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stances without pharmacological effects, for example dyes that
could be detected in the hair, should be tested as bait markers.
The laboratory experiment clearly showed that clenbuterol can

be used as a biomarker, but to ensure that both the marker and
vaccine are ingested completely the two need to be mixed more
thoroughly in the bait.
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Insulin-like growth factor axis of gluten-sensitive dogs
during a gluten challenge
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Eight gluten-sensitive Irish setters underwent a gluten chal-
lenge to investigate changes in the insulin-like growth factor
(IGF) axis. In the first study, they were challenged with an
acute intraduodenal administration of tryptic-peptic gluten
digest and then maintained on dietary gluten for three
months. In the second study, the challenge came solely from
dietary gluten fed for three months. After the acute intraduo-
denal administration of gluten, serum IGF-I levels decreased
signifilcantly by 21-8 per cent, (P=OO1) on day 3 after chal-
lenge and then returned to normal. There was also a decrease
(52-5 per cent, P<003) in the levels of serum IGF-binding pro-
tein-3 (IGFBP-3) until day 14 after challenge but they had
returned to normal by day 28. In two dogs IGFBP-3 levels
decreased through specific serum protease activity. There
were no changes in serum IGF-I or IGFBP levels during the sec-
ond study after the dietary gluten challenge alone, or in four
non-gluten-sensitive beagles studied as controls during the
acute intraduodenal/dietary gluten challenge.

GLUTEN-sensitive enteropathy (GSE) of Irish setters shares fea-
tures with coeliac disease in man. Both conditions are charac-
terised by small intestinal changes due to a dietary hypersensitivity
to gluten. Typical pathological changes observed in both diseases
include villous atrophy and intra-epithelial lymphocyte infiltration
(Batt and others 1987, Behrman 1992).
The ingestion of a gluten-containing diet from birth can cause

intermittent diarrhoea and growth failure in gluten-sensitive dogs
and, in the Irish setter, there appears to be a strong familial com-
ponent to the development of the disease. An underlying abnor-
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mality of the intestine which increased its permeability to dietary
antigens was found in susceptible dogs and preceded the overt
development of the disease when exposed to dietary gluten (Hall
and Batt 1991). There is also strong evidence associating the
expression of the disease with exposure to dietary cereal. The
avoidance of dietary gluten from birth decreased the severity of
the intestinal changes during a gluten challenge in a group of sus-
ceptible dogs compared with littermates reared on a cereal-con-
taining diet (Hall and Batt 1992).

In paediatric medicine, the growth hormone/insulin-like
growth factor 1 (GH/IGF-i) axis is investigated as one of the many
causes of short stature and poor growth rate. The investigation of
growth hormone status commonly involves an examination of its
mediators, the IGFS (Rosenfeld and others 1986, Cotterill and oth-
ers 1994), and their specific binding proteins, the IGFBPS 1 to 8
(Jones and Clemmons 1995, Oh and others 1996, Kim and others
1997). IGF-I (formerly known as somatomedin-c), is a single
chain polypeptide hormone which is responsible for mediating
many of the anabolic effects of growth hormone. It is released by
a variety of tissues, predominantly the liver, under the regulation
of growth hormone and can act through autocrine, paracrine and
endocrine means. In the circulation it is bound to the IGFBPS.
Protein binding prolongs the half life of IGF-I and can modulate
its bioavailability. The IGFBPs are themselves regulated by IGF-I
and growth hormone (Camacho-Hubner and others 1991) and
nutrition (Thissen and others 1994). Serum IGF-II levels do not
appear to be regulated by nutrition or growth hormone
(Davenport and others 1988).
Low IGF-I levels have been reported in children who fail to

grow for a variety of causes, for example hypopituitarism
(Rosenfeld and others 1986), malnutrition, growth hormone
receptor defects (Laron and Klinger 1994) and active, untreated
or asymptomatic coeliac disease (Hemandez and others 1992).
The suboptimal growth of children with coeliac disease may be
due to malnutrition associated with intestinal malabsorption and
can improve if gluten is removed from the diet sufficiently early
in development. Children with active coeliac disease had lower
serum IGF-I levels than normal age-matched children. When they
were fed a gluten-free diet, their serum IGF-I levels rapidly nor-
malised (Eichler and others 1991, Weile and others 1994). Once
they were stable and when mucosal recovery was complete, a
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dietary gluten challenge of the susceptible children was accom-
panied by a reduction in serum IGF-I levels.
The authors have validated assays and techniques suitable for

measuring serum IGFs and IGFBPs in adult dogs (Maxwell and oth-
ers 1995). In common with other species, serum IGF-I levels in
dogs are modulated by changes in nutrition (Maxwell and others
1997). Short-term caloric restriction in a group of healthy adult
dogs significantly reduced serum IGF-I levels, which rapidly
returned to normal when they had free access to the same diet
(Maxwell and others 1996). This finding is comparable with the
results of previous studies which reported a significant decrease in
serum IGF-I levels after a 19-day fast in adult beagles and their
rapid return to normal after refeeding (Eigenmann and others
1985). The authors have also shown that serum IGFBP profiles in
adult dogs are similar to those observed in man and other species,
but that the decreases in IGFBP-3 levels were not significant after a
short-term caloric restriction.
The object of this study was to examine the IGF/IGFBP system of

gluten-sensitive dogs undergoing two types of gluten challenge, to
determine whether the system is influenced by nutritional impair-
ment due to small intestinal damage rather than by dietary caloric
restriction.

Assays

The IGFS were measured after formic acid-acetone extraction
(Bowsher and others 1991) in heterologous radioimmunoassays
(RIA) validated for adult canine serum (Maxwell and others 1995).
The intra- and interassay coefficients of variation (cv) for the IGF-I
RIA were 6.8 per cent and 12 per cent respectively for a pooled
serum source containing 192 ng/ml. For the IGF-II RIA the cvs
were 6-8 per cent and 8 9 per cent respectively for a sample con-
taining 477 ng/ml. Serum IGFBP profiles were examined by
Western Ligand blotting, using (1251)-recombinant human IGF-I (a
gift from Pharmacia and Upjohn, Sweden) as the ligand
(Hossenlopp and others 1986). The resulting autoradiographs
were analysed by scanning densitometry (BioRad Laboratories).
Post-translational modification of one of the IGFBPS, IGFBP-3, was
investigated by using a specific protease assay (Lamson and oth-
ers 1991) which involves the incubation of serum with (1251)-
recombinant human IGFBP-3 (non-glycosylated IGFBP-3; a gift from
Dr C. Maack, Celtrix, Santa Clara, CA, USA) before gel elec-
trophoresis. In this way the proteolytic activity in the serum could
be assessed through the production of lower molecular weight
fragments of the radiolabelled peptide. The resulting autoradio-
graphs were analysed by densitometry as described above.

Materials and methods

Gluten-sensitive and insensitive dogs were studied during an
acute intraduodenal gluten challenge followed by a chronic
dietary gluten challenge, and the gluten-sensitive dogs were also
studied during a chronic dietary gluten challenge alone.

Dogs

Statistical analysis

The data were analysed by using sPss 6.0 for Windows. The
distribution of the data was assessed for normality, and normally
distributed data were analysed by Student's paired t test. Other
data were analysed using Wilcoxon's signed rank test for two
related samples.

Eight Irish setters (four male and four female, with a mean [sd]
age of 5 8 [3.7] years) were used. They had previously been diag-
nosed as gluten-sensitive (GS+), on the basis of changes in intesti-
nal permeability and the intestinal mucosa before and after a
gluten challenge. In addition four insensitive (Gs-) beagle controls
(two male and two female, aged 4 3 [0 6] years) were used. All
the dogs were group-housed in a laboratory animal facility
throughout the study. They received maintenance requirements of
a gluten-free diet (WALTHAM Veterinary Diet; Pedigree Canine
Selected Protein diet) for at least six months before the study
began.

Study protocol

Acute intraduodenal/dietary gluten challenge. - On day 0 endo-
scopic intestinal biopsies were obtained and 10 g of tryptic-peptic
gluten digest (Frazer's fraction III, Frazer and others 1959) was
administered into the duodenum during endoscopy under general
anaesthesia. Further biopsies were obtained one and three days
after the challenge. After day 0, gluten (SIGMA) was added to the
diet (10 g per day per dog in WALTHAM Selected Protein) for three
months after which the dogs were fed a gluten-free diet
(WALTHAM Selected Protein). Serum samples were obtained on
days 0, 1, 3, 7, 14, 28 and 90 of the gluten challenge and on the
third day after the challenge ended to measure IGFs and IGFBPS.
The serum samples were stored at -20°C until assayed.

Dietary gluten challenge. - After approximately six months the
GS+ dogs underwent a second gluten challenge. The protocol was
similar to the first except that gluten was administered only in the
diet at the same rate as in the first study. The dogs did not undergo
endoscopy, general anaesthesia, or an intraduodenal gluten admin-
istration, but the period of gluten challenge and the sample collec-
tions were identical to the first study.

All the animals were observed closely throughout the study for
behavioural or clinical changes. The experiments were conducted
under Home Office Licence in accordance with the Animals
(Scientific Procedures) Act (1986).

Results

All the animals remained in good health throughout the study.
There were no periods of diarrhoea and no weight loss was apparent.

Serum IGFs

The mean (sd) serum IGF-I concentrations in the GS+ dogs
decreased from 170 (29) ng/ml to 133 (29) ng/ml (P=0101) on day
3 and subsequently increased to 183 (6) ng/ml by three months
after the acute intraduodenal gluten/dietary gluten challenge (Fig
Ia). In the GS- dogs there was a decrease in serum IGF-I levels
from 113 4 (26.9) ng/ml to 98.4 (28.1) ng/ml at day 1 of the chal-
lenge but this decrease was not significant (Fig lb). The baseline
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FIG 1: Serum IGF-I levels during acute intraduodenal/dietary gluten
challenge in (a) GS+ and (b) GS- dogs. Data are shown as the median
(solid line) with interquartile values shaded as the range. Closed
brackets indicate samples which differ significantly (P<0 05). Serum
IGF-I levels in GS+ dogs decreased significantly at day 3 of challenge
and then returned to normal for the remainder of the study
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FIG 2: Serum IGF-I levels in GS+ dogs during (a) acute intraduodenall
dietary gluten challenge and (b) dietary gluten challenge. Data are
shown as the median (solid line) with interquartile values shaded as
the range. Closed brackets (*) indicate samples which differ signifi-
cantly (P<0 05). There were no signiflcant changes in serum IGF-I lev-
els with dietary challenge alone. Serum IGF-I levels at the start of each
challenge period did not differ significantly

serum IGF-I levels of the two groups were different because of the
correlation with breed size (Eigenmann and others 1984, unpub-
lished observations). Neither group showed any change in serum
IGF-II concentrations.

After the dietary gluten challenge alone the serum IGF-I levels in
the GS+ dogs showed a similar response to that observed after the
intraduodenal/dietary gluten challenge but the decrease was not
significant (Fig 2b).

Serum IGFBPs

Densitometric analysis of the serum IGFBP profiles on the GS+
dogs on Western Ligand blots showed a significant decrease in
IGFBP-3 levels by day 14 after the intraduodenal gluten challenge
(P<0.03) (Fig 3a). Levels rose to normal by day 28 of challenge.
No similar changes were observed in the beagles undergoing the
same experimental procedure (data not shown).
The decrease in serum IGFBP-3 levels in the GS+ dogs was fur-

ther investigated by a specific IGFBP-3 protease assay. In two of
the older dogs specific protease activity was apparent from day 1
to days 7 and 14 after the acute intraduodenal gluten challenge
(Fig 4). The protease activity then declined for the remainder of
the study. No protease activity was detectable in serum from the
younger Irish setters or beagles (data not shown).

With the dietary gluten challenge alone no changes were
observed in the serum IGFBP profiles of the GS+ dogs (Fig 3b) and
no specific IGFBP-3 protease activity was induced.

Discussion

In this study, the serum IGF-I concentrations of gluten-sensitive
Irish setters decreased after an acute challenge by the intraduodenal

FIG 3: Representative autoradiographs of
Western Ligand blots from one GS+ dog during
(a) an acute intraduodenal/dietary gluten chal-
lenge and (b) dietary gluten challenge alone.
Overall mean IGFBP-3 levels decreased signifi-
cantly up to day 14 after the intraduodenalV
dietary challenge. In the individual shown, the
levels continued to decrease until day 28. There
were no significant changes in IGFBP levels dur-
ing dietary challenge alone. The position of
molecular weight markers are shown in the cen-
tre and the bands corresponding to IGFBPs are
indicated

administration of gluten digest. However, despite high levels of
gluten in the diet during the remainder of the study, the serum IGF-I
levels in these dogs returned to normal. This result differs from the
results of similar studies in children in which the reduction in serum
IGF-I concentrations was maintained for the duration of their expo-
sure to dietary gluten (Eichler and others 1991, Weile and others
1994). It is known that the morphological changes in the small intes-
tine of Irish setters associated with gluten enteropathy are not as
severe as in children with coeliac disease (Batt and others 1984)
which may explain the difference in response. Another difference is
that the studies in dogs used skeletally mature adults. Nutritional
studies of healthy adults and children have shown that short-term
caloric or protein restriction provoked different responses from the
IGF/IGFBP system in children (Smith and others 1995). Energy
restriction by a reduction of 50 per cent of dietary intake increased
serum IGFBP-1 levels in the adults but not in the children studied,
whereas serum IGFBP-3 levels decreased in the children but not in the
adults. Protein restriction to 66 per cent of maintenance require-
ments altered serum IGF-I and IGFBP-3 levels in the adults but not in
the children. More severe nutritional restriction of neonatal pigs,
that is the prevention of suckling for 24 and 48 hours, also resulted
in a response which has not been reported in adult animals
(McCusker and others 1991). Neonatal serum levels of IGFBP-3 and -

2 were decreased by starvation as measured by Western Ligand blot-
ting. The decrease in intact IGFBP-2 was further investigated by
immunoblotting which revealed an increase in the proteolytic degra-
dation of the peptide. It has been suggested that exposure to high
levels of gluten from weaning could have desensitised a number of
the younger GS+ dogs used in this study. Immunological tolerance to
high levels of dietary gluten may explain why the significant
decrease in serum IGF-I levels was neither maintained after the acute
intraduodenal administration nor induced by dietary provocation
alone.

Significant changes in the IGF/IGFBP system occurred only after
the acute intraduodenal gluten challenge of the GS+ dogs.
Although the initial trend was similar, there were no significant
responses in serum IGF-I or IGFBP levels after a dietary provocation
alone. This may have been due to the different methods of initial
challenge in each study. After the intraduodenal administration of
the predigested gluten, the small intestine would have been
exposed to the antigen undiluted by luminal (before preparation
for general anaesthesia) or stomach contents. This may have pro-
voked a greater local reaction sufficient to stimulate a systemic
response. It is also possible that the endoscopy under general
anaesthesia was a contributory factor. A single episode of general
anaesthesia for dental scaling was shown not to affect serum IGF-I
levels in a group of healthy adult dogs (A. Maxwell, unpublished
observations). The collection of biopsies or the administration of
buffered saline or other protein digests could have resulted in the
IGF/IGFBP responses observed. It has already been shown that
nutrition modulates serum IGF-I levels in adult dogs (Eigenmann
and others 1985, Maxwell and others 1996). When dogs are
group-housed their individual food intakes cannot be measured.
The effect of the repeated general anaesthesia on voluntary food
intake was not measured but it is possible that it was decreased as
a result of the preoperative fasting and postoperative recovery
from anaesthesia.

Despite the apparently contradictory results obtained for the GS+
dogs, the gluten-insensitive control dogs showed no significant
changes in the IGF/IGFBP system in response to an acute intraduode-
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nal administration of gluten, although an identical experimental
procedure was followed. There was an initial slight decrease in
serum IGF-I levels but they subsequently returned to normal. No
changes in IGFBP-3 levels or in the induction of proteolysis were

observed, whereas in two older GS+ dogs there was marked specif-
iC IGFBP-3 protease activity 14 days after an acute intraduodenal
gluten challenge. Serum IGFBP-3 protease activity is induced in
women during the last trimester of pregnancy (Hossenlopp and
others 1990), during critical illness (Davies and others 1991) and
postoperatively in man (Cwyfan Hughes and others 1992). IGFBP-3,
in a ternary complex with an acid-labile subunit, binds the IGF
molecule strongly and forms its major circulating store. Proteolytic
activity cleaves the IGFBP-3 into lower molecular weight fragments
which have a lower affinity for serum IGF and the acid-labile sub-
unit. It is believed that this process increases the bioavailability of
IGF by allowing it to cross vascular endothelium to reach tissue
receptors. Gluten induces a hypersensitivity reaction within the
intestinal wall which is characterised by the migration of leuco-
cytes which can induce cellular damage and villous atrophy.
Animal models have shown a local upregulation of components of
the IGF/1GFBP system of the gastrointestinal tract in response to gut
damage (Zeeh and others 1995). An increase in local IGF-I produc-
tion is associated with the inflammatory process which in some

cases leads to fibrosis, contracture and scarring (Savendahl and
others 1997). Other studies have investigated the beneficial effect
of infusion of IGF-I in improving the repair, growth and function of
damaged intestine, although the effects have not been uniform
(Read and others 1994). Transgenic mice which overexpress IGF-I
have increased bowel growth relative to the wild type (Ohneda and
others 1997). Another illustration of the importance of the alimen-
tary tract in relation to IGF-I is demonstrated by fasting studies in
rats. Although the major source of IGF-I in the circulation is the
liver, there is an increase in IGF-I mRNA transcription due to
postrestriction refeeding in the gut before similar events occur in
the liver (Winesett and others 1995). The local immune/inflamma-
tory responses to gluten challenge in the GS+ dogs may be increas-
ing local IGF-I levels in order to promote repair. The decreased
serum IGF-I levels observed in the first three days after the acute
intraduodenal challenge did not coincide with the decrease in
serum levels of its main carrier protein, IGFBP-3. The decrease in
the levels of serum IGFBP-3 through either pretranslational
(decreased synthesis) or post-translational (proteolysis) mecha-
nisms occurs later but may be important in increasing the local
bioavailability of IGF-I to repair damaged tissues.

The IGFI1GFBP system of adult gluten-sensitive Irish setters was

affected by the acute intraduodenal administration of gluten digest.
It is possible that the local responses to the presumed hypersensi-
tivity reaction evoked may be sufficient to affect the systemic lev-
els of IGF-I and IGFBP-3. Further investigations of intestinal IGFs and
IGFBPs at the cellular level in this naturally occurring enteropathy
may establish the contributions made by changes in the systemic
and local IGF systems in the pathogenesis of this condition.
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