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Decrease in sensitisation rate and intestinal
anaphylactic response after nitric oxide synthase
inhibition in a food hypersensitivity model

M J Fargeas, V Theodorou, B Weirich, J Fioramonti, L Bueno

Abstract
Background-.Although nitric oxide (NO)
has been found to have a role in gut
inflammation and to modulate immuno-
globulin production, little is known about
its part in food hypersensitivities.
Aim-This study aimed to evaluate the
role of NO through the inhibition of
constitutive and inducible NO synthase
(cNOS and iNOS respectively) on the sen-
sitisation process (antibody titres) and on
intestinal anaphylactic responses (colonic
hypersecretion upon antigen challenge).
Animals and methods-Guinea pigs sen-
sitised to cow's milk proteins were treated
either during the sensitisation period or
before antigen challenge by N-nitro-L-
arginine methyl ester (L-NAME) (in-
hibiting both cNOS and iNOS) or
amino-guanidine (selective iNOS in-
hibitor).
Results-Chronic treatment by L-NAME
or aminoguanidine reduced antibody
titres and the secretory response to anti-
gen challenge. In contrast, only L-NAME
administered before challenge was able to
antagonise the hypersecretion induced by
the challenge.
Conclusions--NO generated by iNOS has
a role in the sensitisation process: iNOS
inhibition results in lower rates of anti-
bodies leading to a reduced secretory
response upon challenge. In contrast,
blockade of colonic hypersecretion by
L-NAME but not by aminoguanidine
suggests that NO via cNOS is a key medi-
ator in intestinal anaphylactic reactions.
(Gut 1996; 38: 598-602)
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The production of nitric oxide (NO) has been
shown in a great number of mammalian cells as

diverse as endothelial cells,l neurons,2 intestinal
mucosal,3 and immune cells.4 This short lived
molecule is produced from L-arginine by an

enzyme, NO synthase. Two distinct types of
NO synthase have been described, a con-

stitutive Ca2+/calmodulin dependent enzyme
(cNOS) and an inducible form (iNOS),
Ca2+/calmodulin independent induced by
cytokines or endotoxins.2 While cNOS is found
in endothelial vascular cells, neurons, and
intestinal cells, iNOS has been identified in a

variety of immunocompetent cells including
macrophages5 and neutrophils.6

The role of NO in gut inflammation is
evident but controversial: NO being either pro-
tective or deleterious depending on the nature
of the insult, its duration (acute or chronic
inflammation), and the enzymatic source of
NO (cNOS or iNOS).7 Although there is
increasing interest in the role of NO in gut
inflammation, very few studies consider the
part played by NO in food allergies.
Nevertheless, these pathologies imply inflam-
matory mediator production and release
involving NO generation.

This study was designed to evaluate the role
of NO in the sensitisation process through
chronic inhibition of cNOS and iNOS during
the period of sensitisation in a model of cow's
milk allergy in the guinea pig.8 Because NO
synthase inhibition has been reported to
increase intestinal permeability,9 which is an
important factor for antigen uptake, this para-
meter was assessed during the sensitisation
period. In addition, the role ofNO in the ana-
phylactic response (intestinal hypersecretion)
induced by antigen challenge in sensitised
animals was also investigated.

Methods

ANIMAL - SENSITISATION
Thirty six male Dunkin-Hartley guinea pigs
(250-300 g) divided into six groups were used
for these experiments (Interfauna, Loches,
France). A milk protein-free solid pellet diet
was supplied to all animals. Animals were sen-
sitised to cow's milk proteins by giving them
only fresh pasteurised cow's milk to drink
instead ofwater for four weeks.8 These animals
were allowed to drink water five to six days
before the day of antigen challenge. A group of
six animals had water available instead of milk
and was used as control.

ANTIBODY TITRES
Blood was drawn by cardiac puncture the day
before antigen challenge to determine anti-a
lactoglobulin antibody titres by passive cuta-
neous anaphylaxis (PCA) test. Briefly, 100 ,u
of the diluted sera ranging from 1:2 to 1:256
were injected intradermally into the shaved
flanks of naive guinea pigs. Two days later, 2-5
mg of 3 lactoglobulin in Evans' blue dye (1%
in 9%o NaCl solution) were injected intra-
venously in a final volume of 0 5 ml. One hour
later, PCA reactivity was measured as the high-
est dilution which yielded a positive response
(local skin blueing with a diameter -4 mm).
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Titres were expressed as the log of the highest
dilution giving blue patches.

EVALUATION OF ANTIGEN INDUCED COLONIC
SECRETION
Modification of water intestinal transport is a
characteristic feature of intestinal anaphy-
laxis.°0 To assess the response to antigen chal-
lenge, we measured the net water flux of an
isolated colonic loop.11 12 A midline laparo-
tomy was performed in anaesthetised (ure-
thane 2 g/kg intraperitoneally (ip)) guinea pigs
to expose the large intestine. A 5 cm segment
of proximal colon 3 cm from the caecocolonic
junction was isolated and cannulated for intra-
luminal perfusion. After cleansing the con-
tents, the loop was replaced in the abdominal
cavity, which was then closed, and the colonic
segment was infused with a Ringer's buffer
solution containing 1 ,uCi/l of (14C) polyethy-
lene glycol 4000 as a marker and 5 g/l of cold
polyethylene glycol 4000 as a carrier. The loop
was infused at a constant rate (6 ml/h) and the
effluent was collected for 15 minute periods
over 180 minutes. After an equilibration
period (90 minutes), antigen challenge was
performed by adding P lactoglobulin (100 mg)
to the Ringer's solution. Antigen was infused
for 30 minutes. 14C activity in collected
samples was measured by liquid scintillation,
and water flux for every 15 minute period was
calculated using the following formula:
Net water flux (rd/cm/h) = (1 -dpms/dpmx) XP/L

where dpms and dpmx are the 14C activities in
Ringer's solution and the effluent respectively;
P is the perfusion rate (p1/h) and L the length
(cm) of the colonic segment.
Water flux values measured over two con-

secutive 15 minute periods were averaged to
obtain a mean net flux of water over a 30
minute period. Positive values represented net
absorption of water and negative values, net
secretion.

INTESTINAL PERMEABILITY
Intestinal permeability was determined in con-
trol animals (water) and milk-drinking guinea
pigs chronically treated or not with NO syn-
thase inhibitors. This evaluation was per-
formed before milk diet and later on, every
week during the four weeks of sensitisation.
To assess epithelial permeability 1 ml of the

probe (51Cr-EDTA, 3 ptCi/guinea pig) was
delivered by gastric intubation. Each animal
was placed for 24 hours in a metabolic cage
permitting us to collect separately urine and
faeces. The radioactivity of urine (1 ml) was
counted in a gamma counter (Cobra II,
Packard, Meriden, CT, USA). The percentage
of recovery of 51Cr-EDTA for 24 hours was
calculated from the administered dose.

NO SYNTHASE INHIBITION TREATMENT
NO synthase inhibition was achieved by using
either N-nitro-L-arginine methyl ester (L-
NAME) which is a competitive inhibitor of

both cNOS and iNOS, or aminoguanidine, a
potent and selective antagonist of iNOS.13 14
Two groups of six guinea pigs received daily
administrations of either L-NAME (10 mg/kg
ip) or aminoguanidine (2 mg/kg ip) for four
weeks, six days a week, during the period of
milk drinking (chronic treatment). Two other
groups were given ip L-NAME (10 mg/kg) or
aminoguanidine (2 mg/kg) one hour before
infusion of antigen challenge (acute treat-
ment). The doses used were chosen in accor-
dance with the abundant published reports.
Controls were given saline.

STATISTICAL ANALYSIS
Values were mean (SD) from six animals.
They were compared using analysis ofvariance
(ANOVA) and Student's t test for unpaired
data where appropriate.

Results

EFFECT OF CHRONIC NO SYNTHASE INHIBITION

Sensitisation rate
There was no positive response to the PCA test
in control (non-sensitised) animals. In control
sensitised animals, the IgE-IgG titres deter-
mined by the PCA test reached 1.80 (0.36),
ranging from 1.5-2A4. In L-NAME treated
rats, the titre was 1.02 (0.65) ranging from
0.3-1-8 and was significantly different
(p=0.027) from values in untreated animals.
Similarly, aminoguanidine significantly
(p=0.013) decreased antibody titres: mean
0.90 (0.63), range 0-1.5 (Fig 1). The mean
values corresponded to blue patches appearing
at a mean serum dilution of 1:8 (treated
animals) whereas in untreated ones the dilu-
tion was 1:64.
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Figure 1: Antibodies to P lactoglobulin (/3-LG) evaluated
by passive cutaneous anaphylaxis test in vehicle and
NO synthase inhibitor treated guinea pigs. Antibody
titres are significantly lower in animals treated by
N-nitro-L-arginine methyl ester (L-NAME) (p= 0 027)
or aminoguanidine (p= 0 013) during the sensitising
period, than in controls. *Significantly differentfrom
controls (n=6).
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After stopping P lactoglobulin challenge, the
net water absorption was restored and values
after infusion were not significantly different
from basal values.

In sensitised animals, treated chronically by
L-NAME or aminoguanidine, the challenge
induced hypersecretion was significantly
(p<001) reduced: -9.5 (6.5) and -1-4 (3.3)
respectively v -165.8 (62.5) iil/cm/h in
untreated animals (Fig 3).

Intestinal permeability
Intestinal permeability in milk-drinking
animals measured after one week of L-NAME
or aminoguanidine treatment was significantly
(p<0 05) higher than that in vehicle treated
animals. Thereafter, the intestinal permeability

* decreased progressively and at the end of the
sensitisation period (four weeks) the mean

_I0 I30 I I0 I0 I0 values were equivalent in the three groups-60 -30 0 30 60 90 (vehicle, L-NAME, aminoguanidine) but
3 lactoglobulin infusion significantly lower than the first week values for

treated animals only (Fig 4).

EFFECT OF ACUTE NO SYNTHASE INHIBITION
ON CHALLENGE INDUCED HYPERSECRETION
Previous administration of L-NAME (10
mg/kg ip, one hour before challenge) in sensi-
tised animals antagonised the hypersecretion
triggered by P lactoglobulin challenge (net
water flux +3.7 (8.9) v -165.8 (62.5)
,u1/cmnh). In contrast, administration of
aminoguanidine (2 mg/kg) under the same
conditions could not prevent the secretory
effects of P lactoglobulin on the colonic loop
(net water flux -95.7 (35.2) p1/cm/h). Neither
L-NAME nor aminoguanidine changed the
basal values when administered alone.

Discussion
Our results show that chronic treatment by
NOS inhibitors and the consequent reduction
in NO production during the sensitisation
period reduces the antibody titres when com-
pared with untreated animals. This finding was
obtained in a model of food allergy which has
already been used to compare the effect of oral
v parenteral sensitisation to cow's milk pro-
teins on mucosal permeability.'5 We preferred
to use the oral route for sensitisation rather
than the systemic route because this resembles
the sensitisation that occurs in infants with
cow's milk allergy diseases and is therefore a
more clinically relevant model. The reduction
in anti-, lactoglobulin antibody titres observed
in our study is in agreement with results from
in vitro studies that have shown a regulatory
role of NO in the interleukin (IL)-4 induced
IgE production by human peripheral blood
mononuclear cells.'6 In this work, a competi-
tive inhibitor of L-arginine, N-monomethyl L-
arginine (L-NMMA) was shown to suppress
IgE production driven by IL-4 by preventing
NO synthesis. Indeed, IL-4 is known to be
linked to allergic responses because it has a
major role in IgE synthesis by B-lympho-
cytes. 17

Time (min)
Figure 2: Effect of intracolonic infusion of (8 lactoglobulin
on colonic net waterflux in cow's milk sensitised guinea
pigs. Note that antigen challenge reverses the waterflux
from an absorption to a net secretion. *Significantly
differentfrom basal values (p<O O1; n= 6).

Challenge induced colonic hypersecretion
Infusion of P lactoglobulin (100 mg) in sensi-
tised animals reversed the net water flux of the
colonic loop from an absorptive to a secretory
state. This change did not occur in non-sensi-
tised animals: in these, water absorption was
constant throughout the time course study.
Basal net water flux in sensitised animals was
26.2 (4.8) pl/cm/h during the hour before chal-
lenge. Intracolonic perfusion of P1 lactoglobulin
over 30 minutes induced a net secretion of
water reaching - 165.8 (62.5) pl/cm/h (Fig 2).
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Figure 3: Comparative values of colonic net waterflux
during antigen challenge in vehicle and N-nitro-L-arginine
methyl ester (L-NAME) or aminoguanidine treated
animals (chronic treatment during the sensitisation period).
L-NAME and aminoguanidine significantly reduced the
hypersecretion induced by 8 lactoglobulin. *Significantly
differentfrom vehicle values (p<0 01; n=6).
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Figure 4: Mean values of intestinal permeability evaluated before and every week during
the sensitisation period (milk drinking) in vehicle and NO synthase inhibitor treated
guinea pigs. Note the significant rise of intestinal permeability after one week treatment in
N-nitro-L-arginine methyl ester (L-NAME) or aminoguanidine treated animals and the
progressive drop until the end of the milk diet. *Significandy differentfrom vehicle
(p<005). tSignificantly different from values of thefirst week (p<O0O1).

We have shown that L-NAME and
aminoguanidine are equally efficient at reduc-
ing the sensitisation rate. As L-NAME is a

non-selective inhibitor ofcNOS and iNOS and
aminoguanidine is selective for iNOS, we sug-
gest that NO production via iNOS is involved
in the sensitisation process. iNOS has been
reported to be induced after activation of dif-
ferent cells involved in immunological reac-

tions by cytokines,2 and when expressed, this
enzyme synthesises NO for a long period. This
mode of induction fits well with our model in
which antibody synthesis was cytokine depen-
dent and the sensitisation process was time
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Figure 5: Comparative values of colonic waterflux during
antigen challenge in vehicle andNO synthase inhibitor
treated guinea pigs. N-nitro-L-arginine methyl ester
(L-NAME) (10 mg/kg ip) and aminoguanidine (2 mg/kg
ip) were administered one hour before antigen infusion.
Only L-NAME antagonised the hypersecretion induced by
P3 lactoglobulin infusion. *Significantly differentfrom
vehicle (p< 0 01; n= 6).

related as animals were subjected to antigen for
four weeks. Furthermore, this result agrees
with in vitro studies showing that there is a
striking correlation between NO release and
IgE production and that the accumulation of
NO becomes significant after about five days of
stimulation, suggesting that this process
requires the induction of iNOS. 16

Intestinal permeability, which is involved in
antigen penetration, was evaluated using 51Cr-
EDTA as probe. This molecule is thought to
permeate the intestinal epithelium by the para-
cellular route. However, 51Cr-EDTA passage
has recently been shown to depend on water
absorption in the villus tips according to their
osmolality and on intestinal blood flow.18
Nevertheless, this test has been proved to be
relevant in detecting intestinal inflammation
by assessing changes in intestinal permeability
in human as well as in experimental animal
models. Inhibition of NOS has been found to
increase intestinal permeability9 leading to a
stronger antigen penetration and therefore a
higher sensitisation rate. In our study, we
observed a significant rise in intestinal perme-
ability but only after the first week of NOS
inhibitor treatmnent. This initial transient
increase in intestinal permeability did not seem
to be sufficient to increase the antigen uptake,
since at the end of the sensitisation period the
antibody titres were significantly lower in NOS
inhibitor treated animals. Afterwards, intesti-
nal permeability dropped progressively, reach-
ing lower values at the end of sensitisation
period. However, these values were quite simi-
lar in control and treated animals suggesting a
possible defence reaction to antigen penetra-
tion by the mucosal epithelium independently
of NOS inhibitor treatment. This finding
provides additional support for a stimulatory
role ofNO on the immune response, particu-
larly immunoglobulin production, whereas the
possibility of higher antigen penetration by an
NOS inhibition induced increase in perme-
ability seems of less importance.
During the sensitisation period in animals

treated with NOS inhibitors we observed a
significant reduction in colonic hypersecretion
upon antigen challenge. This result,can be
explained by the lower antibody titres found in
these animals, suggesting that there may be a
smaller number of activated immunocompe-
tent cells and therefore a weaker release of
inflammatory mediators. Indeed, the correla-
tion between antibody titres and transport
abnormalities is well established.'0
The second part of our study showed that

L-NAME, but not aminoguanidine, adminis-
tered one hour before challenge reversed the
hypersecretion triggered by P3 lactoglobulin
infusion. This leads us to think that NO syn-
thesis via cNOS plays a prominent role in the
antigen induced hypersecretion. NO is widely
distributed throughout the intestine, including
smooth muscle'9 and inflammatory cells,
neurons of myenteric plexus and epithelial
cells. Moreover, NO is released from mast cells
when activated20 and from vascular endothelial
cells stimulated by inflammatory mediators2'
produced by mast cell degranulation. We
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suggest that in our model, mast cell degranula-
tion released either directly or indirectly (via
inflammatory mediators) great quantities of
NO which caused hypersecretion. However, it
has been shown that L-NAME administration
degranulates mast cells22 rendering them
insensitive to further antigenic stimulation.
This possibility can be ruled out because
challenge administrations of L-NAME or
aminoguanidine one hour beforehand, at the
doses used in this study, did not change the
basal net water flux. Furthermore, our hypo-
thesis is supported by several other workers.
On one hand, NO donors stimulated fluid
accumulation,23 modulated electrolyte trans-
port,24 and activated chloride secretion25 and
on the other, L-NAME was able to reverse
luminal fluid accumulation in guinea pig
ileitis26 and to prevent diarrhoea caused by
administration of castor oil,27 diphenyl-
methane laxatives,28 or bile salts29 in rats.
Moreover, and in support of our findings,
recent work from our laboratory has shown
that IL-1 is involved in the anaphylactic
colonic hypersecretion induced by antigen
challenge in the sensitised guinea pig30 and
that the I-1 induced hypersecretion can be
blocked by a NOS inhibitor.3' Alternatively, it
has been reported that L-NAME displays
some antimuscarinic action,32 which can
explain the blockade of antigen induced hyper-
secretion since cholinergic neurons are
involved in this secretory response. However,
at the dose used, L-NAME exerts in vivo a
stimulation of gut motility hardly compatible
with an antagonism on muscarinic receptors.
We conclude that NO may function as a

common or a final mediator, or both, in this
model of hypersecretion.
We thank Mr P Marche and C Betoulieres for their skilful tech-
nical assistance and J Laumailler for manuscript preparation.

This work was presented in part at the Annual Meeting of the
American Gastroenterological Association, San Diego, May
1995.
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