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Abstract

Antisecretory factor (AF) is expressed in all tissues of mammals, inhibits intestinal hypersecretion and has anti-inflammatory properties as

well. Endogenous AF synthesis may be stimulated by feeding hydrothermally processed cereals. Alternatively, freeze-dried egg yolk can be

used as a source of exogenous AF. Several reports have suggested that AF from freeze-dried egg yolk may be useful in inflammatory bowel

disease. We assessed the effect of freeze-dried, AF-rich egg yolk intake on 2,4,6-trinitrobenzenesulphonic acid (TNBS) colitis. Balb/c mice

were randomised to receive (1) AF in sterile drinking-water (4 g/l, n 38) and (2) sterile drinking-water alone (vehicle, n 38) from TNBS or

saline administration onwards. Different subsets of mice were killed at weeks 1–3 after TNBS or saline administration. Macroscopic and

microscopic damage was assessed in colonic specimens. Eicosanoid and cytokine production was evaluated in supernatants of 24 h-incu-

bated colonic explants. Myeloperoxidase activity was measured in frozen colonic samples, while apoptosis was assessed in paraffined

samples by the in situ oligoligation method. AF-treated mice showed a milder colonic damage compared with the vehicle group,

which became statistically significant at week 3. This was accompanied by decreased IL-2, IL-1 and leukotriene B4 production at weeks

2 and 3, as well as increased interferon-g at week 1, in AF-treated mice compared with vehicle-treated mice. AF-treated mice had signifi-

cantly increased counts of apoptotic cells in the lamina propria at weeks 1 and 2 post-TNBS. In conclusion, the administration of AF-rich

egg yolk has a therapeutic effect in the late phases of TNBS colitis in Balb/c mice.
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Antisecretory factor (AF) is a 41 kDa hypothalamic protein that

exerts an inhibitory effect on intestinal secretion, as shown in

several experimental models of diarrhoea in rats and pigs(1,2).

Thus, as few as 10211 to 10212 mol/l of recombinant AF,

added to either the mucosal or serosal side, is enough to

revert intestinal hypersecretion induced by cholera toxin

in vivo (1). Recombinant AF also inhibits the inflammatory

response induced by Clostridium difficile toxin A in rat jejunal

loops(2). In fact, both enterotoxins and dietary supplementation

with hydrothermally processed cereals (HPC) stimulate

endogenous AF synthesis, and suppress the hippocampal

g-aminobutyric acid (A)-mediated synaptic transmission in

rats, mimicking the effect of exogenously administered AF(3).

Experimental data also show anti-inflammatory properties of

AF based on the modulation of lymphocyte proliferation

in vitro. AF is expressed by antigen-presenting cells and

B-cells in the gut-associated lymphoid tissue, and it may

regulate T-cell activity through mechanisms involving

monocyte/macrophage/microglia cells(4). These data support

a gut–brain crosstalk that participates in the homeostasis of

intestinal secretion and inflammation.

Patients with chronic inflammatory bowel disorders and

secretory diarrhoea may benefit from an AF-inducing diet

(active treatment). An HPC-induced increase in endogenous
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AF has been associated with clinical improvement in ulcera-

tive colitis, Crohn’s disease and hormone-mediated secretory

diarrhoea(5,6). After 2 weeks of supplementary HPC therapy,

AF plasma levels may increase 10-fold(5,6). However, Crohn’s

disease patients with major small-bowel resections were

unable to significantly raise endogenous AF production(7),

and HPC may also facilitate intestinal occlusion in patients

with bowel strictures. For these reasons, some clinical trials

have used freeze-dried egg yolk as a source of AF (passive

treatment)(8). In these pilot studies, freeze-dried, AF-rich

egg-yolk improved clinical symptoms in ulcerative colitis

patients and reverted hypersecretory diarrhoea of diverse

aetiologies(6,9). Moreover, successful outcome of a patient

with severe and refractory Crohn’s disease, who was treated

with AF-rich egg-yolk drinks, has been reported(10). AF-rich

egg-yolk treatment is unable to increase AF plasma levels as

effectively as the active treatment with HPC does(6,10).

In spite of this, AF passive treatment is associated with a sig-

nificant decrease in several inflammatory parameters and

histological recovery in ulcerative colitis and Crohn’s dis-

ease(9,10). However, the small sample size, the heterogeneity

in concomitant drug therapy and the difficulties in obtaining

intestinal samples make these studies inconclusive.

The aim of the present study is to assess the effect of freeze-

dried, AF-rich egg yolk intake on the outcome and intestinal

damage in a Crohn’s disease-like murine model (trinitroben-

zene sulphonic acid (TNBS)-induced colitis). TNBS colitis is

a common experimental model for the study of new thera-

peutic approaches as well as dietary supplementation in intes-

tinal inflammation. TNBS develops a delayed hypersensitivity

colonic response to allergens that triggers an early acute

non-specific inflammatory process with large numbers of neu-

trophil, and eosinophil polymorphonuclear leucocytes in the

colonic mucosa, followed by a chronic inflammatory pheno-

type with predominance of T-cells later on the colitis

course(11,12). In addition to macroscopic and microscopic

damage, we evaluated tissue markers of either acute or

chronic inflammation, including myeloperoxidase activity,

eicosanoid and cytokine production. Also, cell apoptosis

was assessed, as it has been reported that Crohn’s disease

patients exhibit intestinal lymphocytes that are resistant to

apoptosis, and increasing apoptosis on the basis of most

treatments for both human and experimental intestinal

inflammation(13–15).

Materials and methods

Mice and maintenance conditions

Female Balb/c mice, 8 weeks old, with a body weight of

20–22 g (Criffa Laboratories, Barcelona, Spain) were housed

in wire drop-bottom cages at a constant temperature of 228C,

with a 12 h light–12 h dark cycle, under specific pathogen-

free conditions. Both drinking-water and the AIN-93-based

chow diet were sterilised (Harlam Ibérica, Barcelona, Spain)

and were supplied ad libitum. Food and water intake, and

the body weight of animals were periodically evaluated

throughout the experiment. The study was carried out in

agreement with the rules of the Guide for the Care and Use

of Laboratory Animals, and under the control and manage-

ment of the Ethical Committee of Animal Experimentation

of the ‘Germans Trias i Pujol’ Research Institute in Health

Sciences.

Experimental design

A total of seventy-six mice were randomised into two groups:

(1) AF group, including animals that were fed freeze-dried,

AF-rich egg yolk (provided by Nestlé Healthcare Nutrition,

Barcelona, Spain) dissolved in sterile tap water (4 mg/ml)

and (2) vehicle group that included mice receiving sterile

tap water alone. The AF activity of egg yolk provided by the

manufacturer was assessed by an in vivo rat bioassay(8) and

was found to be 250 mg/cm of jejunal loop. The 4 mg/ml

dose was chosen from that used in a few studies of Crohn’s

disease, which have been reported as 8 g/d of AF-rich egg

yolk, for a 70 kg subject(10). We extrapolated this dose to the

average weight of mice, adjusting for an approximately 12-

fold increased metabolic rate – based on the concept of nutri-

ent density(16) – and their average fluid intake (approximately

6 ml/d) as well. Treatments were administered daily as drink-

ing-water from the first day after colitis induction until killing.

TNBS colitis was induced in thirty mice per group, while a

sham colitis was induced in the remaining sixteen animals

(controls). Killing was performed at weeks 1–3 after colitis

induction by cervical dislocation under anaesthesia with iso-

fluorane in different subsets of mice and colonic samples

were obtained at that time. Eicosanoid and cytokine production

was assessed in supernatants of 24 h-incubated colonic

explants immediately after killing. Tissue myeloperoxidase

activity was measured in frozen colonic samples, while apopto-

sis assessment and histological examination were performed in

paraffined colonic samples as described below.

Trinitrobenzenesulphonic acid colitis

Experimental colitis was induced in mice, slightly anaesthe-

tised (Fluothane; Zeneca, Macclesfield, Cheshire, UK), by the

intrarectal instillation of 0·1 ml of a mixture of TNBS (Sigma-

Aldrich Quı́mica, Madrid, Spain) dissolved in 50 % ethanol

(v/v), at a dose of 50 mg/kg body weight(17). Then, mice

were kept in a vertical position for 30 s. Control animals

were induced a sham colitis by the intrarectal administration

of 0·1 ml of 0·9 % saline.

Assessment of macroscopic damage

The colonic weight:length ratio was recorded after killing.

Macroscopic colonic damage was assessed taking into account

the presence and severity of adhesions (0–2), and strictures

(0–2)(17).

Histological examination

Entire colonic samples arranged in Swiss roll for the histologi-

cal study were processed by routine techniques. Sections
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(5mm thick) were stained with haematoxylin and eosin and

coded for blind examination. A previously validated score

was used to evaluate the degree of colonic injury(17). This

score grades from 0 to 12 as the addition of six criteria:

mucosal ulceration (0–2); epithelial hyperplasia (0–2); mono-

nuclear cell (0–2) and neutrophilic infiltrate (0–2) in the

lamina propria; presence of atrophic crypts (0–2); necrosis

(0–2). The incidence of serosal involvement was also

evaluated.

Tissue culture

One of the colonic sections obtained after killing was washed

with PBS and seeded in duplicate in twenty-four-well tissue

culture plates (Corning, New York, NY, USA) with Roswell

Park Memorial Institute-1640 medium (Gibco, Gaithersburg,

MD, USA) supplemented with L-glutamine (2 mmol/l; Sigma-

Aldrich), 10 % fetal calf serum (Gibco), penicillin (6 £ 104mg/l)

and streptomycin (105mg/l). Following a 24 h incubation

period under 5 % CO2 and 378C humidified atmosphere,

all supernatants were harvested and stored at 2808C until

assayed.

PGE2 and leukotriene B4 assay

Eicosanoid concentrations were measured in culture super-

natants by commercial PGE2 and leukotriene B4 (LTB4)

ELISA (Cayman Chemical, Ann Arbor, MI, USA) following

the manufacturer’s technical specifications. Optical densities

were measured with Kinetic-QCL (Bio-Whittaker, Lab

Extreme, Kent City, MI, USA) at a wavelength of 405 nm.

Data were analysed against the linear portion of a standard

curve and normalised to the weight of the colonic explant.

Cytokine production

Concentrations of IL-1, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70,

TNF-a and interferon (IFN)-g were measured by commercial

multiple sandwich ELISA (SearchLight Mouse Cytokine Array;

Pierce, Rockford, IL, USA) in culture supernatants at a dilution

of 1:50 following the manufacturer’s specifications. Chemilu-

minescent signal was detected with a cooled charge-coupled

device camera (BioImaging Systems, Upland, CA, USA). The

amount of signal produced was proportional to the amount

of each cytokine in the original standard or sample. Data are

expressed as ng/l of cytokine per mg of colonic explants.

Myeloperoxidase activity

Myeloperoxidase activity was measured in homogenised

colonic samples, by a photometric method using 3,30,5,50-

tetramethylbenzidine as a substrate following a method

described previously(17).

Apoptosis detection (ISOL method)

Colonic paraffin-embedded samples were placed on poly-

L-lysine-coated microscope slides. An in situ oligoligation

assay was performed according to the manufacturer’s instruc-

tions (ApopTagwPeroxidase In Situ OligoLigation; Chemicon

International, Billerica, MA, USA). In short, endogenous per-

oxidase activity was blocked by incubating slides in 3 %

H2O2 in PBS. Then, sections were incubated with proteinase

K and kept on equilibration buffer. Then, specimens were

incubated with T4 DNA ligase and biotin-labelled oligonucleo-

tides. Detection was subsequently performed by binding a

streptavidin-peroxidase conjugate to biotin. Localisation of

apoptotic cells was performed by 3,30-diaminobenzidine tetra-

hydrochloride substrate deposition and blindly assessed with

light microscopy. The slides were counterstained with haema-

toxylin. Counts were carried out at a constant magnification

(600 £ ) assessing fifteen to twenty representative fields of

the entire colon, assessing epithelial cells, intra-epithelial

lymphocytes and lamina propria lymphocytes separately.

Sections incubated without T4 DNA ligase were used as nega-

tive controls, whereas rat mammary gland slides were used as

positive ones.

Statistical analysis

Results are expressed as means with their standard errors or

medians plus interquartile ranges (IQR), as required. Compari-

son of qualitative variables between groups was performed

using the x 2 test corrected to Fisher’s test, while ANOVA

and Mann–Whitney U tests were used for comparison of

quantitative variables, as required. Statistical analysis was

carried out with the SPSS 12.0 package (SPSS, Inc., Chicago,

IL, USA). A P value #0·05 was considered significant.

Results

Spontaneous mortality was the same (n 6) in both therapeutic

groups, all fatalities occurring during the first week after TNBS

administration. No less than seven mice per time point and

group were available for analysis. No difference in water

intake was observed between the experimental groups, with

a daily average of 5 ml. During the time course of colitis,

body weight showed a significant decrease compared with

sham colitis mice at week 1 post-TNBS (Fig. 1). The animals

were killed 7, 14 and 21 d after TNBS administration or 21 d

after saline instillation (sham colitis). A progressive decrease

in the severity of macroscopic intestinal damage (i.e. adher-

ences and strictures) during the time course of TNBS colitis

in both study groups was observed (Table 1). A significantly

higher weight:length ratio at the third week post-TNBS colitis

induction was observed in vehicle-treated mice compared

with AF-treated mice. In addition, only two vehicle-treated

mice showed macroscopic blood in the stool during the

week 1 post-TNBS.

The histological score (Fig. 2(a)) was significantly higher in

vehicle-treated mice compared with those with sham colitis

(P#0·05). However, these differences were not seen from

week 2 onwards in AF-treated animals. In fact, mice treated

with AF showed a trend towards a milder colonic damage

compared with the vehicle group, which became statistically

significant at week 3. Moreover, vehicle-treated mice with
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colitis showed a higher incidence of serosal involvement at

week 1 compared with those treated with AF (80 % v. 20 %,

respectively; P¼0·012).

No significant differences regarding the production of most

cytokines were observed in the first week after TNBS admin-

istration between the two study groups, except for IFN-g,

which was higher in the AF group compared with the vehicle

group (Table 2). On the other hand, significant decreases in

the production of IL-2 at week 2 and IL-1 at week 3 were

observed in AF-treated mice compared with those treated

with vehicle.

LTB4 production increased in vehicle-treated mice but not in

AF-treated ones. Again, this was particularly evident at weeks 2

and 3 (Fig. 2(b)). This was not the case for PGE2 production,

which significantly increased in both groups compared with

baseline values with only a small but significant difference

between AF and vehicle animals at week 2 (Fig. 2(c)).

Myeloperoxidase activity increased after colitis induction in

both AF- and vehicle-treated mice, and remained significantly

elevated until the second week post-TNBS, returning to

baseline values at the third week (Table 1).

In comparison with sham mice, animals treated with AF-rich

egg yolk showed significantly increased counts of apoptotic

mononuclear cells in the lamina propria both at week 1

(0·5 (IQR 0·4–1·8) v. 0 (IQR 0–0·2); P,0·05) and week 2

(0·5 (IQR 0·4–4·4) v. 0 (IQR 0–0·2); P,0·05) after colitis

induction, with no changes in the vehicle group. Also, no

differences in apoptotic cell counts were found for epithelial

cells and intra-epithelial lymphocytes in both AF- and

vehicle-treated mice.

Discussion

The present study suggests that AF may have a beneficial

effect on the long-term outcome of TNBS colitis as shown

by a less severe histological score and a lower colonic weight:

length ratio 3 weeks after inducing colonic injury. In addition,

AF-treated animals showed a significant decrease in the

Table 1. Macroscopic features and myeloperoxidase activity in the colon of the different groups of mice

(Median values, interquartile ranges (IQR) or mean values with their standard errors)

TNBS colitis Sham colitis

Week 1 Week 2 Week 3 Week 3

Treatment Median IQR Median IQR Median IQR Median IQR

Adherences AF 1·3* 0·7–2·0 1·3 0·7–2·0 0·7* 0·5–2·0 0
Vehicle 2·0* 1·5–2·0 1·3* 1·3–2·0 1·3* 0·8–1·3 0

Strictures AF 1·3* 0·2–2·0 0 0 0 0
Vehicle 2·0* 0·5–2·0 0 0 0 0

Weight:length ratio (mg/cm) AF 27* 26–42 26 21–33 19† 16–23 19 14–22
Vehicle 39* 23–55 27* 23–34 23 22–26 20 16–23

Myeloperoxidase activity (U/mg)
AF

Mean 0·4* 0·2* 0 0
SEM 0·2 0·1 0 0

Vehicle
Mean 0·3* 0·2 0 0
SEM 0·1 0·1 0 0

TNBS, trinitrobenzenesulphonic acid; AF, antisecretory factor.
* Values were significantly different from those of sham (P#0·05).
† Values tended to be significantly different from those of vehicle (P¼0·049).
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Fig. 1. Time course of the body-weight change (%) in the four groups of mice studied. Values are means, with their standard errors represented by vertical bars.

* Mean values were significantly different from those of sham (P,0·05). , Sham colitis/vehicle; , sham colitis/antisecretory factor (AF); , trinitrobenze-

nesulphonic acid (TNBS) colitis/vehicle; , TNBS colitis/AF.
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colonic production of pro-inflammatory cytokines, IL-1 and

IL-2, as well as the powerful chemotactic agent LTB4. AF treat-

ment was also associated with a small but significant increase

in PGE2 levels at week 2 after TNBS administration. PG have

been associated with the modulation of colonic epithelial

cell secretion(18), the development of oedema and hyperalge-

sia in several experimental models(19), and PGE2 has been

specifically associated with intestinal cytoprotection(19,20).

In vitro studies have shown multiple effects of PGE2 on the

immune system, including inhibition of IL-2 and IFN-g pro-

duction from human and murine T-cells(21). Moreover, PGE2

has the capacity to inhibit the production of IL-1 in human

macrophages(22). Therefore, the increase in PGE2 production T
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might be the initial event triggering a decrease in IL-1, IL-2,

and IFN-g production during the late phase of TNBS colitis.

The marked differences in late LTB4 production, which

decreases in AF-treated mice and increases in the vehicle-trea-

ted group, do not apparently fit with the relatively modest

differences in the histological score. LTB4 is a powerful che-

moattractant of neutrophils and/or lymphocytes depending

on the inflammatory setting(23,24). Mixed inflammatory infil-

trate predominates in the early phases of TNBS colitis,

which is replaced by a lower-degree chronic inflammation

in the late phases, where the lymphocytic infiltrate predomi-

nates. One can speculate that in the late phases of TNBS coli-

tis, the chemoattractant action of LTB4 would predominate on

the lymphocytes. In fact, both clinical and in vitro studies have

suggested that AF is particularly useful to modulate chronic

inflammation mediated by activated T-cells(4,9,10). On the

other hand, the absence of the correlation between TNF-a

and myeloperoxidase activity with degree of inflammation

could also be due to the fact that measurements were not per-

formed in the earliest phases of colitis. As a whole, our results

are consistent with human trials, where the beneficial effects

of AF were particularly relevant in chronic long-lasting inflam-

matory bowel disease(5,9,10).

In spite of the changes observed in the histological findings,

we were unable to disclose any difference in cytokine pro-

duction within the first week post-TNBS administration,

except for IFN-g levels that, surprisingly, were even higher in

AF-treated mice. IFN-g is not a disease promoter in TNBS colitis

but may exert a protective action, as suggested by the fact

that mice lacking IFN-g or its receptor are more susceptible

to TNBS colitis and develop a more severe disease(25–27).

Moreover, IFN-g has been proposed as a therapy for

human ulcerative colitis, although its efficacy could not be

proven(28,29). Although IFN-g is considered as a pro-inflamma-

tory cytokine associated with T-helper 1-mediated immune

responses, in several experimental colitis models, IFN-g

appears to act as an anti-inflammatory agent(25–27,30). These

studies have suggested that increased IFN-g production in the

setting of TNBS colitis has protective properties through the

induction of indoleamine-2,3-dioxigenase. This enzyme cata-

lyses tryptophan degradation, resulting in low levels of this

essential amino acid as well as in the accumulation of trypto-

phan metabolites, which down-regulate T-cell proliferation

and induce T-cell apoptosis(31,32). In order to ascertain whether

this was the case in the present study, we evaluated apoptosis in

the colonic mucosa, and a remarkable increase in apoptosis of

lamina propria lymphocytes in AF-treated mice was found.

This increased apoptotic rate in AF-treated mice was associated

with a decrease in intestinal inflammation, in contrast to what

was observed in mice not treated with AF(13–15,33).

In is noteworthy that some cytokines, namely IL-10, IL-5,

and IL-12, were undetectable. This could be probably

explained by the fact that we assessed cytokine production

from week 1 onwards, whereas the increase in cytokines in

this model is maximum within the first 3 d after TNBS admin-

istration(34,35). Moreover, in most studies, cytokine production

has been assessed either in stimulated lymphocytes or in hom-

ogenates of the intestinal mucosa(35–37), which could lead to a

greater release of cytokines compared with their mere incu-

bation of colonic explants.

Although AF treatment resulted in milder colonic damage in

the late phases of this animal model, it was associated with a

slight increase in weight loss during the first week after TNBS

administration (Fig. 1), suggesting a possible worsening effect

of AF in the early course of colitis. TNBS colitis is thought to

be due to the binding of TNBS to host proteins, thereby elicit-

ing a delayed-type hypersensitivity reaction to haptened self-

antigens(28,31). In this sense, it has to be taken into account

that AF is administered as egg yolk, and AF-treated animals

might develop a more severe acute colitis because of the

high egg protein concentration that reaches the intestinal

lumen. Protein excess in the intestinal lumen could hyper-

react with TNBS producing pro-oxidative trinitrophenylated

peptides and nitrosamines in the early course of TNBS coli-

tis(38–40). Unfortunately, as a group of animals killed before

the 7th day after TNBS administration was not included, this

hypothesis cannot be ascertained. Thus, studies with AF treat-

ment starting 1 week after TNBS administration or in other

experimental models, as well as studies with recombinant

AF or other routes of administration, are warranted.

In conclusion, the administration of AF derived from freeze-

dried egg yolk seems to have a significant, although moderate,

therapeutic effect on the late events of acute TNBS colitis in

Balb/c mice. This beneficial effect consists of a decrease in the

macroscopic and microscopic damage score, a decrease in the

colonic weight:length ratio and a decrease in the local pro-

duction of pro-inflammatory mediators, such as IL-1, IL-2 and

LTB4. A small but significant increase in PGE2 secretion and in

apoptosis counts of lamina propria lymphocytes could also

contribute to this effect. All these effects should be confirmed

in a model of more chronic intestinal inflammation.
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