
findings that highlighted the importance of PPARc gene pres-
ence in the inflammatory response (Crisafulli and Cuzzocrea,
2009; Crisafulli etal.,, 2009). In systemic inflammation,
various mediators stimulate the overproduction of the induc-

ible isoform iNOS which then produces large amounts of NO
that is an important factor in the development of septic and
non-septic shock (Heemskerk et al., 2009; Draisma etal.,
2010; Fortin et al., 2010). iNOS expression may be induced by
cytokine combinations such as TNFo and interferon-y, via the
transcription factor NF-xB. In our experimental model of
non-septic shock, simvastatin reduced the zymosan-induced
up-regulation of nitrite/nitrate levels, TNFa, IL-1B and iNOS
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Table 1

Histological scoring of lung, liver, kidney and intestine

Lung Liver Kidney Intestine

SHAM WT ND ND ND ND

SHAM KO ND ND ND ND

SHAM WT + statin (10 mg-kg™) ND ND ND ND

SHAM KO + statin (10 mg-kg™) ND ND ND ND

ZYM WT 2.6 = 0.12* 2.74 = 0.11* 2.24 = 0.13* 245+ 0.1*
ZYM KO 3.4 +£0.0*% 3.7 £0.14* 3.12 £ 0.17* 3.22 £ 0.2*
ZYM WT + statin (10 mg-kg™) 0.85 = 0.11* 0.62 = 0.09*° 0.92 + 0.09*° 0.45 + 0.08*
ZYM KO + statin (10 mg-kg™") 3.2 £0.12%° 3.5 £ 0.12%° 298 = 0.11*° 2.78 = 0.1

The above parameters were evaluated 18h after zymosan (ZYM) injection.
Data are means = SEM of 20 mice for each group. *P < 0.01 vs SHAM; °P < 0.01 vs ZYM WT; °°P < 0.01 ZYM KO statin vs ZYM WT + statin.

KO, knock-out; ND = not detectable; WT, wild type.

in all tissues analysed. In addition, PARP plays a pivotal role
in oxidative/nitrosative stress-related pathology. Moderate
activation of PARP can be of physiological importance
because it enhances DNA repair (Martin et al., 2008); on the
other hand, PARP overactivation results in the tissue damage
associated with myocardial reperfusion injury, diabetes and
shock (Cuzzocrea and Wang, 2005; Pacher and Szabo, 2008).
In particular, the reactive oxygen species/NF-kB/PARP
pathway is involved in the multiple inflammatory responses
induced in shock. In our experimental model, simvastatin
significantly reduced the immunohistochemical distribution
of PAR in organs injured by zymosan, and then the activation
of the PARP pathway. As observed with the inflammatory
markers, the protective effect of the statin was less evident in
PPARoKO groups.

In conclusion, we demonstrate that statins exert pleiotro-
pic effects in a model of zymosan-induced non-septic shock
by preventing, at both molecular and cellular level, organ
damage consequent to a powerful inflammatory response.
One of these pleiotropic effects could involve an increased
PPARa expression. These and our previous data (Di Paola
et al., 2006; Crisafulli ef al., 2009) help to clear one of the
molecular pathways, whereby simvastatin exerts a beneficial
effect on systemic inflammation and organ injury.
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