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Pretreatment with peroxysome
proliferator-activated receptor o agonist
fenofibrate protects endothelium in rabbit
Escherichia coli endotoxin-induced shock

Abstract Objective: To investigate
the effects of fenofibrate, an activator
of peroxysome proliferator activated
receptor (PPAR) a, on vascular en-
dothelium and on hemostasis in a
rabbit endotoxic shock model. Design
and setting: Prospective laboratory
study in a university laboratory.
Subjects: 36 male New Zealand rab-
bits weighing 2.5-3 kg. Interven-
tions: We determined in vitro vascu-
lar reactivity, endothelium CD31-
platelet/endothelial cell adhesion
molecule (PECAM) 1 immunohisto-
chemistry, plasma coagulation fac-
tors, and monocyte tissue factor ex-
pression 5 days after onset of endo-
toxic shock (0.5 mg/kg intravenous
bolus, Escherichia coli lipopolysac-
charide) with or without treatment by
fenofibrate (mixed in the chow at a
concentration of 0.5%) for 15 days
before lipopolysaccharide injection
and 5 days afterward. Measurements
and results: Metabolic acidosis and

coagulation activation confirmed
presence of shock. Fenofibrate de-
creased monocyte tissue factor ex-
pression. It improved endothelial-de-
pendent relaxation at 5 days
(Emax=68.2+3.3%, vs. 44.2+2.5% in
the non-treated group). Endotoxin-
induced deendothelialization was
significantly decreased by fenofibrate
at 5 days (8.5+1.3% vs. 19.2+3.1% in
the nontreated group). Conclusions:
These data indicate for the first time
that fenofibrate, an activator of
PPAR-a, inhibits monocyte tissue
factor expression and protects against
endothelial dysfunction and histo-
logical injury in endotoxin-induced
shock.
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Introduction

Septic shock is often associated with vascular damage,
hemostasis activation, and development of disseminated
intravascular coagulation leading to multiple organ dys-
function and death [1]. In such conditions morphological
and functional endothelial abnormalities are involved in
the development of circulatory failure [2, 3, 4]. Mor-
phological injuries are characterized by endothelial de-
tachment and denudation (reaching approx. 20-25% of
the endothelial surface [5, 6, 7]), associated with coagu-
lation activation through monocyte tissue factor (TF)

expression [1, 7] and with impaired endothelium-medi-
ated vasorelaxation [7]. Furthermore, sepsis alters the
nitric oxide pathway with a reduction in endothelial
constitutive nitric oxide synthase (NOS) expression and
overexpression of vascular smooth muscle cell inducible
NOS (iNOS). Overall these phenomenons provide the
refractory hypotension and altered tissue perfusion ob-
served during septic shock. It has been demonstrated in
human volunteers that endotoxin injection is associated
with prolonged coagulation activation and endothelial
injury. In a rabbit endotoxin shock model we have re-
ported that endothelial injuries and monocyte TF ex-
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pression are sustained, persisting longer than 5 days after
a single injection of lipopolysaccharide (LPS) [7]. Per-
sistence of inflammatory process via the nuclear factor
(NF) kB pathway could explain at least in part the pro-
longed endothelial and monocyte alterations. The ana-
tomical and functional injuries were observed to be cor-
rected approx. 21 days after LPS injection [7]. Perox-
ysome proliferator activated receptor (PPAR) e belongs
to the nuclear receptor superfamily [8] which by het-
erodimerization with the retinoid receptor binds to spe-
cific peroxysome proliferator response elements in the
promoter of target genes and regulates their transcription.
Particularly PPAR-a controls genes relevant to the reg-
ulation of lipid metabolism and inflammatory process [9,
10]. Recently this ligand-dependent transcription factor
was localized in endothelial cells [11], as previously
identified in smooth muscle cells [12] and in monocytes-
macrophages [13]. Overall PPAR-a appears an interest-
ing target to control the inflammatory process at the level
of vascular wall [14]. It has recently been demonstrated
that activation of PPAR-a by fenofibrate has neuropro-
tective effects associated with the prevention of ischemia-
induced expression of vascular cell adhesion molecule
(VCAM) 1 and intercellular adhesion molecule (ICAM)
1, a decrease in cerebral oxidative stress, and an im-
provement in middle cerebral artery sensitivity to endo-
thelium-dependent relaxation [15] and also has a cardio-
protective effect with reduced myocardial infarct size and
improved postischemic contractile dysfunction [16].
Fibrates are synthetic ligands for PPAR-e, which are
known mainly for their lipid-lowering activity [17, 18].
However, fibrates have recently been shown to exert
vascular anti-inflammatory activity via PPAR-a by an-
tagonizing at least in part the NF-xB pathway with a
decrease in plasma concentrations of inflammatory cy-
tokines, such as interleukin 6 and tumor necrosis factor
(TNF) e [12, 19, 20]. Furthermore, in the human mono-
cytic leukemia THP-1 cell line PPAR-a agonists inhibit
the upregulation of TF expression occurring after stimu-
lation of these cells with LPS or IL-145 [21]. In this model
it is thought that fibrates-induced modulation of TF ex-
pression occurs via cross-talk of PPAR-a with other
transcription factor such as Jun, Fos, and NF-xB.
Therefore both the anti-inflammatory action and the
prevention of coagulation activation could be interesting
for PPAR-a agonists to prevent endothelium damage in
septic shock. This study was conducted to investigate for
the first time in an animal model the long-term effect of
fenofibrate on endothelium in a well-characterized rabbit
endotoxin-induced shock model [7, 22, 23, 24].

Methods

Study protocol

The animal experiments were approved by the French
Agricultural Office for the care of animal subjects, and
the care and handling of the animals were in agreement
with European Union laws on animal research. We used
36 male New Zealand white rabbits weighing 2.5-3 kg
(Charles River Laboratory, France). Animals were
maintained throughout on a standard rabbit chow diet
with food (100 g/day) and water ad libitum. Rabbits were
randomly assigned to one of four groups. In two endo-
toxin groups conscious animals were rapidly injected in-
travenously with 0.5 mg/kg body weight purified LPS
endotoxin (Escherichia coli serotype O55:B5 from a
single batch, Sigma Chemical, St. Louis, Mo., USA)
without (LPS group, n=12) or with fenofibrate supple-
mentation (LPS+FENO group, n=_8). In two sham groups
animals were injected intravenously with saline without
(control group, n=10) or with fenofibrate supplementation
(FENO group, n=6). All animals were killed 5 days after
LPS or saline injection under general anesthesia. The
number of rabbits per group was chosen on the basis of
our previous studies which demonstrated that at least six
animals/group are necessary to show statistical differ-
ences [7, 22, 23, 24].

Fenofibrate mixed with standard chow at 0.5%
(500 mg/day=200-250 mg/kg per day) was initiated
15 days before LPS or saline injection and maintained for
5 days afterward. Since it has been demonstrated that
rabbits do not develop hepatomegaly at doses that do
induce hepatomegaly in rats and on the basis of a previous
study showing a hypolipidemic effect of fenofibrate at
0.5% [25], we chose a higher dose than that used in
studies performed in rodents [26].

Arterial blood gas was analyzed 4 h after LPS or saline
injection. Hematological and coagulation parameters,
liver variables, and plasma creatine kinase (CPK) were
measured on day 5. Bilirubin concentration was deter-
mined by the Jendrassik-Grof method. In the presence of
caffeine accelerator total bilirubin couples with diazotized
sulfanilic acid to form a red azobilirubin dye (color in-
tensity proportional to the bilirubin concentration). Bili-
rubin is determined directly without caffeine additive.
Alanine aminotransferase (ALAT) and aspartate amino-
transferase (ASAT) were measured by a UV test to a
standardized method (Roche Diagnostics, Mannheim,
Germany). Alkaline phosphatase analysis used a coloro-
metric assay in accordance with a standardized method
(Roche Diagnostic). p-Glutamyltranspeptidase was ana-
lyzed in accordance with an enzymatic colorimetric assay
in accordance with the Szasz method (Roche Diagnos-
tics). Analysis of all these liver parameters were per-
formed on a Hitachi-747 automated chemistry analyzer
(Roche Diagnostics). Plasma CPK concentration was
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determined with an enzymatic and cinetic method in
presence of N-acetyl-L-cysteine used as an activator of
CPK and performed on a Beckman Synchron LX20-Pro
automated chemistry analyzer (Beckman Coulter). On
day 5 we assessed the liver weight as a proportion of body
weight assessing therapeutic observance, in vitro vascular
reactivity, and endothelium CD31-PECAMI immunore-
activity.

In vitro vascular reactivity

The descending abdominal aorta was removed rapidly by
laparotomy under general anesthesia (pentobarbital,
30 mg/kg; Specia, Paris, France) and immersed in iced
oxygenated Krebs-Henseleit solution (in mmol/l: NaCl
118, KCI1 4.6, NaHCO;5 27.2, MgSO, 1.2, KH,PO,4 1.2,
CaCl, 1.75, Na, EDTA 0.03, and D-glucose 11.1,
pH=7.35-7.45). Intravenous heparin (500 IU/kg; Pan-
pharma, France) was given before removal of the aorta to
prevent coagulation. Vessels were cleaned of surrounding
fat, connective tissue, cut into rings 3—4 mm long (four
rings/aorta). Two rings were functionally denuded of
endothelium by slightly rubbing the luminal wall with a
wooden applicator. All rings were mounted progressively
under 8 g resting tension (previously determined as the
optimal point of their length-tension relationship) on
stainless hooks in organ chambers (Radnoti Glass Tech-
nology, Monrovia, Calif., USA) filled with 40 ml warmed
(37°C) and oxygenated (95% oxygen/5% CO,) Krebs-
Henseleit solution [27]. Rings were connected to force
transducers, and changes in isometric force were recorded
continuously. The output from the transducers was am-
plified by signal conditioners and sent to an Intel 486-
based computer for analog-to-digital conversion. After a
1-h equilibration period the presence or absence of
functional endothelium was verified by addition of ace-
tylcholine (ACh; 3.107 mmol/l; Sigma Chemical) to
rings precontracted with phenylephrine (PE; 3.1077
mmol/l; Sigma Chemical). After a new 30 min stabili-
zation period at the resting tension cumulative concen-
tration response curves were determined for PE (107°-
3.10~ mmol/l). The presence of a vascular smooth
muscle cell iNOS was determined by performing the same
protocol in presence of N°-nitro-L-arginine methyl ester
(L-NAME; 3.107° mmol/l; Sigma Chemical) in vessels
without endothelium. Endothelium-derived vascular re-
activity was assessed by application of the following: (a)
the receptor-dependent endothelium-dependent vasodila-
tor agonist ACh (10_9—3.10_5 mmol/l), (b) the receptor-
independent endothelium-dependent vasodilator agonist
calcium ionophore A23187 (107°=3.10"° mmol/I; Sigma
Chemical), and (c) the endothelium-independent vasodi-
lator sodium nitroprusside (SNP; 107°-3.107° mmol/l,
Sigma Chemical). PE, ACh, SNP, and L-NAME were
dissolved in deionized water.

Immunohistochemical staining of vascular endothelium

Aortic segments were fixed with paraformaldehyde 4%
and cryoprotected by immersion in sucrose 30%. Tissues
were embedded in optimal cutting temperature, frozen in
isopentane and stored at —80°C. Tissue sections were cut
6 um thick. The endothelial cell layer was stained by
using a CD31-PECAMI antibody. Air-dried frozen sec-
tions were incubated with peroxidase blocking reagent,
rinsed in phosphate-buffered saline (PBS) for 10 min and
blocked with 10% horse serum in PBS for 10 min. The
sections were incubated at 37°C overnight with a mouse-
prepared monoclonal primary antibody to CD31 (Dako,
Carpinteria, Calif., USA) diluted 1:20 in PBS. After PBS
washings an antimouse biotinylated secondary antibody
was applied for 1 h. The sections were washed with PBS
and incubated with avidin-biotin-peroxidase preformed
complex (Vectastain Elite ABC Peroxydase kit, Vector
Laboratories, Burlingame, Calif., USA) for 1 h. The
peroxidase activity was revealed using hydrogen peroxide
and diaminobenzidine as a chromogen. Sections were
counterstained with hematoxylin and mounted with Per-
mount (Fisher Scientific, Elancourt, France). In each ex-
periment negative controls without the primary antibody
were included to check for nonspecific staining.
Quantification of endothelial injury used three non-
consecutive cross-sections per aortic segment photomi-
crographed microscopically (Axioskop20; Zeiss, France).
After photographic reconstruction of each tissue section,
each picture was digitalized for computerized analysis
(Color Image 1.32 software). The surface area of endo-
thelial cell injury (including three types: subendothelial
vacuolization, detachment of endothelial cells, and en-
dothelial denudation) was measured and expressed as
proportion of total circumference of each section.

Hematological and coagulation studies
Hematological and coagulation variables

On day 5 arterial blood samples were collected on EDTA
and used for blood cells counts (Coulter MAXM; Beck-
man Instruments). Total white blood cell counts were
verified manually. Peripheral blood smears for differen-
tial white cell counts were stained with May-Griinwald-
Giemsa. Factor II, V, and VII levels were determined by
an automated clotting assay (STA; Stago, Asnieres,
France) using calcified rabbit brain thromboplastin and
human factor deficient plasma (Stago). Prothrombin index
was measured by an automated clotting assay by using
calcified rabbit brain thromboplastin (Stago). Fibrinogen
levels were measured by the Clauss technique (Biomér-
ieux, Lyon, France).
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Isolation of mononuclear cells and TF activity assay

Mononuclear cells were isolated by gradient centrifuga-
tion (MSL, density=1.077+0.001, Laboratories Eurobio,
Les Ulis, France), washed twice, and resuspended in
RPMI 1640 (Gibco Life Technologies, Eragny, France)
(3x10° cells/ml). Cell viability was higher than 98% as
assessed by the trypan blue test. All reagents, test tubes,
and culture supplies used were free of endotoxin, as de-
termined by the chromogenic limulus amebocyte lysate
assay. The sensitivity of this assay was 0.025 U endo-
toxin/ml. Aliquots of cell preparations (3x10° cells/ml)
suspended in RPMI 1640 without fetal calf serum were
cultured for 16 h at 37°C in a humidified 5% CO, at-
mosphere, without or with stimulation by endotoxin at
1 pg/ml, which corresponded to 5000 U endotoxin/ml (E.
coli O55:B5, Sigma Chemical). These are referred to as
unstimulated and stimulated cells, respectively. By the
end of the incubation period mononuclear cells were re-
suspended and frozen at —80°C. TF activity was deter-
mined with a modified amidolytic assay [28, 29]. Lysed
cell suspensions (50 pl) were incubated at 37°C in a mi-
crotiter plate (2 min) and were mixed with 0.25 mol/l
CaCl, (50 pl; 3 minincubation) and prothrombin con-
centrate complex (Laboratoire de Fractionnement et des
Biotechnologies, Les Ulis, France) as a source of factor
VII (50 pl, 3 Ul/ml) and factor X (6 Ul/ml). After addition
of 50 pl chromogenic substrate S2765 (Biogenic, Maurin,
France), the change in optical density at 410 nm was
quantified with a microplate reader and converted to units
of TF activity from log-log plots of serial dilutions of
rabbit brain thromboplastin (Néoplastine CI Plus, Stago).
Arbitrarily 1 ml thromboplastin was assigned a value of
1000 U/ml TF. Results were expressed as mU/1.5x
10° mononuclear cells.

Statistical analysis

Results are presented as mean +SEM, n=number of rab-
bits. Hematological and coagulation values were com-
pared using Student’s unpaired ¢ test. Liver variables and
CPK plasma levels were compared using the Mann-
Whitney test. The concentrations of agonist causing half-
maximal contraction or relaxation (ECsg) were calculated
by nonlinear semilogistic regression analysis. ECsq values
were compared using the Mann-Whitney test. Relaxation
to the vasodilator agents is expressed as proportional re-
duction in the maximal contraction to PE. Mean inter-
group differences were tested by repeated measures
analysis of variance, followed by Scheffé’s least-signifi-
cant-difference test. Significance was set at p<0.05.

Results

Clinical parameters

Because all animals were killed at 5 days, 5-day survivors
were considered permanent survivors. No death was ob-
served in control or FENO groups. Mortality was 33.3%
in the LPS group (4 deaths/12) with rabbits dying within
the first 4 h following LPS injection. With fenofibrate
supplementation there was a trend to decreased mortality
in LPS+FENO animals to 12.5% (1 death/8; NS vs. LPS
group). Compared with the baseline values there was a
significant body weight loss on day 5 of 6.7+1.1% in
FENO (p<0.05), 11.7£1.5% in LPS (p<0.05), and
17.5+£1.3% in LPS+FENO groups (p<0.05).

Ex vivo measurements
Arterial blood-gas analyses

Compensated metabolic acidosis confirmed endotoxic
shock at H4 [pH 7.52+0.03, bicarbonate 15.50+
0.67 mmol/l, PaCO, 19.35+0.53 (LPS) vs. pH 7.41+
0.02, bicarbonate 30.00+1.53 mmol/l, PaCO, 39.33+1.45
(control), p<0.05 for all parameters). Fenofibrate treat-
ment was associated with a trend toward improvement in
acidosis (LPS+FENO: pH 7.51+0.04, bicarbonate
21.28+2.85 mmol/l, PaCO, 23.07+2.73, p<0.05 for bi-
carbonate vs. LPS).

Liver parameters

Rabbits supplemented with fenofibrate did not develop
hepatomegaly. On day 5 liver weight remained stable
between groups with 2.7+0.2% of body weight (control),
3.1+0.3% (FENO), 2.8+0.2% in (LPS+FENO), and
2.7£0.1% (LPS). In the FENO group alkaline phosphatase
was less than control (105.5+16.7 vs. 347.6+32.9 1U/,
p=<0.05). No significant difference in liver variables was
observed between LPS and LPS+FENO groups (data not
shown). Finally, treatment with fenofibrate induced a
significant increase in plasma CPK [590+100 (FENO) vs.
315+17 IU/ (control), p<0.05; 1318+314 (LPS+FENO)
vs. 558+74 1U/1 (LPS), p<0.05).

Hematological and coagulation parameters

Among hematological variables LPS administration was
associated with a significant increase in leukocytes and
thrombocytemia (Table 1). Fernofibrate treatment also
induced a significant decrease in platelet count in both
endotoxinic and nonendotoxinic animals (Table 1).
Among coagulation variables the value of prothrombin
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Table 1 Hematological vari-
ables on day 5 (CTRL control
group, LPS animals that re-
ceived LPS alone, LPS+FENO
animals that received LPS and
FENO, FENO animals that re-
ceived fenofibrate alone, n
number of rabbits)

Table 2 Coagulation variables
on day 5 (CTRL control group,
LPS animals that received LPS
alone, LPS+FENQO animals that
received LPS and FENO,
FENO animals that received
fenofibrate alone, n number of

CTRL (n=10) FENO (n=6)  LPS (n=8) LPS+FENO (n=7)
Leukocytes (10°/mm?>) 5.1+0.3 6.4+0.6 7.9+0.5% 9.5+0.8*
Neutrophils (10°/mm?) 1.7420.11 2.17+0.43 2.29+0.33 3.1120.37*
Lymphocytes (10%/mm?) 2.670.30 3.07+0.40 2.92+0.34 2.33+0.40
Monocytes (10*/mm?) 0.18+0.03 0.22+0.09 0.4520.09* 0.53%0.09*
Hemoglobin (g/1) 12.7+0.3 12.0£0.3 11.5+0.6 10.9+0.4*
Hematocrit (%) 37.5£1.5 38.3+0.9 34.0+1.8 35.9+1.4
Platelets (10°/mm?) 399+34 18556 661+83* 381436+
*p<0.05 vs. CTRL, **p<0.05 vs. LPS

CTRL (n=10) FENO (n=6)  LPS (n=8) LPS+FENO (n=7)
Prothrombin index (%) 98+3 97+4 95+3 113£3%%*
Fibrinogen (g/1) 3.520.1 3.320.3 9.2+0.9% 10.3+0.7%*
Factor II (%) 87+3 103+8%* 13847 17095
Factor V (%) 81+3 94+7 166+15% 225405k
Factor VII (%) 9543 126+14% 167+9%* 266+27*

rabbits)

*p<0.05 vs. control, **p<0.05 vs. LPS

O without stimulation * g
O with stimulation L

2000 -
1600 -
1200 -

800

1A Al

CTRL FENO LPS LPS+FENO
n=10 n=6 n=8 n=7

Monocyte TF expression
(mU/150000 mononuclear cells)

Fig. 1 Expression of monocyte tissue factor (TF) on day 5 with or
without stimulation in vitro (stimulation obtained in culture in the
presence of 1 pg/ml endotoxin). CTRL Control group; LPS: animals
that received LPS alone; LPS+FENQO animals that received LPS
and FENO; FENO animals that received fenofibrate alone; n
number of rabbits. *p<0.05 vs. CTRL; §p§0.05 vs. LPS

index was significantly higher in the LPS+FENO group
than in other groups (Table 2). LPS increased fibrinogen
and factors II, V, and VII plasma concentration compared
to controls (Table 2). On day 5 supplementation with
fenofibrate in endotoxinic animals had significantly in-
creased these previous parameters compared to the LPS

group.

Monocyte TF expression on day 5

Fenofibrate alone did not induce monocyte TF expression
on day 5. LPS administration increased monocyte TF
expression in both unstimulated and stimulated cells
compared to controls (Fig. 1). However, in unstimulated

cells pretreatment with fenofibrate in septic animals
blunted TF expression to 18+6 mU/ 1.5%10° mononuclear
cells vs. 180+79 mU/1.5x10° mononuclear cells in the
LPS group. In stimulated cells a higher level in TF ex-
pression was observed in the LPS+FENO group than in
the LPS group, suggesting the higher ability of supple-
mented animals to respond to further endotoxin stimula-
tion.

In vitro vascular reactivity: vascular contraction

LPS significantly modified sensitivity to PE on day 5. The
PE ECs of rings with endothelium (E™) and rings without
endothelium (E™) were similar but differed significantly
from controls (Fig. 2a). Fenofibrate supplementation in
LPS animals failed to restore the difference in sensitivity
between E* and E~ aortic rings (LPS+FENO). In the
FENO group there was no longer endothelium-dependent
contraction modulation because PE ECs, was similar in
E* and E~ aortic rings, as was observed in LPS group
(Fig. 2a). In E™ rings LPS decreased the sensitivity to PE
vs. controls. This difference was abolished after in vitro
incubation of L-NAME and was not observed in E™ rings
from fenofibrate-treated rabbits (NS, LPS+FENO vs.
LPS; Fig. 2b). In the FENO group fenofibrate decreased
the sensitivity to PE of E™ rings vs. controls. This dif-
ference was not abolished after in vitro incubation of L-
NAME (Fig. 2b). The maximal vasoconstrictor response
to PE did not differ significantly between groups (data not
shown).
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Fig. 2 Phenylephrine concen- 0.6 -
tration eliciting 50% of maxi-
mal constraction response
(ECsp) in different groups.
CTRL Control group; LPS ani-
mals that received LPS alone;
LPS+FENO animals that re-
ceived LPS and FENO; FENO
animals that received fenofi-
brate alone; n number of rab-

oo T

bits. a Aortic rings in the pres-
ence of endothelium (E*) and
absence of endothelium (E7).
#p<0.05 vs. CTRL E*; ¥p<0.05
vs. CTRL E". b Aortic rings
(E7) incubated with or without
L-NAME.* p<0.05 vs. control
E~; %p<0.05 vs. LPS E-

0.2

Phenylephrine EC50 (uM)

OE+

l§

CTRL
a n=10

0.6 -

o
~
1

Phenylephrine EC50 (uM)
o
N

LPS+FENO
n=7

FENO
n=6

LPS
n=8

mE-
OE- LNAME

CTRL
b n=10

Endothelium-dependent
and endothelium-independent relaxation

Maximal endothelium-dependent receptor-dependent re-
laxation in response to ACh (Emax) was 77.2+2.7% in
controls (Fig. 3a). This response was altered by LPS ad-
ministration: Emax=44.2+2.5% (p<0.05). In the same
way the ACh concentration required to elicit 50% of
maximal relaxation response (ECsg) or sensitivity was
significantly higher in the LPS group (0.41+0.09 pymol/l)
than in controls (0.15+0.02 umol/l, p<0.05). Fenofibrate

LPS+FENO

n=7

FENO
n=6

LPS
n=8

pretreatment restored ACh-induced vascular relaxation in
septic rabbits (Emax=68.2+3.3%; p<0.05 vs. LPS) but
did not improve ACh sensitivity (ECs5,=0.38+0.07 umol/l,
NS). On the other hand, endothelium-dependent receptor-
independent relaxation and sensitivity in response to
calcium ionophore A23187 was not modified between
groups (Fig. 3b). Similar results were observed for en-
dothelium-dependent relaxation and sensitivity in re-
sponse to SNP (data not shown).
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Fig. 3 a Dose response rela- = CTRL (n=10)
tionships of acetylcholine va- log (Acetylcholine) [M]
sodilator effects in isolated —a—FENO (n=6)
aortic rings. CTRL Control —
group; LPS animals that re- ! *—LPS (n=8)
ceived LPS alone; LPS+FENO —o0—LPS+FENO (n=7)
animals that received LPS and
FENO; FENO animals that re-
ceived fenofibrate alone; n the
number of rabbits. *p<0.05
LPS vs. CTRL, and LPS+FENO c
group vs. LPS group. b Dose- 2
response relationships of calci- 9
um ionophore A23187 vasodi- %
lator effects in isolated aortic 4 *
rings. CTRL Control group; LPS 2
animals that received LPS
alone; LPS+FENOQO animals that
received LPS and FENO;
FENO animals that received
fenofibrate alone; n number of
rings; NS no significant differ- a 100 -
ence between groups
—a—CTRL (n=10)
log (A23187) [M] FENO (n=6)
-9 -8 -7 -6 —e_LPS (n=8)
0 40— J
—o—LPS+FENO (n=7)
20 -
5
= 40 -
©
X
&
&€ 60 -
2
80 - NS
b 100 -
25 q Immunohistochemical staining of vascular endothelium
20 4 In the sham groups (control and FENO) endothelial cells

-
(o}
1

S
.
L

[}
!

% Endothelial cell injury surface area
o

LPS+FENO
n=7

LPS
n=8

Fig. 4 Immunohistochemical studies of vascular endothelial cell
injury on day 5. LPS Animals that received LPS alone; LPS+FENO
animals that received LPS and FENO; n number of rabbits.
*p<0.05 vs. LPS

stained by immunohistochemical label (PECAM1/CD31)
appeared intact. LPS induced three types of endothelial
cell injury: subendothelial vacuolization, detachment of
endothelial cells, and endothelial denudation (Fig. 4). In
the LPS group injured endothelium accounted for
19.2+3.1% of the total endothelial surface area in the
abdominal aorta on day 5 (p<0.05 vs. controls). Fenofi-
brate pretreatment in LPS animals reduced these lesions
resulting in a surface area of endothelial injury of
8.5+1.3% (p<0.05 vs. LPS).

Discussion

The present study reports a preventive role of fenofibrate
on endothelial morphological and functional injuries, and
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on monocyte TF expression in a documented rabbit en-
dotoxic shock model [7, 22, 23, 24]. These beneficial
effects suggest a possible role for PPAR-a in the modu-
lation of sepsis-induced tissue injury. Our model of en-
dotoxinic shock is characterized by circulatory failure 4 h
after 0.5 mg/kg LPS injection, prolonged endothelial
dysfunction, and sustained monocyte TF expression on
day 5 [7, 22, 23, 24]. These characteristics are known to
promote coagulation and thrombosis [30]. We previously
reported that the observed LPS-induced endothelial dys-
function and histological injury can be prevented by L-
arginine; this was associated with decreased mortality but
not with any effect on coagulation activation and mono-
cyte TF expression [22]. Another approach consisted of
inhibiting monocyte-platelet interaction by glycoprotein
[Ib/Illa inhibitor (AZ-1). AZ-1 decreased monocyte TF
expression associated with reduction in endothelial injury
and improved survival [23]. This suggest that decreased
monocyte TF expression is of paramount importance in
sepsis-induced injuries. This is consistent with results
reported in the present work.

The direct role of TF in shock and mortality has been
reported in E. coli induced shock [31]. In the same way
disseminated intravascular coagulation is a well known
cause of pejorative prognosis with high mortality rate in
patients with septic shock [32]. Mortality 5 days after LPS
injection was 33.3% in untreated rabbits, the majority of
deaths occurring within the first 24 h. Pretreatment with
fenofibrate tended to reduce mortality on day 5 to 12.5%,
but not significantly. We postulate that modulation of TF
expression induced by fenofibrate explains at least in part
the trend decrease in mortality in this rabbit endotoxic
shock model. Fenofibrate has been shown to inhibit up-
regulation of TF expression in monocytes and macro-
phages [21]. Induction of TF mRNA occurs via Jun
phosphorylation and NF-xB translocation in a rapid but
transient way [33]. It has been demonstrated that PPAR-«
inhibits the proinflammatory activator protein 1 and NF-
kB signaling pathway [12, 19]. It is likely that PPAR-a
modulates TF expression by negatively interfering with the
activator protein 1 and/or NF-xB pathway [21]. Our results
suggest that a decrease in TF expression, by limiting co-
agulation activation, may limit endothelial cell injuries and
thus improve endothelial function. Other mechanisms may
participate in the beneficial vascular effects induced by
PPAR-a agonist. First, LPS and associated inflammatory
response provide activation of ICAM-1 and VCAM-I1,
whose expression condition leukocyte migration, a good
index of vascular injury in septic rats [34]. PPAR-a acti-
vation has been shown to inhibit transcription of both
ICAM-1 [35] and VCAM-1 [36] genes, preventing leu-
kocyte adhesion and associated endothelial injury. In an
ischemic brain injury model Deplanque et al. [15] dem-
onstrated that fenofibrate significantly decreased ICAM-1
and VCAM-1 expression was associated with improved
sensitivity of middle cerebral artery to endothelium-de-

pendent relaxation. In addition, PPAR-a agonists prevent
TNF-a induced VCAM-1 expression in human endothelial
cells, at least in part via inhibition of NF-xB pathway [37].
Downregulation of such signaling pathway also results in
inhibition of inflammatory cytokines, which are known to
alter vascular endothelial relaxation [38, 39]. In addition to
its effect on adhesion molecules, fenofibrate has been
demonstrated to abolish the induction of chemokines, such
as monocyte chemoattractant protein 1, expressed by LPS.
Secondly, normal results observed with the endothelium-
dependent receptor-independent relaxing agent calcium
ionophore A23187 associated with impaired endothelium-
dependent receptor-dependent relaxation to ACh show, as
previously reported [7, 22, 23, 24], that LPS is responsible
for abnormal coupling between ACh endothelial receptor
and endothelial NOS. Oxidative stress has been incrimi-
nated in this uncoupling [40, 41, 42]. This preventive ef-
fect could be the result of antioxidant action as PPAR-a
activation has been shown to release antioxidant enzyme
as catalase and superoxide dismutase [43, 44]. As previ-
ously reported [7, 22, 23, 24], LPS induces a decreased
sensitivity to PE that is improved by L-NAME. This
suggests the presence of iNOS in smooth muscle cells.
Induction of iNOS in response to inflammatory stimuli,
such as LPS, is a well known phenomenon [45, 46]. Re-
moval or damage of endothelial cells can also trigger the
induction of iNOS in vascular smooth muscle cells [47]. In
the present study the LPS-induced decrease in sensitivity
to PE in smooth muscle cell was restored by fenofibrate
treatment, suggesting reduction in iNOS expression. The
mechanism underlying the decreased in iNOS expression
in smooth muscle cell after fenofibrate treatment is un-
known but may be due at least in part to restoration of
endothelial structure and function induced by PPAR-«
activation or direct effect on PPAR-a activation. This may
also involve NF-kB pathway inhibition. Another possible
explanation is a counterbalancing effect of fenofibrate
which has been demonstrated to increase endothelial NOS
expression [48]. This effect has been suggested to explain
the cardioprotective effect of fenofibrate.

The dose of fenofibrate (0.5%) was chosen in regard to
a previous work using fibrates in rabbit for its hypolipi-
demic action [25]. This concentration is approximately
threefold higher than that used in humans. We observed a
weight loss in our animals. This finding is consistent with
a previous publication demonstrating that fenofibrate
decreases adiposity [49]. Consistent with a previous work
[25], fenofibrate did not induce hepatomegaly. Never-
theless, it was associated with significant decrease in al-
kaline phosphatase activity without affecting serum
transaminases and p-glutamyltranspeptidase activity.
Such adverse effects have been reported previously [50,
51, 52, 53]. It seems that decrease in serum alkaline
phosphastase activity is a consequence of PPAR-a acti-
vation since gemfibrozil, the sole fibrate drug without
PPAR-a effect, does not modify alkaline phosphatase
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activity [50, 54]. Hence serum alkaline phosphatase has
been recently proposed as a reliable marker for fibrate
compliance [52, 53]. In our study we observed another
side effect of fenofibrate not frequently reported in the
literature and consisting of a decrease in platelet count.
Thrombocytopenia has seldom been reported during
fenofibrate treatment. Only a single case of thrombopenia
has been reported in the literature in the context of pan-
cytopenia [55]. The underlying mechanism remains un-
explained. Finally, we observed a well known adverse
effect of fenofibrate consisting of elevated CPK [56]. A
significant increase in CPK plasma levels was observed in
treated animals, with the highest concentration in the LPS
fenofibrate-supplemented animals (an increase of more
than twofold vs. the LPS group). This findings provides
evidence of a side effect that is amplified by sepsis,
suggesting the necessity of further studies to determine
relationship between doses and therapeutic effects as well
as between doses and adverse events.

In conclusion, the PPAR-a agonist fenofibrate de-
creases LPS-induced morphological injury of the endo-
thelium. While it did not counteract systemic inflamma-
tion, our results suggest a potential mediating role for
critical inflammatory processes in the vessel wall at the
level of the endothelial cells. This effect was associated
with an improvement in endothelial relaxation function
and a decrease in coagulation activation (monocyte TF
expression). Further studies are required to elucidate
mechanisms implicated in the beneficial effect of
fenofibrate in our rabbit endotoxin shock model, but the
present work provides evidence for the first time in a
living animal model that PPAR-e activation has a pro-
tective effect in septic shock.
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