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Abstract

Enzymes within the P4S0IIIA (CYP3A ) subfamily appear to
account for significant “first pass” metabolism of some drugs in
the intestine. To identify which of the known P450I1IA genes
are expressed in intestine, enterocyte RNA was hybridized on
Northern blots with synthetic oligonucleotides complementary
to hypervariable regions of hepatic P450111A4, P450I11AS,
and P45011IA7 cDNAs. Hybridization was detected only with
the P450I11A4-specific oligonucleotide. The identity of the hy-
bridizing mRNA was confirmed to be P450II1A4 by direct se-
quencing of a DNA fragment amplified from enterocyte cDNA
by the polymerase chain reaction. To determine if enterocyte
P450111A4 is inducible, biopsies of small bowel mucosa were
obtained from five volunteers before and after they received 7 d
of treatment with rifampin, a known inducer of P450II1A4 in
liver. Rifampin treatment resulted in a five- or eightfold mean
increase (P < 0.05) in the biopsy concentration of P450111A4
mRNA when normalized for content of sucrase isomaltase or
intestinal fatty acid binding protein mRNAs, respectively. Ri-
fampin also induced P450IIIA immunoreactive protein in en-
terocytes in each of the subjects, as judged by immunohisto-
chemistry, and resulted in a 10-fold increase in P450II1A4-spe-
cific catalytic activity (erythromycin N-demethylation) in the
one patient studied. Our identification of inducible P450111A4
in enterocytes may in part account for drug interactions charac-
teristic of P450I11A4 substrates and suggests a strategy for
controlling entry into the body of a major class of xenobiotics.
(J. Clin. Invest. 1992. 90:1871-1878.) Key words: cytochrome
P450 - enterocyte » gastrointestinal tract « P450IIIA « cyclo-
sporine A « immunohistochemistry

Introduction

Enzymes within the P450IIIA subfamily account for up to
25% of the total cytochrome P450 found in liver (1). There has
been considerable interest in these enzymes because they have
been recently shown to metabolize dietary mycotoxins such as
aflatoxin B1 (2) and many commonly used medications. The
list of drugs known to be metabolized by P450IIIA enzymes is
rapidly expanding and currently includes cyclosporine A (3,
4), nifedipine (5, 6), erythromycin (1), lidocaine (7), quini-
dine (8), midazolam, triazolam (9), lovastatin (10), and ta-
moxifen (11).
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Four distinct P450IIIA proteins have been identified in hu-
man liver (P45011IA3, P450111A4, P4501IIA5, and P450I11A7)
and it appears that each reflects expression of a unique gene
(12). (In this manuscript, the terms P450I11A3, P450I11A4,
P450IIIAS, and P450IIIA7 correspond to the recently pro-
posed terms CYP3A3, CYP3A4, CYP3AS, and CYP3A7, re-
spectively [12]). It seems unlikely that many additional
P450I1IA genes exist because a single P450IIIA gene is ~ 30 kb
in length (Schuetz, J., unpublished observations) and only 90
kb of human genomic DNA hybridize with a P450IIIA cDNA
under low stringency (13). The four known P450IIIA enzymes
share > 84% amino acid sequence identity (12). In spite of this
high structural similarity, there are significant differences be-
tween some of these enzymes in terms of catalytic properties
(14, 15). There also appear to be differences in the regulation
of these enzymes. For example, the major P450IIIA gene ex-
pressed in adult human livers appears to be P450IIIA4 (16).
The liver content and catalytic activity of P450IIIA4 is in-
creased (induced) when patients are treated with a variety of
compounds (17, 18), including the commonly used antibiotic
rifampin (19-21). In contrast, P450IIIA5 has been detected in
only 10-30% of adult human livers (22), and there is no evi-
dence that the enzyme is inducible (22).

Characterization of the P450IIIA enzymes in liver has pro-
vided potential explanations for drug interactions involving
cyclosporine A (CsA).! CsA has been shown to be metabolized
by P450IIIA4 in the liver (3, 4, 14). Drugs that inhibit
P450I11A4 activity in liver, such as erythromycin or ketocona-
zole (20), can significantly elevate CsA blood levels in patients
(23, 24). Conversely, many drugs that induce P450II11A4 in
liver, such as rifampin, can decrease CsA blood levels in pa-
tients (25). This has suggested that drug interactions involving
CsA are caused by alterations in P450IIIA4 activity in the liver
(3, 20, 26).

We have recently shown that orally administered CsA un-
dergoes significant “first pass” metabolism in the intestine
(27). When CsA was instilled into the small bowel of the two
patients during the anhepatic phase of the liver transplant oper-
ation, hydroxylated and N-demethylated metabolites of CsA
were readily detected in the portal blood. In one patient, metab-
olites accounted for ~ 50% of the drug that had been absorbed
into the portal blood. Based on this data, we concluded that the
contribution of the intestine to CsA metabolism might rival or
actually exceed that of the liver (27).

It seems likely that metabolism of CsA that occurs within
the intestine is catalyzed by enzymes within the P450IIIA fam-

1. Abbreviations used in this paper: CsA, cyclosporine A; EGD, esopha-
gogastroduodenoscopy; FABP, intestinal fatty acid binding protein;
GT, guanadinium isothiocyanate; KP, potassium phosphate; MOPS,
3-(4-morpholino) propane sulfonic acid; PCR, polymerase chain reac-
tion; SI, sucrase-isomaltase.
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ily for several reasons. First, the metabolites we identified in
portal blood (27) are those characteristically produced by
P450IIIA enzymes in liver (3, 4, 14). In addition, we have
recently shown that intestinal first pass metabolism of CsA is
catalyzed by P450IIIA enzymes within small bowel epithelial
cells (enterocytes) in an in vivo rat model (28). Finally, hu-
man enterocytes also appear to contain enzymes within the
P450IIIA subfamily. This is because a monoclonal antibody
that recognizes all of the known P450IIIA proteins reacts on
immunoblots with a human enterocyte protein (29). In addi-
tion, a P450IIIA3 cDNA hybridizes to enterocyte RNA on
Northern blots under low stringency (29). In aggregate, these
observations indicate that enterocyte enzymes within the
P450I1IA family probably account for significant “first pass”
metabolism of CsA in patients. However, because it has not
been established which, if any, of the known P450IIIA genes
are expressed or are inducible in enterocytes, it is unknown
whether drug interactions characteristic of P4501I1IA substrates
could be occurring at the level of the intestine. In this report, we
show that P450II1A4 is present and inducible in human entero-

cytes.

Methods

Patient samples and treatments. Human tissue was obtained from sur-
gically resected proximal small bowel (jejunum), hepatoma, liver
(adult and fetal), kidney (adult and fetal), lung, and placenta, and
frozen in 4 M guanadinium isothiocyanate (GT) for later RNA extrac-
tion. Enterocytes were isolated from proximal jejunum by calcium che-
lation as previously described (29) before freezing in 4 M GT.

Five volunteer adults underwent esophagogastroduodenoscopy
(EGD) (after an overnight fast) both before and immediately after
receiving rifampin 300 mg twice daily orally for 7 d. During each endos-
copy, six “pinch biopsies™ of small bowel mucosa (second portion of
the duodenum) were obtained and immediately placed in formalin (2
biopsies) or 4 M GT solution (four biopsies) for processing as de-
scribed below. The subjects received no medications (other than rifam-
pin) during the study. Subject A is a 28-yr-old black female, B is a
25-yr-old white male, C is a 34-yr-old white female, D is a 21-yr-old
white male, and E is a 35-yr-old white male. Subject E had been biop-
sied 6 mo before the start of the study. He also underwent additional
endoscopic biopsies 24 h after starting the 7-d rifampin treatment and
again 3 d after his last dose of this medication. At a later date, he
underwent EGD with small bowel biopsies before and immediately
after receiving oral rifampin 300 mg twice daily for 2 d. These biopsies
were processed for enzymatic studies as outlined below. All studies
were approved by the Human Studies review board of the University of
Michigan Medical School.

RNA extraction. The method of Chomczynski (30) was used to
isolate total RNA from the various human tissues. Endoscopically ob-
tained specimens were treated as follows: Four biopsy specimens were
placed in 1.2 ml of 4 M GT/0.5% N-lauroylsarcosine/25 mM sodium
citrate (pH 7.0)/0.7% 2-mercaptoethanol, homogenized with a hand-
held dounce, stored at —80°C, and later processed according to the
published protocol. RNA was quantified by determining ultraviolet

" light (UV) absorption at 260 nm of a suspension in water.
Northern blot hybridization and analysis. Total RNA (30 ug) was
subjected to electrophoresis in 1.0% agarose gels with 5X 3-(4 morpho-
lino) propane sulfonic acid (MOPS) buffer containing 2.2 M formalde-
hyde in 1X MOPS buffer for 4 h at 80 V. The ethidium staining of the
resolved ribosomal RNA bands confirmed that little degradation of
RNA had occurred in each tissue. The RNA was then transferred by
capillary action using 20X standard saline citrate onto nylon and cross-
linked by ultraviolet (UV) irradiation of 1,200 J. This membrane was
initially hybridized with a cDNA for human sucrase-isomaltase (31), a
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generous gift from Dr. Peter Traber, labeled with 3P by a random
priming reaction. After washing, autoradiography, and stripping of the
cDNA, this same blot was subsequently hybridized with the following
antisense synthetic oligonucleotides that had been end-labeled with 32P
using T4 kinase. The P450IIIA oligomers were chosen to be comple-
mentary to hypervariable regions of the P450IIIA ¢cDNAs. They are
identified below by the numbered basepairs of the published sequence:
P450I11A4 cDNA (5), bp 1727-1757 (5' AGC TCA ATG CAT GTA
CAG AAT CCCCGG TTA 3'); P45S0IIIAS cDNA (14),bp 1619-1646
(5'GGG GCA CAGCTT TCT TGA AGA CCA 3'); P450IIIA7 cDNA
(32), bp 1708-1738 (5' CTT CCC CAG CAC TGA TTT GGT CAT
CTC CTC 3'); intestinal fatty acid binding protein gene (33), bp 2539~
2569 (5 AGT ATT CAG TTC GTT TCC ATT GTC TGT CCG 3').

The integrated optical density of each hybridization band was mea-
sured from each autoradiogram with a Zeiss computer assisted video
densitometer (Eastern Microscope Co., Raleigh, NC).

PCR analysis and nucleotide sequence analysis. Total RNA from
human duodenum was reverse transcribed to cDNA by incubating 1 ug
of RNA with 3 ug of oligo-dT (Pharmacia Fine Chemicals, Piscataway,
NJ), 1 ul 25 mM dANTP, 5 ul buffer (500 mM Tris pH 8.3, 500 mM
KCl, 80 mM MgCl,, 100 mM DTT) and 1 ul reverse transcriptase
(Seikagaku America, Inc., Rockville, MD) in a reaction volume of 50
plfor 1 hat41°C. 10 ul of this reaction mixture was then added to 5 ul
of 1 mM dNTP, § ul Taq buffer (400 mM KCl, 0.1% gelatin), 3.5 U
Tagq polymerase ( Perkin-Elmer Cetus Instruments, Norwalk, CT), and
1 ug of a sense primer common to all four P450IIIA cDNAs (bp 1375-
1402 [5], 5' CCT TAC ACA TAC ACA CCC TTT GGA AGT 3')and
the P450I11A4 specific antisense primer (as listed above for Northern
blot hybridization) in a final reaction vol of 50 ul. These primers span
an intron in the P450I11A4 gene (Schuetz, J., unpublished observa-
tions) and should amplify a 382-bp segment of the P450111A4 cDNA.
Samples were subjected to 19 cycles of the polymerase chain reaction
(PCR) with a DNA thermal cycler (Perkin-Elmer Cetus Instruments)
and stringent conditions (45-s denaturation step [94°C], extension for
75 s [65°C] and no annealing step). A final 65°C extension step was
performed for 10 min at the end of the 19 cycles. 20 ul samples were
subjected to electrophoresis (along with a sample containing standard-
ized DNA fragments of known size) at 65 V on a 1% agarose/2%
NuSieve (FMC Bioproducts, Rockland, ME) 1 X (0.04 M Tris acetate,
0.001 M EDTA, pH 8.0 [TAE]) gel containing ethidium bromide (2
uM). The amplified DNA fragment was visualized and sized relative to
the standards under UV light.

The DNA fragment was purified by agarose electrophoresis. The
ends of the PCR product were filled in with the Klenow fragment of
DNA Poll and the blunt-ended product was subcloned in both orienta-
tions into M 13 phage at the Smal site. Single-stranded M 13 was pre-
pared from several different plaque-purified recombinants to deter-
mine the nucleotide sequence of the cloned insert using the method of
Sanger et al. (34). Results were confirmed by sequencing each region of
the cDNA at least three times. Global alignments of published se-
quences were made with the Genetics Computer Group (Madison,
WI) GAP Program.

Immunohistochemistry. Formalin-fixed biopsies from the small
bowel were subjected to immunoperoxidase staining (Zymed Strepta-
vidin-Biotin System Histostain Kit; Zymed Laboratories, South San
Francisco, CA). In brief, formalin-fixed tissues were embedded, sec-
tioned, and deparafinized. The slides were incubated with 10% nonim-
mune serum for 10 min followed by a 35-min incubation with varying
dilutions of the primary antibody raised in a rabbit to purified
P450111A3/4 (a generous gift from Dr. Steve Wrighton, Eli Lilly and
Co., Indianapolis, IN). This antibody has been shown to react with all
known human P450IIIA proteins (15). This antibody does not react
on immunoblots with purified proteins in the P4501 (CYPI) or P45011
(CYP2) families ([15], Dr. Steve Wrighton, unpublished observa-
tions). The tissue section was then sequentially incubated with a bio-
tinylated second antibody, streptavidin-peroxidase conjugate, and fi-
nally the chromogen aminoethyl carbazole with 0.03% hydrogen perox-
ide. Thorough washing was performed after each incubation, and the
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tissue was counterstained with hematoxylin. Immunoreactive protein
was identified as red staining (appearing black on the photomicro-
graphs). This staining was completely inhibited when the antibody was
preincubated with purified P450II1A3/4.

Stained slides were judged by William O. Dobbins III, M.D., in a
blinded fashion for relative amounts of immunoreactive protein. Stain-
ing intensity was graded on a 1-4+ scale based on the intensity of
staining in individual enterocytes as well as the total number of entero-
cytes that stained.

Enzymatic activity. Six small bowel biopsies were obtained from
subject E before and after he received rifampin 300 mg twice daily for 2
d. The biopsies were immediately homogenized using a hand-held
dounce in 0.5 ml of 0.1 M KP (potassium phosphate buffer, pH 7.4,
containing 0.23 mM PMSF) and frozen at —80°C. At a later date, the
homogenates were thawed and a portion of each was used to assay
sucrase-isomaltase activity by the technique of Dahlqvist (35). The
remaining homogenate was centrifuged at 9,000 g for 15 min and the
supernatant was assayed for erythromycin demethylase activity by two
different techniques. First, the Nash method (36) was used to quanti-
tate the production of formaldehyde from the sample diluted to 1 mg
protein/ml in 0.1 M KP buffer (37°C) in a reaction mixture contain-
ing 0.4 mM erythromycin and 1.0 mM NADPH. This was performed
as previously described (37), except that the incubation volume was
reduced to 100 ul. A second radiometric assay was also used to quanti-
tate erythromycin demethylase activity in the samples. This assay is
similar to that described by Nebert and Poland for detecting produc-
tion of ['“C]formaldehyde from ['4C]N-methyl aminopyrine (38),
and relies on the fact that erythromycin is highly lipophilic and can
therefore can be separated from formaldehyde in an organic/aqueous
phase extraction. 250 ul of the biopsy supernatant was diluted to 0.2 mg
protein/ml in 0.1 M KP buffer and was incubated (37°C for 15 min)
with 300 nmol NADPH and 125 nmol erythromycin containing 3.1
nmol ['*C]N-methyl] erythromycin (New England Nuclear, Boston,
MA ) at a final sp act of 1.35 mCi/ mmol. Water soluble impurities were
removed from the ['“C- N-methyl] erythromycin before the assay by
performing a single chloroform extraction and drying the chloroform
under nitrogen. The reaction was terminated by the addition of 4 ml of
chloroform (4°C) and 1.5 ml of 0.1 N NaOH. After vortexing and
centrifugation at 1,000 g for 5 min at 27°C, the extraction was repeated
by adding 1.0 ml of the aqueous supernatant to 4 ml of chloroform and
0.5 ml of 0.1 N NaOH. The resulting supernatant (0.5 ml) was added
to 10 ml of Aquasol-2 liquid scintillation cocktail (New England Nu-
clear) and subjected to scintillation counting. The quantity of formalde-
hyde formed was calculated as described by Poland and Nebert (38),
and control incubations were performed by omitting the NADPH.
Each sample was assayed in duplicate.

Results

Identification of P450111A44 in enterocytes. To determine which
of the four known P450IIIA genes were expressed in human
enterocytes, oligonucleotides were synthesized to hypervari-
able regions of P450IIIA4, P450IIIAS, and P450IIIA7
mRNAs. P450IIIA3 mRNA shares > 98% nucleotide basepair
identity with P450IIIA4 mRNA, preventing the design of an
oligonucleotide that would selectively hybridize with
P450I11A 3, but not with P450IIIA4 mRNA (13, 16, 39). How-
ever, nucleotide sequence alignment of P450IIIA3 and
P450111A4 cDNAs reveals that P450IIIA4 contains a 20-bp
insert in its 3’ untranslated region (16). This allowed us to
synthesize a P450111A4 specific 30-mer oligonucleotide that
shared only 9, 8, and 26, bp in this same region when aligned
with P450I11A3, P450I1IAS, and P450I1IA7, respectively.
RNA prepared from human enterocytes was hybridized on
a Northern blot with each of the radiolabeled oligonucleotides.
RNA prepared from other human tissues was also analyzed on

the same blot. Under high stringency, the P450I11A4 specific
oligonucleotide hybridized with the enterocyte RNA (Fig. 1)
revealing two bands, corresponding to 2.2- and 3.0-kb frag-
ments of RNA. RNA prepared from fetal liver hybridized with
the P450I11A5 and P450I1IA 7 specific oligonucleotides, consis-
tent with prior observations that P450IIIAS and P450IIIA7 are
expressed in the fetus (40, 41). However, no hybridization was
detected between the enterocyte RNA and either of these oligo-
nucleotides.

To confirm that the P450I11A4 oligonucleotide was hybrid-
izing with P450I1IA4 mRNA, enterocyte mRNA was reverse
transcribed to cDNA and amplified under stringent condi-
tions by the polymerase chain reaction. The “antisense”
P450111A4-specific oligonucleotide that was used to probe the
Northern blot (Fig. 1) and a “sense” oligonucleotide comple-
mentary to all four known P450IIIA mRNAs (see Methods)
were used as primers in the amplification. The amplified frag-
ment was 382 bp in length, exactly that predicted from the
known nucleotide sequence of P450I11A4 cDNA. This frag-
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Figure 1. 1dentification of P450I1IIA4 mRNA but not P450IIIAS or
P450I1IA7 mRNAs from human enterocytes. 30 ug of total RNA
isolated from enterocytes or from the indicated human tissues was
subjected to agarose gel electrophoresis, transferred to nylon mem-
brane, and hybridized with a 3?P-end-labeled oligonucleotide com-
plementary to a hypervariable region of P4501IIA4 mRNA under
stringent conditions (see Methods). After visualization by autoradi-
ography, the blot was stripped and rehybridized with a synthetic oli-
gonucleotide probe specific for P45S0IIIAS or then P450IIIA7.
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ment was then subcloned and sequenced as described in Meth-
ods. The derived nucleotide sequence of the fragment (between
the primers) was 100% identical to the corresponding region of
P450111A4, but was not identical to the corresponding regions
of P450I11A3, P450I1IAS5, and P4501IIA7 (13, 45, and 24 bp
mismatches, respectively).

Effect of rifampin treatment on enterocyte P45011144. Ri-
fampin is a known inducer of P450I11A4 in liver. To determine
if this medication also induces P450IIIA4 in enterocytes, we
performed EGD in five healthy volunteers both before and
after they were treated with oral rifampin (300 mg twice daily)
for 7 d. At the time of EGD, six pinch biopsies of mucosa were
obtained from the proximal small bowel (the second portion of
the duodenum). Each biopsy weighed ~ 5 mg. Total RNA was
prepared from four of the six biopsies, and the remaining two
biopsies were fixed in formalin, paraffin embedded, and sec-
tioned. The tissue sections were then reacted with varying dilu-
tions of a polyclonal antibody raised to P4501IIA3/4, as de-
scribed in Methods.

P450IIIA immunoreactivity was detected only in mature
enterocytes and not in crypt cells or in the many other cell types
present in the biopsies. This was true in both the initial biopsies
and in the biopsies obtained after treatment with rifampin (Fig.
2, A and B). A dilution of primary antibody ( 1:750) that maxi-
mized the appearance of induction of immunoreactive protein
was used in the sections shown in Fig. 2; when more concen-

trated solutions of antibody were used, staining of P450IIIA
protein in mature enterocytes was evident in the biopsies ob-
tained before induction (not shown).

The stained sections from all five patients were submitted
to an observer blinded to the timing of the biopsies relative to
rifampin treatment (see Methods). In each patient, rifampin
treatment was judged to have increased P450IIIA immunoreac-
tive protein. Rifampin treatment was associated with both an
increase in the intensity of enterocyte staining, as well as an
increase in the total number of enterocytes stained (Fig. 2).

To determine if the induction in P450IIIA immunoreactive
protein was associated with an increase in P450I1IA4 mRNA
concentration, RNA isolated from the small bowel biopsies
was hybridized on Northern blots with the P450I11A4-specific
oligonucleotide. As shown in Fig. 3, the intensity of hybridiza-
tion to the small bowel RNA was greater after treatment with
rifampin in each of the five subjects. The same blot was then
stripped of the P450II1A4 probe and rehybridized with probes
for two other enterocyte specific mRNAs: intestinal fatty acid
binding protein (FABP) and sucrase-isomaltase (SI). Despite
comparable amounts of total RNA on the blot, as shown by
ethidium bromide staining of ribosomal bands, the intensity of
hybridization with the FABP or SI probes differed between
biopsies (Fig. 3). This suggests that the proportion of intact
enterocyte mRNA relative to total biopsy RNA varied between
samples. However, rifampin treatment had no consistent effect
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Figure 2. Induction of P450IIIA immunoreactive protein in biopsies obtained from subject E before (4) and immediately after (B) he received
treatment with rifampin for 7 d. Tissue was fixed in formalin, paraffin embedded and subjected to immunoperoxidase staining after incubation
with anti-P450111A3/4 IgG (1:750) (see Methods). The black staining in mature enterocytes (best seen in B) indicates reactivity with the antibody.
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Figure 3. Northern blot hybridization of total RNA (30 ug) prepared
from small bowel biopsies obtained in five volunteers before (con)
and after (rif) a 7-d course of rifampin. After electrophoresis on aga-
rose gels, the RNA was visualized by ethidium staining (fop panel)
and transferred to a nylon membrane. The blot was then sequentially
hybridized with probes specific for P450IIIA4 mRNA, FABP mRNA,
and SI mRNA.

on the apparent concentration of either the FABP or SI
mRNAs.

Relative quantitation of the intensity of hybridization with
each probe was determined by densitometry and expressed in
arbitrary OD units. When all RNA samples shown in Fig. 3
were considered, there was a significant correlation between
the hybridization with the FABP and SI probes (r = 0.7, data
not shown). To adjust for variation in enterocyte mRNA con-
centration, the P450II1A4 hybridization signal OD was divided
by that of FABP or SI. The mean induction of P450I11A4 was
approximately eightfold relative to FABP mRNA and fivefold
relative to SImRNA (P < 0.05 for each comparison, one-tailed
paired ¢ test) (Fig. 4).

We also noted that before treatment with rifampin, the en-
terocyte concentration of P450IIIA4 mRNA in the five sub-
Jects appeared to vary ~ 10-fold, whether adjusted for FABP
(0.23-2.87) or SI mRNA (0.55-6.18).

The blot shown in Fig. 3 was also hybridized with the
P450I1IA S and P450IIIA7 specific oligonucleotides. No hybrid-
ization was observed between any of the RNA samples and
either probe (not shown).

Subject E had undergone small bowel biopsy 6 mo before
the start of this study. He also underwent EGD and biopsy 24 h
after receiving his first oral dose of rifampin (600 mg total),
and 3 d after completion of the 7-d treatment. Total RNA
prepared from each of these biopsies was hybridized on North-
ern blots with the P450IIIA4 specific oligonucleotide. There
appeared to have been little change in the biopsy concentration

optical density P450111A4/FABP

control rifampin
—8— subject A
——&— subjectB
—0— subject C
—0—— subjectD
—8— subjectE

optical density P450111A4/S|
o
L

control rifampin

Figure 4. Induction of P450I1IA4 mRNA relative to two enterocyte
specific mRNA’s in the five volunteers receiving rifampin treatment
for 7 d. The Northern blot autoradiograms shown in Fig. 3 were ana-
lyzed by densitometry and the arbitrary OD units for P450I11A4 hy-
bridization was “corrected” for that observed with the FABP and SI

probes. .

Figure 5. Time course
of induction of entero-
cyte P450I11A4 in sub-
ject E. RNA (30 ug) was
obtained from small
bowel biopsies at the
following times: 6 mo
and immediately before
treatment with rifampin
(first and second lanes
marked con, respec-
tively); 1 d or 7 d of
treatment with rifampin
(rif); and 3 d after com-
pletion of the rifampin
treatment (con, 3 d off
rif). The RNA was sub-
jected to Northern blot
analysis, as described in
Fig. 3. Optical density
ratios for P450111A4 /
FABP were control
=0.851d=546,7d
= 4.89; and for
P450111A4/SI were
control = 0.26, 1 d
=1.57,7d = 5.3 (see
Methods).
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of P450IIIA4 mRNA between the initial study EGD and the
EGD performed 6 mo earlier (Fig. 5, second and first lanes
marked “con,” respectively). Induction of P450II1A4 mRNA
was evident within 24 h of receiving the first dose, increased
further by 7 d of treatment, and returned to baseline levels
within 72 h of the last rifampin dose. In contrast there appeared
to be relatively little change in the concentration of FABP and
SI mRNA in the biopsies (Fig. 5).

Finally, to determine if the rifampin mediated induction of
P450111A4 mRNA and immunoreactive protein was asso-
ciated with an increase in P4501I1A4 catalytic activity, we re-
peated EGD in subject E both before and immediately after he
received 2 d of treatment with rifampin (300 mg twice daily).
Homogenates were prepared from the biopsies and assayed for
sucrase-isomaltase activity. The activity of this enterocyte spe-
cific enzyme was essentially unchanged by the rifampin treat-
ment (pre-21 U/g vs. post-22 U/g). In contrast, erythromy-
cin N-demethylase activity was induced ~ 10-fold by rifampin
as measured by either a sensitive radiometric technique (pre-
0.10 nmol/mg per min; post-1.12 nmol/mg per min) or by the
conventional Nash colorimetric technique (pre-0.13 nmol/mg
per min; post—1.2 nmol/mg per min).

Discussion

We have provided evidence that P4501IIIA4 is present in hu-
man enterocytes. An oligonucleotide complimentary to
P450I1IA4 mRNA readily hybridized with RNA prepared
from enterocytes, but oligonucleotides complimentary to
P450ITIAS and P450IIIA7 mRNAs did not (Fig. 1). The esti-
mated sizes of the two species of RNA that hybridized to the
P450I11A4 specific probe (2.2 and 3.0 kb, Figs. 1, 3, and 5) are
consistent with the two known P450111A4 mRNAs present in
liver; these are believed to result from alternate polyadenyla-
tion signals in the P450II1A4 gene (16). The identity of the
hybridizing mRNAs was further confirmed to be P450111A4
gene products by amplifying the enterocyte cDNA using the
polymerase chain reaction and a P450111A4-specific oligonucle-
otide as one of the primers. The resulting DNA fragment had
the exact length and nucleotide sequence predicted.

It is also clear from our data that P450IIIA4 mRNA is
abundant in enterocytes. Indeed, the concentration of
P450111A4 mRNA actually appeared to be greater in entero-
cytes than in liver (Fig. 1). It should be noted that our compari-
son to a single liver sample may not be representative in view of
the large interpatient heterogeneity in the liver content of
P450IIIA mRNA (13, 16). Nonetheless, the relative abun-
dance of P450IIIA4 mRNA in enterocytes is consistent with
our previous observations that P450IIIA catalytic activity and
the concentration of P450IIIA protein was comparable in mi-
crosomes prepared from enterocytes and liver obtained from
several patients (29).

We also provided evidence that enterocyte P450I1I1A4 is
inducible. Treatment with rifampin, a drug known to induce
P450I11A4 in liver (19-21), resulted in increases in the biopsy
concentrations of P450IIIA4 mRNA in each of the healthy
volunteers (Fig. 3 and 4). The effect of rifampin appeared to be
specific because the drug had no consistent effect on the biopsy
concentrations of two other enterocyte mRNAs, SI and FABP
(Fig. 3). Induction in P450I1IA4 mRNA was accompanied by
an increase in P450IIIA immunoreactive protein (Fig. 2) and,
in the one subject studied, catalytic activity characteristic of
P450111A4.
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P450I11A4 in enterocytes probably accounts for the signifi-
cant first pass metabolism of CsA that occurs at the level of the
intestine. The CsA metabolites we identified in portal blood
during the anhepatic phase of the liver transplantation opera-
tion (27) are those characteristically produced by P450111A4
(14). In addition, P450IIIA related proteins were only detected
in mature enterocytes and not in the many other cell types
present in the biopsies, even after the volunteers were treated
with rifampin (Fig. 2). Our immunohistochemistry results
differ from those reported by Murray et al. (42) in this regard.
Using a monoclonal antibody that reacted with a purified
P450I1IA protein, these investigators reported strong staining
of polymorphonuclear leukocytes and mast cells in addition to
mature enterocytes in intestinal biopsies. It seems likely that
the antibody used by these investigators, which was not as well
characterized as our polyclonal antibody, was not specific for
P4501IIA proteins.

There appeared to be differences between the patients in the
enterocyte content of P450IIIA4 mRNA before they received
rifampin (Fig. 3). These patients had received no medications
for at least 1 wk and had fasted overnight. The situation in
intestine may be similar to that in liver where there are signifi-
cant interindividual differences in P450IIIA4 expression that
cannot be currently attributed to environmental factors alone
(18). If confirmed, interindividual heterogeneity in P450I11A4
expression in enterocytes could in part account for well known
interpatient differences in oral bioavailability of CsA (43).
Poor oral bioavailability is characteristic of P450IIIA4 sub-
strates other than CsA (18), and based on our observations, it
seems likely that enterocyte metabolism accounts in part for
this property.

The identification of inducible P450IIIA4 in enterocytes
also supports the idea that some important drug interactions
thought to occur exclusively in liver may also occur at the level
of the intestine. Indeed, some observations can now be inter-
preted as indicating that the intestine may be the major site for
interactions involving P450II1A4. For example, erythromycin
inhibition of P450IIIA4 in either liver or intestine could ac-
count for the increased bioavailability of CsA observed in pa-
tients taking erythromycin. However, it has been reported that
orally administered erythromycin has little effect on the rate of
systemic clearance of CsA (23), a kinetic parameter that
should mainly reflect liver P450I1IA4 activity. This observa-
tion suggests that inhibition of P450IIIA4 in intestine is the
major mechanism behind the interaction between CsA and
orally administered erythromycin.

The well known interaction between rifampin and CsA
could also be explained by induction of P450IIIA4 in either
liver or intestine. A significant contribution of the intestine to
this interaction is supported by our report (44 ) of a liver trans-
plant recipient who had low P450IIIA4 catalytic activity as
measured by the erythromycin breath test (19). Normalization
of this patient’s liver P450IIIA4 with rifampin treatment vir-
tually abolished the oral bioavailability of cyclosporine A. In-
duction of enterocyte P450IIIA4 now provides a likely explana-
tion for these observations. It remains to be determined
whether other drugs that are believed to cause interactions with
CsA by inducing hepatic P450I1IA, such as antiseizure drugs
(20), also induce P450II1A4 in the enterocyte.

A central role of enterocyte P4501IIIA4 in drug interactions
is also supported by our recent studies in an in vivo rat model
(28). A P450IIIA enzyme (P450IIIA1) is inducible in both
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hepatocytes and enterocytes in the rat (45). Intestinal first pass
metabolism was reduced in rats pretreated with oral erythromy-
cin and was significantly increased in rats pretreated with an
inducer of P450IIIA1 (28).

The response of human enterocytes to rifampin appeared
to be rapid; an increase in P450I1IA4 mRNA was evident after
just 24 h of treatment and P450IIIA4 mRNA concentration
had returned to roughly baseline levels just 3 d after the last
rifampin dose (Fig. 5). If enterocyte P450IIIA4 mRNA corre-
lates with catalytic activity, our observations suggest that drug
interactions involving induction of enterocyte P450IIIA4
should occur within 24 h of exposure to the inducer, and
should be largely gone within 3 d of removal of the inducer.

It should be pointed out that it is not possible to exclude the
presence or induction of P450IIIA3 in enterocytes based on
our data. We were able to use oligonucleotide probes on North-
ern blots to confidently identify P450IIIA4 mRNA in entero-
cytes because P450I11A4 cDNA contains a 20-bp insert relative
to P450IIIA3 cDNA (13, 16, 39). However, it was not possible
to design an oligonucleotide probe that would hybridize to
P450II1A3 mRNA, but not hybridize to P450IIIA4 mRNA. It
seems unlikely that P450I1IA3 mRNA, if present, would be as
abundant in enterocytes as P450IIIA4 mRNA. This is because
we have found that when Northern blots of multiple samples of
enterocyte RNA (such as that shown in Fig. 1) are hybridized
with a P450IIIA cDNA under low stringency conditions, the
resulting autoradiogram is virtually indistinguishable from that
resulting from hybridization with the P450II1A4-specific probe
under stringent conditions (unpublished observations ). Unless
P450II1A3 and P4501IIA4 mRNAs are coordinately regulated
in enterocytes, these observations support the hypothesis that
P450I11A4 mRNA is the major P450IIIA mRNA expressed in
human enterocytes. Since P450IIIA enzymes appear to ac-
count for ~ 70% of the total P450 present in human entero-
cytes (29), it seems likely that P450I11A4 is the major single
P450 present in these cells.

In summary, our data indicate that rifampin-inducible
P450I11A4 is the predominant P450IIIA enzyme expressed in
human enterocytes. Significant first pass metabolism of
P450I1IA substrates has been shown to occur in the intestine;
identification of P450I1IA4 in enterocytes appears to partially
account for the poor oral bioavailability and drug interactions
characteristic of P450IIIA4 substrates. Because recombinant
expressed P45011IA4 is now commercially available (Gentest
Corp., Woburn, MA), it is relatively simple to determine
whether a given compound is a substrate for this enzyme. This
information may predict oral bioavailability and drug interac-
tions of a compound, information that could be very useful in
drug development. Moreover, since enterocyte P450II1A4 is
selectively inhibitable or inducible, it should now be possible to
up or down regulate the enterocyte enzyme and thereby con-
trol entry into the body of a major group of xenobiotics.
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