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Introduction to the gastrointestinal tract 
The gastrointestinal tract forms the first line of defense against xenobiotics including drugs 

that are taken orally. As oral administration is the most convenient and therefore most 

frequently used route of drug administration, this gastrointestinal barrier determines to a 

large extent the bioavailability of drugs.  

The barrier function of the intestine is ensured by the epithelial cells that line the luminal 

surface of the intestine and the specialized tight-junctions between them [1]. The intestine 

controls the uptake of water, electrolytes, nutrients and xenobiotics, and it secretes ions, 

enzymes, mucus and excretes endogenous and exogenous compounds from the blood 

towards the lumen. The absorptive area of the intestine is enormous due to folding, villi and 

microvilli, increasing the surface area approximately 600-fold [1]. Intestinal motility causes 

mixing of the components and ensures absorption and transport along the tract [1,2]. 

Figure 1: Histology of the intestinal wall [3] 

 

Every region of the intestinal tract consists of the same cell layers (figure 1 [3]): serosa, 

muscularis, submucosa and mucosa. The mucosa is covered with a continuous layer of 

cells, consisting of enterocytes and goblet cells [2]. Anatomically, the intestine is divided into 

duodenum, jejunum, ileum and colon. In each of these regions, the enterocytes have a 

different composition of enzymes and transporters that as part of the homeostatic function of 

the intestine, are able to metabolize and transport endogenous and exogenous compounds 

[4-7]. 

 

Drug metabolism and transporters in the intestinal tract 
Although the liver has long been thought to play the major role in drug metabolism, the 

metabolic capacity of the intestine in this respect is increasingly recognized [8,9]. In the 

seventies of the 20
th

 century, intestinal drug metabolism was already reported [10]. 

Nonetheless, until recently the clinical significance of intestinal drug metabolism remained 

under debate [11,12]. Basic knowledge concerning appreciation of drug metabolizing 

enzymes (DMEs) and drug transporters (DTs) in the human intestine has been collected in 

the last decade [13,14]. An important indication for the clinical significance of intestinal 

metabolism was inferred from in vivo studies using cyclosporine A, verapamil and 

midazolam as substrates [8,9,15]. DMEs and DTs are broadly expressed along the intestinal 

tract and can contribute together to all three phases of drug metabolism as depicted in figure 
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2: introduction of functional groups in the drug molecule (phase I), conjugation of drug 

molecules or phase I products (phase II), excretion by efflux transporters (commonly 

referred to as phase III) and deconjugation in the lumen (phase III of drug metabolism).  

Figure 2: Phases of drug metabolism in the intestine 

 

The intestine is not a homogeneous organ. The expressions of drug metabolizing enzymes 

and drug transporters in the enterocytes follow different patterns both along the crypt-villus 

axis and along the length of the intestine. For DMEs, the activity has been reported to be the 

highest in the differentiated epithelial cells of the villus region and to decline progressively 

towards the crypt region [16,17]. This heterogeneity is introduced by cell migration from 

crypt to villus, which appears to be a concerted program of differentiation leading to 

apoptosis and cell extrusion into the lumen [18]. The migration from crypt to villus axis takes 

place in approximately 3 days in human and 2 days in rat intestine [5]. Data on the presence 

of the most prominent drug metabolizing enzymes and drug transporters on mRNA level or 

protein level and on activity measurements are summarized in table I (p. 14-15). 

Phase I drug metabolism 

The members of the cytochrome P450 (CYP) superfamily are the principle enzymes 

involved in the biotransformation of drugs [11]. The amounts of CYPs in the intestine show a 

large inter-individual variation as has been described for CYP1A1 activity [19] and CYP3A 

protein [20] differing over 15-fold between individuals. This variation may originate from 

several interindividual differences (polymorphism, age, gender, drugs, diet, etc) 

In the human intestine, at protein level, CYP3A is the most abundant (59-94% of which 33-

87% is CYP3A4), followed by CYP2C9 (4-38%), CYP2C19 (0.5-7%), CYP2J2 (0.2-4%) and 

CYP2D6 (0.2-4%), which clearly differs from liver in which CYP3A4 and CYP3A5 are the 

most abundant CYPs, but representing only 40% of the total CYP. In the liver, this is 

followed by CYP2C (25%), CYP1A2 (18%), CYP2E1 (9%), CYP2A6 (6%), CYP2D6 (2%) 

and CYP2B6 (<1%) [21]. CYP2A6 activity [22], has not been detected in the human 

LUMEN BLOODENTEROCYTE

drug

Dissolution from formulation

Secretion from blood

-REfflux, phase III-R
Deconjugation
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intestine. Another remarkable difference between human intestine and liver is the 

distribution of CYP1A isoforms. CYP1A1 is predominantly expressed in the intestine, 

whereas CYP1A2 is the major CYP1A isoform in the liver [23]. CYP3A4 is a major player in 

the conversion of drugs, being involved in the metabolism of approximately 50-60% of the 

drugs, followed by CYP2C and CYP2B6 that are involved in the conversion of another 20 to 

25% [12,24,25]. This suggests that the intestine is in principle able to convert over 60% of all 

drugs, as is illustrated by the finding that CYP3A4 activity plays a significant role in the first-

pass metabolism of, for example, midazolam [26]. Therefore, drug metabolism by the 

intestinal wall should not be neglected and requires thorough evaluation. 

In the proximal part of the intestinal lumen, the concentrations of orally taken drugs, but also 

of dietary components are highest. To form an optimal barrier preventing xenobiotics to 

enter the body, the highest density of DMEs should also be present in the proximal part of 

the intestine. This is indeed the case for CYP3A4, CYP2C8-10 and CYP2D6 [14,27,28]. The 

total enterocyte microsomal protein content decreases markedly in distal direction, whereas 

for the total P450 content a slight increase from duodenum to jejunum is followed by a sharp 

decrease towards ileum [5]. The distribution pattern of NADPH-dependent P450 reductase 

activity, which is required for the P450 reactions [29], closely parallels that of CYP3A [20]. In 

contrast, mucosal microsomal cytochrome b5 protein content and b5 reductase activity 

(enhancers of the mono-oxygenase reaction) tend to increase slightly in distal direction [20]. 

The gradient along the intestinal tract is not similar for all members of the CYP superfamily. 

The CYP2S1 protein is equally expressed along the tract [30], whereas the expression of 

CYP2J2 increases [31]. In the proximal part of the human small intestine CYP3A4 is the 

predominant enzyme, whereas in the large intestine CYP3A5 is more abundant [32]. 

Like in the human intestine, in the rat intestine CYP3A is the most abundantly present CYP. 

However, which isoforms are expressed is still under debate. Up to now, clear evidence 

exists for the presence of 5 different isoforms in rat small intestine: CYP3A1 [33], CYP3A2 

[33,34], CYP3A9 [35], CYP3A18 (predominantly in males [35]) and CYP3A62 [36]. As for 

human intestine, also in rat the metabolic activity of phase I metabolism in general is higher 

in the duodenum and jejunum than in the ileum and colon [34,37] as described in chapter 3 

of this thesis. 7EC O-deethylation (among others mediated by CYP1A) decreases in distal 

direction [37], as well as 17-HSD activity (androstenedione formation) [38], but CYP3A9 

and CYP3A18 mRNA expression first increases and then remains constant along the small 

intestine [35]. 

Phase II drug metabolism 

The significance of intestinal phase II metabolism to total drug metabolism has not been 

extensively described. For sulphation, Lin et al. hypothesized that the intestine could be the 

major site for first-pass metabolism of compounds such as terbutaline and isoproterenol 

[11]. Furthermore, Pelkonen et al. reviewed the significant contribution of phase II intestinal 

metabolism to pre-systemic clearance for several 2-adenoceptor agonists [32]. The 

significance of phase II metabolism in rat has been proven in vivo showing that more than 

50% of orally dosed morphine is glucuronidated in the intestinal wall during absorption [39]. 

Many conjugation enzymes and isoforms are expressed in the human intestinal tract, as is 

summarized in table I. As for phase I metabolism, conjugating enzyme gradients are 

generally decreasing in distal direction as has been proven for UGT protein [40] and for 
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sulphotransferase activity [41,42]. For GST activity, a decreasing gradient was also found 

from proximal to distal colon [43].  

Conjugating enzymes are not equally distributed along the rat intestinal tract either. 

Sulphation rates decrease in distal direction in small intestine, but the highest activity has 

been found in colon [37]. With regard to glucuronidation, UGT2B1, UGT2B3 and UGT2B6 

expression decreases in distal direction [44], whereas UGT1A1 and UGT1A6 activities are 

homogeneously distributed along the small intestine [34]. In colon, UGT1A1, 1A3, 1A6 and 

1A8 expressions are higher than in small intestine [44], which is in line with activity data (as 

described in chapter 3) showing that 7-hydroxycoumarine glucuronidation (mainly UGT1A6) 

is higher in colon than in small intestine [37]. For GST activity, a decreasing gradient in distal 

direction has been reported [45] and glutathione conjugation has also been shown in mucus 

of rat intestine [46]. 

Knowledge about the gradients of drug metabolizing enzymes in the intestine is very 

valuable for the interpretation of local absorption data. Low bioavailability of drugs can be 

the result of low water solubility or high polarity leading to a low rate of mucosal uptake, but 

it can also be due to a high rate of drug metabolism. With the distribution patterns of drug 

metabolizing enzymes in mind, the localization of high first-pass metabolism in the intestine 

can be estimated. When necessary, the drug formulation can be adapted such that the drug 

is released at the most optimal region in the gut. Since most drug metabolizing enzymes 

have the highest expression in the proximal part, a programmed release preparation could 

decrease the intestinal first-pass effect, provided that mucosal uptake can also take place 

efficiently in the distal part of the small intestine.  

Phase III transporters 

Apart from drug metabolizing enzymes, drug uptake and efflux transporters, such as PEPT1 

[47] or MRP2 and Pgp [48], form another obstacle to drug absorption. The major membrane 

transporters have been classified into the solute carrier (SLC) transporter family and the 

ATP-binding cassette (ABC) transporter family by the Human Genome Organization 

(HUGO) Gene Nomenclature (SLC1-45: 

http://www.gene.ucl.ac.uk/nomenclature/genefamily/slc.php or ABCA to ABCG: 

http://www.gene.ucl.ac.uk/nomenclature/genefamily/abc.html) [47]. The most important 

transporters detected in human and rat intestine are listed in table I. Furthermore, the 

localization of these transporters is depicted in figure 3A. 

For influx transporters, such as PEPT1, clinical significance of determining the bioavailability 

of several -lactam antibiotics such as cefadroxil, ampicillin and cefixime has been proven. 

Concomitant administration of cefadroxil and cephalexin in humans decreased the AUC 

values of cefadroxil after oral administration presumably due to the competitive inhibition of 

intestinal PEPT1 mediated transport of cefadroxil by cephalexin [47,49].  

Since efflux transporters excrete drugs back from the enterocyte into the lumen, they may 

prevent drug entrance into the circulation [4,50,51]. In addition, the intestinal efflux pumps 

may contribute to the extrahepatic excretion of drugs present in the blood. Talinolol, for 

example, is actively secreted into the human small intestine after intravenous administration.  

http://www.gene.ucl.ac.uk/nomenclature/genefamily/slc.php
http://www.gene.ucl.ac.uk/nomenclature/genefamily/abc.html
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Table I:  Summary of drug metabolizing enzymes and drug transporters currently known to be present 

(detected at mRNA (M), protein (P) or activity (A) level or not detectable (ND) in both rat and human 

small intestine (SI) and colon tissue.  

Phase I Rat Human References 
 SI Colon SI Colon  

 R P/A R P/A R P/A R P/A  

CYP1A1 + + + + + + + ND [5,22,37,102-104] 

CYP1A2     + / ND  +  [5,103] 

CYP2A6     - ND   ND [22,103] 

CYP1B1     +    [5] 

CYP2B1 + +        [5,33,34] 

CYP2B6     + / ND  +  [5,102,103] 

CYP2C6  ND       [34] 

CYP2C8     + +   [105,106] 

CYP2C9     + + + ND 
[13,21,22,102,103,105-

108] 

CYP2C18     + ND   [105] 

CYP2C19     + +   [13,21,105,106,108] 

CYP2D1  ND       [34] 

CYP2D6     + + + ND [5,21,22,103,106,107] 

CYP2E1  ND   +  +  [5,14,34,103] 

CYP3A1 
+ / 
ND 

+        [33,35,36,109] 

CYP3A2 
+ / 
ND 

+        [33-36,109] 

CYP3A9 + +  +      [35,36,109] 

CYP3A18 + + +      [35,36,109] 

CYP3A62 +  +      [36] 

CYP3A4     + + +  ND [13,14,22,102,106,107] 

CYP3A5     +  +  [14,110] 

CYP2J2     + + +  [21,31,111,112] 

CYP2J3 +  +      [31] 

CYP2J4  +       [113] 

CYP2S1      +   + [30,114] 

CYP4F12      +   [111] 

17-HSD  +  +  +  + [22,37,115] 

LUMEN BLOOD

MDR1

BCRP

MRP2

PEPT1

MCT1

OATP-B

OCTN2

OCT3

ASBT

OST

OST
MRP3
MCT1

ENTEROCYTE

drug

-OH

CYP3A4

LUMEN BLOODENTEROCYTE
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-OH
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-OH
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Figure 3: Localization of transporters in the intestine (A) and the 

hypothesized role of Pgp, as formulated by Benet to increase the 

possibility for drug metabolism along the intestinal tract [4,54] (B) 

A B 
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Continuation of table I 

 

Phase II Rat Human References 
 SI Colon SI Colon  

 R P/A R P/A R P/A R P/A  

UGT1A1 + + +  + +  +   [34,44,102,116,117] 

UGT1A2,
3,5,7 

+  +      [5,44,116,117] 

UGT1A6 + + + + + +  +  + 
[22,34,37,44,101,102,116-

119] 

UGT1A8 +  +   +   [44,117,120] 

UGT1A10      +    [116,117,120] 

UGT2A1 +  +      [44] 

UGT2B1  + +      [34,44] 

UGT2B2   +      [44] 

UGT2B3,
6,8 

+  ND      [44] 

UGT2B4      ND   ND [119] 

UGT2B12 + +  +      [34,44] 

GST   +    +  + [17,27] 

GSTP1, 
A1, A2, 
M1, M3 

    +    [102,121]  

sulphation  +  +  +  + [22,37,122] 

SULT2A1     +  ND   [102] 

DHEA-ST      +  ND [123] 

SULT1A1, 
1E1, EST 

     +  + [27,123] 

Acetyltran
sferase 

     +  + [27,124] 

Phase III Rat Human References 
 SI Colon SI Colon  

 R P/A R P/A R P/A R P/A  

MRP1 +  +  +  +  [59,65,125,126] 

MRP2 + + + + + + 
+ / 
ND 

+ [59,62,64,65,102,125-128] 

MRP3 + + + + +  +  [59,62,64,65,126,127] 

MRP4-6     +  +  [59,126] 

MDR1     + + + + [14,57-59,62,125,127,128] 

Mdr1a +  +      [35,67] 

Mdr1b +  +      [35,67] 

BCRP +  +  +  +  [61,62,66,127] 

OATPB     +  +   [62,102,127] 

OATPC/8      ND  ND  [102] 

OATP3 
(oatp1a5) 

 +       [129] 

PEPT1     +  +  [62,127] 

MCT1     +  +  [62,127] 

OCT1     +  +  [62,127] 

OCT3     +  +  [127] 

OAT2     +  +  [127] 

OST + + + + + + + + [68] 

OST + + + ND +  +  [68] 

OCTN2     +  +  [62,127] 

ASBT + +   +  +  [63,130] 
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This secretion was reduced by concomitant intraluminal administration of R-verapamil 

(MDR1 substrate) [49]. The importance of intestinal secretion of drugs or metabolites for 

drug absorption [48,52] has been further confirmed with the in situ perfusion technique, 

where inhibition of P-glycoprotein (Pgp) increased the apparent permeability of tacrolimus in 

rat ileum and colon [53].  

Benet has launched the hypothesis that Pgp by itself increases the opportunity for the 

intestine to metabolize a drug. In this hypothesis (depicted in figure 3B) it is assumed that a 

part of the drug after entering the cells is effluxed back into the lumen by Pgp, thereafter it is 

re-absorbed further down the intestine and ‘re-exposed’ to the drug metabolizing enzymes in 

these cells. The residence time of these drugs within the intestinal cells is thereby prolonged 

and the opportunity for drug metabolism is increased [4,54]. According to Lin et al., the Km 

values of Pgps are relatively low, indicating that they are readily saturated when drugs are 

administered at high doses. In contrast to Benet, these investigators question the 

significance of Pgp in the in vivo situation, since drug concentrations normally exceed the 

Pgp Km values [11]. On the other hand, oral administration of digoxin to volunteers with 

silent polymorphism in exon 26 (G 3435T) of MDR1 results in significantly higher digoxin 

plasma levels and AUC in comparison with healthy (non-polymorphistic) volunteers which 

provides direct evidence for a role of intestinal MDR1 in determining the oral bioavailability 

[49]. The exact contribution of Pgp to the inhibition of intestinal permeability, however, 

remains difficult to assess [55]. Nevertheless, new drug candidates are routinely screened 

for their potential to interact with Pgp and these results can influence the future development 

of the compounds [54].  

Also for transporters, different gradient patterns along the tract exist as has been 

summarized by Pang [56]. In human tissue, for example, in distal direction, the density of 

some transporters increases (Pgp [57-59], MRP1 [59], OCTN2 [60]), whereas BCRP 

(ABCG2 [61]), MRP2 [59,62], CNT1-2 [60], SERT [60], PEPT1[60,62] and OCTN2 [60,62] 

decrease or remain constant as was also reported for ATPB [60,62] OCTN1 [60]. 

Furthermore, MRP3 is highest in colon [59,62] and ASBT is higher in ileum than in both 

duodenum and colon [60,63]. 

In rat intestinal tissue, several transporters have been detected as are listed in table I. As for 

human intestine, Mrp2 decreases [64,65] in distal direction along the tract. In contrast, Bcrp, 

Mdr1a, Mdr1b, Mrp3 and Ost-Ost expression increases along the length of the tract 

[35,64,66-68].  

 

Drug-drug/diet interactions 
The significance of the intestine in determining the fate of drugs in the body is not only due 

to the high intrinsic capacity to metabolize drugs, but is further complicated by its sensitivity 

to induction and inhibition of the DMEs involved [32,69-72]. This can result in a marked 

variation in the bioavailability of drugs and may cause an imbalance between toxification and 

detoxification [73]. It was suggested by Lin et al. that intestinal enzymes respond to a 

greater extent than hepatic enzymes to orally administered inducers like drugs and food 

components because of exposure to their relatively high concentrations in the intestine [11]. 

A well-known example is the induction of CYP3A4 and Pgp by St Johns Wort in 

transplantation patients, causing a serious decrease in cyclosporine A plasma 

concentration, which in several cases has lead to organ rejection after transplantation 



Introduction 

 17 

[74,75]. Furthermore, significant inhibition of CYP3A4 by grapefruit juice has been shown to 

increase the felodipine AUC 3-fold in hypertensive patients [70]. 

Mechanisms of drug induced induction 

Regulation of gene expression at the transcriptional level, mediated by orphan nuclear 

receptors (such as PXR, CAR, GR) and the aryl hydrocarbon receptor (AhR), plays a crucial 

role in drug metabolism and clearance of drugs and xenobiotics as has recently been 

reviewed [24,73,76,77].  

Nowadays it is commonly known that CAR, PXR and RXR, termed as orphan receptors [24], 

function as sensors of toxic by-products derived from endogenous metabolism and of 

exogenous compounds [78,79].  

PXR (pregnane X receptor) is one of the nuclear receptors involved in the regulation of drug 

metabolizing enzymes and drug transporters (figure 4A). The human receptor of PXR has 

also been referred to as steroid and xenobiotic receptor (SXR) or pregnane activated 

receptor (PAR) [24] and according to the new nomenclature PXR has been classified as 

NR1I2. PXR is predominantly expressed in liver and intestine and to a lower level in kidney 

and lung (human, mouse, rat). Binding of a ligand to PXR (figure 4A) gives rise to its nuclear 

translocation. In the nucleus, it binds to RXR and then to the xenobiotic responsive 

enhancer module (XREM [80]) in the promoter regions of responsive genes, inducing, 

amongst others, CYP3A, UGT1A1 and MRP2 transcription [24,78]. For PXR, important 

species differences have been described with respect to ligand specificity. Rifampicin, for 

example is a potent inducer of CYP3A in rabbit and human liver, but not in rat and mouse 

liver where PCN is a potent inducer [24]. 

CAR is another member of the orphan nuclear receptor family (figure 4B) and originally 

defined as constitutively activated receptor, but according to the new nomenclature is now 

called NR1I3. It is mainly expressed in liver and to a lesser extent in intestine. CAR is 

located in the cytoplasm of cells partially in the phosphorylated form. In this form, CAR can 

activate responsive genes in the absence of ligands. Ligands such as phenobarbital (PB) 

enhance the phosphorylation of CAR, which causes nuclear translocation, where CAR is re-

phosphorylated by CaM Kinase, which is also activated by PB, and subsequently forms a 

heterodimer with RXR (figure 4B). This complex can bind to the PB responsive enhancer 

module (PBREM), inducing the transcription of, for instance, CYP2B [76].  

Cross-talk among the orphan nuclear receptors PXR and CAR has been extensively 

discussed in the literature [76]. There is significant overlap in the response of PXR ligands 

and CAR ligands. This cross-talk may take place, because both CAR and PXR recognize 

each others response elements and trigger gene expression upon activation by either 

common or selective ligands [24].  

Activation of the GR (glucocorticoid receptor, figure 4C) by ligands such as dexamethasone, 

can introduce nuclear translocation inducing the transcription of for example CYP2C9. Since 

GREMs (glucocorticoid receptor enhancer module) are also present on the genes coding for 

PXR, CAR and RXR, it indirectly also leads to induction of PXR and CAR related genes [81] 

and thereby it may enhance the transcription of PXR and CAR regulated genes provided 

that an endogenous ligand is present.  

A fourth mechanism of transcriptional activation and induction of metabolism is represented 

by AhR (aryl hydrocarbon receptor, figure 4D). AhR is known to recognize a range of 
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chemical structures, including (non-) aromatic and (non-) halogenated compounds [76], such 

as β-naphthoflavone. The unliganded AhR is found in the cytoplasm as a complex with a 

heat shock protein 90 (HSP90) dimer, which prevents nuclear translocation. Ligand binding 

causes a conformational change, which leads to the release of HSP90 and an increased 

affinity of AhR for DNA and nuclear translocation. In the nucleus, binding to ARNT (Ah 

receptor nuclear translocator), results in AhR-ARNT complex formation that has a high 

affinity to the XREM on DNA, thereby inducing CYP1A transcription [76]. 

 

A B 

  

C D 

  

E  

 

 

 

Figure 4: Induction mechanism via PXR (A), 

CAR (B), GR (C), AhR (D), Nrf2 (E) 

 

Activation of Nrf2 (NF-E2-related factor) by oxidative/electrophilic stress or MAP (mitogen-

activated protein) kinases represents another mechanism of transcriptional activation 

[82,83]. Phytochemicals, such as phenethyl isothiocyanate (PEITC) and sulforaphane, have 

been reported to activate Nrf2 (figure 4E). In the cytosol, Nrf2 is present in a latent complex 

with the cytoskeleton-associated protein Keap1 (kelch-like ECH-associated protein 1) [84]. 
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Oxidative/electrophile stress oxidizes Keap1 that uncouples Nrf2 and Keap1 and causes 

nuclear translocation of Nrf2. In the nucleus, Nrf2 binds to small Maf proteins and these 

heterodimers can associate with ARE/EpREs on the DNA (antioxidant response 

element/electrophile response element) [85], thereby inducing the transcription of GSTA2 

and UGT1A6 among other genes [82,83].  

The AhR and Nrf2 pathways are coupled [82,83], as has been reported for the PXR, CAR 

and GR mediated induction pathways [81]. Linking of the induction via AhR and Nrf2 occurs 

via several mechanisms. For example, Nrf2 itself is up-regulated by AhR mediated 

induction. In addition, AhR ligand binding up-regulates CYP1A1, which generates reactive 

oxygen species, which in return activates Nrf2. Furthermore, as a third mechanism direct 

cross-interaction of AhR/XRE and Nrf2/ARE signaling has been described [83].   

Induction pathways in the intestine 

In the human and rat intestine, all of the above-mentioned pathways were shown to be 

active and DME induction was found both in vivo and in intestinal cell lines after 

administration of rifampicin [86], dexamethasone [87-89], PB [87-89], -naphthoflavone [88-

90] and quercetin [91-96] prototypical  inducers for PXR (human), GR/PXR, CAR, AhR and 

Nrf2 respectively [24].  

The important notion thus is that the drug metabolizing capacity of the intestine shows large 

intrinsic interindividual differences. These differences are further enlarged by the presence 

of inducing and inhibitory substances available from the diet and ingestion of xenobiotics. 

These interindividual differences potentially lead to marked variability in drug bioavailability 

as well as interactions at the transport and metabolic levels.    

 

Aim of the thesis 
To study drug metabolism in intestinal tissue in detail, in vitro methods are required, since in 

vivo methods are often technically complex or give rise to ethical problems, when 

experiments in humans are involved. These in vitro methods cannot only increase our 

fundamental knowledge on drug metabolism in the human intestine. Information can also be 

gathered that is of great benefit for research in the pharmaceutical industry. Among others, it 

may allow a better prediction of drug metabolism and drug interactions in the intestine of 

animals and humans.  

Such in vitro test systems should meet at least three criteria. First, the model should consist 

of intact cells with DMEs and DTs remaining functional for approximately 24 h of incubation. 

This is important to allow investigation of slowly metabolized drugs as well as to characterize 

induction mechanisms. Secondly, the technique should be applicable to both animal and 

human tissue. Animal models are commonly used, but drug metabolism and especially drug-

drug interactions, are highly species specific. Thirdly, the in vitro test system should require 

only small amounts of tissue in view of the limited access to human small intestinal tissue 

[97].  

 

Cell lines, such as Caco-2 and LS180, can be cultured for a long term, do not require human 

tissue and have been used for induction studies [98-100]. These cells, however, differ in 

many aspects from intact human intestinal tissue and cannot be used for quantitative or 

qualitative metabolism studies, since they lack several important drug metabolizing 
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enzymes. An alternative is the use of intact tissue systems, such as intestinal tissue 

mounted in Ussing chambers. This technique is applicable to animal and human tissue, but 

the limited viability only allows incubations up to 4 h. Tissue biopsies can also be used for 

human and animal gut material, and can be cultured for longer time periods to study 

induction. Yet their viability deceases readily after 3 h of incubation [101]. Recently, the 

intestinal precision-cut slice model has been developed in our laboratory by De Kanter et al. 

[101] showing high metabolic rates in the slices up to 3 h of incubation [101]. Longer 

incubation periods were not tested at the start of this PhD project. This technique enables 

very efficient use of intestinal tissue, can potentially be applied to both tissue from all animal 

species and that of humans. Furthermore, the incubation period could possibly be extended 

up to 24 h. In addition, it has some highly appreciated features in comparison with cell lines. 

In tissue slices, all cell types are present; location dependent metabolism and regulation can 

be studied and the enzyme systems, co-factors and transporters, in principle, remain 

present in their physiological context.  

 

The aim of this project, therefore, was to evaluate the application of rat and human 

intestinal precision-cut slices for drug metabolism studies.  

 

Therefore, the intestinal tissue slice model was first characterized up to 3 h of incubation 

with respect to viability and metabolic functionality. The slice technique was then further 

applied to measure the metabolic rates of both phase I and phase II drug metabolizing 

enzymes in different segments of the intestinal tract. In the studies described in chapter 3, 

the sensitivity of slices to induction of drug metabolizing enzymes by -naphthoflavone after 

24 h of incubation was assessed. Subsequently, the ability of precision-cut slices to serve as 

a model for the detection of drug mediated induction of drug metabolizing enzymes in the rat 

intestinal tissue was investigated by incubating them during various incubation periods with 

several prototypical inducers (chapter 4). In chapter 5, we investigated the induction along 

the rat intestinal tract. 

Furthermore, it would be of great benefit to show that this in vitro test system is applicable 

not only for rat intestine, but also for human tissue. Therefore, we aimed to validate the slice 

system for the use of human tissue. In addition, we had the opportunity to directly compare 

the precision-cut slice method with the Ussing chamber set-up (validated and present at 

AstraZeneca, Mölndal, Sweden) (chapter 6). In chapter 7, we describe the validation of the 

precision-cut slice system to study DME and DT induction in human intestine up to 24 h of 

incubation. Subsequently, we investigated the response of a broad spectrum of drug 

metabolizing enzymes, drug transporters and nuclear receptors to induction pathways via 

GR, PXR, CAR, AhR and Nrf2 (chapter 8).  

In the discussion section, we compare the intestinal induction data obtained in human 

intestine with published responses in liver.  Finally, we compare the induction data obtained 

in rat intestine and human intestine to form an opinion on the predictability of rat induction 

studies for the situation in man (chapter 9). 

 

References 
[1] Montrose M, Keely S, Barrett K. 1999. In Textbook of Gastroenterology, ed. Yamada T, 

Alpers D, Laine L, Owyang C, Powell D, pp. 320-34: Lippincott Williams & Wilkins 



Introduction 

 21 

[2] Fox S. 1999. In Human Physiology, ed. Kane K, pp. 562-602: Wheatley, CH 

[3] Bowen R. (2004) Microanatomy of the digestive tract. 

http://arbl.cvmbs.colostate.edu/hbooks/pathphys/digestion/basics/gi_microanatomy.html  

[4] Benet LZ, Cummins CL. (2001) The drug efflux-metabolism alliance: biochemical aspects. 

Adv Drug Deliv Rev 50 Suppl 1: S3-11 

[5] Kaminsky LS, Zhang QY. (2003) The small intestine as a xenobiotic-metabolizing organ. Drug 

Metab Dispos 31: 1520-5 

[6] Kunta JR, Sinko PJ. (2004) Intestinal drug transporters: in vivo function and clinical 

importance. Curr Drug Metab 5: 109-24 

[7] Chan LM, Lowes S, Hirst BH. (2004) The ABCs of drug transport in intestine and liver: efflux 

proteins limiting drug absorption and bioavailability. Eur J Pharm Sci 21: 25-51 

[8] von Richter O, Greiner B, Fromm MF, Fraser R, Omari T, Barclay ML, Dent J, Somogyi AA, 

Eichelbaum M. (2001) Determination of in vivo absorption, metabolism, and transport of drugs by the 

human intestinal wall and liver with a novel perfusion technique. Clin Pharmacol Ther 70: 217-27 

[9] Glaeser H, Drescher S, Hofmann U, Heinkele G, Somogyi AA, Eichelbaum M, Fromm MF. 

(2004) Impact of concentration and rate of intraluminal drug delivery on absorption and gut wall 

metabolism of verapamil in humans. Clin Pharmacol Ther 76: 230-8 

[10] Stohs SJ, Grafstrom RC, Burke MD, Orrenius S. (1976) Xenobiotic metabolism and enzyme 

induction in isolated rat intestinal microsomes. Drug Metab Dispos 4: 517-21 

[11] Lin JH, Chiba M, Baillie TA. (1999) Is the role of the small intestine in first-pass metabolism 

overemphasized? Pharmacol Rev 51: 135-58 

[12] Doherty MM, Charman WN. (2002) The mucosa of the small intestine: how clinically relevant 

as an organ of drug metabolism? Clin Pharmacokinet 41: 235-53 

[13] Obach RS, Zhang QY, Dunbar D, Kaminsky LS. (2001) Metabolic characterization of the 

major human small intestinal cytochrome p450s. Drug Metab Dispos 29: 347-52 

[14] Thorn M, Finnstrom N, Lundgren S, Rane A, Loof L. (2005) Cytochromes P450 and MDR1 

mRNA expression along the human gastrointestinal tract. Br J Clin Pharmacol 60: 54-60 

[15] Kolars JC, Awni WM, Merion RM, Watkins PB. (1991) First-pass metabolism of cyclosporin by 

the gut. Lancet 338: 1488-90 

[16] Dubey RK, Singh J. (1988) Localization and characterization of drug-metabolizing enzymes 

along the villus-crypt surface of the rat small intestine--I. Monooxygenases. Biochem Pharmacol 37: 

169-76 

[17] Dubey RK, Singh J. (1988) Localization and characterization of drug-metabolizing enzymes 

along the villus-crypt surface of the rat small intestine--II. Conjugases. Biochem Pharmacol 37: 177-84 

[18] Quaroni A, Hochman J. (1996) Development of intestinal cell culture models for drug transport 

and metabolism studies. Adv Drug Deliv Rev 22: 3-52 

[19] Paine MF, Schmiedlin-Ren P, Watkins PB. (1999) Cytochrome P-450 1A1 expression in 

human small bowel: interindividual variation and inhibition by ketoconazole. Drug Metab Dispos 27: 360-

4 

[20] Paine MF, Khalighi M, Fisher JM, Shen DD, Kunze KL, Marsh CL, Perkins JD, Thummel KE. 

(1997) Characterization of interintestinal and intraintestinal variations in human CYP3A-dependent 

metabolism. J Pharmacol Exp Ther 283: 1552-62 

[21] Paine MF, Hart HL, Ludington SS, Haining RL, Rettie AE, Zeldin DC. (2006) The human 

intestinal cytochrome P450 "pie". Drug Metab Dispos 34: 880-6 

[22] van de Kerkhof EG, Ungell AL, Sjoberg AK, de Jager MH, Hilgendorf C, de Graaf IA, 

http://arbl.cvmbs.colostate.edu/hbooks/pathphys/digestion/basics/gi_microanatomy.html


Chapter 1 

 22 

Groothuis GM. (2006) Innovative methods to study human intestinal drug metabolism in vitro: precision-

cut slices compared with Ussing chamber preparations. Drug Metab Dispos (34): 1893-1902  

[23] Martignoni M, Groothuis GM, de Kanter R. (2006) Species differences between mouse, rat, 

dog, monkey and human CYP-mediated drug metabolism, inhibition and induction. Expert Opin Drug 

Metab Toxicol 2: 875-94 

[24] Wang H, LeCluyse EL. (2003) Role of orphan nuclear receptors in the regulation of drug-

metabolising enzymes. Clin Pharmacokinet 42: 1331-57 

[25] Ding X, Kaminsky LS. (2003) HUMAN EXTRAHEPATIC CYTOCHROMES P450: Function in 

Xenobiotic Metabolism and Tissue-Selective Chemical Toxicity in the Respiratory and Gastrointestinal 

Tracts. Annu Rev Pharmacol Toxicol 43: 149-73 

[26] Paine MF, Shen DD, Kunze KL, Perkins JD, Marsh CL, McVicar JP, Barr DM, Gillies BS, 

Thummel KE. (1996) First-pass metabolism of midazolam by the human intestine. Clin Pharmacol Ther 

60: 14-24 

[27] Krishna DR, Klotz U. (1994) Extrahepatic metabolism of drugs in humans. Clin Pharmacokinet 

26: 144-60 

[28] Shen DD, Kunze KL, Thummel KE. (1997) Enzyme-catalyzed processes of first-pass hepatic 

and intestinal drug extraction. Adv Drug Deliv Rev 27: 99-127 

[29] Masters B, Marohnic C. (2006) Cytochromes P450 - A family of proteins and scientists - 

understanding their relationships. 2006 38: 209-25 

[30] Saarikoski ST, Wikman HA, Smith G, Wolff CH, Husgafvel-Pursiainen K. (2005) Localization 

of cytochrome P450 CYP2S1 expression in human tissues by in situ hybridization and 

immunohistochemistry. J Histochem Cytochem 53: 549-56 

[31] Zeldin DC, Foley J, Goldsworthy SM, Cook ME, Boyle JE, Ma J, Moomaw CR, Tomer KB, 

Steenbergen C, Wu S. (1997) CYP2J subfamily cytochrome P450s in the gastrointestinal tract: 

expression, localization, and potential functional significance. Mol Pharmacol 51: 931-43 

[32] Pelkonen O, Boobis AR, Gundert-Remy U. (2001) In vitro prediction of gastrointestinal 

absorption and bioavailability: an experts' meeting report. Eur J Clin Pharmacol 57: 621-9 

[33] Gushchin GV, Gushchin MI, Gerber N, Boyd RT. (1999) A novel cytochrome P450 3A 

isoenzyme in rat intestinal microsomes. Biochem Biophys Res Commun 255: 394-8 

[34] Takemoto K, Yamazaki H, Tanaka Y, Nakajima M, Yokoi T. (2003) Catalytic activities of 

cytochrome P450 enzymes and UDP-glucuronosyltransferases involved in drug metabolism in rat 

everted sacs and intestinal microsomes. Xenobiotica 33: 43-55 

[35] Takara K, Ohnishi N, Horibe S, Yokoyama T. (2003) Expression profiles of drug-metabolizing 

enzyme CYP3A and drug efflux transporter multidrug resistance 1 subfamily mRNAS in small intestine. 

Drug Metab Dispos 31: 1235-9 

[36] Matsubara T, Kim HJ, Miyata M, Shimada M, Nagata K, Yamazoe Y. (2004) Isolation and 

characterization of a new major intestinal CYP3A form, CYP3A62, in the rat. J Pharmacol Exp Ther 309: 

1282-90 

[37] van de Kerkhof EG, de Graaf IA, de Jager MH, Meijer DK, Groothuis GM. (2005) 

Characterization of rat small intestinal and colon precision-cut slices as an in vitro system for drug 

metabolism and induction studies. Drug Metab Dispos 33: 1613-20 

[38] Farthing MJ, Vinson GP, Edwards CR, Dawson AM. (1982) Testosterone metabolism by the 

rat gastrointestinal tract, in vitro and in vivo. Gut 23: 226-34 

[39] Vargas M, Franklin MR. (1997) Intestinal UDP-glucuronosyltransferase activities in rat and 

rabbit. Xenobiotica 27: 413-21 



Introduction 

 23 

[40] Peters WH, Jansen PL. (1988) Immunocharacterization of UDP-glucuronyltransferase 

isoenzymes in human liver, intestine and kidney. Biochem Pharmacol 37: 564-7 

[41] Pacifici GM, Eligi M, Giuliani L. (1993) (+) and (-) terbutaline are sulphated at a higher rate in 

human intestine than in liver. Eur J Clin Pharmacol 45: 483-7 

[42] Cappiello M, Franchi M, Giuliani L, Pacifici GM. (1989) Distribution of 2-naphthol 

sulphotransferase and its endogenous substrate adenosine 3'-phosphate 5'-phosphosulphate in human 

tissues. Eur J Clin Pharmacol 37: 317-20 

[43] Hoensch H, Peters WH, Roelofs HM, Kirch W. (2006) Expression of the glutathione enzyme 

system of human colon mucosa by localisation, gender and age. Curr Med Res Opin 22: 1075-83 

[44] Shelby MK, Cherrington NJ, Vansell NR, Klaassen CD. (2003) Tissue mRNA expression of 

the rat UDP-glucuronosyltransferase gene family. Drug Metab Dispos 31: 326-33 

[45] Ogasawara T, Hoensch H, Ohnhaus EE. (1985) Distribution of glutathione and its related 

enzymes in small intestinal mucosa of rats. Arch Toxicol Suppl 8: 110-3 

[46] Samiec PS, Dahm LJ, Jones DP. (2000) Glutathione S-transferase in mucus of rat small 

intestine. Toxicol Sci 54: 52-9 

[47] Tsuji A. (2006) Impact of transporter-mediated drug absorption, distribution, elimination and 

drug interactions in antimicrobial chemotherapy. J Infect Chemother 12: 241-50 

[48] Fricker G, Miller DS. (2002) Relevance of multidrug resistance proteins for intestinal drug 

absorption in vitro and in vivo. Pharmacol Toxicol 90: 5-13 

[49] Tsuji A. (2002) Transporter-mediated Drug Interactions. Drug Metab Pharmacokinet 17: 253-

74 

[50] Suzuki H, Sugiyama Y. (2000) Role of metabolic enzymes and efflux transporters in the 

absorption of drugs from the small intestine. Eur J Pharm Sci 12: 3-12 

[51] Jeong EJ, Liu X, Jia X, Chen J, Hu M. (2005) Coupling of conjugating enzymes and efflux 

transporters: impact on bioavailability and drug interactions. Curr Drug Metab 6: 455-68 

[52] Ito K, Suzuki H, Horie T, Sugiyama Y. (2005) Apical/basolateral surface expression of drug 

transporters and its role in vectorial drug transport. Pharm Res 22: 1559-77 

[53] Tamura S, Ohike A, Ibuki R, Amidon GL, Yamashita S. (2002) Tacrolimus is a class II low-

solubility high-permeability drug: the effect of P-glycoprotein efflux on regional permeability of tacrolimus 

in rats. J Pharm Sci 91: 719-29 

[54] Benet LZ, Cummins CL, Wu CY. (2004) Unmasking the dynamic interplay between efflux 

transporters and metabolic enzymes. Int J Pharm 277: 3-9 

[55] Saitoh H, Saikachi Y, Kobayashi M, Yamaguchi M, Oda M, Yuhki Y, Achiwa K, Tadano K, 

Takahashi Y, Aungst BJ. (2006) Limited interaction between tacrolimus and P-glycoprotein in the rat 

small intestine. Eur J Pharm Sci 28: 34-42 

[56] Pang KS. (2003) Modeling of intestinal drug absorption: roles of transporters and metabolic 

enzymes (for the Gillette Review Series). Drug Metab Dispos 31: 1507-19 

[57] Zhang Y, Benet LZ. (2001) The gut as a barrier to drug absorption: combined role of 

cytochrome P450 3A and P-glycoprotein. Clin Pharmacokinet 40: 159-68 

[58] Mouly S, Paine MF. (2003) P-glycoprotein increases from proximal to distal regions of human 

small intestine. Pharm Res 20: 1595-9 

[59] Zimmermann C, Gutmann H, Hruz P, Gutzwiller JP, Beglinger C, Drewe J. (2005) Mapping of 

multidrug resistance gene 1 and multidrug resistance-associated protein isoform 1 to 5 mRNA 

expression along the human intestinal tract. Drug Metab Dispos 33: 219-24 

[60] Meier Y, Eloranta J, Darimont J, Ismair M, Hiller C, Fried M, Kullak-Ublick GA, Vavricka S. 



Chapter 1 

 24 

(2007) Regional distribution of solute carrier (SLC) mRNA expression along the human intestinal tract. 

Drug Metab Dispos in press 

[61] Gutmann H, Hruz P, Zimmermann C, Beglinger C, Drewe J. (2005) Distribution of breast 

cancer resistance protein (BCRP/ABCG2) mRNA expression along the human GI tract. Biochem 

Pharmacol 70: 695-9 

[62] Englund G, Rorsman F, Ronnblom A, Karlbom U, Lazorova L, Grasjo J, Kindmark A, 

Artursson P. (2006) Regional levels of drug transporters along the human intestinal tract: Co-expression 

of ABC and SLC transporters and comparison with Caco-2 cells. Eur J Pharm Sci  

[63] Hruz P, Zimmermann C, Gutmann H, Degen L, Beuers U, Terracciano L, Drewe J, Beglinger 

C. (2006) Adaptive regulation of the ileal apical sodium dependent bile acid transporter (ASBT) in 

patients with obstructive cholestasis. Gut 55: 395-402 

[64] Rost D, Mahner S, Sugiyama Y, Stremmel W. (2002) Expression and localization of the 

multidrug resistance-associated protein 3 in rat small and large intestine. Am J Physiol Gastrointest 

Liver Physiol 282: G720-6 

[65] Cherrington NJ, Hartley DP, Li N, Johnson DR, Klaassen CD. (2002) Organ distribution of 

multidrug resistance proteins 1, 2, and 3 (Mrp1, 2, and 3) mRNA and hepatic induction of Mrp3 by 

constitutive androstane receptor activators in rats. J Pharmacol Exp Ther 300: 97-104 

[66] Tanaka Y, Slitt AL, Leazer TM, Maher JM, Klaassen CD. (2005) Tissue distribution and 

hormonal regulation of the breast cancer resistance protein (Bcrp/Abcg2) in rats and mice. Biochem 

Biophys Res Commun 326: 181-7 

[67] Brady JM, Cherrington NJ, Hartley DP, Buist SC, Li N, Klaassen CD. (2002) Tissue 

distribution and chemical induction of multiple drug resistance genes in rats. Drug Metab Dispos 30: 

838-44 

[68] Ballatori N, Christian WV, Lee JY, Dawson PA, Soroka CJ, Boyer JL, Madejczyk MS, Li N. 

(2005) OSTalpha-OSTbeta: a major basolateral bile acid and steroid transporter in human intestinal, 

renal, and biliary epithelia. Hepatology 42: 1270-9 

[69] Harris RZ, Jang GR, Tsunoda S. (2003) Dietary effects on drug metabolism and transport. 

Clin Pharmacokinet 42: 1071-88 

[70] Bailey DG, Malcolm J, Arnold O, Spence JD. (1998) Grapefruit juice-drug interactions. Br J 

Clin Pharmacol 46: 101-10 

[71] Niemi M, Backman JT, Fromm MF, Neuvonen PJ, Kivisto KT. (2003) Pharmacokinetic 

interactions with rifampicin : clinical relevance. Clin Pharmacokinet 42: 819-50 

[72] Wacher VJ, Salphati L, Benet LZ. (2001) Active secretion and enterocytic drug metabolism 

barriers to drug absorption. Adv Drug Deliv Rev 46: 89-102 

[73] Lin JH, Lu AY. (1998) Inhibition and induction of cytochrome P450 and the clinical 

implications. Clin Pharmacokinet 35: 361-90 

[74] Barone GW, Gurley BJ, Ketel BL, Lightfoot ML, Abul-Ezz SR. (2000) Drug interaction 

between St. John's wort and cyclosporine. Ann Pharmacother 34: 1013-6 

[75] Ruschitzka F, Meier PJ, Turina M, Luscher TF, Noll G. (2000) Acute heart transplant rejection 

due to Saint John's wort. Lancet 355: 548-9 

[76] Xu C, Li CY, Kong AN. (2005) Induction of phase I, II and III drug metabolism/transport by 

xenobiotics. Arch Pharm Res 28: 249-68 

[77] Handschin C, Meyer UA. (2003) Induction of drug metabolism: the role of nuclear receptors. 

Pharmacol Rev 55: 649-73 

[78] Nakata K, Tanaka Y, Nakano T, Adachi T, Tanaka H, Kaminuma T, Ishikawa T. (2006) 



Introduction 

 25 

Nuclear receptor-mediated transcriptional regulation in Phase I, II, and III xenobiotic metabolizing 

systems. Drug Metab Pharmacokinet 21: 437-57 

[79] Timsit YE, Negishi M. (2006) CAR and PXR: The xenobiotic-sensing receptors. Steroids  

[80] Matic M, Mahns A, Tsoli M, Corradin A, Polly P, Robertson GR. (2007) Pregnane X Receptor: 

Promiscuous regulator of detoxification pathways. Int J Biochem Cell Biol 39: 478-83 

[81] Pascussi JM, Gerbal-Chaloin S, Drocourt L, Maurel P, Vilarem MJ. (2003) The expression of 

CYP2B6, CYP2C9 and CYP3A4 genes: a tangle of networks of nuclear and steroid receptors. Biochim 

Biophys Acta 1619: 243-53 

[82] Kohle C, Bock KW. (2006) Activation of coupled Ah receptor and Nrf2 gene batteries by 

dietary phytochemicals in relation to chemoprevention. Biochem Pharmacol 72: 795-805 

[83] Kohle C, Bock KW. (2007) Coordinate regulation of Phase I and II xenobiotic metabolisms by 

the Ah receptor and Nrf2. Biochem Pharmacol  

[84] Nguyen T, Yang CS, Pickett CB. (2004) The pathways and molecular mechanisms regulating 

Nrf2 activation in response to chemical stress. Free Radic Biol Med 37: 433-41 

[85] Kong AN, Owuor E, Yu R, Hebbar V, Chen C, Hu R, Mandlekar S. (2001) Induction of 

xenobiotic enzymes by the MAP kinase pathway and the antioxidant or electrophile response element 

(ARE/EpRE). Drug Metab Rev 33: 255-71 

[86] Glaeser H, Drescher S, Eichelbaum M, Fromm MF. (2005) Influence of rifampicin on the 

expression and function of human intestinal cytochrome P450 enzymes. Br J Clin Pharmacol 59: 199-

206 

[87] Schuetz EG, Beck WT, Schuetz JD. (1996) Modulators and substrates of P-glycoprotein and 

cytochrome P4503A coordinately up-regulate these proteins in human colon carcinoma cells. Mol 

Pharmacol 49: 311-8 

[88] Zhang QY, Wikoff J, Dunbar D, Kaminsky L. (1996) Characterization of rat small intestinal 

cytochrome P450 composition and inducibility. Drug Metab Dispos 24: 322-8 

[89] Martignoni M, de Kanter R, Grossi P, Mahnke A, Saturno G, Monshouwer M. (2004) An in 

vivo and in vitro comparison of CYP induction in rat liver and intestine using slices and quantitative RT-

PCR. Chem Biol Interact 151: 1-11 

[90] Hartley DP, Dai X, Yabut J, Chu X, Cheng O, Zhang T, He YD, Roberts C, Ulrich R, Evers R, 

et al. (2006) Identification of potential pharmacological and toxicological targets differentiating structural 

analogs by a combination of transcriptional profiling and promoter analysis in LS-180 and Caco-2 

adenocarcinoma cell lines. Pharmacogenet Genomics 16: 579-99 

[91] Li Q, Sai Y, Kato Y, Tamai I, Tsuji A. (2003) Influence of drugs and nutrients on transporter 

gene expression levels in Caco-2 and LS180 intestinal epithelial cell lines. Pharm Res 20: 1119-24 

[92] Ebert B, Seidel A, Lampen A. (2005) Identification of BCRP as transporter of benzo[a]pyrene 

conjugates metabolically formed in Caco-2 cells and its induction by Ah-receptor agonists. 

Carcinogenesis 26: 1754-63 

[93] Pohl C, Will F, Dietrich H, Schrenk D. (2006) Cytochrome P450 1A1 expression and activity in 

Caco-2 cells: modulation by apple juice extract and certain apple polyphenols. J Agric Food Chem 54: 

10262-8 

[94] Petri N, Tannergren C, Holst B, Mellon FA, Bao Y, Plumb GW, Bacon J, O'Leary KA, Kroon 

PA, Knutson L, et al. (2003) Absorption/Metabolism of sulforaphane and quercetin, and regulation of 

phase ii enzymes, in human jejunum in vivo. Drug Metab Dispos 31: 805-13 

[95] Bock KW, Eckle T, Ouzzine M, Fournel-Gigleux S. (2000) Coordinate induction by 

antioxidants of UDP-glucuronosyltransferase UGT1A6 and the apical conjugate export pump MRP2 



Chapter 1 

 26 

(multidrug resistance protein 2) in Caco-2 cells. Biochem Pharmacol 59: 467-70 

[96] Ebert B, Seidel A, Lampen A. (2006) Phytochemicals induce BCRP in Caco-2 Cells and 

Enhance the Transport of Benzo[a]pyrene-3-sulfate. Toxicol Sci  

[97] Glaeser H, Drescher S, van der Kuip H, Behrens C, Geick A, Burk O, Dent J, Somogyi A, Von 

Richter O, Griese EU, et al. (2002) Shed human enterocytes as a tool for the study of expression and 

function of intestinal drug-metabolizing enzymes and transporters. Clin Pharmacol Ther 71: 131-40 

[98] Munzel PA, Schmohl S, Heel H, Kalberer K, Bock-Hennig BS, Bock KW. (1999) Induction of 

human UDP glucuronosyltransferases (UGT1A6, UGT1A9, and UGT2B7) by t-butylhydroquinone and 

2,3,7,8-tetrachlorodibenzo-p-dioxin in Caco-2 cells. Drug Metab Dispos 27: 569-73 

[99] Galijatovic A, Walle UK, Walle T. (2000) Induction of UDP-glucuronosyltransferase by the 

flavonoids chrysin and quercetin in Caco-2 cells. Pharm Res 17: 21-6 

[100] Aiba T, Susa M, Fukumori S, Hashimoto Y. (2005) The effects of culture conditions on 

CYP3A4 and MDR1 mRNA induction by 1alpha,25-dihydroxyvitamin D(3) in human intestinal cell lines, 

Caco-2 and LS180. Drug Metab Pharmacokinet 20: 268-74 

[101] de Kanter R, Tuin A, van de Kerkhof E, Martignoni M, Draaisma AL, de Jager MH, de Graaf 

IA, Meijer DK, Groothuis GM. (2005) A new technique for preparing precision-cut slices from small 

intestine and colon for drug biotransformation studies. J Pharmacol Toxicol Methods 51: 65-72 

[102] van de kerkhof E, de Graaf IA, Ungell AL, Groothuis G. unpublished observation.  

[103] Lindell M, Karlsson MO, Lennernas H, Pahlman L, Lang MA. (2003) Variable expression of 

CYP and Pgp genes in the human small intestine. Eur J Clin Invest 33: 493-9 

[104] van de Kerkhof EG, de Graaf IA, de Jager MH, Groothuis GMM. (2007) Induction of phase I 

and II drug metabolism in rat small intestine and colon in vitro. Drug Metab Dispos: in press 

[105] Lapple F, von Richter O, Fromm MF, Richter T, Thon KP, Wisser H, Griese EU, Eichelbaum 

M, Kivisto KT. (2003) Differential expression and function of CYP2C isoforms in human intestine and 

liver. Pharmacogenetics 13: 565-75 

[106] Galetin A, Houston JB. (2006) Intestinal and hepatic metabolic activity of five cytochrome 

P450 enzymes: impact on prediction of first-pass metabolism. J Pharmacol Exp Ther 318: 1220-9 

[107] Prueksaritanont T, Gorham LM, Hochman JH, Tran LO, Vyas KP. (1996) Comparative studies 

of drug-metabolizing enzymes in dog, monkey, and human small intestines, and in Caco-2 cells. Drug 

Metab Dispos 24: 634-42 

[108] Sun D, Lennernas H, Welage LS, Barnett JL, Landowski CP, Foster D, Fleisher D, Lee KD, 

Amidon GL. (2002) Comparison of human duodenum and Caco-2 gene expression profiles for 12,000 

gene sequences tags and correlation with permeability of 26 drugs. Pharm Res 19: 1400-16 

[109] Aiba T, Yoshinaga M, Ishida K, Takehara Y, Hashimoto Y. (2005) Intestinal expression and 

metabolic activity of the CYP3A subfamily in female rats. Biol Pharm Bull 28: 311-5 

[110] Burk O, Koch I, Raucy J, Hustert E, Eichelbaum M, Brockmoller J, Zanger UM, Wojnowski L. 

(2004) The induction of cytochrome P450 3A5 (CYP3A5) in the human liver and intestine is mediated by 

the xenobiotic sensors pregnane X receptor (PXR) and constitutively activated receptor (CAR). J Biol 

Chem 279: 38379-85 

[111] Hashizume T, Imaoka S, Mise M, Terauchi Y, Fujii T, Miyazaki H, Kamataki T, Funae Y. 

(2002) Involvement of CYP2J2 and CYP4F12 in the metabolism of ebastine in human intestinal 

microsomes. J Pharmacol Exp Ther 300: 298-304 

[112] Matsumoto S, Hirama T, Matsubara T, Nagata K, Yamazoe Y. (2002) Involvement of CYP2J2 

on the intestinal first-pass metabolism of antihistamine drug, astemizole. Drug Metab Dispos 30: 1240-5 

[113] Zhang QY, Ding X, Dunbar D, Cao L, Kaminsky LS. (1999) Induction of rat small intestinal 



Introduction 

 27 

cytochrome P-450 2J4. Drug Metab Dispos 27: 1123-7 

[114] Saarikoski ST, Rivera SP, Hankinson O, Husgafvel-Pursiainen K. (2005) CYP2S1: A short 

review. Toxicol Appl Pharmacol 207: 62-9 

[115] Farthing MJ, Vinson GP, Edwards CR, Dawson AM. (1981) 17 beta-Hydroxysteroid 

dehydrogenase activity in the mucosa of rat and human small intestine. J Steroid Biochem 14: 1107-13 

[116] Fisher MB, Paine MF, Strelevitz TJ, Wrighton SA. (2001) The role of hepatic and extrahepatic 

UDP-glucuronosyltransferases in human drug metabolism. Drug Metab Rev 33: 273-97 

[117] Gregory PA, Lewinsky RH, Gardner-Stephen DA, Mackenzie PI. (2004) Regulation of UDP 

glucuronosyltransferases in the gastrointestinal tract. Toxicol Appl Pharmacol 199: 354-63 

[118] Munzel PA, Bookjans G, Mehner G, Lehmkoster T, Bock KW. (1996) Tissue-specific 2,3,7,8-

tetrachlorodibenzo-p-dioxin-inducible expression of human UDP-glucuronosyltransferase UGT1A6. Arch 

Biochem Biophys 335: 205-10 

[119] Radominska-Pandya A, Little JM, Pandya JT, Tephly TR, King CD, Barone GW, Raufman JP. 

(1998) UDP-glucuronosyltransferases in human intestinal mucosa. Biochim Biophys Acta 1394: 199-

208 

[120] Watanabe Y, Nakajima M, Yokoi T. (2002) Troglitazone glucuronidation in human liver and 

intestine microsomes: high catalytic activity of UGT1A8 and UGT1A10. Drug Metab Dispos 30: 1462-9 

[121] Coles BF, Chen G, Kadlubar FF, Radominska-Pandya A. (2002) Interindividual variation and 

organ-specific patterns of glutathione S-transferase alpha, mu, and pi expression in gastrointestinal tract 

mucosa of normal individuals. Arch Biochem Biophys 403: 270-6 

[122] van de Kerkhof EG, Ungell AL, Sjoberg AK, de Jager MH, Hilgendorf C, de Graaf IA, 

Groothuis GM. (2006) Innovative methods to study human intestinal drug metabolism in vitro: precision-

cut slices compared with ussing chamber preparations. Drug Metab Dispos 34: 1893-902 

[123] Chen G, Zhang D, Jing N, Yin S, Falany CN, Radominska-Pandya A. (2003) Human 

gastrointestinal sulfotransferases: identification and distribution. Toxicol Appl Pharmacol 187: 186-97 

[124] Pacifici GM, Franchi M, Bencini C, Repetti F, Di Lascio N, Muraro GB. (1988) Tissue 

distribution of drug-metabolizing enzymes in humans. Xenobiotica 18: 849-56 

[125] Nakamura T, Sakaeda T, Ohmoto N, Tamura T, Aoyama N, Shirakawa T, Kamigaki T, 

Nakamura T, Kim KI, Kim SR, et al. (2002) Real-time quantitative polymerase chain reaction for MDR1, 

MRP1, MRP2, and CYP3A-mRNA levels in Caco-2 cell lines, human duodenal enterocytes, normal 

colorectal tissues, and colorectal adenocarcinomas. Drug Metab Dispos 30: 4-6 

[126] Prime-Chapman HM, Fearn RA, Cooper AE, Moore V, Hirst BH. (2004) Differential multidrug 

resistance-associated protein 1 through 6 isoform expression and function in human intestinal epithelial 

Caco-2 cells. J Pharmacol Exp Ther 311: 476-84 

[127] Seithel A, Karlsson J, Hilgendorf C, Bjorquist A, Ungell AL. (2006) Variability in mRNA 

expression of ABC- and SLC-transporters in human intestinal cells: comparison between human 

segments and Caco-2 cells. Eur J Pharm Sci 28: 291-9 

[128] Berggren S, Gall C, Wollnitz N, Ekelund M, Karlbom U, Hoogstraate J, Schrenk D, Lennernas 

H. (2007) Gene and Protein Expression of P-Glycoprotein, MRP1, MRP2, and CYP3A4 in the Small and 

Large Human Intestine. Mol Pharm  

[129] Kikuchi A, Nozawa T, Wakasawa T, Maeda T, Tamai I. (2006) Transporter-mediated intestinal 

absorption of fexofenadine in rats. Drug Metab Pharmacokinet 21: 308-14 

[130] Chen X, Chen F, Liu S, Glaeser H, Dawson PA, Hofmann AF, Kim RB, Shneider BL, Pang 

KS. (2006) Transactivation of rat apical sodium-dependent bile acid transporter and increased bile acid 

transport by 1alpha,25-dihydroxyvitamin D3 via the vitamin D receptor. Mol Pharmacol 69: 1913-23 



Chapter 1 

 28 

 



 

 

 

 

 

 

 

 

Chapter 2 

 

 

 

 

In vitro methods to study  

intestinal drug metabolism  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EG van de Kerkhof 
IAM de Graaf 

GMM Groothuis 
 

A slightly modified version of this chapter has been adapted from: 

CDM 2007, in press   



Chapter 2 

 30 

Abstract  
Although the liver has long been thought to play the major role in drug metabolism, the 

metabolic capacity of the intestine is increasingly recognized. In vivo studies eventually  

pointed out that significant first-pass metabolism by the intestinal wall has implications for 

the bioavailability of several compounds. Furthermore,  the relevance of drug transporters in 

this process has been proven. Only a few methods are presently available to study drug 

metabolism in vivo or in situ in the gut. With most of these methods it is generally difficult to 

discriminate between the contribution of liver and extrahepatic tissues. Consequently, direct 

measurement in intestinal tissue is critical. To study intestinal drug metabolism in vitro, apart 

from subcellular fractions, several intact cell systems are nowadays available.  

This review discusses the currently available in vitro methods to study intestinal drug 

metabolism. The advantages and limitations of the intact cell systems (isolated intestinal 

perfusion, everted sac, Ussing chamber preparations, biopsies, precision-cut slices, primary 

cells); subcellular fractions (S9 fractions, microsomes) and that of intestinal cell lines (Caco-

2, LS180 cells amongst others) are discussed. Their applicability to study phase I-III 

metabolism/transport and drug-drug interactions in various species are summarized. 

Furthermore, potential causes of variation within and between methods are discussed, while 

metabolic rates obtained with the different methods are compared.  

It is concluded that subcellular fractions and cell lines seem to be rather efficient methods to 

study drug metabolism at the individual enzyme level, but that the isolated intestinal 

perfusion, everted sac and Ussing chamber preparations appear to be particularly useful for 

studying overall drug metabolism and interactions with transporters. Tissue biopsies, 

precision-cut intestinal slices and primary cells seem most appropriate to study metabolism 

of slowly metabolized drugs as well as the induction of the various induction pathways 

involved. 

 

 

 

 

 

 

 

 

 

 

 

 

List of non-standard abbreviations: 

AhR: Aryl hydrocarbon receptor, BCS: Biopharmaceutics classification system, CAR: Constitutive 

androstane receptor, CDNB: Chloro-dinitrobenzene, DME: Drug metabolizing enzyme, DT: Drug 

transporter, DTT: Dithiothreitol, GR: Glucocorticoid receptor, KRB: Krebs Ringer Bicarbonate, PCS: 

Precision-cut slices, PD: Potential differences, PMSF: Phenylmethylsulfonyl fluoride, PXR: Pregane x 

receptor, RIM E: Rat intestinal microsomes obtained after eluting procedure, RIM S: Rat intestinal 

microsomes obtained after scraping procedure, SCC: Short circuit current, UW: University of Wisconsin 

solution  
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1. Introduction 
Although the liver has long been thought to play the major role in drug metabolism in the 

body, the metabolic capacity of the intestine in this respect is increasingly recognized. This 

is supported by the demonstration of high expression of drug metabolizing enzymes (DMEs) 

[1,2]. In vivo studies eventually proved the significance of first-pass metabolism by the 

intestinal wall for the bioavailability of cyclosporine, verapamil and midazolam among others 

[1-3]. However, the information on the relative importance of human intestinal drug 

metabolism from in vivo studies is scarce, since these studies are technically and ethically 

complex. Therefore, in vitro investigations are required to extend the current knowledge in 

this field. The aim of this review is to provide an overview of current in vitro methods to study 

drug metabolism and transport in the intestine, discussing both the advantages and 

limitations of the test systems. In this review, we focus on the use of both rat and human 

tissue. Rat data are useful in the light of the widely used animal metabolic studies with this 

species, while large species differences in these aspects require also studies in human 

tissue for a proper prediction. Furthermore, this review provides extensive information to 

facilitate interpretation of data obtained with intestinal in vitro methods. 

For the interpretation of in vitro drug metabolism studies, several aspects of the physiology 

of the intestine need to be taken into account. First of all, the intestine is not a homogeneous 

organ. The expressions of DMEs and drug transporters (DTs) follow different patterns both 

on the crypt-villus axis and along the length of the intestine. For DMEs, the activity has been 

reported to be the highest in the differentiated epithelial cells of the villus region and to 

decline progressively towards the crypt region [4,5]. This heterogeneity is introduced by cell 

migration from crypt to villus, which appears to be a concerted program of differentiation 

leading to apoptosis and cell extrusion into the lumen [6]. The migration from crypt to villus 

axis takes place in approximately 3 days in human and 2 days in rat intestine [7].  

Along the tract, in general, the metabolic activity of phase I and II metabolism is higher in the 

duodenum and jejunum than in the ileum and colon in both rat [8-10] and human [11-14]. 

Yet, the gradient along the intestinal tract is not similar for all members of the CYP family. 

For example, CYP3A5 is predominantly present in human colon tissue [15]. Also for 

transporters, many different gradients along the tract have been described as has been 

summarized by Pang [16]. In human tissue for example, in distal direction the expression 

levels of some transporters increase (MDR1 (Pgp/ABCB1) [17-19], MRP1 (ABCC1 [19]), 

OCTN2 [20]), decrease (BCRP (ABCG2 [21]), MRP2 (ABCC2 [19,22]) or remain constant 

(OATP2B1 [20,22]). Furthermore, MRP3 is the highest in colon [19,22], whereas ASBT is 

the highest in ileum in comparison with both duodenum and colon [20,23]. The localization 

of the transporters in relation to the DMEs is important for bioavailability and metabolism of 

both drugs with high permeability and low solubility (class 2 of the BCS) and with high 

solubility and low permeability (class 3) [15,24]. Thus for interpretation of in vitro data, it is 

very important to take into consideration from which part of the intestine the chosen in vitro 

preparation is derived. 

Apart from the DMEs present within the enterocytes one should realize that also enzymes 

present within the lumen might contribute to drug metabolism in the intestine. These 

comprise both mammalian enzymes (enzymes from gastric and pancreatic secretions and 

intestinal cells) as well as bacterial enzymes (concentrated in ileum and colon) [[25] and ref 

herein]. The latter have been shown, for instance, to be involved in reduction of azo and 
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nitro groups and in deconjugation of glucuronides. The influence of these enzymes should 

be further investigated to appreciate their contribution to drug metabolism, but is outside the 

scope of this review.  

The pH gradient along the intestinal tract is another important aspect in intestinal physiology. 

The luminal pH is greatly dependent on the intestinal segment involved [26] (in humans: 

duodenum: 5-7, jejunum: 6-7, ileum: 7, colon: 5.5-7 and rectum: 7), whereas the pH of the 

blood ranges in between 7.2 and 7.4, indicating that under physiological conditions the pH at 

the basolateral side is higher than the pH at the luminal side [27]. The pH determines the 

charge of many acidic and basic drugs and therefore determines the rate at which a drug 

enters the lipophilic cell membrane simply via passive diffusion as described by the pH-

partition hypothesis or whether carriers for the charged drug molecules are needed. 

Furthermore, the function of the carriers can be pH-dependent [28], but the pH dependency 

is different for various compounds. The permeability of tacrolimus, for example, is not 

affected by pH [29], but the permeability of angiotensin II antagonist HR720, increases 

drastically when lowering the apical pH from 7.4 to 6.0 [30]. Therefore, the incubation 

conditions in in vitro studies may largely influence the outcome of the experiment. 

In principle, the contribution of the intestine to drug clearance from the blood and the rate of 

absorption from the lumen may be influenced also by the intestinal blood flow. In contrast to 

liver, the blood flow in the intestine is distributed: the majority of the resting intestinal blood 

flow (60-70%) is distributed to the submucosa/mucosa, but considerably less (5-30%) of the 

intestinal blood flow perfuses the enterocytes. However, after a meal, the blood flow to the 

intestine is increased, which decreases the transit time and chance of metabolic conversion 

of a drug within the intestinal tissue, thereby, increasing the bioavailability of drugs, as was 

convincingly shown in clinical studies [31]. 

Apart from drug metabolizing enzymes, luminal directed drug efflux transporters, such as 

MRP2 and Pgp, form another obstacle for drug absorption [32] by excreting drugs back from 

the enterocyte to the  gut lumen, thereby at least partly preventing their entrance in the 

circulation [33-35]. The hypothesis that intestinal secretion of drugs and/or its metabolites is 

an important elimination pathway [32,36] was confirmed in experiments using the in situ 

perfusion technique, where inhibition of Pgp increased the apparent permeability of 

tacrolimus in rat ileum and colon [29]. However, the exact contribution of Pgp to the barrier 

function of the intestine is in most cases difficult to assess and considered to be rather 

limited [37].  However, it should be realized that transporters are needed to excrete drug 

conjugates from the enterocyte into the blood stream or back into the lumen. 

The significance of the intestine in determining the fate of drugs within the body is not only 

expressed by its high capacity to metabolize drugs, but also by its sensitivity to induction 

and inhibition of drug metabolizing enzymes [15,38-41]. It is suggested that intestinal 

enzymes respond to a greater extent than hepatic enzymes to orally administered inducers 

because of more direct exposure to higher concentrations of these substances [42]. Over 20 

clinically significant drug interactions have been identified in which intestinal metabolism was 

implicated as a major contributor [31]. The major pathways for drug induction (via AhR or 

nuclear receptors PXR, CAR or GR [43]) are all present and functioning in the intestine as 

shown in different in vitro intestinal cell systems [44-48].  
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2. In vivo and in situ methods to study intestinal drug 
metabolism  

2.1. In vivo methods 

The possibilities to study drug metabolism in the intestine in vivo in the intact organism are 

indirect and scarce and above all, they often do not provide adequate intestinal drug 

metabolism data because of the difficulty to discriminate between liver and intestinal 

contributions. With a very sophisticated, but scarcely available method, drugs are 

administrated intraduodenally during the anhepatic phase of liver transplantation. Blood 

samples are collected from the portal vein and with this technique, significant human 

intestinal first-pass metabolism was proven for cyclosporine A [3] and midazolam [49]. The 

latter study also showed, that the intestine is able to metabolize midazolam after intravenous 

dosing [49]. In recent years, studies using either human intestinal tissue mounted in Ussing 

chamber set-ups [50] or Caco-2 cells [51], have revealed that most of the formed 1’OH-

midazolam is excreted from the enterocyte into the lumen, indicating that the contribution of 

the intestine to metabolize these compounds is most probably even higher than estimated 

from such in vivo studies. Measurements of metabolic plasma clearance during an 

anhepatic phase also provided data on the metabolic capacity of all extrahepatic organs 

together [52-54]. However, this again does not offer a solution for determining the intrinsic 

metabolic capacity of the intestine.  

With a pharmacokinetic method the significance of intestinal metabolism was proven after 

concomitant administration of grapefruit juice (which inhibits intestinal CYP3A) and 

midazolam to healthy volunteers, showing an increase of midazolam plasma concentrations 

after oral administration [55]. This study, however, could not elucidate the relative 

quantitative contribution of the intestine to midazolam metabolism, because the extent of 

inhibition of metabolism in the various organs involved is unknown. It should be noted that, a 

comparison of AUCs after oral and i.v. administration does not provide exact information 

about the contribution of the intestine to drug clearance and bioavailability, since the 

assumption that only liver contributes to drug metabolism after i.v. dosing has been proven 

to be not valid [56].  

2.2. In situ methods 

Intestinal drug metabolism can also be investigated by in situ perfusion techniques. The in 

situ human regional jejunal perfusion technique is mainly used for permeability studies [57], 

and showed that the intestine is capable of significant metabolism of several compounds, 

such as verapamil [1,2], talinolol [58], sulforaphane and quercetin-3,4'-glucoside [59] as well 

as amoxicillin and amiloride [60]. Although this technique has major advantages, such as 

intact physiology and blood flow, it has been scarcely used due to the ethical issues and 

limited availability of healthy volunteers and in patients.  

The in situ perfusion technique in rats, as reviewed by Yu [61], can be used for up to 2-3 h 

[62,63]. Using this method, the involvement of Pgp in determining bioavailability of drugs has 

been studied. Among others, it has been shown that inhibition of Pgp induces the apparent 

permeability of tacrolimus [29]. Kavin et al. showed that viability of this preparation is 

maintained up to 1-2 h of perfusion, as appeared from oxygen and glucose utilization, active 

transport of glucose from the bowel lumen and from its morphology [63]. Rupture of 
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intestinal micro vessels during perfusion may interfere with the results [62], but can largely 

be prevented by addition of dexamethasone and norepinephrine to the perfusion media. 

With this adaptation, the viability of the isolated gut can be maintained up to 5 h. This was 

shown by evaluating morphology showing intact epithelium with brush borders, and by 

maintenance of oxygen consumption, motility, water transport, lymph flow and vascular 

responsiveness to nor epinephrine [64]. However, addition of dexamethasone to the 

incubation medium, most probably influences drug metabolism [46,65]. 

A modification of this method is the in situ perfused rat intestine-liver preparation [66] in 

which single-pass perfusions [62] better mimic the in vivo first-pass effect [67] in comparison 

with circulating perfusions. Using this method, it has been shown that the intestinal wall 

extracts 4-methylumbelliferone [67] and salicylamide [68] and that its contribution to the total 

metabolic clearance is dependent on the intestinal blood flow. 

This method has the advantage that metabolism and absorption can be measured at the 

same time and that the blood flow remains intact. Disadvantages of this method are the 

limited viability and the used of anesthetics that can influence the outcome of the 

experiments [69]. In addition, it is a very labor intensive and technically difficult procedure 

with a high number of animals needed.  

 

Thus, to quantitatively investigate drug metabolism within intestinal tissue, in vitro methods 

are evidently required. The limited access to human small intestinal tissue [70] stresses the 

urgency for availability of highly efficient in vitro methods. Also for animal studies, in vitro 

methods are needed to discriminate between the contribution of intestine and liver, to study 

regional differences and to reduce the number of animals needed for experiments as much 

as possible. For induction studies, such in vitro examinations form a good alternative, 

provided that the test system maintains its viability for sufficient incubation times. 

 

 

3. In vitro methods to study drug metabolism 
Although at this moment in vitro models do not reflect in vivo situations to the extent where 

they can replace in vivo investigations, they are very useful to address more specific 

questions in studies in which conditions can be more easily controlled  than in vivo [71,72].  

The general concern for in vitro studies is the sensitivity of the intestine to oxygen 

deprivation and the accompanying preservation problems. Fisher et al. [73] advised to 

perfuse the lumen with oxygen-saturated buffer prior to interrupting the circulation of the 

intestinal wall, to maintain tissue integrity. This idea has been supported by Plumb et al. [74], 

showing that intestines, deprived from oxygen for only 4 min, already show severe villus 

disruption and edema after only 20 min of reperfusion, while intestines that are constantly 

perfused and are never deprived of oxygen supply, maintain their structural integrity even 

after perfusion for 1 h. However, the extraction ratio of 1-naphthol and the appearance of 1-

naphthol glucuronide were not affected when carbogen was replaced by air in the isolated 

perfused intestine [75]. Furthermore, for everted sac preparations the time required from 

dissection and preparation should not exceed 8 min [76] and the tissue should be kept in the 

oxygenated buffer solution continuously [76]. Also the intactness of Ussing chamber 

preparations, which can be demonstrated by the stability of electrical parameters in this 

system, is dependent on the overall ‘pre-chamber’ treatment. It depends on the anesthesia 
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of the rats prior to the mounting of the tissue, while the rat tissue should be kept in 

constantly oxygenated KBR solution directly after excision [77]. Surprisingly, preparations of 

human, pig, rabbit and chicken intestine survive much longer than those of rodents (rat, 

mouse). The latter degenerate rapidly within a few hours after dissection [6]. 

 

There are several in vitro methods available, each having their own advantages and 

limitations. Information about these methods, but also their applicability to different species 

and to study phase I, II and III metabolism/transport and drug-drug interactions are 

evaluated in the following sections. Causes of variation within and between methods are 

discussed and metabolic rates obtained with the different methods compared. Since the 

availability of human tissue is limited, the amount of tissue needed for a particular technique 

should be as small as possible. To stress this point, the methods are discussed in the order 

of required amount of tissue, starting with the method requiring the largest amount. 

3.1. Intact tissue methods 

The general advantage of working with intact tissue systems is that cell-cell contacts remain 

intact, all cell types remain present and enzyme systems, co-factors and transporters are 

present in their physiological context. 

3.1.1. Isolated intestinal perfusions  

‘A preparation of surviving rat small intestine for the study of absorption’ was already 

available in 1949 [73]. For this method, a part of the intestine is removed from an 

anaesthetized rat. Then, the segment is placed in a bath filled with buffer and luminally 

perfused with the compound of interest [73]. This technique has now evolved so that the 

vasculature can be remained intact during the excision procedure and allows not only 

perfusion of the luminal, but also of the vascular side [62,78]. 

Working with an isolated perfused intestine requires several experimental precautions. As 

already discussed in the introduction to this section, the uninterrupted perfusion of the lumen 

with oxygenated buffers is necessary to maintain viability of the preparation [73,74]. 

Andlauer et al. [79] have used a perfused intestine for 60 minutes after 30 min of 

equilibration and have shown intact perfusion pressure, lactate-pyruvate ratio, oxygen 

uptake, acid-base homeostasis and the genistein flux, but it is not clear whether their system 

could be used for longer time-periods. Other investigators state that viability is maintained 

using this method for up to 2-3 h, revealed by the same parameters and furthermore that the 

appearance rate of 1-naphthol glucuronide remained constant between 0-45 min [75]. No 

information, however, was provided about longer incubation times. 

The buffer system seems critical in studies with perfused intestines. Using the ‘standard’ 

Krebs-Henseleit bicarbonate solution equilibrated with carbogen (95% O2 and 5% CO2), no 

difference in morphological appearance between a non-perfused section of jejunum and a 

section perfused for one hour could be detected. In simple Krebs-Henseleit phosphate 

medium or a Tris-phosphate medium, perfusion for only 20 min already causes loss of 

structural integrity of the intestine [74]. 

Using the isolated perfusion technique, biotransformation of several compounds has been 

studied in combination with the direction of metabolite excretion. For example, genistein 

glucuronide is recovered on both the luminal and serosal side after perfusion with genistein 

[80]. Furthermore, vascularly administered 1-naphthol is metabolized to 1-naphthol 
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glucuronide, which is mostly excreted to the serosal side [75]. Many investigators have used 

this technique to study metabolism (phase I and II [75,79,81]), transport [82], but also 

inhibitory drug-drug interactions [83,84].   

The isolated perfusion technique thus offers several benefits. Variables such as 

temperature, pH, osmolality, blood pressure and flow can be controlled [63]; both sides 

(luminal and vascular) of the intestine can be studied and exposed to different pH [69,78] 

and the anoxic period is minimal [78]. The major drawback of this method, however, is that it 

is applicable only to animal tissue [69] and that the method can only be used for short-term 

incubation studies, impeding its application in, for example, induction studies and studying 

slowly metabolized drugs. Furthermore, the technique uses high luminal perfusate flow rates 

which dilutes the samples which might complicate the analysis [78]. 

3.1.2. Everted sac 

Everted sacs are commonly used for absorption studies. Wilson and Wiseman first 

introduced this method in 1952 to study absorption of compounds along the intestine of rat 

and golden hamster [85]. Two different everted sac methods are described to date. With the 

first method, the intestine is everted and closed on both sides actually creating a closed sac 

[86]. With the second method, the intestine is everted, canulated on both sides and perfused 

[72,76,87]. In brief, the intestine is excised after cervical dislocation, washed, everted over a 

glass rod, filled with fresh oxygenated culture medium and divided into sacs [88], which can 

differ in length between 1 cm [8] and 10 cm [89]. 

As shown by evaluating everted sac preparations, the period of time of dissection including 

preparation should not exceed 8 min and the tissue should be kept in the oxygenated buffer 

solution all the time [76]. Furthermore, freezing and thawing should be prevented, since this 

greatly damages the metabolizing capacity of everted sac preparations as shown by a 44% 

decrease of 6-hydroxytestosterone formation [90].  

Under optimal conditions, the everted sacs remain viable up to approximately 120 min 

[69,76,86,88-93]. Farthing et al. conclude that their sacs remain viable up to 2 h after 

measuring a clear glucose concentration gradient over the intestinal wall after 30 min which 

keeps increasing up to 2 h [92]. Rehner et al. use the everted sac technique up to 60 

minutes because of maintained morphology up to at least 2 h, and constant oxygen uptake 

during this incubation period [76]. Ballent et al. conclude maintenance of tissue viability up to 

70 min based on increasing glucose levels in the serosal media [91] and Emoto et al. show 

a constant rate of 6-hydroxylation of testosterone up to 3 h [90], measured on the serosal 

side. 

Several buffers are used for the perfused intestine technique such as Krebs bicarbonate 

buffers [76,89,92], medium 199 solution [91,94] or potassium phosphate buffer [90], 

sometimes in combination with a NADPH-generating system [8,90]. The pH is usually 7.2-

7.4 [87,90,93] and buffers are normally oxygenated with carbogen [e.g. [76,87,91,93]]. 

Incubation under air, however, has been shown to maintain 6-hydroxylation of testosterone 

constant in time up to 3 h [90].  

This method has been described to be applicable to rat [85,87,93] and mouse [90]. It has 

been used to study phase I [89,90,92], phase II [8,95] and phase III of drug metabolism 

[91,94] as well as inhibition of for example CYP3A [89] and Pgp [91]. With this method it has 

been discovered that secretion of androstenedione (a metabolite of testosterone) is directed 

to both the luminal and serosal side, which is in line with in situ findings in the same study 
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[92]. The excretion of the metabolite of buproprion, hydroxybuproprion (CYP2B1) [96] and 

the metabolite of dextromethorphan, 3-methoxymorphinan (formed by CYP2D1/6) are 

directed to both the luminal as well as the serosal side [93] as revealed by this system. 

This system is fast [88] and inexpensive [69,88]. It can be used to measure the influence of 

regional differences [88] such as the decreasing gradient along the intestinal tract for many 

P450 reactions in mice [90]. The small volume inside the sac offers analytical advantages 

[76,88]. In addition, all cell types and the mucus layer are present [69]. A limitation of this 

method is that practically it is only applicable to animal tissue [69]. Furthermore, compounds 

of interest have to cross all layers of the small intestinal wall including the muscle layer in 

order to be detected at the serosal side [69,88]. Further, it should be noted that the 

preparation has a relatively short life-time [88] (up to 3 h), which limits the investigation of 

enzyme induction and of slowly metabolized compounds.  

In some cases, the in vitro - in vivo extrapolations with this system have shown to be 

inadequate. Farthing et al. [92], for example, showed quite large differences in testosterone 

metabolite formation between in vivo studies and everted sacs. The lower oxidation-

reduction potential caused by anoxia in in vitro tissue has been suggested be responsible for 

the formation of 5-testosterone found in vitro and not in vivo [92]. On the other hand the 

contribution of Pgp to the intestinal secretion of ivermectin as observed in vitro by Ballent et 

al. was confirmed in vivo [91]. 

No reports could be found investigating the influence of the thickness of the intestinal wall to 

its viability. Stripping of the muscle layers, as preferably done in Ussing chamber 

preparations, is no common practice for everted sacs. Since this has been shown to be 

beneficial for Ussing chamber preparations [97], it could be a way to improve the viability of 

the everted sac during longer incubation and diminish the limitation of crossing all cell layers 

before reaching the serosal side.  

3.1.3. Ussing chamber 

Ussing chamber preparations are widely used to study transcellular permeation and less 

frequently to study metabolism of drugs in the intestinal wall. In 1951, Ussing and Zehren 

invented the Ussing chamber to study the transport of sodium in frog skin [98]. In the Ussing 

chamber preparations, mucosal sheets are mounted in between two buffer compartments 

(chambers). The luminal (apical) and serosal (basolateral) chambers are usually supplied 

with continuously oxygenized Krebs-Ringer bicarbonate (KRB) buffer [88]. Compounds of 

interest can be applied to either the luminal and/or serosal side [69] and transport to either 

side can be measured.  

Two versions are currently in use, which differ in the size of the tissue sample. The amount 

of tissue necessary for one set-up ranges from 3.8 mm
2
 [99] – 5 mm

2
 [100] in the smaller 

version, to 0.65-1.78 cm
2
 in the larger version [77,97,101-103]. The smallest chambers 

(mm
2
-range) have, up to now, only been used for absorption studies [99,100] and are very 

promising in the light of the scarce availability of human tissue.  

Human and pig intestinal walls are too thick to be used directly in the Ussing chamber 

technique and therefore, the serosa and muscle layers need to be removed [97]. The effect 

of this stripping procedure has been tested on rat tissue. Improvement of tissue quality has 

been shown as the potential differences (PD) remain significantly higher between 80 to 120 

min of incubation, yet passage of mannitol is significantly enhanced during this time period. 
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Apparently, the facilitated oxygen and nutrient supply weigh out the possible negative effects 

of disrupting tissue integrity [97].  

The viability of Ussing chamber preparations has been thoroughly validated. The chambers 

have been successfully used for up to 90 min [104], 120 min [97,103], 180 min [50,57,77] 

and even for 8 h as reported by Lampen et al. [105] who showed that the conductivity of the 

tissue remains constant up to 8 h [105]. Polentarutti et al. have validated their Ussing 

chamber preparations thoroughly and based on the potential difference (PD) (> 4mV small 

intestine; > 6mV colon), short circuit current (SCC), resistance, permeability for propranolol 

and mannitol as well as morphological evaluation, they have concluded that tissue integrity 

is maintained up to 180 min [77]. Soderholm et al. have included the permeability of 
51

Cr-

EDTA as viability parameter and have reported that this is unchanged up to 120 min. In 

addition, mucosal ATP and lactate levels are stable up to 180 min and transmucosal glucose 

flux up to 240 min. Lactate dehydrogenase leakage is limited during 120 min and 

transmission electron microscopy showed preserved ultra structure up to 120 min. However, 

light microscopy shows epithelial lifting from the basal lamina at 90 min [104]. From the latter 

study, it can be concluded that the choice of viability parameter drastically influences the 

period in which the tissue is considered ‘viable’. In most other studies, the PD and SCC 

have been used and these remain stable up to 120-240 min [30,50,77,106].  

Ussing chamber preparations are generally incubated under carbogen [97,105,106] with 

KRB buffer solutions at pH 7.4 [30,77,105] as incubation medium 

[30,50,77,97,103,105,106], Ussing chamber preparations have also been used at pH 5.5 

(luminal side) and pH 7.4 (serosal side) [107] or pH 6.0 both sides [103]. The bidirectional 

supply of glutamine to the incubation medium has been shown beneficial for using chamber 

viability, as it helps to maintain the rat enterocyte ATP content in this system [102]. 

The Ussing chamber technique has been applied to human tissue [50,97,106,108], and to 

various animal species including rat [57,77,97,109], pig [97,105,110] and rabbit [101,111] to 

study permeability [30,100], phase I and II metabolism [50,101,105,108,110] as well as drug 

transport (phase III) [103]. 

The main advantage of the Ussing chamber technique is that bidirectional transport and 

metabolism can be studied at specific intestinal locations. The compounds can be added on 

luminal and/or serosal side and this method is applicable to both animal and human tissue 

[69]. Furthermore, the direction of excretion of the metabolites can be studied. Lampen et al. 

have shown that > 90% of the sirolimus and tacrolimus hydroxylated metabolites are 

directed to the luminal side in pig tissue [105,110]. Using human intestinal tissue, 1’OH-

midazolam (CYP3A4/5), 4’OH-diclofenac (CYP2C9), OH-bufuralol (CYP2D6), but also 7-

hydroxycoumarin sulphate are mostly excreted to the luminal side [50]. On the contrary, 7-

hydroxycoumarin glucuronide is equally directed to both the serosal and luminal side [50]. 

Rogers et al. have reported that excretion of sulphated and glucuronidated ethynyloestradiol 

and paracetamol are directed to both the luminal and serosal side [108]. This indicates that 

also in vivo a significant amount of the metabolites formed in human intestine ends up at the 

luminal side. Whether these luminally excreted metabolites are re-absorbed (either as such 

or after deconjugation) later on in the intestinal tract, is unknown and remains an important 

aspect to investigate.  

A limitation of the Ussing chamber technique is that tissue viability is generally limited to 2-4 

h [69]. However, this is long enough to study metabolism, transport and absorption of many 
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compounds. It is worthwhile to study whether drug interactions such as induction can be 

studied in this system, since such interactions have been detected even after only 5 h of 

incubation in rat intestinal precision-cut slices (chapter 4) and in Caco-2 cells already after 2 

h [59]. A distinct limitation of the Ussing chamber technique is that the outcome of 

absorption rate studies is per definition an underestimation, since there is no intact blood 

flow and the compound has to cross all intestinal cell layers to reach the serosal chamber 

[69], but this aspect may vary depending on the drug studied.  

3.1.4. Biopsies 

Biopsies collected for diagnostic procedures or that are ‘punched’ out of excised tissue 

sheets have been used to study drug metabolism [112-116]. Intestinal biopsies (2 [114] – 21 

mm
2
 [115]) are either prepared from ‘whole thickness’ intestinal tissue [116] or from tissue 

remaining after stripping off the muscle layer [113,114] and then cultured. The full thickness 

of the human intestinal wall has been estimated 2 to 7.5 mm [117], indicating that diffusion 

of substrates, metabolites, nutrients and oxygen might be a limiting factor during incubation. 

Separation of the mucosa from the outer serosal layers has been found beneficial [6]. In 

contrast with the latter finding, De Kanter et al. showed that full thickness rat biopsies (so-

called punches) possess higher ATP levels after 3 h of incubation in comparison with 

punches without muscle layer [118]. 

Biopsies of intestinal tissue have been cultured in dynamic organ cultures for 24 h [112] or in 

6-wells plates for 3 h [118]. Others have cultured intestinal biopsies for 12 h [119], 48 h 

[114,115] or even 14 days [120]. In the latter study, samples from human colonic mucosa 

were incubated in a specialized medium exposed to a carbogen (5% CO2 and 95% O2) 

atmosphere consisting of Waymouth MB752/1, ascorbic acid, hydrocortisone, ferrous 

sulphate, penicillin-streptomycin, mycostatin and fetal calf serum. The medium was 

refreshed after 24 h and thereafter every 48 h [120]. Although tissue morphology was 

properly maintained, the functional integrity of the preparations has not been demonstrated. 

In another study, CMRL Medium 1066 was shown to be superior to Trowells T8, L15, 

Medium 199 and DMEM in supporting the viability and maintaining the differentiation of adult 

rat jejunal enterocytes in full thickness biopsies that were cultured during 21 h [116]. 

However, even when the optimal CMRL medium 1066 was used, dramatic morphologic 

changes appeared in time with a disproportional greater loss of epithelial cells then of other 

cell types [116]. The addition of dexamethasone, insulin or EGF to the incubation medium 

seems to improve the cell viability markedly [6].  

Other media used for biopsy incubations are Waymouth’s media [112], Williams Medium E 

with glutamax [118], DME with additives [119] and Leibovitz L15 medium [115]. In all 

studies, the medium is saturated with carbogen. It should be noted that the media used for 

biopsy incubations are surprisingly different from those applied to everted sac or Ussing 

chamber, in which relatively simple media are used. 

In one study, the viability of precision-cut intestinal slices (precision-cut rings of intestinal 

tissue, described in the section ‘precision-cut slices’) and ‘biopsies (with muscle layer) were 

directly compared [118] and the metabolic rates were not significantly different between the 

two preparations during 3 h of incubation. The precision-cut slices, however, showed higher 

tissue levels of ATP during these 3 h of incubation and had a higher quality and content of 

isolated RNA after 6 h of incubation in comparison with biopsies, indicating that viability of 
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slices is better maintained, which is particularly important for longer periods of incubation 

[118]. 

Biopsies have been used for phase I [113,115,116] and phase II metabolism studies 

[118,121], as well as for inhibition [122] and induction studies [115,116,119]. Biopsies have 

been prepared from intestinal tissue of different origin. Besides normal intestinal tissue 

[119,121], also fetal tissue has been used [115] as well as tumor tissue [121] and inflamed 

tissue [114]. This technique is in principle applicable to all species, but mostly human 

[112,114,115] and rat [113,118,119] tissue have been used.  

Using tissue biopsies, Vickers et al. showed that cyclosporine A metabolism in human colon 

biopsies is comparable to liver [113]. In another study, intestinal biopsies were shown to be 

responsive to 1,25-dihydroxyvitamin D3 as mRNA levels of CYP24 were induced by this 

compound [119]. Furthermore, 1,25-dihydroxyvitamin D3 increased the expression levels of 

CYP3A4 in human proximal and distal intestine [115]. Addition of dexamethasone to the 

medium increased CYP3A mRNA and protein in biopsies cultured for 21 h [116].  

Major advantages of the biopsy method are that it is quick, efficient and in principle 

applicable to all species. A limitation of this method is its impossibility to study the direction 

of excretion of metabolites or drugs. Activity of transporters has not been studied with this 

system yet, but might be possible by using transporter specific inhibitors.  

3.1.5. Precision-cut slices  

The use of liver slices was first published in 1923 by Otto Warburg [71], however, its 

application was abandoned due to the large variability and short-term viability of these hand-

cut slices. Hand-cut intestinal slices have been used in the eighties by Farthing et al. to 

study testosterone metabolism [92] using KRB buffer with glucose without added cofactors 

for incubations of only 60 min. Plumb et al. characterized the structural integrity of intestinal 

rings incubated in either tris-phosphate solution at pH 7.2 or 5.0, or Krebs-Henseleit solution 

showing severe epithelial damage after only 2 min of incubation [74], which may be 

explained by the difficulty to prepare reproducibly thin slices.  

With the introduction of the Krumdieck tissue slicer [123] and later the Vitron slicer, it has 

become possible to prepare precision-cut slices with a thickness of between 100 m up to 

500 m. These precision-cut slices are widely used in the field of drug toxicity and 

metabolism as has been recently reviewed [124]. This technique has recently been adopted 

to enable slicing of intestinal tissue [118] in which the tissue is flushed after excision. In 

order to facilitate proper cutting the segment was filled with a low gelling temperature 

agarose solution at 37C and directly cooled to allow gelling of the solution. Then, the 

agarose filled segment is embedded in agarose using a tissue-embedding unit and 

subsequently sliced using a Krumdieck tissue slicer (Alabama Research and Development 

Corp. Munford, AL, USA). The slices (thickness: 350-450 m and wet-weight 2-4 mg) are 

individually incubated in 6- or 12-wells plates [9,125] using Williams medium E with 

glutamax supplemented with gentamicin (antibiotic) and amphotericin B (anti fungal) 

([9,118,126]) at pH 7.4 under carbogen. Martignoni et al. supplement their medium with 

insulin, hydrocortisone, methionine and fetal calf serum [47]. The precision-cut slices have 

been used up to 4 [50], 6 [47] and 24 h of incubation [9,118](chapter 4). 

The viability of rat and human small intestinal and colon slices has been extensively 

examined. Slices show intact morphology [9,50,118], constant intracellular levels of ATP 

[9,118], a constant metabolic rate for both phase I and phase II substrates up to 3 h [9] and 
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good quality of RNA isolated after 24 h of incubation [118]. The morphology of both human 

proximal jejunum and colon slices has been shown to remain intact during 4 h of incubation, 

whereas intracellular ATP levels in proximal jejunum remain stable [50]. Furthermore, the 

mucus layer has been shown to stay present during at least 3 h of incubation [9], indicating 

that the physiological microclimate is retained. Metabolic rates decrease moderately after 8 

h of incubation depending on the enzyme studied to about 40-50% of the initial value after 

24 h of incubation (chapter 4).   

This technique can in principle be applied to all species and until now it has been proven 

useful for human [50], rat [9] and mouse [126] intestinal tissue. It has been validated for 

several purposes: phase I and II metabolism studies [50,118] up to 3/4 h; drug clearance 

studies up to 24 h [127,128] and induction studies up to 24 h [9,47]. 

Using this technique, gradients in metabolic activity for both phase I and II substrates along 

the rat intestinal tract have been assessed [9]. Furthermore, it has been shown that rat 

[9,47], but also mouse [126] intestinal tissue is responsive to inducing stimuli as has been 

measured at mRNA level [9,47], but also at the enzyme activity level [9]. 

The use of intestinal, but also liver, lung, kidney and colon slices to predict whole body 

metabolic clearance has been reported by De Kanter et al. [127,128]. In these studies, by 

measuring drug depletion using concentrations << Km and by subsequent PBPK scaling of 

the data, whole body clearance of several compounds, such as testosterone and 7-

hydroxycoumarin was adequately predicted. In addition, these studies provide information 

about the contribution of the different organs to total body clearance. For example, it has 

been shown that the small intestine may markedly contribute for over 50% to total body 

clearance of testosterone. For some compounds the clearance is under-predicted using the 

slice system [128], unless albumin is added to the incubation medium [127]. 

Metabolic rates obtained with human proximal jejunum precision-cut slices and Ussing 

chamber preparations have been compared and appear to be very similar in the two 

systems [50]. 

The precision-cut slice technique is highly efficient considering the large amount of slices 

that can be prepared even from small tissue samples (>1 cm
2
) [9] and the number of slices 

(>100) that can be easily handled per person per day. This indicates that slices from 

different organs can be used from the same animal, which is an advantage for the above-

mentioned whole body clearance experiments, but it also contributes to the reduction of the 

number of experimental animals and costs needed for safety studies, and to the efficient use 

of human tissue [71].  

Similar to biopsies, the slice method cannot be used to study direction of excretion of 

metabolites or drugs to either luminal or serosal side. Transporter-mediated uptake or 

excretion can, in principle, be measured using specific inhibitors, but this application still 

requires investigation. 

3.2. Primary cells 

Primary cells have been used to assess drug metabolism in a limited number of studies. 

Nevertheless, they could serve as a tool in drug metabolism as is shown in several studies 

[129-131]. Specialized isolation procedures are required to obtain functioning enterocytes 

and two distinct methods have been described here.  
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Enterocyte elution: With this method, enterocytes are gently eluted from the intestinal wall 

[132] using repeated incubation of tissue sheets with buffers containing 

phenylmethylsulfonylfluoride (PMSF), dithiothreitol (DTT) and/or EDTA and heparin [132-

135]. A pure epithelial cell fraction is isolated by this method and serosal and interstitial cells 

are excluded, as confirmed by morphological evaluation [134,136-138].  

Differences between enterocyte elution in rat and man have been described. In rat intestine, 

1.5 mM EDTA effectively removes both villus and crypt cells when incubated for 1 h [136]. In 

human intestine, 5 mM EDTA only removed all villus cells, but only 10% of the crypt cells 

after a similar incubation period. Therefore, separation of human villus and crypt cells can 

only be achieved by first eluting the villus cells with EDTA and then releasing the residual 

crypt cells mechanically by scraping [134].  

Another, less frequently used method, is based on the standard hepatocyte isolation 

procedure, using pronase and collagenase in the incubation medium. In this manner 100-

150 x 10
6
 viable primary porcine enterocytes were isolated in one isolation procedure [130]. 

 

Shed enterocytes from human perfusion techniques: Perfusates obtained from human 

perfusion experiments contain shed cells. During 2 h of perfusion, circa 5 mg protein (= ca 

50-60 x 10
6
 cells) can be harvested with 84 % villin positive cells (a marker for enterocytes) 

and 64% of the cells being non-apoptotic [70]. Shed cells have been used to study mRNA 

and protein expression of DMEs and DME activity [2,70].  

Isolated cells from pig [129,130], guinea pig [139] and rat [131] have been used for drug 

metabolism studies. The alkaline phosphatase activity in cultured porcine enterocytes 

remains constant up to 8 days of culturing, but the percentage of viable enterocytes is only 

50% after 72 h as was concluded based on trypan blue exclusion [129,130].  

Isolated pig enterocytes have been proven useful for phase I metabolism studies using, 

amongst others, 7-ethoxycoumarin [129] and tacrolimus [130] as model compounds, and for 

phase II drug metabolism i.e. glucuronidation and sulphation of 1-naphthol [139]. In addition, 

induction of metabolism has successfully been studied in these cells in culture. For example, 

tacrolimus and 7-ethoxycoumarin metabolism was induced by respectively dexamethasone 

and 3-methylcholantrene or -naphthoflavone up to 36-fold after incubation for 24-48 h 

[129,130]. Also the inhibition of 7-ethoxycoumarin and ethoxyresorufin metabolism by -

naphthoflavone has been reported [131].  

3.3. Subcellular fractions 

Subcellular fractions can be obtained by further processing of the eluted enterocytes or 

collected shed cells, as described above. In addition, two other methods are commonly used 

to obtain subcellular fractions.  

 

Tissue homogenization: With this method, intestinal tissue is homogenized directly in a 

buffer containing sucrose, EDTA and PMSF using a potter-elvehjem [140,141]. Intestinal S9 

fractions and microsomes prepared via this method consist of cell fractions of all cell layers 

present in the intestinal wall. 

 

Mucosal scraping: With this method, immediately after excision of the intestine, a segment 

is placed on an ice cold stainless dish and cut longitudinally and is then washed in the 
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presence of PMSF for 1 min. Subsequently, mucosal cells are gently scraped off with a 

glass slide [142-145]. The scrapings are dipped in buffer containing PMSF, trypsin inhibitor, 

leupeptin, aprotinin, bestatin, glycerol and microsomes are prepared [144]. Microsomes 

yielded via this method have been described to contain low concentrations of P450s and 

appreciable contamination with hemoprotein [135].  

3.3.1. S9 homogenates 

From preparations obtained by direct tissue homogenization, mucosal scraping, elution of 

enterocytes or from shed enterocytes, S9 fractions can be prepared by centrifugation (at 

9,000 g for 20 min, the supernatant fraction contains cytosol and microsomes [140]). S9 

fractions are generally incubated between 5 min [143] and 30 min [140] and co-factors (such 

as NADPH generating system, UDPGA, PAPS etc) are added to the incubation medium 

[140]. No information is provided stating whether S9 fractions can be incubated for longer 

incubation periods.  

The method is in principle applicable to all species and can be used to study phase I 

[70,140,142] and phase II drug metabolism (glutathione transferase, phenol sulfotransferase 

[140]) and for inhibition studies. Using rat S9 fractions, gradients of testosterone metabolism 

and of CDNB conjugation along the intestinal tract have been identified [140]. In S9 

homogenates of human shed enterocytes, verapamil metabolism was detected [70]. 

The advantages of this method are that it is very efficient to study drug metabolism and 

inhibition and applicable to all species and for studying regional differences along the rat 

intestinal tract [140]. The limitations of this method are that co-factors are not present in 

physiological concentrations and the system lacks DTs.  

3.3.2. Microsomes 

After direct tissue homogenization, mucosal scraping, elution of enterocytes or collecting 

shed enterocytes, microsomes can be prepared by differential centrifugation. Prior to this 

centrifugation step, eluted cells are first homogenized using a potter-elvehjem homogenizer 

and sonicated [136].  

The commonly used incubation buffers contain a NADPH-generating system and when 

glucuronidation is studied, UDPGA is added [146]. Incubations vary between 10-45 min 

[126,131,144,146]. 

The preparation of intestinal microsomes is considered to be more subject to artefacts than 

preparation of hepatic microsomes. The exposure of intestinal microsomal membrane 

material to abundantly present intestinal proteases during isolation is considered to cause 

this difference. Therefore, the addition of protease inhibitors during preparation such as 

trypsin inhibitor, leupeptin, aprotinin and bestatin, has been found beneficial for CYP3A 

activity recovery [90]. As noted by Kaminsky and Zhang, the many contradictions in the 

published data on intestinal P450 composition are probably partly due to the differences in 

the procedures used to prepare enterocyte microsomes [7]. Furthermore, evidence exists 

that freezing and thawing may cause loss of activity of microsomes, since one freeze/thaw 

cycle already destroys over 50% of the testosterone 6-hydroxylase activity (CYP3A) [8,90]. 

 

A direct comparison between microsomes (with added co-factors) and eluted cells showed 

that the Km values for metabolism of drugs were similar for the two preparations. In contrast, 

the Vmax was higher in microsomes which may possibly indicate rate limitation by co-factors 
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in the intact cells. The authors have corrected for the recovery of 45% of microsomes during 

the isolation procedure [131].  

In a direct comparison of mouse everted sacs and intestinal microsomes, both obtained from 

the upper part of the intestine, the everted sac exhibited higher testosterone 6-

hydroxylation (CYP3A), tolbutamide methyl hydroxylation (CYP2C) and bufuralol 1’ and 6’ 

hydroxylation (CYP2D) capacity; the microsomes showed higher chlorzoxazone 6-

hydroxylation (CYP2E1) [90]. Furthermore, Lampen et al. have reported qualitatively similar 

metabolic patterns of metabolites from tacrolimus and sirolimus in Ussing chamber 

preparations and microsomes [105,110]. 

In a direct comparison of rat everted sac and intestinal microsomes, testosterone 6-

hydroxylation (CYP3A), testosterone 16-hydroxylation (CYP2B), 7-ethoxycoumarin O-

deethylation (CYP1A,2B), 4-nitrophenol glucuronidation (UGT1A1, 10x higher) and 

morphine 3-glucuronidation (UGT2B1/12) activities have been reported to be higher in 

everted sacs. In contrast, ethoxyresorufin O-deethylation and pentoxyresorufin O-

depentylation (CYP2B) activities have been reported to be higher in microsomes and 1’OH-

bufuralol formation (CYP2D) and 1-naphthol glucuronidation (UGT1A6) have been shown to 

be processed in similar rates [8].  

The method is in principle applicable to all species with data available from rat 

[135,146,147], mouse [144], rabbit [146] and human intestinal microsomes [145,148] and 

can be used to study phase I metabolism [46,147-150], glucuronidation [146,149] and 

inhibition [144,149]. 

The overall advantage of this method is that it is very efficient to study drug metabolism and 

inhibition and applicable to all species. Moreover, the preparations are commercially 

available. The limitations of this method are that cytosolic DMEs and DTs are lacking and 

that co-factors are not present at physiological conditions. This makes it difficult to compare 

metabolic rates obtained with microsomes and intact cell systems. It should be noted that 

the activities are often lower than in the intact preparations (see section 3.6). 

3.4. Cell lines 

3.4.1. Caco-2 cells 

Caco-2 cells are derived from human adenocarcinoma cells from colon [69] and it has been 

demonstrated that these cells polarize and differentiate in long-term culture, both 

morphologically and functionally [151]. However, it is still a matter of debate whether Caco-2 

cells represent the human small intestine or colon. They do form tight-junctions and express 

many brush border enzymes, such as the typical membranous peptidases and 

disaccharidases [69]. Furthermore, many DMEs and DTs are expressed in Caco-2 cells, but 

the level of expression differs quite extensively from both human duodenum and colon 

tissue [152]. Caco-2 cells lack normal expression levels of important metabolic enzymes 

such as CYP3A4, CYP2B6, CYP2C9 and CYP2C19 [28,88,152-154]. In table I, the 

expression levels of the most important DMEs and DTs in human intestinal tissue and Caco-

2 cells are summarized. 
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Table I: Comparison of drug metabolizing enzymes and drug transporters detected in human intestinal 

tissue and cell lines 

The table depicts information concerning the presence of DMEs and DTs in human small intestinal 

tissue (SI: duodenum, jejunum and ileum), colon tissue, Caco-2 and LS180 cells detected at mRNA 

level, protein level (P), activity (A) or not detectable (ND). Where available, expression levels in Caco-2 

cells and LS180 cells were expressed as % of the expression in small intestine (small intestine is 

100%). (+ is present; - is tested but not present;  is tested, but the presence is not consistent between 

reports)  

DMEs/ SI Colon Caco-2 cells LS180 References 

DTs R P/A R P/A R (%) P/A R P/A  

CYP1A1 + + + - +  + +  [48,50,153,158,163,194-197] 

CYP1A2 +  +  +   + + [153,168,197-199] 

CYP2B1 +    + 2    [152] 

CYP2A6  -  - +   +  [50,197] 

CYP2B6 + + +  -   +  [48,50,153,194,197] 

CYP2C8 +    +   +  [148,154,197] 

CYP2C9 + + + -  6 - +  
[50,148,149,152,154,194,197,

200] 

CYP2C18 +    + 16    [152] 

CYP2C19 + +    10  -  [148,152,154,197,200,201] 

CYP2D6  +  -   - -  [50,148,149,153,197,200] 

CYP2E1 +  +  +  + +  [12,153,172,197] 

CYP3A4 + + + - 


  
<0.1 - +  

[12,48,50,148,149,152,153,15
9,160,165,194,197,201] 

CYP3A5 +  +  +   +  [12,15,48,153,165,202] 

CYP2J2 + +   + 5    [200,203,204] 

CYP4F2 +    + 6    [152] 

UGT1A1 +  +  +   +  [48,194,197,205,206] 

UGT1A6 + + + + +  + +  [48,50,162,194,196,205-210] 

UGT2B15 +    + 20  +  [152,197,205,206] 

GSTP1 +    +   +  [174,197] 

GSTA1 +    +     [174,211] 

MRP1 +  +  + 40  +  [19,153,159,196,212-214] 

MRP2 +    + 
200-

>1000 
 +  

[19,22,159,160,166,194,196,2
09,212-214] 

MRP3 +  +  + 140-500  +  
[22,153,159,160,166,213] 

[19,22,213,214] 

MRP4 +    + 530  +  [19,153,159,213,214] 

MRP5 +  +  + 60  +  [19,153,159,213,214] 

MRP6 +  +  + 250    [213,214] 

MDR1 +  
+ 
 

 + 20-160  +  
[12,17-

19,22,48,153,159,160,165,16
6,196,212,214] 

BCRP +  +  + 0.1-120 +   [21,22,166,214,215] 

OATP2B1 +  +  + >1000    [22,166,194] 

OATP1B1 -  -       [194] 

OATP1B3 -  -       [194] 

PEPT1 +  +  + 40    [22,160,166] 

MCT1 +  +  + 100    [22,166] 

OCT1   +  + 110    [22,166] 

OCT3 +  +     +  [166] 

OAT2 +  +     +  [166] 

OCTN2 +  +  + 110  +  [22,166] 
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The Caco-2 cell line has been proven to be useful for absorption studies [155,156]. 

Transport studies are usually performed with physiological salt solutions buffered with 10 

mM HEPES (pH 7.4) or 10 mM MES (pH 6.0) [28]. To mimic the acidic microclimate of the 

small intestine, the pH on the apical side is kept at 5.5 [107] - 6.5 [27,29,152], whereas the 

pH at the basolateral side is kept on 7.4 [27,29,152]. Caco-2 cells are in fact enterocyte-like 

cells and therefore lack mucus-secreting capacity. To better simulate the actual microclimate 

present in vivo, co-cultures have been developed in which Caco-2 cells and mucus secreting 

cells (such as HT29-MTX) are co-incubated [69,157], but whether the results are better 

predictive for the in vivo situation was not elucidated. 

Because of the large differences between the expression of DMEs and DTs in vivo and in 

Caco-2 cells, the use of these cells for qualitative/quantitative prediction of drug metabolism 

is not justified. However, Caco-2 cells can be used to study induction of DMEs [151,158], 

although the low level [159] or lack of expression of the nuclear receptor PXR [160] impedes 

studying PXR-mediated induction. Recently, a new technique has been developed in which 

Caco-2 cells are transfected with orphan nuclear receptor PXR [161]. Other nuclear 

pathways seem to be functioning in Caco-2 cells since their sensitivity to 1,25-

dihydroxyvitamin D3, -naphthoflavone, 3-methylcholantrene [151], 2,3,7,8-

tetrachlorodibenzo-p-dioxin [162], rifampicin [159] and dexamethasone has been shown 

[158]. In another study, however, no inducing effect of phenobarbital (CAR-mediated) has 

been observed [163]. To date, the presence of CAR in Caco-2 cells was only confirmed in 

Caco-2 TC7 cells after 15 days of post-confluent culturing [164]. 

One of the difficulties of working with Caco-2 cells is the problematic interlaboratory 

reproducibility of Caco-2 cells [28], which is expressed by variable amounts of DMEs (phase 

I, and phase II) and DTs between passage numbers [165] and during cultivation 

[22,28,166,167]. For example, CYP3A4 expression in low passages (20-30) is four times 

lower in comparison with high passage numbers (92-105) [165] and MDR1 expression 

increases 3-4 fold between 4 and 21 days of culturing [22]. 

Furthermore, Caco-2 cells require a long culture time (20-days) to differentiate in standard 

culture medium after confluence is reached [69] and this may form a drawback for use for 

screening purposes [88]. Another bottleneck may be the absence of the mucus layer and 

differences between regions of the intestinal tract cannot be studied with this cell system 

[28].  

Nevertheless, the Caco-2 cells also offer several advantages. The method is simple and in 

principle can be used for some aspects of metabolic drug screening. In addition, it is 

applicable to study mechanisms of transport and compounds of interest can be added on 

either sides [69]. Caco-2 cells are commonly applied for studying the influence of Pgp on the 

secretion of drugs [88].  

3.4.2. LS180 cells 

The LS180 cell line is also a human-derived colon adenocarcinoma cell line and is 

commercially available [168]. The characterization of the expression of DMEs and DTs has 

not been done as extensively as for Caco-2 cells, but the information available is added to 

table I. The level of expression of MDR1 and CYP3A4 is comparable in Caco-2 and LS180 

cells [160]. In addition, in both cell lines CYP3A4 can be up-regulated by 1,25-

dihydroxyvitamin D3 [169], but induction of MDR1 has only been shown in LS180 cells [159]. 

BCRP expression is much lower in LS180 cells in comparison to Caco-2 cells. A comparison 
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between metabolic capacities of LS180 and Caco-2 cells has not been reported. Contrary to 

Caco-2 cells, LS180 cells do express PXR [48]. LS180 cells can be used to study induction 

of DMEs and has been shown to be responsive to amongst others 1,25-dihydroxyvitamin 

D3 [159,169], 3-methylcholantrene [168,170], 2,3,7,8-tetrachlorodibenzo-p-dioxin [168,170], 

dexamethasone [45,48], rifampicin [45,48,159] and phenobarbital [45,48]. Thus, LS180 cells 

are preferred over Caco-2 cells for induction studies. 

3.4.3. Other intestinal cell lines  

Apart from the Caco-2 cell line, Caco-2 TC7 cells (Caco-2 cells that have been exposed to 

methotrexate) are used for absorption studies. In comparison with Caco-2 cells, TC7 cells 

have been reported to express higher levels of CYP3A4 and lower levels of MDR1 [69]. On 

the other hand, others have reported that TC7 cells express MDR1 at a higher level and 

CYP3A4 at a lower level than both LS180 and Caco-2 [159]. The Vmax of terfenadine 

hydroxylation is much lower in Caco-2 TC7 cells than in human jejunum tissue. This 

indicates that CYP3A4 activity levels are low in Caco-2 TC7 cells and it has been suggested 

that CYP3A5 is most probably present in TC7 cells instead of CYP3A4 [171]. In TC7 cells, 

CYP3A4 can be induced in response to 1,25-dihydroxyvitamin D3, but not MDR1, which is 

in line with the findings in Caco-2 cells [159].  

Several established cell lines exist that are derived from the entire small intestine of 

newborn, germ-free rats e.g. IEC-6 (rat duodenum) and IEC-18 (rat ileum) [6,172]. Cell lines 

of human origin as HUTU 80 (duodenum) [172], HCT 8 (ileum/cecum) [172] and FHS 74 

(fetal small intestine) [172] are used as well. Only a few reports have been published 

concerning drug metabolism in these cell lines. It has been reported that in IEC-18 cells, 

induction of CYP1A1 is found after -naphthoflavone exposure [173]. FHS 74 cells have 

been shown to express CYP3A4 protein [172] but in IEC-6, IEC-18, HUTU 80 and HCT 8, 

CYP1A1, CYP1A2, CYP2C9/10 and CYP3A proteins could not be detected [172]. 

3.5. Sources of variability of drug metabolism and enzyme expression in 

vitro 

Variability of metabolic rates of drugs and of expression levels of DMEs and DTs in intestinal 

preparations (>30-fold for CYP3A content and Vmax [145]) has been repeatedly reported 

[145,166,174-176]. On the other hand, some reports show a relatively low variation in 

CYP3A4 (only a factor 2 at protein level, but a factor 5 at mRNA level), CYP2C8 (1.5-fold at 

protein level) and CYP2D6 (approximately 10-fold at protein level) [2] and in the 

hydroxylation activities of midazolam (2-fold), diclofenac (2-fold) and bufuralol (10-fold), as 

measured in precision-cut slices from patients suffering from obesity [50]. 

When measuring drug metabolic rates in vitro, the outcome is determined by individual 

parameters (polymorphism, age, gender, ethnic origin, disease, diet) as well as by 

differences in functionality introduced by the method (duration of warm/cold ischemia, 

preparation procedure, incubation procedure). To predict drug metabolism, it is very 

important to take these potential sources of variability into account.  

3.5.1. Individual parameters influencing drug metabolism 

Polymorphism has been described in all phases of drug metabolism and transport (phase I-

III) [177] and varies between ethnic groups [177-179]. Differences in metabolic rates due to 

polymorphisms have, amongst others, been described for CYP2D6, CYP2C9 and 
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CYP2C19, influencing the plasma levels of respectively traxoprodil, tolbutamide and 

omeprazole [180,181].  

Furthermore, although only tested in liver tissue, differences in expression levels of 

CYP3A4, CYP3A5 and CYP3A7 between Japanese and Caucasians have been reported 

[182]. This may partly be introduced by diet factors. In rodents, differences between rat 

strains and mice strains have also been described and represent a source of interlaboratory 

variation [183,184]. For example, hepatic microsomes from Sprague-Dawley rats possess 

about 200-fold higher diazepam p-hydroxylation activity than Wistar rats [184]. 

Polymorphisms, ethnic differences and strain differences should be considered as potential 

sources of variability in intestinal metabolism.  

Also, food and drug intake are known to influence metabolic rates in intestinal tissue. For 

example, healthy volunteers treated with rifampicin (orally) have induced mRNA levels of 

CYP3A4, CYP2C8 and CYP2C9 [44]. GSTA1 and UGT1A1 mRNA levels are increased in 

shed enterocytes obtained after oral administration of sulforaphane (an isothiocyanate found 

in broccoli) and quercetin (a flavonoid glycoside occurring in onion) [59].  

Age and gender have been described to influence the rate of several metabolic reactions. 

As tested in human duodenum biopsies, CYP3A and Pgp mRNA expression differ as a 

function of age during the first 6 years of life [185]. In rat, both age and gender have been 

proven to influence drug metabolism [186]. The rat intestinal CYP3A activity, however, does 

not change significantly with age [187].   

The state of health can further change the CYP expression in patients [121], thereby 

causing individual differences between patients. Patients with Crohn’s disease, exhibit an 

increased expression of CYP3A4, CYP3A5 and MDR1 compared with the control group 

[188] and in patients with Barrett’s epithelium GSTP1 levels are decreased [174].  

3.5.2. Differences introduced by methodology 

Apart from the interindividual differences, the in vitro methodology used can be a source of 

variability of functionality. For example, the clinical standard for harvesting of human small 

intestine consists of only a vascular flush with UW solution as part of multi visceral organ 

procurement [189]. After excision, a phase of cold ischemia is unavoidable and results in the 

gradual deterioration of absorptive properties, eventually progressing into irreversible 

damage [189]. Oxygen deprivation of a rat intestine for only 4 minutes followed by 

reperfusion introduces severe damage [74] and although human small intestine seems 

intrinsically more resistant to ischemic injury in comparison with smaller animals like rat 

[6,190], the excision procedure may greatly influence functionality of human small intestine 

preparations. Luminal flushing improves small bowel morphology after storage [190], but is 

no standard to date. In addition, it has been shown to be beneficial to constantly oxygenize 

the excised tissue as has been common practice for Ungell et al. [77], since flushing once 

does not provide enough oxygen during storage [189]. Furthermore, Celcior (an organ 

preservation solution with an extra-cellular salt composition and low viscosity used for 

kidney preservations) exceeds the preservation capabilities of UW (University of Wisconsin 

preservation solution used for liver transplantation) for rat small intestine [191]. Taken 

together, more investigation is required to optimize the harvesting conditions of human small 

intestines in order to decrease the loss of functionality of the tissue. 

Another possible cause of variability in functionality is the preservation time. In current 

reports, few authors mention the duration of preservation pre-treatment and if so, reported 
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preservation times appear to be highly variable. For example, Zhang et al. reported that the 

cold ischemic time before cell harvest was less than 24 h [134], whereas Paine et al. 

reported that the time elapsed between vascular cross clamp (start cold ischemia) and 

freezing of mucosal scrapings was < 5 h [145]. In the studies of Van de Kerkhof et al., the 

time between tissue excision and preparation was 1-2 h, while care was taken that the 

tissue, obtained from surgery, was directly and constantly oxygenized after excision [50]. 

Nevertheless, no studies have been performed showing the impact of cold storage on the 

functionality of DMEs and DTs in human intestine. Therefore, it remains unclear whether 

these 1-24 hours of cold storage influence the final outcome of drug metabolism studies. 

The preparation protocol of the various techniques can introduce variation in the measured 

metabolic rate as well. Several investigators show that only one freeze-thaw cycle 

diminishes the metabolic activity of everted sacs, but also of microsomes where freezing 

and thawing is common practice [8,90]. Furthermore, medium additives, such as sodium 

taurocholate, inhibit the function of MRP3 efflux carriers [28].  

Furthermore, it is practically impossible to obtain uniform biopsy tissues from different 

patients with respect to the location of the samples within the 6 m of the small intestine 

[175]. Gradients of CYP [11-13], conjugating enzymes [11,174,192] and transporters [16] 

therefore form another source of variability between different donors. 

Finally, the methodology of incubation of cellular and subcellular fractions most probably is a 

source of data variation, since different co-factor concentrations are present. Furthermore, 

drug concentration at the site of DMEs may vary between these cellular and subcellular 

systems, since it is dependent of passive diffusion, influx and efflux transporters in intact cell 

systems. 

3.6. Comparison of metabolic rates obtained with different methods 

In this section, we compare the metabolic rates obtained with different methods. Since 

individual differences between donors highly influence the results obtained with human 

tissue, we have limited these comparisons to rat data.  

To adequately compare metabolic rates obtained with different methods, all data were 

recalculated and expressed in the same units: pmol/min/mg intestinal protein (total intestinal 

protein of tissue including muscles). Data from studies with precision-cut slices are usually 

expressed per mg intestinal protein; data from microsomes prepared after scraping (rat 

intestinal microsomes after scraping procedure (RIM S)) are usually expressed per mg of 

mucosal microsomal protein, whereas data obtained with microsomes prepared after elution 

(rat intestinal microsomes after elution procedure (RIM E)) are expressed per mg of 

enterocyte microsomal protein.  

 

Koster et al. published that 18.1 mg protein per g intestinal wet weight originates from the 

epithelial cells [10]. Taking into account a total protein content of 121 mg/g wet weight in 

intestinal tissue [128] of which 18.1 mg  consists of epithelial protein, this indicates that 15% 

of the intestinal tissue consists of epithelial cells (scaling factor 0.15). Of these epithelial 

cells, 13.3% of the cellular protein is microsomal protein (10
6
 enterocytes contain 0.45 mg of 

cellular protein, of which 0.06 mg is microsomal protein: scaling factor 0.13) [10]. For 

scraped microsome and S9 preparations, the whole intestinal wall is used with the exception 

of the muscle layers. The muscle layer in rat intestine is approximately 20% of the tissue 
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weight (own morphological observation; scaling factor 0.8 x 0.13 = 0.10). For S9 fractions 

obtained after the scraping procedure, cytosolic (approximately 50% of all cellular proteins) 

plus microsomal proteins (13.3%) are present of the mucosal layer (80% of total intestinal 

tissue) (scaling factor 0.5 x 0.13 x 0.8 = 0.5).  

As an exception, Borm et al. expressed the metabolic rates per pmol/min/mg intestinal 

tissue weight [131]. Then, the published metabolic rates were corrected for the protein 

content in the intestine (12.1% [118], scaling factor (100/12.1 = 8.3). 

All scaling factors used are listed in table II.  

Table II: Summary of the scaling factors used to recalculate the current expression units to 

pmol/min/mg intestinal protein 

Preparation Current unit Ref Scaling factor  

Slices/biopsies Per mg whole tissue protein [50]  1 

Mucosal cells Per mg enterocyte protein [131] 0.15 

Microsomes Scraped 
(RIM-S) 

Per mg mucosal microsomal protein [8] 
0.1 

(0.13 x 0.8) 

Microsomes Eluted  
(RIM-E)  

Per mg enterocyte microsomal 
protein 

[145,148,201] 
0.02 

(0.13 x 0.15) 

S9 fractions  
after scraping 

Per mg mucosal cytosol plus 
microsomal protein 

[140] 
0.5 

((0.5 + 0.13) x 0.8) 

 

In table III, the formation rates of 6-hydroxytestosterone and metabolism of 7-

ethoxycoumarine at Vmax (assuming that 100 M of testosterone and 7-ethoxycoumarin 

already saturates the enzymes involved) obtained with various methods using rat tissue 

have been summarized. 

Table III: Metabolic rates obtained with various in vitro methods applied to rat tissue  

(PCS = precision-cut slices; RIM = rat intestinal microsomes; S = after scraping procedure) 

6-hydroxytestosterone 
(CYP3A) 

PCS Biopsies 
S9 fractions 

S 
 RIM S 

Everted 
sac 

Concentration testosterone 
(µM) 

100 250 250  100 100 

Ref [126] [118] [140]  [8] [8] 

Recalculated rate 
(pmol/min/mg protein) 

25 33 0.6  4.2 8.3 

Fold change  
compared with PCS 

1 1.3 0.02  0.2 0.3 

7-ethoxycoumarin 
(CYP1A, 2B) 

PCS Biopsies Mucosal cells RIM E RIM S 
Everted 

sac 

Concentration 7EC  
(µM) 

500 500 200 200 100 100 

Ref [9] [118] [131] [131] [8] [8] 

Recalculated rate 
(pmol/min/mg protein) 

40 36 1.6 4 1.0 1.6 

Fold change 
 compared with PCS 

1 0.9 0.04 0.1 0.03 0.04 

 

Over 100-fold differences between the different preparations in 6-hydroxytestosterone 

formation and 7-ethoxycoumarin metabolism have been reported. Within one study directly 

comparing microsomes and everted sacs, both metabolic reactions (6-hydroxytestosterone 

formation and 7-ethoxycoumarin metabolism) have a somewhat higher rate in everted sacs. 
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This is remarkable, since everted sacs are incubated without the addition of co-factors (that 

are supposed to be present at physiological concentrations within the cells) and intracellular 

drug concentrations may be rate limiting due to activity of influx or efflux transporters. The 

S9 fractions have surprisingly lower activity levels than microsomes for CYP3A conversion. 

7-ethoxycoumarin metabolism (CYP1A, 2B) occurs in mucosal cells and eluted microsomes 

at the same rates, indicating that the transporters and the concentration of co-factors are not 

the rate limiting factor. Eluted microsomes have 3-times higher activities in comparison with 

the scraped microsomes, which supports the hypothesis that CYPs are better preserved 

using the eluting procedure. Precision-cut slices and biopsies show the highest formation 

rate for both reactions, suggesting that this method preserves the CYPs the best. 

3.7. Final remarks and future perspectives 

Only a few methods are available to study intestinal drug metabolism in vivo or in situ and 

are technically and ethically difficult in man. When performed, it remains difficult to 

discriminate between the contribution of liver and extrahepatic tissues. In contrast, in vitro, 

several intact cell systems are nowadays available to study drug metabolism in the intestine 

such as the isolated intestinal perfusion, everted sac, Ussing chamber preparations, 

biopsies, precision-cut slices, but also primary cells. Furthermore, subcellular fractions, such 

as S9 fractions and microsomes are used to study drug metabolism as well as cell lines, 

such as Caco-2, Caco-2 TC7 and LS180 cells. These methods have been described in this 

overview and their advantages and limitations are discussed. The choice of the method 

should therefore depend on the question of interest.  

The S9 fractions as well as the microsomes do not possess the DMEs and co-factors in 

physiological conditions and lack the important interaction with influx and efflux transporters. 

Microsomes lack many conjugating enzymes as well. For phase I and certain phase II 

metabolism studies Vmax and Km values can be determined and this technique can be 

efficiently used for inhibition studies. But, these preparations cannot be used for studying 

drug-induced induction in vitro. In addition, the possible interaction with transporters that 

determine the exposure of the DMEs to the drug (class 2 and 3 of the BCS) [15,24] is 

lacking in this system, possibly hampering the extrapolation to in vivo metabolic rate. Finally, 

the comparison with other techniques point to a lower metabolic rate per mg tissue, resulting 

in under prediction of in vivo metabolism.  

Since the available intestinal cell lines express DMEs and DTs to a different extent than 

human intestinal tissue, cell lines do not provide good models to study drug metabolism. On 

the contrary, the cell lines have been proven very useful for absorption studies and the 

mechanism of interactions between transporters such as Pgp and DMEs. For studying drug-

induced induction of DMEs, the LS180 cell line has been proven to be useful as well. Caco-2 

cells, on the other hand, lack PXR and depending on culture conditions also CAR and are 

therefore only applicable for the investigation of certain induction pathways.  

All intact cell systems are, in principle, applicable for drug metabolism studies (phase I and 

II), some up to 2-4 h, and others up to 24 h of incubation. The isolated intestinal perfusion as 

well as the everted sac and Ussing chamber technique have been used over years to study 

mainly drug absorption, but it seems worthwhile to reconsider these techniques for drug 

metabolism studies.  The major advantage of these techniques is the possibility to study the 

direction of excretion of the formed metabolites. Whether luminally excreted metabolites are 
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re-absorbed later on in the tract, for example, is unknown and remains an important aspect 

to investigate. The isolated perfusion and everted sac technique, however, remain only 

applicable to animal tissue, whereas the Ussing chamber technique is applicable to human 

tissue as well. The Ussing chamber preparations require more tissue in comparison with 

biopsies and precision-cut slices. These latter two techniques are used for longer incubation 

times up to at least 24 h of incubation and therefore offer the major advantage that drug-

induced regulation of DMEs and DTs can be studied. This applicability, however, has not 

been fully explored yet and needs further examination, since knowledge on DME and DT 

regulation in the intestine is far from complete. Up to now, induction studies have only been 

performed with precision-cut slices and biopsies, where induction was shown on both mRNA 

and activity level. In comparison with biopsies, slices can be prepared from smaller amounts 

of tissue with reproducible size and thickness and after slice incubation qualitatively better 

mRNA is isolated. For the other intact tissue models, their applicability for induction studies 

has not been tested yet. DME induction in intestinal tissue has been shown already after 2 h 

of incubation at mRNA level using shed enterocytes. This suggests that all intact cell models 

are applicable for drug-induced induction studies at least on the mRNA level. Whether they 

can be used to study induction of enzyme activity remains to be shown. 

 

The variation between intestinal in vitro methods is problematic for in vitro - in vivo prediction 

and they can at least partly be ascribed to variations in the preservation of human tissue. 

Since the preservation conditions of human small intestines have not been optimized yet, 

more investigation is required to evaluate and reduce the loss of functionality of stored 

tissue. The challenge of studying drug metabolizing rates to date is to get a grip on the 

variation present in the currently used methods prior to actually trying to predict the 

contribution of the intestine to the first-pass effect.  

A completely different, more mechanism based method for the prediction of drug 

metabolism is computer-based modeling of the enzymatic rate based on Vmax, Km and 

abundance of the DMEs and DTs involved. However, this is outside the scope of this review 

and readers are referred to Rostami-Hodjegan and Tucker [193]. 

To conclude: whereas subcellular fractions and cell lines are efficient methods to study drug 

metabolism at the individual enzyme level, the isolated intestinal perfusion, everted sac and 

Ussing chamber appear particularly useful for studying overall drug metabolism and 

interactions with transporters. Biopsies, precision-cut slices and primary cells seem most 

appropriate to study induction and metabolism of slowly metabolized drugs. 
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Abstract 
The aim of this study was to characterize rat small intestinal and colon tissue slices as a tool 

to study intestinal metabolism and to investigate gradients of drug metabolism along the 

intestinal tract as well as drug-induced inhibition and induction of biotransformation. Tissue 

morphology and the intestinal mucus layer remained intact in small intestinal and colon 

slices during 3 hours of incubation, while the rate of metabolism of three model compounds 

(7-hydroxycoumarin, 7-ethoxycoumarin and testosterone) appeared constant.  Phase I and 

phase II metabolic gradients, decreasing from stomach towards colon were shown to be 

clearly different for the model compounds used.  Furthermore, the observed slice activities 

were similar or even higher compared with the literature data concerning metabolism of in 

vitro intestinal systems. Pre-incubation with -naphthoflavone for 24 hours induced the O-

deethylation of 7-ethoxycoumarin from nearly undetectable to 140 pmol/min/mg protein in 

small intestine (fresh slices: 43 pmol/min/mg protein) and to 100 pmol/min/mg protein in 

colon slices (fresh slices: undetectable). Ketoconazole inhibited metabolism of testosterone 

with 40% and of 7-ethoxycoumarin with 100%. In conclusion, we showed that the intestinal 

slice model is an excellent model to study drug metabolism in the intestine in vitro, since we 

found that the viability parameters remain constant and the measured enzyme activities are 

relevant, sensitive to inhibitors and inducible. Therefore, it is a promising tool to study 

intestinal drug metabolism in human intestine in vitro in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

 

List of non-standard abbreviations: 

AP: Alkaline phosphatase, BNF: -naphthoflavone, DMSO: Dimethylsulfoxide, KT: Ketoconazole, TOH: 

Hydroxytestosterone, TT: Testosterone, 7EC: 7-ethoxycoumarin, 7HC: 7-hydroxycoumarin, 7HC-GLUC: 

7-hydroxycoumarin glucuronide, 7HC-SULF: 7-hydroxycoumarin sulphate 
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Introduction  
Although the liver has long been considered as the main drug metabolizing organ, the ability 

of the small intestine to metabolize drugs is increasingly recognized. Several reports have 

now been published showing significant contribution of intestinal tissue to the metabolism of 

drugs [1-3]. On the other site, no exhaustive studies to drug metabolism in the colon have 

been published [4]. 

 

In vivo assessment of intestinal metabolism is difficult due to the contribution of other organs 

and especially the liver to drug metabolism. Therefore, in vitro studies are necessary. 

Among the in vitro systems used for studying metabolism in the intestine are subcellular 

fractions like microsomes [5,6] and S9 fractions [7], which are commonly used due to their 

easy handling and applicability to human tissue. However, these systems lack membrane 

transporters and several enzymatic systems. Moreover, results are highly dependent on the 

method of their isolation [8].  

Intact tissue systems, such as the everted sac preparations [9] and the Ussing chamber 

preparations [10], are commonly used intestinal systems in which the in vivo tissue structure 

is retained. However, the viability of these systems is open to question.  

The Caco-2 cell line is also an often applied in vitro method for absorption studies [11]. 

Although Caco-2 cells during culture express many small intestinal epithelial functions drug 

metabolism cannot be accurately predicted by these cells [11,12]. 

 

Many factors, such as drug-drug and drug-diet interactions have been reported to influence 

drug metabolism and absorption in intestinal tissue by inhibition and induction [11], thereby 

changing the bioavailability and causing an imbalance between toxification and 

detoxification [13]. To date, only Caco-2 cells are available to study drug-induced induction 

of biotransformation in intestinal cells in vitro [14]. However, these cell cultures clearly differ 

from the complex structure and metabolic function of normal intestinal tissue. 

Pharmaceutical research therefore would greatly benefit from an in vitro system with 

retained intestinal drug metabolizing function that allows better prediction of drug 

metabolism and interactions in the small intestine of animals and humans. 

 

Recently, a new in vitro model was developed in our laboratory to study drug metabolism in 

intact tissue of rat small intestine and colon using tissue slices. [15]. Such tissue slices show 

high metabolic activity towards a variety of drugs [16]. The technique has several 

advantages compared with the above-mentioned methods: A) It is highly efficient 

considering the large amount of slices that can be prepared even from small tissue samples. 

B) In the slices, enzyme systems, cofactors and transporters are present in their 

physiological context. C) Slices are relatively easy to process. These features make the 

intestinal slice system suitable to study metabolic properties, metabolic clearance and 

interactions between diet components and drugs, with respect to metabolism and 

transporters in animals and man.  

 

In the present study, we characterized the viability of the intestinal slices in more detail by 

evaluating the morphology, with special regard to the maintenance of the mucus layer during 

three hours of incubation, which may be important to maintain the physiological microclimate 
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for the epithelial cells. In addition, the rate of drug metabolism reactions was assessed 

during the first three hours of incubation using testosterone (TT) and 7-ethoxycoumarin 

(7EC) as substrates to evaluate phase I metabolism and 7-hydroxycoumarin (7HC) as a 

substrate to evaluate phase II reactions. Subsequently, the metabolic rate of the three model 

compounds along the intestinal tract was studied. To investigate to which extent the 

precision-cut slice model is suitable to study drug interactions, inhibition of 7EC and TT 

metabolism by ketoconazole (KT) was studied. Furthermore, drug-mediated induction of 

7EC metabolism was investigated in slices of small intestine and colon after 24 hours of 

incubation with -naphthoflavone (βNF).  

 

 

Materials and methods 

Chemicals   

6-, 14-, 15-, 11-hydroxytestosterone (TOH), testosterone, androstenedione, 7HC, 7HC-glucuronide 

(7HC-GLUC), low gelling temperature agarose (type VII-A), DMSO, eosin Y solution and ketoconazole 

(KT) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Gentamicin, Williams medium 

E with glutamax-I and amphotericin B (Fungizone)-solution were obtained from Gibco (Paisley, UK). 

Alcian Blue, haematoxylin solution according to Mayer, 7EC, NF and dextran from leuconostoc SSP 

(dextran-70) were obtained from Fluka Chemie (Buchs, Switserland). 2-, 16-, 16-, 19-, and 11-

TOH were obtained from Steraloids Inc. (Newport RI, USA). DePeX mounting medium was purchased 

from BDH laboratory Supplies (Poole, England). Tissuetek 4583 was obtained from Sakura Finetek 

Europe BV (Zoeterwoude, The Netherlands). Acetic acid, sodium azide, sodium chloride, calcium 

chloride and formaldehyde solution (37%) were obtained from Merck (Darmstadt, Germany). HEPES 

was obtained from ICN Biomedicals, Inc. (Eschwege, Germany). 7HC-sulphate (7HC-SULF) was a kind 

gift from Mr. P. Mutch, GlaxoWellcome (Herts, UK). All reagents and materials were of the highest purity 

that is commercially available. 

Animals 

Male Wistar (HsdCpb:WU) rats weighing ca. 350 g were purchased from Harlan (Horst, The 

Netherlands). Rats were housed in a temperature- and humidity-controlled room on a 12-h light/dark 

cycle with food (Harlan chow no 2018, Horst, The Netherlands or standard ‘RMH’ chow Hope Farms, 

Woerden, The Netherlands) and tap water ad libitum. Pilot experiments showed no significant 

differences in metabolic rates in intestine from rats fed with the two chows with regard to metabolism of 

the model substrates (unpublished observation). The animal ethical committee of the University of 

Groningen approved the use of animals for these experiments.  

Preparation of precision-cut slices  

Under isoflurane/N2O/O2 anesthesia, the small intestine and colon were excised from the rat and put in 

ice-cold, oxygenated Krebs-Henseleit buffer (containing 10 mM HEPES and 25 mM D-glucose, pH 7.4). 

Segments of 3 cm were excised at distinct distances from the stomach and subsequently flushed with 

ice-cold Krebs-Henseleit buffer. One side of the segment was tightly closed and the segment was filled 

with 3% (w/v) agarose solution in 0.9% NaCl (37
o
C) and then cooled in ice-cold Krebs-Henseleit buffer, 

allowing the agarose solution to gel. Subsequently, the filled segment was embedded in 37
o
C agarose 

solution using a pre-cooled (0
o
C) tissue embedding Unit (Alabama R&D, Munford, AL USA). After the 
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agarose solution had gelled, precision-cut slices (thickness about 300 m and weight about 2 mg) were 

cut using a Krumdieck tissue slicer as described before [15]. 

Incubation of precision-cut slices 

The slices were incubated individually in a 6-wells-culture-plate (Greiner bio-one GmbH, Frickenhausen, 

Austria) in 3.2 ml Williams Medium E (with Glutamax-I), supplemented with D-glucose (final 

concentration 25 mM), gentamicin (final concentration 50 g/ml) and amphotericin B (final concentration 

2.5 g/ml). The culture plates were placed in a pre-warmed cabinet (37
o
C) in plastic boxes. Slices were 

incubated under humidified carbogen (95% O2 and 5% CO2) and shaken back and forth 90 times per 

minute.  

Viability testing 

Histomorphology: Precision-cut slices were incubated for 0 and 3 hours. After incubation, slices were 

embedded in tissuetek, snap-frozen in isopentane (-80
o
C) and stored at -80

o
C until further usage. 

Cryostat sections of 5 m were cut, fixed in formalin macrodex (0.9% NaCl, 5.4% dextran-70, 4% 

formaldehyde and 1% CaCl2 solution at pH 7.4) for 10 minutes at 4
o
C and rinsed in mQ-water. 

Subsequently, the sections were stained with 1% alcian blue solution in 3% acetic acid (8 min) and 

counterstained with haematoxylin (15 min), washed with tap water, incubated with eosin Y solution (2 

min), dehydrated and embedded in DePeX mounting medium.  

Stability of drug metabolism rate: Slices were prepared from small intestine (25-40 cm from the 

stomach) and colon and subsequently incubated in triplicate for 15, 30, 60 and 180 minutes with TT 

(final conc. 250 M), 7EC (final conc. 500 M) or 7HC (final conc. 500 M) by addition of 32 l of a 100x 

stock solution in methanol to the 3.2 ml medium (n=4-6). As controls, slices were incubated under 

standard incubation conditions without substrate and substrates were incubated without slices. After TT 

incubation, slice and medium were collected together and stored at –20
o
C until further use. After 

thawing (at 4
o
C), the slices were homogenized for 15 seconds using a sonicator (Sonicsmaterials 

Danbury, Connecticut, USA). Subsequently, 10 l (1 mg/ml) 11-TOH was added as an internal 

standard followed by addition of 6 ml methanol to precipitate the proteins. The total mixture was 

vortexed and centrifuged using a Beckman CS-6KR centrifuge (10 min; 4
o
C; at 800 x g). The 

supernatant was evaporated under N2 (g) and the residue was dissolved in 500 l 50% methanol and 

stored at –20
o
C until further analysis. Just before analysis, samples were centrifuged using an 

Eppendorf centrifuge 5415R during 5 min (4
o
C; 16,000 x g) and then analyzed by HPLC as described 

earlier [17], using testosterone and known metabolites as a reference. 

As it was previously shown that 7EC and 7HC and their metabolites are not significantly retained in the 

tissue, analysis was performed on medium samples only [15]. During 7EC and 7HC incubations, 

medium samples (200 l) were harvested after 15, 30, 60, and 180 minutes and stored at –20
o
C until 

further use. After thawing, sodium azide (final conc. 1 mg/ml) was added to inhibit bacterial growth 

during the analysis and centrifuged using an Eppendorf centrifuge 5415R for 5 minutes at 4
o
C; at 

16,000 x g. 7EC, 7HC, 7HC-GLUC and 7HC-SULF were used as reference.  Analysis of 7EC, 7HC and 

their metabolites was performed using an HPLC method as described before [18]. Total 7EC 

metabolism, which occurs via phase I metabolism and subsequent conjugation with either glucuronide 

or sulphate, was calculated from the total 7HC, 7HC-GLUC and 7HC-SULF formation. All experiments 

were performed in 4-6 rats in triplicate. 
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Assessment of metabolic rate along the length of the intestine and colon  

Precision-cut slices were prepared from small intestine at 5, 15, 25, 40, 60, 80 cm and the last 3 cm 

(ileum) from the stomach and from 3 colon segments, equal in length (about 5 cm). The slices were 

incubated in triplicate with 7EC (final conc. 500 µM), 7HC (final conc. 500 µM) or TT (final conc. 250 

µM) for 3 hours and analyzed as described above. Within one experiment, tissue of one animal was 

used to assess the metabolic activity along the small intestine and colon of both 7EC, 7HC as TT. Each 

experiment was performed in 7 rats using three slices of each incubation procedure.  

Inhibition studies 

Precision-cut slices were prepared from small intestine (at 25-40 cm from the stomach) and pre-

incubated for 1 hour with or without the inhibitor ketoconazole (50 M).  Subsequently, TT (final conc. 

250 M) or 7EC (final conc. 500 M) was added and slice incubation was prolonged for 3 hours under 

standard conditions. Samples were harvested and analyzed as described above. Each experiment was 

performed in 3 rats using three slices of each incubation procedure. 

Induction studies 

Precision-cut slices were prepared from small intestine (at 25-40 cm from the stomach) and colon and 

incubated with NF (final conc. 50 µM or 100 µM, added as a 100-times concentrated stock solution in 

DMSO) for 24 hours under standard incubation conditions as described in the section: incubation of 

precision-cut slices. Control slices were incubated in medium with DMSO but without NF. After 24 

hours of incubation, slices were transferred to fresh medium and incubated for 3 hours with 7EC (final 

conc. 500 µM) to assess metabolic activity. Samples were analyzed as described above. Each 

experiment was performed in 3 rats in triplicate. 

Protein determination 

After incubation with 7EC or 7HC, slices were stored at –20
o
C until further use. After thawing, 20 l 5 N 

NaOH was added to the slice followed by 40 minutes of incubation at 37
o
C to dissolve the tissue. 980 l 

water was added to dilute the NaOH concentration to 0.1 M, after which the mixture was homogenized 

by 5 seconds of sonication. Samples were diluted and the protein content was determined using Bio-

Rad protein assay dye reagent (Bio-Rad, Munich, Germany) using BSA as standard. After testosterone 

incubation, the protein was not determined. For these slices, the average protein contents of 

comparable incubations with 7EC and 7HC within the same experiment were used.  

Liver slices 

Data on liver slice metabolism were taken from earlier studies [19]. 

Statistics 

Statistical significance was determined using Student’s t -test. 
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Results 

Viability of intestine and colon slices 

Two different parameters were evaluated after 3 hours of incubation to assess the viability of 

small intestinal and colon slices.  

 

Histomorphology: Viability of colon and small intestinal slices was assessed by 

histomorphological evaluation. Alcian blue staining indicated that goblet cells still contain 

mucus and the mucus layer was partly retained after preparation and after 3 hours of 

incubation. In addition, epithelial cells showed intact morphology, but villi of small intestine 

appeared somewhat flattened/broadened during incubation (figure 1).  

 

 

 

 

 

 

Figure 1: Morphological evaluation of slice 

preparations of the small intestine after 0 

hours (A) and 3 hours (B) of incubation and 

colon slices after 0 (C) and 3 hours (D) of 

incubation. Staining: Alcian Blue 

counterstained with HE (100x)  

 

 

 

 

 

Stability of drug metabolism rate: Figure 2 shows the stability of metabolic rates of 7EC, 

TT (phase I substrates) or 7HC (phase II substrate) during the first 3 hours of incubation in 

slices prepared from small intestine and colon. A time-dependent linear formation rate of 

metabolites was observed during 3 hours of incubation for all compounds tested in both 

small intestine (R
2 

> 0.99) and colon (R
2 

> 0.98). 7EC metabolism in colon was low and in 

some experiments below the detection level. After incubation with testosterone, only 

androstenedione formation was detected both in small intestine and colon.  

 

 

 

 

 

A
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Figure 2: Metabolizing activity of precision-cut slices prepared from small intestine (at 25-40 cm from 

the stomach) () and colon () during 3 hours of incubation under standard conditions: 7EC into 7HC 

(A); testosterone into androstenedione (B); 7HC into 7HC-GLUC (C) and 7HC-SULF (D). Results are 

mean ± SEM of 4-6 rats; in each experiment at least 3 slices were incubated per time point.   

Assessment of metabolic rate along the length of the intestine  

The metabolic activity of model compounds was assessed in slices from small intestine and 

colon excised at distinct distances from the stomach. Activities showed a decreasing 

gradient along the small intestine towards colon, with the slope of the gradient depending on 

the model compound used.  

O-deethylation (mediated by CYP1A and 1B) of 7EC was constant and highest in the first 40 

cm of the proximal site of the small intestine (about 40 pmol/min/mg protein or 4.4 

nmol/min/g wet weight as the intestinal protein content appeared 109 mg/g wet weight) 

(figure 3A) after which the metabolic rates gradually and significantly decreased (5, 15 and 

25 cm towards 60-80-ileum cm, p < 0.05) to 8 pmol/min/mg protein (or 0.9 nmol/min/g wet 

weight) in ileum (figure 3A).   

Although 7EC O-deethylation in colon slices was below detection level in some experiments 

and in others significantly lower compared with the proximal part of the small intestine (p < 

0.001), the average metabolic rate in colon (about 2 pmol/min/mg protein or 0.2 nmol/min/g 

wet weight) was non-significantly lower than in the distal part of the small intestine. The 

increase in metabolic rate in colon in distal direction was not significant. 7EC O-deethylation 

was significantly (p < 0.01) lower in small intestine (4-23%) and colon (1%) compared to 

liver slices  (207 pmol/min/mg protein [19] or 22 nmol/min/g wet weight).  
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Figure 3: Metabolic activity along the intestinal tract. Precision-cut slices from small intestine were 

prepared at distinct distances from the stomach, incubated for 3 hours with 7EC (A), testosterone (B) or 

7HC (C and D). Phase II metabolism of 7HC is shown in two different graphs: the formation of 7HC-

GLUC (C) and 7HC-SULF (D). Results are mean ± SEM of 7 rats. Significant differences toward small 

intestine (at 5 cm) are indicated with  * p < 0.05, ** p < 0.01, *** p < 0.001; Significant differences 

between upper colon and ileum, middle and lower colon were tested and indicated with # p < 0.05, ## p 

< 0.01, ### p < 0.001.  

 

To compare the activity of the metabolically active cells in liver and intestine (hepatocytes 

and epithelial cells), metabolic activity was recalculated per mg hepatocyte or epithelial 

protein. Due to lack of data, activity is expressed per epithelial protein and not per 

enterocyte protein despite the fact that enterocytes are the metabolically active epithelial 

cells. Thus, taking into account that small intestine contains 18.1 mg epithelial protein per g 

wet weight [20] and our slices contained 109 mg protein per g wet weight, the specific 

activity per mg epithelial protein is 109/18.1 = 6 times the activity per mg small intestinal 

protein. Due to lack of data, the same factor is used for colon. Likewise, with liver, about 

80% of liver protein is hepatocyte protein. Assuming that roughly 50% of the hepatocytes in 

the slice contribute to the metabolic activity (unpublished research): the activity per mg 

hepatocyte is 2 x 100/80 = 2.5.  

The metabolic activities of 7EC O-deethylation in epithelial cells of small intestine and colon 

were respectively 4-26 and 1.3 nmol/min/g epithelial cell, which is 7-47% respectively 2.4% 

of the hepatocyte activity (55 nmol/min/g hepatocyte). 

Androstenedione was the only metabolite that could be detected after incubation of slices 

with TT and appeared to be formed at the highest rate in the first 40 cm of the proximal site 

of the small intestine (about 550 pmol/min/mg total protein or 60 nmol/min/g total wet weight) 

(figure 3B) and decreased significantly (p < 0.01) in distal direction to 61 pmol/min/mg 
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protein (or 7 nmol/min/g wet weight). In colon, the metabolic rate of androstenedione 

formation was significantly lower (232-105 pmol/min/mg protein or 25-11 nmol/min/g wet 

weight) compared with the proximal part of the small intestine (p < 0.01), but significantly 

higher compared with the distal part of the small intestine (p < 0.02) and also tended to 

decline in distal direction. The activity found in proximal part of small intestine was 

comparable to liver (666 pmol/min/mg total protein [19] or 72 nmol/min/g total wet weight). 

On the other hand, colon (16-35%) and the distal part of the small intestine (11%) showed 

significantly lower specific activity compared with liver. CYP mediated reactions, such as 6-

, 15-, 19-, 16-, 16-, and 2-TOH formation were not detectable in both small intestine 

and colon. These metabolites were readily detected using liver slices in rates up to 563 

pmol/min/mg protein, resulting in a total metabolic rate in liver for testosterone of 1,230 

pmol/min/mg protein (or 131 nmol/min/g wet weight). Converted to the amount of active 

cells, the metabolic rates toward testosterone per epithelial cells in small intestine (proximal: 

360 and distal: 42 nmol/min/g epithelial cell) were comparable or higher compared with liver 

(328 nmol/min/g hepatocytes). 

Phase II metabolism was assessed by measuring 7HC biotransformation. The 

glucuronidation rate was high in the proximal part of the small intestine (663 pmol/min/mg 

protein or 72 nmol/min/g wet weight) (figure 3C) and decreased significantly only after 60 cm 

(p < 0.05) in distal direction to 326 pmol/min/mg protein (or 36 nmol/min/g wet weight). 

Subsequently, in the proximal part of colon, the metabolic rate increased again to even 

higher rates (800 pmol/min/mg protein or 87 nmol/min/g wet weight) compared with the 

distal part of the small intestine and decreased significantly (p < 0.05) to 490 pmol/min/mg 

protein (or 53 nmol/min/g wet weight) distally. Glucuronidation rates in both small intestine 

and colon slices were comparable to rates measured in liver slices (700 pmol/min/mg 

protein [19] or 74 nmol/min/g wet weight) being 49-97% and 72-118% respectively. 

Converted to the  specific activity of epithelial cells in small intestine (214-435 nmol/min/g 

epithelial cell) and colon (322-525 nmol/min/g epithelial cell), the activity was 1-3 times 

higher activity compared with hepatocytes (186 nmol/min/g hepatocyte). 

Sulphation of 7HC (figure 3D) showed a different pattern along the small intestine than other 

metabolic pathways: the metabolic rate initially increases non-significantly from 43 

pmol/min/mg protein (4.7 nmol/min/g wet weight) to 58 pmol/min/mg protein (or 6 nmol/min/g 

wet weight) with the highest metabolic rate measured at 15 cm from the stomach. The 

metabolic rates decreased significantly from 40 cm onward to a final rate of 21 pmol/min/mg 

protein (2 nmol/min/g wet weight) in ileum (p < 0.05). In colon, the proximal metabolic rate 

was significantly higher than in the distal part of the small intestine (p < 0.05). A gradient 

decreasing from 51 to 38 pmol/min/mg protein (or 6 to 4 nmol/min/g wet weight) was shown 

in distal direction. Specific metabolic activities in the small intestine and colon appeared to 

be equal or even higher than those of liver slices (42 pmol/min/mg protein [19] or 4.5 

nmol/min/g wet weight), being 50-140% and 90-120% of liver slice values. When conversed 

to sulphation activity per amount of active cells, the cells in small intestine (14-38 nmol/min/g 

epithelial cell) and colon (25-34 nmol/min/g epithelial cell) have 1-3 times higher activity 

compared with hepatocytes (11 nmol/min/g hepatocyte). 
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Inhibition studies 

Slices were pre-incubated with KT for 1 hour followed by 3 hours of incubation with TT or 

7EC. TT metabolism was only partially inhibited to 61  4% (from 432.6  194 to 255.3  89 

pmol/min/mg protein); in contrast 7EC metabolism was totally blocked (from 22.7  6.3 

pmol/min/mg protein). Results are mean ± SEM of 3 rats; in each experiment 3 slices were 

incubated per treatment.   

Induction studies 

Induction of 7EC metabolism in precision-cut slices of small intestine and colon was 

measured after 24 hours of incubation with NF (figure 4). A very strong induction of phase I 

metabolism of 7EC was found in both small intestine and colon. Directly after slicing, the 

metabolic rate of 7EC in slices prepared from small intestine was about 43 pmol/min/mg 

protein (‘fresh slices’), but declined to nearly undetectable levels after 24 hours of pre-

incubation in control medium without NF (p < 0.01). In contrast, when small intestinal slices 

were pre-incubated with NF for 24 hours, the metabolic rate increased strongly to 140 

pmol/min/mg protein (p < 0.001 compared with fresh slices). The increase was independent 

of the NF concentrations used; both concentrations (50 µM and 100 µM) showed a 3.5-fold 

induction of the metabolic rate compared with the rate of fresh slices.  

In colon slices, phase I metabolism of 7EC could be induced by NF as well. 7EC O-

deethylation of colon slices was near the detection level in both fresh slices and slices after 

24 hours of pre-incubation. However, when incubated for 24 hours with NF, the metabolic 

rate increased tremendously to about 100 pmol/min/mg protein (p < 0.05). 

Figure 4: Induction of 7EC metabolism in precision-cut slices prepared from small intestine (25-40 cm 

from stomach) (black columns) and colon (open columns). Slices were incubated for 24 hours with 0, 50 

or 100 M -naphthoflavone (NF) transferred to fresh medium and incubated with 500 M 7EC for 3 

hours. Activity in fresh slices was determined directly after slicing without pre-incubation. (ND is non-

detectable.) Results are mean ± SEM of 3 rats. In each experiment 3 slices were incubated per 

treatment. Significant differences toward the activities of fresh small intestinal slices are indicated with ** 

p < 0.01, *** p < 0.001. Significant differences in colon metabolic activity toward fresh colon are 

indicated with # p < 0.05, ## p< 0.01, ### p < 0.001.  
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Discussion  
Recently, we presented rat small intestinal and colon precision-cut slices as a tool to study 

intestinal metabolism [15]. In this study, we further characterized the viability and 

functionality of these slices. We assessed the gradient of several phase I and phase II 

enzyme activities along the intestine, as well as the applicability of slices to investigate drug 

interactions.  

 

The metabolic rate of model compounds (7EC, 7HC or TT) was constant during the first 

three hours of incubation. In addition, hardly any signs of degradation of colon and intestinal 

slices were observed upon histomorphological examination. Moreover, the mucus layer 

which presumably protects the epithelial lining in vivo [21] remained present. Altogether, 

these results imply the integrity of slices during three hours of incubation. 

 

The intestine is not homogenous with respect to drug metabolism along its length [6] nor 

along the villi [22]. Generally, a decreasing gradient in distal direction is reported [1]. 

However, the preparation method of intestinal tissue has been found to be critical for the 

outcome of quantitative evaluation of intestinal metabolism [8]. Gradients of mRNA 

expression only allow speculation of protein expression gradients, whereas Western blotting 

and immunohistochemical staining of metabolizing proteins reveal only the enzyme 

distribution pattern along the tract. This might not necessarily correlate with the in vivo 

distribution of the metabolic activity, since other factors like cofactors and transporters can 

be rate-limiting. Tissue slices may be pre-eminently suitable to study the distribution of 

metabolic activity along the intestine, since no isolation steps are required. In addition, co-

factors and transporters are supposed to be present at physiological levels.  

 

Gradients of metabolic activity differed depending on the substrate used. Metabolic activity 

towards 7EC (CYP1A and 2B) was the highest in the proximal part of the small intestine, 

which is in accordance with the reported higher levels of CYP1A1 and 2B1 protein in 

duodenum compared with ileum [23]. However, others described an initial increase followed 

by a decrease in metabolic activity towards 7EC in distal direction along the intestinal tract 

[24]. To our knowledge, data describing the 7EC metabolism gradient in colon have not 

been published before.  

In rat, testosterone is metabolized by several CYP-isozymes such as CYP1A1/2, 2C11, 

3A1/2 [25] and by 17-hydroxysteroid dehydrogenase (17-HSD) [26]. Androstenedione 

formation is mediated by 17-HSD and several CYP-isozymes [7] as well. This was 

confirmed in the present study, where KT inhibited androstenedione formation with 40%. KT 

totally blocked 7EC metabolism as expected. In addition, the gradient of androstenedione 

formation found appeared to be similar to the 17-HSD activity [26] along the length of the 

intestine, indicating a large contribution of 17-HSD to androstenedione formation. An 

increase of androstenedione formation in distal direction including colon using S9-fractions 

was reported by others [7]. However, these activity rates were over 100-fold lower (0.35 

nmol/min/g intestine) than ours, impeding good comparison. Besides androstenedione, no 

other metabolites of TT were found in the present study, contrary to the findings of 

Takemoto et al. [6], who found considerable 6-hydroxytestosterone formation (CYP3A). 

However, others reported non-detectable levels of CYP3A1 mRNA [27] or low levels of 6-
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hydroxytestosterone formation [7] in intestinal preparations. We found that when 4 slices per 

well were incubated, 6-hydroxytestosterone formation was detected (unpublished 

observation). This indicates that CYP3A activity is present, but undetectable due to the small 

amount of tissue used.  

 

Phase II metabolism along the intestine was assessed using 7HC as a substrate, which is 

conjugated. For 7HC-GLUC formation, we observed a decreasing gradient in distal direction. 

Sulphation, thought to be important in overall metabolism in small intestine, especially in 

comparison with total liver capacity [24], showed a small, but non-significant increase 

followed by a decrease.  

The underlying cause of the gradients is unknown. A metabolic gradient could be explained 

by a gradient in the number of metabolizing cells and/or in enzyme activity per enterocyte 

along the intestine. The latter can be caused by enterocyte differences in enzyme 

expression, which may be induced by gradients of transcription factors or inducing 

components, or by differences in the presence of transporters. The number of enterocytes 

alone cannot explain the gradients, since activity patterns differed for the substrates used. 

 

The rate of 7EC O-deethylation in proximal small intestine (4.4 nmol/min/g intestine) is over 

100-fold higher than reported by others (10.3 and 16.6 pmol/min/mg microsomal protein in 

mucosa, which corresponds to 25 and 40 pmol/min/g intestine) using respectively 

microsomes and everted sacs of proximal small intestine [6]. As microsomal activities are 

measured under optimal cofactor conditions, one would expect at least equal or higher 

activities in microsomes compared with intact cells where cofactor concentrations may be 

suboptimal. Possibly the lower activity found with microsomes is caused by enzyme 

inactivation by proteases or their low isolation yield, which does not play a role when slices 

are used.  

Small intestinal specific activity per total protein was about 4-23% of the hepatic 7EC O-

deethylation, confirming the results of Shirkey et al. with microsomes [28]. However, when 

expressed per metabolically active epithelial cells, the activity is estimated to amount 8-47% 

of hepatocytes, indicating the high metabolic competence of epithelial cells.  

The metabolic activities toward TT found in our system (proximal: 360 and distal: 42 

nmol/min/g epithelial cell) are comparable with the androstenedione formation rates in 

scraped mucosa homogenates: 595-29-157 nmol/min/g intestinal mucosa (duodenum-ileum-

colon) reported by others [26]. In slices, epithelial cells of small intestine and colon are 

estimated to process androstenedione formation about 0.2-2 times faster than hepatocytes. 

However, the competence of colon epithelial cells is probably underestimated, since the 

scaling factor for small intestinal epithelial protein is used due to lack of colon data. The 

colon epithelial surface area is smaller than that of small intestine, whereas the muscle layer 

in colon is also thicker. In contrast, Sohlenius-Sternbeck et al. found in small intestinal S9-

fractions only 0.9-5.2% of the androstenedione formation measured in liver [7].  

7HC glucuronidation (36-72 nmol/min/g intestine) and sulphation in slices (2-6 nmol/min/g 

intestine) is about 1-5 times higher than in isolated epithelial cells (13.1 and 2.3 nmol/min/g 

intestine [20]). Interestingly, the rates of glucuronidation and sulphation in small intestinal 

and colon epithelial cells were estimated to be 1-3 times higher than the estimated rates of 

hepatocytes measured in liver slices.  
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The high metabolic rate in intestinal epithelial cells in comparison with the hepatocytes 

indicates the important role of the intestine in drug metabolism, its ability to contribute 

significantly to the in vivo first-pass metabolism and the risk of site-specific toxicity caused 

by toxic metabolites formed in the gut. 

 

Up till now, an adequate in vitro model to study enzyme induction in the intestine was 

lacking. To mimic enzyme induction in vitro, intact cellular machinery is required. Existing in 

vitro systems such as everted sacs and Ussing Chambers have never been proven to 

survive long enough to allow incubation with an inducer for 24 hours.  

In the present study, we found a clear induction of the metabolic activity of slices towards 

7EC after incubation for 24 hours with NF (induction via aryl hydrocarbon receptor [13]). 

Administered in vivo, NF was reported to significantly induce CYP1A1 mRNA, protein and 

activity [29] and 7EC O-deethylation in small intestine [30] and colon [31]. Our finding is also 

consistent with the induction of CYP1A1/1A2 and 2B1 mRNA by NF in intestinal slices 

reported by Martignoni et al. [27]. 

  

These data, showing a prominent induction of metabolic activity in slices after 24 hours of 

incubation, are a strong indication that the low basal metabolism of 7-EC after 24 hours of 

pre-incubation cannot be due to loss of viability only. After all, viability is indirectly indicated 

by inducibility and by a metabolic activity after induction being much higher than in the 

control slices at the first 3 hours of incubation. This decrease may rather indicate some kind 

of down-regulation, due to a lack of physiological stimuli, or to the loss of epithelial cells 

during incubation. Further study is required to confirm this hypothesis. 

 

In conclusion, the present study has shown that the intestinal slice model can serve as a tool 

to study drug metabolism in the intestine in vitro, since it was stable during at least 3 hours 

and comparable or even higher metabolic activities than described for other methods were 

observed. In addition, the model is able to detect gradients of metabolic activity along the 

intestine, inhibitory drug-drug interactions and induction responses. We conclude that the 

slice model is a promising tool to study these phenomena in small intestine and colon in 

vitro, also in human tissue in future.  
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Abstract  
The aim of this study was to evaluate drug metabolism in rat small intestinal and colon 

precision-cut slices during 24 h of incubation and their applicability for enzyme induction 

studies. Various parameters were evaluated: Intracellular levels of ATP (general viability 

marker), alkaline phosphatase activity (specific epithelial marker), villin expression (specific 

epithelial marker) and metabolic rates of 7-ethoxycoumarin (CYP1A), testosterone (CYP3A, 

2B) and 7-hydroxycoumarin (glucuronide and sulphate conjugation) conversions. ATP and 

villin remained constant up to respectively 5 and 8 h in small intestine and up to 24 h in 

colon. The metabolic rate remained constant in small intestine up to 8 h and decreased 

afterwards to 24-92%, depending on the substrate studied. The inducibility of metabolism in 

small intestinal and colon slices was tested with several inducers at various concentrations 

and incubation times. The following inducers were used: 3-methylcholanthrene, -

naphthoflavone, indirubin and tert-butylhydroquinone (AhR ligands), dexamethasone 

(PXR/GR ligand) and phenobarbital (CAR ligand). After incubation with inducers, metabolic 

rates were evaluated with 7-ethoxycoumarin and testosterone (phase I), and 7-

hydroxycoumarin (phase II) as substrate. All inducers elevated the metabolic rates and were 

consistent with the available published in vivo induction data. Induction of enzyme activity 

was already detectable after 5 h (small intestine) and after 8 h (colon) for 3-

methylcholanthrene and -naphthoflavone and was clearly detectable for all tested inducers 

after 24 h (up to 20-fold compared with non-induced controls). In conclusion, small intestinal 

and colon precision-cut slices are useful for metabolism and enzyme induction studies.  

 

 

 

 

 

 

 

 

List of non-standard abbreviations: 

AP: Alkaline phosphatase, bNF: -naphthoflavone, Ct value: Cycle threshold value, DEX: 

Dexamethasone, DMSO: Dimethylsulfoxide, DME: Drug metabolizing enzyme; IR: indirubin, PB: 

phenobarbital, pNPP: para-nitrophenylphosphate, tBHQ: tert-butylhydroquinone, TOH: 

hydroxytestosterone, TT: testosterone, 3MC: 3-methylcholanthrene, 7EC: 7-ethoxycoumarin, 7HC: 7-

hydroxycoumarin, 7HC-GLUC: 7-hydroxycoumarin glucuronide, 7HC-SULF: 7-hydroxycoumarin 

sulphate  
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Introduction 
The intestine is highly sensitive for drug-drug and drug-diet interactions, influencing drug 

metabolism by inhibition and induction of drug metabolizing enzymes (DMEs) [1]. This can 

lead to major changes in bioavailability of drugs and may also cause an imbalance between 

toxification and detoxification [2].  

 

An unfortunate and serious example of adverse drug-drug interactions is the induction of 

CYP3A4 and Pgp by St Johns Wort in transplantation patients, causing a serious decrease 

in cyclosporine plasma concentration, which can lead to organ rejection after transplantation 

[3,4]. The importance of the induction of CYP3A4 by St Johns Wort in the human intestine 

was demonstrated using the jejunal perfusion technique [5]. 

 

Pharmaceutical research would greatly benefit from an in vitro system to study drug-drug 

interactions in the human and animal intestine, to be able to predict potential substrate 

interactions and undesirable side effects/toxicity of drugs. Preferably, this should be a 

system that could also make use of human intestinal material, since many drug interactions 

are highly species specific. Such a system should consist of intact cells that remain viable, 

expressing genes and proteins and capable of metabolizing drugs for at least 24 h of 

incubation. Only a few in vitro systems have been reported to meet these criteria. Caco-2 

cells have been used for induction studies at enzyme activity level [6,7] and in LS180 cells at 

mRNA level [8]. However, these cell cultures clearly differ from the complex structure and 

metabolic function of normal intestinal tissue. The mouse intestinal explant technique is an 

intact tissue system that has been reported to be useful for studying the induction of fatty 

acid binding proteins [9]. Important in this respect is the precision-cut slice system, an intact 

tissue system in which induction at mRNA level has been described using rat small intestinal 

tissue [10]. At activity level, a first indication of the inducibility of DMEs in intestinal slices 

with -naphthoflavone (bNF) was reported by our laboratory [11].  

 

In the present study, we further assessed (A) the viability and metabolic capacity of rat small 

intestinal and colon precision-cut slices after long-term incubation (e.g. up to 24 h) and B) its 

applicability for DME induction studies. Viability was assessed after incubation by measuring 

the intracellular ATP levels in both small intestinal and colon slices. ATP levels measured in 

slices are indicative for the viability of all cell types in the tissue, but for drug metabolism 

studies the viability of the enterocytes is especially of interest. As viability marker for 

enterocytes, alkaline phosphatase activity was determined in small intestinal slices. In 

addition, gene expression of villin (epithelial marker) and GAPDH (housekeeping gene for all 

cells) was monitored up to 24 h of incubation. Finally, enzyme activity levels were evaluated 

using 7-ethoxycoumarin O-deethylation (7EC, CYP1A, phase I), testosterone hydroxylation 

(TT, CYP2B, CYP3A, phase I) and 7-hydroxycoumarin conjugation (7HC, glucuronidation 

and sulphation, phase II).  

In the study of DME induction, we focused on 3 major induction pathways: Induction via 

CAR (regulating CYP2B and CYP3A, [12]), PXR (mainly regulating CYP3A, but also CYP2B 

[12]) and AhR (CYP1A1 [2]). We chose -naphthoflavone (bNF) [2], 3-methylcholanthrene 

(3MC) [13], indirubin (IR) [14,15] and tert-butylhydroquinone (tBHQ) [16] as AhR ligands. 

Dexamethasone (DEX) was used as a GR/PXR ligand [17] and phenobarbital (PB) as a 
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CAR [12] ligand. Slices were incubated with several inducers at various concentrations and 

incubation periods (0, 5, 8 and 24 h), followed by 3 h of substrate incubation with 7EC, 7HC 

or TT. For PB studies, induction was also monitored at mRNA level (CYP2B15, CYP3A9, 

CYP1A1 and CAR). 

 

 

Materials and methods 

Chemicals   

Para-nitrophenylphosphate (pNPP), para-nitrophenol, 6-, 11-hydroxytestosterone (TOH), 

testosterone, androstenedione, 7HC, 7HC-glucuronide (7HC-GLUC), low gelling temperature agarose 

(type VII-A), DMSO and tertbutylhydroquinone (tBHQ) were purchased from Sigma-Aldrich Chemical 

Co. (St. Louis, MO). Gentamicin, Williams medium E with glutamax-I and amphotericin B (fungizone)-

solution were obtained from Gibco (Paisley, UK). 7EC and bNF were obtained from Fluka Chemie 

(Buchs, Switserland). 2-amino-2-methyl-1,3-propanediol (ammediol) was purchased from Aldrich 

(Steinheim, Germany). 16-TOH was obtained from Steraloids Inc. (Newport RI, USA). Acetic acid, 

sodium azide, sodium chloride and calcium chloride were obtained from Merck (Darmstadt, Germany). 

HEPES was obtained from ICN Biomedicals, Inc (Illkirch, France). 7HC-sulphate (7HC-SULF) was a 

kind gift from Mr. P. Mutch, GlaxoWellcome (Herts, UK). Phenobarbital (PB) was obtained from Bufa 

B.V. (Uitgeest, Holland). Dexamethasone (DEX) was purchased from Genfarma B.V. (Maarssen, 

Holland). 3-methylcholanthrene (3MC) was obtained from Supelco (Bellefonte, USA). Indirubin (IR) was 

obtained from Tebu-bio (Heerhugowaard, Holland). All reagents and materials were of the highest purity 

that is commercially available. 

Animals 

Male Wistar (HsdCpb:WU) rats weighing ca. 350 g were purchased from Harlan (Horst, The 

Netherlands). Rats were housed in a temperature- and humidity-controlled room on a 12-h light/dark 

cycle with food (Harlan chow no 2018, Horst, The Netherlands) and tap water ad libitum. The animal 

ethical committee of the University of Groningen approved the use of animals for these experiments.  

Preparation of precision-cut slices  

Under isoflurane/N2O/O2 anesthesia, the small intestine and colon were excised from the rat and put in 

ice-cold, oxygenated Krebs-Henseleit buffer (containing 10 mM HEPES and 25 mM D-glucose, pH 7.4). 

Segments of 3 cm were excised from the colon or small intestine (between 25 and 40 cm from the 

stomach) and subsequently flushed with ice-cold Krebs-Henseleit buffer. One side of the segment was 

tightly closed and then it was filled with 3% (w/v) agarose solution in 0.9% NaCl (37C) and cooled in 

ice-cold Krebs-Henseleit buffer, allowing the agarose solution to gel. Subsequently, the filled segment 

was embedded in 37C agarose solution using a pre-cooled (0C) tissue embedding Unit (Alabama 

R&D, Munford, AL USA). After the agarose solution had gelled, precision-cut slices (thickness about 

400 m and slice wet-weight of about 2 mg) were cut using a Krumdieck tissue slicer as described 

earlier [18]. 

Incubation of precision-cut slices 

The slices were incubated individually in a 12-wells culture plate (Greiner bio-one GmbH, 

Frickenhausen, Austria) in 1.3 ml Williams Medium E (with Glutamax-I), supplemented with D-glucose 
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(final concentration 25 mM), gentamicin (final concentration 50 g/ml) and amphotericin B (final 

concentration 2.5 g/ml). The culture plates were placed in a pre-warmed cabinet (37C) in plastic 

boxes, under humidified carbogen (95% O2 and 5% CO2) and shaken back and forth 90 times per 

minute.  

Viability testing 

Alkaline phosphatase activity: The precision-cut slices were incubated in triplicate for 0, 5, 8 and 24 

hours. After incubation, the slices were taken out of the wells, placed in 1 ml 0.05 M ammediol buffer 

(pH 9.8, at 4C) and medium and slices were stored separately at 4C until further analysis. Pilot 

experiments showed that the AP enzyme activity was stable during the storage period up to 48 hours. 

Just before analysis, slices and medium samples were homogenised by 15 seconds of sonication using 

a micro sonicator (Sonicsmaterials Danbury, Connecticut, USA). 5 l slice or 15 l medium 

homogenates were added to 190 l ammediol buffer (0.05 M pH 9.8) containing MgCl2 (final 

concentration 2 mM) in a 96-wells-plate (Costar, NY, USA), which was stored on ice. Subsequently, 10 

l pNPP (final concentration 1.25 mM) was added and the plates were incubated for 40 minutes at 

37
o
C. The reaction was stopped by addition of 20 l ice-cold 1 N NaOH. The amount of p-nitrophenol 

formed was measured using a plate reader at 405 nm.  

Intracellular ATP levels: Intracellular ATP levels in slices were evaluated up to 24 h of incubation. 

Directly after tissue excision, 3 pieces of tissue were snap-frozen as ‘in vivo’ controls. Intracellular ATP 

levels were determined according to the method described earlier [19]. ATP content was determined in 

2-8 experiments in triplicate. 

Gene expression levels: 2 g of total RNA, isolated from 6 snap-frozen slices using the RNeasy Mini 

Kit (Qiagen, Hilden, Germany), was used to synthesize 50 µl of cDNA using the Promega Reverse 

Transcription System (Promega, Madison, WI, USA). 1.25 µl cDNA was used in real-time PCR 

reactions using SYBRgreen reaction mixture (Applied Biosystems, Warrington, UK) and the appropriate 

primers listed in table I.  

Table I: Primer information of the rat genes under study  

Gene 
GenBank 
number 

Forward Primer (5’-3’) Reverse Primer (5’-3’) 

Villin XM_001057825 GCTCTTTGAGTGCTCCAACC GGGGTGGGTCTTGAGGTATT 

GAPDH XR_008524 CGCTGGTGCTGAGTATGTCG CTGTGGTCATGAGCCCTTCC 

CYP1A1 NM_012540 GGCACTCTGGACAAACACCT CAGCGGGCATGTTTTAAAGT 

CYP3A9 U60085 GGACGATTCTTGCTTACAGG ATGCTGGTGGGCTTGCCTTC 

CYP2B15 XM_001070774* GCTCAAGTACCCCCATGTCG ATCAGTGTATGGCATTTTACTGCGG 

CAR AB105071 ACCAGATCTCCCTTCTCAAG CTCGTACTGGAACCCTA 

* coding for CYP2B1 according to Caron et al. [20] 

Agarose gel electrophoresis and dissociation curves confirmed homogeneity of the PCR products. Only 

for CAR, a minor second product was formed in colon slices. The cycle threshold value (Ct value) is 

inversely related to the abundance of mRNA transcripts in the initial sample. Mean Ct value of duplicate 

measurements was used to calculate the difference of Ct value for the target gene and the reference 

villin gene (∆Ct), which was compared to the corresponding delta Ct value of the control experiment 

(∆∆Ct). Data are expressed as fold-induction of the gene of interest according to the formula 2
-∆∆Ct

. 
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Induction studies 

Precision-cut slices were prepared from small intestine (25-40 cm from the stomach) and colon and 

incubated with the selected inducers for several incubation times at various concentrations: bNF (0, 5, 8 

and 24 h pre-incubation at 50 µM), 3MC (0, 5, 8 and 24 h of pre-incubation at 5 µM), IR (0 and 24 h pre-

incubation at 10, 100 and 1000 nM), tBHQ (0, 5, 24 h at 50 M), DEX (0, 5, 24 h at 100 µM) and PB (0, 

8, 24 h at 2, 2.5, 4 and 8 mM). Subsequently, slices were transferred to fresh medium and incubated for 

another 3 h with different model substrates: TT (250 M), 7EC (500 M) or 7HC (500 M). The 

substrates were added as 100 times stock dissolved in MeOH (final medium concentration: 1% MeOH). 

As controls, slices were incubated without substrate and medium was incubated with only substrate 

without slice.  

The model inducers were added as a 200 time stock solution in DMSO (100 times for tBHQ) with a final 

concentration of 0.5 or 1% DMSO, with the exception of PB, which was directly added to the medium 

(0% DMSO). Control slices were incubated in medium supplemented with the same concentration 

DMSO (0, 0.5 or 1%). 

After 24 h of PB incubation (4 mM), slices were also harvested for RNA isolation. Expressions of several 

genes as a ratio to villin expression were tested: CYP2B15 (same primers are coding for CYP2B1 

according to others [20]), CYP3A9, CYP1A1 and CAR.  Further, slices were incubated with a 

combination of PB (4 mM) and DEX (1 µM) during 24 h; slice incubations with only DEX (1 µM) for 24 h 

were then used as controls.  

Metabolite analysis 

Testosterone analysis: After TT incubation, slice and medium were collected together and stored at -

20C until further use. Sample extraction and HPLC analysis was performed as described earlier [19].  

7EC and 7HC analysis: As it was previously shown that 7EC and 7HC and their metabolites are not 

significantly retained in the tissue, analysis was performed on medium samples only [18]. Medium 

samples were stored at –20C and analyzed for 7HC-GLUC and 7HC-SULF using HPLC analysis as 

described earlier [11]. Phase I metabolism of 7EC was calculated by adding up the amount of formed 

7HC, 7HC-GLUC and 7HC-SULF.  

Protein determination: 

After incubation with 7EC or 7HC, slices were stored at -20C until further use. After thawing, 20 l 5 N 

NaOH was added to the slice followed by 40 minutes of incubation at 37C to dissolve the tissue. 980 l 

water was added to dilute the NaOH concentration to 0.1 M, after which the mixture was homogenized 

by 5 seconds of sonication. Samples were diluted and the protein content was determined using Bio-

Rad protein assay dye reagent (Bio-Rad, Munich, Germany) using BSA as standard. After testosterone 

incubation, the protein of the slices was not determined. For these slices, the average protein contents 

of slices that were incubated with 7EC and 7HC within the same experiment were used.  

Statistics: 

Statistical significance was determined using Student’s t -test; p < 0.05 is considered significant. For 

gene expression the ∆∆Ct values were used to determine the statistical significance of differences.  
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Results 

Slice characterization during 24 h of incubation 

The viability of the slices was monitored by different parameters i.e. intracellular ATP levels, 

AP activity, gene expression levels and activity during incubation. 

Intracellular ATP levels  

The intracellular ATP levels were measured in small intestinal and colon slices at various 

time points during 24 h of incubation, to evaluate the viability (figure 1A). In small intestinal 

and colon tissue, the ‘in vivo’ intracellular ATP was resp. 0.8 and 0.9 nmol/mg protein and 

increased during the slicing procedure to resp. 3.9 and 2.4 nmol/mg protein (0 h), after 

which it decreased to resp. 1.0 and 1.7 nmol/mg protein after 24 h of incubation. In small 

intestinal slices, ATP levels remained constant up to 5 h and significantly decreased 

afterwards to 75% (8 h) and 25% (24 h), but this value at 24 h was not lower than the in vivo 

value. This is in contrast with colon slices in which no significant decrease was observed for 

24 h.  

Figure 1: Viability characterization of small intestinal and colon slices up to 24 h of incubation. Several 

parameters were monitored: intracellular ATP (A), alkaline phosphatase (only small intestine) (B), 

GAPDH mRNA expression (C) and villin mRNA expression (D). Results are mean ± SEM of slices of 2-

8 rats; in each experiment at least 3 slices were incubated per time point. 

 

Alkaline phosphatase activity: Alkaline phosphatase (AP) activity was measured in small 

intestinal slice tissue to assess the AP activity of epithelial cells of small intestine slice tissue 

during incubation as well as in the incubation medium (figure 1B). The AP activity within the 
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slice remained constant (approximately 100 U/min/slice) during incubation and increased in 

the incubation medium.  

 

GAPDH and villin expression: GAPDH and villin expressions were measured at various 

time points in both small intestine and colon slices. GAPDH (generally applied as 

housekeeping gene) remained constant up to 24 h of incubation in both organs (figure 1C). 

In colon slices, villin expression (figure 1D) also remained constant up to 24 h of incubation. 

In contrast, the villin expression in small intestinal slices was constant up to 8 h of incubation 

and decreased afterwards, possibly indicating that small intestinal slices lost epithelial cells 

after 8 h of incubation.  

 

Metabolic rates during incubation: Slices were pre-incubated for 0, 5, 8 and 24 h after 

which the metabolic conversion of several model compounds was monitored. In general, in 

both small intestinal and colon slices (table II and III), the metabolic activity was constant up 

to 8-11 h and thereafter decreased during incubation, but the rate of decline in activity varied 

between substrates. The activity rates were expressed per mg protein. For colon slices, the 

protein content per slice was constant up to 27 h. For small intestinal slices, however, the 

protein content per slice decreased during incubation to 71% (5 h), 64% (8 h) and 49% (24 

h) compared with 0-3 h incubated slices (data not shown). 

In small intestinal slices, 7EC metabolism and androstenedione, 7HC-GLUC and 7HC-SULF 

formation remained constant up to 11 h of incubation (table II). In contrast, the 6-TOH 

formation rate had already decreased, non-significantly, after 5 h of pre-incubation. Then, 

after 24 h of pre-incubation 7HC and 6-TOH formation significantly decreased to 38% and 

24% respectively compared with 0-3 h of incubation. Androstenedione, 7HC-GLUC and 

7HC-SULF formation tended to decrease, although not significantly, to respectively 43 and 

77% of the 0-3 h rates. 

Table II: Metabolic rates (pmol/min/mg protein) during 27 h of incubation and percentages of retained 

metabolic rates compared with 0-3 h of incubation in small intestinal slices. Results (mean  SEM) are 

extracted from figures 2 and 6 (n=3-8 rats), 7HC data are extracted from ‘not shown’ data.  

Metabolite formed 
0-3 h 

(100%) 
5-8 h (%) 8-11 h (%) 24-27 h (%) 

7HC (CYP1A, 1B) 18  3.2 14.9  5.9 (83) 16.3  4.2 (91) 6.8  4.5* (38) 

6-TOH (CYP3A) 16.1 ± 3.4 7.8  1.5 (48) 11.3  1.2 (70) 3.9  1.1** (24) 

Androstenedione 

(CYPs, 17-HSD) 
147  22 143  32 (97) 201  23 (137) 93  29 (63) 

7HC-GLUC 377  93 259  38 (69) 341  53 (91) 162  31 (43) 

7HC-SULF 39  9.6 41  8.1 (105) 45  8.2 (115) 30  8.4 (77) 

* Significantly different from 0-3 h with p < 0.05 

** Significantly different from 0-3 h with p < 0.01 

 

In colon slices, considerable activity (32-196%) was retained up to 27 h of incubation (table 

III). The metabolic rates for all tested reactions remained high (> 81%) after 8 h of pre-

incubation. 7HC-GLUC, 7HC-SULF and androstenedione formation remained constant up to 

27 h of incubation, but 7EC metabolism and 7HC sulphation decreased non-significantly to 

41 and 54% respectively. Formation of 6-TOH increased non-significantly to 196% after 24-

27 h of incubation compared with 0-3 h. 
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Table III: Metabolic rates (pmol/min/mg protein) during 27 h of incubation and percentages of retained 

metabolic rates compared with 0-3 h of incubation in colon slices. Results (mean  SEM) are extracted 

from figures 2 and 6 (n=3-6 rats), 7HC data are extracted from ‘not shown' data. 

Metabolite formed 0-3h (100%) 5-8h (%) 8-11h (%) 24-27h (%) 

7EC (CYP1A, 1B) 22.1  9.5 31.5  16 (143) 17.6  5.9 (80) 7.2  4.6 (32) 

6-TOH (CYP3A) 4.7  1.7 3.0  2 (64) 4.1  1.3 (87) 9.2  1.8 (196) 

Androstenedione 

(CYPs, 17-HSD) 
95  26 62  8 (65) 77  24 (81) 85  24 (90) 

7HC-GLUC 653  57 509  45** (78) 635  194 (97) 579  212 (89) 

7HC-SULF 64  6.4 58  6* (91) 58  16 (90) 50  7.5 (78) 

* Significantly different from 0-3 h with p < 0.05 

** Significantly different from 0-3 h with p < 0.01 

 

Induction studies 

BNF and 3MC 

Although the rate of 7EC conversion declined to 38 and 32% during incubations up to 27 h 

in respectively small intestine and colon, a very strong induction of phase I metabolism of 

7EC was found when slices were incubated with either bNF or 3MC (figure 2). In small 

intestinal slices (figure 2A) pre-incubated with bNF (50 M) or 3MC (5 M) for 5, 8 or 24 h, 

the metabolic rate increased strongly and was already prominent after only 5 h of pre-

incubation (> 16-fold compared with DMSO control). The fold induction was the highest after 

8 hours of pre-incubation (20-fold for bNF and 19-fold for 3MC) and remained prominent 

after 24 h of pre-incubation with a metabolic rate of 113 pmol/min/mg protein (12-fold for 

both bNF and 3MC; p < 0.05 compared with DMSO control for each time point).  

 

 

Figure 2: Induction of 7EC activity in precision-cut slices 

prepared from small intestine (25-40 cm from stomach) (A) 

and colon (B). Slices were pre-incubated for 0, 5, 8 and 24 

hours with control medium, 50 M -naphthoflavone (bNF), 

5 M 3-methylcholanthrene (3MC), 0.5% DMSO (solvent of 

bNF and 3MC stock solutions). Subsequently, slices were 

transferred to fresh medium containing 7EC (500 M) for 3 

h of incubation.  

Results are mean ± SEM of slices of 3-7 rats. In each 

experiment 3 slices were incubated per treatment. 

Significant differences toward the activities of slices 

incubated with 0.5% DMSO per incubation time are 

indicated with * p < 0.05, ** p < 0.01, *** p < 0.001.  
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In colon slices (figure 2B), metabolic conversion of 7EC was also induced by bNF and 3MC. 

When incubated for 8 or 24 hours with bNF or 3MC, the metabolic rate increased from 7.2 to 

146 and 62 pmol/min/mg protein respectively (p < 0.05), but was not significantly elevated 

after 5 h. Further, the induction (compared with DMSO controls) was the highest after 24 h 

of pre-incubation (21-fold with bNF and 10-fold with 3MC). After 8 h of pre-incubation, 

induction was 5-fold for bNF and 4-fold with 3MC. 

Slices of small intestine and colon were also incubated with 7HC after 0, 5, 8 and 24 h of 

pre-incubation with bNF and 3MC. Neither bNF nor 3MC influenced the conjugation rates of 

7HC (data not shown).  

 

Indirubin (IR) 

IR is reported to be an endogenous ligand for the AhR [21]. Therefore, small intestinal slices 

were pre-incubated with indirubin at various concentrations (10, 100, 1000 nM) for 24 h after 

which the metabolic rate of 7EC towards 7HC formation was determined (figure 3). A 

significant induction (6.1-fold compared with DMSO control) was observed after 24 h of pre-

incubation with 1000 nM IR (p < 0.05).  

 

Figure 3: Induction of 7EC activity in precision-cut slices prepared from small intestine (25-40 cm from 

stomach). Slices were incubated for 0 and 24 hours with control medium, 0.5% DMSO (solvent of IR 

stock solutions) and IR at different concentrations: 10 nM, 100 nM or 1000 nM. Subsequently, slices 

were transferred to fresh medium for 3 h of substrate incubation with 500 M 7EC. Results are mean ± 

SEM of slices of 4 rats. In each experiment 3 slices were incubated per treatment. Significant 

differences toward the activities of slices incubated with 0.5% DMSO are indicated with * p < 0.05.  
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Tert-butyl hydroquinone (tBHQ) 

Some phase II enzymes are reported to be induced by tBHQ via the AhR pathway [16]. To 

test the induction potential of tBHQ in rat intestine, we incubated slices (small intestine and 

colon) with tBHQ (50 µM) for 0, 5, and 24 h after which slices were incubated for 3 h with 

7HC. In small intestinal slices (figure 4A), a 1.7-fold induction was significant (p < 0.05) after 

24 h of incubation, (24 h DMSO control: 220  35 and 24 h induced levels: 365  62 

pmol/min/mg protein). No effect could be detected by tBHQ on 7HC glucuronidation after 5 h 

of incubation. In colon slices (figure 4B), no effect could be observed after pre-incubation 

with tBHQ. In addition, in both small intestinal and colon slices no effect was observed on 

7HC sulphation (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Induction of 7HC glucuronidation in precision-cut slices prepared from A) small intestine (25-

40 cm from stomach) and B) colon. Slices were pre-incubated for 0, 5 and 24 h with control medium, 

1% DMSO or 50 M tBHQ (1% DMSO) and subsequently transferred to fresh medium and incubated 

with 500 M 7HC for 3 h. Results are mean ± SEM of slices of 3-4 rats. In each experiment 3 slices 

were incubated per treatment. Significant differences are indicated with * p < 0.05. 
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Dexamethasone 

Small intestinal and colon slices were incubated with dexamethasone (100 M) to 

investigate the ability of this compound to induce metabolic enzymes in precision-cut slices 

(figure 5).  

When control slices were incubated with TT, two TT metabolites, namely 6-TOH and 

androstenedione, were detected. When small intestinal slices were pre-incubated with DEX 

for 5 or 24 hours, the rate of 6-TOH formation (figure 5A) increased 1.7-fold, from 11.6 

(control) to 18 pmol/min/mg protein (p < 0.08 compared with DMSO control) after 5 h and 

2.3-fold, from 4.5 (control) to 10.1 pmol/min/mg protein (p < 0.05 compared with DMSO 

control) after 24 h. For androstenedione formation (figure 5B), only a slight, non-significant 

increase was observed after 24 h of pre-incubation (from 53 to 78 pmol/min/mg protein).   

In colon slices (figure 5C/D), 6-TOH formation was not significantly increased by DEX. 

However, in 5 out of 6 experiments a slight, but non-significant increase in 6-TOH 

formation was observed after 5 h of incubation. After 24 h of pre-incubating colon slices with 

DEX, a small non-significant elevation of androstenedione formation from 68 to 95 

pmol/min/mg protein was observed.  

 

 

 

 

Figure 5: Induction of TT conversion to 

6-TOH (A, C) and androstenedione (B, 

D) in precision-cut slices prepared from 

small intestine (25-40 cm from stomach, 

A, B) and colon (C, D). Slices were 

incubated for 0, 5 and 24 hours with 

control medium, 0.5% DMSO or 100 M 

dexamethasone (DEX) and subsequently 

transferred to fresh medium and 

incubated with 250 M TT for 3 hours. 

Results are mean ± SEM of slices of 3-6 

rats. In each experiment 3 slices were 

incubated per treatment. Significant 

differences toward the activities of slices 

are indicated with * p < 0.05.  
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Phenobarbital (PB) 

Small intestinal and colon slices were incubated with PB (0, 2, 2.5, 4 and 8 mM) to study the 

influence of this compound on the metabolic conversion of TT, 7EC and 7HC (figure 6).  

In small intestinal and colon slices, an effect of PB at 4 mM, but not at 2 mM, on 7HC 

glucuronidation was observed (figure 6A, p < 0.02 compared with control (0 mM after 24 h) 

and figure 6F, p < 0.04)). Sulphation, however, was not affected (figure 6B and figure 6G).  

Figure 6: Influence of PB on 7HC-glucuronidation, 7EC and TT metabolism in precision-cut slices 

prepared from small intestine (25-40 cm from stomach, A-E)) and colon (F-J). Slices were pre-incubated 

for 0 and 24 h with control medium, 2 mM or 4 mM PB and transferred to fresh medium with 7HC (500 

M,6A/B, F/G) for 3 h of substrate incubation. Slices were pre-incubated for 0, 5, 8 and 24 h with 2.5 

mM PB and then transferred to fresh medium containing either 7EC (500 M, 6C, 6H) or TT (250 M, 

6D/E and 6I/J) for 3 h of additional incubation. Results are mean ± SEM of slices of 3-6 rats. In each 

experiment 3 slices were incubated per treatment. Significant differences towards 24 h control are 

indicated with * p < 0.05, ** p < 0.01.  

 

Doubling the concentration of PB to 8 mM drastically decreased the glucuronidation rate in 

small intestine and colon to 0.2 and 21% respectively and the sulphation rate to 60 and 7% 

respectively. To investigate whether PB affected the viability of small intestinal slices, control 

incubations with 2, 4 and 8 mM PB were performed and the intracellular ATP levels 

measured afterwards. Concentrations of 0, 2 and 4 mM PB had no effect on the ATP 
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content (0.9 nmol ATP/mg protein), but it decreased drastically when slices were incubated 

with 8 mM (0.2 nmol ATP/mg protein).  

In small intestine and colon, PB (2.5 mM) induced the metabolic rates of 7HC formation 

(figure 6C and figure 6H). Induction was detectable after 8 h (1.8-fold in small intestine and 

2.9-fold in colon compared with control) and 24 h of pre-incubation (3.1-fold in small 

intestine and 4.1-fold in colon compared with control). Induction was only significant in colon 

(p < 0.05) after 8 h of pre-incubation. However, the induction in small intestine was clear, 

since prominent increases of metabolic rates were found in 3 out of 4 experiments after 8 h 

and 3 out of 3 experiments after 24 h. 

PB (2.5 mM) did not influence the formation of 6-TOH (figure 6D and 6I) or 

androstenedione (figure 6E and 6J). 

 

Gene expression during incubation: PB was expected to induce CYP2B. However, the 

formation of 16- and 16-TOH was below the detection limit in intestinal slices and 

remained undetectable after 24 h of pre-incubation with PB. Therefore, the presence of CAR 

and CYP2B15 mRNA was investigated during incubation. Slices were harvested after 

different incubation periods: 0, 5, 8, 24 h in control medium. Slice preparation (small 

intestine and colon) did not influence the expression of CAR and CYP2B15 (data not 

shown). Incubation of small intestinal and colon slices for 24 h did not change CAR 

expression either. CYP2B15 mRNA expression, however, had already decreased in both 

tissues significantly after 5 h of incubation (small intestine: 12 ± 0.05% of control value with 

p < 0.05; colon: 28 ± 14% of control value with p < 0.05) and remained low up to 24 h of 

incubation (small intestine 5 ± 0.1% of control value; colon: 41 ± 21% of control value).  

In small intestine, PB did not induce the CYP2B15 mRNA expression (figure 7A). In 

contrast, CYP3A9 (1.7-fold, p < 0.05) was significantly increased. CYP1A1 (8.6-fold), CAR 

(3.5-fold) mRNA expressions were also induced in all individual experiments (figure 7A/B). 

Addition of DEX to the incubation medium did not affect the inducing ability of PB for the 

P450s tested. Furthermore, several pilot experiments were performed incubating proximal 

jejunum slices for 5 h with either PB (4 mM) alone or with PB (4 mM), DEX (10 M), insulin 

(1 M) and 5% FCS (as described by others [10]) using proper controls without PB. All 

above-mentioned incubation conditions did not induce CYP2B15 mRNA levels (data not 

shown). 

In colon slices (figure 7C/D), however, CYP2B15 mRNA expression tended to increase after 

PB incubation in 3 out of 6 experiments. The induction of CYP1A1 (7-fold), CYP3A9 (2-fold, 

p < 0.05) and CAR (4-fold, p < 0.05) expression was found in all experiments performed 

(n=5-6). Medium supplementation with DEX (1 M) increased significantly the induction of 

CYP2B15 from 4 up to 72-fold in colon. Furthermore, CYP3A9 and CYP1A1 induction 

remained significant after incubation with both PB (4 mM) and DEX (1 M) compared with 

only DEX (1 M) supplementation as a control.  
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Figure 7: Gene expression of small intestinal (25-40 cm from stomach) (A,B) and colon (C,D) slices 

after 24 h of incubation with control medium, PB (4 mM), PB (4 mM) + DEX (1µM) or DEX (1µM). 

Several genes were studied: CYP2B15, CYP3A9, CYP1A1 (A, C) and CAR (B, D). Slice incubation 

Expression is corrected for villin and the control values were set at 1. Horizontal line indicates control 

levels (fold-induction = 1). Results are mean  SEM of 4-6 experiments. In each experiment 6 slices 

were incubated per treatment and harvested together. Significant differences towards 24 h control 

medium are indicated with * p < 0.05, ** p < 0.01. Significant differences between PB + DEX and DEX 

incubations are indicated with # p < 0.05. 

 

 

Discussion 
Recently, we presented rat intestinal precision-cut slices as a tool to study drug metabolism 

up to 3 h of incubation [11,18]. In the present study, we further investigated the applicability 

of intestinal slices up to 24 h of incubation for both metabolism and induction studies. 

Therefore, we evaluated the viability up to 24 h of incubation and treated slices up to 24 h 

with 5 prototypical inducers after which drug metabolism was evaluated.  

 

Intracellular ATP levels are considered to be a proper measure for the overall viability of the 

tissue. The intracellular ATP levels of small intestinal and colon tissue directly after excision 

(‘in vivo’ levels) were 0.9 nmol/mg protein, but increased during slicing, which is similar to 

what was reported for rat liver and lung slices [22]. It suggests that ATP is also synthesized 

during the slicing procedure at 4ºC in the presence of oxygen, which is in agreement with 
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findings by others [23]. The ATP levels in small intestine remained constant up to 8 h, after 

which it declined to 25% of control values after 24 h, but it was never lower than the tissue 

value. 

Furthermore, the viability of the enterocytes (metabolizing cells) was studied in more detail. 

The AP activity in slices remained constant up to 24 h. In addition, the increase of enzyme 

activity in medium indicates that the cells are capable of de novo synthesis of AP during 

incubation. In addition, villin expression was evaluated during incubation, as it is commonly 

considered the housekeeping gene for enterocytes [24] in which it is exclusively expressed 

[25].  

Assuming that A) the protein content is a measure for the amount of tissue in the slice, B) 

the expression of villin is directly correlated to the amount of enterocytes in the slice, and 

taking into account that C) GAPDH remained constant in both small intestinal and colon 

slices up to 24 h, our results indicate that in colon slices no cells are lost up to 24 h, since all 

parameters, that were tested, remained constant (villin and GAPDH expression, the amount 

of protein per slice, ATP and activity levels). In small intestinal slices, based on the 

decreased protein content, it seemed that some cells are lost during the first 8 h. The 

constant levels of villin, GAPDH and metabolic rates expressed per protein indicate that this 

occurs to the same extent for all cell types present in the slice. After 8 h of incubation, 

however, small intestinal slices have lost more enterocytes in relation to other tissue cells, 

as judged by the decreased villin expression per total RNA. The protein content of the slices 

decreases to about 50% after 24 h. The activity per mg protein decreased after 8 h of 

incubation, but remained clearly detectable after 24 h. The decline was different for the 

various metabolic reactions tested and this might be explained by either lack of endogenous 

stimuli present in the incubation medium (‘de-induction’) and/or differences in half-lives of 

various iso-enzymes, being in agreement with earlier findings by others in rat liver slices [26] 

and cultured rat hepatocytes [27]. The decrease in villin can at least partly be explained by 

the normal apoptosis of enterocytes, since the in ‘vivo’ lifespan of these cells is 

approximately 2 days [28]. Apparently, in the slices proliferation cannot compensate for the 

loss of cells by apoptosis. However, further research is needed to support this hypothesis. 

 

Summarizing this data, colon slices remain viable up to 24 h of incubation; in small intestinal 

slices the ATP content and the amount of enterocytes per slice decrease after 8 h. In 

addition, some metabolic activity is lost after 8 h, but remains clearly detectable after 24 h of 

incubation. Therefore, small intestinal slices can be used for metabolism studies 

quantitatively up to 8–11 h and qualitatively up to 24-27 h. The observed decrease in 

metabolic rate is in accordance with those found in hepatocytes, but, like in hepatocyte 

studies, this does not necessarily impede detection of induction by inducing drugs [29]. 

 

Slices were incubated with model inducers to test the applicability of slices for induction 

studies. In a recent study, we showed the induction of 7EC O-deethylation after 24 h of BNF 

exposure in both small intestine and colon slices [11]. In the current study, induction of 7EC 

O-deethylation (CYP1A) was observed with bNF, 3MC (small intestine and colon) and IR 

(small intestine), well-known AhR ligands [2,13,14]. This is in line with published in vivo 

studies, in which orally administered bNF or 3MC induced 7EC O-deethylation 2-100 fold in 

small intestine [30-32].  
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In our in vitro studies, induction (at activity level) was already clearly detectable after 5 h in 

small intestinal slices and is in line with in vivo studies showing CYP1A1 induction in rat 

small intestine readily 3 h [33] and 12 h after bNF administration [34]. Unfortunately, no such 

data is available for colon tissue, which impedes comparison with results of the present 

study. 

The AhR pathway is known to be involved in the induction of both phase I [13] and II 

metabolism [35]. tBHQ (AhR ligand [16]) has been reported to induce UGT activity in Caco-2 

cells [6] indeed induced glucuronidation in small intestinal slices, but not in colon slices. 

However, two other AhR ligands, 3MC and bNF, did not induce 7HC conjugation (via 

UGT1A6 [36], UGT1A7/8 [37]), which is in line with reported findings that UGT1A6-8 mRNA 

expression was not induced in rat duodenum after in vivo administration of bNF [38].  

Dexamethasone, a known rodent PXR agonist at the concentration used, induces CYP3A in 

rat [39]. In the present study, induction of 6-TOH formation by DEX was observed readily 

after 5 h (although not significant) and 24 h and is in agreement with in vivo studies showing 

the induction of the CYP3A1/2 protein [34] and mRNA [10]. In colon tissue, 6-TOH 

formation was slightly but non-significantly induced after 5 and 24 h in 5 out of 6 

experiments. Possibly, it may take longer than 24 h to induce CYP3A activity in colon as 

was reported in Caco-2 cells [40].  

 

PB induces DMEs via CAR [12]. In the present study, 7HC glucuronidation was induced by 

PB in both organs. In contrast to our findings, in vivo administered PB was reported not to 

induce UGT1A6-8 in rat duodenum [38]. 7EC O-deethylation (CYP1A) was induced by PB 

(2.5 mM) in both small intestine and colon and is in line with findings in hepatocytes, 

showing CYP1A1 induction of PB [41]. 

Testosterone appeared not to be a good substrate for CYP2B metabolism in intestinal slices 

and therefore mRNA expression was examined. However, no induction of CYP2B15 

expression was observed, despite the continuous expression of CAR during 24 h of 

incubation. In contrast, induction of CYP1A1 (confirming our activity data), CYP3A9 and 

CAR mRNA was observed in both organs. 

In rat hepatocytes, it was shown that addition of DEX (100 nM) to the medium increased the 

inducibility of CYP2B in rat hepatocytes [42]. In colon, but not in small intestinal slices, this 

addition appeared to enormously induce CYP2B15 mRNA. This suggests that PB mediated 

induction is differentially regulated in rat small intestine and colon, but should be confirmed 

in further research.  

 

In this study, induction was detected after 5, 8 and/or 24 h of exposure dependent on the 

inducer. In small intestine, induction after 3MC and BNF was readily detectable after 5 h and 

the highest after 8 h, but induction after tBHQ and DEX was only detectable after 24 h of 

incubation. These data suggest that for proper detection of inducing capacity of drugs, 

intestinal precision-cut slices should be incubated with these drugs for several incubation 

times.   

 

To conclude, small intestinal and colon precision-cut slices are useful tools for drug 

metabolism studies quantitatively up to 24-27 h using colon and when using small intestine 

quantitatively up to 8–11 h and qualitatively up to 24-27 h. The current study demonstrates 
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that this model is also very suitable to study drug-induced induction of metabolism in vitro in 

the intestine, since the AhR, PXR and CAR pathway are functioning in both small intestinal 

and colon slices. This provides an opportunity to further investigate mechanisms of induction 

in various regions. Moreover, when applied also to human tissue, it may predict and 

increase our understanding of drug-induced changes in intestinal metabolism and 

bioavailability in patients.  
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Abstract  
Induction of drug metabolizing enzymes in the intestine can result in a marked variation in 

the bioavailability of drugs and cause an imbalance between local toxification and 

detoxification. In vivo gradients of drug metabolizing activity are demonstrated along the 

intestinal tract, but knowledge on the regional differences in induction is scarce. Previously, 

we showed that induction can be studied in vitro using intestinal tissue slices. This method 

allows investigation of induction processes in the different regions of the intestine under 

identical conditions. With use of this method, we compared the extent of induction of drug 

metabolizing activity in duodenum, jejunum, ileum and colon in vitro with that in vivo. 

After in vivo (oral dosing) or in vitro (slice incubation) exposure to -naphthoflavone (AhR 

ligand), dexamethasone (PXR/GR ligand) or phenobarbital (CAR modulator), the metabolic 

conversion rates of 7-ethoxycoumarin, testosterone and 7-hydroxycoumarin were 

determined in slices prepared from duodenum, jejunum, ileum and colon. 

The in vitro responses to -naphthoflavone and dexamethasone were largely comparable 

with the responses in vivo with one exception. 7-ethoxycoumarin O-deethylation was highly 

induced in colon by exposure to -naphthoflavone in vitro, but not in vivo. Furthermore, all 

regions of the intestine were highly sensitive for induction by -naphthoflavone. 

Dexamethasone induction was prominent in duodenum and ileum, but the effect was 

virtually absent in jejunum and colon. These differences appeared to parallel the differences 

in the expression levels of the responsible nuclear receptors. Although significant PB 

responses could not be detected in vitro, androstenedione, 16-hydroxytestosterone and 

16-hydroxytestosterone formation were induced in duodenum and jejunum after exposure 

in vivo. 16- and 16-hydroxytestosterone formations were also elevated in ileum, but not in 

colon despite the observation that CAR was equally expressed in all regions of the intestinal 

tract. In conclusion, induction responses detected with the intestinal precision-cut slice 

system satisfactorily represents the induction responses obtained after in vivo exposure, 

except for PB mediated induction. Moreover, comparison of in vivo with in vitro induction 

demonstrates that regional differences in induction in vivo can at least partly be explained by 

the different exposure to inducers. 

 

 

 

 

 

 

 

 

 

The abbreviations used are:  

AhR: Aryl hydrocarbon Receptor, BNF: -naphthoflavone, CAR: Constitutive androstane receptor, DEX: 

Dexamethasone, DMEs: Drug metabolizing enzymes, DMSO: Dimethylsulfoxide, DTs: Drug 

transporters, GR: Glucocorticoid receptor, NRs: Nuclear receptor, PB: Phenobarbital, PXR: Pregnane X 

receptor, RXR: Retinoid X Receptor, TOH:  Hydroxytestosterone, TT: Testosterone, 7EC: 7-

ethoxycoumarin, 7HC: 7-hydroxycoumarin, 7HC-GLUC: 7-hydroxycoumarin glucuronide, 7HC-SULF: 7-

hydroxycoumarin sulphate  
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Introduction 
The sensitivity of drug metabolizing enzymes (DMEs) to inducers is a major concern in the 

development of new drugs. This can result in a marked variation in the bioavailability of 

drugs and can also cause an imbalance between toxification and detoxification [1]. The rat 

intestine possesses a broad spectrum of DMEs [2] and their sensitivity to inducers has been 

inferred from in vivo studies by administering prototypical inducers, such as -

naphthoflavone (BNF) or dexamethasone (DEX) orally [3,4] or intraperitonially [5,6].  

 

The rat intestine is a heterogeneous organ in many aspects, particularly with respect to 

expression of DMEs [7,8] and nuclear receptors involved in regulation of DMEs. PXR is one 

of the important nuclear receptors (NR) involved in the regulation of the expression of 

DMEs, such as CYP3A [9] and its expression level is higher in rat colon than in small 

intestine [10]. The pattern of CAR (constitutively activated receptor) expression along the 

intestinal tract has not been described to date. The aryl hydrocarbon receptor (AhR) has 

been described to be constant [11] or decrease [6] in distal direction, whereas glucocorticoid 

receptor (GR) is higher in colon and ileum than in  duodenum and jejunum [12].  

 

Although intestinal DMEs have been proven to be sensitive to inducers, it remains unclear to 

what extent this induction takes place in the different regions of the intestinal tract. 

Knowledge about the extent to which induction occurs in intestinal regions can be very 

valuable for the interpretation of absorption data along the intestinal tract. Zhang et al. 

reported a decreasing induction of CYP1A1 in distal direction of rat small intestine after in 

vivo administration of BNF [6]. It has not been studied, however, whether this pattern was 

the result of a decrease in inducer concentration along the gut, or that the intestine in distal 

direction actually is less sensitive to induction. Therefore, an in vitro method is needed that 

enables determination of the potential of new drugs to induce DMEs in the different regions 

of the intestine under identical circumstances.  

In addition, both animal welfare as well as the budget for drug safety research would benefit 

from such studies, since the slice technique represents an alternative to in vivo studies. 

Moreover, in vitro test methods offer the possibility to study induction in human organs. To 

adequately predict induction in vitro, however, a model should be selected in which the 

functionality of all the above-mentioned pathways has been proven. Induction of DMEs in 

intestine via the AhR pathway has been studied with Caco-2 cells, but these cells lack PXR 

expression and are therefore less suitable to study PXR responses [13]. Our laboratory 

recently presented rat intestinal precision-cut slices as an in vitro model for studying enzyme 

induction and showed that the results of these studies were in line with published in vivo 

data [14]. 

 

In the current study, we investigated the extent of induction of DME activity at various 

regions of the intestinal tract both in vivo and in vitro. For this purpose, animals were orally 

dosed with DEX, BNF or PB after which the induction responses at enzyme activity level 

were studied in tissue slices prepared from the various regions of the intestine. In addition, 

slices from the same regions of the intestine of untreated animals were exposed to DEX, 

BNF or PB in vitro, after which metabolic conversion of several substrates was measured. 

To facilitate the interpretation of the findings, the mRNA expression of villin (a specific 
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marker for enterocytes), GAPDH (a house keeping gene for all cell types) and the nuclear 

receptors AhR, CAR and PXR was measured relative to villin in samples from non-treated 

animals. 

 

 

Materials and methods 

Chemicals 

6-, 14-, 15-, 11-hydroxytestosterone (TOH), testosterone, androstenedione, 7HC, 7HC-glucuronide 

(7HC-GLUC), low gelling temperature agarose (type VII-A), DMSO, and DEX were purchased from 

Sigma-Aldrich Chemical Co. (St. Louis, MO). Gentamicin, Williams medium E with glutamax-I and 

amphotericin B (Fungizone)-solution were obtained from Gibco (Paisley, UK). 7EC and BNF were 

obtained from Fluka Chemie (Buchs, Switserland). 2-, 16-, 16-, 19-, and 11-TOH were obtained 

from Steraloids Inc. (Newport RI, USA). HEPES was obtained from ICN Biomedicals, Inc. (Eschwege, 

Germany). 7HC-sulphate (7HC-SULF) was a kind gift from Mr. P. Mutch, GlaxoWellcome (Herts, UK). 

All reagents and materials were of the highest purity that is commercially available. 

Animals 

Male Wistar (HsdCpb:WU) rats weighing ca. 350 g were purchased from Harlan (Horst, The 

Netherlands). Rats were housed in a temperature- and humidity-controlled room on a 12-h light/dark 

cycle with food (Harlan chow no 2018, Horst, The Netherlands) and tap water ad libitum.  

Animals received a single dose of BNF (40 mg/kg body weight), DEX (40 mg/kg body weight) or olive oil 

(0.5 ml, vehicle) between 10 and 12 a.m. by oral cavage, and 24 h later the animal was sacrificed. 

Animals were exposed during 36 h to PB via drinking water, which was supplemented with 0.5% PB 

(w/v) at 6 pm and 36 h later the rats were sacrificed. The animal ethical committee of the University of 

Groningen approved the use of animals for these experiments. 

Preparation of precision-cut slices  

Under isoflurane/N2O/O2 anesthesia, the small intestine and colon were excised from the rat and put in 

ice-cold, oxygenated Krebs-Henseleit buffer (containing 10 mM HEPES and 25 mM D-glucose, pH 7.4). 

Different segments of the small intestine were used for further preparation: duodenum (D; 0-10 cm from 

the stomach), jejunum 1 (J1; 25-40 cm from the stomach), jejunum 2 (J2; 40-50 cm from the stomach. 

and ileum (I; last 5 cm of the small intestine). In some experiments only one part of jejunum (J) was 

tested, in those cases, slices were prepared from jejunum 2. For colon slices, the whole organ was 

used. Each segment was divided into 3 cm segments, flushed with ice-cold Krebs-Henseleit buffer, 

tightly closed at one side, filled with 3% (w/v) agarose solution in 0.9% NaCl (37
o
C) and cooled in ice-

cold Krebs-Henseleit buffer, allowing the agarose solution to gel. Subsequently, the filled segment was 

embedded in 37
o
C agarose solution using a pre-cooled (0

o
C) tissue embedding Unit (Alabama R&D, 

Munford, AL USA). After the agarose solution had gelled, precision-cut slices (thickness about 400 m 

and weight about 2 mg) were cut using a Krumdieck tissue slicer as described before [15]. 

Incubation of precision-cut slices 

The slices were incubated individually in a 12-wells-culture-plate (Greiner bio-one GmbH, 

Frickenhausen, Austria) in 1.3 ml Williams Medium E (with Glutamax-I), supplemented with D-glucose 

(final concentration 25 mM), gentamicin (final concentration 50 g/ml) and amphotericin B (final 
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concentration 2.5 g/ml). The culture plates were placed in a pre-warmed cabinet (37
o
C) in plastic 

boxes. Slices were incubated under humidified carbogen (95% O2 and 5% CO2) and shaken back and 

forth 90 times per minute.  

In vitro induction studies 

Precision-cut slices prepared from duodenum (D), jejunum 1 (J1), jejunum 2 (J2), ileum (I) or colon (C) 

of non-treated rats were pre-incubated (in triplicate) for 0 and 24 hours with BNF (final concentration 50 

µM), DEX (final conc. 100 M), PB (final concentration 2.5 mM) or 0.5% DMSO as control.  

After 0 or 24 hours of pre-incubation, slices were either harvested in N2(l) for mRNA analysis or 

transferred to fresh medium (pre-warmed and pre-gassed) and incubated for 3 hours with TT (final 

conc. 250 M), 7EC (final conc. 500 M) or 7HC (final conc. 500 M), by addition of 13 l of a 100x 

stock solution in methanol to the 1.3 ml medium. TT was used as a substrate to test induction by DEX; 

7EC and 7HC metabolism were studied as a measure for induction by BNF, whereas TT and 7HC 

metabolism were studied as a measure for induction by PB. Each experiment was performed in 3-4 rats 

in triplicate. 

In vivo induction studies 

After in vivo treatment of rats through oral administration of DEX, BNF, PB or olive oil, precision-cut 

slices were prepared from duodenum (D), jejunum 1 (J1), jejunum 2 (J2), ileum (I) or colon (C) and 

incubated for 3 hours with TT (final conc. 250 M), 7EC (final conc. 500 M) or 7HC (final conc. 500 

M) as described for in vitro induction studies. Each experiment was performed in 3-4 rats in triplicate 

using 3 slices per experiment. 

Sample analysis 

Metabolite analysis: After TT incubation, slice and medium were collected together and stored at –

20
o
C until further use. The analysis was performed as described in an earlier study [16].  

As it was previously shown that 7EC and 7HC and their metabolites are not significantly retained in the 

tissue, analysis was performed on medium samples only as has been described earlier [15]. Total 7EC 

metabolism, which occurs via phase I metabolism and subsequent conjugation with either glucuronide 

or sulphate, was calculated from the total 7HC, 7HC-GLUC and 7HC-SULF formation. All experiments 

were performed in at least 3 rats in triplicate. 

 

RNA isolation and analysis of gene expression levels: Pieces of tissue from several regions of the 

intestinal tract of non-treated rats were snap-frozen in N2(l) and analyzed as described before [16]. The 

matching primers are listed in table I.  

Table 1: Primer information of the rat genes under study  

Gene 
GenBank 
number 

Forward Primer (5’-3’) Reverse Primer (5’-3’) 

Villin XM_001057825 GCTCTTTGAGTGCTCCAACC GGGGTGGGTCTTGAGGTATT 

GAPDH XR_008524 CGCTGGTGCTGAGTATGTCG CTGTGGTCATGAGCCCTTCC 

AhR NM_013149 GGGCCAAGAGCTTCTTTGATG GCAAATCCTGCCAGTCTCTGA 

PXR NM_052980 GATGATCATGTCTGATGCCGCTG GAGGTTGGTAGTTCCAGATGCTG 

CAR AB105071 ACCAGATCTCCCTTCTCAAG CTCGTACTGGAACCCTA 
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Agarose gel electrophoresis and dissociation curves confirmed homogeneity of the PCR products. Only 

for CAR, a minor secondary product was formed when mRNA from colon was analyzed. All experiments 

were performed in 3-4 rats. The cycle number at the threshold (Ct) is inversely related to the abundance 

of mRNA transcripts in the initial sample. Mean Ct of duplicate measurements was used to calculate the 

difference of Ct for the target gene and the reference villin gene (∆Ct), which was compared to the 

corresponding delta Ct of the control experiment (∆∆Ct). Data are expressed as fold-induction of the 

gene of interest according to the formula 2
-∆∆Ct

. 

Protein determination 

After incubation with 7EC and 7HC, slices were stored at –20
o
C until further use as has been described 

in an earlier study [8]. 

Statistics 

Statistical significance was determined using Student’s t -test. For analyzing statistical significance in 

mRNA expressions data were calculated on ∆∆Ct.  

 

 

Results 

Gene expression levels along the intestinal tract 

Villin expression tended to increase from duodenum to jejunum 1, and then decreased from 

jejunum 2 to colon in non-treated rats (figure 1).  

Figure 1: Levels of villin (A), GAPDH (B), PXR (C), CAR (D) and AhR (E) mRNA expression along the 

intestinal tract (D: duodenum, J1: jejunum 1, J2: jejunum 2, I: ileum, C: colon). Average expression level 

of D is set at 1. Results are mean ± SEM of 3-4 rats. Significant differences towards D are indicated with 

* p < 0.05. 
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GAPDH was constant along the small intestine, but was significantly lower in colon. The 

basal mRNA expression of PXR along the intestinal tract showed a similar expression profile 

as AhR. The expression levels related to villin decreased from duodenum to jejunum 2 

(significantly for AhR expression, p < 0.05) and then increased, significantly, up to and 

including the colon. The expression levels of CAR related to villin were constant along the 

intestinal tract. 

Metabolic rates along the intestinal tract 

The metabolic rates of 7EC were similar in duodenum and jejunum and were approximately 

3-fold lower in ileum and colon with a significant difference between duodenum and ileum (p 

< 0.05) (figure 2). The 6-hydroxylation rate of testosterone was 21.5 pmol/mg protein/min in 

duodenum and was much lower in ileum (4.9 pmol/mg protein/min, p < 0.05) and in colon 

(1.4 pmol/mg protein/min, p < 0.05). The androstenedione formation rate was highest in 

duodenum (195 pmol/mg protein/min), followed by jejunum (119 pmol/mg protein/min), 

whereas the levels in ileum and colon were 43 and 55 pmol/mg protein/min respectively. 

CYP2B mediated reactions (16 and 16 hydroxylation of testosterone) were equal in 

duodenum and jejunum (16-TOH: 8.1; 16-TOH: 7.0 pmol/mg protein/min) and were barely 

detectable in ileum and in colon. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Metabolic activity along the intestinal tract. Precision-cut slices from small intestine were 

prepared at distinct regions (D: duodenum, J: jejunum 2, I: ileum, C: colon) and incubated for 3 hours 

with testosterone. The formation rates of 7HC (A), 6-TOH (B), androstenedione (C), 16-TOH (D) and 

16-TOH (E) are depicted. Results are mean ± SEM of 3 rats. Significant differences toward D are 

indicated with * p < 0.05.  
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Induction studies 

BNF exposure in vitro and in vivo  

Both in vivo and in vitro 7EC metabolism was increased by BNF in all regions of the 

intestine, with the exception of the colon, in which no induction was found in vivo compared 

with olive oil treated controls (figure 3). The induction of the metabolic rate of 7EC 

conversion by BNF in duodenum was higher in vivo (47-fold) than after exposure in vitro (5-

fold). 

Figure 3: Induction of 7EC metabolism in precision-cut slices prepared from small intestine (D: 

duodenum, J1: jejunum 1, J2: jejunum 2, I: ileum, C: colon) after in vitro (A) and in vivo (B) exposure to 

BNF for 24 h. In the in vitro induction studies, slices were pre-incubated for 24 hours with 0 (0.5% 

DMSO) or 50 M -naphthoflavone (BNF) and subsequently incubated for 3 h with 7EC (A). In the in 

vivo induction studies, animals were orally exposed for 24 h with nothing (control), olive oil (vehicle of 

BNF) or BNF. Subsequently, slices were prepared and incubated for 3 h with 7EC (B). Results are 

mean ± SEM of 3-4 rats. In each experiment, 3 slices were incubated per treatment. Significant 

differences toward the activities of control slices (B) are indicated with # p < 0.05. Significant differences 

toward the activities of ‘0.5% DMSO’ slices (A) or olive oil slices (B) are indicated with * p < 0.05.  

 

BNF exposure for 24 h in vitro, induced 7EC metabolism significantly in all parts of the 

intestinal tract, compared with 24 h DMSO-treated control incubations (figure 3A). 

Compared with control incubations, 7EC metabolism was induced 5-fold in duodenum. The 

induction was similar in jejunum 1 (5.6-fold) and seemed higher in jejunum 2 (78-fold, 

however the latter fold-induction was due to very low control values), ileum (8-fold) and 

colon (18-fold). After exposure with BNF, the original pattern of 7EC metabolism (figure 2A) 

changed and now the activity in colon was comparable to jejunum and duodenum and 

higher than ileum.  

In vivo, BNF induced the metabolic conversion of 7EC over 30-fold in small intestine and 18-

fold in colon (figure 3B). 7EC metabolism along the intestinal tract was also induced by olive 

oil (the vehicle of BNF), but to a lesser extent (small intestine: 3.5-fold, p < 0.05); colon: 15-

fold). In all regions of the small intestine, induction by BNF was at least 2-fold higher than by 

olive oil alone. Although the activity of 7-EC metabolism was significantly induced in all 

regions of the intestinal tract (p < 0.05), the pattern of 7EC metabolism over the intestinal 

0

20

40

60

80

100

120

140

160

D J1 J2 I C

p
m

o
l/
m

g
 p

ro
te

in
/m

in

24 (0.5% DMSO)

24 (bNF)

0

200

400

600

800

1000

1200

D J1 J2 I C

p
m

o
l/
m

in
/m

g
 p

ro
te

in

control

olive oil

BNF

Figure 3

A: In vitro induction B: In vivo induction

7
E

C
 m

e
ta

b
o

lis
m

Slice location Slice location

*

#
#

#
#

#

#

*

*

*

*

#

#
*

(p
m

o
l/
m

g
 p

ro
te

in
/m

in
)

(p
m

o
l/
m

g
 p

ro
te

in
/m

in
)

7
E

C
 m

e
ta

b
o

lis
m



Induction of drug metabolism along the rat intestine 

 111 

tract changed after treatment with BNF. In this case, the activity was comparable in 

duodenum, jejunum and ileum. The fold-induction compared with non-treated samples along 

the small intestine was the highest in ileum (150-fold). In colon, however, 7EC metabolism 

was induced by olive oil (19-fold) and was not induced further by BNF. 

After both in vitro and in vivo exposure to BNF, 7HC-glucuronidation and 7HC-sulphation 

were not affected. In addition, olive oil did not affect these conjugations either. 

DEX exposure in vitro and in vivo 

In duodenum, 6-TOH formation was induced after in vitro exposure (6-fold compared with 

DMSO treated controls) as well as after in vivo exposure (3-fold, p < 0.05) to DEX (figure 4). 

Androstenedione formation was slightly, but not statistically significantly induced in vitro (1.6-

fold), whereas in vivo the same fold-induction was found being significantly different from 

control tissues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: 

Induction of 

testosterone 

metabolism 

in precision-

cut slices 

prepared 

from small intestine (D: Duodenum, J1: jejunum 1, J2: jejunum 2, I: ileum, C: colon) after in vitro (A, C) 

and in vivo (B, D) exposure to DEX for 24 h. In the in vitro induction studies, slices were pre-incubated 

for 24 hours with 0 (0.5% DMSO) or 100 M DEX and subsequently incubated for 3 h with testosterone 

forming 6-TOH (A) and androstenedione (C). In the in vivo induction studies, animals were orally 

exposed for 24 h with nothing (control), olive oil (vehicle of DEX) or DEX. Subsequently, slices were 

prepared and incubated for 3 h with testosterone forming 6-TOH (B) and androstenedione (D). Results 

are mean ± SEM of 3-4 rats. In each experiment, 3 slices were incubated per treatment. Significant 

differences toward the activities control slices (B, D) are indicated with # p < 0.05 and toward the 

activities of ‘0.5% DMSO’ slices (A,C) or olive oil slices (B,D) are indicated with * p < 0.05. 
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Also in ileum in vitro, DEX induced 6-TOH formation (figure 4A, 5-fold compared with 

control incubations, p < 0.05) and in jejunum a significant induction was observed (jejunum 

1: 2.0-fold, p < 0.05, and jejunum 2: 1.5-fold, non-significant). In contrast, in colon no 

induction response was found compared to DMSO controls, but 6-TOH formation was 

induced up to 5-fold by DMSO. In vivo, DEX significantly induced 6-TOH formation in 

duodenum, jejunum 1 and ileum (3-fold, 3-fold and 4-fold respectively, p < 0.05) and not in 

colon, which is qualitatively similar to the results obtained in vitro. Quantitatively, induction 

was similar in all parts of the intestinal tract, with exception of jejunum 2. Olive oil (the 

vehicle of DEX) showed no effect on 6-TOH formation in the small intestine (figure 4B), but 

in colon it increased the 6-TOH formation rate by 5.5-fold (p < 0.07).  

Figure 5: Induction of 2-TOH (A), 16-TOH (B) and 16-TOH (C) formation in precision-cut slices 

prepared from small intestine (D: duodenum, J1: jejunum 1, J2: jejunum 2, I: ileum, C: colon) after in 

vivo exposure to DEX for 24 h. Results are mean ± SEM of 3-4 rats. In each experiment, 3 slices were 

incubated per treatment. 

 

Both in vivo and in vitro, DEX induced androstenedione formation (figure 4C and D) in 

duodenum as well as jejunum 2 after in vitro (1.6-fold and 2-fold, respectively) and in vivo 

exposure (1.5-fold with p < 0.05 and 1.9-fold respectively).  

After in vitro exposure, 16-TOH, 16-TOH and 2-TOH could not be quantified, since the 

formation of 16-TOH and 16-TOH decreased during 24 h of slice incubation to 
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16- and 16-hydroxylations of testosterone appeared, although not statistically significant, 

down-regulated by olive oil in duodenum and jejunum. This down-regulation was less 
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PB exposure in vitro and in vivo 

In slices, induction of 16-TOH and 16-TOH formation by PB could not be detected. 

Experiments in vitro in both jejunum 1 and colon, showed no induction of 6-TOH and 

appeared to be in line with in vivo treatment (figure 6). Androstenedione formation, however, 

was slightly but significantly induced in duodenum (1.3-fold) and jejunum (jejunum 1: 2.1-fold 

and jejunum 2: 1.2-fold (p < 0.05)) after in vivo administration, but in vitro no induction was 
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detected. Furthermore, the rates of 16- and 16-hydroxylation were slightly but non-

significantly increased (2.2-fold and 2.6-fold respectively) along the intestinal tract (figure 7). 

Only for 16-TOH formation in duodenum the induction was significant (p < 0.05).  

 

 

 

 

 

 

 

 

Figure 6: Induction of 

testosterone metabolism in 

precision-cut slices 

prepared from small 

intestine (D: Duodenum, J1: 

jejunum 1, J2: jejunum 2, I: 

ileum, C: colon) after 

exposure in vitro (24 h, A, 

C) and in vivo (36 h B, D). 

In the in vitro induction 

studies, slices were pre-

incubated for  24 hours 

without or with PB (2.5 mM) 

and subsequently incubated 

for 3 h with testosterone forming 6-TOH (A) and androstenedione (C). In the in vivo induction studies, 

animals were orally exposed for 36 h with nothing (control) or PB. Subsequently, slices were prepared 

and incubated for 3 h with testosterone forming 6-TOH (B) and androstenedione (D). Results are mean 

± SEM of 3-4 rats. In each experiment, 3 slices were incubated per treatment. Significant differences 

toward the activities of control slices are indicated with * p < 0.05.  

 

Figure 7: Induction of 

16-TOH (A) and 16-

TOH (B) formation in 

precision-cut slices 

prepared from intestine 

(D: Duodenum, J: 

jejunum 2, I: ileum, C: 

colon) after in vivo 

exposure to PB for 36 h. 

Results are mean ± SEM 

of 3-4 rats. In each 

experiment, 3 slices were incubated per treatment. Significant differences toward the activities of control 

slices are indicated with * p < 0.05.  
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Discussion 
Induction of DMEs in the intestine can result in a marked variation in the bioavailability of 

drugs and cause an imbalance between toxification and detoxification processes [1]. In vivo 

gradients of drug metabolizing activity are demonstrated along the intestinal tract [6,17], but 

knowledge on the regional differences in induction are scarce. Recently, we showed the 

applicability of rat precision-cut jejunum and colon slices for induction studies up to 24 h 

[8,14]. This method allows investigation of induction processes in the different regions of the 

intestine under identical conditions. In the present study, we used intestinal precision-cut 

slices to compare the extent of induction of drug metabolizing activity in duodenum, jejunum, 

ileum and colon in vitro with that in vivo. 

 

First, we investigated the gradient of villin (marker for epithelial cells) and GAPDH (marker 

for all cell types) along the rat intestinal tract. Whereas villin expression tended to decrease 

from duodenum to colon, GAPDH was constantly expressed along the small intestine. Only 

in colon tissue, the expression level of GAPDH was lower compared with duodenum. 

Assuming that the expression of villin is related to the number of enterocytes, these 

observations are in line with the general finding that the number of enterocytes per quantity 

of tissue decreases in distal direction along the intestinal tract, whereas the mucus secreting 

goblet cells increase [8]. 

To investigate the inducibility of DMEs in the different regions of the intestine, we 

investigated the expression levels of NRs involved (PXR, CAR and AhR) in the enterocytes. 

These expression levels were expressed relative to the villin expression to take into account 

the different number of enterocytes per amount of tissue. The protein expression level of 

AhR has been reported to decrease along the small intestine [6]. In the present study, 

however, AhR (related to villin) only decreased up to jejunum 2 in our study and then non-

significantly increased in ileum and colon. When AhR was expressed per GAPDH, still the 

expression level increased in distal direction (data not shown), indicating that both per tissue 

as well as per enterocyte the AhR expression increases in distal direction. This expression 

level of AhR in colon relative to small intestine has not been reported earlier. The higher 

expression of PXR in colon compared with small intestine is in line with data of Zhang et al. 

[10]. CAR expression did not show a gradient along the rat intestinal tract, which was not 

published before to the best of our knowledge. These results indicate that the enterocytes in 

different regions of the intestine express these NRs to a different extent. At first sight, this 

would be expected to result in corresponding gradients of expression of the DME genes that 

are regulated via these NRs. However, in the present study, we found decreasing gradients 

of several CYP-mediated conversions in distal direction. This is in line with several reports 

by others [7,8,18], whereas AhR and PXR expression showed increasing gradients. It 

suggests that the NR expression is not rate limiting in the transcription of DMEs and 

indicates that other factors cause the DME gradients. Natural ligands of these NRs are 

components of the diet [19,20], and it can be assumed that lower concentrations of natural 

inducers are available in the distal part compared with the proximal part of the intestinal 

tract.  

In vivo, it was found that olive oil (the vehicle usually applied for oral dosing of DEX and 

BNF) influenced DME expression along the tract to some extent. Oral administration of olive 

oil, but also corn, sesame or soybean oil have been reported to influence CYP levels in rat 
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liver [21]. For example, CYP2C11 protein levels decreased by 31% after corn oil or olive oil 

intake [21] or 6-TOH formation levels were 2.5-fold higher in rat liver after corn oil intake 

[22]. No such data, unfortunately, has been published for rat intestinal tissue to date, but 

influence of oil on intestinal DMEs can also be expected based on these data [21,22]. In 

vitro, BNF induced 7EC metabolism in all regions of the intestinal tract. The fold-induction 

was the highest in ileum and colon, which is in line with the observed AhR expression 

profile. After in vivo exposure, in addition to the up-regulation of 7EC metabolism caused by 

olive oil, BNF further enhanced the activity level of 7EC metabolism in small intestine and 

colon. In distal direction along the small intestine, the fold-induction increased after in vivo 

administration, but was lower in colon. This is in line with an earlier report showing induction 

of ethoxyresorufin metabolism in small intestine (83-fold) and colon (3.2-fold) by BNF 

administered via the diet for 7 days [23]. From the in vitro studies, we tend to conclude that 

colon is more sensitive for inducing stimuli than the small intestinal regions. After in vivo 

administration of BNF, however, the colon cells responded the least, which suggests that a 

lower inducer concentration reaches the colon cells in vivo. Furthermore, no effect on 

glucuronidation rates was detected after BNF exposure either in vivo or in vitro, confirming 

the published in vivo data of other investigators [24]. 

 

After in vitro exposure to DEX, the induction of the 6-TOH formation rate was the highest in 

duodenum, ileum and colon, which is in line with the observed expression levels of PXR. 

This suggests that induction is related to the expression level of PXR. Induction, however, is 

also dependent on the intracellular inducer concentration. Since the expression levels of 

uptake and efflux transporters [25-29], as well as DMEs are not constant along the tract, 

differences in intracellular concentrations of inducers can be expected also to cause 

variation in induction response. 

After in vivo exposure, the induction of 6-TOH formation (CYP3A) was constant along the 

intestinal tract in contrast to induction of 2-TOH formation (CYP3A), which was more 

induced in ileum compared to duodenum and jejunum. The fold-induction of 

androstenedione formation decreased along the intestinal tract. This suggests that the 

enzyme involved in androstenedione formation, mainly 17-HSD, is regulated via another 

mechanism than CYP3A, which is responsible for 6-TOH formation and is regulated via 

PXR [9].  

PB exposure did not induce 6-TOH formation in duodenum, jejunum and colon after 

exposure in vivo or in vitro, which is in agreement with data of other investigators [4], but is 

in contrast to findings in another study showing the induction of CYP3A1/2 protein 

expression after 3 days of intraperitonial treatment with PB [3]. In the current study, 6-TOH 

formation was only induced in ileum (2-fold) after in vivo exposure. Furthermore, 

androstenedione formation was only induced in duodenum and jejunum after in vivo 

exposure. Since CAR is generally known to induce CYP2B [9], induction of 16-TOH 

formation (CYP2B) along the entire intestinal tract was observed as expected. This indicates 

that all regions are in principle sensitive for PB mediated induction. The difference between 

these in vitro and in vivo findings may be a matter of inducer concentration or exposure time, 

in accordance with what was found in human hepatocyte studies [30]. To confirm this 

hypothesis, PB exposure should be administered at various concentrations and according to 

other time frames both in vivo and in vitro.  
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In vitro and in vivo exposure studies differ in many aspects. For example, when DEX (40 

mg/kg) or BNF (40 mg/kg) are orally dosed in the administered dosage form, a concentration 

of approximately 70 mM DEX and 100 mM BNF is applied. In vitro studies with intestinal 

slices showed that only 50 M BNF already results in maximal induction responses [8]. 

Since the volume of the dose in vitro was 0.5 ml and the volume of rat intestinal fluid is only 

0.7-0.8 ml [31], it can be estimated that the concentration of DEX and BNF to which the 

enterocytes in the proximal intestine are exposed is approximately 1000-fold higher in vivo 

than in vitro. Furthermore, in vitro, slices were exposed during the same incubation period to 

a high concentration of inducer, independent of the original location of the tissue. In vivo, 

after oral administration, a peak concentration is reached in the proximal part of the 

intestine, which decreases in time and distal direction due to absorption and transport. This 

suggests that the exposure time in vivo is largely determined by the transit time. For dietary 

fibers, the transit time has been reported to be approximately 2 h in small intestine, 1-2 h in 

cecum and 2-4 h in colon/rectum [32]. Furthermore, intestinal DMEs may be further induced 

by BNF via the blood after absorption of the inducer, as has been reported after 

intraperitonial administration of BNF or DEX [3,5]. Despite the large differences in exposure 

(both time and concentration), the induction responses were qualitatively similar after both in 

vitro and in vivo exposures to BNF and DEX.  

 

To summarize, the in vitro responses to BNF and DEX were comparable to those found in 

vivo in all segments of the small intestine with the exception of colon tissue. This shows that 

intestinal precision-cut slices of all regions of the intestine are a valuable model to study 

drug-drug interactions in vitro, thereby reducing the number of animals needed for this type 

of research. In colon, 7EC metabolism was not induced after in vivo exposure to BNF, but 

was induced in vitro and suggests that lower concentrations of inducing agents reach the 

colon in vivo. In addition, the induction patterns along the intestinal tract are largely in line 

with the expression levels of the accompanying NR. The discrepancy between the induction 

in vivo by PB and the lack of effect of PB in vitro should be further addressed. 

To conclude, all segments of the intestinal tract are sensitive to inducing stimuli, albeit to a 

different extent. Regional differences in induction in vivo can at least partly be explained by 

the different exposure to inducers, but regional differences in expression of NR also may 

play a role. 
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Abstract  
Predictive in vitro methods to investigate drug metabolism in the human intestine using 

intact tissue are of high importance. Therefore, we studied the metabolic activity of human 

small intestinal and colon slices and compared it with the metabolic activity of the same 

human intestinal segments using the Ussing chamber technique. The metabolic activity was 

evaluated using substrates to both phase I and phase II reactions: testosterone, 7-

hydroxycoumarin (7HC) and a cocktail of CYP substrates (midazolam, diclofenac, coumarin 

and bufuralol). In slices of human proximal jejunum, the metabolic activity of several CYP 

mediated and conjugation reactions remained constant up to 4 h of incubation. In the colon 

slices, conjugation rates were virtually equal to those in small intestine; while CYP mediated 

conversions occurred much slower. In both organs, morphological evaluation and ATP 

content implied tissue integrity within this period. CYP conversions using the Ussing 

chamber technique showed that the metabolic rate (sum of metabolites measured in apical, 

basolateral and tissue compartments) was constant up to 3 h. For 7HC conjugations, the 

metabolic rate remained constant up to 4 h. The distribution of the metabolites in the 

compartments differed between the substrates. Overall, metabolic rates were surprisingly 

similar in both techniques and appear similar to or even higher than in liver. In conclusion, 

this study shows that both human intestinal precision-cut slices as well as Ussing chamber 

preparations provide useful tools for in vitro biotransformation studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

List of non-standard abbreviations: 

ACN: acetonitril, DMSO: Dimethylsulfoxide, KBR: Krebs-Bicarbonate Ringer solution, MeOH: Methanol, 

PD: Potential differences, R: Resistance, SCC: Short circuit current, TFA: Tri Fluoro Acetic acid, TOH: 

hydroxytestosterone, TT: Testosterone, WME: Williams Medium E, 7HC: 7-hydroxycoumarin, 7HC-

GLUC: 7-hydroxycoumarin glucuronide, 7HC-SULF: 7-hydroxycoumarin sulphate  
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Introduction 
Although the liver has long been thought to play the major role in drug metabolism, the 

metabolic capacity of the intestine has been increasingly recognized [1,2].  

In the seventies of the 20
th
 century, intestinal metabolism was already reported [3]. 

Nonetheless, until recently the clinical significance of intestinal drug metabolism remained 

under debate [4,5]. Although basic knowledge concerning human intestinal drug enzyme 

and transporters expression has been collected over the last decade [6,7], the ultimate proof 

for their significance has been given by in vivo studies. For several compounds, such as 

cyclosporine, verapamil and midazolam, in vivo studies have shown significant first-pass 

metabolism by the intestinal wall [1,2,8]. The significance of the intestine in determining the 

faith of drugs within the body is not only expressed by its high capacity to metabolize drugs, 

but also by its sensitivity to induction and inhibition of drug metabolizing enzymes [9], in 

addition to the interplay between transporters and metabolic activity [10-12]. 

The challenge in studying human intestinal metabolism nowadays is to develop in vitro 

systems in which intact cells remain functioning, since quantitative in vivo studies are difficult 

to perform. Subcellular human intestinal fractions, such as microsomal preparations and S-9 

fractions, have been used up to 30 minutes of incubation [13]. However, in addition to their 

limited lifespan, they lack the operable cell-membrane transporters and are often incubated 

with non-physiological concentrations of co-factors. Furthermore, Caco-2 cells have been 

proven to be useful for absorption studies [14,15]. However, interlaboratory reproducibility of 

Caco-2 cells is problematic and they are lacking normal levels of important metabolic 

enzymes such as CYP3A4 [16].  

 

Until now, several intact cell systems exist to study intestinal metabolism. Recently, the 

precision-cut slice technique was applied to rat intestinal tissue and these studies showed 

that intestinal precision-cut slices are superior to so-called intestinal tissue biopsy punches 

[17]. In addition, they exhibit drug metabolism at a constant rate for at least 3 h of incubation 

[18]. With the very efficient and rapid slice technique, many slices can be produced from a 

small tissue sample maintaining the cells in their physiological context with respect to 

metabolic enzymes, membrane transporters and co-factors. The applicability of this system 

for human tissue, however, has not been validated to date. The Ussing chamber technique, 

in which a small piece of mucosal tissue is mounted such that mucosal and serosal side are 

separately exposed to incubation medium, has been proven to be useful in absorption 

studies [19] and successfully predicts human intestinal permeability in vivo for several 

compounds [20]. However, to our knowledge, studies using Ussing chamber preparations 

were mainly focused on the prediction of the fraction absorbed, whereas metabolic capacity 

and disposition of the formed metabolites has not been reported. Nonetheless, indications 

exist that when only intestinal transport is measured, the metabolic extraction of the tissue 

might lead to false predictions of fraction absorbed [21]. 

 

In this study, we adapted the precision-cut slice method to human tissue previously 

developed for rat intestinal tissue to study drug metabolism. The viability of slices was 

evaluated by measuring intracellular ATP levels, morphology and metabolic stability during 4 

h of incubation. Slices of proximal jejunum and colon tissue were incubated with high 

concentrations of testosterone (TT) or 7-hydroxycoumarin (7HC) to assess phase I and 
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respectively phase II capacity at Vmax. Additionally, slices were incubated with a cocktail of 

CYP substrates (midazolam, coumarin, diclofenac and bufuralol) at concentrations below 

Km. These compounds are probes for CYP3A4/5, CYP2A6, CYP2C9 and CYP2D6. 

Secondly, from the same proximal jejunum tissue samples we prepared mucosal sheets for 

the Ussing chamber set-up. These sheets were incubated up to 4 h with the cocktail or with 

7HC, while the viability was monitored by electrical parameters [22]. This enabled a direct 

comparison between the metabolic activity of human intestinal tissue either mounted in 

Ussing chambers or in the form of precision-cut slices. 

 

 

Materials and Methods 

Chemicals 

Dimethylsulfoxide (DMSO), tri fluoro acetic acid (TFA), low gelling temperature agarose (type VII-A), 

amphotericin B solution (250 µg/ml), D-glucose, 7-hydroxycoumarin (7HC), 7-hydroxycoumarin-

glucuronide (7HC-GLUC), HEPES (N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)), sodium 

bicarbonate, -glucuronidase, sulfatase, testosterone, 11-hydroxytestosterone (11-TOH), 6-TOH 

and bovine serum albumin were purchased from Sigma-Aldrich (St. Louis, MO). Williams Medium E with 

Glutamax-I (WME) and gentamicin (50 mg/ml) solution were obtained from Invitrogen (Paisley, UK). 

Formaldehyde solution (3.8%) was purchased from Mallinckrodt Baker B.V. (Deventer, The 

Netherlands). Hydroxy-bufuralol maleate salt, bufuralol hydrochloride salt, 1-hydroxy midazolam and 7-

hydroxycoumarin-sulphate (7HC-SULF) were purchased from Ultrafine (Manchester, UK). 4-Hydroxy-

diclofenac was obtained from Gentest (Woburn, USA). Midazolam was purchased from Lipomed AG 

(Arlesheim, Switzerland). Sodium azide was obtained from Kebo lab (Spånga, Sweden). Sodium 

chloride, EDTA (ethylene diamine tetra-acetic acid), formic acid, tris-HCl, dichloromethane and sodium 

acetate were obtained from Merck (Darmstadt, Germany). Acetonitril (ACN) and methanol (MeOH) were 

purchased from Rathburn (Walkerburn, Scotland). Ethanol was obtained from Kemetyl (Haninge, 

Sweden). 2-, 16-, 11-TOH were obtained from Steraloids (Newport, RI).  

Human tissue 

Human tissue originated from surgical resections with approval from the regional ethical committee in 

Gothenburg (Sweden) and from each of the individual patients; proximal jejunum was obtained from 

obesity patients from Sahlgren’s University hospital (Sweden) and the colon resections from patients 

suffering colon carcinomas from East Hospital (Gothenburg, Sweden). Donor characteristics are listed 

in Table I. After surgical removal, tissue was directly stored in ice-cold constantly oxygenated (with 

carbogen, 95% O2 and 5% CO2) Krebs-Bicarbonate Ringer (KBR) solution (pH 7.4) with the composition 

reported earlier [22].  

Preparation and incubation of human tissue 

Directly after tissue arrival in the laboratory, the tissue was put in fresh oxygenated ice-cold KBR 

solution and the muscle layers and serosa were carefully removed. In all cases, preparation of mucosal 

tissue was finished within 1-2 h calculated from excision. The end of mucosal preparation is referred to 

as t=0 in experiments.   
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Table I:  Donor Characteristics  

Proximal jejunum obtained from surgical resection from patients suffering obesity (a)
 

Number Age Gender Medication 

     1 46 W Unknown 

     2 (b) 42 W Unknown 

     3 (b)
 

49 M Lansoprazol 

     4 32 W Unknown 

     5 (b)
 

39 W Venlafaxine, Metoprolol 

     6 54 M Chlorpromazin, Metformine, Rosiglitazon 

     7 (b)
 

31 M Unknown 

Colon obtained from surgical resection from patients suffering colon carcinoma (a) 

Number Age Gender    Region                                Medication 

     8 68 W 
   Cecum                    Lactulose, Ferrous sulphate, 
                                                Paracetamol 

     9 77 W 
   Cecum                Furosemide, Potassium chloride, 
                                 Zopiclon, Bisoprolol, Oxazepam 

    10 56 M Sigmoideum                  Metoprolol, Lisinopril 

    11 59 M Sigmoideum                               non 

    12 79 W  Unknown                               Unknown 

a) Approval from regional ethical committee and individual patients was obtained for all investigations 
b) Donor tissue used for Ussing Chamber and precision-cut slice incubation 

Preparation of precision-cut slices 

Mucosal tissue was transferred to ice-cold oxygenated Krebs-Henseleit buffer (containing 10 mM 

HEPES and 25 mM D-glucose, pH 7.4). Tissue was cut in pieces of 7-9 mm width and variable length 

and was subsequently vertically embedded in 3% low-gelling temperature agarose in 0.9% NaCl 

solution (37
o
C) to ensure that every slice consisted of all cell layers present in the mucosa. Then, the 

agarose solution was allowed to gel, using a pre-cooled (0
o
C) tissue embedding unit (Alabama 

Research and Development, Munford, AL). After the agarose solution had gelled, precision-cut slices 

(thickness about 400 M) were cut using a Krumdieck tissue slicer as described previously [17]. 

Incubation of precision-cut slices 

Slices were incubated individually in 12-wells culture plates (Costar no 3512, Corning Incorporated, NY, 

USA) in 1.3 ml of Williams Medium E with Glutamax-I (WME), supplemented with D-glucose (final 

concentration 25 mM), gentamicin (final concentration 50 g/ml), amphotericin B (final concentration 2.5 

g/ml). The culture plates were placed in a pre-warmed cabinet (37
o
C) in plastic boxes. Slices were 

incubated under humidified carbogen (95% O2 / 5% CO2) and shaken using an orbital shaker at 

approximately 45 rpm.  

Preparation and incubation for Ussing chambers 

Mucosal tissue was mounted onto the Ussing chamber segment holder as flat sheets with a surface 

area of 1 cm
2
. Each of the two chamber compartments on both sides of the segment was subsequently 

filled with 10 ml oxygenated KBR (room temperature) continuously gassed with carbogen (95% O2 / 5% 

CO2), stirred with approximately 300 rpm and slowly warmed until 37
o
C by water jackets. The tissue 

was mounted and placed in the Ussing chamber set-up after which the tissue was allowed to stabilize 

for 30 minutes to recover from the preparation and to equilibrate in the chambers.  
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Viability testing of precision-cut slices 

Morphology: The condition of precision-cut slices was evaluated after 4 h of incubation by morphology. 

After incubation in triplicate per experiment, slices were stored in 3.8% formaldehyde solution at 4
o
C. In 

addition, directly after tissue arrival in the laboratory, a piece of tissue was put in ice-cold 3.8% 

formaldehyde solution as a control. Samples were sent to HistoCenter AB (Box 138, 421 22 V. 

Frölunda, Sweden) for further processing and haematoxylin and eosin staining. Colon slice incubations 

for morphology were performed in two experiments with tissue from two subjects in triplicate; small 

intestinal slice incubations were performed in 5 experiments with tissue from five subjects in triplicate.  

 

Intracellular ATP levels: Intracellular ATP levels were evaluated to judge the overall metabolic 

condition of the tissue after 4 h of incubation. Directly after tissue preparation, 3 pieces of tissue were 

snap-frozen as controls. Intracellular ATP levels were determined according to the method described by 

de Kanter et al. [23]. Directly after incubation, slices were put in 1 ml ice-cold 70% ethanol containing 2 

mM EDTA (pH 10.9) to precipitate the proteins, and directly snap-frozen in N2(l) and stored at –80
o
C 

until further use. Subsequently, samples were thawn on ice and homogenized by sonication. Samples 

were centrifuged (3 min, 4
o
C, 10,000 g) to spin down the proteins, after which the supernatant was 

transferred to a new cup and the pellet was used for protein determination. The supernatant was diluted 

with 100 mM Tris-HCl, 2 mM EDTA solution (pH 7.8) and analyzed using the ATP Bioluminescence 

Assay Kit CLS II (Roche Applied Sciences, Mannheim, Germany) measuring luminescence using a 

plate reader (Spectramax microplate reader, Molecular devices, Sunnyvale, California). ATP was 

determined in four experiments using tissue from four different donors in triplicate. 

 

Stability of drug metabolism rate: The stability of metabolic rate was determined between 0 h and 4 h 

of incubation. To evaluate phase I metabolism, slices were incubated with TT (final concentration 250 

M, 1% MeOH) or a cocktail of 4 compounds: midazolam (3 M), diclofenac (5 M), bufuralol (10 M) 

and coumarin (3 M) with 0.35% MeOH as a final solvent concentration. As control, medium was 

incubated with substrate but without slice. After 1, 2, 3 and 4 h of incubation with testosterone, slice and 

medium were harvested together and stored at –20
o
C until further use. In earlier rat studies, we found 

that significant amounts of testosterone metabolites were retained within the slice [17]. Therefore, slice 

and medium were analyzed together. 

For cocktail incubations, no metabolic interactions were detected between substrates and these 

concentrations (T. Andersson, AstraZeneca, Mölndal (personal communication)). Further, pilot 

experiments showed that only minor amounts of the cocktail metabolites were retained in the slice that 

were barely detectable. Therefore, only the medium samples were analyzed. During 0-4 h of incubation, 

medium samples (100 l) were taken every hour. The last sample contained slice tissue and remaining 

medium. Samples were stored at -20
o
C until further use. 

To evaluate phase II metabolism, slices were incubated with 7HC (500 M, 1% MeOH) and as a 

control, medium was incubated with substrate. Medium samples (200 l) were taken every hour 

between 0 h and 4 h and stored at –20
o
C. After incubation, slices were stored at –20

o
C for protein 

determination.  

Metabolism experiments with proximal jejunum were performed on tissues from 5-8 donors in triplicate. 

Metabolism experiments in colon were performed on tissue from 5 donors in triplicate. 

Viability testing Ussing chamber preparations 

Electrical parameters: Viability was monitored by measuring electrical parameters as described before 
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[22]: the Potential Difference (PD) is reflecting the voltage gradient generated by the tissue, the short-

circuit current (SCC) is reflecting the ionic fluxes across the epithelium and the resistance (R) is 

reflecting tissue integrity.  

In brief, a four electrodes system recorded electrical parameters during the experiment. The Potential 

Difference (PD) was recorded using calomel electrodes connected by agar/NaCl-bridges. Every 5 

minutes, 5 current (I) pulses (0  15,  30 A) were sent via AgCl electrodes through the chamber after 

which the voltage response (U) was measured. The current (I) - voltage (U) pairs form a linear plot from 

which the PD can be deduced. PD was obtained from the intersection with the voltage axes, when I=0, 

the resistance (R) of the tissue segment was the slope of this plot. R was corrected for external, non-

tissue resistance by the recorder system. The short-circuit current (SCC) was calculated from Ohm’s 

law: I = U/R. 

 

Stability of drug metabolism rate: Tissue from four individual donors was used to prepare both 

precision-cut slices and Ussing chamber preparations to enable a direct comparison between the 

metabolic activity in the Ussing chamber preparations and precision-cut slices. In table I it is indicated 

which tissue was used for both experiments.  

For a set of 8 chambers per subject and per day, two experimental set-ups were chosen: I) Four 

chambers were incubated with the cocktail of the four CYP substrates: midazolam (3 M), diclofenac (5 

M), bufuralol (10 M) and coumarin (3 M). II) Four chambers were incubated with 7HC (500 M, 1% 

MeOH) to assess phase II metabolism. The metabolic reactions were monitored during 4 hours of 

incubation. At 1, 2, 3 and 4 h of incubation with the model substrates from one of the chambers, tissue 

and medium (both apical (A) and basolateral (B) individually) were harvested. This terminated the 

incubation of one chamber at that specific time point. Samples were stored at 4
o
C until the end of the 

experiment and subsequently stored at –20
o
C until further use.  

Metabolite analyses 

Testosterone sample analysis: After thawing (at 4
o
C), samples were homogenized using a sonicator. 

Then, 10 ml 11-TOH (internal standard, 0.2 mg/ml) and 6 ml dichloromethane were added. The total 

mixture was vortexed and centrifuged using a Beckman-Coulter CS-6KR centrifuge (Beckman Coulter, 

Fullerton, CA) (10 min, 4
o
C, at 800 g). The water layer was removed and the dichloromethane 

evaporated overnight. The residue was dissolved in 130 l of 50% MeOH and then analyzed by HPLC 

as described previously [24]. The concentration range of the standard curve was 2-10 M. The LLOQ 

(Lower Limit of Quantitation) was 0.1 M. The intraday and interday variability (2 M) were resp. 6.1 

and 8.8 %CV (coefficient of variation).  

 

Cocktail sample analysis: Slice samples containing medium and tissue were homogenized by 

sonication. Ussing chamber tissue samples were homogenised in 2 ml fresh WME using a potter 

Elvehjem. Subsequently, two volumes of ACN were added to precipitate the proteins. Then, samples 

were centrifuged (10 min, 20
o
C, 4000 g). The supernatant, used for metabolite analysis, was diluted 

with 2 volumes of water (final concentration of ACN: 30%). The precipitate was stored at –20
o
C for 

protein determination. Medium samples were directly pipetted into a 96-wells plate together with 

standards (1’OH-midazolam, 4’OH-diclofenac, OH-bufuralol and 7’OH-coumarin) dissolved in both 

water and 30% ACN. The plate was centrifuged for 20 min (4000 g, 4
o
C) before injection into a LC-MS 

occurred. For OH-bufuralol, the concentration range of the standard curve used was 0.05-0.25 M and 

the interday variability (0.25 µM) was 5.6% CV. For 4’OH-diclofenac and 1’OH-midazolam the 
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concentration range of the standard curves was 0.25-1 µM and the interday variability (1 µM) was resp. 

3.4 and 1.3% CV. The LLOQ was lower than 5 nM for OH-bufuralol, 1’OH-midazolam and 4’OH-

diclofenac.  

LC separations were performed on a reversed-phase HyPURITY C18 analytical column (50 mm x 2.1 

mm i.d., 5 m, ThermoQuest, Runcorn, UK) with a HyPURITY C18 guard column (2.1 x 10 mm, 5 m) at 

40°C. The mobile phase consisted of a mixture of (A) 0.1% formic acid in water and (B) 0.1% formic 

acid in ACN. A gradient elution containing solvents A and B was performed: solvent A was linearly 

decreased from 95% to 20% during 3 min, where it remained isocratic for 0.2 min. Then A was 

increased to 95% during 0.1 min and re-equilibrated at 95% A for 2.5 min. A flow-rate of 0.75 ml/min 

was used and an aliquot of 15 l was injected for analysis. The mass spectrometric analyses were 

performed with a triple quadrupole mass spectrometer, API4000, equipped with electro spray interface 

(Applied Biosystems/MDS Sciex, Concord, Canada). The instrument settings were optimized using the 

individual analytes. The MRM transitions of the precursor ions to the corresponding product ions were 

monitored for the analytes. Instrument control, data acquisition and data evaluation were performed 

using Applied Biosystems/MDS Sciex Analyst 1.4 software. 

 

Deconjugation of cocktail samples: To test whether further conjugation of the hydroxy-metabolites of 

the cocktail compounds had occurred, Ussing chamber medium samples after 2 h of incubation were 

deconjugated. For this, 40 l medium was added to 65 l 1 N sodium acetate buffer (pH 4.5) containing 

5480 U/ml -glucuronidase and 59 U/ml sulfatase and incubated for 2 h at 37C. The reaction was 

terminated by precipitation of the proteins adding 2 volumes of ACN. After vortexing, the samples were 

centrifuged and diluted twice with water, before analysis. Analysis occurred as described in the section 

cocktail sample analysis.  

 

7HC sample analysis: After thawing, sodium azide (final concentration 0.1 mg/ml) was added to the 

samples to prevent bacterial growth. Subsequently, the samples were centrifuged (3 min, 4 
o
C, 10,000 

g) and metabolites were determined by HPLC. 7HC, 7HC-GLUC and 7HC-SULF were used as 

references. Chromatography was performed on a Zorbax Column SB-C18 (4.6 mm x 15 cm, 5m, 

Hewlett Packard (ChromTech AB, Hägersten, Sweden). The mobile phase consisted of A) 0.1% TFA 

and B) 0.1% TFA in 100% ACN. The separation run lasted 16.0 minutes, including column equilibration. 

The gradient was as follows: 0% B for 1 min, followed by linear increase to 20% B over 4 min, followed 

by a step gradient to 85% B for 6 min, remained at 85% B for 3.5 min and returned to 0% B for 1.5 min. 

Per sample, 50 l was injected and the flow rate was 0.8 ml/min. The concentration range of the 

standard curves of 7HC-GLUC and 7HC-SULF was 0.25-1 µM and the interday variability (1 M) was 

resp. 0.5 and 3.4% CV. The LLOQ was lower than 0.25 M.  

Protein determination 

Since slices had somewhat different sizes, the protein content was determined on all slice samples after 

ATP analysis, 7HC incubations or cocktail incubations to enable expression on protein basis. Protein 

values were determined on all Ussing chamber tissue samples as well. After incubation samples were 

stored at –20C until further use. Subsequently, samples were thawn and 5 N NaOH was added: 20 l 5 

N NaOH for slice samples used for ATP determination and 7HC metabolism in eppendorf cups and 200 

l 5 N NaOH for cocktail slice samples and Ussing chamber tissue samples in centrifuge tubes. Forty 

min of incubation at 37C followed to dissolve the tissue. Then, water was added to obtain a final 

concentration of 0.1 N NaOH needed for the analysis. Tissue was homogenized using sonication and 
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further diluted to determine the protein content using Bio-Rad protein assay dye reagent (Bio-Rad, 

Munich, Germany) with bovine serum albumin as standard. For testosterone experiments, the protein 

content could not be determined, since the proteins were removed together with the water layer during 

extraction. Therefore, the average of the protein values of 7HC incubations was used. Per experiment, 

79-97% of the slices had a protein content ranging from 50% to 150% of the average protein content. 

Statistics 

Statistical significance of the difference between Ussing chamber preparations and precision-cut slices 

was determined using a paired Student´s t -test. The linearity of metabolic rates in time was determined 

using linear regression analyses. 

 

 

Results 

Viability assessment of small intestinal and colon slices 

Three different parameters were assessed to evaluate the viability of small intestinal and 

colon slices after 4 h of incubation: morphology, ATP levels and metabolic stability. Small 

pieces of non-incubated tissue served as controls for morphology and ATP levels. 

 

Morphology: Although the villi showed somewhat flattening, the overall tissue morphology 

and the morphological appearance of the colonocytes/ enterocytes of colon and proximal 

jejunal slices remained intact during 4 h of incubation in comparison with non-incubated 

control tissue. No cell swelling or necrosis was observed. The morphological evaluation 

indicated that the number of intact epithelial cells was not reduced during this incubation 

period (figure 1).  

 

 

 

Figure 1: Micrographs of small intestinal tissue as 

control (A) and slices after 4 h of incubation (B). In 

addition, micrographs of colon tissue as control (C) 

and colon slices after 4 h of incubation (D). 

Staining: Haematoxylin and eosin (100x for small 

intestine; 200x for colon). Representative 

micrographs from 5 experiments (small intestine) 

and 2 experiments (colon) using 3 slices per 

incubation. 

 

 

Intracellular ATP: General viability of small intestinal slices was assessed in four 

experiments by measurement of intracellular ATP levels. The level of ATP in tissue pieces 

harvested directly after preparation of the mucosal sheets was 1.2 nmol/mg protein and 

increased significantly during the first 4 h of incubation to 3.3 nmol/mg protein (p < 0.02).  

Figure 1

A B

C D
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Viability in Ussing chamber preparations 

Electrical parameters: To evaluate the tissue integrity of Ussing chamber preparations, 

electrical parameters were monitored. In figure 2, the electrical parameters of Ussing 

chamber preparations are shown during 4 h of incubation with substrates. The potential 

difference (PD), reflecting the voltage gradient 

generated by the tissue, was 7.9 mV and 

decreased significantly (p < 0.003) to 4.5 mV after 

4 h of incubation. The short-circuit current values 

(reflecting the ionic fluxes across the epithelium) 

were 2 A/mm
2
 at the beginning of the experiment 

and after a small increase to 2.3 A/mm
2
 

decreased non-significantly to 1.2 A/mm
2
 after 4 

h of incubation. The resistance (R), reflecting 

tissue integrity, increased non-significantly from 42 

to 48 Ohm x cm
2
 after 4 h of incubation.  

 

 

 

 

Figure 2: Electrical parameters of human intestinal 

segments in the Ussing chamber technique during 4 h of 

incubation: potential difference (PD) (A), short-circuit 

current (SCC) (B) and resistance (R) (C). Results show 

mean  SEM of 4 donors; each time point represents 6-

32 chambers.  

 

 

Figure 3: Metabolic activities as detected in precision-cut slices toward testosterone prepared from 

small intestine: (A) Androstenedione and (B) 6-TOH, 16-TOH and 2-TOH. Results show mean  

SEM of 5-7 donors; in each experiment 3 slices were incubated per time point. 

Figure 2
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Stability of metabolic rate in precision-cut slices 

Testosterone metabolism 

The rates of testosterone metabolite formation in human proximal jejunum are shown in 

figure 3. Four different metabolites could be quantified: androstenedione, 16-, 6- and 2-

hydroxytestosterone. Androstenedione and 16-TOH were formed at a constant rate up to 4 

h of incubation (R
2
 > 0.93). For 6- and 2-TOH the highest formation rate was detected 

between 0 and 1 h of incubation. In order from highest to lowest formation rate: 

androstenedione (316 pmol/min/mg protein), followed by 6-TOH (107 pmol/min/mg protein 

in first h), 2-TOH (25 pmol/min/mg protein in first h) and 16-TOH (9 pmol/min/mg protein).  
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Figure 4: Metabolic activities detected using 

precision-cut slices and Ussing chamber 

preparations prepared from proximal jejunum. Phase 

I reaction rates were assessed with a cocktail of 4 

compounds: midazolam towards 1’OH-midazolam 

(A), diclofenac towards 4’OH-diclofenac (B), 

bufuralol towards OH-bufuralol (C) and coumarin 

towards 7’OH-coumarin (not detectable). Phase II 

reactions were monitored using 7HC towards 7HC-

glucuronidation (D) and 7HC-sulphation (E). Results 

are mean  SEM of 4 donors; in each experiment 3 

slices and 1 Ussing chamber preparation were 

incubated per time point. 
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Hydroxylation of midazolam, diclofenac, bufuralol and coumarin 

Slices were incubated with a cocktail of drugs (midazolam, diclofenac, bufuralol and 

coumarin) to further evaluate the stability of CYP mediated reactions. The metabolite 

formation in time is depicted in figure 4A-C. No 7’OH-coumarin metabolite formation could 

be detected in the slices. 1’OH-midazolam (R
2
 > 0.92), 4’OH-diclofenac (R

2 
> 0.97) and OH-

bufuralol (R
2 

> 0.93) formation were time-dependent up to 4 h of incubation. The fastest 

metabolic hydroxylation rate was detected using midazolam as a substrate (11.6 

pmol/min/mg protein), followed by diclofenac (7.7 pmol/min/mg protein) and bufuralol (1.3 

pmol/min/mg protein). In figure 4, the metabolite values in the slices are depicted as mean 

values of 4 experiments using tissue from 4 different donors. These were performed 

simultaneously with Ussing chamber experiments. Two additional slice experiments were 

performed with the cocktail. The obtained results were in line with the results depicted in 

figure 4 (data not shown). The range of metabolite formation rates in slices in the 6 

experiments were 8.3 - 17 pmol/min/mg protein (1’OH-midazolam), 4.4 – 9.4 pmol/min/mg 

protein (4’OH-diclofenac) and 0.2 – 2.2 pmol/min/mg protein (OH-bufuralol).  

In colon slices, the hydroxy-metabolite formation for all substrates was below the detection 

limit.   

 

7HC conjugation 

Figure 5 shows that for both glucuronidation and sulphation the metabolic rates were 

constant during the first 4 h of incubation in both small intestine (open symbols, R
2
 > 0.98) 

and colon (closed symbols, R
2
 > 0.98).  

In small intestinal as well as in colon slices, the glucuronidation rate is higher than the 

sulphation rate. Comparing colon and small intestinal slices, comparable rates were found 

for both glucuronidation (small intestine: 315 pmol/min/mg protein, colon: 377 pmol/min/mg 

protein) and sulphation (small intestine: 52 pmol/min/mg protein and colon: 62 pmol/min/mg 

protein). 

 

 

 

 

Figure 5: Conjugation activity toward 7HC 

was measured using precision-cut slices 

prepared from small intestine (open marks) 

and colon (closed marks). 7HC-

glucuronide () and 7HC-sulphate 

formation () were measured during 0-4 h 

of incubation.  Results are mean  SEM of 

5-7 donors; in each experiment 3 slices 

were incubated.  
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Stability of metabolic rate in Ussing chamber preparations 

Hydroxylation of midazolam, diclofenac, bufuralol and coumarin 

In the Ussing chamber incubations, metabolites which were detected in the apical chamber 

(A), basolateral chamber (B) and in the tissue (T) are indicated in figure 6. The sums of the 

metabolites in these three compartments correspond to the total metabolite formation in the 

Ussing chamber incubations and are depicted in figure 4A-E. 

Figure 6: Distribution of formed metabolites over the apical (A), basolateral (B) and tissue (T) 

compartment was measured using human proximal jejunum in the Ussing chamber set-up. Phase I 

reaction rates were assessed with a cocktail of 4 compounds, formation of 1’OH-midazolam (6A), 4’OH-

diclofenac (6B), OH-bufuralol (6C) and 7’OH-coumarin (not detectable). Phase II reactions were 

monitored using 7HC towards 7HC-glucuronide (6D) and 7HC-sulphate (6E). Results are mean  SEM 

of 4 donors; in each experiment 1 Ussing chamber preparation was incubated per time point. 

Figure 6
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Like in the slices, 7’OH coumarin could not be detected in Ussing chamber experiments 

after 4 h of incubation neither in compartment A nor B. However, low amounts of the 

metabolite could be detected in tissue, indicating a low activity of the CYP2A6 enzyme.  

1’OH-midazolam (R
2
 > 0.95) formation and 4’OH-diclofenac (R

2
 > 0.99) formation were 

linear up to 3 h and OH-bufuralol formation up to 4 h of incubation (R
2
 > 0.98) (figure 4A-C). 

As for slices, the highest metabolite formation was 1’OH-midazolam (9.3 pmol/min/mg 

protein), followed by 4’OH-diclofenac (6.9 pmol/min/mg protein) and OH-bufuralol (1.3 

pmol/min/mg protein). All detectable hydroxy-metabolites were excreted in a higher extent 

into the apical compartment compared to the basolateral compartment (significant for 1’OH-

midazolam (p < 0.005) and 4’ OH-diclofenac (p < 0.007), but not significant for OH-bufuralol 

(p < 0.11) (figure 6A-C).   

The total amount of metabolites that accumulated in the tissue remained constant during 

incubation: after 1 h of incubation 22-34% of the formed metabolites were retained within the 

tissue and after 4 h of incubation 10-13%.   

De-conjugation of cocktail metabolites 

To evaluate possible conjugation of the hydroxy-metabolites formed, media of Ussing 

chamber preparations (after 2 h of incubation) from both A and B compartments were de-

conjugated and re-analyzed (table II). In the A as well as the B compartment no relevant 

conjugation could be detected for 1’OH-midazolam, OH-bufuralol or 7’OH-coumarin 

(remained below the detection limit). However, the amount of 4’OH-diclofenac increased to 

133% in A and to 249% in B after deconjugation, resulting in an increase in total metabolism 

of 145%.  

Table II: % increase in metabolite concentration after incubation with deconjugating enzymes. 

Deconjugated samples were Ussing chamber medium samples incubated with cocktail of compounds 

for 2 h (n=4, mean  SEM)  

 Apical chamber                          

Basolateral chamber 

Basolateral chamber                           

1’OH-midazolam 108   6.8 % 110  4.6 % 

4’OH-diclofenac 133  11.6 % 249  30.8 % 

OH-bufuralol 108  4.8 % 92  8 % 

7HC conjugation 

For 7HC, tissue glucuronidation and sulphation rates were constant during 4 h of incubation 

in the Ussing chambers (R
2 

> 0.95) (figure 4D and E). As for slices, glucuronidation (415 

pmol/min/mg protein) occurred faster than sulphation (66 pmol/min/mg protein). The 

excretion of both conjugates to the A and B compartments differed for the two conjugates. 

For 7HC-GLUC, a slightly higher excretion to B than to A was observed (non-significant: p > 

0.08) (figure 6D). For 7HC-SULF, more metabolite (although non-significant: p < 0.08) was 

excreted towards A compared to B (figure 6E). After 1 h of incubation, 18% of 7HC-GLUC 

and 0% 7HC-SULF are retained within the tissue.  However, after 4 h of incubation the total 

amount retained in the tissue was low in relation to the amount excreted (0% for 7HC-SULF, 

2.5% for 7HC-GLUC).  
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Comparison of metabolic rates in precision-cut slices and Ussing chamber 

preparations  

Proximal jejunum tissue used in the Ussing chamber incubations as well as precision-cut 

slices were prepared at the same time from tissues of four donors. For 1’OH-midazolam 

formation, slices had a slightly, but significantly higher metabolic rate (p < 0.03 tested with a 

paired 2-tailed student’s t -test) compared with Ussing chamber incubations (figure 4A). For 

4’OH-diclofenac and OH-bufuralol formation (figure 4B and C), the metabolic rates were 

similar for precision-cut slices and Ussing chamber preparations.  

For 7HC conjugation (figure 4D and 4E), the metabolic rates in Ussing chamber 

preparations were slightly, but significantly higher (p < 0.02 tested with a paired 2-tailed 

student’s t -test) than in precision-cut slices.  

 

 

Discussion  
Recently, rat intestinal precision-cut slices were presented as a tool to study intestinal 

metabolism [17,18,25]. In addition, the rat and human intestinal Ussing chamber technique 

has been optimized as a tool to predict the absorption of the original compound [21] and not 

for metabolism. Since predictive in vitro methods are of high importance to investigate 

human intestinal drug metabolism, we characterized the viability and metabolic activity of 

human intestinal slices and compared it with the metabolic activity in Ussing chamber 

preparations. 

 

In slices, the intracellular ATP levels and morphology indicated that they were viable up to 4 

h of incubation. The increase of intracellular ATP levels during 4 h of incubation can be 

explained by the temperature change from 4C (storage) to 37C during incubation, allowing 

ATP levels to be re-established. This result is in line with earlier observations obtained with 

human liver, lung and kidney slices [23]. In Ussing chamber preparations, the electrical 

parameters indicate that the viability and integrity were maintained for at least 4 h, since the 

tight-junctions (reflected by the resistance) remained intact, which is a high-energy process. 

However, a small decrease of ion transport activity (PD and SCC) occurred, which is 

probably due to some loss of cells and surface area, as has been described by Polentarutti 

et al. [22].  

The metabolic stability was our major focus during these studies. Therefore, proximal jejunal 

slices were incubated with TT to test phase I activity. Formation rates of 6-TOH and 2-

TOH, both mediated by CYP3A4 [26], tended to decline after 1 h. In contrast, 

androstenedione formation (mediated by 17-HSD [27] and CYP2C19 [26]) and 16-TOH 

formation were constant up to 4 h. This may indicate different half-lives of the individual 

(iso)enzymes [28] or product inhibition. 

The decision to use a cocktail of model substrates was made to increase the amount of 

information that could be obtained per donor tissue: Midazolam 1’hydroxylation 

(CYP3A4/3A5), diclofenac 4’hydroxylation (CYP2C9), coumarin 7’hydroxylation (CYP2A6) 

and bufuralol hydroxylation (CYP2D6) were chosen based on substrate specificity [29]. Slice 

formation rates of 4’OH-diclofenac, 1’OH-midazolam, OH-bufuralol, 7HC-GLUC and 7HC-

SULF were constant up to 4 h of incubation. The difference in the stability of 1’OH-

midazolam (non-saturated conditions) and 2-TOH and 6-TOH formation (saturated 
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conditions) could be explained by the exhaustion of co-factors and/or product inhibition of 

2-TOH and 6-TOH. 

Only for 7HC-GLUC formation a lag-phase was observed. Pre-incubation of slices for 1 h did 

not influence this lag-phase (pilot experiment, data not shown). No lag-phase was observed 

in Ussing chamber experiments with 7HC, since both medium and tissue were harvested. In 

these tissues a constant amount of metabolite was detected up to 4 h of incubation, 

indicating that accumulation of the metabolites in slices may explain the lag-phase. 

Therefore, metabolic rates used for comparison are expressed as metabolite formation 

measured between 1 and 4 h of incubation. 

Hydroxylation of cocktail compounds in colon was undetectable and thus much slower 

compared with proximal jejunum. For 7HC-sulphation and 7HC-glucuronidation, the 

metabolic rates expressed per mg protein were similar in colon and proximal jejunum as was 

also found in rat [18]. In previous rat studies, intestinal slice incubations with 7HC showed 

higher glucuronidation rates (750 (colon) and 977 pmol/min/mg protein (proximal jejunum)) 

compared to human slices (377 and respectively 315 pmol/min/mg protein). The 

glucuronidation/sulphation ratio was higher in rat (colon: 16 and proximal jejunum: 23) than 

in human (colon and proximal jejunum: 6) [18], suggesting a clear species difference. This is 

in contrast with liver in which the glucuronidation/sulphation ratio is higher in human (19) 

than in rat (15) [23]. However, in future studies the test group should be expanded and also 

intestinal tissue from healthy subjects should be taken into account, to proof the existence of 

this species difference. To our knowledge, it is unknown whether obesity influences drug 

metabolism in the small intestine.  

When Ussing chamber preparations were incubated with the cocktail of CYP substrates or 

7HC, the metabolite formation was linear up to 3-4 h of incubation. The distribution of 

metabolites in the A and B compartments, however, differed clearly per substrate. This may 

indicate a clear role of transporters. Possibly, metabolites appear at the apical site due to 

metabolism in slought-off cells. To exclude this, we sampled medium after incubation and 

incubated these for another 3 h. No further metabolism was detected in these incubations 

confirming that the formation of the metabolites occurred in cells within the tissue and was 

then excreted into the apical compartment.  

The role of transporters in uptake and excretion of compounds in the intestine has been 

extensively discussed [11,30]. The co-localization of CYP3A4 and Pgp in the villi tips of 

human intestine has also been reported [31] indicating a collaborative role between 

enzymes and efflux transporters in the gut. In Ussing chamber studies using pig intestine, 

extensive luminal efflux of the oxidative product hydroxy-sirolimus was reported [32]. For 

glucuronide and sulfate conjugates formed in rat enterocytes, a significant extrusion into the 

intestinal lumen has been reported as well [33]. Apical excretion was shown to be facilitated 

by MRP2 in Caco-2 cells [10], which is in line with localization of MRP2 at the apical 

membranes of enterocytes [34]. The present study showed for the first time a clear luminal 

efflux of hydroxy-metabolites in human intestine. Elucidation of the identity of the 

transporters involved in the apical and basolateral excretion of the metabolites will be the 

focus of further research. 

 

A direct comparison of metabolic activity between the methods could be made, since tissues 

from the same donors were used to prepare both slices and Ussing chamber preparations. 
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The two techniques offer different advantages and limitations. The slice technique requires 

only 4 mg of tissue per slice and is technically easier to use. So, much more experimental 

variations may be tested within one experiment. More intestinal tissue is needed to mount 

tissue in the Ussing chamber set-up (around 160 mg mucosal tissue per set-up). However, 

the latter has the major advantage that vectorial transport of drugs and metabolites can be 

studied. The incubation conditions for both systems were also slightly different. In fact, these 

were chosen on the basis of optimized conditions developed for the two systems separately. 

Surprisingly, in spite of these differences similar metabolic activities were found for all 

reactions (phase I and II) tested.  

 

After intensive literature search, we feel that we are unable to compare the obtained results 

with earlier published microsomal data, since no exact scaling factor is known. Although 

certain reports give the microsomal protein yield after isolation, the loss during isolation has 

not yet been reported. Furthermore, for intestinal preparations, the origin of the tissue 

(location along the tract, patients/donor background) and/or the storage and preparation 

techniques used, will anyhow introduce differences in the metabolic rates. Only when 

studies are performed with the same donor material, metabolic rates of different methods 

can be compared. This might be a subject for future studies.  

 

To underline the intrinsic importance of the enterocytes in drug metabolism, we compared 

the intestinal metabolic rates with activities obtained using human liver. First of all, a 

remarkably low interindividual variation was seen in this study using gut tissues. For 

testosterone hydroxylation only a 2-fold difference was detected between six donors. This is 

not in line with the observation of others that intestinal metabolism is highly variable [35], but 

may be related to the relatively small number of obese donors used in our study. Liver slice 

values of human TT hydroxylation have been reported to be: 65 (6-TOH), 24 (2-TOH), 

223 (androstenedione) and 5 (16-TOH) pmol/min/mg protein [23]. The proximal jejunum 

rates detected in the present study were resp. 1.6, 1, 1.4 and 1.8 times higher compared 

with the liver activity. However, these activities cannot be directly ascribed to the activity of 

liver hepatocytes and intestinal enterocytes. In liver, hepatocytes represent more than 80% 

of wet weight of which about 50% is contributing to the metabolic activity in slices of 250 m 

thickness [36], indicating that hepatocyte activity is 2.5 times the tissue value. In intestinal 

mucosa, enterocytes account for approximately 25% of total wet weight (morphological 

observation), indicating that the enterocyte activity is 4 times the tissue value. From these 

observation, we come to the remarkable conclusion that the phase I metabolic rate in 

enterocytes is estimated to be 1.7 to 2.9 times higher than that in hepatocytes.  

7HC-glucuronidation and 7HC-sulphation rates in human liver slices have been reported to 

amount 880 and 33 pmol/min/mg protein for 7HC-GLUC and 7HC-SULF respectively [37]. If 

the above mentioned assumptions are taken into account, glucuronidation rates in 

enterocytes in the present study reach 60-70% of the hepatocyte values. Enterocyte 

sulphation rates are approximately 250-300% of the sulphation rate in hepatocytes. We 

conclude that sulphation rates in enterocytes of proximal jejunum as well as colon are higher 

than in hepatocytes, but glucuronidation rates are lower.  
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From the present study it can be concluded that both precision-cut intestinal slices as well 

as Ussing chamber preparations are valuable tools to study human intestinal drug 

metabolism. Both systems remain viable up to 4 h and exhibit drug metabolism at similar 

rates. Interestingly, we estimate that human enterocytes exhibit at least comparable to even 

higher metabolic rates in comparison with hepatocytes. 
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Abstract  
Predictive in vitro methods to investigate induction of drug metabolizing enzymes and 

transporters in the human intestine are of high importance. Therefore, we evaluated the 

applicability of human intestinal precision-cut slices for induction studies in vitro. 

Morphological examination and intracellular ATP levels indicated tissue integrity up to 24 h 

of incubation. In addition, the metabolic rate was quite stable and decreased only to 40-50% 

on average for most substrates during 24 h of pre-incubation compared to the initial values. 

Only for diclofenac hydroxylation (CYP2C9) this decrease was larger (90%). In colon slices, 

the CYP conversions were always below the detection limit, but conjugation rates remained 

rather constant during incubation. The inducibility in slices was evaluated at mRNA (colon 

and proximal jejunum respectively) and activity level (proximal jejunum) using prototypical 

inducers for five induction pathways. In human intestinal slices, -naphthoflavone (AhR 

ligand) clearly induced CYP1A1 (132 and 387-fold) and UGT1A6 mRNA (9.8 and 3.2-fold), 

while rifampicin (PXR ligand) induced CYP3A4 (1.3 and 5.2-fold), CYP2B6 (2-fold), UGT1A6 

(2.2 and 32-fold) and MDR1/ABCB1 mRNA (2.7 and 2.9-fold) and 6-hydroxytestosterone 

formation (CYP3A4, 2-fold). Dexamethasone (GR ligand) induced CYP3A4 mRNA (5.3 and 

3.5-fold) and activity (5-fold). Phenobarbital (CAR ligand) induced CYP3A4 (1 and 4.1-fold), 

CYP2B6 (4.9 and 2.3-fold) and MDR1/ABCB1 mRNA and CYP3A4 activity (2-fold), whereas 

quercetin (Nrf2 ligand) induced UGT1A6 mRNA (6.7 and 2.2-fold). In conclusion, this study 

shows that human intestinal precision-cut slices provide a powerful tool to study induction of 

drug metabolizing enzymes and transporters in the human intestine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

List of non-standard abbreviations: 

ACN: acetonitril, AhR: Aryl hydrocarbon Receptor, BNF: -naphthoflavone, CAR: Constitutive 

androstane receptor, Ct: cycle number at the threshold value, DEX: dexamethasone, DMEs: drug 

metabolizing enzymes, DMSO: dimethylsulfoxide, DTs: drug transporters, GR: Glucocorticoid receptor, 

MeOH: methanol, NR: nuclear receptors, Nrf2:Nuclear factor-E2-related factor 2, PB: phenobarbital, Q: 

quercetin, RIF: rifampicin, RXR: Retinoid X Receptor, TOH: hydroxytestosterone, TFA: tri fluoric acid, 

TT: testosterone, WME: Williams medium E, 7HC: 7-hydroxycoumarin, 7HC-GLUC: 7-hydroxycoumarin 

glucuronide, 7HC-SULF: 7-hydroxycoumarin sulphate  
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Introduction  
The sensitivity of drug metabolizing enzymes (DMEs) and drug transporters (DTs) to 

inducers is a major concern in the development of new drugs, because induction potentially 

changes the bioavailability of drugs and may change the balance between toxification and 

detoxification [1]. Like the liver, the intestine expresses a broad spectrum of DMEs [2,3] and 

DTs [4,5]. The latter are commonly referred to as phase III in drug metabolism and are 

shown to play a cooperative role in detoxifying and excreting xenobiotics [6,7].  

Similarly to human liver DMEs [8,9], intestinal DMEs and DTs have been reported to be 

sensitive to induction [10-12]. In vivo studies showed up-regulation of CYP3A4 mRNA and 

activity in human enterocytes after oral administration of rifampicin [10] and St Johns Wort 

[13]. However, unlike in the liver, the inducibility of DMEs and DTs in the intestine mediated 

via various nuclear pathways has not been investigated in detail.  

 

To study the effect of inducers on DMEs and DTs, intact cell systems are required. Since the 

profiles of nuclear receptor (NR) ligands are different between species [14], it is crucial in 

drug development for human use that the induction profile of new compounds is tested on 

intact human tissue. The human derived Caco-2 and LS180 cell lines [15] have been proven 

to be useful for some induction studies [16-18]. However, it is commonly known that these 

cell lines do not express all DMEs and DTs present in small intestine and colon [19,20]. In 

addition, Caco-2 cells are deficient in PXR, making them less suitable to study PXR-

mediated induction [15].  

 

Recently, we validated the precision-cut slice technique using human intestinal tissue for 

metabolism studies and showed constant metabolic activity up to 4 h of incubation [21]. In 

the present study, we investigated the applicability of human intestinal precision-cut slices to 

study induction of DMEs (phase I and II) and DTs up to 24 h of incubation. Theodoropoulos 

et al. showed the inducibility of CYP3A4 in human fetal intestinal biopsies after incubation 

with calcitriol [22], but as far as we know, this is the first study testing and proving the 

applicability of human, intact, non-fetal, intestinal tissue for induction studies. We first tested 

both the viability of the preparations and the stability of the metabolic rates in colon and 

proximal jejunum slices during 24 h incubations by measuring intracellular ATP levels, 

examining morphology and determining stability of metabolic rate using several substrates: 

testosterone (TT): CYP3A4, 2B6, 17-HSD [23,24] 7-ethoxycoumarin (7EC): CYP1A1, 

CYP1A2, 2B6, CYP2E1 [25], 7-hydroxycoumarin (7HC): UGT1A6 and SULT, midazolam: 

CYP3A4/5, coumarin: CYP2A6, diclofenac: CYP2C9 and bufuralol: CYP2D6 [26].   

Secondly, slices were incubated with several prototypical inducers that on the basis of 

literature data (in vivo and/or in vitro) are supposed to induce certain DMEs and DTs via the 

most relevant nuclear pathways: -Naphthoflavone (BNF) via AhR: [1]; Rifampicin (RIF) via 

PXR [27]; Dexamethasone (DEX) via GR [28]; Phenobarbital (PB) via CAR [27]; and 

quercetin (Q), known to induce phase II metabolic reactions via Nrf2  [29]. After exposure of 

intestinal slices to the model inducers, induction was tested by determining the relative 

mRNA expression of several genes involved in phase I (CYP1A1, CYP2B6, CYP3A4, 17-

HSD) and phase II metabolism (UGT1A6) and phase III transport (MDR1/ABCB1). In 

addition, for a number of metabolic pathways the enzyme activity was determined after 

exposure to the inducing agents. 
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Materials and Methods 

Chemicals 

Dimethylsulfoxide (DMSO), tri fluoric acid (TFA), low gelling temperature agarose (type VII-A), 

amphotericin B solution (250 µg/ml), D-glucose, 7-hydroxycoumarin (7HC), 7-hydroxycoumarin-

glucuronide (7HC-GLUC), HEPES (N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)), 

testosterone, 11-hydroxytestosterone (11-TOH), 6-TOH, rifampicin (RIF), dexamethasone (DEX), -

naphthoflavone (BNF), quercetin (Q), phenobarbital (PB) and bovine serum albumin were purchased 

from Sigma-Aldrich (St. Louis, MO). Williams Medium E with Glutamax-I (WME) and gentamicin (50 

mg/ml) solution were obtained from Invitrogen (Paisley, UK). Formaldehyde solution (3.8%) was 

purchased from Mallinckrodt Baker B.V. (Deventer, The Netherlands). Hydroxy-bufuralol maleate salt, 

bufuralol hydrochloride salt, 1-hydroxy midazolam and 7-hydroxycoumarin-sulphate (7HC-SULF) were 

purchased from Ultrafine (Manchester, UK). 4-Hydroxy diclofenac was obtained from Gentest (Woburn, 

USA). Midazolam was purchased from Lipomed AG (Arlesheim, Switzerland). Sodium azide was 

obtained from Kebo lab (Spånga, Sweden). Sodium chloride, EDTA, formic acid, tris-HCl, 

dichloromethane and sodium acetate were obtained from Merck (Darmstadt, Germany). Acetonitril 

(ACN) and methanol (MeOH) were purchased from Rathburn (Walkerburn, Scotland). Ethanol was 

obtained from Kemetyl (Haninge, Sweden). 2-, 16-, 11-TOH were obtained from Steraloids 

(Newport, RI).  

Human tissue 

Human tissue originated from surgical resections, with approval from the regional ethical committee in 

Gothenburg (Sweden) and with consent from each of the individual patients; proximal jejunum was 

obtained from patients suffering from obesity from Sahlgren’s University hospital (Sweden) while the 

colon resections were from patients suffering from colon carcinomas from East Hospital (Gothenburg, 

Sweden). Donor characteristics are listed in table I of chapter 6. 

After surgical removal, tissue was directly stored in ice-cold constantly oxygenated (with carbogen, 95% 

O2 and 5% CO2) Krebs-Bicarbonate Ringer´s solution (pH 7.4) with the composition reported earlier 

[30].  

Preparation and incubation of human tissue 

Directly after the tissue arrived in the lab, the muscle layers and serosa were carefully removed. In all 

cases, preparation of mucosal tissue was finished within 1-2 h after excision.  

Preparation of precision-cut slices 

Preparation of slices was described in an earlier study [21]. In brief, mucosal tissue was transferred to 

ice-cold oxygenated Krebs-Henseleit buffer (containing 10 mM HEPES and 25 mM D-glucose, pH 7.4). 

Tissue was cut in pieces of 7-9 mm width and variable length and were subsequently embedded in 

37C, 3% low-gelling temperature agarose in 0.9% NaCl solution, using a pre-cooled (0C) tissue 

embedding unit (Alabama Research and Development, Munford, AL), allowing the agarose solution to 

gel. After the agarose solution had gelled, precision-cut slices (thickness about 400 M) were cut using 

a Krumdieck tissue slicer as described previously [31]. 

Incubation of precision-cut slices 

Slices were incubated individually in 12-well culture plates (Costar no 3512, Corning Incorporated, NY, 
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USA) in 1.3 ml of Williams Medium E with Glutamax-I (WME), supplemented with D-glucose (final 

concentration 25 mM), gentamicin (final concentration 50 g/ml) and amphotericin B (final concentration 

2.5 g/ml). The culture plates were placed in a pre-warmed cabinet (37C) in plastic boxes. Slices were 

incubated under humidified carbogen and shaken using an orbital shaker at approximately 45 rpm.  

Viability testing of precision-cut slices 

Morphology: The condition of precision-cut slices was evaluated after 24 h of incubation by examining 

their morphology microscopically. After incubation in triplicate per experiment, slices were stored in 

3.8% formaldehyde solution at 4
o
C. In addition, directly after the tissue arrived, a small piece of tissue 

was put in ice-cold formalin as a control. Samples were sent to HistoCenter AB (Frölunda, Sweden) for 

further processing and haematoxylin and eosin staining. Colon slice incubations for morphology were 

performed in two experiments with tissue from two subjects in triplicate; proximal jejunum slice 

incubations were performed in 5 experiments with tissue from five subjects in triplicate.  

Intracellular ATP levels: Intracellular ATP levels were evaluated in proximal jejunum slices to judge 

the overall metabolic condition of the tissue after 4 and 24 h of incubation. Directly after tissue 

preparation, 3 pieces of tissue were snap-frozen as controls. Intracellular ATP levels were determined 

as described in an earlier study [21]. ATP was determined in four experiments using four different donor 

tissues in triplicate. 

Stability of metabolic rate in time: The stability of metabolic rate was determined between 0-3 h and 

24-27 h of incubation. To evaluate phase I metabolism, slices were incubated with TT (final 

concentration 250 M, 1% MeOH), 7EC (final concentration 500 µM, 1% MeOH) or a cocktail of 4 

compounds: midazolam (3 M), diclofenac (5 M), bufuralol (10 M) and coumarin (3 M) with 0.35% 

MeOH as a final solvent concentration. For cocktail incubations, no metabolic interactions were 

detected between substrates at these concentrations (T.Andersson, AstraZeneca, Mölndal (personal 

communication)). To evaluate phase II metabolism, slices were incubated with 7HC (final concentration 

500 µM, 1% MeOH). As control, medium was incubated with substrate, but without slice. After 

incubations with the cocktail, 7EC or 7HC, medium was harvested for analysis of the metabolites. The 

slice was harvested for protein determination. After incubations with TT, slice and medium were 

harvested together for metabolite analysis. All samples were stored at –20C until further use.  

Metabolism experiments with proximal jejunum and colon were performed on tissues from 5 donors in 

triplicate.  

Induction studies 

To test the induction of DMEs and DTs, slices prepared from proximal jejunum (up to 6 individual 

donors) and colon tissue (up to 3 individual donors) were pre-incubated with BNF (final concentration 50 

µM, 0.5% DMSO), DEX (final concentration 100 M, 0.5% DMSO), RIF (final concentration 30 µM, 

0.5% DMSO), PB (500 M), Q (final concentration 10 M, 0.5% DMSO), 0.5% DMSO (control for BNF, 

Q, DEX and RIF) or 0% DMSO (control for PB). Subsequently, slices were either harvested for RNA 

isolation by snap-freezing in N2(l) or, only in case of proximal jejunum, further incubated for 3 h with a 

substrate to assess induction of metabolic activity. After 3 h of substrate incubation, the reactions were 

stopped as described above. The following combinations of inducers and substrates were tested: BNF 

with 7EC and 7HC, RIF with TT; DEX with TT; PB with TT and Q with 7HC. 

Gene expression levels 

After thawing, total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany). 2 g of 
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total RNA was used to synthesize 50 µl of cDNA using the Promega Reverse Transcription System 

(Promega, Madison, WI, USA). Subsequently, the genes of interest were analyzed by two different 

detection systems that were dependent on the available primers. Villin, CYP1A1 and CYP3A4 (see 

table I of chapter 8) were analyzed with the SYBRgreen method. cDNA (1.25 µl) was used in real-time 

PCR reactions using SYBR green reaction mixture (Applied Biosystems, Warrington, UK) to assess 

expression of the target genes. The cycling conditions comprised of 10 min at 95C and 40 cycles at 

95C for 15 s, at 56C for 15 s and at 72C for 40 s followed by a dissociation stage (at 95C for 15 s, at 

60C for 15 s and at 95C for 15 s). 

For TaqMan® analysis, Assay-on-Demand
TM

 Gene Expression Products were purchased for villin, 

MDR1/ABCB1 and UGT1A6 (see table II of chapter 8). Primers and probe for the UGT1A6 gene were 

custom-designed and had the following sequences: probe sequence (5’ FAM  3’ NFQ): 

CCACATGACTTTTTCCC, forward primer sequence: 5’-CCAGGTGCTACACAAAGTTTTCAGA-3’ and 

reverse primer sequence: 5’-AAGGAAGTTGGCCACTCGTT-‘3. cDNA (1.00 l) was used in real-time 

PCR reactions using Taqman reaction mixture (Applied Biosystems, Warrington, UK), and the 

appropriate primers and probes. The cycling conditions comprised of 10 min at 95C and 40 cycles at 

95C for 15 s and at 60C for 1 min.  

The following combinations of genes and inducers were tested: CYP1A1, UGT1A6 after BNF exposure, 

CYP3A4, MDR1/ABCB1 after DEX exposure, CYP3A4, CYP2B6, MDR1/ABCB1 after RIF exposure, 

CYP3A4, CYP2B6 and MDR1/ABCB1 after PB exposure and UGT1A6 after Q exposure.  

The cycle number at the threshold (Ct) is inversely related to the abundance of mRNA transcripts in the 

initial sample. Mean Ct of duplicate measurements was used to calculate the difference of Ct for the 

target gene and the reference villin gene (∆Ct), which was compared to the corresponding delta Ct of 

the control experiment (∆∆Ct). Data are expressed as fold-induction of the gene of interest according to 

the formula 2
-∆∆Ct

. 

Metabolite analyses 

Testosterone sample analysis: After thawing (at 4C), samples were homogenized using a sonicator. 

Then, 11-TOH (internal standard) and 6 ml dichloromethane were added. The total mixture was 

vortexed and then centrifuged using a Beckman-Coulter CS-6KR centrifuge (Beckman Coulter, 

Fullerton, CA) (10 min, 4C, at 800 g). The water layer was removed and the remaining 

dichloromethane phase was evaporated overnight. The residue was dissolved in 130 l of 50% MeOH 

and then analyzed by HPLC as described previously [32]. 

Cocktail sample analysis: Slices were homogenized by sonication and two volumes of ACN were 

added to precipitate the proteins. Then, samples were centrifuged (10 min, 20C, 4000 g). The 

supernatant, used for metabolite analysis, was diluted with 2 volumes of water (final concentration of 

ACN: 30%) and subsequently pipetted into a 96-well plate together with standards (1’OH-midazolam, 

4’OH-diclofenac, OH-bufuralol and 7’OH-coumarin) dissolved in 30% ACN. The plate was centrifuged 

for 20 min (4000 g, 4C) before injection occurred. The precipitate was stored at –20C for protein 

determination. Analysis occurred by LCMS as described previously [21]. 

7EC and 7HC sample analyses: After thawing, sodium azide (final concentration 0.1 mg/ml) was 

added to the samples to prevent bacterial growth. Subsequently, the samples were centrifuged (3 min, 

4C, 10,000 g) and metabolites were determined by HPLC. 7EC, 7HC, 7HC-GLUC and 7HC-SULF 

were used as references. Chromatography was performed by HPLC as described in an earlier study 

[21]. 
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Protein determination 

To correct for the differences in slice volume, the protein content was determined on all slice samples 

after ATP analysis, and 7EC, 7HC or cocktail incubations to be able to relate metabolic rate to protein 

content. For testosterone experiments, the protein content could not be determined. Therefore, the 

average of the protein values of 7HC incubations was used. After incubation, samples were stored at -

20
o
C until further use. Analysis occurred by LCMS as described previously [21]. 

Statistics 

Statistical significance of the elevation of gene expression or activity by the inducing compound 

compared with control incubations was evaluated using a paired Student´s t -test. 

 

 

Results 

Viability testing of small intestinal and colon slices 

Three different parameters were assessed to evaluate the viability and functionality of 

proximal jejunum and colon slices after 24 h of incubation: morphology, ATP levels and 

metabolic stability. Small pieces of non-incubated tissue served as controls for morphology 

and ATP levels. 

 

Morphology: The viability of colon and proximal jejunum slices was assessed by 

morphological evaluation. The overall morphology, generally, showed flattening of the villi 

during 24 h of incubation. The cells of interest for metabolism, the epithelial cells, however, 

still showed their columnar shape and no cell swelling or necrosis was observed. In addition, 

goblet cells remained intact as well. In the colon slices, the initial tissue morphology 

remained intact up to 24 h of incubation (figure 1). 

 

 

 

 

 

 

 

Figure 1: 

Representative 

micrographs of 

small intestinal 

tissue as control (A) and slices after 24 h of incubation (B). 

In addition, micrographs of colon tissue as control (C) and 

colon slices after 24 h of incubation (D). Haematoxylin and 

eosin (100x for small intestine; 200x for colon). 

 

Figure 2: Intracellular ATP levels 

measured in proximal jejunum tissue 

(t=0) and in slices after 4 and 24 h of 

incubation. Results show mean  

SEM of 4 donors; in each experiment 

3 slices were incubated per time 

point. Significant differences toward 

the zero hour control are indicated 

with * p < 0.05. 
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Intracellular ATP levels: General viability of proximal jejunum slices was assessed in four 

experiments by measurement of intracellular ATP levels (figure 2). The level of ATP in 

mucosal sheets harvested directly after preparation was 1.2  0.1 nmol/mg protein and 

increased significantly during the first 4 h of incubation to 3.3  0.2 nmol/mg protein (p < 

0.02) after which it non-significantly decreased to 2.2  0.4 nmol/mg protein after 24 h of 

incubation.  

 

Stability of metabolic rate in time: To assess the metabolic stability, slices were incubated 

from 0-3 h or from 24-27 h with several substrates. In small intestinal slices (table I), the 

metabolic rates were quite stable and decreased only to 40-50% on average for most 

substrates (phase I and II conversions) during 24 h of pre-incubation compared to the initial 

values. The rate of 7HC glucuronidation (mediated by UGT1A6) and androstenedione 

formation (mediated by several CYPs and 17-HSD [24]) after 24 h of incubation was 

maintained at 76% of the metabolic rate measured after 3 h. Formation of 4’OH-diclofenac 

(CYP2C9), however, was retained at only 9% of the 0-3 h control incubation. CYP3A4 

activity assessed with either 1’OH-midazolam, 6-TOH or 2-TOH was maintained at 22-

42% of 0-3 h levels.  

Table I: Enzyme activity (*pmol/min/mg protein) in proximal jejunum slices after 0 and 24 h of incubation 

Compound/enzyme 
Activity 
0-3 h* 

Activity 
24-27 h* 

% of the initial metabolic rate 
after 24 h pre-incubation 

OH-Midazolam (CYPA4/5) 11  2 5  1 42 

OH-Diclofenac (CYP2C9) 7  1 0.6  0.2 9 

OH-Bufuralol (CYP2D6) 1.1  0.3 0.4  0.04 39 

Androstenedione 308  38 234  32 76 

2β-TOH 10  1 3  1 32 

6β-TOH 48  5 11  2 22 

16α-TOH 9  1 5  1 51 

7-HC 33  14 13  7 38 

7HC-GLUC 248  29 189  38 76 

7HC-SULF 42  3 23  4 53 

In colon slices (table II), the phase I activities were under the detection limit al all incubation 

times. Glucuronidation and sulphation rates were comparable to those in small intestine and 

remained at 100% up to 24 h of incubation. 

Table II: Enzyme activity (*pmol/min/mg protein) in colon slices after 0 and 24 h of incubation 

Compound/enzyme 
Activity 
0-3 h* 

Activity 
24-27 h* 

% of the initial metabolic rate 
after 24 h pre-incubation 

OH-Midazolam (CYPA4/5) ND ND  

OH-Diclofenac (CYP2C9) ND ND  

OH-Bufuralol (CYP2D6) ND ND  

7-HC ND ND  

7HC-GLUC 247  23 247  37 100 

7HC-SULF 49  10 50  13 100 
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Induction studies 

To investigate the induction of DMEs and DTs in human intestinal tissue, slices were 

incubated with BNF, Q, DEX, RIF or PB and subsequently harvested for mRNA isolation or 

further incubated with substrates to analyze enzyme activity.  

 

After incubation with BNF (figure 3), CYP1A1 mRNA was largely induced in proximal 

jejunum (362-fold, p < 0.05) and colon (132-fold, p < 0.05). Furthermore, mRNA of UGT1A6 

was induced in all 3 tissue samples that were tested (proximal jejunum: 3.2-fold, p < 0.05 

and colon: 9.8-fold). In addition, also the rate of 7EC O-deethylation was increased after 

BNF incubation and was significantly higher than in fresh slices or slices incubated for 24 

hours without BNF or DMSO. 7EC O-deethylation after BNF incubation was non-significantly 

increased (1.8-fold) in comparison to slices incubated with 0.5% DMSO, because DMSO 

also increased 7EC O-deethylation rate in 3 out of 5 experiments.   

Figure 3: Slices were exposed to BNF (50 M) for 24 h after which mRNA expression of CYP1A1 and 

UGT1A6 (small intestine and colon (A)) and 7EC O-deethylation (small intestine (B)) were evaluated. 

For mRNA induction studies, the fold-induction was compared with control slices that were incubated for 

24 h with 0.5% DMSO (represented by the line at 1-fold). Results show mean  SD for small intestine (3 

donors for mRNA expression, 5 donors for activity analysis) and colon (3 donors); in each experiment 3 

slices were incubated per treatment. Significant differences toward the control incubations are indicated 

with * p < 0.05. 

 

 

After incubation with DEX (figure 4), CYP3A4 mRNA expression was induced in proximal 

jejunum (3.5-fold, p < 0.05 in 4 out of 5 experiments) and colon (5.3-fold, induction in 1 out 

of 2 experiments). MDR1/ABCB1 mRNA expression was non-significantly induced in 

proximal jejunum (1.8-fold; in only 3 of the 5 donors induction > 1.5-fold), but no change was 

observed in colon. Hydroxylation of testosterone was also tested in proximal jejunum slices 

after DEX incubation. Formation of 6-TOH was non-significantly induced in 5 out of 6 donor 

tissues (1.5-fold). Induction of 2-TOH could not be measured, since DEX disturbed the 

HPLC measurement by eluating at the same retention time as 2-TOH. 
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Figure 4: Slices were exposed to DEX (100 M) for 24 h after which mRNA expression of both CYP3A4 

and MDR1/ABCB1 (small intestine and colon (A)) and testosterone hydroxylation (small intestine (B)) 

were evaluated. For mRNA induction studies, the fold-induction was compared with control slices that 

were incubated for 24 h with 0.5% DMSO (represented by the line at 1-fold). Results show mean  SD 

for proximal jejunum (5 donors for mRNA analysis and 6 donors for activity measurement) and colon (2 

donors); in each experiment 3 slices were incubated per treatment. Significant differences toward the 

control incubations are indicated with * p < 0.05. 

 

Figure 5: Slices were exposed 

to RIF (30 M) for 24 h after 

which mRNA expression of 

CYP3A4, CYP2B6, UGT1A6 

and MDR1/ABCB1 (small 

intestine and colon (A)) and 

testosterone hydroxylation 

(small intestine 6β- (B), 2β-(C) 

and 16α-hydroxylation (D)) 

were evaluated. For mRNA 

induction studies, the fold-

induction was compared with 

control slices that were 

incubated for 24 h with 0.5% 

DMSO (represented by the line 

at 1-fold). Results show mean 

 SD for proximal jejunum (5 

donors for mRNA analysis and 

6 donors for activity 

measurement) and colon (2 

donors); in each experiment 3 

slices were incubated per treatment. Significant differences toward the control incubations are indicated 

with * p < 0.05 and ** p < 0.01. 
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After incubation with RIF (figure 5), CYP3A4 mRNA expression was prominently induced in 

proximal jejunum (5-fold, p < 0.05), but non-significantly in colon slices (1.3-fold). 

Furthermore, CYP2B6 (small intestine: 2.2-fold, p < 0.05; colon: 2.0-fold), UGT1A6 (small 

intestine: 2.2-fold, p < 0.05; colon: 32-fold) and MDR1/ABCB1 (small intestine: 2.7-fold, p < 

0.05; colon: 2.9-fold) were induced in both tissues. In colon, only 1 of the 2 donor samples 

responded to RIF with increased expression of CYP3A4, 2B6 and UGT1A6. MDR1/ABCB1, 

however, was clearly induced in both colon samples. In proximal jejunum slices, the 

metabolic activity was increased by RIF as well: 6-TOH and 2-TOH formation increased 

2-fold (p < 0.05). Formation of 16-TOH increased significantly (p < 0.05) with 1.5-fold 

compared to the DMSO controls. 

After incubation with PB (figure 6), all genes, that were tested, were significantly induced in 

proximal jejunum. CYP3A4 was induced 4.1-fold (p < 0.05), CYP2B6 2.3-fold (p < 0.05) and 

MDR1/ABCB1 2.2-fold (p < 0.05). Only 2 colon donor tissues were available, but these 

tissues reacted the same: CYP3A4 was not influenced, but CYP2B6 and MDR1/ABCB1 

were induced 4.9-fold and 2-fold respectively.  

In contrast to the induced CYP2B6 

mRNA expression, the formation of 

16-TOH (CYP2B) in proximal jejunum 

slices was not induced after 24 h of 

incubation. In contrast, not only 

CYP3A4 mRNA expression, but also 

the metabolic rate towards both 6-

TOH and 2-TOH formation increased 

(p < 0.05).  

 

 

Figure 6: Slices were exposed to PB (500 

M) for 24 h after which mRNA expression 

of CYP3A4, CYP2B6 and MDR1/ABCB1 

(small intestine and colon (A)) and 

testosterone hydroxylation (small intestine, 

16α- (B), 6β- (C) and 2β-hydroxylation (D) 

were evaluated. For mRNA induction 

studies, the fold-induction was compared 

with control slices that were incubated for 24 

h represented by the line at 1-fold. Results 

show mean  SD proximal jejunum (5 

donors for mRNA analysis and 6 donors for activity measurement) and colon (2 donors); in each 

experiment 3 slices were incubated per treatment. Significant differences toward the control incubations 

are indicated with * p < 0.05 and ** p < 0.01. 

 

After incubation with Q (figure 7), UGT1A6 was induced in proximal jejunum (2.2-fold, p < 

0.05) and colon slices (6.7-fold, tested in 1 experiment only). Formation of 7HC-GLUC, 

mediated by UGT1A6, was not influenced by Q after 24 h of incubation.  
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Figure 7: Slices were exposed to Q (10 M) for 24 h after which mRNA expression of UGT1A6 (small 

intestine and colon (A)) and 7HC glucuronidation (small intestine (B)) were evaluated. For mRNA 

induction studies, the fold-induction was compared with control slices that were incubated for 24 h with 

0.5% DMSO represented by the line at 1-fold. Results show mean  SD proximal jejunum (5 donors for 

mRNA analysis and 4 donors for activity measurement) and colon (1 donor); in each experiment 3 slices 

were incubated per treatment. Significant differences toward the control incubations are indicated with * 

p < 0.05. 

 

Discussion  
In the present study, we investigated the applicability of human intestinal precision-cut slices 

for induction studies. Therefore, we assessed the viability and functionality of intestinal 

slices during 24 h of incubation. In addition, we tested the induction of several phase I, II and 

III genes by 5 prototypical inducers, covering the most relevant NR pathways (AhR, Nrf2, 

PXR, GR and CAR).  

 

The viability studies revealed that proximal jejunum slices A) preserved ATP levels during 24 

h of incubation, B) retained intact epithelial cells, judged by morphological evaluation, 

although some flattening of the villi occurred and C) retained metabolic conversions for 

phase I and II reactions. For colon slices, the morphology remained intact and the 

conjugation rates remained constant during 24 h of incubation. CYP conversions, however, 

were below the detection limit at all time points. In proximal jejunum slices, the metabolic 

rates of CYP conversions were retained to differing extents (9-51%), depending on the 

substrate. Since all CYP reactions use the same co-factor, NADPH, the explanation for the 

variability in this decrease may either lay in the differences in half-lives of the iso-enzymes, 

which is in line with reported findings in human liver slices [33] and/or in the lack of natural 

inducers in the incubation medium as normally present in the intestinal lumen. Further 

studies are required to investigate these hypotheses.  

To investigate the applicability of human intestinal slices for induction studies, both proximal 

jejunum and colon slices were incubated with different prototypical inducers: BNF (AhR 

ligand), RIF (PXR ligand), DEX (GR ligand), PB (CAR ligand) and Q (Nrf2, described to 

induce UGT expression [18]). 
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CYP1A1 mRNA and the activity level of 7EC O-deethylation were prominently induced after 

BNF incubation and this data confirms published findings in LS180 cells [15]. The activity 

level of 7EC O-deethylation after DMSO (control) incubation, however, was also increased 

in 3 out of 5 experiments, which was not in line with mRNA findings. This indicates that AhR-

mediated induction can be detected in this system, but it remains unclear to which extend 

DMSO or BNF are responsible for the effect. Furthermore, the observed induction of 

UGT1A6 mRNA expression after BNF exposure was in agreement with published findings 

with Caco-2 cells [34,35]. 

DEX is a known agonist for GR [36] as well as an activator and ligand for hPXR, in particular 

at micromolar concentrations (>10 M) [28]. CYP3A4 mRNA and activity were induced in 

our studies with DEX using concentrations of 100 M. In addition, induction of 

MDR1/ABCB1 mRNA was detected in our study and is in agreement with published findings 

in LS174T cells [37] and in LS180 cells [38].    

Rifampicin is a known activator and ligand of hPXR [36]. Rifampicin induced the mRNA 

expression levels of CYP3A4, CYP2B6, MDR1/ABCB1 and UGT1A6. In addition, the 

activities of CYP2B6 (16-TOH) and CYP3A4 (6-TOH/2-TOH) enzymes were induced. 

These observations are in line with published findings. Rifampicin, for example, was 

reported to induce CYP3A4 [39] and MDR1/ABCB1 [40] in human enterocytes after oral 

administration of RIF to healthy volunteers. In vitro, RIF induced CYP3A4, UGT1A6 and 

MDR1/ABCB1 [15,38] in LS180 cells. In colon slices, the results obtained with RIF are 

difficult to interpret, because only 1 of the 2 donor tissues responded. 

Phenobarbital induces the nuclear translocation of CAR, eventually inducing the 

transcription of several genes [14]. Furthermore, PB seems to be a ligand for both CAR and 

PXR [41]. After PB incubation in our slice system, mRNA expressions of CYP2B6 (proximal 

jejunum and colon), CYP3A4 and MDR1/ABCB1 (only proximal jejunum) were induced. This 

is in line with published findings showing induction of CYP3A4 and MDR1/ABCB1 mRNA in 

LS180 cells by PB [38]. Furthermore, CYP3A4 activity (6-TOH and 2-TOH formation) was 

induced after 24 h of slice incubation, but CYP2B6 activity (16-TOH formation) was not 

induced. No report could be found where the induction of CYP2B in human intestinal 

cells/tissue was measured. This can be explained by the absence of CAR in Caco-2 cells. 

The presence of CAR was only confirmed in Caco-2 TC7 cells after 15 days of post-

confluent culturing [42].  

Quercetin mediates induction via Nrf2 and has been described to induce UGT1A6 in Caco-2 

cells after 72 h of incubation [29]. Induction of UGT1A6 at mRNA level was clearly detected, 

but induction at activity level (7HC glucuronidation mediated by UGT1A6) was not yet 

observed. This could be due to the relatively short incubation time chosen in our studies (24 

h).   

 

Induction of DMEs has been shown to be dependent on the concentration of the inducer and 

incubation period [43], the presence of supplements in the incubation medium [44] and also 

on the type of cell line used [15]. Therefore, ‘false-negative’ results can be explained by 

these factors. For example, the lack of induction of CYP2B6 activity after PB exposure, 

despite the induction of CYP2B6 mRNA, may be explained by a too short incubation period. 

However, this hypothesis needs further investigation.  
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To summarize, since the morphological evaluation and ATP content indicated tissue integrity 

and the metabolic rates of all compounds, that were tested, were still detectable after 24 h of 

pre-incubation, we conclude that slices are useful for qualitative drug metabolism studies up 

to 24 h of incubation. Furthermore, all selected ‘model’ genes were induced after slice 

exposure to prototypical agents for 5 putative induction mechanisms (AhR, Nrf2, GR, PXR 

and CAR). Therefore, we conclude that human intestinal precision-cut slices provide a 

powerful tool to study induction in human intestinal tissue, thereby providing the opportunity 

to characterize and study these mechanisms in more detail.  
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Abstract  
The sensitivity of drug metabolizing enzymes and drug transporters to inducers is a major 

concern in the development of new drugs. However, relatively little is known about the 

induction of drug metabolizing enzymes and transporters in the human intestine. Therefore, 

we investigated the inducing effects of prototypical inducers for GR/PXR (dexamethasone), 

PXR (rifampicin), CAR (phenobarbital) as well as AhR (-naphthoflavone) and Nrf2 

(quercetin) using precision-cut slices of human intestine, a previously validated in vitro 

technique for metabolism and induction studies. Responses were evaluated at the level of 

mRNA expression. Dexamethasone induced CYP3A4, CYP2C9, CYP1A1, UGT1A6, MDR1, 

MRP3, PXR, RXR and AhR, and down-regulated BCRP and CAR. Rifampicin and 

phenobarbital both induced CYP3A4, CYP2B6, CYP2C9, UGT1A1, UGT1A6, MDR1 and 

MRP2. PXR and RXR were only induced by RIF and not by PB and CYP1A1 was only 

induced by PB and not by RIF. -naphthoflavone induced CYP1A1, CYP2C9, UGT1A1, 

UGT1A6, GSTA1, MRP2, MRP3, BCRP and RXR. Quercetin induced CYP3A4, CYP2C9, 

CYP1A1, UGT1A6, MDR1, MRP3, OATP2B1, BCRP, PXR, RXR and AhR. To conclude, 

drug metabolizing enzymes (phase I and II) and drug transporters (phase III) are 

coordinately regulated in human small intestine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

List of non-standard abbreviations: 

AhR: Aryl hydrocarbon Receptor, ARE: Antioxidant response element, BNF: -naphthoflavone, CAR: 

Constitutive androstane receptor, Ct: Cycle number at the threshold value, DEX: Dexamethasone, 

DMEs: Drug metabolizing enzymes, DMSO: Dimethylsulfoxide, DTs: Drug transporters, EpRE: 

Electrophile responsive element, GR: Glucocorticoid receptor, KEAP1: Kelch-like ECH-associated 

protein 1, NR: Nuclear receptors, Nrf2: Nuclear factor-E2-related factor 2, PB: Phenobarbital, Q: 

Quercetin, RIF: Rifampicin, RXR: Retinoid X Receptor, WME: Williams medium E  
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Introduction  
The sensitivity of drug metabolizing enzymes (DMEs) and drug transporters (DTs) to 

inducers is a major concern in the development of new drugs, because it potentially changes 

the bioavailability of drugs and may cause an imbalance between toxification and 

detoxification [1]. The sensitivity of DMEs and DTs in human liver for inducers was 

extensively described [2,3]. However, our knowledge on regulation of DMEs and DTs in 

human intestine is far from complete. The inducibility of a few human intestinal DMEs was 

shown in in vivo studies [4-6] and it was suggested that intestinal DMEs may respond to a 

greater extent to orally administered inducers than hepatic enzymes [7] due to the exposure 

to higher concentrations.  

 

Apart from the concentration of inducers, the inducibility of DMEs and DTs depends on the 

presence of the nuclear receptors (NRs) involved. Nishimura et al. reported that in human 

small intestine RXR/ (NR2B1/2), CAR (NR1I3), PXR (NR1I2) and GR (NR3C1) are 

expressed, although the expression levels were up to 65-fold lower in comparison with liver 

[8].  

Gene expression of DMEs is regulated via (nuclear) receptors of which PXR, CAR, GR, AhR 

and Nrf2 are nowadays acknowledged as being of major importance. PXR, for which 

rifampicin is a well-known ligand [9], was described to be involved in the regulation of the 

expression of DMEs, such as CYP3A4 [9]. Phenobarbital (PB) is the most well-known CAR 

mediated inducer, inducing the transcription of amongst others the CYP2B genes [10]. 

Cross-talk between CAR and PXR mediated pathways has been extensively described [9].  

Activation of the glucocorticoid receptor (GR) by ligands, such as DEX, not only directly 

induces its responsive genes, such as CYP2C9, but also indirectly CAR and PXR mediated 

genes since it also up-regulates the transcription of CAR, PXR and RXR itself [11]. A fourth 

mechanism of induction is mediated by the aryl hydrocarbon receptor (AhR)) for which -

naphthoflavone (BNF) is a ligand, which induces, amongst other genes, CYP1A [10]. 

Activation of the Nrf2/Keap1 transcription factor system [12] forms a fifth pathway of 

induction. Inducing agents cause disruption of this complex and thereby binding of Nrf2 

(Nuclear factor-E2-related factor 2) to antioxidant response elements (AREs) [13], also 

called electrophile responsive elements (EpREs) present in the promoter region of many 

genes for phase II enzymes [12]. 

Compounds that can induce both phase I and II DMEs are designated bifunctional inducers 

[14]. BNF is a bifunctional inducer, since it can transcriptionally activate phase I genes [14] 

and stimulate phase II genes either directly through an AhR-dependent mechanism [14], or 

via activation of Nrf2 [14-17]. Quercetin (Q, a flavonolol present in onions, broccoli, etc) is a 

known dietary AhR ligand [18,19] also causing nuclear translocation of Nrf2 [12] and 

activation of PXR [20]. 

 

To study induction of intestinal DMEs and DTs in vitro, intact cell systems are required with 

functioning nuclear pathways. The use of the precision-cut slice technique for human 

intestine has recently been validated for metabolism [21] and induction studies (chapter 7, 

submitted for publication). Therefore, we aimed to extend our knowledge of the induction of 

human intestinal DMEs and DTs via GR, PXR, CAR, AhR and Nrf2 with the use of this in 

vitro method. For this purpose, human proximal jejunum slices were exposed to several 
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prototypical inducers (DEX, RIF, PB, BNF and Q) presumed to react via distinct nuclear 

pathways to determine the response of 19 genes of interest (DMEs, DTs and NRs). In 

addition, we aimed to compare our findings with the few published so far on induction in 

human intestine and cell lines as well as on induction in human liver.  

 

 

Materials and Methods 

Chemicals 

Dimethylsulfoxide (DMSO), low gelling temperature agarose (type VII-A), amphotericin B solution (250 

µg/ml), D-glucose, HEPES (N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)), rifampicin (RIF), 

dexamethasone (DEX), -naphthoflavone, quercetin (Q) and phenobarbital (PB) were purchased from 

Sigma-Aldrich (St. Louis, MO). Williams Medium E with Glutamax-I (WME) and gentamicin (50 mg/ml) 

solution were obtained from Invitrogen (Paisley, UK).  

Human tissue, preparation and incubation of human tissue, preparation of 

precision-cut slices, incubation of slices 

Tissue handling, donor characteristics, methods of preparation and incubation of slices as described in 

chapter 6.   

Induction studies 

To test the induction of DMEs, DTs and NRs in human proximal jejunum tissue, slices were incubated 

for 24 h with DEX (final concentration 100 M, 0.5% DMSO), RIF (final concentration 30 µM, 0.5% 

DMSO), PB (final concentration 500 M), BNF (final concentration 50 µM, 0.5% DMSO), Q (final 

concentration 10 µM, 0.5% DMSO), 0.5% DMSO (control for DEX, RIF, BNF and Q) or WME without 

addition of DMSO (control for PB). Each inducer was tested in 3 slices of proximal jejunum of 3-5 

donors. Subsequently, slices were harvested for RNA isolation by snap freezing the samples in N2 (l). 

Analysis of gene expression 

After thawing, total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany). 2 g of 

total RNA was used to synthesize 50 µl of cDNA using the Promega Reverse Transcription System 

(Promega, Madison, WI, USA). A total of 22 genes was analyzed: GAPDH and villin as housekeeping 

genes, CYP3A4, CYP2B6, CYP2C9, CYP1A1, UGT1A1, UGT1A6, SULT2A1, GSTA1, MDR1, MRP2, 

MRP3, OATP2B1, OATP1B1, OATP1B3, BCRP, PXR, RXR, AhR and CAR. The genes of interest 

were analyzed by two different detection systems that were dependent on the available primers. The 

genes analyzed with the SYBRgreen method were villin, CYP1A1, CYP2B6, CYP2C9, CYP3A4, MRP2, 

MRP3, OATP2B1, OATP1B1, OATP1B3, BCRP, PXR, RXR, AhR and CAR (table I). cDNA (1.25 µl) 

was used in real-time PCR reactions using SYBR green reaction mixture (Applied Biosystems, 

Warrington, UK) to assess expression of the target genes. The cycling conditions comprised of 10 min 

at 95C and 40 cycles at 95C for 15 s, at 56C for 15 s and at 72C for 40 s followed by a dissociation 

stage (at 95C for 15 s, at 60C for 15 s and at 95C for 15 s). 

For TaqMan® analysis, Assay-on-Demand
TM

 Gene Expression Products were purchased for villin, 

GAPDH, UGT1A1, UGT1A6, SULT2A1, GSTA1 and MDR1/ABCB1 (table II). Primers and probe for the 

UGT1A6 gene were custom-designed and had the following sequences: probe sequence (5’ FAM  3’ 

NFQ): CCACATGACTTTTTCCC, forward primer sequence: 5’-CCAGGTGCTACACAAAGTTTTCAGA-
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3’ and reverse primer sequence: 5’-AAGGAAGTTGGCCACTCGTT-‘3. cDNA (1.00 l) was used in real-

time PCR reactions using Taqman reaction mixture (Applied Biosystems, Warrington, UK), and the 

appropriate primers and probes. The cycling conditions comprised of 10 min at 95C and 40 cycles at 

95C for 15 s and at 60C for 1 min.  

The cycle number at the threshold (Ct) is inversely related to the abundance of mRNA transcripts in the 

initial sample. Mean Ct of duplicate measurements was used to calculate the difference of Ct for the 

target gene and the reference villin gene (∆Ct), which was compared to the corresponding delta Ct of 

the control experiment (∆∆Ct). Data are expressed as fold-induction of the gene of interest according to 

the formula 2
-∆∆Ct

. 

Table I: Primer information for human genes, SYBRgreen method 

Gene 
GenBank 
number 

Forward Primer (5’-3’) Reverse Primer (5’-3’) 

Villin NM_007127 
CAGCTAGTGAACAAGCCTGTAGAGGA

GC 
CCACAGAAGTTTGTGCTCATAGGC

AC 

CYP1A1 BC023019 TGGATGAGAACGCCAATGTC TGGGTTGACCCATAGCTTCT 

CYP2B6 NM_000767 TTCCTACTGCTTCCGTCTATCAAA GTGCAGAATCCCACAGCTCA 

CYP2C9 NM_000771 AGGAAAAGCACAACCAACCA TCTCAGGGTTGTGCTTGTC 

CYP3A4 DQ924960 GCCTGGTGCTCCTCTATCTA GGCTGTTGACCATCATAAAAG 

MRP2 NM_000392 CTTCGGAAATCCAAGATCCTGG TAGAATTTTGTGCTGTTCACATTCT 

MRP3 NM_003786 GTCCGCAGAATGGACTTGAT TCACCACTTGGGGATCATTT 

BCRP NM_004827 TGCAACATGTACTGGCGAAGA TCTTCCACAAGCCCCAGG 

OATP2B1 BC41095 TCAAGCTGTTCGTTCTGTGC GTGTTCCCCACCTCGTTGAA 

OATPC NM_006446 TTGGAGGTGTTTTGACTGCTTTGC TGCTCTATTGAGTGATAAAATTTG 

OATP8 NM_019844 CTGGAAGTATTTTGACATCTTTACC TGTTCCGTTGAATGATAAGGTTTG 

AhR NM_001621 TGTCGTCTAAGGTGTCTGCTG GAT GGT GGC TGA AGT GGA G 

PXR NM_033013 CCCAGCCTGCTCATAGGTTC GGGTGTGCTGAGCATTGATG 

RXRα BC096247 GAGCCCAAGACCGAGACCTA AGCTGTTTGTCGGCTGCTT 

CAR NM_005122 CCAGCTCATCTGTTCATCCA GGTAACTCCAGGTCGGTCAG 

Table II: Assay-on-Demand gene specific probes used for TaqMan analysis 

Gene Assay-on-Demand
TM

 ID Probe sequence (5’FAM  3’ NFQ)* 

Villin 1 Hs00200229_m1 CCAGCAGGAAGGAGGAACACCTGTC 

GAPDH Hs99999905_m1 GCGCCTGGTCACCAGGGCTGCTTTT 

UGT1A1 Hs01589938_m1 CCACTATCCCAGGAATTTGAAGCCT 

SULT2A1 Hs00234219_m1 CTGAAACAGGACACAGGAAGAACCA 

GSTA1 Hs00275575_m1 AACAAAGCTTAGAGAAACCTCCAGG 

MDR1 Hs00184500_m1 ACATGACCAGGTATGCCTATTATTA 

* FAM
TM

, 6-carboxyfluorescein; NFQ, non-fluorescent quencher. 

Criteria to evaluate induction  

Human tissue appeared highly variable in their response to inducers as has been shown for liver tissue 

[23,24]. Therefore, the following criteria were set to estimate whether a change in gene expression is 

appreciable: A) the difference between control and inducer incubation is significant at p < 0.05 or B) 

when the induction was > 1.5 fold in more than half of the tested donors. The criteria of fold induction 

was set at 1.5, since we were able to detect a significant induction of PXR gene expression of 1.3-fold 

after rifampicin exposure, indicating that the used detection systems were sensitive enough to detect 

these relative small changes in expression.  
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Statistics 

Statistical significance between expression after induction and after control incubations was determined 

using a paired Student´s t -test. 

 

 

Results 
We investigated the influence of the prototypical inducers, DEX, RIF, PB, BNF and Q on 

mRNA expression of a broad range of 19 DMEs (phase I and II), DTs and NRs in slices 

prepared from proximal jejunum.  

Human tissue appeared highly variable in their response to inducers as has been shown for 

liver tissue [23,24]. For some genes, not all donors responded, but non-responding tissue 

slices did not essentially originate from one particular donor, as the responsiveness was 

dependent on the gene. The same tissues were used to assess rate of drug metabolism 

[21]. No correlation was found between individual initial metabolic rates and the 

responsiveness to inducing agents.  

 

In general, all tested genes could be clearly detected with the exception of 

OATP1B1/OATPC and OATP1B3/OATP8. These latter genes were below the detection limit 

in proximal jejunum slices even after induction, which is in line with published findings that 

these genes are liver specific [25].  

Induction studies  

After incubation with DEX (figure 1A), the phase I genes CYP3A4, CYP2C9 and CYP1A1 

were induced 3.5, 2.3 and 5.5-fold respectively, as well as the phase II gene UGT1A6 (2.2-

fold), whereas CYP2B6 was up-regulated in only 2 out of 5 tissue samples. Among the DTs, 

MDR1/ABCB1 (1.8-fold) and MRP3/ABCC3 (1.8-fold) gene expressions were induced, 

whereas BCRP/ABCG2 expression was significantly down-regulated (0.7-fold; p < 0.05) and 

OATP2B1 and MRP2 were not appreciably affected. The nuclear receptors PXR/NR1I2 (1.6-

fold) and RXR (2.0-fold) were induced, while CAR was down-regulated (0.6-fold) and AhR 

was not appreciably affected. CYP2B6, UGT1A1, SULT2A1, GSTA1, MRP2 and OATP2B1 

were not affected. 

After incubation with RIF (figure 1B) or PB (figure 1C) almost similar induction profiles were 

found. After exposure to PB or RIF, CYP3A4 (respectively 5.2-fold and 4.1-fold), CYP2B6 

(2.2 and 2.3-fold), CYP2C9 (2.7 and 2-fold), UGT1A1 (2.3 and 2.0-fold), UGT1A6 (2.2 and 

4.1-fold), MDR1 (2.7 and 2.2-fold) and MRP2 (5.0 and 6.2-fold) were induced. The only 

differences were that PXR and RXR were significantly induced after RIF exposure (1.3-

fold) and were not changed after PB exposure, while CYP1A1 was induced in 5 out of 5 

tissues after PB exposure (1.6-fold), but was unchanged after exposure to RIF. Furthermore, 

SULT2A1, GSTA1, MRP3, OATP2B1, BCRP, AhR and CAR were not affected by RIF and 

PB. 

After incubation with BNF (figure 1D), several genes met the ‘induction criteria’ stated 

above. As expected, CYP1A1 (387-fold) was greatly induced, but also CYP3A4 (1.5-fold) 

and CYP2C9 (3-fold) were induced. In addition, the phase II genes UGT1A1 (1.8-fold), 

UGT1A6 (3.2-fold) and GSTA1 (2.4-fold) were induced. 
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Figure 1: mRNA levels of genes in proximal jejunum slices, depicted as fold- induction relative to 

control after 24 h of incubation with the prototypical inducer DEX (100 M, A), RIF (30 M, B), PB (500 

M, C), BNF (50 M, D), Q (10 M, E). Results show mean  SEM of 5 (DEX, RIF, PB) or 3 (BNF, Q) 

donors. Significant differences toward the control incubations are marked with * p < 0.05; Appreciable 

differences with # (> half of donor tissues >1.5-fold inductions). 
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Furthermore, the transporters MRP2/ABCC2 (5.6-fold), MRP3/ABCC3 (3.1-fold) and 

BCRP/ABCG2 (2.3-fold) were induced as well as the nuclear receptor RXR (2.3-fold), AhR 

(3.4-fold) and CAR (1.5-fold). OATP2B1 was not affected. Only in 1 of the tissue samples 

CYP2B6, SULT2A1, MDR1, and PXR were up-regulated to 1.7, 1.8, 5.9 and 9.5-fold 

respectively, but no changes were observed in the other 2 samples. The up-regulation was 

not in the same individual. 

After incubation with Q (figure 1E), CYP3A4 (4.3-fold), CYP2C9 (2.6-fold) and CYP1A1 (3.9-

fold) were induced. Besides the phase II gene UGT1A6 (4-fold), also mRNA expression of 

the transporters MDR1/ABCB1 (2.5-fold), MRP3/ABCC3 (4.3-fold) and OATP2B1 (1.6-fold) 

was induced as well as the nuclear receptors PXR/NR1I2 (4.6-fold), RXR (3.4-fold) and 

AhR (2.5-fold). No changes were observed in the relative gene expression levels of 

CYP2B6, UGT1A1, SULT2A1, GSTA1, MRP2 and CAR. 

 

In figure 1, the mean fold change of all tested samples is depicted. To provide insight in the 

number of responsive tissues, these data are given in table III. Results that met the above-

mentioned induction criteria are marked in grey, whereas results meeting the above-

mentioned down-regulation criteria are marked in black. 

Table III: Summary of induction data obtained in this study  

 Proximal jejunum 

Prototypical 
inducer 

DEX 
(100 µM) 

RIF 
(30 µM) 

PB 
(500 µM) 

BNF 

(50 M) 

Q 

(10 M) 

Number of donor 
tissues 

5 5 5 3 3 

Putative 
mechanism 

GR/PXR PXR CAR AhR Nrf2 

CYP3A4 3
# 

5* 5* 2 2 

CYP2B6 2 4 4* 1 1 

CYP2C9 3 5* 3 3 3 

CYP1A1 4 1 5 3* 2 

      

UGT1A1 2 5* 5* 3* 1 

UGT1A6 3* 5* 5* 3* 3* 

SULT2A1 1 down 2 2 down 1 0 

GSTA1 2 1 1 up, 2 down 3 1 

      

MDR1 3 5* 5* 1 2 

MRP2 1 5* 5* 2 1 

MRP3 4* 0 1 up, 1 down 3 3** 

OATP2B1 1 1 2 up, 1 down 0 2 

BCRP 2 down* 1 up, 1 down 1 down 2 3 

      

PXR 3* 1* 2 down 1 3* 

RXR 4* 1* 1 up, 1 down 2 2 

AhR 1* 2 1 up, 1 down 2 2 

CAR 3 down* 2 down 1 2 0 

* indicates significant differences from controls; 
#
numbers indicate the number of responsive tissues 

(>1.5-fold induced).Grey marking: significantly induced, or more than half of the donor tissues were 
induced > 1.5-fold, Black marking: significantly down-regulated, or more than half of the donor tissues 
were reduced < 0.67-fold 
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Comparison with available data on induction in intestine 

Furthermore, we aimed to compare the obtained data from proximal jejunum with those from 

the literature obtained with other techniques such as isolated enterocytes, biopsies and cell 

lines (table IV). We added specific information concerning the test system, concentration 

used and exposure time to the legends of table IV, since this has been described to 

influence the outcome of in vitro induction studies [24,26,27].  

The genes reported in the literature to be responsive, responded similarly to the prototypical 

inducers in our study, but we found many other responses, which were not reported before 

in the literature to the best of our knowledge. Induction of CYP3A4, as found in this study, 

after 24 h of 100 M DEX exposure, however, was not found in LS180 cells after 48-72 h 

using 10 M of DEX [28]. Furthermore, the induction of CYP1A1 detected in LS180 cells 

after 24 h of RIF (10 M) exposure [29] was not detected in our study using 30 M RIF. 

Table IV: Comparison between induction data obtained in this study and published intestinal induction 

data. (Grey: data in line with published literature data; black: not in line with published literature data 

and no fill: no literature data available)  

Comparison with intestinal literature data 

Prototypical 
inducer 

DEX 
(100 µM) 

RIF 
(30 µM) 

PB 
(500 µM) 

BNF 
(50 µM) 

Q 
(10 µM) 

Putative 
mechanism 

GR/PXR PXR CAR AhR Nrf2 

CYP3A4 + [1] + [1-5] + [1] +  + [6] 

CYP2B6 0  + [5] +  0  0  

CYP2C9 +  + [2] +  +  +  

CYP1A1 +  0 [5] +  + [7,8] + [9,10] 

           

UGT1A1 0  + [5] +  + [11] 0 [12] 

UGT1A6 +  + [5] +  + [13] + [14] 

SULT2A1 0  0  0  0  0  

GSTA1 0  0  0  +  0  

           

MDR1 + [1,15] + 
[1,3-5, 15, 

16] 
+ [1] 0  + [6] 

MRP2 0  + [17] +  +  0 [6,14] 

MRP3 +  0  0  +  + [6] 

OATP2B1 0  0  0  0  +  

BCRP -  0  0  + [18] 0 [19] 

           

PXR +  +  0  0  +  

RXR +  +  0  +  +  

AhR +  0  0  +  +  

CAR -  0  0  +  0  

Measured in: [1] LS180 cells with DEX (10 M), RIF (10 M) or PB (1 mM) after 48-72h [28]; [2] shed 
enterocytes after in vivo induction [37]; [3] duodenal biopsies after in vivo induction [38]; [4] LS180 cells 

with RIF (10 M) after 72 h [26]; [5] LS180 cells with RIF (10 M) after 24 h [29]; [6] LS180 cells with Q 

(10 M) after 24 h [27]; [7] Caco-2 cells with BNF (25 M) or PB (2 mM) after 24 h [45]; [8] Caco-2 cells 

with BNF (50 M), DEX (50 M) or PB (2 mM) after 1 to 10 days [44]; [9] Caco-2 cells using flavone (50 

M) after 48 h [55]; [10] Caco-2 cells using Q (10-100 M) after 48 h [49]; [11] Caco-2 cells [47]; [12] 

Caco-2 cells with Q (25 M) after 2 h [50]; [13] Caco-2 cells (80 M) after 72 h [48]; [14] Caco-2 cells 

[51]; [15] LS174T cells with DEX (100 M) or RIF (5-10 M) after 48 h [31]; [16] LS180 cells [43]; [17] 
after in vivo treatment [39];  [18] Caco-2 cells using TCDD (50 nM) after 24 h [46]; [19] Caco-2 cells 

using Q (50 M) after 48 h [52].  
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Discussion  
The sensitivity of DMEs and DTs to inducers is a major concern in the development of new 

drugs. Since relatively little is known about the induction of DMEs and DTs in the human 

intestine, we investigated the regulation of 19 DMEs; DTs and NRs via 5 NR mediated 

pathways (GR, PXR, CAR, AhR and Nrf2) in intact human intestine. In addition, we 

compared our findings with the few published data so far on induction in human intestine 

and cell lines as well as on induction in human liver.  

 

Assuming that genes have similar promoters in different tissues, one may expect in principle 

qualitatively similar induction profiles in liver and intestinal cells. The differences in the rate 

of uptake, metabolism and excretion of the inducers as well as in expression of NR, 

however, may introduce differences in responses to inducing agents. Apart from promoter 

studies, it is of interest to investigate the effect of inducers in intact cell systems of both 

organs to predict the effect of the inducing chemical on the gene expression in each of the 

organs, as liver and intestine contain different levels of DTs, DMEs and NRs. The current 

induction data, however, cannot be directly compared with published in vitro liver or 

intestinal induction data as such. That is because the used concentration of inducers and 

exposure times differ between in vitro protocols, which may influence the outcome of the 

induction study as has been shown in hepatocytes [24]. However, most of the current 

intestinal findings are in line with published in vitro data. Where not consistent, experiments 

on various tissues should be repeated under similar experimental conditions. 

 

Working with human tissue has typical problems with respect to variability in response as 

has been reported from induction studies using human hepatocytes [23,24]. In a previous 

study, we showed that the morphologic integrity of human intestinal precision-cut slice tissue 

was retained up to 24 h incubation and metabolic rates could be detected after 24 h of pre-

incubation (chapter 7, submitted for publication). Furthermore, we observed considerable 

differences in metabolic rates of model compounds between slices of different donors. 

Nevertheless, the donor-to-donor variability in induction responses observed in the current 

study did not seem to be due to differences in basal metabolic activity. The decision to 

consider 1.5-fold induction as appreciable was based on published data using human 

hepatocytes [24] and is supported by the observation that 1.3-fold changes in the present 

study can be detected as statistically significant. When this 1.5-fold induction is detected in 2 

tissue samples or more, we cannot neglect the fact that there is a risk for induction in vivo, 

despite the occurrence of non-responders. Whether the observed changes in gene 

expression have significant consequences for in vivo drug metabolism remains to be 

elucidated.  

 

Dexamethasone is a known ligand of both GR (at all concentrations) and PXR (only at 

extracellular concentrations > 10 M tested in human hepatocytes) [11,30]. Thus, we 

assume that at the concentration used in the present study (100 M), we cannot distinguish 

between the GR and PXR effects. Several genes were up-regulated after DEX exposure. 

Although DEX induced induction is commonly studied in human liver, we could find only 2 

studies for human intestine. The induction of MDR1 by DEX in proximal jejunum slices was 

similar to that in intestinal cell line [28,31]. The induction of CYP3A4 by DEX in jejunum 
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slices (present study) was not found in LS180 cells (exposure 48-72 h, using 10 µM DEX 

[28]), which suggests that the induction of CYP3A4 is mediated by PXR rather than GR 

based on the concentrations used in the different studies. The induction of CYP3A4, 

CYP1A1, PXR and RXR by DEX in intestinal slices was qualitatively similar to what has 

been reported in human liver studies [32-34]. Up-regulation of MDR1 (in the current study 

and in intestinal cell lines [28,31]) and MRP3 (current study), however, were only detected in 

intestine and not in liver (DEX concentration (5-50 µM) [35]). In addition, CAR expression 

was down-regulated to 60% by DEX in human intestine in contrast to what is observed in 

liver [36]. This suggests that CAR is differently regulated in liver and intestine. Furthermore, 

the repressing effect of DEX on BCRP has not been published to date in either intestinal or 

liver studies.  

Induction by RIF is relatively well-studied in the human intestine [37,38]. The up-regulation 

of CYP3A4, CYP2B6, CYP2C9, UGT1A1/6, MDR1 and MRP2/3 detected in the current 

study are in agreement with published data in LS180 cells [28,29] or human intestine [37-

39]. Only the induction of CYP1A1 by RIF, as detected in LS180 cells (colon carcinoma 

cells, 10 M RIF, 24 h exposure time [29]), was not detected in our study. Furthermore, 14 

out of the 19 genes that were tested had a qualitatively similar response to RIF in our 

intestinal study compared with liver [24,32,35,40,41]. OATP1B1 and OATP1B3 were not 

detected in human intestine, and CYP1A1, RXR and AhR elevation was only detected in 

hepatocytes after 48 h of exposure to RIF [40,41], but not in intestinal slices. However, it 

cannot be excluded that when the incubation times of intestinal slices with RIF would have 

been prolonged, induction of CYP1A1, RXR and AhR would have been found. 

Rifampicin is not an activator of GR [42] and activates only PXR [9]. In contrast, 

dexamethasone activates mainly GR, but also, to a lesser extent, PXR [11]. CYP2B6, 

UGT1A1 and MRP2 mRNA are known to be regulated via PXR [9,11,43] and were indeed 

induced after RIF in the current study. However, no induction was found by DEX. In further 

agreement with current knowledge, CYP1A1 and MRP3, presumably not regulated via PXR, 

were only induced after DEX exposure. The induction of CYP1A1 by DEX in our study is in 

line with findings in the PXR deficient Caco-2 cells [44] and suggests the involvement of GR 

in the induction of CYP1A1. Furthermore, DEX down-regulated BCRP and CAR, whereas 

RIF did not affect BCRP or CAR.   

PB activates CAR and is able to cross-react with PXR [9]. PB mediated induction of 

CYP3A4 and MDR1 was found in the current study and was in line with published data in 

LS180 cells [28]. CYP3A4, CYP2B6, CYP2C9, CYP1A1, UGT1A1, MDR1 and MRP2 were 

induced by PB both in liver [24,32,40] and intestine (current study). Induction of AhR, 

GSTA1 [40], UGT1A6 [23], OATP2B1 and BCRP [24] by PB was reported in primary 

hepatocytes (48-72 h exposure time and 1-3.2 mM PB), but was not found in intestinal 

slices. It cannot be excluded that the higher PB concentration and longer incubation times in 

the liver cell studies can explain the difference between liver and intestinal data. 

BNF induced 12 out of the 19 genes of which the induction of CYP1A1, UGT1A1, UGT1A6 

and BCRP in our study was in line with intestinal and liver responses as reported by other 

investigators [24,44-48]. In contrast, CYP2C9 induction was detected in small intestinal 

slices, but not in liver preparations after 72 h of exposure [3,32]. OATP2B1 was induced in 

primary hepatocytes after 72 of incubation in 4 out of 7 preparations [24], but not in small 

intestine (current study). 
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Quercetin (Q) induction is relatively well studied in the small intestine. The effects on 

CYP3A4, CYP1A1, UGT1A1, UGT1A6, MDR1 MRP2, MRP3 and BCRP detected in this 

study are qualitatively similar with published findings with intestinal tissue [27,46,49-52]. Q 

mediates induction, amongst other pathways, via PXR in CV-1 cells transfected with hPXR 

[20]. In contrast, Q did not activate PXR, but enhanced CYP3A4 promoter activity in HepG2 

cells [12]. In small intestinal slices, Q induced PXR, RXR and CYP3A4 and MDR1 (genes 

known to be regulated via PXR [9,10]). In line with our intestinal data, CYP3A4, MDR1 and 

MRP3 have been reported to be induced after Q exposure in human liver [12,24,53]. 

UGT1A6 and PXR induction, detected in our study, however, were not observed in liver.  

UGT1A6 was only induced in 1 out of 5 primary hepatocyte preparations [23] after 72 h of 

incubation and PXR was not induced in HepG2 cells after 24 h of exposure [12]. 

Furthermore, the GSTA1 gene has been described to contain a functional ARE [54], but only 

in 1 of the 3 donor tissue GSTA1 was induced (<1.5-fold) by Q.  

 

To summarize, the 5 model inducers showed different gene response patterns. DEX mainly 

induced CYP3A4 and CYP1A1, whereas RIF most pronouncedly induced CYP3A4 and 

MRP2. PB increased particularly CYP3A4, UGT1A6 and MRP2. BNF exposure mainly 

induced CYP1A1, MRP2 and PXR, where Q induced mainly CYP1A1, UGT1A6, MRP3 and 

PXR.  

 

In conclusion, the different prototypical inducers induce distinct DME (phase I and II), DT 

(phase III) and also nuclear receptor genes, indicating that these genes are coordinately 

regulated in the intestine. These inductions may have consequences for intestinal first-pass 

metabolism. Several preliminary differences in responses in liver and intestine were found, 

but future research is needed to elucidate the significance of these findings. 
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Introduction  
The intestine is armed with a broad spectrum of drug metabolizing enzymes (DMEs) and 

drug transporters (DTs) to strengthen its function as first barrier of defense against 

xenobiotics (chapter 1). Yet, as an absorptive organ, at the same time, the gut is also an 

important site for drug absorption. Consequently counter absorptive secretions, potential 

metabolism (drug removal) and drug absorption are opposing processes that determine 

bioavailability of drugs after oral administration. The latter, being the fraction of the dose of 

the drugs that reaches the general blood circulation intact, is therefore the net result of 

absorption versus drug transport from the gut mucosa into its lumen as well as removal by 

local intestinal biodegradation by DMEs. Since human in vivo and in situ studies are scarce, 

in vitro methods would help to further study intestinal drug metabolism. Several in vitro 

methods are available to study drug metabolism and in table I these in vitro methods are 

evaluated with respect to 4 parameters: presence of intact cells, viability up to 24 h, 

applicability to both human and animal tissue and amount of tissue needed for 

experimentation as has been described in chapter 2. 

Table I: Characteristics of available in vitro methods (chapter 2) 

 Intact cells Viable (24 h) Animal + human Amount of 
tissue required 

Intact tissue models 

Isolated perfusion + - -*  

Everted sac + - -*  

Ussing chamber set-up + - +  

Biopsies + + +  

Precision-cut slices + + +  

Intact cells 

Primary cells 
(isolated,shed) 

+ + +  

Subcellular fractions 

S9 fractions - ? +  

Microsomes - ? +  

Cell lines 

Caco-2 cells + + **  

LS180 cells + + **  

* Only applicable to animal tissue; ** human cell lines 

 

The studies described in this thesis are focused on the applicability of rat and human 

intestinal tissue for drug metabolism and induction studies during short (up to 8 h) and long-

term (24 h) incubation studies. Many aspects have already been discussed in the individual 

chapters. In this chapter, the results are discussed with focus on interspecies and liver-

intestine comparison.  

 

Precision-cut slice preparation  
A general concern when studying the intestine in vitro is its sensitivity to oxygen deprivation 

and the accompanying preservation problems (chapter 2). Working with intestinal tissue 

requires rapid handling, since oxygen deprivation of a rat intestine for only 4 min followed by 

reperfusion has already been described to introduce severe damage [1]. Therefore, within 

our studies, the time from tissue excision to slice incubation was kept as short as possible (< 

2 h) and cold storage was ensured within a 1-2 minutes after sacrifice. The slice preparation 
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procedure contains 2 short ischemic warming periods up to 37
o
C. First, when the intestine is 

filled with agarose (37
o
C) and secondly when it is embedded subsequently. These short 

periods of warm ischemia potentially influence the viability of slices. To test this hypothesis, 

control tissue pieces and non-incubated slices were harvested and the intracellular ATP 

content and mRNA expression levels were measured. The results (figure 1) showed that the 

ATP content in the slice increased during the actual cutting procedure, whereas the mRNA 

expression levels of several DMEs and nuclear receptors remain constant during the slicing 

procedure of rat intestine. This suggests that the preservation procedure and slice 

preparation procedure do not significantly influence these viability parameters. Moreover, 

the metabolic rates obtained with this precision-cut slice incubation system appeared 

constant up to 3 h (chapter 3) and the obtained metabolic rates were higher than obtained 

with other methods (chapter 2). 

Experimentation with human tissue requires transport from the operation theatre to the 

laboratory including the removal of the muscle layers, therefore working with human tissue 

unavoidably means longer cold storage periods in comparison with rat tissue. As described 

in chapter 6, in the studies presented in this thesis, the tissue is embedded in agarose 

within 2 h after excision and although precautions were taken, this excision procedure may 

still influence the functionality of human small intestine preparation. However, human small 

intestinal tissue seems intrinsically more resistant to ischemic injury in comparison with 

smaller animals [2,3] (chapter 2).  

 

 

 

 

 

 

 

 

Figure 1: Viability during slicing procedure. Intracellular ATP levels were measured during the small 

intestinal slice preparation (A) and mRNA levels per villin were measured before and after slice 

preparation in small intestine and colon (B). Results are mean ± SEM of slices of 3 rats, for ATP 

measurements in each experiment 3 slices were harvested per treatment. For mRNA isolation, 6 slices 

were harvested together. Significant differences toward ‘vivo’ (A) are indicated with * p < 0.05. 

 

Salehi et al. have described that after excision, a phase of cold ischemia results in the 

gradual deterioration of absorptive properties, eventually progressing into irreversible 

damage [4]. Although this was not observed in our studies, it would be of great help to know 

for what time the intestine can be stored and, in relation to this, in which solution the 

intestine is best preserved, especially with respect to human tissue. Therefore, further 
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research on the preservation of intestines would be of great value both for drug disposition 

studies as for transplantation research. Some recommendations to improve the preservation 

procedure, as described in chapter 2, are: luminal flushing before storage [2], constant 

oxygenization of all storage buffers [5], addition of anti-apoptotic agent p53 inhibitor pifithrin-

alpha [6] or storage in Celcior instead of UW [7].  

 

Slice thickness  
In liver slices, the slice thickness influences the metabolic rate of compounds that are rapidly 

metabolized. The diffusion of drugs to the inner cell layers has been suggested to be rate 

limiting in thicker slices [8]. In the intestine, however, the drug metabolizing cells are always 

directly exposed to the incubation medium. This indicates that other cell layers in principle 

can never hinder diffusion of oxygen and nutrients to these cells. Yet, it is not excluded that 

the thickness of intestinal slices influences the metabolic rate. Therefore, we performed 3 

experiments with thin slices (156 ± 33 mg protein) and thick slices (448 ± 123 mg protein). 7-

ethoxycoumarin (7EC) metabolism in thin slices remained under the detection limit in 2 out 

of 3 experiments. 7-hydroxycoumarin (7HC) glucuronidation and sulphation rates were 

similar in the thin and thick slices (7HC-GLUC thin: 232 ± 17; thick 228 ± 13 pmol/mg 

protein/min, 7HC-SULF thin: 28 ± 15; thick 28 ± 5 pmol/mg protein/min). This indicates that 

slice thickness, as used in our experiments, is not a source for variability between 

experiments.   

 

Short-term slice incubation studies 
To be able to interpret drug metabolism and the induction of these processes quantitatively, 

it is required that metabolism takes place at a rather constant rate in time. Therefore, we 

tested the metabolic rates as well as the viability of small intestinal and colon slices from 

both rat (chapter 3, 4) and human tissues (chapter 6) at short-term incubation up to 8 h. 

Rat intestinal slices are applicable for quantitative drug metabolism studies 

up to 8 h of incubation 

In chapter 3 and 4, we show that the metabolic rates are quite constant in rat intestinal 

slices up to 8 h of incubation. Furthermore, the viability parameters (ATP, alkaline 

phosphatase, morphology and GAPDH and villin expression) showed maintenance of 

viability up to at least 8 h of incubation. Therefore, we conclude that rat intestinal slices can 

be used up to 8 h for quantitative studies. 

The metabolic rates of 7EC, 7HC and testosterone (TT) conversions were determined in 

three different rat studies to assess the robustness of the applied method (chapter 3, 

chapter 5 and [9]). In small intestine, 7HC-GLUC, 7HC-SULF and 6-TOH formation rates 

were similar within the 3 studies. 7EC metabolism and androstenedione formation rates in 

small intestinal slices, however, significantly differed between these studies. In colon slices, 

androstenedione formation and sulphation rates were similar in the three studies, whereas 

7EC O-deethylation rates were significantly higher in the rat intestinal studies described in 

chapter 5 compared with those in chapter 3 and our previous study [9]. Also, the 

glucuronidation rate in [9] was significantly higher than those described in chapter 3 and 5. 

The slice thickness is no source for variability in metabolic rates as described above. The 

location along the intestinal tract from which the slice is prepared does influence the 
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metabolic rate (chapter 3), but was the same in all studies. We speculate that the particular 

difference is caused by the seasonal or other differences between the rats, although inbred 

rats were obtained from the same company and same pavilion. Also, slight variations in the 

composition of the chow of the rats may be a source of variation, as our studies in chapter 4 

show that the intestine is very sensitive to induction of metabolism by xenobiotics and thus 

also food compounds.  

In conclusion, the metabolic rates were generally similar in time for most of the reactions 

that were tested in the sequential studies. Yet, for some reactions significant variations in 

metabolic rates were found. To avoid difficulties in interpretation, each study should 

therefore include its own controls, as we did for the gradient studies (chapter 3) as well as 

for the induction studies (chapter 4, 5).  

Differences in metabolic rates between in vitro methods were evaluated in chapter 3. 

Although interlaboratory differences may explain at least part of the variation as discussed in 

chapter 2, the metabolic rates obtained with precision-cut slices were considerably higher 

than those obtained with other methods, confirming proper maintenance of viability and 

functionality of our preparations. 

Human intestinal slices are applicable for quantitative drug metabolism 

studies up to 4 h of incubation 

Human proximal jejunum and colon slices showed intact tissue morphology and moreover, 

constant metabolic rates for the reactions that were tested, up to 4 h of incubation (chapter 

6). Furthermore, we had the opportunity to compare our system with the Ussing chamber 

preparations. This method was extensively validated at AstraZeneca (Mölndal, Sweden) for 

absorption studies, but not for metabolism. The data in chapter 6 show that this preparation 

remained viable and metabolically stable up to 3-4 h. Despite variations in the protocols for 

Ussing chamber preparations and precision-cut slices, the metabolic rates appeared quite 

similar between the methods. Therefore, we concluded that human intestinal slices and 

Ussing chamber preparations are both useful for quantitative drug metabolism studies. 

Large inter-individual variation in the intestinal contents has been described for various 

CYPs [10,11]. However, the metabolic rates obtained in different tissue samples from 

different individuals in chapter 6 did not vary considerably. Hydroxylation of testosterone, for 

instance, showed only a 2-fold difference between 6 donors. This may be explained by the 

homogeneity of the group of patients (obesity patients fasted for surgery), the precise 

location along the tract (proximal jejunum since the location was determined by the gastric 

bypass) and tissue treatment. As discussed in chapter 2 and 6, we believe that comparing 

the obtained results with earlier published intestinal in vitro data is quite delicate. It remains 

problematic to compare metabolic rates obtained with different in vitro methods using human 

tissue. That is because the variability in the metabolic rates is not only determined by the 

methods used, but also by the inter-individual tissue variability as well as by the tissue 

handling after excision.  

 

Long-term slice incubations: drug metabolism studies 
To study the conversion of slowly metabolized drugs, it is of high importance that the in vitro 

test system chosen is metabolically stable in time in order to quantify the slow metabolic rate 

reliably. 
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Rat intestinal slices are applicable for qualitative drug metabolism studies up 

to 24 h of incubation  

In rat colon slices, the metabolic rates remained constant up to 24 h of incubation and 

viability was also reasonably maintained. In small intestinal slices, the viability and metabolic 

rates remained constant up to 8 h of incubation. After 24 h of incubation of small intestinal 

slices, however, the ATP content (general marker for viability) decreased to 25% of the initial 

value, as did the villin expression per mRNA (35%), indicating loss of enterocytes. In line 

with these findings, metabolic activity is partly lost after 8 h of pre-incubation, but the extent 

of the decrease varied from 24-92% of the initial value depending on the substrate (chapter 

4). This loss in activity can, at least partly, be explained by loss of enterocytes by sloughing 

off during shaking incubation, in addition to ‘de-induction’ during incubation in medium due 

to the lack of endogenous stimuli as stated in chapter 4. A similar phenomenon is seen in 

cultures of rat primary hepatocytes [12,13].  

Since the activity remains clearly detectable for most reactions after 24 h of incubation in 

slices of the small intestine and colon, we conclude that this system can be used for 

qualitative metabolism studies up to 24 h. Of note, up to now, this test system is the only 

available intestinal tissue system that has been validated for drug metabolism studies up to 

24 h. 

Human intestinal slices are applicable for qualitative drug metabolism 

studies up to 24 h of incubation 

Evaluation of the morphology and ATP levels indicated tissue integrity up to 24 h of 

incubation in both small intestinal and colon slices. It was further shown that intestinal slices 

were capable to metabolize model substrates throughout 24 h of incubation. Yet, the 

metabolic rates decreased to about an average of 40-50% of the initial value in fresh small 

intestinal slices, but the extent of decrease was clearly depending on the substrate (chapter 

7) as has also been observed in rat slices. This decrease in metabolic activity is in line with 

published findings in human hepatocytes, for example, where CYP2C9 and CYP3A4 

proteins and activities have been reported to decrease [14]. This decrease is only 

particularly problematic for the measurement of slowly metabolized drugs. In colon slices, 

the CYP reactions were not detectable, but the phase II conjugations remained constant up 

to 27 h of incubation. 

Therefore, we concluded that for qualitative drug metabolism studies, colon and proximal 

jejunum slices can be used, but optimization of the incubation medium in future might help to 

stabilize the metabolic rates up to 24 h of incubation. 

Medium supplementation 

It should be realized that the enterocytes in vivo are exposed to both components in blood 

and intestinal lumen. These compounds may continuously activate gene expression of 

DMEs and DTs, tentatively indicated here by natural inducers. The supposed natural 

inducers were lacking in the medium used in our studies. This presumably resulted in a 

decrease of gene expression and thereby the metabolic activity of enzymes transcribed from 

these genes. In addition, this decrease in enzyme activity is likely to be dependent on the 

half-life of the particular enzymes (chapter 4) as has been described for metabolic enzymes 

in human liver slices [15]. Also, the addition of protective agents, such as protease inhibitors 
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and of natural inducers may help to improve the viability and stability of metabolic rates in 

slices. To test this hypothesis, some pilot experiments with medium supplements were 

performed. Protease inhibitors have been described to protect the cellular interior to the 

abundantly present proteases in the lumen during the isolation of microsomes [16,17]. In 

pilot experiments, the protease inhibitors aprotinin and trypsin inhibitor were added to the 

incubation medium. This, however, did not improve the viability. Either the proteases present 

in the intestine were effectively removed during slicing or the proteases do not harm intact 

cells, suggesting that proteases may only be a problem in the preparation of subcellular 

fractions. In addition, we added sodium butyrate, since it is the preferred energy source for 

colonocytes in vivo [18]. No improvement, however, was achieved based upon intracellular 

ATP levels. Finally, glutamine has been extensively described to be beneficial for the 

condition of the intestinal tract [19,20] and is already present in WME medium. 

Supplementation with additional glutamine, however, did not detectably improve the viability 

either.  

Glucocorticoids are endogenous ligands for the GR and increase the transcription of PXR 

and CAR amongst other genes [21,22]. In human serum, the normal level of hydrocortisone 

ranges from 0.1 M to 0.45 M [23]. DEX is a known GR and PXR ligand and although we 

observed that addition of DEX did not improve the ATP levels, it may help to stabilize the 

metabolic rates. Interestingly, it has been shown that indirubin (IR) is one of the endogenous 

AhR ligands [24,25]. In compliance with this it appeared to induce 7EC O-deethylation in rat 

intestinal slices (chapter 4).  

We hypothesized that medium supplementation with DEX and IR may improve the metabolic 

stability in rat small intestinal slices up to 24 h. Pilot experiments were performed with a 

mixture of DEX (1 M) and IR (1 M) and mRNA levels of CYP1A1, CYP3A9, AhR and PXR 

were determined as depicted in figure 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In slices of small intestine, the addition of DEX and IR diminished the significant decrease of 

CYP1A1 mRNA levels as well as the significant increase of AhR mRNA levels. This 

indicates that the addition of IR and DEX to the incubation mixture improves the metabolic 

stability. However, this effect was measured at mRNA level only and activity studies should 

be performed to confirm these promising findings. 

Figure 2: Expression of CYP1A1, CYP3A9, AhR and PXR mRNA up to 24 h of incubation in slices 

prepared from proximal jejunum. Incubation in control medium (A) or in medium supplemented with 

DEX (1 M) and indirubin (IR, 1 M) (B). Results are mean ± SD of 4 rats (control medium) or 2 

(supplemented medium). Significant differences toward control (1) are indicated with * p < 0.05. 
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In addition, some other compounds have been mentioned to exert beneficial effects on 

intestinal viability, but have not been tested to date. Trefoil peptides have a role in mucus 

stabilization and promote epithelial restitution [26]; glucagon-like peptide 2, a product of gut 

endocrine cells, stimulates crypt cell proliferation and inhibition of apoptosis in the 

enterocyte [27]; heparin stimulates the proliferation of intestinal epithelial cells [28] and 

insulin in combination with inhibitors of serine proteases resulted in considerable 

improvement of cell proliferation and morphology in biopsies [17]. It seems worthwhile to 

consider the use of these compounds in future studies.  

  

Long-term incubation: Induction studies  

Study set-up 

In chapter 4, 5, 7 and 8, we investigated the induction of DMEs in intestinal slices by 

incubation with prototypical inducers. Starting point of these studies was that a prototypical 

inducer can induce certain responsive genes via a putative pathway. In other words, we 

assumed that a prototypical inducer for AhR up-regulates DMEs via the AhR pathway. The 

preliminary results of our studies do not provide definite clues about the functionality of this 

pathway in slices, since we did not incubate slices with BNF in the presence of a nuclear 

receptor inhibitor, such as galangin or -naphthoflavone [29] or studied induction responses 

in knockout animals as has been done in AhR-Null mouse [30], to prove the contribution of 

AhR in the responses. 

In the present study, we selected well-known ligands/prototypical inducers to study a 

number of specific induction pathways of interest. However, it is important to realize that the 

induction pathways are often interconnected. For example, PB is commonly used to detect 

CAR mediated responses [31,32], but the actual concentration of the inducer determines 

whether this compound acts solely via CAR or also via PXR [33]. Of note, the effective 

concentrations for CAR or PXR activation have not been studied in intestine so far. Similarly, 

BNF induces CYP1A1 putatively via AhR, which results in the formation of many oxygen 

species that in turn activate the Nrf2 pathway [34]. Furthermore, GR ligands induce both 

PXR and CAR gene transcription [21] and thereby they induce the PXR and CAR dependent 

genes when endogenous ligands are available.   

Rat intestinal slices are applicable for induction studies up to 24 h of 

incubation 

Small intestinal and colon slices can be applied to study AhR (studied with 3-

methylcholantrene and BNF) and PXR/GR (studied with DEX) mediated gene regulation. 

The inductions detected in vitro were also found after in vivo exposure (chapter 4 and 5). In 

addition, we observed that all segments of the intestine appeared sensitive to inducing 

responses, albeit to a different extent.  

PB related induction of CYP2B was only detected at mRNA level in colon slices and not in 

small intestinal slices (chapter 4). In line with the observation that PB is a potent inducer of 

hepatocyte CYP2B in vivo [35], we observed elevation of CYP2B in small intestine after in 

vivo exposure (36 h) (data not shown). In contrast to our findings, Martignoni et al., who 

supplemented the incubation medium with insulin, FCS and hydrocortisone and detected 

induction of CYP2B in rat intestinal slices already after 6 h of incubation [36]. Therefore, 
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further research is required to elucidate whether slices are applicable for CAR mediated 

induction studies. In relation to this, the following experiments would be worthwhile to 

consider. Slice incubations up to 6, and 24 h with supplemented medium (insulin, 

hydrocortisone and FCS) in the presence of different concentrations of PB could be tried. 

The PB concentrations used in our studies (2-4 mM) may be quite high, since 8 mM PB was 

toxic. Therefore, it is recommended to incubate slices with a broader range of 

concentrations, for instance 0.2 – 2 mM. In addition, more specific CAR ligands, such as 

CITCO (6-(4-chlorophenyl) imidazo [2,1-b][1,3] thiazole-5-carbaldehyde O-(3,4-

dichlorobenzyl) oxime, CAR specific [37]) or TCPOBOP (1,4-bis [2-(3,5-dichlorpyridyloxy)] 

benzene) [32] could be used in future studies.  

  

The question can be raised whether induction studies should exceed 8 h of incubation in rat 

tissue slices, since the metabolic rate decreases to 24-92% after 8 h of incubation. A similar 

phenomenon is seen in cultures of rat primary hepatocytes [12,13]. Hepatocytes are, despite 

of decreasing enzyme activities, used extensively for induction studies after 1-3 days of 

culturing [13]. This technique obtained general acceptance also by the FDA. Since induction 

in intestinal slices is clearly time dependent, some of the induction responses would most 

probably be missed when induction effects are only measured up to 8 h (chapter 4).  

Since in intestinal slices metabolic activity is still measurable after 24 h of incubation and 

induction responses are also still clearly detectable, we conclude that the slice system can 

be used for qualitative induction studies up to 24 h provided that induction responses are 

compared with control incubations.  

Human intestinal slices are applicable for induction studies up to 24 h of 

incubation 

Similar to rat, the induction responses remained clearly detectable after 24 h of incubation 

(chapter 7-8), although the basal metabolic activity decreased somewhat. In cultured 

human hepatocytes, induction is usually measured after 1-3 days of culturing when enzyme 

activities are also decreased [14,38,39]. Still, induction responses can be clearly detected. In 

chapter 8, the current knowledge concerning drug induction in human intestine was further 

extended in the present study by measuring a broad spectrum of DMEs, DTs and NRs. Our 

data, although preliminary because tissue samples from a small patient group were used, 

clearly showed the sensitivity of intestinal DMEs, DTs and NRs to inducing stimuli.  

  

Prediction of intestinal first-pass metabolism from in vitro data 
Metabolic rates do not reveal whether the intestinal wall significantly contributes to total body 

drug disposition in vivo. Factors such as dissolution of the drug from the formulation in the 

gastrointestinal tract, transit time, location of absorption, mucosal blood flow, all may 

influence the intestinal first-pass metabolism of drugs, but the combined outcome of these 

factors is hard to predict. To accurately predict intestinal first-pass metabolism, an integrated 

approach should be considered. For example, dissolution from the formulation can be 

studied in a test tube containing a solution that simulates the lumen content at 37
o
C. Uptake 

into cells as well as metabolism can be investigated using the precision-cut slice model. For 

qualitative measurements and detecting the direction of excretion of drugs and metabolites, 

the Ussing chamber system could serve properly. Furthermore, in vivo studies can be used 
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to take into account the influence of the transit time of drugs in the intestinal tract and the 

blood flow. Then, adequate modeling is required to scale the in vitro results to the in vivo 

situation. In the present study, the intrinsic capacity of the intestine to metabolize drugs was 

clearly shown. In the future, this technology should be broadened to finally obtain an 

integrated system that can predict intestinal first-pass metabolism.  

A completely different, more mechanism-based method for the prediction of drug 

metabolism is computer-based estimation of the enzymatic rate based on Vmax, Km and 

abundance of the DMEs and DTs involved [40]. The results with precision-cut slices can be 

used to verify the outcome of such calculations. 

 

Comparison between hepatocytes and enterocytes 
The liver has long been considered as the most important organ involved in drug 

metabolism. This was mainly concluded on the basis of the large concentrations of DMEs 

and the overall weight of the organ. Now that we have shown that the intestine is more 

active in drug metabolism than previously thought (chapter 3), it is of interest to compare 

the metabolic activity of liver and intestinal metabolizing cells, expressed as activity per mg 

of hepatocytes and enterocytes. To make a valid comparison, it is important to realize that 

the liver mainly consists of hepatocytes (approximately 80% on a weight basis) of which 50-

100% contribute to drug metabolism in the liver slices depending on the slice thickness and 

metabolic rate [8]. The small intestine consists for approximately 25% of drug metabolizing 

enterocytes as discussed in chapter 3. Colon contains less enterocytes and based on the 

villin content (70% compared with duodenum as described in chapter 5), we estimated that 

colon tissue consists of 17% of drug metabolizing colonocytes. In table II, the metabolic 

rates obtained in chapter 3, 5 and 6 are summarized after recalculation of activity to 

pmol/min per mg enterocyte or hepatocyte, and compared with data from previous work with 

rat and human liver slices.  

Table II: Summary of metabolic rates in rat and human intestine (chapter 3, 5 and 6) and compared to 

that in liver slices [48]. 

 Rat tissue Human tissue 
 SI* Colon# Liver‡  SI* Colon# Liver‡   

7EC  7HC (CYP1A) 160 12 518 132 NM 350 

TT   6-TOH (CYP3A) 88 6 218 428 NM 163 

TT  2-TOH (CYP3A) ND ND ND 100 NM 60 

TT  Androstenedione 
(several CYPs) 

464 330 1350 1264 NM 560 

TT  16-TOH (CYP2B) 32 ND 400 36 NM 12.5 

TT  16-TOH (CYP2B) 28 ND 20 ND NM 15 

7HC  7HC-GLUC (UGT1A6) 2652 4800 1750 1260 2262 2200 

7HC  7HC-SULF (SULT2A1) 100 306 105 208 372 83 

*SI: small intestine, pmol/min/mg enterocyte (25% of tissue is enterocytes); 
#
pmol/min/mg colonocyte 

(17% of tissue is colonocyte); 
‡
pmol/min/mg hepatocyte (80% of tissue is hepatocyte of which 50% of 

the hepatocytes contributes to drug metabolism [8]; ND is not detectable; NM: not measured 
 

The metabolic rates in the rat small intestinal enterocytes ranged from 8-152% of that in rat 

hepatocytes. The human small intestinal enterocytes processed the model compounds in 

rates that were 37-288% of that measured in human hepatocytes. The small intestinal slices 

used for the data in table II, were prepared of proximal jejunum in which region the 
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metabolic activity is the highest (chapter 1, 3). The data indicate that enterocytes of jejunum 

origin and hepatocytes possess comparable metabolizing capacity. However, this is 

dependent on the substrate. In general, the intestine therefore is in principle capable to 

contribute significantly to whole body drug metabolism. 

 

Induction responses in liver and intestine  
In rat intestine, several significant induction responses were detected as discussed in 

chapter 4. After in vivo exposure (24 h) to BNF or DEX as described in chapter 5, the 

metabolic rate in the liver was analyzed as well. As in intestinal slices, BNF showed 

significant up-regulation of 7EC metabolism (2-fold), and DEX showed significant up-

regulation of 6-TOH (6-fold) and 2-TOH (9-fold) formation (data not shown). 

Assuming that genes have identical promoter regions in different tissues as stated in 

chapter 8, one may expect qualitatively similar induction profiles in liver and intestinal cells. 

The differences in the rate of uptake, metabolism and excretion of the inducers in these 

organs as well as in the expression of NR, however, may lead to different responses of the 

inducing agents between liver and intestine. Therefore, it is of interest to investigate the 

effect of inducers in intact cell systems of both organs to predict the effect of an inducing 

agents on gene expression in liver and intestine as these organs contain different levels of 

DTs, DMEs and NRs. Responses to inducers are dependent on the time of incubation and 

concentration of the inducer and since published in vitro protocols differ largely in these 

aspects, it is difficult to compare our data with published data.  

Table III: Comparison of induction in rat intestine and liver. Up-regulation (+), down-regulation (-) and 

not affected (0) are indicated in the table. A qualitatively similar response in both intestine and liver is 

marked grey and differences in response are marked black.  

 Comparison of induction in rat intestine and liver 
Prototypical 

inducer 
BNF DEX PB 

 Intestine Liver intestine liver intestine liver 

CYP3A1 0# [36,49]* 0 [36,50]‡ + [36,49,51] + [36,43,52,53] + [36,49] + [36,54] 

CYP3A2 0 [49] 0 [53] 0 [49,51] + [51,53,55]  + [53,55] 

CYP3A9   - [43] 0 [43] 0 [49]  

CYP3A18   - [43] +  [43]   

CYP2B1 + [36,49] + [36,53,55] 0 [36,49] 
0 

[36,52,53,55,56] + [36,49] 
+ 

[36,52,53,55,57] 

CYP2B2 0 [49]  0 [49]  0 [49]  

CYP1A1 
+ [36,41,49,58-

62] 
+ 

[36,53,58,63,64] + [36,49] + [36,55,65] + [36,49,59] + [36,53,55,59] 

CYP1A2 + [36,49] + [36] 0 [36,49] 0 [36] 0 [36,49] 0 [36] 

UGT1A1 0 [44] 0 [44] - [43,44] +  [43,44] 0 [44] 0 [44] 

UGT1A6 0 [42,44] - [44,66] 0 [44] -  [44,66] 0 [44] 0 [44] 

MDR1A 0 [67] - [67] - + [51,67] - [51,67] 0 [67] 0 [67] 

MDR1B 0 [67] 0 [67] - + [51,67] - [51,67] 0 [67] 0 [67] 

MRP2 - [68] 0 [68,69] - [43] - [43,68,69]  - [68,69] 

MRP3 0 [68]  - [43] - 0- [43,68]  + [68] 

OATP2B1       

PXR   0 [43] 0 [43,70]  + [70] 

CAR   0 [43] 0 [43]  + [71,72] 

* References of intestinal induction studies; 
‡
 References of liver induction studies 

 

A general overview about what is currently known from the literature about induction both in 

rat liver and intestine, after in vitro and in vivo exposure to the model compounds that we 

also used in our studies, is summarized in table III. We supplemented this with our findings 

described in chapter 3, 4 and 5 [41,42]. As shown in table III, most genes are qualitatively 
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similarly affected in liver and intestine. If in only one of the two organs a response was 

detected, the exposure time of the tissue to the inducing agents and their concentrations 

were quite different between the methods. Thus, further studies are required to elucidate the 

significance of these differences. After oral administration of 50 mg/kg DEX for 4 days to 

male rats, however, CYP3A18 and UGT1A1 were shown to be down-regulated in the 

intestine and up-regulated in liver [43]. In another study, no effect was observed on UGT1A1 

gene expression in both liver and duodenum after intraperitonial administration of DEX for 4 

days (50 mg/kg) to female rats [44]. This either points to differences in regulation between 

liver and intestine or differences in exposure to the inducer at the cellular site in these 

tissues. This is a subject that could be addressed in future using precision-cut slices. 

Besides rat intestine, we also collected the results of induction studies in human intestine 

(as stated in chapter 8) and liver. In table IV, a summary of our findings is shown. 

Differences in response such as down-regulation in one organ and up-regulation in the other 

were only observed for CAR expression after DEX exposure. The latter should be further 

studied to elucidate the mechanism behind this finding. Furthermore, quite some genes 

responded only in one of the two organs to the inducer and since this may be caused by 

time of exposure and dose level. Further research is recommended to establish the 

significance of this difference.  

Table IV: Comparison of induction in human intestine and liver. Human intestinal tissue data are 

collected from chapter 8. Up-regulation (+), down-regulation (-) and not affected (0) are indicated as 

well as the references of liver studies. A qualitatively similar response in both intestine and liver is 

marked grey and differences in response are marked black.  

 Comparison of induction in human intestine and human liver 

 BNF DEX RIF PB 
 intestine liver intestine liver intestine liver intestine liver 

CYP3A4 + 0 [73,74]    + 
+ 

[23,73,75]  
+  + [73-76]  + + [73-75]    

CYP2B6 0  0 [35,77] 0 
- 

[35,73,75,7
8]  

+  
+ [35,73,77-

81]  
+  

+ [35,73,74,76-
78,81,82]  

CYP2C9 + 
0 

[35,73,77,83] 
+ 

0 
[35,73,83]  

+ 
+ 

[35,73,77,83,
84]  

+  
+ 

[35,73,77,83,85
] 

CYP1A1 + 
+ 

[35,74,83,86,
87]  

+ + [65,83]  + + [80,81]  + + [74,81] 

UGT1A1 + 
+ 

[74,76,84,88] 
0 - [89]  +  

+ 
[74,76,81,89]  

+  
+ 

[74,76,81,88,89
]  

UGT1A6 + + [74,90,91]  + 0  [90]  + + [74,90] + + [74,90] 

SULT2A1 0  0  0 0 [80]  0  

GSTA1 +  +  0 0 [80,81]  0 - [81] 

MDR1 0 0 [84]  + 0 [92]  + 
+ 

[74,81,82,92,
93] 

+ + [74,81,82,93]  

MRP2 + + [74] 0 0 [92]  + 
+ [74,82,92-

94]  
+ + [74,82,93]  

MRP3 +  + 0 [92]  0 0 [82,92,93]  0 0 [93]  

OATP2B1 0  0  0 0 [82]  + + [82]  

BCRP +  -  0 0 [82,92] 0 - [82]  

PXR 0  + + [95,96]  + + [81,95,96]  0 0 [81]  

RXR +  + + [95]  + 0 [95] 0  

AhR +  +  0 - [81]  0 - [81]  

CAR +  - + [97] 0 0 [81]  0 0 [81]  
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Comparison between human and rat  
In general, the metabolic rates obtained with saturating concentrations of substrate are 

surprisingly similar in rat and human tissue (table II). Only for the metabolic rates of CYP3A 

conversions, human tissue showed higher maximal rate of metabolism compared with rat 

tissue at the same substrate concentration. Of note, the 2-TOH is only detected in human 

tissue and not in rat tissue. The relative metabolic rates in small intestine and liver, however, 

are not similar in rat and man. For example, androstenedione, 6-TOH and 16-TOH 

formations are higher in rat liver than in intestine in contrast to human tissue, where the 

metabolic rates are higher in small intestine than liver. Glucuronidation is the highest in 

small intestine in rat, but in human tissue the formation rate is higher in liver. Furthermore, 

sulphation rates are similar in rat intestine and liver, but are 2.5-fold higher in human small 

intestine compared with human liver. On the other hand, the 7EC O-deethylation rate is the 

highest in liver in both species. This suggests that species differences in metabolic rates in 

liver are not necessarily correlated with those in intestine. Therefore, organ-specific 

metabolism should be studied in human tissue, since it cannot be extrapolated from rat to 

human. 

Direct extrapolation of induction responses from animal to man is not feasible, since several 

species differences have been described with respect to induction. For instance, the 

response profiles of the xenosensors CAR [45] and PXR [46] differ between species and a 

compound like RIF is a ligand for human and rabbit PXR, but not of rat PXR, whereas 

pregnenolone 16-carbonitrile, is a known activator of rat and mouse PXR [46]. The 

responses in human and rat intestine (tables III and IV) are summarized in table V.  

Table V: Comparison of induction responses in human and rat small intestine for several DMEs, DTs 

and NRs. The information is taken from table III and IV. In the table, up-regulation (+), down-regulation 

(-) and not affected (0) are indicated. A qualitatively similar response in both intestine and liver is 

marked grey and differences in response are marked black.  

 Comparison of induction responses in human and rat intestine 

 BNF DEX RIF PB 
 human Rat human Rat human  human Rat 

CYP3A + 0 + + and -* +  + + 

CYP2B 0 0 0 0 +  + + 

CYP1A1 +
 

+ +
 

+ +  +
 

+ 

UGT1A1 +
 

0 0 - +  + 0 

UGT1A6 +
 

0 +
 

0 +
 

 +
 

0 

MDR1 0 0 +
 

+ and -** +
 

 +
 

0 

MRP2 + - 0
 

- +
 

 +
 

 

MRP3 +
 

0 +
 

- 0
 

 0
 

 

PXR 0  +
 

0 +
 

 0
 

 

CAR +  - 0 0
 

 0
 

 

* dependent on the isoform studied; ** different published studies gave opposite results 
[51,67]

. 

 

Since rifampicin has been described to activate only hPXR and not rodent PXR [46], we 

could not compare the data of rat and human. This typically illustrates that species 

differences occur and that they are important to study. Based on the data presented in table 

III and IV, responses to DEX, PB or BNF in rat and human tissue were quite similar for 

several genes. Yet, for several other genes a response was only detected in one of the two 

species. It remains to be shown whether this may be ascribed to the role of different 
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protocols in vivo and in vitro. Moreover, some transport genes reacted entirely different in 

human and rat tissue. MRP2 was induced by BNF in human tissue, but it is down-regulated 

in rat tissue. MRP3 is induced by DEX in human tissue, but down-regulated in rat tissue. Up 

to now, no explanation for these findings can be given. To conclude: these findings clearly 

demonstrate that studies with human tissue are required and that findings in rat tissue often 

do not reflect the drug metabolism observations in human.   

 

Drug metabolism and drug transport 
To eliminate compounds from the cell, three phases of elimination have been defined: phase 

I and II drug metabolism (functionalization and conjugation) and phase III (deconjugation 

and efflux transport). The primary uptake of drugs/xenobiotics in enterocytes is not included 

in these three phases, although it may be very important. This process of uptake of drugs in 

mucosal cells has not been addressed separately in the studies presented in this thesis. 

However, we can infer from the metabolic rates and induction processes detected with the 

use of slices that drugs as well as inducers can enter the particular cells. Whether the 

membrane transporters remain functional during incubation in intestinal precision-cut slices 

has not been studied yet. The precision-cut slice model may be suitable to study membrane 

transport of drugs by direct measurement of uptake and identification of the transporters 

involved. These processes were shown to function in liver slices [47]. 

Furthermore, as suggested in chapter 6, discrimination between blood and luminal 

excretion in the gut as well as identification of transporters involved in the transport of drug 

metabolites is still in its infancy. With the use of the Ussing chamber preparations, this topic 

can be further addressed. Interestingly, we showed that several phase I metabolites are 

mostly excreted to the luminal side (chapter 6). This suggests that also in vivo a significant 

amount of the metabolites formed in the human intestine is excreted to the luminal side. 

Whether these luminally excreted metabolites are re-absorbed later on in the tract, is 

unknown and remains an important aspect to investigate.  

 

Final remarks about the applicability of intestinal slices 
The studies presented in this thesis clearly show that the precision-cut intestinal slice model 

is suitable for drug metabolism studies. With the use of rat small intestine, drug metabolism 

can be studied quantitatively up to 8 h and qualitatively up to 24 h. Colon precision-cut slices 

can be used up to 24 h for quantitative drug metabolism studies. In addition, the induction 

processes via PXR and AhR can be studied using rat intestinal slices. However, for CAR 

induction further research is required as described above. This slice system forms a 

promising alternative for in vivo induction studies and it could contribute to the ‘3 Rs’ 

replacement, refinement and reduction in the studies with experimental animals. Moreover, it 

offers the benefit over in vivo studies that induction processes can be studied in different 

segments of the intestinal tract excluding the influence of the liver. Furthermore, human 

tissue can be applied to the precision-cut slice technique and drug metabolism can be 

studied quantitatively at least up to 4 h in small intestinal and colon slices of human tissues. 

Moreover, qualitative drug metabolism studies and induction involving PXR, CAR, GR, AhR 

and Nrf2 pathways can be studied up to 24 h of incubation. Further improvement of stability 

of genes expression should be valuable by optimizing the medium, among others, by 

‘natural’ ligands. The species differences in metabolic rates, but also in induction responses 
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furthermore stress the urgency to use human tissue for prediction of these phenomena in 

man.  

In conclusion: the precision-cut slice model provides a powerful tool to further investigate the 

potential differences between human and rat intestine and also those between intestine and 

liver. Above all, it clearly extends the in vitro possibilities to study intestinal drug metabolism.  
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Introduction 
The intestine is armed with a broad spectrum of drug metabolizing enzymes (DMEs) and 

drug transporters (DTs) to strengthen its function as first barrier of defence against 

xenobiotica as described in chapter 1. Since human in vivo and in situ methods are scarce, 

in vitro methods would be valuable to further study intestinal drug metabolism. To study 

intestinal drug metabolism in vitro, several methods are available. The advantages and 

limitations of these available intact cell systems, subcellular fractions and intestinal cell lines 

were discussed in chapter 2. 

In vitro test systems should meet at least three criteria. First, the model should consist of 

intact cells with functional DMEs and DTs up to approximately 24 h of incubation. This is 

important to allow investigation of slowly metabolized drugs as well as induction 

mechanisms. Since animal models are commonly used and drug metabolism as well as 

drug-drug interactions are highly species specific, the technique should also be applicable to 

both animal and human tissue. Thirdly, the in vitro test system should require only small 

amounts of tissue in view of the limited access to human small intestinal tissue.  

Prior to this project, the intestinal precision-cut slice model was developed in our laboratory. 

It was shown that these slices possess high metabolic rates up to 3 h of incubation. Longer 

incubation periods were not tested at the start of this project. The slice technique enables 

very efficient use of intestinal tissue and can potentially be applied to both animal and 

human tissue. Furthermore, the incubation period may be extended up to 24 h. In tissue 

slices, all cell types are present; metabolism can be studied at distinct locations in the 

intestine and the enzyme systems, co-factors and transporters in principle remain present in 

their physiological context.  

 

 

Rat studies 
Therefore, we first characterized the intestinal slice model for rat tissue up to 3 h of 

incubation with respect to viability and metabolic functionality as described in chapter 3. We 

showed that the viability and the metabolic rates were maintained up to 3 h of incubation. 

The slice technique was then further applied to measure metabolic rates along the intestinal 

tract. In general, the metabolic rates decreased in distal direction along the intestinal tract. 

However, the extent to which these rates decreased clearly differed per substrate (chapter 

3 and 5).  

The intestine has been described to be sensitive for inducing stimuli and induction of DMEs 

in the intestine can result in a marked variation in the bioavailability of drugs. Therefore, we 

aimed to investigate the applicability of rat intestinal slices for drug induction studies 

(chapter 3 and 4). The induction of 7-ethoxycoumarin metabolism by -naphthoflavone was 

detected in both small intestinal and colon slices after 24 h of pre-incubation (chapter 3).  

Further investigations, as described in chapter 4, evaluated the use of intestinal slices for 

metabolism and induction studies up to 24 h of incubation. In colon slices, the viability and 

the metabolic rates were maintained up to 24 h of incubation. In small intestinal slices, 

viability and metabolic rates were stable up to 8 h. After 24 h of pre-incubation, the 

metabolic rates decreased to 24-92% of the initial values, depending on the substrate 

studied. A similar phenomenon has been described in cultures of rat primary hepatocytes, 
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which are, despite of decreasing enzyme activities, used extensively for induction studies 

after 1-3 days of culturing with general acceptance, also by the FDA.  

Thus, induction responses were studied with these precision-cut slices. Induction responses 

were detectable after pre-incubation with inducers for 5-24 h (small intestine) and 8-24 h 

(colon). Only for phenobarbital-mediated induction, responses could not be detected in small 

intestine. Thus, the metabolic activity as well as the induction responses remained clearly 

detectable for most reactions after 24 h of incubation. Therefore, we concluded, that the 

precision-cut slice system can be used for qualitative metabolism and induction studies up to 

24 h. In addition, up to now, this test system is the only available intestinal tissue system 

that has been validated for drug metabolism studies up to 24 h. 

Gradients of basal metabolic activity were demonstrated along the intestinal tract (chapter 

3), but knowledge on the regional differences in induction is scarce. Since slices allow 

investigation of induction processes in the different regions of the intestine under identical 

conditions, we compared the extent of induction of drug metabolizing activity in duodenum, 

jejunum, ileum and colon in vitro with that in vivo (chapter 5). It was shown that all regions 

of the intestine were sensitive for inducing stimuli. However, the extent to which the 

induction occurred clearly differed along the intestinal tract. In addition, this difference 

appeared to parallel the expression levels of the responsible nuclear receptors. 

Furthermore, in vitro responses were largely comparable with the responses in vivo. Only 

the induction responses in colon in vitro were relatively higher than in vivo, which can be 

partly explained by the different exposure to inducers.  

To be able to compare intestine and liver data, the metabolic rates are expressed per 

metabolically active cells: per mg of enterocyte protein in the intestine and per mg of 

hepatocyte protein in liver. The metabolic rates in these small intestinal enterocytes 

appeared to be 8-152% of that in hepatocytes (chapter 9). Furthermore, the induction 

responses in liver and intestine, as described in chapter 9, are to a large extent qualitatively 

similar. However, some gene responses were different between the organs and it is of 

interest to elucidate the cause thereof applying the precision-cut slice system.  

 

 

Human studies 
An in vitro test system that is also applicable for human tissue would be of great benefit for 

drug research. Therefore, we studied the use of human intestinal precision-cut slices for 

drug metabolism studies (chapter 6). We showed that the viability and metabolic activity 

remained constant up to 4 h of incubation. In addition, the rates per small intestinal 

enterocyte were 37-288% of that measured in hepatocytes (chapter 9). In colon slices, 

conjugation rates were virtually equal to those in small intestines, while CYP mediated 

conversions occurred much slower.  

Furthermore, we had the opportunity to directly compare the precision-cut slice method with 

the Ussing chamber set-up (validated and present at AstraZeneca, Mölndal, Sweden) 

(chapter 6). These preparations remained viable and metabolically stable up to 3-4 h. The 

distribution of the excretion of the metabolites could be studied and appeared to differ 

between the substrates. In addition, the metabolic rates of the precision-cut slices and 

Ussing chamber preparations appeared quite similar. Therefore, we concluded that both 

methods are useful for quantitative metabolism studies.  
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Subsequently, we studied the applicability of human jejunum and colon slices for induction 

studies up to 24 h of incubation (chapter 7). The viability remained quite stable as well as 

the metabolic rates up to 24 h of incubation. The latter decreased only to 40-50% on 

average for most substrates during 24 h of pre-incubation compared to the initial values. 

Only for diclofenac hydroxylation (CYP2C9), this decrease was larger (90%). In colon slices, 

the CYP conversions were below the detection limit, but conjugation rates were detectable 

and remained rather constant during incubation. In proximal jejunum and colon slices, the 

induction of DMEs and DTs via 5 putative induction pathways (PXR, CAR, AhR, GR and 

Nrf2) was clearly detectable at mRNA. In addition, some responses were tested at activity 

level and showed that induction was also detectable at activity level. Therefore, we 

concluded that human intestinal precision-cut slices provide a powerful tool to study 

induction of drug metabolizing enzymes and transporters in the human intestine.  

Since relatively little was known about the induction of DMEs and DTs in the human 

intestine, we investigated the inducing responses of 5 prototypical inducers to 19 genes of 

interest (DMEs, DTs, nuclear receptors) with the use of slices (chapter 8). These data, 

although preliminary because of the small patient group, showed that dexamethasone 

mainly induced CYP3A4 and CYP1A1, whereas rifampicin most pronouncedly induced 

CYP3A4 and MRP2. Phenobarbital increased particularly CYP3A4, UGT1A6 and MRP2. -

naphthoflavone exposure mainly induced CYP1A1, MRP2 and PXR, where quercetin 

induced principally CYP1A1, UGT1A6, MRP3 and PXR. Therefore, we concluded that the 

different prototypical inducers induce distinct DME (phase I and II), DT (phase III) and also 

nuclear receptor genes. This indicates that these genes are coordinately regulated in the 

intestine. These inductions may have consequences for intestinal first-pass metabolism.  

 

A combination of a search of the literature and data obtained with intestinal slices (chapter 8 

and 9) point to several differences in responses in liver and intestine. For example, 

dexamethasone induces CYP3A18 in the rat liver, whereas it reduces CYP3A18 in rat 

intestine. Another example, -naphthoflavone induces CYP2C9 in human intestine, whereas 

it doesn’t affect CYP2C9 in human liver. Furthermore, the observed species differences in 

metabolic rates and in induction responses, stress the urgency to use human tissue for 

prediction of these phenomena in man (chapter 9). 

 

 

Conclusions 
The studies presented in this thesis clearly show that the precision-cut slice model for rat 

and human intestinal tissue is suitable for drug metabolism studies. It is a promising 

alternative for in vivo induction studies and may contribute to the ‘3 Rs’ (replacement, 

refinement and reduction) in the studies with experimental animals. Moreover, it offers the 

benefit over in vivo studies that induction processes can be studied in different segments of 

the intestinal tract excluding the influence of the liver and taking into account the gradients of 

inducers in the intestinal lumen. To conclude, the precision-cut slice model provides a 

powerful tool to further investigate the potential differences between human and rat 

intestine, but also between intestine and liver. Above all, it extends the in vitro possibilities to 

study intestinal drug metabolism. 
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Introductie 
De darm is uitgerust met een breed scala aan metaboliserende enzymen (GMEn) en 

transporters (GTs), die betrokken zijn bij de opname en het metabolisme van 

geneesmiddelen. Dit versterkt de barrièrefunctie van de darm tegen lichaamsvreemde 

stoffen. Immers, GMEn kunnen lichaamsvreemde stoffen (xenobiotica), waaronder 

geneesmiddelen omzetten tot veelal inactieve verbindingen. GTs kunnen de opname en 

uitscheiding van xenobiotica beïnvloeden (hoofdstuk 1).  

 

De mogelijkheden om deze processen bij de mens in vivo te bestuderen zijn schaars. 

Daarom zijn in vitro methoden voor het bestuderen van geneesmiddelmetabolisme in de 

darm waardevol. Hiervoor is een aantal methoden beschikbaar. De voordelen en de 

beperkingen van deze methoden (intacte celsystemen, subcellulaire fracties en cellijnen) 

worden bediscussieerd in hoofdstuk 2. 

Een in vitro - testsysteem om geneesmiddelmetabolisme en inductie daarvan bij de mens te 

voorspellen moet voldoen aan tenminste vier criteria. Ten eerste moet het model bestaan uit 

intacte cellen. Ten tweede dienen GMEn en GTs te blijven functioneren in ongeveer 24 uur 

durende incubaties. Dit is nodig om onderzoek naar geneesmiddelen die slechts langzaam 

worden gemetaboliseerd, maar ook naar mechanismen van inductie van metabolisme te 

kunnen uitvoeren. Ten derde moet de techniek toepasbaar zijn op zowel dierlijk als humaan 

weefsel. Diermodellen worden immers veelal gebruikt voor de voorspelling van deze 

fenomenen bij de mens, maar het is bekend dat er vele soortspecifieke verschillen zijn in 

geneesmiddelmetabolisme en geneesmiddel - geneesmiddelinteracties. Ten vierde moet het 

in vitro - testsysteem zeer efficiënt gebruik maken van het weefsel, omdat er maar weinig 

humaan darmmateriaal beschikbaar is voor onderzoeksdoeleinden. 

 

Een van de modellen die aan deze voorwaarden zou kunnen voldoen is het 

darmplakjesmodel. Voorafgaand aan dit project werd dit darmplakjesmodel opgezet in ons 

laboratorium. Toen is al aangetoond, dat deze darmplakjes hoge metabole 

omzettingssnelheden bezaten gedurende 3 uur incubatie. Maar langere incubatieperioden 

zijn toen niet onderzocht. 

Het darmplakjesmodel kent veel voordelen. Het gebruikt het darmweefsel zeer efficiënt en 

het bevat alle celtypen met enzymesystemen, co-factoren en transporters. Deze zijn in 

principe aanwezig in hun fysiologische context. Een ander voordeel is, dat het model kan 

worden gebruikt om het metabolisme te bestuderen in de verschillende segmenten van de 

darm. Het kan naar verwachting worden toegepast op zowel dierlijk als humaan weefsel en 

tevens zouden de plakjes wellicht 24 uur geïncubeerd kunnen worden. 

 

 

Rattenstudies 
Vanwege bovenstaande voordelen is ervoor gekozen om het darmplakjesmodel verder te 

karakteriseren voor metabolismestudies in de rat en het metabolisme in de rattendarm 

verder te karakteriseren (hoofdstuk 3). De vitaliteit en metabole snelheden in deze 

darmplakjes bleken constant in drie uur durende incubaties. Gebruikmakend van het 

darmplakjes systeem werden vervolgens metabole snelheden in de verschillende 

segmenten van het darmkanaal gemeten. Voor de meeste stoffen nam de metabole 
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snelheid af in distale richting en bleek de mate waarin deze afname plaatsvond af te hangen 

van het geteste substraat.  

 

De darm reguleert het geneesmiddelmetabolisme door te reageren op inducerende maar 

ook inhiberende stimuli. Inductie van GMEn in de darm kan leiden tot een verandering in de 

biologische beschikbaarheid van geneesmiddelen. Een logische volgende stap was dan ook 

om te onderzoeken of deze weefselplakjes in staat waren te reageren op inductoren door de 

metabole omzettingssnelheden te verhogen (hoofdstuk 3 en 4). Hiervoor werden plakjes 

van dunne darm en colon 24 uur blootgesteld aan β-naphthoflavone. Deze blootstelling 

bleek de omzettingssnelheid van 7-ethoxycoumarine inderdaad te verhogen (hoofdstuk 3).  

Vervolgens evalueerden we het gebruik van darmplakjes voor geneesmiddelmetabolisme en 

inductiestudies verder, zoals is beschreven in hoofdstuk 4. Voor inductiestudies werd 

verondersteld dat weefselplakjes langer (tot ongeveer 24 uur) geïncubeerd moesten 

worden. Daarom werd de vitaliteit en metabole omzettingssnelheid eerst geëvalueerd tijdens 

24 uur durende incubaties alvorens inductieprocessen te bestuderen. In colonplakjes bleef 

zowel de vitaliteit als de metabole snelheid behouden gedurende 24 uur. In dunne 

darmplakjes werd de vitaliteit en metabole snelheid behouden gedurende 8 uur pre-

incubatie. Daarna, bij pre-incubaties tussen 8 en 24 uur, nam de metabole snelheid af tot 

24-92% van de initiële snelheid. Dit varieerde per substraat. Een vergelijkbaar fenomeen is 

uitgebreid beschreven voor primaire hepatocytencultures van de rat. Met algemene 

acceptatie, zo ook van de FDA, worden deze celculturen toch op grote schaal gebruikt voor 

inductie studies na 1-3 dagen, ondanks hun dalende enzyme-activiteiten gedurende 

incubatie. Daarom werden, na het evalueren van de vitaliteit en metabole omzetting in 24 

uur durende incubaties, de inductiereacties bestudeerd in deze weefselplakjes. In de dunne 

darm bleken de inductiereacties al detecteerbaar na 5-24 uur blootstelling met de inductor, 

terwijl in colonplakjes inductiereacties detecteerbaar bleken na 8-24 uur blootstelling. Tegen 

de verwachting in kon alleen in dunne darmplakjes inductie door phenobarbital niet worden 

waargenomen.  

Op grond van deze bevindingen stellen wij, dat voor de meeste reacties de metabole 

activiteit en inductiereacties duidelijk detecteerbaar zijn na 24 uur durende incubaties. Het 

weefselplakjessysteem is dus zeer geschikt voor kwalitatieve metabolisme- en 

inductiestudies tijdens 24 uur durende incubaties. Tot nu toe is dit systeem het enige 

beschikbare model dat gevalideerd is voor studies naar geneesmiddelmetabolisme voor 

incubatieperioden tot 24 uur. 

Gradiënten in basaal geneesmiddelmetabolisme werden aangetoond over het darmkanaal 

in hoofdstuk 3 en waren ook al deels beschreven in de literatuur. Eventuele regionale 

verschillen in induceerbaarheid in de darm, waren echter nog niet duidelijk beschreven. 

Vanwege het feit dat dit plakjessysteem zich uitstekend leent om deze regionale verschillen 

te bestuderen, werd de mate van inductie van geneesmiddelmetabolisme in duodenum, 

jejunum, ileum en colon vergeleken na in vitro en in vivo blootstelling (hoofdstuk 5). Alle 

segmenten van de darm bleken gevoelig voor inductoren, maar de mate waarin deze 

inductie plaatvond verschilde wel tussen de segmenten. Deze verschillen bleken parallel te 

lopen met de expressieniveaus van de verantwoordelijke nucleaire receptoren. Verder viel 

op, dat de resultaten verkregen na in vitro en in vivo blootstelling vergelijkbaar zijn. Een 

uitzondering daarop is, dat in colon de inductiereactie relatief hoger was na in vitro 
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blootstelling in vergelijking met in vivo. Dit laatste kan, in ieder geval deels, verklaard 

worden door het verschil in blootstelling aan de inductor in vivo en in vitro.  

 

Alvorens darm- en leverdata te kunnen vergelijken, dienen de metabole snelheden te 

worden uitgedrukt in dezelfde eenheid: per metabool actieve cellen in het betreffende 

orgaan, dat wil zeggen per mg enterocyte eiwit in de darm en per mg hepatocyte eiwit in de 

lever. Na omrekening en vergelijking bleek dat de metabole snelheden in deze dunne darm 

enterocyten 8-152% bedroegen van de snelheden gemeten in hepatocyten (hoofdstuk 9). 

Een vergelijking van inductiereacties in darmplakjes en gepubliceerde leverdata toonde 

tevens aan, dat de inductie in grote mate kwalitatief vergelijkbaar was in lever en darm. 

 

 

Humane studies 
Een in vitro - testsysteem dat ook toepasbaar is op humaan materiaal, biedt vele voordelen 

voor de juiste voorspelling van geneesmiddelverwerking in de darm van de mens. Daarom 

bestudeerden we de toepasbaarheid van het beschreven systeem op humaan darmweefsel 

(hoofdstuk 6). De vitaliteit en metabole activiteit bleken in deze preparaten constant te 

blijven in 4 uur durende incubaties. Na vergelijking met gepubliceerde hepatocytendata, 

bleek de metabole omzettingssnelheid in enterocyten 37-288% te bedragen van de 

snelheden in hepatocyten (hoofdstuk 9). Verder viel op, dat de fase II conjugatiesnelheid 

(glucuronidering en sulfatering) in colonplakjes praktisch gelijk was aan de snelheid in 

plakjes van de dunne darm, terwijl de cytochroom P450 (CYP) gemedieerde fase I 

omzettingen veel langzamer waren in plakjes van colon dan van dunne darm.  

Hiernaast vergeleken we de omzettingssnelheden in de weefselplakjes en in weefsel dat 

was ingebed in een Ussing kamer opstelling. Deze Ussing kamer opstelling was gevalideerd 

en aanwezig bij Astrazeneca, Mölndal, Zweden (hoofdstuk 6). De Ussing kamer 

preparaties bleken vitaal en metabool stabiel in 3-4 uur durende incubaties. De verdeling 

van de excretie van de metabolieten naar het lumen en naar de basolaterale (bloed) kant 

kon ook bestudeerd worden met het Ussing kamer systeem. We hebben aangetoond, dat de 

afzonderlijke metabolieten in verschillende mate werden uitgescheiden naar lumen en 

bloed. Tevens bleek, dat de omzettingssnelheden van de weefselplakjes en Ussing kamer 

preparaties vergelijkbaar waren. Op grond hiervan concludeerden we, dat beide systemen 

bruikbaar zijn voor kwantitatieve geneesmiddelmetabolisme studies.  

 

Vervolgens bestudeerden we de toepasbaarheid van humane jejunum weefselplakjes voor 

inductiestudies (hoofdstuk 7). De vitaliteit en metabole snelheden bleken redelijk stabiel in 

24 uur durende incubaties. De metabole snelheden daalden gemiddeld maar tot 40-50%. Dit 

gold voor de meeste substraten na 24 uur pre-incubatie. Alleen de hydroxylatie van 

diclofenac (gemedieerd door CYP2C9) daalde sterker (90%). In colonplakjes waren de CYP 

omzettingen niet detecteerbaar. De glucuronide- en sulfaatconjugatiesnelheden 

daarentegen waren wel detecteerbaar en bleken constant in 24 uur durende incubaties. 

Hierna bestudeerden we in jejunum- en colonplakjes de inductiereacties van GMEn en GTs 

op mRNA- en activiteitsniveau via 4 veronderstelde mechanismen (PXR, CAR, GR en AhR 

gemedieerde mechanismen). Zowel op mRNA- als op activiteitsniveau was de 

inductiereactie waarneembaar. Op grond van deze bevindingen concludeerden we, dat het 
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humane darmplakjesmodel een waardevol systeem vormt om inductie van GMEn en GTs te 

bestuderen in de humane darm.  

Er was maar weinig bekend van de inductiereacties van GME en GT in de humane darm. 

Daarom werd er besloten om dit verder te onderzoeken. Inductiereacties van vijf 

prototypische inductoren werden getest op 19 verschillende genen (GMEn, GTs en 

nucleaire receptoren) (hoofdstuk 8). Dexamethason bleek voornamelijk CYP3A4 en 

CYP1A1 te verhogen, daar waar rifampicine voornamelijk CYP3A4, MDR1 en MRP2 

induceerde. Phenobarbital verhoogde CYP3A4, UGT1A6, MDR1 en MRP2. β-

naphthoflavone verhoogde weer voornamelijk CYP1A1, MRP2 en PXR en quercetine 

verhoogde CYP1A1, UGT1A6, MRP3 en PXR.  

Op grond van deze bevindingen concludeerden we, dat iedere inductor een bepaalde set 

genen kan induceren. Dit betekent dat, zoals bekend van lever, ook in de darm deze genen 

gecoördineerd gereguleerd zijn. Deze inductie van GMEn en GTs in de darm kan 

consequenties hebben voor het ‘first-pass’ metabolisme in de darm. Vergelijkingen van 

inductiereacties in darm en lever, maar ook in mens en rat toonden verschillen aan in 

metabole snelheden en inductiereacties in darm en lever, maar ook in mens en rat 

(hoofdstuk 8 en 9). Dit laatste benadrukt maar weer eens hoe belangrijk het is om humaan 

weefsel te gebruiken om tot een juiste voorspelling van geneesmiddelmetabolisme en 

inductieprocessen in de mens te kunnen komen.  

 

 

Conclusies 
De studies beschreven in dit proefschrift laten duidelijk zien, dat zowel het 

weefselplakjesmodel voor rat als humaan weefsel geschikt is om geneesmiddelmetabolisme 

en geneesmiddelinteracties te bestuderen. Het vormt een veelbelovend alternatief voor in 

vivo studies en zou kunnen bijdragen aan de 3 V’s (vervanging, verfijning en vermindering 

van proefdiergebruik) in het onderzoek naar nieuwe geneesmiddelen. Bovendien biedt het 

de mogelijkheid om inductieprocessen te bestuderen in verschillende darmsegmenten 

losgekoppeld van de lever.  

Kortom het darmplakjessysteem vormt een zeer geschikt model voor onderzoek naar de 

potentiële verschillen in geneesmiddelmetabolisme in rat en mens, maar ook in darm en 

lever. Bovenal verbreedt het de mogelijkheden om in vitro onderzoek te doen naar 

geneesmiddelmetabolisme in de menselijke darm. 
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List of non-standard abbreviations 
 

ABC:   ATP-binding cassette 

ACN:   Acetonitril  

AhR:   Aryl hydrocarbon Receptor 

AP:   Alkaline phosphatase 

ARE:   Antioxidant response element 

ARNT:  Ah receptor nuclear translocator 

BCS:  Biopharmaceutics classification system 

BNF:   -naphthoflavone 

C:  Colon 

CAR:   Constitutive androstane receptor 

CDNB:  Chloro-dinitrobenzene 

CITCO: (6-)4-chlorophenyl) imidazo[2,1-b][1,3] thiazole-5-carbaldehyde O-(3,4-

dichlorobenzyl) oxime 

Ct:   Cycle number at threshold value  

CYP:   Cytochrome P450 

D:   Duodenum 

DEX:   Dexamethasone 

DME:   Drug metabolizing enzyme 

DMSO:   Dimethylsulfoxide 

DT:   Drug transporter 

DTT:   Dithiothreitol 

EpRE:  Electrophile responsive element 

FCS:  Fetal calf serum 

GR:   Glucocorticoid receptor 

GRE:  Glucocorticoid responsive element 

HSP90:  Heat shock protein 90 

I:  Ileum 

IR:   Indirubin 

J:   Jejunum 

KEAP1:  Kelch-like ECH-associated protein 1 

KBR:   Krebs bicarbonate ringer 

KT:   Ketoconazole 

MAPK:  Mitogen-activated protein kinase 

MeOH:   Methanol 

NR:   Nuclear receptor  

Nrf2:  Nuclear factor-E2-related factor 2 

PAR:  Pregnane activated receptor 

PB:   Phenobarbital 

PBREM:  Phenobarbital responsive enhancer module 

PCS:   Precision-cut slices 

PD:   Potential differences 

P-gp:  Poly-glycoprotein 

PMSF:  Phenylmethylsulfonyl fluoride 
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PNPP:  Para-nitrophenylphosphate 

RIF:   Rifampicin 

PXR:   Pregane X receptor 

R:   Resistance 

RIM E:   Rat intestinal microsomes obtained after eluting procedure 

RIM S:   Rat intestinal microsomes obtained after scraping procedure 

RXR:  Retinoid X Receptor 

SCC:   Short circuit current 

SI:  Small intestine 

SLC:  Solute carrier 

SXR:  Steroid and xenobiotic receptor 

TCDD:  2,3,7,8-tetrachlorodibenzo-p-dioxin  

TCPOBOP: 1,4-bis[2-(3.5-dichlorpyridyloxy)] benzene 

tBHQ:   tert-butylhydroquinone 

TFA:   Tri fluoro acetic acid 

TOH:   Hydroxytestosterone 

TT:   Testosterone 

Q:   Quercetin  

UW:   University of Wisconsin solution 

WME:   Williams medium E with Glutamax-I 

XRE:  Xenobiotic responsive element 

XREM:  Xenobiotic responsive enhancer module 

3MC:   3-methylcholanthrene 

7EC:   7-ethoxycoumarin 

7HC:   7-hydroxycoumarin 

7HC-GLUC: 7HC - glucuronide 

7HC-SULF: 7HC–sulphate
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Dankwoord 
 

De darm is uitgerust met een breed scala aan metaboliserende enzymen en transporter 

eiwitten, die betrokken zijn bij de opname en de omzetting van geneesmiddelen. De 

afgelopen 4 jaar was ik voornamelijk bezig met het ontwikkelen van een darmplakjesmodel 

om de omzetting van geneesmiddelen in de darm te kunnen meten. Hiervoor maakten we 

plakjes (slices) van een stukje darm van de mens of de rat. Vervolgens stelden we deze 

plakjes bloot aan geneesmiddelen of modelstoffen. Het resultaat hiervan, kun je lezen in dit 

proefschrift.  

Aangezien het dankwoord (naast de stellingen) toch het meest gelezen, danwel het eerst 

gelezen deel van een proefschrift is, dacht ik, dat een zeer kleine inleiding wel op zijn plaats 

zou zijn.  

 

Wanneer ik over dit onderzoek spreek, vind ik het heel onnatuurlijk om over ‘ik’ te spreken. 

Wij klinkt veel natuurlijker, omdat je dit gewoonweg niet in je eentje doet. Ik weet best, dat 

samenwerking niet altijd vanzelfsprekend is (al voelde dat wel zo) en vandaar dan ook 

oprecht een woordje van dank.  

 

Als eerste Geny, eerste promotor. Bij jou kon ik werkelijk altijd binnenlopen en er was altijd 

ruimte voor overleg ondanks jouw drukke agenda. Zeker op het laatst, heb ook jij de 

versnelling erin gezet, zodat ik het manuscript op tijd bij de leescommissie kon hebben. Dat 

hoefde je niet te doen, maar je deed het toch. Veel dank daarvoor. Natuurlijk ook voor de 

kans die je gecreëerd hebt om naar Zweden te kunnen en de plezierige tijd op het werk en 

de congressen. Het was een geluk, dat ik jou als promotor heb getroffen! 

 

Mijn tweede promotor, Dick. Veel dank voor het snel corrigeren van de manuscripten, maar 

ook voor het meedenken en discussies. Ik was zeer onder de indruk van de waardevolle 

aanvullingen, die je wist te geven.  

 

Copromotor Inge! Veel dank voor het op weg helpen op het lab, even overleggen over 

resultaten, maar ook de gesprekken over alles-en-niets. Zonder jou was ik niet zo ver 

gekomen en was het ook lang niet zo leuk geweest! Ook jij hoefde niet te versnellen op het 

laatst, maar je deed het toch… Dank!     

 

Paranimf Marina! Veel dank voor alle uren die jij aan dit project hebt besteed, je steun en 

support en de gezellige lab-uurtjes! Fijn dat je mijn paranimf wil zijn!    

 

Paranimf Marjolijn! Jij sprong altijd bij wanneer nodig (en dat was nooit een probleem) en 

vaak is het aanbod al genoeg. Veel dank voor de leuke tijd en dat je mijn paranimf wil zijn! 

 

De leden van de leescommissie, prof. Rietjens, prof. Russel en prof. Ungell wil ik bedanken 

voor het beoordelen van mijn proefschrift. 

De leden van de gebruikerscommissie van STW wil ik bedanken voor hun input en 

medewerking: Henk Koster, Marcel de Gooyer, Marcella Martignoni, Martijn Rooseboom, 

Piet Swart en Ruben de Kanter. Bedankt!  
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Judith Nieken wil ik bedanken voor het op weg helpen met de histomorfologie van de darm 

en waar op te letten. Veel dank voor je tijd en uitgebreide uitleg! 

 

Natuurlijk wil ik nog meer mensen op het lab bedanken voor hun medewerking. In de 

‘humane’ groep: Annelies, dank voor je hulp op het lab en bij grote en kleine 

computerproblemen. Ook van jou kreeg ik vaak het aanbod om bij te springen, dank! Mieke, 

dank je wel voor je altijd positieve houding en eventjes vragen hoe het gaat! Peter, bedankt 

voor je hulp, input in discussies en gezelligheid. Helaas, ik ben geen apple-fan geworden. 

Wie weet komen we elkaar tegen in mijn huidige werk, zou ik leuk vinden! Marieke, ik vond 

het super om je kamergenoot te zijn. Veel plezier met je lijst van dingen die je wilt gaan 

doen! Rivca en Marit, bijvak- en capita-student. Dank jullie wel voor jullie inzet, uitzoekwerk 

en plezierige samenwerking! Marja, bedankt voor de tijd die we bij elkaar op de kamer 

hebben gezeten en veel succes met je carrière! Ansar, thank you so much for teaching me 

the RNA isolation method. That is why I could finish chapters 7 and 8 in time. Good luck with 

your PhD and best wishes for your family. Paul, succes met alle slice- en chips-

werkzaamheden. Janja! Thank you for the chats, beers, dinners and being you, good luck 

with the last part of your PhD, you can do it! I’ll try to make it to Ljubljana!  

 

Verder de (oud) targetters, kinetiekers, farmacotherapie-ers, literatuurbijhouders en 

secretariaat: Veel dank voor de fijne samenwerking! Het is een unicum om bij iedereen 

binnen te kunnen lopen voor vragen en vraagjes.  

Oud-kamergenoten, Anne-Miek en Annemarie. Anne-Miek, mijn proefdier-held! Dank voor 

het uitvoeren van bijna alle proefdierexperimenten en de fijne gesprekken. Veel succes met 

de laatste loodjes van je studie! Annemarie, jouw boek heb ik net ontvangen en ziet er super 

uit. Veel succes met je nieuwe werk! Klaas, Leonie, Robbert-Jan, Frits en Hans, bedankt 

voor jullie kritische blik tijdens de lijnbesprekingen. Ze hebben mij altijd aan het denken 

gezet! Jan, dank voor alles. Natuurlijk erg bedankt voor al je HPLC-hulp, het afwassen en 

opbergen van de mokken en alle andere hand-en-span diensten die je verricht voor 

iedereen. Veel succes met de faculteitsraad! Bert bedankt voor het even opzoeken van 

referenties. Gillian, veel dank voor altijd even een erg leuk praatje, voor je gezelligheid, 

maar ook voor het corrigeren van m’n engels! Catharina, Hester en Alie veel dank voor jullie 

hulp op het lab en de gezellige koffie-/lunchpauzes!  

Medepromovendi:  Ansar, Paul, Adriana, Janja en Kai en tegenwoordig dr-en: Rick, Werner, 

Teresa, Marja, Asia, Annemarie en Jai. Een gezellig biertje, etentje of kolonisten, dank dat 

jullie er waren. Adriana, good luck with your PhD and family! Kai, succes met de toch wel 

laatste loodjes en toekomstige carrière! Rick veel succes met je buitenlandaanvragen, als 

iemand dat kan ben jij het! Werner, succes met je huidige werk, biertje in Utrecht? Teresa, 

good luck with your post-doc and future carreer! I really enjoyed our chats, all the best! Jai, 

thank you for simply changing my figures, your advice on lay-out and chats usually around 7 

pm. I wish you and Ruchi all the best!  

 

In my research project, I had the opportunity to work at AstraZeneca in Sweden for 3 

months. The work I did in Sweden resulted in 3 chapters of this thesis. This could only be 

achieved by lots of cooperation from the people at Astra. I am sincerely grateful for the help I 
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got from the people working at the DMPK department. I would like to thank several people 

by name. 

First of all, Anna-Lena, I really need to thank you for giving me the opportunity to come to 

your lab, but also for your time, help and discussions. I am very honored by your willingness 

to be a member of the reading committee and for being present during the defense of my 

thesis.  

Åsa, thank you so much for helping me out in the lab and for being such a friendly and nice 

person. I really enjoyed working with you. Sibylle, thank you for your hospitality and warm 

welcome to Sweden. I really appreciate it! Xueqing and Sara, although your had busy times, 

you really helped me out with the LCMS analysis. Thanks! Constanze, many thanks for your 

help in the lab and especially with the RNA isolation procedure.  Annika, thank you for your 

time and discussions on the metabolite analysis. Tommy, thank you for the discussions we 

had concerning the cocktail incubations and results. I really appreciate it. Denis, thank you 

for your time and nice discussions! And all the other members of the DMPK department: 

Tack så mycket! 

 

Nieuwe collega’s bij NOTOX. Veel dank voor jullie geduld en warme welkom bij jullie bedrijf. 

 

Grasp! bestuursleden: Elke, Eleonora, Annemarie, Ingrid, Lilian, Martin, Tim, Erik, Arjen en 

Tsjerk. Dank voor de gezellige etentjes, borrels en de vele gesprekken over promovendus-

zijn-en-wat-daarbij-komt-kijken. Sterkte met het college van bestuur vertellen hoe de vork 

werkelijk in de steel zit! Veel succes met jullie promotie-onderzoek en toekomstige carrières 

en jullie zijn altijd welkom in Utrecht! 

 

Huisgenootjes en vriendinnetjes van het eerste uur, toen vooruitstrevend ‘villa-kansloos’ 

genoemd: Marloes en Annelies, de huiseten die-hards in Groningen. Toch bedankt voor 

jullie aanbod om paranimf te zijn. Alleen leek me dat zeemeerminnenpak niet zo’n goed 

idee! Bedankt voor de gezellige etentjes en wijntjes! Marloes, nu druk in opleiding. Ondanks 

dat we niet meer zo vaak contact hebben, ben ik heel blij wanneer we even tijd vinden om 

elkaar te spreken! Christianna, al zoveel jaren contact en dat blijft. Heel veel succes met je 

nieuwe baan! Marijk, ik woon nu weer wat dichter in de buurt en hoop dat het nu weer 

gemakkelijker is om even contact te hebben. Fijn dat je mijn samenvatting nog even hebt 

willen checken, thanx! Lieve dames, dank dat jullie er zijn!  

 

Huisgenootjes van het tweede en derde uur: Dank voor jullie gezelschap gedurende heel 

wat jaartjes! Jan-Willem, succes met je bedrijfsvoering en Evelyne ik kom je nu binnenkort 

echt in Amsterdam opzoeken!  

 

Studievriendinnen Marieke en Marin: Ik ben blij, dat we contact hebben weten te houden 

ondanks de drukke tijden. Marieke, veel succes met je opleiding tot ziekenhuisapotheker en 

Marin ik hoop dat je echt een opleidingsplek vindt in het specialisme dat je zoekt. Dank jullie 

wel dat we vriendinnen mogen zijn!  
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Vriendjes van Peter: Friso en Rosanne, Robert, Joris en Liesbeth, Joyce, bedankt voor de 

kerst-dineetjes en knallende oudjaarsavonden; Gert-Jan en Marieke voor de gezellige 

biertjes in de stad.  

 

Familie van Peter: Siep, Annemiek, Nicolette en Emile. Dank voor jullie positieve kijk op het 

leven, jullie interesse in wat ik doe en dat we altijd welkom zijn. Veel liefs! 

 

Pap en Charlotte, dank jullie wel voor de kansen die jullie me hebben geboden en voor de 

doorzettingskracht vanuit de familie om dit te kunnen bereiken.  

 

Oma Gesina, aan jou wil ik graag dit boek opdragen, omdat je er altijd bent voor ons. Het 

mag best eens gezegd worden hoe belangrijk jij bent voor de familie. En bijna, bijna 80! Ik 

ben trots op je!  

 

Mam en Ben, Frans, Anne, Koos en Jan-Peter, ik zat altijd ver weg en reisde in het weekend 

veel op en neer tussen Groningen en Den Haag. Hopelijk is er nu wat meer tijd om elkaar 

vaker te zien. Ik heb nu een plek waar ik weer mensen kan ontvangen (wat groter). Jullie 

zijn in ieder geval altijd welkom bij ons in Utrecht. Dank dat jullie er zijn!  

 

Lieve Peter, na drie en een half jaar weekendrelatie (ja, zolang was het echt…) en treinen 

tussen Groningen en Den Haag, is het dan toch gelukt om in één huis te gaan wonen. Dank 

je wel voor wie je bent en dat je er voor me wilt zijn! 

 

En als laatste, dag stad, Groningse zal ik nooit worden, maar ik zal je altijd een warm hart 

blijven toedragen! 

 

Esther
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Curriculum vitae 
 

Esther van de Kerkhof werd op 8 februari 1980 geboren te Nijmegen. In 1998 

voltooide zij het VWO aan het Kandinsky college te Nijmegen en begon in 

hetzelfde jaar met de studie farmacie aan de Rijksuniversiteit Groningen. In 

december 2002 behaalde zij het doctoraal examen.  

   

Na de doctoraal fase farmacie, begon zij in januari 2003 als promovendus bij de 

vakgroep Farmacokinetiek en Drug Delivery aan de Rijksuniversiteit Groningen. 

Het project werd door de Stichting Technische Wetenschappen gefinancierd en is 

uitgevoerd onder begeleiding van prof. dr. Geny M.M. Groothuis, dr. ir. Inge de 

Graaf en prof. dr. Dirk K.F Meijer.   

Tijdens deze periode heeft zij ook enkele maanden gewerkt in het laboratorium van 

AstraZeneca (Mölndal, Zweden) onder begeleiding van prof. dr. Anna-Lena Ungell.  

Het onderzoek beschreven in dit proefschrift werd tijdens deze 4 jaar uitgevoerd.    

 

Thans is zij werkzaam als study director ADME and Kinetics bij NOTOX BV te ’s-

Hertogenbosch. 

 




