Vasoactive Intestinal Peptide (VIP) and Pituitary Adenylate
Cyclase-Activation Polypeptide (PACAP) Protect Mice from
Lethal Endotoxemia Through the Inhibition of TNF- «

and IL-61
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The neuropeptides vasoactive intestinal peptide (VIP) and pituitary adenylate cyclase-activating polypeptide (PACAP) down-
regulate cytokine production. Because human septic shock involves excessive cytokine production, the effect of VIP/PACAP was
investigated in a high endotoxemia murine model. Both peptides protect against endotoxin-induced lethality and prevent septic
shock-associated histopathological alterations. VIP/PACAP reduce serum and peritoneal TNé-and IL-6, suggesting that the
protective effect is exerted by inhibiting the production of endogenous TNR¥/IL-6. Consistent with this mechanism, VIP does not
protect against septic shock induced by exogenous TNé&- The immunomodulatory role of VIP in vivo is supported by the
appearance of high levels of VIP in serum and peritoneal fluid following LPS administration. Thus, the neuropeptides VIP/PACAP
protect from the lethal effect of high endotoxemia, presumably by down-regulating TNFee and IL-6 production, and may offer an
alternative in the treatment of human septic shock syndrome. The Journal of Immunology,1999, 162: 1200-1205.

responses to severe bacterial infections resulting in higin, calcitonin gene related peptide (CGRPynd vasoactive in-
mortality, are caused by Gram-negative bacterial endotestinal peptide (VIP), but not substance P, have been reported to
toxins (1-3). Indeed, LPS administration in experimental animalsncrease in patients with septic shock or in septic shock animal
leads to pathophysiological changes similar to the human septimodels (15-22). A common trait of the neuropeptides/hormones
shock syndrome. The toxic effects of endotoxin are exertedvhose levels increase in septic shock is their anti-inflammatory
through the generation of endogenous proinflammatory cytokinesactivity (23—28). Our long-term interest lies in the immunomodu-
High levels of circulating TNFe, IL-1, IL-6, IL-12, and IFN-y latory role of VIP and of the structurally related neuropeptide, the
were reported during endotoxemia (4, 5), and administration obpituitary adenylate cyclase-activating polypeptide (PACAP). VIP
anticytokine Abs or knock-out of TNFR (p55) or IFfR greatly  is present in various lymphoid organs (29, 30), and immune cells
diminished or abrogated mortality in endotoxic models (6-9). Al- express specific receptors for VIP/PACAP (31-41). VIP/PACAP
though up-regulation of endogenous anti-inflammatory cytokinesiownregulate the production of several proinflammatory cytokines
such as IL-10 and IL-1Ra also occurs in septic shock (10), thg42, 43). In addition, elevated VIP levels were reported in septic
proinflammatory cytokine cycle appears to be beyond control durshock patients and in some endotoxic animal models (21, 22). This
ing intense endotoxemia. However, administration of exogenousinding suggests that VIP, and possibly PACAP, are secreted fol-
anti-inflammatory cytokines such as IL-10 and IL-13 protectsjowing endotoxin stimulation to counterbalance the generation of
against lethality in endotoxic models (11-14). proinflammatory cytokines, but become ineffective in conditions
Neuropeptides with immunomodulatory properties represent anof excessive cytokine production. However, the administration of
other group of endogenous factors that mediate various immungxogenous VIP/PACAP during septic shock might control the
responses, including cytokine production. Some neuropeptidegiroinflammatory cytokine network. Here we investigate the effect
of VIP/PACAP in a high-dose endotoxin murine model. To our
knowledge, this is the first report of an immunomodulatory neu-
ropeptide that exerts a protective effect in septic shock.

T he majority of human septic shocks, which are systemichormones, such as the growth hormone, somatostatin, procalcito-
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random fashion. All endotoxin-treated mice appeared acutely ill, display-bled the time until death (Fig.Q, inse). The production of

ing lethargy, ruffled fur, and diarrhea. The animals that succumbed to theyrginflammatory cytokines occurs in a rapid sequence starting
effect of LPS treatment were necropsied immediately, and all VIP/PACAP-, ith TNF-a.. which reaches a maximunt 2 h after LPS ad-
treated survivors were killed for necroscopy at the end of the experimental " . L L . .

period. Histopathological examination was performed on lung, small andMinistration (11, 14). Kinetic studies esta.bhshed that V'P/
large intestine, and kidney, and spleen-fixed with Bouin solution; section ACAP exert a full protective effect when given up to 30 min
were stained with haematoxylin-eosin or with Masson’s haemalum andafter LPS, with no protection for VIP/PACAP administration
picroindigocarmine using standard techniques. 4 h after shock induction (Fig.0l). Since elevated VIP levels

Mice receiving LPS (40Qug) concurrently with either medium or VIP/ . . : .
PACAP-38 (5 nmol) were sacrificed after various time points. Blood Wascorrelate with endotoxic shock in humans, we determined the

removed through cardiac puncture, and peritoneal exudate was obtained ¥4P concentration in the peritoneal fluid and serum of endo-
described previously (43). The blood samples were allowed to clot for 1 ttoxic mice. The VIP levels in the peritoneum and serum in-

at room temperature; serum was obtained and kept frozen untildiNF- creased 10- and 6-fold, respectively, at 8—12 h following shock
IL-6, and VIP ELISA analysis. The peritoneal suspension was centrifugeq

for 5 min at 1800x g, and cell free supernatant was harvested and assayecﬂ?.ucuor.] (LPS 40Qug); much Iower_, bUt. St"! s_tatlstlcal_l);ISIQ-
for cytokine and VIP ELISA. The peritoneal cells were subjected to North-Nificant increases were observed in mice injected with a non

ern blot analysis as described below. lethal dose of LPS (2.g) (Fig. IE). These results suggest that
VIP production and/or release occurs in response to LPS stim-
ulation, possibly mediated by cytokines. For example, an aug-
TNF-« and IL-6 levels present in serum and peritoneal fluid were deter-mented LPS-induced release of CGRP from tracheal nerves has
mined using commercially available murine-specific sandwich ELISAsheen shown to be mediated through IB-and TNF« (48). In

(PharMingen). Serum and peritoneal fluid VIP levels were measured usin . : . e
a competitive ELISA. The mAb CURE.V55 (44) (24fg/ml:; 100 uliwell Addition, since the VIP gene promoter contains a cytokine-re

in 96-well plates), kindly provided by Dr. H. C. Wong (University of sponsive element (49), cytokines produced following LPS stim-

Callifornia, Los Angeles, School of Medicine), was used for detection ofulation could induce VIP gene expression in vivo.

VIP. Biotinylated VIP (Peninsula, Belmont, CA) (0.5 ng/ml) was used as

a competitor. VIP (Novabiochem) was used as a standard in the conceMIP/PACAP prevent the histopathological alterations associated

tration range of 20—2000 pg/ml. Bound biotinylated VIP was detected bywith endotoxic shock

using the avidin-peroxidase system (Sigma). The mAb CURE.V55 was ) . . . . .

shown to react specifically with VIP by RIA (44), and does not cross-react! e histopathological alterations associated with endotoxic shock

with secretin, glucagon, PACAP-27, PACAP-38, and the \VJP and include disseminated intravascular coagulation, leukocyte infiltra-

VIP,o_pgfragments in the ELISA described above (45). tion and inflammation in various organs, mesenteric ischemia, and

Quantitation of TNFe and IL-6 mRNA acute tubular neqrosis in. the kidneys. Postmortgm examiqations
were conducted in LPS-injected mice treated with and without

Northern blot analyses were performed according to standard methods. TOI@JIP/PACAP Control animals (LPS) suffered from generalized in-
RNA was isolated from peritoneal cells using the Ultraspec RNA Isolation '

System (Biotecx Laboratories, Houston, TX) according to the manufacturer’gra\lasm'Ilar coagula_tlon with multiple organ fallpre ?s_ev'dence_d
instructions. Twenty micrograms of total RNA from each sample were elecDy severe congestion, hemorrhage, hyperemia, fibrin deposits,
trophoresed on 1.2% agarose-formaldehyde gel, transferred to nylon menedema, thrombosis, and massive accumulation of leukocytes in
branes, and cross-linked using UV light. Membranes were hybridized withyyngs and the intestinal tract (Fig. &,andd). We also observed
specific probes for TNk (5'-TTGACCTCAGCGCTGAGTTGGTCCCC . . S _
CTTCTAGCTGGAAGACT-3) and IL-6 (5-CAAGAAGGCAACTGGAT ~ Severe congestion of the medullgr S|nu§0|ds in the spleen, and seg
GAAGTCCTCTTGCAGAGAAGGAACTTCAT-3) that were designed Mental ischemia of the bowel with regions of hemorrhage or ne-
from the murine TNFe and IL-6 cDNA published sequences (46, 47). The crosis, and an infarcted caecum. No pathological changes were

probe for the murine 18S RNA, as a quantity control for RNA, was an oligo- observed in the surviving animals (injected with LPS plus VIP)
nucleotide  (5CCAATTACAGGGCCTCGAAAGAGTCCTCTAS3) de-  (gig 2 b and e), which presented a similar histology to mice

rived from the published sequence. Oligonucleotides weéslatigled with S . . . L
digoxigenin-dUTP/dATP mix using terminal transferase, and hybridization'njeclted with medlum alone (Fig. Z,ar)df). Similar results were
and detection of chemoluminiscent signal were performed using a comme©btained for the animals treated with PACAP-38 (results not
cially available kit (Boehringer Mannhein, Mannhein, Germany) according toshown).

the manufacturer’s instructions.

Cytokine and neuropeptide quantitation: TNE4L-6, and VIP

VIP/PACAP inhibit endogenous TNkand IL-6 production

Among the proinflammatory cytokines involved in endotoxic

All values are given as means SD. Survival curves were analyzed by the
Kaplan-Meier method, and the log rank test was generated to test the hdc'—hOCk’ TNFe appears to play a central role. When macrophages

mogeneity between treatment groups. Serum and peritoneal cytokines asi€ Stimulated with LPS, they secrete high quantities of ENF-
VIP levels in different experimental groups were analyzed for statistical(50). In vivo, although no circulating TNk-can be detected in
significance using the nonparametric Wilcoxon rank sum test. A value othealthy individuals, significant concentrations of TFappear in

p < 0.05 was considered to represent a significant difference. conditions of septic shock (4). In support of the central role of
. . TNF-a, injection of purified recombinant human TNFin rats
Results and Discussion ) ) induced shock, tissue damage, and death (51). During endotoxic
VIP/PACAP protect from LPS-induced lethality shock, TNFe precedes proinflammatory cytokines such as IL-6
BALB/c mice were injected simultaneously with a lethal dose and IFN-y, and anti-TNFe Abs reduce both IFNyand IL-6 levels

of LPS and VIP or PACAP-38, and survival was monitored. in endotoxic animal models (52, 53). This finding suggests that
Both VIP and PACAP-38 protect against the lethal effect of IL-6 and IFN-y are located downstream from TNEin the cyto-
LPS as analyzed by the Kaplan-Meier method, and the proteckine cascade involved in septic shock, and that their production is
tive effect is similar to that of anti-TNFe Abs used as control dependent on TNk However, this conclusion is still debatable,
(Fig. 1A). The effect of VIP/PACAP was dose-dependent, with at least for IL-6. Recently, a specific inhibitor for TNFprocess-
doses as low as 1 nmol being partially protective (Fig).TThe ing was shown to reduce TNé&;: but not IL-6, levels following
protective effect of VIP occurred over a large range of LPSlethal endotoxin challenge (54). Also, in humans with septic shock,
concentrations, and VIP shifted the LDfrom 100 to 327ug IL-6 appears to be a better predictor for survival, since IL-6, but
LPS (Fig. IC). Animals injected with VIP had a survival rate of not TNF-, shows significantly higher plasma levels in the non-
~60%. However, even for the nonsurvivors, VIP almost dou-survivor group (55).

Statistical analysis
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FIGURE 1. A-D, VIP and PACAP-38 protect mice from LPS-induced lethalky BALB/c mice (12 per group) were injected i.p. with 4p@ LPS
(control), LPS and VIP or PACAP-38 (5 nmol), or with anti-TNFAbs (1 mg) followed by LIS 6 h later. Survival was monitored over the next 96 h,

and the survival curves were analyzed by the Kaplan-Meier method. Similar results were obtained in three identical independent experimerdaskThe log
test was used for homogeneity between treatment groyps< 0.001).B, BALB/c mice (six per group) were injected i.p. with 4@@ LPS and various
concentrations of VIP or PACAP-38 (from 0 to 10 nmol/animal). Survival was monitored over a 96-h period. Similar results were obtained in falr identic
independent experimentS, BALB/c mice (8—12 per group) were injected i.p. with various concentrations of LPS in the absence or presence of 5 nmol
VIP. Survival curves were used to calculate JgDHorizontal bars indicate the 95% confidence limits of LD50 determinatimiset At the end of 96 h,

the average survival time was calculated for nonsurvivors in both the LPS (600 andgd@timal) and LPS plus VIP (5 nmol/animal) treated groups.
Similar results were obtained in three identical independent experimemts< 0.001 with respect to control mice without VIP treatment as determined
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FIGURE 2. Histopathological analysis of
tissue sections from LPS-injected mice
treated with and without VIP. Mice were in-
jected i.p. with 40Qug LPS in the absence (
andd) or presence of 5 nmol VIPb(ande).
Control animals were injected with RPMI
1640 medium ¢ andf). Lung and large in-
testine sections were obtained and stained ®»
with hematoxylin-eosin g-c) or with Mas- '
son’s haemalum and picroindigocarmirge-(
f), respectively. Magnification factor of sec-
tions is approximately< 150.

Based on these considerations, we investigated the effect of VIBeed, VIP/PACAP did not affect the survival of mice injected with
and PACAP on TNRx and IL-6 production. Both VIP and lethal doses of TNFe (Fig. 3C).
PACAP reduced by-50% the levels of secreted TNkin serum The findings presented in this study indicate that the neuropep-
and peritoneal fluid (Fig. /). Similar reductions were observed tides VIP and PACAP protect from high-dose endotoxin shock.
for serum and peritoneal IL-6 (56-57%) (Figd)3 Northern blots  This protective effect appears to be associated with decreased ex-
confirmed that VIP/PACAP significantly reduce the steady-statepression of two proinflammatory cytokines, TNFand IL-6,
mMRNA levels for both TNF« and IL-6 in peritoneal exudate cells which were previously shown to mediate the deleterious effects of
(Fig. 3B). If VIP/PACAP protect against the lethal effect of endo- endotoxin. The effect of VIP/PACAP on the expression of TMF-
toxin through down-regulating the expression of proinflammatoryand IL-6 is in agreement with previous studies regarding the in-
cytokines such as TNE-and IL-6, the neuropeptides should not hibitory effect of VIP/PACAP on cytokine production. High levels
protect against death caused by direct cytokine administration. Inef VIP in both serum and peritoneal fluid are induced following the

FIGURE 1. A-D, Continued by the Wilcoxon rank sum tesD, BALB/c mice (six per group) were injected i.p. with LPS (4p@) and VIP or
PACAP-38 (5 nmol) at times 0, 30 min, 90 mind# h after LPS administration. Survival was monitored over the next 7 dayp.< 0.001, and:, p <

0.01 in comparison to control mice as determined by the log rankEe&PS induces VIP secretion in vivo. BALB/c mice were injected i.p. with LPS

(25 and 400ug) or with RPMI 1640 medium (control). At times 0, 4, 8, 12 and 24 h peritoneal fluid and serum were obtained. Three animals were use
for each time point. VIP concentration was determined through a competitive ELISA assay using the monoclonal anti-VIP Ab (clone CURE.V55) (44) «
a capture Ab. Similar results were obtained in four identical independent experimepts: 0.001 with respect to control mice without LPS treatment

as determined by the Wilcoxon rank sum test.
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lethal endotoxic challenge and were previously reported in patients2.
with septic shock. However, LPS-induced endogenous VIP levels
are two to three orders of magnitude lower than the concentrations™
of protective exogenous VIP. We propose that during a normal 4.
immune response, the timely production and/or release of VIP and
possibly PACAP within the lymphoid organs following antigenic
stimulation serves to down-regulate the ongoing immune response,
mostly through modulation of cytokine expression. During septic 6.
shock, however, due to severe septicemia leading to an overstimu-
lation of the immune system, the effect of checkpoint molecules ;.
such as IL-10, IL-13, VIP, and PACAP is overwhelmed by the
proinflammatory cytokine network. However, based on the pro-
tective effect of VIP/PACAP in the high-dose endotoxic animal
model, the exogenous administration of these anti-inflammatory
neuropeptides could offer an alternative to existing treatments for
septic shock syndrome. %
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