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Vasoactive intestinal peptide (VIP) is a neuropeptide synthesized by immune cells that can modulate several immune aspects,
including the function of cells involved in the inflammatory response, such as macrophages and monocytes. The production and
release of cytokines by activated phagocytes are important events in the pathogenesis of ischemia-reperfusion injury. There is
abundant evidence that the proinflammatory cytokine TNF-a is an important mediator of shock and organ failure complicating
Gram-negative sepsis. VIP has been shown to attenuate the deleterious consequences of this pathologic phenomenon. In this study
we have investigated the effects of VIP and the structurally related neuropeptide pituitary adenylate cyclase-activating polypeptide
(PACAP38) on the production of TNF-a by endotoxin-activated murine peritoneal macrophages. Both neuropeptides rapidly and
specifically inhibit the LPS-stimulated production of TNF-a, exerting their action through the binding to VPAC1 receptor and the
subsequent activation of the adenylate cyclase system. VIP and PACAP regulate the production of TNF-a at a transcriptional
level. In vitro results were correlated with an inhibition of both TNF- a expression and release in endotoxemic mice in vivo. The
immunomodulatory role of VIP in vivo is supported by the up-regulation of VIP release in serum and peritoneal fluid by LPS and
proinflammatory cytokines such as TNF-a, IL-1 b, and IL-6. These findings support the idea that under toxicity conditions
associated with high LPS doses, VIP and PACAP could act as protective mediators that regulate the excessive release of TNF-a
to reduce inflammation or shock. The Journal of Immunology,1999, 162: 2358–2367.

Current evidence indicates that macrophages play an im-
portant role in the pathogenesis of the inflammatory re-
sponses by their ability to produce cytokines such IL-1b,

IL-6, and TNF-a. TNF-a is a monocyte-macrophage-derived cy-
tokine that acts as an important mediator in the defense mechanism
of the host in response to bacterial colonization or invasion and
causes immunopathologic disorders when secreted in excess (1).
The toxicity caused by Gram-negative bacteria has been ascribed
to LPS, an outer membrane component of bacteria. LPS represents
one of the most potent inducers of TNF-a and in high concentra-
tions causes tissue injury, fever, disseminated vascular coagula-
tion, and septic shock, often resulting in death (1).

Vasoactive intestinal peptide (VIP)3 and pituitary adenylate cy-
clase-activating polypeptide (PACAP) are, respectively, 28- and

38-amino acid peptides that have 65% homology and elicit a broad
spectrum of biological functions, including actions on natural and
acquired immunity (2). Both VIP and PACAP interact with a fam-
ily of three VIP/PACAP receptors: VIP1 receptor (VPAC1), which
is the classical receptor, shows similar affinities for VIP and
PACAP and stimulates almost exclusively the adenylate cyclase
system. VPAC2 has similar affinities for both peptides, activates
the adenylate cyclase system, and seems to be coupled to a calcium
chloride channel in transfected cells. The third type of receptor is
the PACAP-preferring receptor (PAC1) that recognizes PACAP
much more potently than VIP and activates both adenylate cyclase
and phospholipase C. Macrophages have been described to possess
VPAC1 (3, 4), and we have recently reported PAC1 receptor gene
expression in rat peritoneal macrophages (5).

Actions on natural and acquired immunity of VIP and PACAP
seem to be mediated through effects on the production and release
of cytokines. Thus, VIP stimulates IL-5 release from schistosome
granulomas and splenic T lymphocytes, and inhibits the expression
and secretion of IL-2, IL-4, and IL-10 in stimulated peripheral T
cell and thymocytes cultures (6). Moreover, we have recently stud-
ied the effects of VIP and PACAP on the production of the in-
flammatory cytokine IL-6 (7). We showed that both neuropeptides
exhibited a dual effect on IL-6 production by peritoneal macro-
phages. Whereas VIP and PACAP inhibited the release of IL-6
from macrophages stimulated with high LPS doses, the two neu-
ropeptides enhanced IL-6 secretion in macrophages unstimulated
and stimulated by low LPS doses. To clarify the roles played by
VIP and PACAP in vivo and in vitro in inflammation, we ad-
dressed the following objectives in this study: 1) to determine the
in vitro and in vivo effects of both peptides on LPS-induced TNF-a
production and release by macrophages, 2) to investigate the spe-
cific receptor as well as the intracellular signal pathways involved,
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and 3) to elucidate the possible existence of a negative feedback
mechanism in the regulation of proinflammatory cytokine produc-
tion by endogenous VIP/PACAP.

Materials and Methods
Animals

Female BALB/c mice, 6–10 wk of age (weighing 19–20 g), were pur-
chased from Iffa Credo (France). Mice were kept in the animal house for
at least 1 wk before use in a temperature-controlled room with a 12-h light,
12-h dark cycle and were allowed free access to standard laboratory chow
and water.

Abs and reagents

Synthetic VIP, PACAP38, PACAP27, VIP1–12, and VIP10–28 were pur-
chased from Novabiochem (Laufelfingen, Switzerland). The VPAC1 an-
tagonist [Ac-His1,D-Phe2,K15,R16,L27]VIP3–7-GRF8–27 and the VPAC1
agonist [K15,R16,L27]VIP1–7-GRF8–27 were donated by Dr. Robberecht
(Université Libre de Bruxelles, Brussels, Belgium). The VIP antagonist
[N-Ac-Tyr1,D-Phe2]-GRF1–29 amide was obtained from Cambridge Re-
search BioChemicals (Wilmington, DE), and PACAP6–38, secretin, gluca-
gon, and biotinylated VIP were obtained from Peninsula Laboratories (Bel-
mont, CA). Oligonucleotides were synthesized by Pharmacia Biotech
(Uppsala, Sweden). The blocking reagent, digoxigenin oligonucleotide
tailing kit, anti-digoxigenin-AP (Fab), and the chemiluminescent substrate
for alkaline phosphatase (CSPD) were obtained from Boehringer Mann-
heim (Mannheim, Germany). Murine recombinant (mr) IL-1b, mrTNF-a,
mrIL-6, and capture and biotinylated monoclonal anti-murine TNF-a Abs
were purchased from PharMingen (San Diego, CA). LPS (fromEsche-
richia coli 0111:B4, E. coli 0127:B8, andS. enteridis), FITC-0111:B4
LPS, calphostin C, 2,29-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid
(ABTS substrate),N-laurylsarcosyl, malic acid, forskolin, PMA, SDS,
EDTA, EGTA, and avidin-peroxidase were purchased from Sigma (St.
Louis, MO), and N-[2-( p-bromocinnamyl-amino)ethyl]-5-iso-quinoline-
sulfonamide (H-89) was obtained from ICN Pharmaceuticals (Costa Mesa,
CA). Anti-VIP mAb was a generous gift from Dr. Wong (University of
California School of Medicine, Los Angeles, CA).

Preparation of macrophages and cell cultures

Thioglycolate-elicited macrophages were prepared as reported previously
(8). Briefly, 2 ml of 4% Brewer’s thioglycolate medium (Difco, Detroit,
MI) was injected i.p. into mice, and peritoneal exudate cells were collected
on day 4 by flushing peritoneal cavity with ice-cold RPMI 1640 medium
(Life Technologies, Grand Island, NY). Peritoneal exudate cells containing
lymphocytes and macrophages were washed twice and resuspended in ice-
cold RPMI 1640 medium supplemented with 2% heat-inactivated FCS
(Life Technologies) containing 0.01 M HEPES buffer, 1 mM pyruvate, 0.1
M nonessential amino acids, 2 mML-glutamine, 50mM 2-ME, 100 U/ml
penicillin, and 100mg/ml streptomycin (RPMI 1640 complete medium).
Cells were plated in 24-well tissue culture plates (Corning Glass, Corning,
NY) at 5 3 105 cells/well in a final volume of 1 ml. The cells were incu-
bated at 37°C for 2 h sothey would adhere to plastic, and nonadherent cells
were removed by repeated washing with RPMI 1640 medium. At least 96%
of the adherent cells were macrophages as judged by morphologic and
phagocytic criteria and by flow cytometry using MAC-3 Ab (clone M3/84,
CD107b). Macrophage monolayers were incubated in RPMI 1640 com-
plete medium and stimulated with different concentrations of LPS (from 10
pg/ml to 10mg/ml) in the presence or the absence of VIP or PACAP38
(from 10213 to 1027 M) at 37°C in a humidified incubator with 5% CO2.
In some experiments, macrophages were stimulated with IL-1b (100
U/ml). Cell-free supernatants were harvested at the designated time points
and kept frozen (220°C) until assayed for TNF-a production by ELISA.
When indicated, to determine the effect of calphostin C, H-89, forskolin,
PMA, and the VIP and PACAP antagonists, cells were incubated with a
concentration range of these agents as indicated in the text and simulta-
neously incubated with VIP/PACAP and LPS as described above.

Cytokine determination: ELISA assay for TNF-a

The amount of TNF-a present in supernatants was determined using a
murine TNF-a capture ELISA assay essentially as described previously
(9). Briefly, a capture monoclonal anti-murine TNF-a Ab (clone MP6-
XT22) was used to coat microtiter plates (Corning ELISA plates) at 2
mg/ml at 4°C for 16 h. After washing and blocking with PBS containing
3% BSA, culture supernatants were added to each well for 12 h at 4°C.
Unbound material was washed off, and a biotinylated rabbit anti-mouse
TNF-a mAb was added at 2mg/ml for 2 h. Bound Ab was detected by

addition of avidin-peroxidase for 30 min followed by addition of the ABTS
substrate solution. Absorbances at 405 nm were taken 30 min after addition
of the substrate. A standard curve was constructed using various dilutions
of murine rTNF-a in PBS containing 10% FCS. The amount of TNF-a in
the culture supernatants was determined by extrapolation of absorbances to
the standard curve. The ELISA was specific for murine TNF-a (did not
cross-react with human or rat TNF-a or with other murine cytokines, such
as IL-10, IL-6, IL-2, IL-3, IL-4, IL-5, IL-1a, IL-1b, and IFN-g). The sen-
sitivity of the assay was 10 pg of TNF-a/ml.

RNA isolation and Northern blot analysis

Northern blot analysis was performed according to standard methods. Peri-
toneal macrophage monolayers (23 106 cells/ml) were stimulated with
LPS (10 ng/ml) in the absence or the presence of VIP or PACAP38
(1028 M) for 3 h at37°C, and total RNA was isolated using the Ultraspec
RNA Isolation System (Biotecx, Houston, TX) according to the manufac-
turer’s instructions. Briefly, macrophage monolayer (23 107 cells) was
lysed in Ultraspec RNA reagent, followed by chloroform extraction and
isopropanol precipitation. The RNA was resuspended in diethylpyrocar-
bonate-treated water and quantitated spectrophotometrically at 260/280
nm. Twenty micrograms of total RNA from each sample was electropho-
resed on 1.2% agarose-formaldehyde gels, transferred to Nytran mem-
branes (Schleicher & Schuell, Keene, NJ), and cross-linked to the nylon
membrane using UV light (Linus, Cultek SL, Spain).

The probe for TNF-a was an oligonucleotide (59-TTGACCT
CAGCGCTGAGTTGGTCCCCCTTCTCAGCTGGAAGACT-39) designed
from the murine TNF-a mRNA (10). The probe for the murine 18S ribosomal
RNA, as a quantity control for RNA, was an oligonucleotide (59-CCAATTA
CAGGGCCTCGAAAGAGTCCTGTA-39) derived from the published se-
quence. Oligonucleotides were 39 labeled with digoxigenin-dUTP/dATP mix
using terminal transferase according to manufacturer’s instructions. After UV
cross-linking the blots were washed twice for 5 min each time in diethylpy-
rocarbonate-water and prehybridized at 68°C for 3 h inprehybridization buffer
containing 53 SSC, 1% blocking reagent (w/v), 0.1%N-laurylsarcosyl (w/v),
and 0.02% SDS (w/v). Hybridization was performed at 60°C for 16 h in the
same prehybridization buffer plus 25 ng/ml of TNF-a 39-labeled oligonucle-
otide. Thereafter, the blots were washed twice for 5 min each time in 23
SSC/0.1% SDS (w/v) at room temperature, followed by washing twice for 5
min each time to a final stringency of 0.13 SSC/0.1% SDS (w/v) at 60°C. To
detect the hybridization signal, the blots were blocked for 30–45 min in 0.1
malic acid (pH 7.5), 0.15 M NaCl, and 1% blocking reagent; further incubated
with 1/5000 anti-digoxigenin Ab conjugated with alkaline phosphatase for 30
min in the same buffer; and developed by chemiluminescence in 0.1 M Tris-
HCl (pH 9.5), 0.1 M NaCl, and 0.25 mM CSPD. The chemiluminescent sig-
nals were obtained using Kodak X-OMAT AR film (Sigma) at room temper-
ature. The membranes were stripped twice for 30 min each time in 50 mM
Tris-HCl (pH 8.0) containing 5%N,N-dimethyl-formamide (v/v) and 1% SDS
(w/v) at 68°C and were rehybridized with the 18S ribosomal RNA-labeled
antisense oligonucleotide at 55°C.

In vivo quantitation of TNF-a levels

Female mice (6–10 wk old) were randomized to receive a single i.p. dose
of LPS (25 mg/mouse), LPS plus VIP (5 nmol/mouse), or LPS plus
PACAP38 (5 nmol/mouse). After 2 h, blood was removed through cardiac
puncture, and peritoneal exudate was obtained as described above. The
blood samples were allowed to clot for 1 h atroom temperature, and serum
was obtained and kept frozen until TNF-a ELISA analysis. The peritoneal
suspension was centrifuged for 5 min at 18003 g, and cell-free superna-
tant was harvested and assayed for TNF-a ELISA. The peritoneal cells
were subjected to Northern blot analyses as described above.

Determination of VIP levels

VIP production was determined using a competitive ELISA. Total perito-
neal cell suspension (53 106 cells) was incubated with various stimuli as
indicated inResults. After different times, the supernatants (1 ml) were
collected and lyophilized. A capture anti-VIP mAb (clone CURE.V55) was
used to coat microtiter plates (Corning ELISA plates) at 2.5mg/ml at 4°C
for 16 h. After washing and blocking with PBS containing 3% BSA, ly-
ophilized culture supernatants resuspended in 100ml PBS/10% FCS con-
taining 0.5 ng/ml biotinylated-VIP were added to each well for 12 h at 4°C.
Bound biotinylated VIP was detected by addition of avidin-peroxidase for
30 min followed by addition of the ABTS substrate solution. Absorbances
at 405 nm were determined 30 min after addition of the substrate. A stan-
dard curve was constructed using various dilutions of VIP in PBS contain-
ing 10% FCS. The amount of VIP in the culture supernatants was deter-
mined by extrapolation of absorbances to the standard curve. The ELISA
was specific for VIP (did not cross-react with secretin, glucagon,
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PACAP27, PACAP38, VIP1–12, or VIP10–28). The sensitivity of the assay
was 20 pg of VIP/ml.

Statistical analysis

All values are expressed as the mean6 SD of the number of experiments
performed in duplicate, as indicated in the corresponding tables and fig-
ures. Comparisons between groups were made using Student’st test fol-
lowed by Scheffe’s F test, withp , 0.05 as the minimum significant level.

Results
VIP and PACAP inhibit LPS-induced TNF-a production

To determine the effects of VIP and PACAP on TNF-a production,
macrophages were stimulated with LPS, and supernatants were
harvested at different time points and assayed for TNF-a produc-
tion by ELISA. Stimulation of macrophages with LPS for 6 h
resulted in a dose-dependent release of TNF-a (Fig. 1A). The ad-
dition of VIP or PACAP to LPS-stimulated cultures resulted in an
inhibition of TNF-a production by macrophages (Fig. 1,A andB).
The dose-response curves were similar for VIP and PACAP (Fig.
1B), showing maximal effects at 1028–1029 M. During stimula-
tion with 1–10 ng/ml LPS, the inhibitory activity of VIP and
PACAP was the most pronounced, with maximum values of 57%,
showing an IC50 (i.e., the concentration of neuropeptide producing
50% of maximal inhibition) of 80 pM (Table I). The time curves
indicate that the TNF-a release was significantly inhibited by VIP
and PACAP as early as 3 h, with the maximum inhibitory effect
after 6 h of culture (Fig. 1C). In addition, to determine whether the
effect of VIP and PACAP was sustained over a longer period of
time, macrophages were stimulated with LPS in the presence of
these neuropeptides during a 24-h incubation period. The reduction
of TNF-a release was maintained throughout the 24-h incubation
period, indicating that VIP and PACAP do not delay but, rather,
attenuate TNF-a release (Fig. 1C). Neither VIP nor PACAP
merely alters the time course of TNF-a production by macro-
phages stimulated with LPS.

Since the highest inhibition of TNF-a production was obtained
with macrophages stimulated with 10 ng/ml LPS at a neuropeptide
concentration of 1028 M after 6 h of culture, we used these con-
ditions in the rest of the experiments.

The inhibitory effects were not the result of a decrease in the
number of peritoneal macrophages, as neither VIP nor PACAP
affected cell numbers or viability for stimulated macrophages after
8 h of culture (viabilities ranged from 87–96% with or without
peptides).

In addition, to determine whether contaminating lymphocytes
might have contributed to the observed cytokine production,
freshly isolated peritoneal suspensions were stimulated with LPS
in the presence or the absence of VIP or PACAP. Similar TNF-a
values were obtained in supernatants collected at 6 h from freshly
isolated peritoneal exudate cultures (50–60% macrophages, 30–
40% lymphocytes) and from monolayer cell preparations contain-
ing about 96% macrophages, suggesting that the role of lympho-
cytes in this system is marginal (data not shown).

Inhibition of LPS-stimulated TNF-a production by VIP and
PACAP is specific

After having established that VIP and PACAP inhibited TNF-a
production by LPS-stimulated macrophages, we investigated
whether these effects could be related to the occupancy of specific
receptors. Previous reports showed that VIP and both PACAPs,
PACAP38 and PACAP27, bind with similar affinities to VIP/
PACAP receptors on different immune cells, including macro-
phages (5, 11, 12). In contrast, the structurally related peptides
secretin and glucagon bind to the VIP/PACAP receptors poorly or
not at all. Also, it has been established that VIP fragments 1–12

and 10–28 and the PACAP fragment 6–38 do not act as agonists
in the inhibition of IL-2, IL-6, and IL-10 (7, 13, 14). We first
investigated the specificity of the inhibitory effect of VIP and
PACAP on LPS-induced TNF-a release by comparing the effects
of PACAP27, secretin, glucagon, and the VIP and PACAP frag-
ments. TNF-a production by macrophages was inhibited by VIP,
PACAP27, and PACAP38 to similar levels at all concentrations
assayed (1027–10211 M; Fig. 2A), whereas secretin, glucagon,
PACAP6–38, and the two VIP fragments failed to inhibit TNF-a
production (Fig. 2A). These results confirm the specificity of the
VIP and PACAP inhibitory activity, and the lack of effect of the

FIGURE 1. VIP and PACAP inhibit TNF-a production by LPS-stimu-
lated murine macrophages.A, Peritoneal macrophages (53 105 cells/ml)
were stimulated with a range of LPS concentrations (10 pg/ml to 10mg/ml)
in the absence or the presence of 1028 M VIP or PACAP38. After a 6-h
incubation period, the supernatants were collected, and TNF-a release was
determined by ELISA.B, Dose-response curve for the inhibitory effect of
VIP and PACAP on LPS-stimulated TNF-a production. Macrophages (53
105 cells/ml) were incubated with LPS (10 ng/ml) and a range of concen-
trations of either VIP or PACAP for 6 h. Control cultures (C) were incu-
bated with LPS alone. The supernatants were collected, and TNF-a release
was determined by ELISA.C, Time course for the inhibitory effect of
LPS-stimulated TNF-a production by VIP and PACAP. Peritoneal mac-
rophages (53 105 cells/ml) were stimulated with LPS (10 ng/ml) in the
absence or the presence of 1028 M VIP or PACAP; supernatants collected
at different times were assayed for TNF-a production by ELISA. Each
result is the mean6 SD of 10 separate experiments performed in duplicate.
p, p , 0.05;pp, p , 0.01;ppp, p , 0.001 (vs control cultures with LPS
alone).

2360 VIP AND PACAP INHIBIT LPS-INDUCED TNF-a PRODUCTION



neuropeptide fragments suggests that intact VIP and PACAP mol-
ecules are required for their inhibitory effect.

To determine which class of VIP/PACAP receptors is respon-
sible for the inhibition of TNF-a production by VIP and PACAP,

experiments using receptor antagonists were performed. We in-
vestigated the ability of PACAP6–38, a PACAP antagonist with
specificity for PAC1, and VPAC2 (15), and of [Ac-Tyr1,D-
Phe2]GRF1–29amide, a VPAC1 antagonist (16), to reverse the ef-
fects of VIP and PACAP on TNF-a production by incubating in-
creasing concentrations of these VIP/PACAP antagonists (1025–
1028 M) in the presence of a fixed concentration of VIP or PACAP
(1028 M). The inhibitory effect of VIP and PACAP on TNF-a

production was reversed by the VPAC1 antagonist in a dose-de-
pendent manner (Fig. 2B). The most effective antagonist concen-
tration was 1025 M, which almost completely abolished the in-
hibitory effect of VIP and PACAP (Fig. 2B). A second, recently
developed (17), VPAC1 antagonist [Ac-His1,D-Phe2,K15,
R16,L27]VIP3–7-GRF8–27had a similar effect (Fig. 2C). In contrast,
the PAC1 antagonist did not reverse the inhibitory effect of VIP
and PACAP (Fig. 2B). Neither the VPAC1 antagonists nor
PACAP6–38significantly affected cell number or viability (data not
shown) or TNF-a levels (Fig. 2). In addition, a newly described
(18) VPAC1 agonist [K15,R16,L27]VIP1–7-GRF8–27 inhibited in a

FIGURE 2. Inhibition of TNF-a production
by VIP and PACAP is specific.A, Comparative
effects of VIP, PACAP38, VIP-related peptides,
and VIP and PACAP fragments on TNF-a pro-
duction by LPS-stimulated macrophages. Cells
(5 3 105 cells/ml) were stimulated with LPS (10
ng/ml) in the presence or the absence of three
different concentrations of VIP, PACAP38, secre-
tin, glucagon, VIP1–12, VIP10–28, PACAP27, and
PACAP6–38 (1027, 1029, and 10211 M). Super-
natants were collected 6 h later and were assayed
for TNF-a production by ELISA.p, p , 0.05;pp,
p , 0.01; ppp, p , 0.001 (vs control cultures
with LPS alone).B andC, Effects of PAC1 and
VPAC1 antagonists on the inhibitory activity of
VIP and PACAP on LPS-induced TNF-a produc-
tion. Peritoneal macrophages (53 105 cells/ml)
were stimulated with LPS (10 ng/ml) and were
treated simultaneously with VIP or PACAP
(1028 M) and different concentrations of two
VPAC1 antagonists, GRF analogue (B) and [Ac-
His1,D-Phe2,K15,R16,L27]VIP3–7-GRF8–27 (C), or
a PAC1-antagonist (PACAP6–38). Supernatants
were collected 6 h later and assayed for TNF-a
production. TNF-a production by unstimulated
and LPS-stimulated macrophages was, respec-
tively, 69 6 4 and 14796 132 for 1025 M GRF
analogue, 666 5 and 14686 98 pg/ml for 1025

M VPAC1 antagonist, and 656 7 and 14826
103 pg/ml for 1025 M PACAP6–38. The solid hor-
izontal line (C) represents control values from
cultures incubated with LPS alone (16216 122
pg TNF-a/ml). Each result is the mean6 SD of
four to six experiments performed in duplicate.p,
p , 0.001 (vs samples treated with neuropeptides
and without antagonists).D, Effect of a VPAC1
agonist on TNF-a production by macrophages.
Macrophages (53 105 cells/ml) were stimulated
with LPS (10 ng/ml) and treated with different
concentrations of a newly synthesized VPAC1
agonist, [K15,R16,L27]VIP1–7-GRF8–27. Superna-
tants were collected 6 h later and assayed for
TNF-a production. Results are the mean6 SD of
six experiments performed in duplicate.p, p ,
0.001 (vs controls (LPS alone).

Table I. Inhibitory effects of VIP and PACAP38 on TNF-a release by
peritoneal macrophages stimulated with LPSa

Treatment Maximum Inhibition (%)b IC50(pM)c

VIP 57.06 7.1 79.56 3.28
PACAP 56.66 5.2 81.16 2.65

a Peritoneal macrophages (13 106 cells/ml) were stimulated with LPS (10 ng/ml)
in the absence (control) or presence of VIP or PACAP (1027–10213 M). The super-
natants were collected after an incubation period of 6 h, and TNF-a levels were
determined by ELISA. Control TNF-a levels were 14306 97 pg/ml. Data are exp-
resed as mean6 SD of six experiments performed in duplicate.

b Percentage inhibition was calculated by comparing each experimental culture
with its control.

c IC50, which is the concentration of neuropeptide producing 50% of maximal
inhibition, was determined by extrapolation from the dose-response curves obtained
in six separate experiments.
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dose-dependent manner TNF production by macrophages, similar
to VIP and PACAP (Fig. 2D). These results confirm the specificity
of the VIP and PACAP inhibitory activity and suggest that both
neuropeptides exert their actions through binding to VPAC1.

Time course for the inhibitory effect of VIP and PACAP on
LPS-induced TNF-a production

In the experiments described above, VIP and PACAP were added
to cells at the same time as LPS. We next investigated the effect of
exposing macrophages to VIP or PACAP before and after LPS
stimulation. We stimulated peritoneal macrophages with LPS
(10 ng/ml) and added 1028 M VIP or PACAP at different times
before (24 and 2 h) and after (from 0–4 h) initiation of the cul-
tures. Supernatants were collected 6 h after the initiation of cul-
tures and were assayed for TNF-a production. The addition of VIP
and PACAP up to 1 h after LPS stimulation resulted in significant
levels of inhibition (57–60%; Fig. 3A). Later additions resulted in
progressively lower degrees of inhibition (Fig. 3A). On the con-
trary, preincubation with VIP or PACAP for 24 h did not inhibit
the latter LPS-stimulated TNF-a production. However, addition of
VIP or PACAP to the cells 2 h before the addition of LPS inhibited
TNF production as effectively as simultaneous addition (Fig. 3A).
Furthermore, the higher concentration (1027 M) of both neuropep-
tides prevented the suppression of TNF production by a second
dose of VIP or PACAP added 24 h later (Fig. 3B). Preincubation
with 1028 M VIP or PACAP did not significantly prevent inhibi-
tion of TNF production by a second dose added to the cells with
the LPS (Fig. 3B).

To determine the minimum time required for the inhibitory ef-
fect of VIP and PACAP, peritoneal macrophages were cultured
with LPS in the presence or the absence of 1028 M VIP or
PACAP. Neuropeptides were removed by extensive washing at
different times (from 5–120 min), and cells were cultured in me-
dium containing LPS without neuropeptides. A 15-min incubation
with VIP or PACAP was enough to achieve maximum inhibition,
although incubations of 5 min still resulted in significant inhibitory
effects (Fig. 3C).

Effects of VIP and PACAP on IL-1b-induced TNF release

Next, to investigate whether the observed inhibition by VIP and
PACAP was specific for endotoxin-induced TNF release or
whether these neuropeptides might also act as inhibitors of TNF-a

release by cytokine-activated macrophages, the effects of VIP and
PACAP on IL-1b-induced TNF-a production were determined.
VIP and PACAP attenuated the release of TNF-a by macrophages
activated with 100 U/ml IL-1b, but to a greater extent than LPS-
induced release (Fig. 4). The maximal VIP/PACAP inhibitory ef-
fect on cytokine-induced TNF-a production was exerted at 12 h
(Fig. 4).

VIP and PACAP reduce TNF-a mRNA levels

Having demonstrated that VIP and PACAP had an inhibitory effect
on endotoxin-induced TNF-a production, we determined whether

FIGURE 3. Time course for the VIP and PACAP inhibitory activity on LPS-activated TNF-a production.A, Effects of treating macrophages with VIP
or PACAP before or after LPS stimulation.Left, Macrophages (53 105 cells/ml) were incubated with LPS (10 ng/ml) at time zero. VIP or PACAP (1028 M)
was added at various times relative to LPS as indicated.Right, VIP or PACAP (1028 M) was added to macrophages (53 105 cells/ml) 24 h before LPS
(10 ng/ml), with LPS (time zero), or at both time points. Supernatants were collected 6 h later after the initiation of the cultures (time zero) and were assayed
for TNF-a production as described inMaterials and Methods. B, Peritoneal macrophages (53 105 cells/ml) were stimulated with LPS (10 ng/ml) in the
presence or the absence of VIP or PACAP (1028 M). Both neuropeptides were removed a different times by washing (three times with serum-free medium),
and the cells were then resuspended in complete medium containing LPS (10 ng/ml; without neuropeptides) and cultured for an additional 6 h. Control
cultures containing only LPS were washed and recultured under the same conditions. Supernatants were collected, and the TNF-a content was determined
by ELISA. The percent inhibition was calculated by comparing each experimental culture with its control. Each result is the mean6 SD of four experiments
performed in duplicate.p, p , 0.001 (vs LPS-stimulated controls without neuropeptides).
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this action occurs at a transcriptional level. We stimulated perito-
neal macrophages with LPS in the presence or the absence of 1028

M VIP or PACAP. Total RNA was prepared from 3-h cultures and
subjected to Northern blot analysis. Although no TNF-a mRNA

was detectable in unstimulated cells (data not shown), a high level
of TNF-a mRNA was present in LPS-stimulated macrophages,
and the hybridization signal was strongly reduced in the presence
of either VIP or PACAP (Fig. 5). These results indicate that VIP
and PACAP could inhibit TNF-a production at the transcriptional
level in LPS-stimulated macrophage cultures; however, it remains
to be established whether the diminution in steady state TNF-a
mRNA levels results from a decrease in either the novo transcrip-
tional rate or message stabilization, or both.

Intracellular signal pathways involved in the inhibition of TNF-
a production by VIP and PACAP

To study the second messengers involved in the inhibitory activity
of VIP and PACAP on TNF-a release, we determined the effects
of PMA (an activator of PKC), calphostin C (a specific inhibitor of
PKC) (19), forskolin (an inducer of intracellular cAMP levels)
(20), and H89 (a potent and specific inhibitor of PKA) (21) on

FIGURE 4. Modulation of IL-1b-induced TNF-a release by VIP and
PACAP.A, Macrophages (53 105 cells/ml) were incubated with mrIL-1b
(100 U/ml) in the absence or the presence of VIP or PACAP (1028 M) for
24 h. At the indicated time points, supernatants were collected, and TNF-a
release was determined by ELISA.B, Macrophages (53 105 cells/ml)
were incubated with mrIL-1b (100 U/ml) in the absence or the presence of
different concentrations of VIP or PACAP. The supernatants were col-
lected 6 h later, and TNF-a release was determined by ELISA. Results are
shown as the mean6 SD of three experiments performed in duplicate.
Asterisks indicate a statistically significant difference compared with con-
trols containing IL-1b in the absence of neuropeptides (p , 0.001).

FIGURE 5. Inhibitory effects of VIP and PACAP on LPS-induced
TNF-a mRNA expression. Macrophages (107 cells) were stimulated with
LPS (10 ng/ml) and incubated without or with VIP or PACAP (1028 M) for
3 h. Total RNA was extracted and blotted onto nylon membranes. The
expression of TNF-a and 18S mRNA in peritoneal macrophages was an-
alyzed by Northern blot analysis. One representative experiment of three is
shown.

FIGURE 6. Comparative effects of PMA (PKC ac-
tivator), forskolin (PKA activator), calphostin C (PKC
inhibitor), and H89 (PKA inhibitor) on LPS-induced
TNF-a production in murine macrophages incubated
with VIP or PACAP. Peritoneal macrophages (53
105 cells/ml) were stimulated with LPS (10 ng/ml),
LPS plus VIP (1028 M), or LPS plus PACAP (1028

M) in the absence or the presence of different concen-
trations of PMA (A), forskolin (FK; B), calphostin C
(C), or H89 (D). Supernatants were collected 6 h later
and assayed for TNF-a production by ELISA. Each
result is the mean6 SD of three to six experiments
performed in duplicate.p, p , 0.001 with respect to
neuropeptide-treated samples without protein kinase
modulators.
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TNF-a production by LPS-stimulated macrophages incubated in
the absence or the presence of VIP or PACAP.

PMA induced TNF-a production in a dose-dependent manner,
and VIP/PACAP inhibited the PMA-induced release of TNF-a
(Fig. 6A). These results suggests that PKC plays a role in TNF-a
production by macrophages. Indeed, calphostin C inhibited in a
dose-dependent manner the TNF-a production by LPS-stimulated
macrophages (Fig. 6C).

In terms of the secondary messenger involved in the inhibitory
activity of VIP/PACAP, several experiments suggest the involve-
ment of intracellular cAMP. For example, forskolin, which in-
creases cAMP, inhibited TNF-a production in LPS-stimulated
macrophages, similar to VIP/PACAP (Fig. 6B). The treatment with
forskolin in addition to VIP/PACAP resulted in an additive effect
only at the highest forskolin concentration used (10mM; Fig. 6B).
The fact that the effect of VIP/PACAP was not additive with for-
skolin suggests that both neuropeptides and forskolin mediate their
actions through the same intracellular pathway. The involvement
of cAMP in the inhibitory effect of VIP/PACAP on TNF-a pro-
duction is also supported by the results obtained with the two spe-
cific inhibitors, i.e., calphostin C and H89. As reported above,
calphostin C inhibited TNF-a release by LPS-stimulated macro-
phages, but did not reverse the inhibitory effect of VIP/PACAP
(Fig. 6C). In contrast, whereas H89 does not affect TNF-a pro-
duction by LPS-stimulated macrophages, it reverses the inhibitory
effect of VIP/PACAP (Fig. 6D). These results suggest that whereas

TNF-a production by LPS-stimulates macrophages involves PKC,
the inhibitory effect of VIP/PACAP is exerted at least partially
through increases in intracellular cAMP.

VIP and PACAP inhibit LPS-induced TNF-a production in vivo

An attempt was made to reproduce the in vitro observations in
vivo. To this end, mice were treated with VIP, PACAP, or vehicle
control solution, followed by the administration of LPS (fromS.
enteridis; 25 mg/mouse). The three experiments depicted in Fig.
7A show that both neuropeptides (a single dose of 5 nmol/mouse)
decreased the concentration of TNF-a induced by LPS in serum
and extracellular fluid (peritoneal lavage). Next, we used the same
experimental protocol to analyze TNF-a mRNA in freshly perito-
neal cells by Northern blot analysis. As shown in Fig. 7B, VIP and
PACAP significantly reduced the expression of TNF-a mRNA af-
ter 1.5 h of endotoxin treatment.

In vitro and in vivo VIP production induced by LPS and
proinflammatory cytokines

Finally, we investigated the effects of LPS and some proinflam-
matory cytokines involved in endotoxic shock, such as IL-1b,
IL-6, and TNF-a, on VIP production by peritoneal cells. As shown
in Fig. 8A, unstimulated peritoneal cells cultured in vitro release
VIP, with maximum release at 24–36 h. Treatment of cultures with
LPS, IL-1b, IL-6, or TNF-a resulted in a significant augmentation
of the in vitro VIP production compared with that in the unstimu-
lated controls. This stimulatory effect occurred over a period of
12–72 h of exposure to these endotoxemic mediators, with maxi-
mum levels at 24 h (Fig. 8A). At all times, LPS was the strongest
activator of VIP production. The potencies of IL-1b, IL-6, and
TNF-a were similar (Fig. 8A). Anti-mTNF-a or anti-mIL-6 Abs
partially reversed the stimulatory effect of LPS on VIP production
(Fig. 8B), and cotreatment with both anti-mTNF-a and anti-mIL-6
was clearly additive relative to treatment with either of these Abs,
although the blockage was not total (Fig. 8B). Finally, the LPS-
induced VIP production was corroborated in vivo, because LPS
(25mg/mouse) increased in a time-dependent manner VIP levels in
the peritoneal suspension and serum, showing a maximum effect at
12 h (Fig. 8C). Interestingly, basal VIP levels were significantly
higher in thioglycolate-elicited mice than in unstimulated mice
(Fig. 8C). These results indicate that VIP production in vitro and
in vivo is induced by LPS at least partially through the release of
the proinflammatory cytokines TNF-a, IL-1b, and IL-6.

Discussion
Although VIP affects a variety of immune functions, its primary
immunomodulatory function seems to be anti-inflammatory in na-
ture. In this respect, VIP and PACAP have been shown to attenuate
reperfusion injury following ischemia of brain (22) and lung (23).
VIP has a protective effect on the acute lung inflammation caused
by several inflammatory agents (24–26). In this study we investi-
gated the effects of VIP and PACAP on the production of TNF-a,
a proinflammatory cytokine, by endotoxin-activated macrophages.
Our findings show that VIP and PACAP inhibit in a similar way
and in a time- and dose-dependent manner the LPS-stimulated pro-
duction of TNF-a by murine macrophages.

The time course indicates that, similar to IL-6 and IL-10 (7, 14),
the effect of VIP and PACAP on TNF-a production occurs rapidly,
as 5- to 15-min incubations with either neuropeptide are sufficient
to achieve a maximum effect. In addition, the inhibition has a
refractory period of 2–3 h, after which the inhibitory activity of
VIP or PACAP is reduced significantly, suggesting that VIP/
PACAP block an early event in TNF-a generation in macrophages.
The failure of VIP and PACAP to inhibit TNF-a production in

FIGURE 7. In vivo effects of VIP and PACAP on LPS-induced TNF-a
release and mRNA expression. Mice were i.p. injected with LPS (25mg/
mouse), LPS plus VIP (5 nmol/mouse), or LPS plus PACAP (5 nmol/
mouse).A, After 2 h, serum and peritoneal exudate were obtained as de-
scribed inMaterials and Methodsand were assayed for TNF-a production
by ELISA. Each result is the mean6 SD of three experiments performed
in duplicate.p, p , 0.001 (vs control samples without neuropeptides).B,
Expression of TNF-a and 18S mRNA in the peritoneal exudate was ana-
lyzed by Northern blot analysis 1.5 h post-LPS. Mice injected i.p. with
medium alone were included (None). One representative experiment of
three is shown.
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response to delayed LPS stimulation could be explained by down-
regulation of VIP receptors, which is known to occur in the pres-
ence of VIP (27).

Similar to the effect on other cytokines, such as IL-2, IL-6, and
IL-10 (7, 13, 14), the inhibition of TNF-a requires intact VIP/
PACAP molecules. This is in agreement with previous reports
showing that either C- or N-terminal truncations of VIP lead to
significant losses in biological activity (28, 29). The nature of the
macrophage VIP/PACAP receptors that mediate the inhibition of
TNF-a production is not clear. Peritoneal macrophages were pre-
viously shown to express PAC1 and VPAC1 mRNA, and both
high affinity and low affinity VIP/PACAP binding sites were iden-
tified on peritoneal macrophages (4, 5, 30). TheKd of the high
affinity binding sites for VIP and PACAP38 (0.6–1.44 nM) cor-
responds to the neuropeptide concentrations (1029–1028 M) that
showed the highest inhibitory effect in our study. To confirm the
specificity of the observed effects and to provide additional evi-
dence for the receptor-mediated nature of the effects of VIP and
PACAP, we investigated the ability of the PACAP6–38 fragment,
an antagonist with specificity for both the PAC1 and VPAC2 (15),
and of two VPAC1 antagonists (16, 17) to reverse the inhibitory
effect of VIP and PACAP on TNF-a production. The lack of effect
of PACAP6–38 eliminates PAC1 and VPAC1 as possible media-

tors. In contrast, the two VPAC1 antagonists are fully active in
reversing the inhibitory effect of both VIP and PACAP, suggesting
that this receptor is a viable candidate. This was confirmed by the
fact that a VPAC1 agonist (18) showed a similar effect as VIP/
PACAP by inhibiting TNF-a production.

The VPAC1 is coupled primarily to the adenylate cyclase sys-
tem in several immune cells, including peritoneal macrophages
(30–32). To fully understand the mechanism of action of VIP and
PACAP, it is important to clarify which transduction pathways are
involved in the inhibition of TNF-a production by macrophages. It
has been shown that TNF-a production is inhibited by agents that
increase intracellular cAMP levels and is stimulated by activation
of the PKC pathway (1, 33–35). In the present study, using selec-
tive activators and inhibitors of PKA and PKC, we demonstrated
that VIP and PACAP inhibit TNF-a production by macrophages
through PKA activation and elevation of cAMP levels following
binding to VIP1R.

In a recent study we reported that in contrast to the broad in-
hibitory effects of VIP and PACAP on LPS-induced IL-6 release,
both neuropeptides were ineffective in reducing production of IL-6
by macrophages stimulated with either IL-1b or TNF-a; on the
contrary, we found that VIP and PACAP increased IL-6 levels (7).

FIGURE 8. Effects of LPS, TNF-a, IL-6, and IL-1b on VIP production in murine peritoneal cells.A, In vitro time curve for LPS-, TNF-a-, IL-6-, and
IL-1b-induced VIP release in peritoneal suspension. Fresh peritoneal cell suspension (53 106 cells/ml) was cultured in the absence (controls) or the
presence of LPS (5mg/ml), TNF-a (20 ng/ml), IL-6 (20 ng/ml), or IL-1b (10 ng/ml) for 72 h. At the indicated time points VIP production was assayed
by ELISA as described inMaterials and Methods. Each result is the mean6 SD of three experiments performed in duplicate.p, p , 0.001 (vs control
samples without LPS/cytokines).B, LPS-induced VIP production is partially reversed by anti-TNF-a and anti-IL-6 Abs. Peritoneal cells (53 106 cells/ml)
were incubated with LPS (5mg/ml) in the presence or the absence of anti-mTNF-a Ab (50 mg/ml) and/or anti-mIL-6 Ab (50mg/ml). Supernatants were
collected 24 h later and assayed for VIP production by ELISA. Each result is the mean6 SD of three to five experiments performed in duplicate.p, p ,
0.001 (vs control samples without LPS). #,p , 0.001 (vs samples treated with LPS alone, without Abs).C, Effect of LPS on in vivo production of VIP.
Mice were injected i.p. with thioglycolate (1TG). After 4 days, mice were given an i.p. injection of LPS (25mg/mouse), and at the indicated time points
peritoneal and serum VIP levels were measured by ELISA as described inMaterials and Methods. Basal VIP levels were determined in freshly peritoneal
suspension and serum from mice without thioglycolate treatment (2TG). p, p , 0.001 (vs control samples without LPS). Each result is the mean6 SD
of three experiments performed in duplicate.
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However, in the present study we have shown that both neuropep-
tides inhibited in a dose-dependent manner IL-1b-induced TNF-a
production. Similar results have been previously described in hu-
man monocytes for another anti-inflammatory substance, the en-
dogenous nucleoside adenosine (36). This discrepancy between the
inhibitory effects of VIP/PACAP and adenosine on IL-1b-induced
TNF-a release on one side and the potentiating effect on the re-
lease of IL-6 on the other side, further argues against a common
inhibitory mechanism for both cytokines.

Our previous experiments regarding VIP modulation of cyto-
kine expression indicated that the inhibitory effects of VIP on IL-
2/IL-6/IL-10 and IL-4 production result from different molecular
mechanisms, i.e., transcriptional vs post-transcriptional regulation,
respectively (6, 7). The present study indicates that, similar to
IL-2, IL-6, and IL-10 and in contrast to IL-4, the inhibitory effect
of VIP and PACAP on TNF-a production occurs through a tran-
scriptional mechanism. In this sense we have recently reported that
VIP and PACAP inhibit TNF-a transcriptional activation in LPS-
stimulated Raw 264.7 cells by affecting both NF-kB nuclear trans-
location and the composition of the cAMP response element bind-
ing complex (CREB/c-Jun) (37).

The in vitro inhibitory effect of VIP/PACAP on LPS-induced
TNF-a production correlates with the in vivo inhibition of both
TNF-a expression and release in endotoxemic mice. VIP and
PACAP have been described as components of the lymphoid mi-
croenvironment, including the peritoneal immune population. In-
deed, we have previously reported that VIP is produced by peri-
toneal lymphocytes (4), and Gaytan et al. found PACAP
immunoreactivity in lymphocytes from different lymphoid organs
(38). In the present study we have demonstrated that LPS stimu-
lation induced in vivo and in vitro VIP production and release by
peritoneal cells (possibly lymphocytes). In addition, several proin-
flammatory cytokines, such as IL-1b, IL-6, and TNF-a, stimulated
VIP synthesis in the peritoneal microenvironment. The fact that the
LPS-induced VIP production is partially reversed by the addition
of Abs against these proinflammatory cytokines suggests that the
stimulatory action of LPS on VIP release is mediated at least par-
tially through the LPS-induced synthesis of IL-1b, IL-6, and
TNF-a by peritoneal macrophages. In this sense, several lines of
evidence suggest that the production and expression of VIP and
VIP binding sites are regulated by inflammatory mediators, such as
IL-1, IL-6, TNF-a, antigenic stimulation, and glucocorticoids (39-
44). These findings suggest the existence of a negative feedback, in
which mediators produced by inflammatory cells following endo-
toxin stimulation stimulate VIP and VIP-R expression, and the
subsequent VIP/VIP-R interactions negatively regulate the local
inflammatory response. Therefore, the in vivo effect of VIP and
PACAP on TNF-a production, the expression and production of
both neuropeptides, and their receptors in peritoneal immune cells
together with the concept of a VIP- and PACAP-mediated general
immunoregulatory feedback mechanism suggest that these neu-
ropeptides might be endogenous modulators of inflammatory cy-
tokine production by activated immune cells.

There is abundant evidence that TNF-a is an important mediator
of shock and organ failure complicating Gram-negative sepsis (1).
Could the administration of VIP/PACAP early in sepsis, before the
development of hypotension, be useful? In this sense, elevated VIP
levels were reported in patients with Gram-negative septic shock
and in some endotoxic animal models (45–49). We have recently
demonstrated that VIP and PACAP protect mice from lethal en-
dotoxemia through the inhibition of TNF-a and IL-6 production
(50). In addition, an anti-shock effect of PACAP on experimental
endotoxin shock in dogs has been previously reported (51). We
propose that during a normal immune response, the timely pro-

duction and/or release of VIP and possibly PACAP within the
lymphoid organs following antigenic stimulation serve to down-
regulate the ongoing immune response, mostly through the mod-
ulation of cytokine production. During septic shock, however, due
to severe septicemia leading to an overstimulation of the immune
system, the effect of checkpoint molecules such as IL-10, IL-13,
VIP, and PACAP is overwhelmed by the proinflammatory net-
work. Based on the present study demonstrating that VIP and
PACAP inhibit TNF-a production and on the protective effect of
these anti-inflammatory neuropeptides in lethal endotoxic shock,
the exogenous administration of VIP or PACAP could offer an
alternative to existing treatments for septic shock syndrome.
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