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possible, with the introduction of
nonmetabolized sugars as test sub-
stances, to assess intestinal permeabil-
ity reliably and noninvasively in hu-
mans (1). Acceptance of the technique
was initially slow, mainly because of
the confusion around the use of poly-
ethylene glycol (��� 400) (2,3), but in
the past few years there has been a pro-
liferation of published studies, from a
wide range of research workers, that
have used these tests to assess various
aspects of gastrointestinal diseases.
Tests of intestinal permeability may re-
late to at least five purposes: diagnostic
screening for intestinal disease; con-
firming diagnosis – indication of thera-
peutic response and prognosis; evaluat-
ing the role of drug-related, dietary and
environmental factors upon the intes-
tine; determining the effect of various
physiological factors on intestinal bar-
rier function – for instance, related to
diet (eg, level of food intake and osmo-
lar content), level of nutrition and
state of bloodflow; and assessing the
importance of the intestinal barrier
function in the etiology, pathophysiol-
ogy and pathogenesis of intestinal and
systemic disease.

A detailed discussion of all of the
above is beyond the scope of this paper.
However, a noticeable feature of many
publications involving tests of intesti-
nal permeability is a frequent failure to
realize the importance of factors relat-
ing to the preparation of test solutions
and conduct of test procedures.
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Furthermore, many practical prob-
lems encountered when setting up the
necessary clinical and laboratory pro-
cedures require attention to special de-
tails. It is important to discuss these

issues to ensure that such noninvasive
test procedures may be successfully ex-
ploited to assess intestinal permeability
and related aspects of intestinal func-
tion.

CHOICE OF MARKER:
PRINCIPLE OF THE URINARY

EXCRETION OF ORALLY
ADMINISTERED TEST

SUBSTANCES
Testing intestinal permeability

sounds simple: the subject fasts over-
night, drinks a solution containing test
substances the following morning, and
the subsequent timed recovery of test
substances in the urine indicates intes-
tinal permeation of the administered
probes.

The choice of probe employed for
assessing intestinal permeability has
changed somewhat through the years.
Initially a single probe, such as lactu-
lose or other nonmetabolized disaccha-
ride (melibiose), trisaccharide (raffi-
nose) or polysaccharide (dextrans), was
used alone (1,4-6). Properties such as
molecular size, water and lipid solubil-
ity, susceptibility to metabolic degrada-
tion, affinity for transport systems and
toxicity, are important and require
careful definition to ensure that renal
excretion of the probe is determined
mainly by the state of intestinal perme-
ability (7-12).

However, even when recovery in
urine following intravenous admini-
stration was complete – indicating
minimal systemic loss – recovery of the
probe following ingestion (usually ex-
pressed as percentage of the dose) was,
as indicated in Table 1, influenced by a
number of factors in addition to intesti-
nal permeability.

To increase specificity the principle
of ‘differential urinary excretion’ of
several simultaneously ingested test
substances was formulated. Table 1 de-
tails the basis of this principle, which
proposes that two test substances, the
behaviour of which differ only in re-
spect to the pathway of permeation
across the intestinal mucosa, should be
used together, for instance a monosac-
charide (�-rhamnose) and a disaccha-
ride (lactulose). In these circumstances
the differential urinary excretion of di-
saccharide/monosaccharide after si-
multaneous ingestion provides a much
more specific indication of the state
of mucosal permeability, in this in-
stance specifically large/small pore in-
cidence (13), than would be indicated

TABLE 1
Factors affecting the urinary excretion of orally administered test substances:
The principle of the differential urinary excretion of ingested test substances

Factors affecting the urinary excretion of
orally administered test substances

Mono-
saccharide

Nonhydrolyzed
disaccharide

Hydrolyzed
disaccharide

Premucosal Completeness of inges-
tion

= = =

Gastric dilution = = =
Gastric emptying = = =
Intestinal dilution = = =
Intestinal transit = = =
Bacterial degradation = = =
Unstirred water layer = = =
Digestion-hydrolysis 0 0 ++

Mucosal Route of permeation A B B
Intestinal bloodflow = = =

Postmucosal Metabolism 0 0 0
Endogenous production* 0 0 0
Tissue distribution C D D
Renal function = = =
Timing and completeness

of urinary collection†
= = =

Bacterial degradation = = =
Analytical performance‡ = = =

*There may be some but minimal endogenous production of mannitol; †Roughly equal for the
monosaccharides and disaccharides; ‡Equal if thin-layer chromatography is used; =Identical or af-
fects all the test substances equally; 0 Does not take place; + Determined mainly by intestinal disac-
charidase activities; A and B Different routes of permeation; C and D Monosaccharides and
disaccharides have a different volume of distribution following intravenous administration and
hence there is a slight difference in the speed and completeness of their urinary excretions. This is for
practical purposes not of major importance.
When a nonhydrolyzed disaccharide (ie, lactulose) and a monosaccharide (L-rhamnose or manni-
tol) are ingested together all the above factors will contribute to their excretion in urine (percent-
age of oral dose). However, as all the pre- and postmucosal determinants of their excretion affect
the two test substances equally the urinary excretion ratio (lactulose:L-rhamnose) will only be mini-
mally or not at all affected by these variables. The two probes differ significantly only in their routes
of permeation across the intestine. The permeation pathways are affected to a different extent in
small intestinal disease and are subject to specific modification to physiological stress (hyperosmo-
larity), damage by drugs (ie, nonsteroidal anti-inflammatory drugs) and inflammation. The urinary
excretion ratio of lactulose:L-rhamnose thereby becomes a specific index of intestinal permeability
which is not affected to an appreciable extent by nonmucosal factors.
The simultaneous administration of a nonhydrolyzed (lactulose) and a hydrolyzed disaccharide
(lactose, sucrose or palatinose), with subsequent analysis in urine, to assess the efficacy of intestinal
disaccharidase activities (lactase, sucrase and isomaltase, respectively) is an extension of the
above principle. The disaccharides differ only in respect of their rate of hydrolysis in the intestine
which, in turn, governs the amount of intact disaccharide available for transport across the mu-
cosa. In normal subjects the urinary excretion (percentage of dose) ratio of hydrolyzable:nonhydro-
lyzable disaccharides is less than 0.3 but with increasing severity of disaccharidase deficiency
(primary or secondary) this ratio approaches 1.0, at which time there is no disaccharide hydrolysis

accrue est l’installation d’une entéropathie de bas bruit et, bien que des modifica-
tions quantitativement similaires puissent être observées dans la maladie de
Crohn, elle semble pouvoir servir de facteur de prévisibilité de la rechute. De
plus, les facteurs associés à la rechute de la maladie de Crohn semblent exercer
une influence à la hausse sur la perméabilité intestinale. Bien que la perméabilité
intestinale accrue ne semble pas importante dans l’étiologie de la maladie de
Crohn, elle pourrait se révéler être un mécanisme central dans la rechute clinique
de la maladie.
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by the urinary recovery of either probe
alone.

Usually lactulose, melibiose or raffi-
nose has been employed in combina-
tion with either �-rhamnose or
mannitol. Cellobiose has also been pro-
posed, but the suitability of this probe
has been questioned because of the
presence of some intestinal cellobiase
activity (14). $�Cr�	�, which apart
from resistance to bacterial degrada-
tion has properties almost identical to
those of lactulose, can be substituted
for lactulose but this is not ideal be-
cause small intestinal bacterial over-
growth (causing degradation of
�-rhamnose and mannitol) or a par-
ticularly rapid intestinal transit (reduc-
ing the effective mucosal contact time
of �-rhamnose) may give rise to an in-
creased $�Cr�	�: monosaccharide
urinary excretion ratio in the absence
of a genuine alteration of permeability.

��� 400 should be avoided when
testing for intestinal permeability for
the following reasons. First, ��� 400
polymers, despite physicochemical
similarities (eg, size and solubility) to
nonmetabolized disaccharides and
monosaccharides, permeate the small
intestine 10 to 50 times more readily
than saccharides of similar mass. The
precise reason for such atypical per-
meation is uncertain, but discussion
has centred on the question of molecu-
lar shape or lipid solubility (10,15-19).
In any case a readily permeating test
substance is inappropriate for assessing
barrier function. Second, recovery of

��� 400 in human urine following in-
travenous administration is incomplete
and varies between 26% and 72% of
the administered dose excreted within
5 h (13). As ��� 400 is not known to be
metabolized it is surprising that recov-
ery in the urine is so low and ceases
within 10 h of intravenous administra-
tion. Such a brief and incomplete re-
covery suggests that these polymers
must be retained in the tissues. Third,
��� 400 is not appropriate for assessing
the profile of intestinal permeability
because this range of polymers appears
to use the same diffusion pathway. Di-
agnostically meaningful alterations in
permeation ratio have not yet been de-
scribed. Fourth, altered permeation of
��� 400 recorded in various diseases
does not correlate in a logical fashion
with any aspect of intestinal physiology
or pathology. Finally, the ��� 400 test
lacks sensitivity, and only a marginal
improvement is achieved by mathe-
matical manipulation (filter function
or N�

�
) (20-23).

TEST DOSE COMPOSITION
It is the purpose of the investigation

that determines test dose composition.
It is informative to review the main de-
velopments of test dose composition in
a historical context: first, with respect
to the use of ‘osmotic fillers’, the effects
of which have been responsible for
considerable confusion, and then test
marker composition.
Effects of poorly absorbed solute on
intestinal absorption: Inclusion of

slowly absorbed solutes, such as lactu-
lose, mannitol and �-rhamnose, in the
preparation of test solutions induces re-
tention of fluid within the intestinal lu-
men and stimulates peristaltic activity,
which by reducing concentration gradi-
ents and duration of contact with the
absorptive surfaces reduces absorptive
uptake (otherwise permeation) of all
test substances (24). In the presence of
small intestinal malabsorption it should
be remembered that solutes normally
well absorbed often become poorly ab-
sorbed and behave in a similar way.
Effects of hyperosmolar solutions –
‘hyperosmolar stress’: Early investiga-
tors (1) indicated the importance of
controlling the osmolarity of ingested
test solutions in relation to urinary ex-
cretion of lactulose and other oligosac-
charides. ‘Hyperosmolar stress’, repre-
sented by ingestion of a solution of 100
mL volume above 1500 mOsm/L, was
found to increase intestinal permeation
of disaccharide but not monosaccha-
ride in healthy human subjects
(l,4-6,25). The observation that hy-
perosmolar stress at the 1500 mOsm/L
threshold produced no significant ef-
fect on normal intestine of controls,
while patients with villus atrophy dem-
onstrated a significant rise in perme-
ability, led to the use of hyperosmotic
test solutions in the belief that they
would increase diagnostic discrimina-
tion. Several osmotic fillers were used: a
mixture of sucrose and lactose, glycerol,
glucose, etc. Unfortunately osmotic
fillers tend to differ in their behaviour

TABLE 2
Content of lactulose/mannitol test solutions employed by various authors: Comparison of urine lactulose, mannitol and
lactulose/mannitol with test solution osmolarity and poorly absorbed solute (PAS) content of test solution

Author (reference)

Content of test solution Duration
of urine
save (h)

# of sub-
jects

Osmolarity
(mOsm/L)

Urinary excretion

Lac (g) Other solutes
Vol-
ume
(mL)

Lac
(% dose)

Mannitol
(% dose)

PAS
content*

Lac/
mannitol

Ukabam et al (32) 10.0 Nil 100 6 33 320 0.16 15.6 32 0.16
Murphy et al (31) 5.0 Nil 65 5 42 580 0.26 13.2 42 0.26
Andre et al (28) 5.0 Nil 65 5 100 658 0.30 14.3 42 0.30
Wyatt et al (34) 10.0 Glucose 22 g 150 5 30 1300 0.22 12.7 57 0.22
Elia et al (27) 10.0 Lactose 1.5 g 50 6 35 1300 0.26 13.3 57 0.26
Kapembwa et al (30) 10.0 Nil 50 6 19 1350 0.28 11.4 57 0.28
van der Hulst et al (33) 10.0 Xylose 5.0 g 65 6 12 1474 0.4 17.6 32 0.40
Juby et al (29) 5.0 Glucose 22.3 g 100 5 12 1500 0.44 28.5 26 0.44
Blomquist et (26) 5.0 Glycerol 2.0 g 50 6 28 1700 0.60 15.7 35 0.60

*mOsm per test dose; Lac Lactulose

C�� J G������������ V�� 9 N� 4 J	�� 1995 203

Intestinal permeability



in the intestine and consequent os-
motic potency. Furthermore, the osmo-
larity of test solutions employed by dif-
ferent workers (26-34) varied widely
and, as a consequence, results obtained
failed to correspond. This problem is
well illustrated in Table 2. The choice
of osmotic filler needs very careful at-
tention to avoid additional unwanted
variables. Variations in hydrolysis of
lactose and sucrose are particularly li-
able to complicate the action of these
sugars which are best avoided as os-
motic fillers. The absorption of 	-gl-
ucose, which is sodium coupled, may
also represent a variable that is best
avoided. Although the effect of osmotic
fillers, which may be poorly absorbed,
would not alter disaccharide: monosac-
charide permeation ratios, the percent-
age of monosaccharide recovery in
urine (which provides a valuable assess-
ment of absorptive capacity) is cer-
tainly reduced. Probes for the latter pur-
pose (3-o-methyl-	-glucose, 	-xylose
and �-rhamnose) are critically depend-
ent on test dose composition, as well as
the completeness and accurate timing
of urine collections. Perhaps the best
advice would be to avoid osmotic fillers
because their use has not, in general,
achieved a better diagnostic discrimi-
nation.
Test markers: $�Cr�	� can be used
alone, but 24 h urinary excretion
includes a substantial amount of the
probe passing across the colon and
small intestine. $�Cr�	� alone does
not allow the specific assessment of in-
testinal permeability. Nevertheless, in-
creased urinary excretion of this marker
in diseases has almost invariably been
shown to be associated with increased
disaccharide:monosaccharide urinary
excretion ratios (29,35-41).

Lactulose is the most widely used di-
saccharide in tests of intestinal perme-
ability. It resists action of small
intestinal disaccharidases and is not
widely distributed in foods although
commonly used as a laxative and in the
treatment of hepatic encephalopathy.
Prohibitively expensive when pur-
chased as powder, lactulose is available
as a reasonably priced syrup. (The addi-
tional osmolarity of the syrup should be
noted when preparing test solutions.)

Melibiose also resists intestinal disac-
charidase and has been successfully em-
ployed as an alternative to lactulose,
particularly in liver failure patients,
many of whom take lactulose. Raffi-
nose, a trisaccharide, can also be used.
There is little to choose between the
monosaccharides �-rhamnose and
mannitol. The latter has theoretical
advantages because urinary excretion
following intravenous administration
simulates urinary excretion following
$�Cr�	� and lactulose more closely
than that of �-rhamnose (13,42-45),
but mannitol is present in certain foods
and cannot be quantitatively estimated
by thin-layer chromatography because
the colour reaction lacks sufficient sen-
sitivity. Lactulose and monosaccharide
probes should be administered in low
doses because these substances have
limited intestinal permeation and thus
cause osmotic fluid retention within
the bowel as already described (24).

For routine assessment of small in-
testinal permeability in humans a 100
mL test solution should include lactu-
lose or equivalent nonhydrolyzable oli-
gosaccharide (not more than 5 g) and
�-rhamnose (1.0 g) or mannitol (no
more than 2 g). A 5 h urine collection
should be made into a container with
sufficient preservative (eg, merthiolate
100 mg) to prevent bacterial degrada-
tion of sugars. For the combined assess-
ment of intestinal permeability and
absorptive capacity 3-o-methyl-	-gl-
ucose (0.2 g), which assesses an active
carrier mediated process in the entero-
cytes, and 	-xylose (0.5 g), which as-
sesses a passive carrier mediated
transport system, should be added to
the above test solution.

A complete and accurate urine re-
covery is essential because an incom-
plete collection will underestimate
absorptive capacity. The adequacy of
both renal function and urine collec-
tion can be confirmed by estimating se-
rum and urine creatinine
concentrations and calculating a cre-
atinine clearance index.

ANALYSES OF TEST MARKERS
Reliable analysis of sugar markers in

urine requires great care and experi-
ence. Column chromatography (gas-

liquid chromatography and high per-
formance liquid chromatography) has
proven to be difficult to control, but
quantitative thin-layer chromatogra-
phy has proved a reliable method (still
requiring adequate experience and
manual skill), enabling samples to be
‘batched’. Introduction of a technique
of ‘multiple application’ enables pre-
cise analysis of the very low urine disac-
charide concentrations obtained with
these tests (46,47). Enzyme analyses for
lactulose has had some proponents.
Stability and specificity of the enzyme
preparation are important, and a ‘co-
ntrol’ analysis to make due allowances
for preexisting monosaccharides pres-
ent in urine is essential. For estimation
of lactulose it should be remembered
that it is necessary to estimate fructose
rather than the galactose generated by
incubation with beta-galactosidase,
otherwise any lactose present will be
mistakenly included. Radiolabelling
the probes is yet another possibility.
However, because these sugars are in-
ert, the radiolabel needs to be incorpo-
rated into its basic structure.
��C-labelled �-rhamnose and mannitol
are available. There is a substantial
problem if $�Cr�	� is used concomi-
tantly with ��C because both isotopes
have a similar beta radiation spectrum
that is difficult to separate. Whatever
technique is used the analytical per-
formance (accuracy and sensitivity)
should be clearly stated.

EXPANDING THE PRINCIPLE
OF URINARY EXCRETION OF

ORALLY ADMINISTERED TEST
PROBES

Assessment of colonic permeability:
By noting the principle of urinary ex-
cretion of orally administered test
probes it is possible to combine the use
of commonly used markers of intestinal
permeability with specially selected
ones that allow various other intestinal
functions to be assessed noninvasively.
One such modification is to administer
$�Cr�	� with lactulose and �-rha-
mnose followed by a 5 and 24 h urine
collection for marker analyses (48,49).
The principle is that lactulose and
�-rhamnose are both rapidly degraded
by colonic bacteria while $�Cr�	� is
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not. Additionally, in most aspects
$�Cr�	� has physicochemical proper-
ties identical to those of lactulose (apart
from the bacterial degradability of the
latter). Certainly in ileostomy patients
equal amounts appear in urine follow-
ing simultaneous oral administration.
However, when $�Cr�	�, lactulose
and �-rhamnose are ingested together
and urine collected for the next 5 h,
there is always a bit more $�Cr�	�
than lactulose (13). This is almost cer-
tainly due to presence and availability
of $�Cr�	� to permeate across part of
the intestine where the concentration
of lactulose has been eliminated by bac-
terial degradation, namely the colon.
When the total 24 h urinary excretion
of lactulose is subtracted from that of
$�Cr�	� the difference represents
what has permeated through the colon
(or more precisely that part of the intes-
tine containing an active bacterial
flora, which may also include the lower
ileum). The technique has only been
used in a limited number of diseases, but
its simplicity suggests that it may have
much wider application.
Localizing intestinal permeability
changes: The above technique allows
the simultaneous assessment of small
and large bowel permeability. A more
labour-intensive and accurate tech-
nique has been used that may be useful
for assessing the precise intestinal loca-
tion of various absorptive processes
(such as iron and calcium absorption)
and perhaps for assessing the efficacy of
drug delivery systems.

The principle of the technique is
that a range of test substances, whose
absorptive site is well defined to a par-
ticular region of the intestine, are given
orally with subsequent serum analyses
(50). The absorption profile of the test
substance, in this case $�Cr�	�, is
then compared with that of the other
markers, which allows the site of in-
creased intestinal permeability to be as-
sessed. The test substances are:
3-o-methyl-	-glucose, absorbed pre-
dominantly from the jejunum; $%Co vi-
tamin B��, absorbed from the terminal
ileum; and sulfasalazine, which passes
unchanged into the cecum where it is
cleaved into 5-aminosalicylic acid and
sulphapyridine by azo reductase con-

taining bacteria. Sulphapyridine is rap-
idly absorbed, and its appearance in
serum indicates when the test solution
enters the cecum.

The absorption profile from patients
with untreated celiac disease shows in-
creased serum levels of $�Cr�	� cor-
responding to the
3-o-methyl-	-glucose absorption
curve. Similarly the peak serum levels
of $�Cr�	� in patients with ileal
Crohn’s disease correspond to the ap-
pearance of the ileal and colonic
marker, while patients with severe total
colitis have peak levels following the
appearance of these markers. This is in
keeping with the idea that the main
site of increased intestinal permeability
in patients with celiac and inflamma-
tory bowel disease is the diseased intes-
tinal mucosa.
Assessment of intestinal disacchari-
dase activities: By noting the principle
of the differential urinary excretion of
orally administered test substances it is
possible to design noninvasive tests
that specifically quantify intestinal di-
saccharidase activities (51,52,unpub-
lished data). Table 1 shows the
variables that determine the amount of
intact disaccharide excreted in urine
following oral administration.

Simultaneous ingestion of lactulose
and melibiose, which both resist muco-
sal hydrolysis, gives a urine excretion
(percentage dose) ratio of melibiose-
lactulose of 1.0 because these oligosac-
charides do not differ in their
properties and permeation pathways.
However, if a hydrolyzable disaccha-
ride is substituted for melibiose all the
variables in Table 1 will affect the two
test substances equally except the enzy-
matic degradation of the hydrolyzable
disaccharide. The amount available for
permeation is, in this case, determined
by the rate of intestinal hydrolysis (di-
saccharidase activities) relevant for
that sugar. Sucrose, lactose and palati-
nose, being substrates for sucrase, lac-
tase and isomaltase, respectively, can
be given with lactulose. Normal uri-
nary excretion ratios of sucrose, lactose
or palatinose to that of lactulose in 5 or
10 h urines following their oral admini-
stration are 0.3 or below in subjects
with active intestinal disaccharidase

hydrolysis. Ratios of 0.3 to 1.0 indicate
increasing impairment of intestinal hy-
drolysis. Clinically relevant impair-
ments of lactase activity are usually
associated with lactose:lactulose uri-
nary excretion ratios of 0.45 or greater
in 10 h urine. The technique has been
used to demonstrate transient lactase
deficiency following rotavirus enteritis
in children (53), combined sucrase and
palatinase deficiency in asucrasia
(51,52,53) and effectiveness of alpha-
glucosidase inhibitors on sucrose hy-
drolysis, and to quantify total small in-
testinal hydrolytic activity in patients
with celiac disease (unpublished data).
The technique seems to have potential
as a routine noninvasive screening test
for intestinal disaccharidase deficiency
and may discriminate between isolated,
usually genetically determined, disac-
charidase deficiency and acquired
pan-disaccharidase deficiency associ-
ated with small intestinal disease. Be-
cause excretion of dietary lactose and
sucrose is a natural phenomenon in
normal subjects, it is necessary to ex-
clude all dietary sources of lactose and
sucrose for at least 18 h before and dur-
ing the period of urine collection.

INTESTINAL PERMEABILITY
IN CROHN’S DISEASE

The intriguing question, however, is
whether altered intestinal permeability
plays an etiological or pathogenic role
in Crohn’s disease (54-56). The prob-
lem is familiar to clinical investigators
interested in inflammatory bowel dis-
ease: deciding whether the abnormali-
ties are the cause or result of pathology
(40). In this case the problem has not
so much to do with the interpretation
of data as the importance of looking at
the problem from a different perspec-
tive and in context of results obtained
in other diseases, a feature lacking from
much recent, uncritical and high pro-
file work.

PATHOGENIC IMPORTANCE
OF INCREASED INTESTINAL

PERMEABILITY
Tests of intestinal permeability were

specifically designed to assess the intes-
tinal barrier function. It is the integrity
of this barrier that is thought to be im-
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portant for limiting macromolecular
permeation. Increased macromolecular
permeation may play a role in systemic
and local disease (57,58). In the latter
situation it is important to assess and
integrate all available data to assess
whether a story is emerging.

It is suggested that increased intesti-
nal permeability allows mucosal expo-
sure of luminal aggressive factors, and
an inflammatory reaction consequen-
tially sets in because of the generation
of or exposure to neutrophil chemotac-
tic factors (59-61). The present authors
have suggested that this is a central pa-
thophysiological mechanism in a
number of small intestinal diseases. In-
deed there may be three ways of initiat-
ing intestinal damage, all of which lead
to increased intestinal permeability,
the prerequisite for an intestinal in-
flammatory reaction. The three
mechanisms are broadly classified as:
primary permeability breakers; factors
or disease associated with enhanced
luminal aggressiveness; or diminished
mucosal defence. It is of interest to
compare the changes in intestinal per-
meability with quantitate intestinal in-
flammation in these diseases.
Intestinal permeability breakers –
NSAID-induced small intestinal dam-
age: Following ingestion of nonsteroi-
dal anti-inflammatory drugs (����	s)
there is a uniform and consistent in-
crease in intestinal permeability. This
occurs within 12 h of ingestion of the
drugs and occurs predominantly during
drug absorption when the enterocytes
are exposed to the highest concentra-
tion of the drugs (40,62-66).

Quantitatively the increased intes-
tinal permeability in response to ����	

ingestion does not differ from that seen
in other small intestinal disorders such
as Crohn’s or celiac disease. Moreover
there is no significant difference in the
permeability changes following short
or long term ingestion of ����	s.

Three lines of evidence show that
����	s cause small intestinal inflam-
mation, namely ���In-labelled leuko-
cytes, enteroscopy and postmortem
studies (61,67-70). Collectively the
data show that 65% of patients on long
term ����	s develop small intestinal
inflammation. The fecal excretion of

���In shows that most patients have a
low grade enteropathy with a fecal ex-
cretion of 1 to 6% (normal less than
1%). Once the inflammation is present
patients bleed from the inflammatory
site and lose protein, both of which are
clinically relevant in patients with ar-
thritis because they are prone to iron
deficiency and hypoalbuminemia.

In short, ����	s have a specific det-
rimental biochemical action on en-
terocytes which is not evident to the
same extent in other tissue because of
lower drug concentrations. The
ultrastructural-biochemical alterations
lead to increased intestinal permeabil-
ity, resulting in a low grade enteropa-
thy or substantial inflammation when
normal intestinal defence mechanisms
are intact or disrupted, respectively.
Alcohol-induced intestinal damage:
Only a few studies have assessed intesti-
nal permeability in alcoholic patients.
The permeability changes were compa-
rable with those found in Crohn’s and
celiac disease (38). Increased intestinal
permeability, unlike that observed with
����	s, was not seen following single
doses of alcohol (1,71). Very limited
data were available on possible intesti-
nal inflammation in these patients. In
five of eight heavy drinkers the authors
found a low grade enteropathy, with fe-
cal excretions ranging from 1.2 to 4.3%
(unpublished data).
Enteropathy of chronic renal failure:
There are formidable difficulties associ-
ated with the noninvasive measure-
ment of intestinal permeability in
patients with chronic renal failure.
The authors found increased intestinal
permeability (lactulose/�-rhamnose)
in a small group of patients (unpub-
lished data). These patients had an
enteropathy with a fecal excretion of
���In ranging from 2 to 9%. It is sug-
gested that the uremia or other circu-
lating toxins somehow interfere di-
rectly with enterocyte function or
alter mucosal defence processes (spe-
cific or nonspecific), resulting in in-
creased intestinal permeability with its
consequences.
Miscellaneous: Antineoplastic agents
increase intestinal permeability (72-
75), and increased intestinal perme-
ability is also evident in patients with

diabetes mellitus (76) and in patients
undergoing major surgery or experienc-
ing intestinal ischemia (77-79), or fol-
lowing major burns or abdominal
radiation (80-82). Apart from abdomi-
nal radiation where there is evidence of
an inflammatory reaction (personal
communication) of severity compara-
ble with that of ����	 enteropathy, it
remains to a large extent to be explored
whether the increased intestinal per-
meability in these situations leads to an
inflammatory response.
Luminal aggressive factors: Various
exogenous microbial infections in-
crease intestinal permeability to an ex-
tent similar to that seen with the
permeability breakers and in Crohn’s
and celiac disease (53). The increased
intestinal permeability may be an es-
sential component in the pathogenesis
of the intestinal infection, allowing
mucosal exposure of the microbe, or it
may be the consequence of neutrophil-
induced tissue damage as detailed
above or due to cytokine release. What-
ever the mechanism there is a moder-
ately severe inflammatory response
evident in these patients with ���In leu-
kocyte excretion levels between 1 and
9% (83).

Patients with cystic fibrosis have
striking increases in intestinal perme-
ability (84-87), possibly because the
viscous mucous provides a nidus for
small intestinal microbial proliferation.
Again the possibility that these pa-
tients develop an enteropathy remains
to be examined.
Altered mucosal defence: Patients
with hypogammaglobulinemia have
been studied in some detail. Increased
intestinal permeability is a universal
feature and the fecal excretion of ���In
leukocytes in these patients ranges from
1.1 to 14.5%, mean 6.9% (88).

Patients with the acquired immuno-
deficiency syndrome (��	�) have in-
creased intestinal permeability regard-
less of subgrouping (89,90). Studies
with ���In leukocytes showed that
all those with increased intestinal per-
meability had a low grade enteropathy
similar in severity to that found in
����	 enteropathy (unpublished
data).

The above data conform to buttress
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a central importance of the intestinal
barrier function. They show that by
whatever means one disrupts the integ-
rity of this barrier there is a uniform in-
flammatory response, presumably and
predominantly to luminal factors. It is
now appropriate to reexamine the
situation in Crohn’s disease.

INTESTINAL PERMEABILITY
AND INFLAMMATION IN

CROHN’S DISEASE
Tests of intestinal permeability pro-

vide noninvasive functional assess-
ment of the small intestine in patients
with Crohn’s disease (36,91) and ul-
cerative colitis. Most patients with
small intestinal involvement of
Crohn’s disease who have not under-
gone intestinal resection have in-
creased intestinal permeability, as
assessed by the differential urine excre-
tion of disaccharides/ monosaccharides
and $�Cr�	�, and 50% of patients
with colonic Crohn’s disease are abnor-
mal (28,31,36,91-105). The perme-
ability changes relate to the extent of
disease as well as activity. Of particular
importance is the fact that the perme-
ability changes are of equal magnitude
to those of the above-mentioned dis-
eases.

Similarly, studies with ���In leuko-
cytes show all patients with active
Crohn’s disease have increased fecal
excretion of neutrophils. However, un-
like that seen in ����	-induced en-
teropathy and other diseases, the fecal
excretion of labelled neutrophils is
almost an order of magnitude higher,
averaging 18%, range 10 to 60% de-
pending on disease activity. It is the in-

tensity of the neutrophil response that
needs explanation.

Most researchers feel confident that
preliminary reports of increased intesti-
nal permeation of ��� 400 in first-
degree relatives of patients with
Crohn’s disease are incorrect (106-
108). Intestinal permeability is nor-
mal in relatives tested with the differ-
ential urinary excretion of sugars or
$�Cr�	� (106,109) with the occa-
sional subject (12,106,109-111) being
abnormal, presumably because of alco-
hol, ����	s, etc.

Recent evidence indicates that nor-
mal intestinal permeability in patients
with Crohn’s disease predicts
well-being (34,99,102); as permeability
improves following treatment (98,99)
it has been suggested that the main im-
portance of increased intestinal perme-
ability in patients with inflammatory
bowel disease is that it is the central
mechanism of relapse of the disease.
This would then expose patients to the
same luminal aggressive factors as in
the other enteropathies, but the sever-
ity of the neutrophil response, which
may relate to the underlying immune
derangement of the disease, is what dis-
tinguishes Crohn’s disease clinically
and pathophysiologically from the oth-
erwise low grade enteropathies. The re-
lapse of Crohn’s disease is then not an
activation of the disease process itself
but a nonspecific, unchecked acute in-
flammatory response to normal intesti-
nal flora caused by a breach in
intestinal permeability and amplified
by the disease itself. This hypothesis
certainly provides a comprehensive,

logical and testable framework for fur-
ther investigations.

CONCLUSIONS
Tests of intestinal permeability have

come a long way in the 20 years since
they were introduced. Their use is sim-
ple, and they are accurate, sensitive
and provide information not obtain-
able noninvasively by the use of single
markers. There are nevertheless many
practical aspects of their use that need
special attention, lest unpublishable
data are obtained and time wasted. We
have outlined many of the common
pitfalls involved when deciding on test
dose composition and the method of
urinary analyses of the markers. Most
important, prospective workers are well
advised to confer with established
workers before embarking on their
projects. By exploiting the details of
the underlying principles of the differ-
ential urinary excretion of orally ad-
ministered test markers, new tests have
been introduced that allow the specific
assessment of regional permeability
changes and the noninvasive assess-
ment of disaccharidase activities of the
whole of the small intestine. It seems
clear that further development of other
noninvasive techniques for assessing
other intestinal functions is limited
only by the ingenuity of the investiga-
tor. An integrated approach to the
study of intestinal permeability and in-
flammation in various diseases and in
classic inflammatory bowel disease pro-
vides insight into the basic mecha-
nisms of a common final pathway for an
intestinal inflammatory response.
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