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Abstract

The vascular effects of nitrolinoleate (LNO2), an endogenous product of linoleic acid (LA) nitration by nitric oxide-derived species and a
potential nitrosating agent, were investigated on rat endothelial-leukocyte interactions. Confocal microscopy analysis demonstrated that
LNO2 was capable to deliver free radical nitric oxide (

·NO) into cells, 5 min after its administration to cultured cells, with a peak of liberation
at 30 min. THP-1 monocytes incubated with LNO2 for 5 min presented nitrosation of CD40, leading to its inactivation. Other anti-
inflammatory actions of LNO2 were observed in vivo by intravital microscopy assays. LNO2 decreased the number of adhered leukocytes in
postcapillary venules of the mesentery network. In addition to this, LNO2 reduced mRNA and protein expression of β2-integrin in circulating
leukocytes, as well as VCAM-1 in endothelial cells isolated from postcapillary venules, confirming its antiadhesive effects on both cell types.
Moreover, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, a nitric oxide scavenger, partially abolished the inhibitory
action of LNO2 on leukocyte-endothelium interaction, suggesting that the antiadhesion effects of LNO2 involve a dual role in leukocyte
adhesion, acting as a nitric oxide donor as well as through nitric oxide-independent mechanisms. In conclusion, LNO2 inhibited adhesion
molecules expression and promoted ·NO inactivation of the CD40–CD40L system, both important processes of the inflammatory response.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Increasing evidence indicates that the CD40–CD40L
interaction plays a pivotal role in inflammation [1,2].
Adhesion molecules also play an important role as effectors
of the inflammatory reaction. Previous studies demonstrated
that the CD40–CD40L interaction can induce a proinflamma-
tory and prothrombotic response, demonstrated by liberation
of proinflammatory cytokines and expression of adhesion
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molecules [3,4]. Costimulation with CD40L and interleukin 4
selectively induces expression of the vascular cell adhesion
molecule VCAM-1 and P-selectin, resulting in preferential
adhesion of lymphocytes [5]. Thus, the CD40–CD40L
signaling system is gaining recognition as an important
contributor in inflammation and cardiovascular diseases.

The CD40–CD40L blockade has been demonstrated to
protect against radiation-induced pulmonary fibrosis [6] and
other inflammatory diseases, such as atherosclerosis. Treat-
ment with anti-CD40L antibodies reduced atherosclerotic
lesions and adhesion molecules expression [7].

The adhesion molecules expression and leukocyte migra-
tion to inflammatory sites may be regulated by nitric oxide
[8,9]. The free radical nitric oxide (·NO) is a chemicalmediator
released from the vascular endothelium known to control
vascular smooth muscle tone and to regulate the inflammatory
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response [10]. In inflammatory conditions, ·NO may be
generated at elevated levels by inducible ·NO synthase,
leading to the formation of potent nitrating and nitrosating
species. These ·NO-derived reactive species may cause the
nitration of endogenous lipids [11,12]. Nitrolinoleate (LNO2)
is an endogenous product of the nitration of linoleic acid, and
previous studies demonstrated that LNO2 plays a role in
vasorelaxation and that this effect was related to its property as
an ·NO donor [13]. However, other in vitro studies have
considered the possibility that the effects of LNO2 on cell
signaling are due ·NO-independent mechanisms [14,15].
Moreover, there is no information on the in vivo biological
effects of LNO2, and it is still unclear whether LNO2 combines
both ·NO-dependent and ·NO-independent mechanisms.

Many studies on the therapeutic action of ·NO donors
have been developed for their use as anti-inflammatory and
anti-atherogenic drugs [16,17]. However, none of these
compounds is endogenously produced as it is LNO2. Recent
investigations demonstrated that LNO2 is physiologically
stabilized in membrane lipid bilayers. Under inflammatory
conditions, it is redistributed to the aqueous environment
where this compound exerts its biological effects [18].

The biological actions of LNO2 have been mainly
demonstrated by in vitro studies. The in vivo approaches
to study its anti-inflammatory properties are important to
establish the mechanisms of action, as well as the possible
clinical intervention strategies. In view of the lack of in vivo
studies regarding the effects of LNO2 on endothelium–
leukocyte interactions in the inflammatory process and the
importance of clarifying the mechanisms by which this lipid
mediator exerts its action, the purpose of this study was to
evaluate the in vivo LNO2 activity on rat leukocyte–
endothelium interactions and to analyze its ability to promote
the nitrosation of key inflammatory proteins, such as the
CD40–CD40L system.
2. Material and methods

2.1. Materials

The LNO2was synthesized in our lab according to LIMA et
al. [12]. Briefly, LNO2 was obtained by the reaction of linoleic
acidwith NO2BF4. The products were extracted with ether and
purified by high-performance liquid chromatography (HPLC),
as previously described [12]. The eluted fractions were
analyzed bymass spectrometry and that presenting the highest
concentration of purified LNO2 was evaporated under
nitrogen, diluted in ethanol and frozen at −80°C. A mixture
of LNO2 isomers was used in the experiments. All solvents
were HPLC grade purchased from Merck, São Paulo, Brazil.
The linoleic acid and the anti-rabbit CD40 antibody were from
Sigma, St Louis,MO,USA. Themonoclonal antibodies forβ2
integrin and VCAM were purchased from BD Pharmingen,
San Jose, CA, USA. The polymerase chain reaction (PCR) kit
assay was purchased from Promega, Madison, WI, USA. All
other reagents were purchased from Sigma.
2.2. In vitro experiments

The human leukemia cell line THP-1 monocytes were
grown in RPMI media containing 10% FCS supplemented
with 100 U/mL penicillin, 100 μg/mL streptomycin, and 2
mM L-glutamine. Cells were maintained in a humidified
atmosphere with 5% CO2 at 37°.

2.2.1. Confocal microscopy
The ·NO liberation from LNO2 molecule was assessed by

confocal microscopy (Carl Zeiss). Human THP-1 cells,
which have low nitric oxide synthase (NOS) expression [19],
were differentiated along the monocytic lineage following
exposure to phorbol-12-myristate-13-acetate (10−8 M),
pretreated with NG-monomethyl-L-arginine (500 μM) for 1
hour and incubated with specific green fluorescent probe, the
4,5-diaminofluorescein diacetate (DAF-2DA), which is a cell
membrane-permeable precursor of DAF-2 (4,5-diamino-
fluorescein), utilized to measure intracellular NO concentra-
tion. THP-1 cells were loaded with DAF-2DA for 30 minutes
in the absence of light and were washed three times with
phosphate-buffered saline (PBS) before the assay. Once
inside the cells, the diacetate group is cleaved by intracellular
esterases, and DAF-2 is trapped inside the cells. In the
presence of NO and oxygen, a relatively nonfluorescent
DAF-2 is transformed into the highly green fluorescent
triazole form, diaminofluorescein-2 (DAF-2T). Thus, the
increases in triazole form of DAF-2T fluorescence is a
reliable indicator of the increases of intracellular NO
concentration inside the cytoplasm of cells that received
LNO2 [20]. The excitation and emission wavelength were
488 and 510 nm, respectively. Multiple exposure images
were acquired at different times after the addition of LNO2

(10 μM) or vehicle to the cells. Image analysis was performed
by LSM Image Examiner (Carl Zeiss). The concentration of
·NO released from LNO2 was also determined by chemilu-
minescence in the culture medium in the absence of cells
treated with LNO2 (10 μM) at different time intervals.

2.2.2. Biotin switch
THP-1 cells were incubated with the vehicle ethanol, LA

(10 μM) and LNO2 (10 μM) for 5 min and then collected for
biotin switch assay, where the S-nitrosylated proteins are
biotinylated, as described by Jaffrey and Snyder [21]. Biotin
switch controls without 3-N-(maleimidopropionil)-biocytin
or ascorbate were performed to eliminate interference with
artifacts dependent of these substances. The biotinylated
proteins were detected by immunoprecipitation with strepta-
vidin agarose and Western blot for CD40 receptor (anti-
rabbit CD40). Densities were analyzed by Image J software.

2.3. In vivo experiments

The Ethics Committee for Conduction of Animal Studies
of the Faculty of Pharmaceutical Sciences, University of São
Paulo, approved the experimental protocol. Adult male
Wistar rats (250–300 g) were allowed a standard pellet diet
and water ad libitum.



127L.A. Faine et al. / Journal of Nutritional Biochemistry 21 (2010) 125–132
The doses of the LNO2 (0.3 mg/kg) and LA (0.24 mg/kg)
administered subcutaneously to the rats were estimated
corresponding to an elevation of 10 μM in the total blood
concentration. The final volume of injection was set at 40 μL.
Since LNO2 has higher stability in organic solvents, ethanol
was chosen as vehicle. The nitric oxide scavenger 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide (carboxy-PTIO) was subcutaneously injected corre-
sponding to a final concentration of 100 μM in total blood.

2.3.1. Intravital microscopy assay
Animals were divided into 6 groups which received the

following treatments: Control group (vehicle), LNO2 (10
μM), LA (10 μM), LNO2 (3 μM), LA (3 μM) and a final
group which received LNO2 (10 μM) and carboxy-PTIO
(100 μM). Carboxy-PTIO was injected 30 min before the
administration of LNO2 (10 μM). All substances used for
treatment were subcutaneously injected in the rats 1 h before
the intravital microscopy assay. Rats were anesthetized
(sodium pentobarbital, 65 mg/kg i.p.) and the mesentery was
exteriorized. The animals were kept on a special board,
which included a transparent platform on which the tissue to
be transilluminated was placed. The preparation was kept
moist and warmed by irrigating the tissue with Ringer-Locke
solution (pH 7.4; 154 mM NaCl, 5.6 mM KCl, 2 mM CaCl2,
6 mM NaHCO3 and 5 mM glucose) containing 1% gelatin.
Transilluminated images were obtained by optical micro-
scopy (Axyoplan II, Carl-Zeiss equipped with x5.0/0.30 plan
Neofluar or 10.0/0.25 Achroplan longitudinal distance
objectives/numeric aperture and ×1.0, ×1.25 or ×1.60
optovar). The images were captured by a video camera
(ZVS, 3C75DE, Carl-Zeiss) and were transmitted simulta-
neously to a TV monitor and a computer. Digitalized images
on the computer monitor were subsequently analyzed by
image-analyzing software (KS300, Kontron).

2.3.2. Assessment of leukocyte-endothelial interactions
The interaction of leukocytes and vessel walls was

evaluated by determining the number of rolling and adhered
leukocytes of the postcapillary venule wall (diameter, 20-
30 μm; length, 200 μm) of the mesentery at 10-min
intervals before and after topical administration of a
proinflammatory stimulus, N-formyl-methionyl-leucyl-phe-
nylalanine (fMLP 10−8 M), a chemoatractant that acts
directly on leukocytes to induce activation and adhesion.
The result was expressed as the difference between the
numbers of leukocyte rollers or leukocytes adhered after and
before fMLP application. Three fields of each animal were
evaluated. Leukocytes moving in the periphery of the axial
stream, in contact with the endothelium, were considered to
be rollers. The number of leukocytes adhering to the
endothelium (stopped at the vessel wall) was determined in
the same vascular segment [22,23].

2.3.3. Leukocyte β2-integrin expression by flow cytometry
Blood was collected from the abdominal aorta (EDTA

100 mg/mL) 1 h after the following treatments: vehicle,
10 μM LNO2 or 10 μM LA. Blood was immediately
submitted to erythrocyte lysis using an ammonium chloride
solution (0.13 M). Leukocytes were recovered after washing
with Hanks Balanced Salt Solution. Cells (1×10−6) were
incubated with fMLP (10−9M for 30 min). After washing,
leukocytes were further incubated for 30 min at 4°C in the
dark with 10 μL monoclonal antibody against β2-integrin
(BD Pharmingen, cat. 554979). Immediately after incuba-
tion, cells were analyzed with a FACScalibur flow cytometer
(Becton & Dickinson, San Jose, CA, USA). Data from
10,000 cells were obtained and only morphologically viable
leukocytes were considered for analysis. Results were
expressed as fluorescence units.

2.3.4. VCAM-1 expression by immunohistochemistry
Animals were subcutaneously injected with vehicle, 10

μM LNO2 or 10 μM LA, 1 h before i.p. injection of
lipopolysaccharide (LPS; 5 mg/kg). Twelve hours after LPS
injection, animals were anesthetized by i.p. injection of
ketamine/xylazine (90/13 mg/kg) and testes were collected
for quantification of VCAM-1 expression in postcapillary
venules. Sections of 8 μm were obtained for subsequent
immunohistochemistry assay. The slides were warmed at
room temperature for 2 h and immunohistochemistry steps
were performed as follows: primary antibody biotin-
conjugated mouse anti-rat CD106 (VCAM-1; BD PharMin-
gen, cat. 559229) at 4°C overnight, streptavidin-peroxidase
complex for 1 hour at room temperature, chromogen
diaminobenzidine (DAB) (1 mL/100 mL PBS-H2O2) for
40 s, and counterstain (hematoxylin) for 15 s, followed by
ethanol and xylol for 5 min. Negative controls had the
primary antibody replaced by goat IgG. Immunohistochem-
ical analysis was performed by microscopy and digitized
images on the computer monitor were subsequently analyzed
by image-analyzing software (KS300, Kontron).

2.3.5. Quantification of leukocyte β2-integrin or VCAM-1
mRNA levels

2.3.5.1. Microvascular endothelial primary cultures. Pri-
mary cultures of endothelial cells were obtained from the rat
cremaster muscle using the method described by Chen et al.
[24]. The cells were subcultured and used for VCAM-1
mRNA level assay. The endothelial identification was
performed by adding monoclonal antibody against platelet
endothelial cell adhesion molecule, PECAM-1.

For the mRNA level analysis, cells received the
stimulation treatments: vehicle, 10 μM LNO2, 10 μM LA,
10 μM LNO2 plus C-PTIO 100 μM for 1 h before LPS
(2 mg/mL). After 12 hours of LPS administration, the total
RNA was extracted following Trizol method for VCAM-1
assay. RNA quantification was done by reading the
absorbance at 260 nm.

2.3.5.2. Polymorphonuclear cells (PMN) cell-enriched
leukocyte preparation. Blood was collected from the
abdominal aorta of rats previously treated (1 h before,



Fig. 1. Concentration of ·NO in THP-1 monocytes treated with LNO2 and
·NO liberation from LNO2 in culture medium. Cells were pre-incubated with
the probe DAF-2 and were treated with 10 μM LNO2. The images were
obtained at the indicated times after LNO2 or vehicle administration. Results
are presented by units of fluorescence (A) or as percentage of positive cells
considering 45 U of fluorescence as negative cells (B). LNO2 10 μM was
administered to culture medium without cells and the NO concentration was
measured at different time intervals by chemiluminescence (C). Results
show the mean±S.D. of four experiments; ⁎Pb.01 vs. the vehicle condition.

ig. 2. Nitrosation of CD40 by LNO2 in THP-1 cells. Cells were incubated
ith 10 μM LNO2 10 μM LA or vehicle for 5 min and recovered for biotin
witch assay. Data are presented as mean±S.D. of three experiments.
⁎Pb.001 vs. vehicle and LA groups.
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subcutaneously) with vehicle, LA (10 μM) or LNO2 (10 μM)
using 2% EDTA. Cell separation was performed by adding 3
mL Percoll (56% in sterile PBS) to 5-mL blood samples.
After centrifugation (1000×g, 40 min), the interface contain-
ing mainly PMN cells was collected, and erythrocyte lysis
was promoted by adding lysis solution (8.02 g/L NH4Cl,
0.84 g/L NaHCO3).

For β2-integrin analysis, neutrophils from treated animals
were stimulated with fMLP (10−9 M for 30 min), and total
RNAwas extracted with Trizol in RNAse-free environment.

2.3.5.3. Reverse transcriptase-polymerase chain reac-
tion. cDNA synthesis and chain polymerase reaction
were performed according to a previous study [25]. The
cDNA amplification for β2-integrin, VCAM-1, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was performed at 92°C for denaturation; 54°C, 57°C and
55°C for annealing, respectively; and 72oC for extension,
performed in 30 cycles. The used primers were GAPDH
sense 5′TATGATGACATCAAGAAGGTGG'3, GAPDH
antisense 5′CACCACCCTGGTGCTGTA'3; β2-integrin
sense 5′TGCGCCCCTCACTGCTGCTTG 3′ β2-integrin
antisense 5′GAGATCCAT GAGGTAGTACAGATC 3′
and VCAM-1 antisense 5′ ACCGTGCAGTTGACATGAC
3′. PCR products were detected on 2% agarose electro-
phoresis gel stained with ethidium bromide using 100- or
50-bp ladders as nucleotide size markers. A FLA-3000
scanner (Fuji Film) scanned the gels, and the densitometric
analyses were performed using the Image J Software. The
level of each expression was normalized by GAPDH.

2.4. Statistical analysis

Means and standard deviation are presented and were
compared using analysis of variance with Tukey's test. The
level of significance was set at .05.
3. Results

3.1. ·NO release from LNO2 molecule and nitrosation
of CD40

Five min after LNO2 addition to the culture medium it
was possible to detect ·NO into the cells by confocal
microscopy analysis (Fig. 1A,B). The maximum liberation
was achieved at 30 min and more than 75% of the cells
exhibited an NO increase. The NO liberation was also
performed in the culture medium without cells by chemilu-
F
w
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minescence and the liberation of ·NO exhibited the same
pattern with a maximum concentration achieved at 30 min
(Fig. 1C). The nitrosation of CD40 was measured after 5 min
of LNO2 administration to THP-1 cells by the biotin switch
method. The results obtained demonstrated that LNO2

induced CD40 nitrosation, which was not observed when
LA or vehicle were used (Fig. 2).

3.2. Leukocyte-endothelial interactions in vivo

Topical application of fMLP increased the number of
rolling leukocytes measured by intravital microscopy.
Treatments with LNO2 (10 or 3 μM), LA (10 or 3 μM) or
LNO2 + C-PTIO significantly reduced the number of these
cells with respect to values found in control animals
(Fig. 3A). However, the number of adhered leukocytes
after fMLP application was decreased by LNO2 (10 or 3 μM)
Fig. 3. Inhibitory effect of LNO2 on leukocyte-endothelial interactions in vivo.
Wistar rats were divided into six groups which received the following
treatments: control group (vehicle), LNO2 (10 μM), LA (10 μM), LNO2

(3 μM), LA (3 μM) and a final group which received LNO2 (10 μM) and
carboxy-PTIO (100 μM). Carboxy-PTIO was injected 30 min before the
administration of LNO2 (10 μM). All substances used for treatment were
subcutaneously injected in the rats 1 hour before the intravital microscopy
assay. Results are expressed as the difference between the number of leukocyte
rollers or adhered after and before fMLP application. Three fields of each
animal were evaluated. (A) Effect of treatments on the number of rollers in the
rat mesentery. (B) Effect of treatment on the number of adhered leukocytes in
the rat mesentery. Results are expressed as means±S.D. of six animals in each
group.⁎Pb.05 vs. control group; #Pb.05 vs. respective LNO2 doses.

Fig. 4. Inhibitory effect of LNO2 on β2 integrin mRNA and protein levels.
Cells were collected from vehicle, LNO2 (10 μM) and LA (10 μM)-
pretreated animals. (A) Diminished expression of β2 integrin mRNA levels
on stimulated leukocytes from animals treated with LNO2. Representative
gel of PCR products corresponding to β2 integrin and GAPDH levels.
Neutrophils from treated animals were separated by Percoll method and
stimulated with fMLP, (10−9 M for 30 min). Agarose gel was visualized
under ultraviolet light using the fluorescent properties of ethidium bromide
and scanned using FLA 3000 scanner (Fuji film). (B) Diminished expression
of β2 integrin on stimulated leukocytes from animals treated with LNO2.
Blood was collected from the abdominal aorta 1 hour after the treatments.
Then, after erythrocytes lysis the leukocytes were recovered and incubated
with fMLP; 10−9 M for 30 min. After washing, leukocytes were further
incubated for 30 min at 4°C in the dark with the respective monoclonal
antibodies. Immediately after incubation, cells were analyzed with a
FACScalibur flow cytometer. Experiments were performed in triplicate.
Results are expressed as means±S.D.⁎Pb.05 vs. vehicle group; #Pb.05 vs.
LA group.
but not by LA (10 or 3 μM). A stronger antiadhesive effect
was observed in LNO2 groups (LNO2 10 μM; 120%
compared with control group). C-PTIO partially inhibited
the anti-adhesive action of LNO2 (Fig. 3B).

3.3. Expression of leukocyte and endothelial adhesion
molecules

Reverse transcriptase-PCR assays showed impairment of
β2-integrin expression, as the levels of the corresponding
mRNA were reduced in leukocytes collected from LNO2-
treated rats (Fig. 4A). This result was reflected in a lower
membrane expression of β2-integrin (22% vs. vehicle group)
in LNO2-treated animals (Fig. 4B).

VCAM-1 was quantified in cultured cells obtained form
naïve rats and incubated for 1 h with LPS, vehicle, LNO2,



Fig. 5. Inhibitory action of LNO2 on VCAM-1 expression on endothelial
cells of treated animals and synthesis on primary culture of treated
endothelial cells. (A) Representative gel of PCR products showing the
VCAM-1: GAPDH expression ratio in primary culture of treated endothelial
cells. The endothelial cells were treated with vehicle, LNO2 and LA, and 1 h
later, LPS (2 mg/ml) was added to the medium. The RNA extraction was
performed after 12 h of LPS stimulus. Agarose gel was visualized under
ultraviolet light using the fluorescent properties of ethidium bromide and
scanned using FLA 3000 scanner (Fuji film). Experiments were performed
in triplicate. Results are expressed as means±S.D. ⁎Pb.05 vs. vehicle group;
#Pb.05 vs. LA group; ^Pb.05 vs. LPS group. (B) DAB-immunohistochem-
istry for VCAM-1 of testis microvasculature endothelium of treated rats.
LNO2 and LAwere used at 10 μM and LPS (5 mg/kg) was injected 1 h after
vehicle, LNO2 and LA administration. Twelve hours after LPS injection,
animals were anesthetized, and testis were collected, frozen and processed
for immunohistochemistry assay. ⁎Pb.05 vs. vehicle and LA groups.
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LA or LNO2 plus C-PTIO. At the end of the treatment,
cells were stimulated with LPS, and the expression of
VCAM-1 was quantified at 12 h. The expression of
VCAM-1 mRNA was reduced by the administration of
LNO2. Interestingly, cells stimulated with LNO2 + C-PTIO
exhibited a suppression of the inhibitory effect elicited by
LNO2 but failed to show VCAM-1 mRNA levels in the
range of LPS (Fig. 5A). Expression of VCAM-1 on
endothelial cells from postcapillary venules was quantified
in the cremaster muscle from treated animals and locally
stimulated with LPS. These results demonstrated equivalent
expressions in cells from vehicle or LA-treated rats.
According to the observed diminished mRNA expression,
VCAM-1 from LNO2-treated rats was significantly lower
(18% compared with vehicle) than that detected in other
groups of animals (Fig. 5B).
4. Discussion

Nitrolinoleate is a novel lipid derivative identified in blood
plasma and cells that has cell signaling properties [18,26].
Some of the biological effects of LNO2 include inhibition of
platelet activation, superoxide generation and degranulation
by human neutrophils in vitro [14]. Although these studies
have not considered a role for ·NO in the effects of LNO2, the
present work demonstrates that this lipid derivative may act
also as a ·NO donor. Confocal microscopy showed ·NO
liberation from LNO2 molecule after 5 min of administration,
with a peak of liberation after 30 min (Fig. 1A).

The readiness of the LNO2 action was observed in the
biotin switch assay for CD40, a key protein of the
inflammatory process. Within 5 min of incubation, it was
possible to observe the nitrosation of CD40 in cells that
received LNO2. These observations are important for future
therapeutic applications for LNO2, since CD40 nitrosation
leads to its inactivation and blockade of inflammation.
Moreover, CD40 signaling system inactivation has been
associated with decreased adhesion molecules and leukocyte
migration [7,27].

Recent studies revealed other approaches for the anti-
inflammatory action of LNO2. LNO2 has been shown as a
specific ligand for peroxisome proliferator-activated receptor
γ (PPARγ) [18]. PPARs are members of the nuclear
hormone receptor superfamily of transcription factors that
have anti-inflammatory properties. Diminished levels for
intercellular adhesion molecule (ICAM-1), VCAM-1 and
α4β7 integrin were reported in endothelial cells treated with
the PPARγ agonist troglitazone [28]. Thus, PPARγ agonists
were shown to inhibit several events in inflammation,
particularly leukocyte-endothelial interactions mediated by
nuclear factor κB (NF-κB)-dependent adhesion molecule
expression [29,30]. Furthermore, recent investigations have
demonstrated that LNO2 induced nitroalkylation of the
recombinant NF-κB p65 protein [31]. Thus, NF-κB-
dependent target gene expression, such as adhesion mole-
cules, may be inhibited by LNO2.

Since these anti-inflammatory effects observed for LNO2

were not tested in vivo, intravital microscopy assays were
performed in rats and demonstrated that administration of
LNO2 (3 and 10 μM) for a period of 1 h had specific and
major effects on leukocyte adhesion. Both concentrations of
LNO2 decreased leukocyte adherence to the mesenteric
postcapillary venule wall compared to vehicle and LA.
Although LA showed a decreased number of adhered
leukocytes compared to the vehicle, LNO2 presented the
most potent action, suggesting that this effect of LNO2 could
be due to an intrinsic property of this molecule and/or its
ability to act as a nitric oxide donor. In order to clarify this
issue, a group of animals received the ·NO scavenger
carboxy-PTIO and LNO2 (10 μM). The effects of LNO2 on
rolling were not altered by carboxy-PTIO, revealing that
these LNO2 effects may be ·NO-independent. However, the
anti–cell adhesion effects of LNO2 were partially inhibited
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by carboxy-PTIO, suggesting the contribution of both ·NO-
dependent and ·NO-independent mechanisms to modulate
this process. This dual role of LNO2 in the regulation of
neutrophil adhesion has not been described previously in in
vitro experiments. In a previous study, the expression of the
integrin CD11b on neutrophils was decreased by LNO2

through activation of adenylate cyclase, suggesting no
participation of ·NO [14]. Notwithstanding, in vivo experi-
ments are characterized by the concurrence of many
biological variables, and therefore, it is reasonable to assume
that LNO2 may be acting also as a nitric oxide donor, as
described in the present study. There is considerable
evidence that ·NO is an endogenous modulator of leukocyte
adhesion, since incubation of neutrophils with ·NO inhibitors
showed up-regulated expression of β2-integrin [32]. Banick
et al. [33] demonstrated that ·NO decreased neutrophil β2-
integrin function by inhibiting membrane associated cyclic
guanosine 3′,5′-phosphate (GMP) synthesis. Integrins are a
family of membrane glycoproteins which mediate cell
adhesion and a wide variety of biological functions. The
firm adhesion of leukocytes to the endothelium occurs via
binding of neutrophil β2-integrins to endothelial ICAM-1
[34,35]. In the present study, it was observed that LNO2

diminished the leukocyte adhesiveness by decreasing β2-
integrin in leukocytes of treated animals. Although LNO2

has completely inhibited β2-integrin synthesis during the
period of 1 h, the flow cytometry assay indicated that the
protein was already expressed before LNO2 action. Further-
more, LNO2 inhibited in vivo VCAM-1 expression in LPS-
treated animals. Inhibition of VCAM-1 mRNA levels was
observed in primary culture of nitrolipid treated endothelial
cells, suggesting that LNO2 may inhibit VCAM-1 protein
expression through protein synthesis modulation. In addition
to this, it is interesting to note that the effect of LNO2 on
VCAM-1 was partially delayed when LNO2 was adminis-
tered in the presence of the ·NO scavenger, confirming the
contribution of ·NO to the LNO2 antiadhesive effects as
observed by intravital microscopy. Moreover, the β2-integrin
and VCAM-1 modulation by LNO2 resulted from specific
characteristics of the LNO2 molecule, since LA was unable
to cause a similar inhibition on these adhesion molecules.

Our results clearly demonstrate that dorsal subcuta-
neous injection of LNO2 had a systemic effect 1 h after
injection, observed in the mesentery network. The
intravital microscopy assay performed in the mesentery
microcirculation revealed effects that were dose-dependent
(3 and 10 μM). These results indirectly demonstrated that
the administration of LNO2 into rats increased its basal
concentrations in the plasma, since a broad spectrum of
anti-inflammatory effects, including decrease of mRNA
and protein expression of adhesion molecules, was
observed following LNO2 administration.

The mechanisms whereby LNO2 acts to inhibit leukocyte-
endothelial interactions are likely to be multifactorial,
involving interference with a wide range of transcription
factors to modulate cell adhesion molecule synthesis and
activity. Moreover, LNO2 mechanisms included nitrosation
and subsequent inactivation of CD40–CD40L system.
This broad spectrum of action of this lipid derivative
opens new approaches for clinical interventions. Notwith-
standing, the lack of information concerning LNO2

biological properties make further investigations on this
emerging compound necessary.
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