Enterocytic CYP3A4 in a paediatric population: developmental
changes and the effect of coeliac disease and cystic fibrosis
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Aims To investigate the effects of age and disease states on the expression and activity
of intestinal CYP3A4 in a paediatric population.

Methods Duodenal biopsies and surgical sections were collected from 104 paediatric
patients (age range 2 weeks to 17 years) and from 11 foetuses. An S9 fraction was
prepared in each case. CYP3A4 expression was assessed by Western blotting and
by immunohistochemistry; activity was measured by the rate of formation of
63-hydroxytestosterone from testosterone. Villin expression was used as a marker
of enterocyte harvest to normalize CYP3A4 expression and activity data.

Results In the 74 histologically normal paediatric biopsies there were statistically
significant increases in CYP3A4 expression (©=0.19, P=0.001) and activity
(P =0.17, P=0.02) with age. CYP3A4 was practically absent in fetal duodenum
and was expressed at relatively low levels in neonates (P<0.05 between neonates and
children >5 years). Active coeliac disease resulted in significant (P<<0.001) decreases
in CYP3A4 expression and activity.

Conclusions Duodenal CYP3A4 is present at significantly lower levels in neonates and
in patients with active coeliac disease. This may have clinical significance with respect
to the oral bioavailability of CYP3A4 substrates.
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Introduction

Enzymes of the cytochrome P450 3A subfamily are
abundant in liver and gut and contribute to the first-pass
metabolism of many orally administered drugs [1, 2]. In
humans CYP3A4 is the predominant form of cytochrome
P450 both in the liver and the small bowel. Within the
intestine it is expressed in the villous tip of the entero-
cyte, and exhibits a gradient from the duodenum to
the colon [3, 4]. Together with the efflux transporter,
P-glycoprotein, intestinal CYP3A4 is considered to
provide a protective barrier to the ingestion of dietary
xenobiotics and to modulate the oral bioavailability of
many drugs [5, 6]. In consequence, intestinal CYP3A4
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is also an important site of drug-drug [7, 8] and drug-
food [9] interactions. Apart from the metabolism of
drug substrates, intestinal CYP3A is also involved in
the breakdown of dietary compounds of toxicological
significance, such as aflatoxin B1 [10] and 2-amino-
3,4-dimethylimidazole[4,5-F]-quinoline (MelQ) a muta-
gen found especially in cooked red meat [11]. Thus,
the enzyme helps to modulate the systemic exposure to
these substances and their active metabolites as well as
their transit to the colon. An increased incidence of
lymphomas and adenocarcinomas associated with coeliac
disease [12] may be mediated in part by the activity of
intestinal cytochromes including CYP3A4 and CYP1A1
[13, 14].

Previously, we have documented significant difterences
in the expression and activity of enterocytic and hepatic
forms of the rat orthologues of CYP3A4 as a function of
age and sex [15]. Enterocytic, but not hepatic, CYP3A
shows a marked surge at weaning in the rat and, unlike
hepatic CYP3A, there is no marked sex difference in its
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developmental expression and activity. We now extend
these studies to the development of enterocytic CYP3A4
in neonates and children. While the ontogeny of
hepatic CYP3A4 has been studied, relatively little is
known about the development of the enzyme in the
human intestine [16]. However, of note is the observa-
tion that mRINA for CYP3A7, the main fetal hepatic
form of cytochrome P450 [17], has been detected in
low abundance relative to CYP3A4 in adult human
liver [18] but has not been found in adult small intestine
[19, 20].

A secondary aim of this study was to investigate the
effects of disease of the small bowel on the expression and
activity of CYP3A4 in paediatric patients. The entero-
pathy associated with coelic disease would be expected
to be associated with a significant decrease in the presence
of CYP3A4, while an increase might be anticipated in
cystic fibrosis as a consequence of villous elongation.

The study was carried out using samples of small
bowel obtained by biopsy or during surgery. CYP3A4
content was determined by immunostaining of sections
and Western blotting of S9 fractions. The activity of the
enzyme was assessed by the formation of 6@—hydroxy
testosterone from testosterone in S9 fractions.

Methods
Patient samples

Two duodenal biopsies from adjacent areas were collected
after informed written consent (South Sheffield Ethics
Committee, Study Number 96/144) from each of 103
paediatric patients undergoing endoscopy or surgery for
diagnostic or therapeutic purposes (male/female = 60/43;
age range = 2 weeks to 17 years). The biopsies were
collected and processed blind to the clinical diagnosis and
other factors, such as concurrent drug therapy, likely to
influence CYP3A4 expression. This information was
obtained subsequently from the patient notes. The small
intestinal tissue was found to be histologically normal in
74 patients, 14 had active coeliac disease, and 15 were
treated coeliac patients with histologically normal biopsies.

Tissue samples were obtained at surgery from six
neonates (0—3 months) from the margins of repair to the
duodenum and proximal jejunum.

Two further proximal small bowel S9 fractions were
prepared, one from a 50-year-old adult male patient
undergoing surgery for intestinal obstruction and another
from a 4-year-old female patient undergoing surgery for
closure of a stoma. Both sections were confirmed as
duodenal/proximal jejunal sections and were histologically
normal. Both of these S9 fractions were used as standards
in the villin Western blot assay and the adult S9 fraction
was used in the enzyme kinetic studies.
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Proximal small bowel sections from 11 fetuses (mean
gestational age 13 weeks, range 9-15 weeks) were a
generous gift from Dr Sylvia Pender (Department of
Paediatric Gastroenterology, St Bartholomew’s Hospital,
London). These had been snap-frozen in liquid nitrogen
and stored at —80°C.

A further set of duodenal and proximal jejunal biopsy
samples were obtained for diagnostic purposes from the
following paediatric patients and used for the immuno-
stalning experiments:

@ nine patients with coeliac disease (male/female =3/6;
aged 1-16 years, mean 5.5. years). Biopsies were obtained
from all patients on diagnosis and after a gluten-free diet,
and in 6 patients on gluten re-challenge.

® 18 patients with cystic fibrosis (male/female =8/10;
aged 1-16 years, mean 6.5 years).

e 18 patients with histologically normal biopsies and
no significant medical history (male/female =9/9; aged 1—
15 years, mean 6 years).

@ 10 patients with a histological assessment of partial
villous atrophy (male/female =7/11; aged 0.5—-13 years,
mean 4 years). This group comprised of infants with milk
protein intolerance and older children with a diagnosis of
coeliac disease who were either only partially compliant
with a gluten-free diet or whose biopsies were judged to
have been taken too soon on re-challenge.

None of the patients included in this study was taking
significant CYP3A inhibitors or inducers.

Materials

Goat antirat polyclonal cytochrome P450 3A2 antibody
and microsomes from an AHH-1 TK+ human lympho-
blastoid cell line expressing CYP3A4 were purchased
from Cambridge Biosciences (Cambridge, UK). The goat
antibody recognizes human CYPs 3A4, 3A5 and 3A7,
and has been validated for assessing CYP3A content of
human tissues (Gentest Corporation, Woburn, MA,
USA). rabbit rabbit antigoat bio-
tinylated antibody and streptavidin were obtained from
Dako (Patts, Denmark), villin mouse monoclonal anti-
body from The Binding Site (Birmingham, UK), trypsin
from ICN Biochemicals (Ohio,USA), alkaline phos-
phatase conjugated goat antimouse antibody from PE
Applied Biosystems (Warrington, UK), bovine serum
albumin and BCA protein assay reagent from Pierce
(Chester, UK), ethyl acetate, methanol and ethanol from
Rathburn Chemicals (Walkerburn,UK), acrylamide solu-
tion (40% v/v) from Bio-Rad Micromeasurements
(York, UK), Immobilon-P from Millipore (Watford,
UK), and enhanced chemiluminescent reagents (Tropix)
from Applied Biosystems (Warrington, UK). Other
antibodies were purchased from Sigma (Poole, UK), as

Normal serum,
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were other chemicals, which were of analytical or
electrophoresis grade.

Preparation of S9 fractions

The biopsy and neonatal surgical samples were placed
immediately into ice-cold buffered saline containing 5 mm
EDTA, 0.5 mum dithiothreitol and 40 pg ml™" phenyl-
methylsulphonyl fluoride (PMSF). Each sample was
transferred to an homogenizer tube together with
100 wl extraction buffer containing 5 mm histidine,
0.25 m sucrose, 0.5 mm EDTA and 40 pg ml~' PMSE.
The fetal tissue samples were defrosted in a small volume
of extraction buffer. The volume of extraction buffer
added to fetal and neonatal tissue samples was adjusted
according to the size of the gut section. In the case of
larger adult duodenal sections used for enzyme kinetic
studies, the enterocytes were harvested by scraping on ice
using a glass microscope slide as described previously [21].

Tissue sections/enterocytes were homogenized using
10 up and 10 down strokes of a Potter Elvehjem
homogenizer, transferred to 0.5 ml Eppendorf tubes and
centrifuged at 10 000 g for 10 min at 4°C. The super-
natant (S9 fraction) was removed, 5 pl was taken for
protein assay, and both supernatant and pellet stored
at —80°C.

Protein assay

S9 fraction (5 pl) was diluted 40-fold with water and
protein was determined in triplicate using the Pierce
BCA kit (Pierce, Chester, UK) which utilizes the biuret
reaction and the formation of a purple complex between
bicinchoninic acid and cuprous ions. The reaction was
carried out in 96-well plates with a Titre Tek colouri-
metric platereader set at a wavelength of 550 nm and with
output through Excel (Microsoft, Seattle, USA).

Western blotting

Western blots from S9 fractions were obtained after
denaturation and reduction by boiling for 2 min in
treatment bufter (62.5 mm Tris-HCI, 2% w/v SDS, 20%
w/v glycerol and 10% v/v mercaptoethanol). A Flowgen
G31010 electrophoresis unit (Flowgen, Lichfield, UK)
was used with 10% SDS PAGE resolving and 2.7%
stacking gels. Alternate lanes were loaded with 10 pl
control buffer and others with 10 pg S9 protein or
standard. End lanes were loaded with Novex Mark 12™
and Seeblue™ molecular weight markers. The unit was
attached to a Biorad 500/200 power supply (Biorad,
CA,USA), adjusted to 150 mV and run for 2 h. Transfer
onto Immobilon-P membranes was performed using a
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CBS semidry blotter (EU-4000) (CBS Scientific Co, CA,
USA) at 80 mA for 50 min. Blotting of all patient samples
with the antirat CYP3A2 antibody revealed a single band
at 50 KDa.

Quantification of CYP3A4

On each membrane three lanes were loaded with S9
fraction and three with dilutions of microsomes from
a human lymphoblastoid cell line expressing CYP3A4
as standard. The membranes were probed with goat anti-
rat CYP3A2 polyclonal antibody (1:20 000). Antibody
binding was detected using an alkaline phosphatase
conjugated rabbit antigoat immunoglobulin type G
(1:20 000). The Tropix Western Light "™ chemilumi-
nescent detection system was used for visualization, and
the blots were recorded using Kodak X-OMAT film.
Densitometric analysis was performed using a DC120
digital camera (Kodak) and the KDS 1d image analysis
software. All blots were obtained in triplicate for each
patient sample. A linear densitometric response to
CYP3A4 standards was obtained up to 50 pmol mg ™'
protein (¥ =0.95-0.98; n=4).

Quantification of villin

Villin is a constitutively expressed cytoskeletal protein
that is enterocyte specific and which can be used to
normalize the content of other proteins with respect to
factors such as depth of biopsy and proteolysis [22]. The
expression of villin in the tissue samples was determined
relative to the average signal from the two standard S9
preparations loaded onto each membrane. The mem-
branes were probed with a mouse monoclonal villin
antibody (1:5000) which also recognizes human villin.
Antibody binding was detected using an alkaline phos-
phatase conjugated goat antimouse immunoglobulin G
(1:20 000). Densitometric analysis was performed as
described for CYP3A4. Western blotting of the S9
fractions for villin revealed two distinct bands at 50 and
95 KDa. Because the sum of the intensities of the two
bands in the standards was relatively constant across
blots while individual band intensities varied relative to
each other, the combined densitometric values for the
two bands was used to quantify villin.

Determination of CYP3A4 activity

The 63-hydroxylation of testosterone was used as a
primary measure of CYP3A4 activity [23]. Selectivity for
CYP3A4 was confirmed using the N-demethylation of
dextromethorphan as a further probe for the enzyme [24],
using S9 fractions from two normal biopsy samples.
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Testosterone  incubation  procedure  The  incubation
mixture comprised 200 pl 1.15% w/v potassium chloride,
50 pl testosterone in 50% methanol/water to give a final
concentration of 100 pm, 200 pl of a NADPH generating
system (0.5 mm NADP, 5 mm glucose-6-phosphate, 5 mm
MgCl,, 1 unit glucose 6-phosphate dehydrogenase ml™"),
100 pl S9 fraction (1 mg protein ml~ ') and 450 ul 0.2 m
potassium phosphate bufter, pH 7.4. Incubations were
carried out in 15 ml uncapped glass tubes at 37 °C in a
shaker water bath for 30 min. Reactions were started by
the addition of S9 fraction and stopped by addition of ethyl
acetate (2.0 ml) containing 12.5 pl of a 10 pg ml~!
solution of 11(3-hydroxytestosterone as assay internal
standard. For enzyme kinetic studies, using the S9
fraction from a sample of adult duodenum, the substrate
concentration range was 0-250 pm.

Assay of 6p-OH testosterone The incubate/ethyl acetate
mixture was shaken for 20 min, centrifuged at 2000 ¢ for
10 min and the organic phase removed and evaporated to
dryness using a vortex evaporator (Buchler, USA). The
residue was reconstituted in 200 ul mobile phase, of which
150 pl was injected on column. Chromatography (h.p.l.c.)
was carried out as described previously (15). The limit of
quantification of the assay was 30 pmol and the intra-and
interassay coefticients of variation were 9.5 and 9.8%,
respectively.

Dextromethorphan incubation procedure The incubation
mixture comprised 50 pl 1.15% w/v potassium chloride,
50 pl dextromethorphan solution 1.0 m (final concentra-
tion 200 um), 50 pl NADPH generating system, 50 pl S9
fraction (5 mg protein ml~ ') and 50 pl 0.2 M phosphate
buffer, pH 7.4. Incubations were carried out in Eppendorf
tubes at 37°C in a shaker water bath for 20 min. Reactions
were started by the addition of S9 fraction and stopped by
addition of 25 pl 60% w/v perchloric acid. Laudenosine
(25 ulofa5 pg ml™ " solution) was added as assay internal
standard.

Assay of 3-methoxymorphinan After centrifugation, 70 pl
of the supernatant from the incubation mixture was
assayed by h.p.l.c. using a Spectroflow 400 solvent delivery
system (Kratos Analytical Instruments, USA), a Waters
manual injector (Waters Corp, USA), a Waters radial
compression unit containing a Novapak CN column (4 )
with a Novapak HP-CN guard column, a Schoeftel
fluorimetric detector (Schoeftel Instrument Corp, USA)
and a RE571.2 chart recorder (Venture Smith Industries,
USA). Excitation and emission wavelengths of 280 nm
and 310 nm, respectively, were used. The mobile phase
was 90:10 water:acetonitrile with 0.03% triethylamine
adjusted to pH 3 with orthophosphoric acid at a flow rate
of 3ml min~'. The retention times of laudenosine,
3-methoxymorphinan and dextromethorphan were 7,
12.7 and 14 min, respectively. The limit of quantification
of the assay was 10 pmol mg ™' protein min~ ' and the

454

intra- and interassay coefficients of variation were 5.6%.
and 8.9%, respectively.

Immunostaining

Sections of formalin-fixed, paraffin-embedded tissue were
cut onto glass slides using a microtome (Leica, Germany)
and dried at 37°C. The paraffin wax was removed with
xylene and decreasing concentrations of ethanol in water.
The sections were then incubated for 30 min in methanol
containing 1.7% v/v (100 vol) hydrogen peroxide solution
to block any endogenous peroxidase activity. All sub-
sequent operations were carried out in a humidified
chamber, washing the sections with Tris bufter (pH 7.6)
between each incubation. Incubation with 20% normal
rabbit serum for 15 min was followed by 30 min with an
optimal dilution of primary antibody (1:500 goat antirat
CYP3A2 polyclonal), 30 min with an optimal dilution of
secondary antibody (1:400 biotinylated rabbit antigoat)
and 30 min with a 1:600 dilution of streptavidin-biotin-
peroxidase complex. Peroxidase activity was visualized
using a 0.035% w/v solution of 3,3-diaminobenzidine
tetra-hydrochloride containing 0.3% v/v 100 volume
hydrogen peroxide. The sections were then counter-
stained with haematoxylin. Immunostaining was identified
as a brown colour. Negative controls were prepared
without adding the primary antibody, and liver sections
were used as positive controls; these showed no and strong
staining for CYP3A, respectively. Sections were viewed
using a Leica DMIRB microscope (Leica, Germany), and
images were generated using a Spot digital imaging system
(Diagnostic Instruments Inc, USA). Three sections from
each tissue sample were stained.

The amount of staining related to CYP3A4 was scored
on a 0—4 scale by three independent observers. The
observers disagreed by one full scale point for only three of
the slides examined.

Data analysis

Statistical analysis was performed using SPSS version 6.0
(SPSS inc, USA).

Equation 1 was fitted to the data for 6@3-hydroxy
testostosterone formation at varying testosterone con-
centrations incubated with adult duodenal S9 fraction

by nonlinear least squares regression using Grafit
version 3.0.
Vinax® Sl
v= —[ ] (1)
I<1nﬂ + SH

where: 1V, =maximum velocity; [S]=substrate con-
centration; K,,=apparent Michaelis-Menten constant;
n=Hill exponent.
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Results
Effects of age

Protein expression No significant change in villin expression
in the small bowel was detected in normal samples from
fetuses up to those from 16 year olds (¥ =0.03; n=74;
P=0.13) (Figure 1). Likewise no significant difference
(Mann—Whitney U-test) was found in villin expression
between males and females (0.93+0.40 s.d. and
0.9240.32 s.d., respectively; 95% confidence interval
for difference = —0.1272-0.147).

A significant correlation was observed between villin
and CYP3A4 expression in the normal biopsy samples
(¥ =0.28; n=74; P<0.001).

CYP3A expression in the S9 fraction from normal
biopsies, normalized to villin, increased significantly with
age (r2=0.19; n=74; P=0.001). When the fetal results
were included and the data analysed in discrete age bands
(to reflect dosage bands in paediatric drug treatment)
a clearer ontogenic pattern was observed (Figure 2a).
One-way anova followed by Schefte’s post hoc test
indicated significant differences (P<0.05) between data
for foetuses and all other age groups and between data
for neonates and children over 5 years of age.

No significant differences were detected (Mann—
Whitney U-test) in CYP3A expression between normal
samples from male and female subjects (11.4+5 and
12.245 pmol mg ™' protein, respectively; 95% confidence
interval for difference = —2.76—1.16). aNova detected no
sex by age effect.

CYP3A4 activity The increase in CYP3A expression
with age was mirrored by a corresponding change in
enzyme activity (¥ =0.17; n=74; P=0.02). Activity was
not detected in foetal samples, and one-way aNova with
Schefte’s post hoc test indicated a significant difference

16
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Figure 1 Age related changes in relative duodenal villin

expression in histologically normal sections. The numbers in each

group are give in brackets and error bars are +s.d. No statistical
differences were detected.
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between the data for neonates and children over 5 years
of age (Figure 2b). Significant differences in activity
between samples from males and females were not
detected (0.052+0.028 and 0.059+0.03 nmol mg
protein min~ ', respectively; 95% confidence interval
for difference = —0.0184—4.4 x 10 7).

A clear correlation was found between villin-corrected
CYP3A expression and the rate of 63-hydroxytestosterone
formation by small bowel S9 fraction (r2=0.60; n==89;
P<0.001) (Figure 3).

Evaluation of the kinetics of 6@3-hydroxytestosterone
formation in the S9 fraction from adult duodenum
indicated a sigmoidal relationship between rate of meta-
bolism and substrate concentration, clearly confirmed by a
convex Eadie-Hofstee plot (Figure 4). Fitting of equation
1 to the data gave a V,,, value of 0.18 nmol min_l.mg

protein ', a K, value of 37 uM and an n of 1.6.
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Figure 2 a) Age related changes in the villin corrected
expression of CYP3A4 in histologically normal duodenal sections.
The numbers in each group are given in brackets and error bars
are +s.d. Statistical significance differences (P<0.05) were
achieved between foetus and all other groups and between
neonate and children >5 years. b) Age related changes in villin
corrected CYP3A4 activity measured by the rate of 6OHT
formation in histologically normal duodenal sections. The
numbers in each group are given in brackets and error bars

are +s.d. A statistically significant difterence (P<0.05) was
observed only between neonates and children > 12 years.
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Data summarizing the relative ability of S9 fractions
from two biopsy samples to hydroxylate testosterone
and to N-demethylate dextromethorphan are shown in
Table 1. A similar ratio of activity was shown for the two
reactions in the two samples.

Effects of disease

Coeliac disease
Protein expression Representative histological = sections
obtained at diagnosis, after a gluten-free diet and on
gluten re-challenge are shown in Figure 5. Villous atrophy
in the diagnostic biopsy was accompanied by an absence of
CYP3A stain. A gluten-free diet restored normal villous
architecture and a typical CYP3A staining pattern
decreasing from the villous tips to the crypts can be
seen. Gluten re-challenge resulted in a return to disrupted
villous architecture and an absence of CYP3A staining.
The mean staining scores were 0.89+0.74 s.d.,
2.9740.56 s.d. and 0.60+0.44 s.d., respectively, for
sections obtained at diagnosis, after a gluten-free diet and
on re-challenge. The differences between the first and
second and between the second and the third scores were
statistically significant (P<0.01 and 0.03, respectively;
Wilcoxon matched pairs signed rank test). The staining
score for the group of patients with partial villous atrophy
was 1.8040.79 s.d. This was significantly different from

0 1 | 1 .. 1 1 1 J
0 5 10 15 20 25 30

CYP3A4 expression (pmolmg™ protein)

B60OHT (nmolmg™proteinmin™)

Figure 3 Correlation between CYP3A4 expression and the rate
of 60HT formation in S9 fractions from human paediatric
duodenal biopsies (#=0.6, n=89, P<0.001).

the diagnosis and gluten-free results (P <0.02 and 0.002,
respectively; Mann—Whitney U-test).

A significant difference was observed in the expression
of CYP3A, normalized for villin, in S9 fractions from

0.20

0.15

0.10

0.05

B60OHT (nmolmg™proteinmin™)

000({ L L L L J
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Testosterone concentration (um)
b
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3 o
0.15}
> 010
0.05} o
0.00 (o) 1 )
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vI[S]

Figure 4 Velocity (v) vs substrate concentration (S) and
Eadie—Hofstee plots for the formation of 63-hydroxytestosterone
(60OHT) by human duodenal S9 fraction. Lines are best fits of a
single Hill function. Data are means from two experiments
performed in triplicate.

Table 1 Comparison of the capacity of two duodenal S9 fractions to metabolize dextromethorphan and testosterone.

—1 I
3 mm (nmol mg™ " protein min~ ")

60OHT (nmol mg™ " protein min™")

S9 fraction 1 (S1) 1.9840.17
S9 fraction 2 (S2) 0.74+0.014
S2/81 (%) 37%

0.13+0.013
0.043 +0.007
33%

Each result is the mean of two experiments (+s.d.) run in triplicate.
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patients with active coeliac disease compared with
noncoeliacs and treated coeliac patients (P<0.001;
Mann—Whitney U-test) (Figure 6a). However, no difter-
ence was detected between any of these groups with
respect to the expression of villin (Figure 6¢).

CYP3A4 activity Mirroring the effects of coeliac
disease and its on CYP3A expression,

treatment

Figure 5 Cross sections (X 200) of duodenum immunostained
using a polyclonal goat anti-rat CYP3A2 antibody which fully
cross reacts with human CYP3A. a=on diagnosis of coeliac
disease; b=after gluten free diet; ¢ = after gluten rechallenge.
The CYP3A enzyme is indicated by the brown stain.
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6@-hydroxytestosterone  formation was  significantly
lower in samples from patients with active disease com-
pared to noncoeliacs and treated patients (P <0.001;

Mann—Whitney U-test) (Figure 6b).

18
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Villin (relative to control)

Figure 6 a) Villin-corrected expression of CYP3A4 in duodenal
biopsies from histologically confirmed coeliac patients with active
disease (n=14) compared with normals (n=74) and treated
coeliacs (n=15). Error bars are +s.d. Statistical differences were
detected between coeliacs and other groups (P<0.001).

b) Villin-corrected activity of CYP3A4 measured by the rate of
60HT formation in duodenal biopsies from histologically
confirmed coeliac patients with active disease (n=14) compared
with normals (n="74) and treated coeliacs (n=15). Error bars

are +s.d. Statistical differences were detected between coeliacs
and the other groups (P<0.001). ¢) The expression of villin in
duodenal biopsies from histologically confirmed coeliac patients
with active disease (n=14) compared with normals (n="74) and
treated coeliacs (n=15). Error bars are +s.d. No statistically
significant differences were detected.
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Figure 7 Cross-section (x200) of duodenum from a patient with
cystic fibrosis. The CYP3A enzyme is indicated by the brown
stain.

Clystic fibrosis

Protein expression The staining pattern in a sample from
a representative patient is shown in Figure 7. There is
typical elongation of villous structure with strong staining
for CYP3A. The mean staining score for samples from
patients with cystic fibrosis (2.89 +0.56 s.d.) was similar to
that for those from control subjects without disease
(2.78+1.08 s.d.). In view of this lack of difference, the
patient samples were not studied further by Western
blotting.

Discussion

The detection of a single band in immunoblots of the
S9 intestinal fraction with the antirat CYP3A2 antibody
indicates the presence of CYP3A4 and the absence of
CYP3AS5. The latter is reported to migrate slightly more
slowly than CYP3A4 [25], and others have either failed
to detect it in adult small bowel [26] or have observed it
using a selective CYP3A5 antibody only after prolonged
exposure [22].

Villin has been validated as a marker for the enterocyte
content of intestinal sections [22, 27]. The two distinct
bands observed on immunoblotting were presumed to
represent intact villin and a fragment arising from cleavage
of the upper domain structure of the protein. There was a
significant correlation between the signal for the combined
bands and CYP3A4 expression but not when the bands
were analysed separately. Villin expression was found
to be invariant with age in our samples, including those
from fetuses. This is consistent with the demonstration
of early developmental expression of the protein in
animals [28].

The steady increases in CYP3A4 expression and activity
in human small bowel from the fetal through to the
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end of the neonatal stage contrasts with the marked surge
at weaning (20 days) in these attributes observed in the
rat intestine [15]. By the time of weaning in the human
(4-6 months), the enzyme system is well established. This
species difference presumably reflects the relatively later
maturation of the intestine in rodents in the early postnatal
period [29]. Thus the rat appears to be a poor animal
model for assessing developmental changes in intestinal
drug metabolism in humans.

The strong correlation between the rate of 63-hydroxy-
testosterone formation and CYP3A4 expression in the
small bowel samples is consistent with the known
selectivity of this reaction for CYP3A4, as is the association
with the N-demethylation of dextromethorphan [23, 24].
A sigmoidal relationship between the rate of 63-hydroxy
testosterone formation and the concentration of testoster-
one (diagnosed more clearly by an Eadie—Hofstee plot;
Figure 4) is a characteristic feature of the enzyme kinetics
of hepatic CYP3A4 and is indicative of marked positive
co-operativity [30]. The observation of similar behaviour
with the intestinal enzyme is not unexpected and
suggests that, like hepatic CYP3A4, it will be subject to
variable activation by drug and nutrient substrates, thereby
amplifying its efficiency.

The finding of decreased expression of CYP3A in
untreated coeliac disease and its return to normal on a
gluten-free diet is in agreement with that of a previous
study in adults [31]. In addition, we have shown a further
decrease in expression on gluten re-challenge. The inter-
mediate level of expression in the patients with partial
villous atrophy indicates that the level of CYP3A is
related directly to the degree of enteropathy. A similar
level of villin expression in coeliac and noncoeliac
patients may reflect the facts that some of the former
had only partial villous atrophy, and that villin is expressed
in crypt cells as well as at the villous tip and these cells are
produced at a faster rate in active disease [32]. Elongation
of villi did not appear to be associated with any net
change in the level of CYP3A expression in patients with
cystic fibrosis. Possible differences in enzyme activity were
not assessed.

Our findings of increasing intestinal CYP3A4 activity
with developmental age and the marked decrease in
activity in untreated celiac disease have implications for
the oral bioavailability of drugs used in paediatric practice
that are significant substrates of the enzyme. These include
midazolam, cyclosporin and carbamazepine.

Oral midazolam is often used for premedication in
children, some of whom may be under investigation
for coeliac disease. In adults up to 50% of the dose is
metabolized by CYP3A4 in the small bowel [33]. How-
ever, while our data suggest that the oral bioavailability
of midazolam might be slightly greater in healthy children
compared with adults, the reverse appears to be true.
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Whereas on average 36% of an oral dose is bioavailable in
adults this decreases to 15-27% in children, suggesting that
factors in addition to differences in intestinal enzyme
activity are in operation [34, 35]. No data are available on
the oral bioavailability of midazolam in neonates, in whom
we have shown that CYP3A4 activity is significantly lower
than in older children. About 30% of an oral dose of
cyclosporin is metabolized by intestinal CYP3A4 [36]. It
appears to have a similar bioavailability in paediatric heart
and kidney transplant patients compared with adults, and
in paediatric liver transplant patients less than 5 years of
age oral bioavailability is reported to be less than that in
adult patients [37]. No studies appear to have been done
exclusively in neonates. CYP3A4, and to a lesser extent
CYP2CS catalyse the biotransformation of carbamazepine
to its main metabolite carbamazepine-10,11-epoxide. The
oral clearance of carbamazepine decreases with age [38]
and the ratio of the epoxide metabolite to carbamazepine
has also been shown to decrease with age [39].

The limited number of pharmacokinetic studies
carried out in patients with coeliac disease have been
reviewed, indicating a complex interplay of factors and the
importance of adequate study design [40]. For example,
conflicting data are available in adults for propranolol,
which is metabolized by several cytochromes P450 and
by direct glucuronidation. Two studies found an increase
in the oral absorption rate of propranolol in active disease
[41, 42], while two other studies found no difference in
either rate or extent of absorption compared to healthy
controls [43, 44]. Systematic studies specifically with drugs
that are significant substrates of intestinal CYP3A4 are
lacking. In patients with cystic fibrosis the extent of drug
absorption varies widely; rate of absorption appears to be
slower than normal but the extent of absorption is not
altered significantly [45].

While intestinal CYP3A4 plays a significant role in the
oral absorption of many drugs, the impact of changes in
its developmental expression are likely to be modulated
by several factors. Of particular relevance is the role of
intestinal transporters. Parallel studies of the developmental
expression of these systems, particularly of the efux tran-
sporter P-glycoprotein, which is present together with
CYP3A4 in the villous tip, are indicated. Thus, knowl-
edge of the relative development of CYP3A4 and
P-glycoprotein in neonates and children and the impact
of gastrointestinal disease will allow better understand-
ing of the oral bioavailability of cosubstrates, such as
cyclosporin, in paediatric patients.
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