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Abstract: Infections caused by Gram-negative
bacteria constitute one of the major causes of
septic shock, which results from the inability of
the immune system to limit bacterial spread during the ongoing infection. In the last decade, it
has been demonstrated that vasoactive intestinal
peptide (VIP) and pituitary adenylate cyclaseactiving polypeptide (PACAP) are two endogenous immunopeptides, which together with three
G protein-coupled receptors (VPAC1, VPAC2,
and PAC1) exert a significant, therapeutic effect
attenuating the deleterious consequences of septic shock by balancing pro- and anti-inflammatory factors. We have recently shown PAC1 receptor involvement in vivo as an anti-inflammatory receptor, at least in part, by attenuating
lipopolysaccharide-induced production of proinflammatory interleukin-6. The present study
deepens in the protective role of PAC1 receptor
in septic shock, elucidating its involvement in the
modulation of neutrophil recruitment and in the
expression of different molecular sensors such as
intercellular adhesion molecule-1, vascular cell
adhesion molecule-1, fibrinogen, serum amyloid
A, and nitric oxide as important, systemic players of the development of septic shock. Our results, using a mice deficient in PAC1 and a PAC1
antagonist, show that VIP and PACAP as well as
the PAC1 receptor are involved in neutrophil
recruitment in different target organs, in adhesion molecules expression, and in coagulationrelated molecule fibrinogen synthesis. Thus,
this study provides some important insights with
respect to the involvement of PAC1 into the
complexities of sepsis and represents an advantage for the design of more specific drugs complementing standard intensive care therapy in
severe sepsis, confirming VIP and PACAP as candidates for multitarget therapy of septic shock. J.
Leukoc. Biol. 77: 729 –738; 2005.
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INTRODUCTION
Vasoactive intestinal peptide (VIP) and pituitary adenylate
cyclase-activating polypeptide (PACAP) are two immunopeptides synthesized by immune cells, especially under inflammatory and antigen stimulation conditions. Their functions on
innate and acquired immunity are exerted through binding to
the family of G protein-coupled receptors, VIP receptors type
1 and 2 (VPAC1 and VPAC2, respectively), and PACAP
receptor (PAC1), which stimulate primarily the adenylate cyclase system. To date, eight variants produced by alternative
splicing of the transcript have been described for PAC1, seven
of them coupled to the activation of adenylate cyclase and
inositol/phosphate/phospholipase C (PLC) systems, and the
eight variants that stimulate an L-type calcium channel. Recently, a novel splice variant in the C-terminal domain of the
frog PAC1 receptor has been described [1]. Application of the
anti-inflammatory properties of VIP and PACAP has demonstrated that these immunopeptides exert significant therapeutic
effects in murine experimental models of rheumatoid arthritis,
Crohn’s disease, and septic shock [2– 6].
Infections caused by Gram-negative bacteria constitute one
of the major causes of sepsis or septic shock, which results
from the inability of the immune system to limit bacterial
spread during the ongoing infection. Although normally helping to eradicate pathogens from a local infection of peripheral
tissues, inflammation during sepsis develops into a systemic
syndrome with multiple manifestations such as hypotension,
tissue injury, increased vascular permeability, disseminated
intravascular coagulation, and ultimately, multiorgan failure
and shock [7].
It is well known that the extent of leukocyte recruitment and
the levels of inflammatory mediators produced by the migrating
leukocytes determine the intensity of an inflammatory reaction.
Among all cell adhesion molecules, intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1), expressed on endothelial cells, play a major role in
migration of leukocytes to sites of inflammation [8]. ICAM-1 is
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shed by the cell and detected in plasma as soluble ICAM-1
(sICAM-1), being increased in many pathological conditions
[9 –11].
Disseminated intravascular coagulation is a disorder that
affects the function of the clotting system and is frequently
associated with septic shock. One of the factors involved is
fibrinogen, a complex dimeric protein with each subunit composed of three nonidentical polypeptide chains (␣, ␤, and ␥),
which is secreted into the blood following its synthesis in liver
cells. A single gene encodes each polypeptide. Increased expression of this protein in pathophysiological conditions leads
to the perturbation in coagulation regulation, resulting in multiple organ dysfunction [12].
The acute-phase (AP) serum amyloid A (SAA) proteins are
multifunctional apolipoproteins, which are involved in cholesterol transport and metabolism and in modulating numerous
immunological responses during inflammation and the AP response to infection [13].
Another molecule frequently used as a marker of inflammation is nitric oxide (NO), an unstable, free radical gas generated
by the family of NO synthases (NOS), which is important in
cell signaling, vasodilatation, and cell-mediated immunity.
Excessive generation of NO has been proposed to be a major
factor involved in the pathologic vasodilatation of septic
shock [14, 15].
The complexities of the septic cascade continue to emerge,
and new targets are identified to improve survival. Interference
with adhesion molecules, inflammatory agents, and coagulation
abnormalities as a whole may offer hopeful, therapeutic possibilities.
Reports have shown that VIP and PACAP attenuate the
deleterious consequences of septic shock by balancing proand anti-inflammatory factors [5, 16]. Moreover, we have recently demonstrated the PAC1 receptor involvement in vivo as
an anti-inflammatory receptor, at least in part, by attenuating
lipopolysaccharide (LPS)-induced production of proinflammatory interleukin (IL)-6 [17], which appears to be the main
cytokine regulating the expression of the majority of the AP
protein genes, important deleterious components of septic
shock.
The aim of the present study is to deepen in the protective
role of the PAC1 receptor in an experimental model of lethal
endotoxemia, elucidating its involvement in the modulation of
neutrophil recruitment and in the expression of different molecular sensors such as ICAM-1, VCAM-1, fibrinogen, SAA,
and NO as important, systemic players of the development of
septic shock. Our results show that VIP and PACAP and the
PAC1 receptor are involved in the neutrophil recruitment in
different target organs, in adhesion molecules expression, as
well as in coagulation-related molecule fibrinogen synthesis,
confirming these peptides as candidates for multitarget therapy
of septic shock.

MATERIALS AND METHODS
Experimental animals
Adult male mice deficient in PAC1 (PAC1⫺/⫺) were obtained by gene targeting
as described [18]. PAC1⫺/⫺ mice were compared with wild-type (C57BL/
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6⫻129 Sv) counterparts, which served as controls. Across all of the experimentation, mice were kept in the animal house in a temperature-controlled
room with a 12-h light/dark cycle; free access to standard laboratory chow and
water was allowed. Procedures involving animals were conducted in compliance with international laws and policies (European Economic Community
Council Directives 86/6091).

Experimental endotoxemia
Adult (8 –10 weeks of age) wild-type and PAC1⫺/⫺ mice were injected
intraperitoneally (i.p.) with 1 mg LPS (from Salmonella enteridis; Sigma Chemical Co., St. Louis, MO). A 5-nmol dose of VIP or PACAP-38 (Neosystem,
Strasbourg, France) was administered i.p. concurrently with LPS injection.
Control animals received only medium RPMI 1640. Mice receiving LPS (1 mg)
alone or mice injected with LPS concurrently with VIP or PACAP were killed
at various time-points. Blood was extracted by cardiac puncture. When indicated, wild-type mice were i.p.-injected with a 40-nmol dose of PACAP(6 –38;
Neosystem) simultaneously with VIP/PACAP and LPS as described above.
Blood samples were allowed to clot for 1 h at room temperature, and serum was
obtained and kept frozen until sICAM-1, SAA, and NO measurement.

Measurement of myeloperoxidase (MPO) activity
Liver and large intestine were removed at 24 h, washed with phosphatebuffered saline (PBS), and cut in small pieces. For MPO determination, 50
mg/ml tissues were homogenized in 50 nmol/l phosphate buffer, pH 6.0, with
0.5% hexadecyltrimethylammonium bromide using a Polytron (Kinematica,
Littau/Luzerne, Switzerland). Samples were frozen and thawed three times and
centrifuged for 20 min at 30,000 g, and then supernatants were stored at –20°C
until assay.
MPO was determined in 96-well plates using a modification of the method
described by Bradley et al. [19]. Briefly, 6.67 l sample was added to 193.33
l assay buffer (phosphate buffer 50 mM, pH 6.0, containing 0.167 mg/ml
o-dianisidine, Sigma Chemical Co., and 0.0005% H2O2). Absorbance at 450
nm (A450 nm) was measured in a microtiter reader at 15 min.

Histopathology
Liver and large intestine were collected 24 h after treatment, fixed in Bouin’s
solution, and embedded in paraffin; 6-m sections were stained with Masson’s
haemalum/picroindigocarmine using standard techniques. Two independent
observers performed semiquantitative scoring of leukocyte infiltration in liver
and lamina propria from large intestine sections in different microscopic fields
and slides.

sICAM-1 assay
Serum concentrations of sICAM-1 were determined by the enzyme-linked
immunosorbent assay (ELISA) technique using a commercially available kit
(Amersham Pharmacia Biotech, Little Chalfont, UK), as described by the
manufacturer, and A450 nm was measured.

RNA extraction
A tissue tearer was used to homogenize mice livers and intestines, and total
RNA was extracted with the Ultraspec RNA reagent (Biotecx, Houston, TX) as
recommended by the manufacturer. RNA was resuspended in diethylpyrocarbonate water and quantitated at 260/280 nm.

Quantitative real-time reverse transcriptasepolymerase chain reaction (RT-PCR)
Quantitative PCR analysis was performed using the SYBR威 Green PCR master
mix and RT-PCR kit (Applied Biosystems, Foster City, CA), as suggested by
the manufacturer. Briefly, reactions were performed in 20 l with 50 ng RNA,
10 l 2⫻ SYBR Green PCR master mix, 5 U MultiScribe RT, 8 U RNase
inhibitor, and 0.1 M primers. The sequences of primers used were: mouse
␤-actin sense 5⬘-AGAGGGAAATCGTGCGTGAC-3⬘, antisense 5⬘-CAATAGTGATGACCTGGCCGT-3⬘; mouse ICAM-1 sense 5⬘-CATCCCAGAGAAGCCTTCCTG-3⬘, antisense 5⬘-TCAGCCACTGAGTCTCCAAGC-3⬘;
mouse VCAM sense 5⬘-AACGACCTTCATCCCCACC-3⬘, antisense 5⬘-TCTGCCTCTGTTTGGGTTCAG-3⬘; mouse fibrinogen sense 5⬘-ATGGAATACT-
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GCCGCACTCC-3⬘, antisense 5⬘-TCGGATGTCTCACCTCCCTT-3⬘. The GenBank accession numbers of the nucleotides for the PCR products are: ␤-actin,
NM007393; ICAM-1, NM010493; VCAM-1, NM011693; and ␤-fibrinogen,
BC031715. The amplification conditions were 30 min at 48°C, 10 min at 95°C,
40 cycles of denaturation at 95°C for 15 s, and annealing/extension at 60°C for
1 min.
For relative quantitation, we used a method that compared the amount of
target normalized to an endogenous reference. The formula used was 2–⌬⌬Ct,
representing the n-fold differential expression of a specific gene in a treated
sample compared with the control sample, where Ct is the mean of threshold
cycle (cycle at which the amplification of the PCR product is detected
initially); ⌬Ct is the difference in the Ct values for the target gene and the
reference gene ␤-actin (in each sample assayed); and ⌬⌬Ct represents the
difference between the ⌬Ct from the control and each datum. Before using this
method, we performed a validation experiment comparing the standard curve
of the reference and the target to demonstrate that efficiencies were approximately equal [20]. The correct size of the amplified products was checked by
electrophoresis.

Measurement of SAA
Serum samples were collected for the detection of SAA levels by a murine SAA
ELISA kit (Tridelta Development, Ltd., Ireland) 6 h after endotoxemia induction, according to the manufacturer’s recommendations, and A450 nm was
measured.

Determination of NO
The amount of NO formed was estimated from the accumulation of the stable
NO metabolite nitrite by the Griess assay [21]. Equal volumes of serum
samples (90 l) and Griess reagents [90 l of 1% sulfanilamide/0.1% N(naphthyl)ethyl-enediamide dihydrochloride in 2.5% H3PO4] were mixed, and
the A550 nm was measured. The amount of nitrite was calculated from a NaNO2
standard curve.

Measurement of cyclic adenosine
monophosphate (cAMP) accumulation
cAMP levels were determined by means of an enzyme immunoassay kit from
Cayman Chemical (Ann Arbor, MI). Liver and large intestine were removed 3 h
after endotoxemia induction, washed with PBS, cut in small pieces, and
homogenized in 5% trichloroacetic acid. After centrifugation, cAMP levels in
the supernatants were measured according to manufacturers. Protein concentration was determined by Bradford’s method using bovine serum albumin
(BSA) as a standard. Results were expressed in pmol cAMP/l/g protein and
showed as percent of control values.

Quantitative measurement of diacylglyecerol
(DAG) levels
Liver and large intestine were removed 3 h after endotoxemia induction,
washed with PBS, cut in small pieces, and homogenized in 50 nmol/l phosphate buffer, pH 7.6, using a Polytron (Kinematica). The lipids were then
extracted by the method described by Bligh and Dyer [22]. Following centrifugation, the lower chloroform phase was analyzed for 1,2 DAG. Each sample
was added to a sample reaction buffer as described by Preiss et al. [23],
containing Escherichia coli DAG kinase, which phosphorylates DAG to phosphatidic acid (PA) with the addition of [␥32-P]adenosine 5⬘-triphosphate
solution. The chloroform phase was evaporated in a vacuum. Each of the dried
samples was re-dissolved in 100 l chloroform/methanol (2:1, v/v) and
streaked onto silica gel thin-layer chromatography plates, which were placed in
a running solvent (chloroform/acetone/methanol/acetic acid/H2O; 40:15:13:12:
8), and the radioactive spots corresponding to PA were visualized with autoradiography, then scrapped, and quantified by liquid scintillation counting.
The levels of DAG were determined by using a standard curve (from 0 to 1000
pmol/l). Protein concentration was determined by Bradford’s method using
BSA as a standard. Results were expressed in pmol DAG/mg protein and
showed as percent of control values.

Statistical analysis
All values are expressed as the mean ⫾ SD. Comparison between groups was
made using the Student’s t-test and ANOVA test with P ⬍ 0.05 as the
significance level.

RESULTS
Involvement of the PAC1 receptor in the
VIP/PACAP leukocyte recruitment inhibition
In acute inflammatory response, the initial phase comprises
recruitment of blood leukocytes to the site of infection resulting
in their sequestration, which often leads to tissue dysfunction
and damage. In an attempt to determine the role of the PAC1
receptor on leukocyte infiltration during endotoxemia, mice
defective in PAC1 expression (knockout of PAC1, PAC1⫺/⫺)
and wild-type mice (C57BL/6⫻129 Sv) were injected i.p. with
1 mg, a lethal dose, of LPS. First, as a quantitative measure of
the neutrophil infiltration, we evaluated the effect of VIP/
PACAP on MPO activity in liver and intestinal extracts 24 h
after LPS administration. MPO activity values were significantly increased in wild-type and PAC1⫺/⫺ mice, although this
increase was lesser in PAC1⫺/⫺ mice, especially in intestine
extracts. Treatment with 5 nmol VIP or PACAP administered
i.p. significantly inhibited MPO activity in wild-type mice. In
contrast, both peptides failed to inhibit MPO activity in
PAC1⫺/⫺ mice (Fig. 1A).
Data obtained from MPO activity assay have been confirmed
by means of light microscopy analysis, by examining histopathological alterations associated with the neutrophil sequestration during endotoxic shock. The histopathological
analysis showed massive infiltration of leukocytes into liver
and intestinal tract from wild-type and PAC1⫺/⫺ LPS-treated
mice (Fig. 1B). Administration of VIP improved these signs in
wild-type mice, restoring the histological appearance compared with control animals injected with medium alone. However, this immunopeptide failed to inhibit leukocyte recruitment in PAC1⫺/⫺ mice (Fig. 1B). Similar results were obtained
for the animals treated with PACAP (results not shown). Histological score of leukocyte infiltration in liver and intestine
sections from wild-type mice was significantly decreased after
VIP treatment, as compared with sections from LPS-treated
mice. No differences were observed in PAC1⫺/⫺-treated mice
(Fig. 1C). The degree of infiltrating leukocyte by semiquantitative scoring was correlated with data obtained by MPO activity assay.
It is well known that transmigration of leukocytes involves
a sequential, multistep adhesion cascade between leukocyte
and endothelial cell adhesion molecules, including ICAM-1
and VCAM-1. The first approach of our studies was to
investigate whether VIP and PACAP could affect sICAM
levels in this model, which indirectly reflects the amount of
adhesion molecules produced. As Figure 2A shows 6 h
after LPS injection, serum sICAM-1 levels were significantly increased in wild-type and PAC1⫺/⫺ endotoxemic
mice compared with the untreated levels. Treatment with
VIP and PACAP induced a significant decrease in sICAM-1
serum levels only in wild-type mice, whereas no differences
were observed in PAC1⫺/⫺ mice. Next, we determined
whether VIP/PACAP also affect adhesion molecule transcripts. To this extent and as the highest levels of MPO
activity were found in intestinal extract, total RNA was
prepared from intestine samples obtained 3 h after endo-
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Fig. 1. PAC1 receptor mediates the VIP/PACAP inhibitory effect on
MPO activity. Microscopical analysis. Wild-type (C57BL/6⫻129 Sv)
and PAC1⫺/⫺ adult mice were injected i.p. with 1 mg LPS or with LPS
plus VIP or PACAP-38 (5 nmol per mouse). Mice treated with RPMI1640 medium alone were used as controls. (A) Liver and large intestine
were removed at 24 h and homogenized to obtain protein extracts. MPO
activity was determined as described in Materials and Methods. Results are the mean ⫾ SD from eight mice per group. **, P ⬍ 0.01, and
***, P ⬍ 0.001, versus LPS-treated animals. (B) Liver and large
intestine sections were obtained after 24 h of treatment and were
stained with Masson’s haemalum and picroindigocarmine (original
magnification, 100⫻). Arrows indicate infiltrated polymorphonuclear
cells. (C) Histological scoring of leukocyte infiltration was performed
by two independent observers, counting the number of leukocytes per
100 hepatocytes or epithelial cells from intestinal mucosa in four
fields. Results represent mean ⫾ SD of two experiments, each with
three animals per group. *P ⬍ 0.05 and **P ⬍ 0.01 versus LPStreated animals.

toxemia induction and subjected to real-time PCR analysis.
Our results indicated that ICAM-1 and VCAM-1 expression
was significantly up-regulated but more notably in wild-type
than in PAC1⫺/⫺ mice, as it happened for MPO activity,
suggesting that alterations in the pattern of the immune cell
traffic to inflammation sites could be affected by the endogenous VIP/PACAP/PAC1 system (Fig. 2, B and C). VIP and
PACAP down-regulate ICAM-1 and VCAM-1 expression
induced by endotoxin in wild-type mice. Neither VIP
nor PACAP affected the increased ICAM-1 and VCAM-1
expression in PAC1⫺/⫺ mice treated with LPS (Fig. 2, B
and C).
Together, these data demonstrate that the protective action
of VIP and PACAP on neutrophil infiltration is mainly mediated through the PAC1 receptor.
732
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The AP proteins, ␤-fibrinogen, and SAA are
differentially regulated by VIP/PACAP in
wild-type and PAC1⫺/⫺ mice
The AP of the inflammatory response involves a large increase
in the hepatic production of a number of serum proteins
including the coagulation factor fibrinogen and the family of
SAA. Continuous, high expression of both AP proteins may
have damaging consequences. To evaluate the involvement of
the PAC1 receptor on the AP response, we tested the effects of
VIP and PACAP on ␤-fibrinogen expression and SAA levels.
Total RNA was isolated from liver of treated mice after 4 h of
endotoxemia induction and subjected to real-time PCR analysis. The mRNA levels of ␤-fibrinogen increased after the
induction of endotoxemia in wild-type and PAC1⫺/⫺ mice.
http://www.jleukbio.org

Fig. 2. PAC1 participates in the VIP/PACAP
down-regulation of sICAM-1, ICAM-1, and VCAM-1
mRNA expression. Induction of endotoxemia and
treatment with VIP and PACAP were performed as
described in the legend to Figure 1. (A) Sera were
collected at 6 h, and sICAM-1 levels were measured
by ELISA. Values are means ⫾ SD of three experiments, each with four animals per group. *, P ⬍
0.05, and **, P ⬍ 0.01, versus LPS-treated animals.
(B and C) After 3 h of induction of endotoxemia, total
RNA from intestine was extracted, and ICAM-1 (B)
and VCAM-1 (C) mRNA expression was measured
by quantitative real-time RT-PCR and corrected by
mRNA expression of ␤-actin for each sample, and
arbitrary units were calculated with respect to control expression being 1 (2–⌬⌬Ct). Results represent
mean ⫾ SD of two experiments, each with three
animals per group. *, P ⬍ 0.05, and **, P ⬍ 0.01,
versus LPS-treated animals.

VIP/PACAP treatment resulted in a significant down-regulation of ␤-fibrinogen expression in wild-type. In contrast, both
peptides failed to reduce LPS-induced ␤-fibrinogen mRNA
expression in PAC1⫺/⫺ mice (Fig. 3A).
Next, plasma samples were obtained 6 h after injection of
LPS alone or LPS plus VIP, or PACAP and SAA levels were
evaluated by ELISA. As Figure 3B shows, SAA levels increased during endotoxemia more than 100-fold compared with
the untreated animals. Treatment with VIP and PACAP induced a marked decrease in SAA levels in wild-type and
PAC1⫺/⫺ mice. These results indicate that the inhibition of
VIP/PACAP on endotoxin-induced ␤-fibrinogen expression is
mainly mediated through PAC1, whereas both peptides inhibit
SAA production in a PAC1-independent way.

The VIP/PACAP inhibition on NO production is
not mediated through the PAC1 receptor
Although NO synthesis exerts a critical role in host defense,
elevated levels lead to the hypotension, which accompanies
septic shock. Thus, we investigated the effect of VIP/PACAP
on NO production in PAC1⫺/⫺ and wild-type mice during

lethal endotoxemia. Serum was collected at 6 h, and NO
production was detected measuring nitrite levels. Serum nitrite
levels were increased following LPS administration in wildtype and PAC1⫺/⫺ mice. However, PAC1⫺/⫺ mice receiving
VIP or PACAP showed a significant reduction in serum NO
levels (Fig. 4), suggesting that PAC1 receptor is not involved
in the VIP/PACAP inhibition of NO production.

PAC1-mediated inhibition of MPO activity and
ICAM-1, VCAM-1, and fibrinogen expression are
reversed by PACAP(6 –38)
We investigated whether the inhibitory effects of VIP/PACAP
mediated through PAC1 could be reproduced using PACAP(6 –
38), a PAC1 antagonist with specificity for PAC1 and VPAC2
receptors [24]. Antagonist effects were rated based on MPO
activity and ICAM-1 and VCAM-1 expression as neutrophil
infiltration markers as well as on ␤-fibrinogen expression in
wild-type mice treated with LPS and VIP or PACAP. As shown
in Figure 5, in the presence of PACAP(6 –38), both peptides
failed to inhibit all markers assayed during LPS-induced endotoxemia. These results confirm the findings obtained with
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Fig. 3. PAC1 is involved in the VIP/PACAP downregulation of endotoxin-induced ␤-fibrinogen expression but not in SAA levels. Mice were treated as
described in the legend to Figure 1. (A) After 4 h, total
RNA from liver was extracted, ␤-fibrinogen mRNA
expression was determined by quantitative real-time
RT-PCR and corrected by mRNA expression of ␤-actin for each sample, and arbitrary units were calculated
with respect to control expression being 1 (2–⌬⌬Ct).
Results represent mean ⫾ SD of two experiments, each
with three animals per group. ***, P ⬍ 0.001, versus
LPS-treated animals. (B) Sera were obtained at 6 h,
and SAA levels were measured by ELISA. Values are
means ⫾ SD of three experiments, each with four
animals per group. ***, P ⬍0.01, versus LPS-treated
animals.

PAC1-deficient mice and strengthen PAC1 as the main receptor involved.

Analysis of intracellular signal pathways involved
in the inhibitory effects of VIP and PACAP
In contrast to VPAC1 and VPAC2, which are coupled primarily to the adenylate cyclase system, the PAC1 receptor is
coupled to the adenylate cyclase and inositol/phosphate/PLC
cascades [25]. To study the mechanisms underlying the modulatory effects of VIP and PACAP, we measured, as a first
approach, the levels of cAMP and 1,2 DAG in liver and large
intestine extracts from wild-type and PAC1⫺/⫺ mice 3 h after
treatment. VIP and PACAP induced a significant increase in
cAMP levels in wild-type and PAC1⫺/⫺ endotoxemic mice
(Table 1). Regarding DAG production, although an increase in
DAG levels after LPS stimulation in several in vitro systems
has been described [26, 27], under our conditions, we have not
detected such increase. On the contrary, we have observed
reduced DAG levels in intestine after LPS treatment. The in
vivo model, the time-course production of DAG, or the intrinsic
complexity of the extract samples could explain this discrep-

ancy. Although VIP and PACAP treatment caused a significant
increase in wild-type mice, however, both peptides did not
modify the PAC1⫺/⫺ DAG levels (Table 2). This lack of DAG
stimulation by VIP and PACAP underlines the absence of the
PAC1 receptor in PAC1⫺/⫺ mice. This fact together with DAG
up-regulation in wild-type suggest an important involvement of
the inositol/phosphate/PLC cascade in the beneficial effects of
both peptides.

DISCUSSION
The present study addressed the important impact of PAC1
deficiency during experimental endotoxic shock in a murine
model. The lack of functional PAC1 prevented the beneficial
effects of VIP and PACAP on recruitment of neutrophils into
the inflamed liver and intestine and overexpression of coagulation factor ␤-fibrinogen, which was corroborated using the
PAC1 antagonist PACAP(6 –38).
The early stages of sepsis are characterized by inflammatory
cytokine up-regulation, leading to activation of immune effec-

Fig. 4. Inhibition of NO production by VIP/PACAP is not
mediated through PAC1. Mice were treated as described
in the legend to Figure 1. Serum samples were collected at
6 h and assayed for nitrite production as described in
Materials and Methods. Data are the mean ⫾ SD of nine
animals per group. *, P ⬍ 0.05, and **, P ⬍ 0.01, versus
LPS-treated animals.
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Fig. 5. The inhibitory effects of VIP and PACAP
on MPO activity and ICAM-1, VCAM-1, and ␤-fibrinogen are reversed by PACAP(6 –38). Wild-type
mice were injected i.p. with 1 mg LPS or with LPS
plus PACAP(6 –38; 40 nmol per mouse) in the
presence of VIP or PACAP-38 (5 nmol per mouse).
Mice treated only with RPMI-1640 medium were
used as controls. (A) Liver and large intestine were
removed at 24 h and homogenized to obtain protein
extracts. MPO activity was determined as described
in Materials and Methods. (B) After 3 h of induction
of endotoxemia, total RNA from liver and intestine
was extracted, and ␤-fibrinogen, ICAM-1, and
VCAM-1 mRNA expression was measured by quantitative real-time RT-PCR as described in Figures 2
and 3. Results are the mean ⫾ SD from four mice per
group performed in duplicate.

tor cells and vascular endothelium. Activated neutrophils bind
to vascular endothelial cells expressing adhesion molecules,
migrate outside the vessel, and infiltrate tissue. The adherent
infiltrating neutrophils are activated to release proteases such
as elastase and free radicals from granulocytes, leading to
organ damage [28].
We have previously demonstrated an inhibitory effect of
VIP/PACAP on chemokine production in different experimental models, which is mediated mainly through the VPAC1
TABLE 1.

receptor [2– 4]. However, data on adhesion molecules are
scarce. A recent report showed that VIP abated the inflammatory lesion of bronchial epithelial cells by means of a downregulatory effect on ICAM-1 transcription and nuclear factor-B activation [29].
Upon inflammatory stimuli, such as cytokines or LPS, the
expression of ICAM-1 and VCAM-1 is strongly up-regulated
[8, 30]. Different authors have reported that concentrations of
circulating vascular endothelial adhesion molecules are in-

Effect of VIP and PACAP on cAMP Levels
Liver

Wild-type
Control
LPS
LPS ⫹ VIP
LPS ⫹ PACAP

100
170.8 ⫾ 14.4
330 ⫾ 73.6*
399 ⫾ 21.7*

Intestine
–/–

PAC1

100
123 ⫾ 19
207 ⫾ 46**
161 ⫾ 12**

Wild-type

PAC1–/–

100
183 ⫾ 15.8
238 ⫾ 9.4*
234 ⫾ 10.7*

100
169 ⫾ 85
286 ⫾ 27**
261 ⫾ 16*

LPS-administered mice were treated i.p. with VIP or PACAP (5 nmol). After 3 h, liver and large intestine were homogenized, and cAMP levels were determined
as described in Materials and Methods. Data are expressed as pmol cAMP/l/g protein (% control). Each result is the mean ⫾ SD from three mice per group
performed in duplicate.
* P ⬍ 0.001 and ** P ⬍ 0.05 versus LPS-treated animals.
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TABLE 2.

Effect of VIP and PACAP on DAG Levels
Liver

Wild-type
Control
LPS
LPS ⫹ VIP
LPS ⫹ PACAP

100
88.6 ⫾ 37.0
284 ⫾ 71.7*
474 ⫾ 171*

Intestine
–/–

PAC1

100
143 ⫾ 43.8
85.7 ⫾ 47.1
93.7 ⫾ 58.4

Wild-type

PAC1–/–

100
15.4 ⫾ 2.7
177 ⫾ 89.4*
135 ⫾ 47.8*

100
47.5 ⫾ 27.8
44.2 ⫾ 49.2
48.0 ⫾ 16.6

LPS-administered mice were treated i.p. with VIP or PACAP (5 nmol). After 3 h, liver and large intestine were homogenized, and DAG levels were determined
as described in Materials and Methods. Data are expressed as pmol DAG/mg protein (% control). Each result is the mean ⫾ SD from three mice per group performed
in duplicate, and.
* P ⬍ 0.001 versus LPS-treated animals.

creased in sepsis and systemic inflammatory response syndrome and that this seems to be, in some way, involved in the
evolution of the pathology [10, 11, 31].
Some molecular and histological data shown in this report
prove that VIP/PACAP are involved in the inhibition of neutrophil infiltration modulating sICAM-1 production and
ICAM-1 and VCAM-1 expression.
Previous studies with PAC1⫺/⫺ mice in the same experimental model have revealed an important anti-inflammatory
role for this receptor, protecting mice from lethal endotoxemia
through the inhibition of IL-6 production [17], which acts at
different stages of inflammation, being one of the main cytokines involved in the development of sepsis.
Elevated IL-6 concentrations have been described in numerous clinical disorders, where it appears to orchestrate a
variety of inflammatory responses. Examination of IL-6-deficient mice has recently suggested that soluble IL-6R/IL-6
complex plays a significant role in amplifying leukocyte recruitment at sites of inflammation in several models [32–36].
This effect is mediated, at least in part, by augmenting the local
production of chemokines and modulating the expression of
endothelial ICAM-1 and VCAM-1 to bind neutrophils [32, 33].
It has been described as a region mediating IL-6 and interferon-␥ (IFN-␥) responsiveness in the ICAM-1 promoter. Thus
IL-6/IFN-␥ activate nuclear factors in the regulation of
ICAM-1 gene expression [37].
Although in some endothelial cells, it has been described as
a high density of a functional VIP receptor, it has not been
detected the presence and expression of PAC1 to date [38, 39].
Therefore, the effect of VIP and PACAP on neutrophil recruitment and ICAM-1 and VCAM-1 expression could be at least
partly explained by their inhibitory effect on IL-6 production
mediated through PAC1.
A wide range of proinflammatory mediators induces the
hepatic AP response, including IL-6 and tumor necrosis factor
␣ (TNF-␣), which modify the profile of circulating plasma
proteins. Induced expression of fibrinogen during inflammation
is considered as a major cardiovascular risk factor, as it is
involved in blood clot formation. In this study, we report for the
first time the effect of VIP and PACAP on fibrinogen expression. Our data show that VIP/PACAP treatment down-regulates
endotoxin-induced ␤-fibrinogen expression only in wild-type
mice, supporting the involvement of PAC1 in this protective
effect. Plasma levels of three fibrinogen polypeptides rise coordinately in response to many inflammatory conditions. In
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cultured liver cells, addition of IL-6 can mimic this response
[40]. According to functional analysis of the promoter of the
␥-chain of human fibrinogen [41], it contains an IL-6 response
element. In line with this, the inhibitory effect of VIP and
PACAP on fibrinogen expression was correlated with the downregulation of IL-6 production [17], suggesting that PAC1 deficiency leads to suppression of the negative control mechanism
that allows the modulation of fibrinogen induction during endotoxemia, to protect mice from multiple organ failure, at least
partially via the inhibited production of IL-6. However, we do
not rule out that to a minor extent, both peptides may exert this
effect directly through their action on hepatocytes, as although
VPAC1 is the major receptor expressed in liver, a selective
PACAP receptor corresponding to PAC1 is found in liver
membranes [42, 43].
SAA is the archetypal vertebrate major AP protein. During
the first stages of inflammation, these apolipoproteins have a
crucial role in inflammation; however, its maintained overproduction may have negative clinical consequences [13], and
therefore, effective temporal control is desirable. We have
recently demonstrated that treatment with VIP drastically reduced SAA levels in the murine models of Crohn’s disease [4]
and rheumatoid arthritis (manuscript in preparation), mainly
through VPAC1. In agreement with these previous data, the
present report confirms these results in a murine model of
endotoxic shock, showing that SAA levels were significantly
reduced in the serum of wild-type and PAC1-deficient mice
after treatment with VIP and PACAP. SAA can be induced by
IL-1␤ or TNF-␣, whereas IL-6 has little effect by itself, although it can synergize with them [44, 45]. Furthermore, there
appears to be a significant correlation between TNF-␣ levels
and SAA concentrations in patients with sepsis [46]. In this
sense, we have previously demonstrated that both peptides
inhibit in vivo TNF-␣ production in a PAC1-independent way
[17].
Following exposure to bacteria, macrophages, neutrophils,
endothelial, and smooth muscle cells express the inducible
isoform of NOS [47, 48], which generates large quantities of
NO over extended periods. Overaccumulated NO-derived nitrate anion may contribute to endotoxic shock and multiple
organ dysfunctions during endotoxemia [49]. It has been shown
that VIP/PACAP inhibit NO production by peritoneal macrophages stimulated by LPS, suggesting, by agonist studies, that
VPAC1 is the major mediator [50]. In this study, the results
obtained with PAC1⫺/⫺ mice support and confirm that the
http://www.jleukbio.org

inhibitory effect of VIP/PACAP on NO production is not mediated by PAC1.
Finally, it has been described that VIP/PACAP exert most of
their actions on the immune system by increasing intracellular
cAMP levels, including the inhibition of NO production [50 –
53]. In the present study, VIP and PACAP treatment increased
cAMP levels in wild-type and PAC1-deficient mice, suggesting
that both peptides could mediate some of the anti-inflammatory
effects by activating adenylyl cyclase and protein kinase A
(PKA). Furthermore, previous reports from our laboratory indicated that VIP/PACAP affect macrophage functions and
LPS-induced IL-6 production through the PKC system [54 –
56]. The fact that both peptides increase DAG levels only in
wild-type mice is a consequence of PAC1 absence in knockout
mice, as this receptor is also coupled to the inositol/phosphate/
PLC system. Besides, it suggests that in the present study,
many functions modulated by VIP and PACAP, to protect mice
from endotoxic shock, could be exerted through the activation
of PKC in a PAC1-dependent way.
In conclusion, this study provides some important insights
regarding the involvement of PAC1 into the complexities of
sepsis and represents an advantage for the design of more
specific drugs complementing standard intensive care therapy
in severe sepsis. Significant advances have been made in our
understanding of the septic cascade; however, significant morbidity and mortality continue. As it appears that systemic
inflammation of sepsis requires more than a blockade of a
single mediator, new therapies blocking several inflammatory
components should be an interesting focus of attention. We are
beginning to appreciate the potential, protective role that
PAC1 may have in this pathology. As a result, futures studies
must address this issue to elucidate the molecular signaling
mechanisms of PAC1 to protect from septic shock.
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