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Less metabolites were produced by slices incubated with 
400 µM DCF than with 100 µM DCF. The addition of the 
metabolic inhibitors such as ketoconazole, cimetidine, or 
borneol decreased the metabolite formation but increased 
the toxicity. The results suggest that DCF can induce intes-
tinal toxicity in human PCIS directly at therapeutically rel-
evant concentrations, independent of the reactive metabo-
lites 4′-OH DCF, 5-OH DCF, or diclofenac acylglucuronide 
produced by the liver or formed in the intestine.

Keywords Diclofenac · Precision-cut intestinal slices · 
Toxicity · Metabolism

Introduction

Diclofenac (DCF) is a nonsteroidal anti-inflammatory drug, 
widely used for the treatment of rheumatoid arthritis, oste-
oarthritis, and acute injury pain. The administration of DCF 
is associated with adverse drug reactions in the liver (Laine 
et al. 2009), kidney (Power et al. 1992), heart (Sibilia et al. 
2006), and gastrointestinal (GI) tract (Macpherson and  
Jarnason 1993; Bjarnason et al. 1993; Quinn et al. 1993; 
Allison et al. 1992) in patients. DCF-induced GI tract tox- 
icity is a major clinical concern because of its high preva-
lence and high mortality. Typical clinical symptoms include 
small intestinal ulceration, bleeding, perforation, and stric-
tures (Davies et al. 2000; Wolfe et al. 1999). A recent study 
has shown that small intestine pathology is induced in 68– 
75 % of healthy volunteers after ingestion of 75 mg DCF  
twice daily for 2 weeks (Maiden et al. 2005).

The mechanism of DCF-induced intestinal alterations 
in man is not yet fully understood. A multiple hits mech-
anism including electrophile stress (induced by reactive 
metabolites), ER stress, and mitochondrial damage has 
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been proposed (Boelsterli et al. 2013). Particularly, reactive 
metabolites-related protein adduct formation is a traditional 
concept to explain DCF-induced toxicity. Previous studies 
in rats suggested that diclofenac acylglucuronide (DAG) 
produced by the liver and excreted into the intestine via the 
bile was responsible for the intestinal toxicity by covalently 
binding to enterocyte proteins (Atchison et al. 2000; Seitz 
and Boelsterli 1998). Others reported that DCF induced 
less intestinal ulcers in an intestinal epithelium-specific 
cytochrome P450 (CYP) reductase knockout mouse model, 
suggesting a role of intestinal CYP-mediated metabolic 
pathways in its intestinal toxicity (Zhu and Zhang 2012).

The mechanistic studies on DCF-induced intestinal tox-
icity largely rely on animal models. Human data are not 
available due to the lack of adequate in vitro methods. It 
is well known that the concordance of xenobiotic metabo-
lism and toxicity in humans and animals is alarmingly low 
(O’Brien et al. 2006). For instance, in humans, mainly 
CYP3A4 and CYP2C9 catalyze the DCF phase I metabo-
lism, whereas CYP2C7 and CYP2C11 are implicated as 
mediators of bioactivation in rats (Tang 2003). Taurine 
conjugates are the major metabolites of DCF in dogs and 
mice and are excreted in urine, while DAG is the major 
conjugate in the bile in rats and humans (Sarda et al. 2012). 
Therefore, it is imperative to have an in vitro or ex vivo 
model with human cells or tissues to represent the human 
situation.

Precision-cut tissue slices have been intensively used 
to study drug-induced organ toxicity, such as hepatotox-
icity (Hui et al. 2011) and kidney injury (Vickers et al. 
2004), and have up to now been applied to study intestinal 
metabolism but not yet to study intestinal toxicity (van de 
Kerkhof et al. 2005, 2007; Groothuis and de Graaf 2012). 
Drug metabolism is relatively well preserved in human pre-
cision-cut intestinal slices (PCIS) during preparation and in 
culture up to 24 h (van de Kerkhof et al. 2007). For this 
reason, it is an excellent ex vivo model to study metabo-
lism-related drug toxicity and, more importantly, provides 
the opportunity to investigate this process not only in ani-
mals, but also in human tissue. Moreover, such an ex vivo 
model enables us to evaluate whether the intestinal toxic-
ity is induced by DCF itself or by its intestinal metabolites 
without the influence of liver-derived metabolites.

To investigate the influence of metabolism in DCF-
induced intestinal toxicity in human ex vivo, we started by 
establishing the DCF concentration and time-related viabil-
ity changes in PCIS in the absence of liver metabolism, 
using four viability assays. Next, we measured the metab-
olite production by the human PCIS during culturing and 
detected drug–protein binding by immunohistochemical 
staining. Furthermore, to investigate the role of the intesti-
nal metabolites in the toxicity, we inhibited the main meta-
bolic pathways by adding a nontoxic concentration of the 

CYP inhibitors ketoconazole and cimetidine or the UGT 
inhibitor borneol. We evaluated the effects of the inhibitors 
by measuring the metabolite formation, the toxicity, and 
the level of protein adducts.

Materials and methods

Human intestinal tissue

Pieces of the human jejunum tissue were obtained from 18 
patients undergoing pylorus-preserving pancreaticoduo-
denectomy (PPPD). The characteristics of these patients 
are described in Table 1. The use of the tissue was approved 
by the Medical Ethical Committee of the University Medi-
cal Center Groningen. After the resection, the tissue was 
immediately stored in the ice-cold Krebs–Henseleit buffer 
and transported to the laboratory.

Preparation of human PCIS

PCIS were made as described by de Graaf et al. (2007). In 
brief, the tissue was flushed with ice-cold Krebs–Henseleit 
buffer. After the removal of the muscle layer, a segment of 
10 × 20 mm was embedded in 3 % agarose (low-gelling-
temperature agarose type VII, Sigma-Aldrich, Steinheim, 
Germany) using a tissue embedding unit and subsequently 
sliced with a Krumdieck tissue slicer (Alabama R&D, 
Munford, AL, USA) in ice-cold Krebs–Henseleit buffer 
saturated with carbogen (95 % O2 and 5 % CO2). PCIS 
(350–450 µm thick and 2–4 mg wet weight) were stored in 
ice-cold Krebs–Henseleit buffer until incubation.

Incubation of human PCIS

PCIS were incubated in 12-well plates (Greiner bio-one 
GmbH, Frickenhausen, Austria) individually in 1.3 ml 
Williams’ medium E (WME, Gibco by Life Technologies, 
Paisley, UK) with glutamax-1, supplemented with 25 mM 
d-glucose (Gibco) and 50 µg/ml gentamicin (Gibco) and 
2.5 µg/mL fungizone (Gibco) at pH 7.4 with shaking (90 
times/min) in an atmosphere of carbogen as described by 
de Graaf et al. (2007).

Stock solutions of diclofenac sodium salt (Sigma-
Aldrich, Steinheim, Germany), diclofenac acyl glucuron-
ide (DAG), 4′-OH DCF, and 5-OH DCF (Toronto Research 
Chemicals, Canada) as well as ketoconazole, cimetidine, 
and borneol (Sigma-Aldrich, Steinheim, Germany) were 
prepared in dimethyl sulfoxide (DMSO, VWR, Fontenay-
sous-Bois, France) and stored at 4 °C. The DMSO con-
centration was kept the same in the treated groups and 
their corresponding vehicle controls. In most cases, it was 
0.2 %, with exception of the DCF+ cimetidine group and 
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its control, where the DMSO concentration was 0.5 %. 
The applied concentrations of DMSO in this paper did not 
affect the viability of the PCIS (results not shown).

ATP and protein content of PCIS

ATP content was measured by the ATP Biolumines-
cence Assay kit CLS II (Roche, Mannheim, Germany) as 
described previously (Graaf et al. 2007) and expressed 
as pmol/µg protein after correction for the protein con-
tent of each slice. The protein amount of the PCIS was 
determined by the Bio-Rad DC Protein Assay (Bio-Rad, 
Munich, Germany) using bovine serum albumin (BSA, 
Sigma-Aldrich, Steinheim, Germany) as standard for the 
calibration curve.

Histomorphology and morphological scoring

PCIS collected before or after incubation were fixed in 4 % 
(w/v) formaldehyde solution (Klinipath, Duiven, NL) for 
24 h at 4 °C. Thereafter, they were dehydrated by progres-
sively more concentrated ethanol (70–100 %), followed by 
xylene, embedded in paraffin, and sectioned (4 µm). Hema-
toxylin (Sigma-Aldrich, Steinheim, Germany) and eosin 

(Merck, Darmstadt, Germany) (H&E) staining was per-
formed as described (Graaf et al. 2007).

Morphological changes were quantified by a previously 
published scoring method that was developed to evaluate 
the integrity of the slices (Roskott et al. 2010). Five aspects 
including viability and shape (columnar or flat) of the epi-
thelial cells, intactness of the stroma and crypts, and flat-
tening of the villi were scored from 0 to 3 (compared to 
the intestine in vivo). The muscle layer was not taken into 
account, because it was (partly) stripped off before slicing. 
A total score (0–15) was obtained by taking the sum of the 
scores of these five parameters. Decreased integrity of the 
slice was reflected by an increased score. All samples were 
evaluated blinded to the assignment of the experimental 
groups.

Caspase 3 activation

Three intestinal slices were collected in a safe-lock vial 
containing 600 µL WME. The samples were homogenized 
immediately after sampling by mini-beads beating for 45 s 
and centrifuged for 2 min (4 °C, 13,200 rpm). 5 µL sam-
ple supernatant, 40 µL Caspase-Glo 3 Reagent (Promega,  
Madison, USA), and 55 µL WME were pipetted in each 

Table 1  Characteristics of PCIS from 18 human donors

The gender and age of these 18 patients, the ATP content directly after slicing, the formation of the three metabolites after 5 h incubation of the 
PCIS with 200 µM DCF (mean of three slices ± SD), and the experimental layout are given

UD under detection level, NA not analyzed
a SD ≤ 0.001

Intestine ID Gender Age ATP (0h) pmol/ 
µg protein

Metabolite formation (nmol) Experimental  
layout

4′-OH DCF 5-OH DCF DAG

H1 F 33 3.4 0.10 0.28 ± 0.17 UD ATP/HPLC

H2 M 53 2.5 1.82 ± 0.05 0.12 ± 0.1 2.13 ± 0.28 ATP/HPLC

H3 F 71 1.9 1.44 ± 0.57 0.09 ± 0.02 1.51 ± 0.43 ATP/HPLC

H4 M 53 1.7 NA NA NA ATP

H5 F 67 NA 0.59 ± 0.48 0.18 ± 0.01 1.06 ± 0.63 ATP/HPLC

H6 F 72 3.2 NA NA NA ATP/HPLC/IHC

H7 F 75 2.5 NA NA NA ATP/HPLC

H8 M 74 4.0 NA NA NA ATP/HPLC

H9 F 61 4.5 1.1 ± 0.26 0.22 ± 0.09 1.08a ATP/HPLC/IHC

H10 F 70 2.6 0.43 ± 0.08 0.23 ± 0.05 0.03a HPLC/IHC

H11 M 70 1.6 0.97 ± 0.06 0.35 ± 0.06 0.5 ± 0.19 ATP/HPLC

H12 M 67 3.3 NA NA NA ATP/IHC

H13 F 50 NA NA NA NA IHC

H14 M 52 2.9 NA NA NA ATP/IHC

H15 M 54 NA NA NA NA IHC

H16 M 55 NA NA NA NA Caspase/LDH

H17 F 58 NA NA NA NA Caspase/LDH

H18 F 72 NA NA NA NA Caspase/LDH
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well of a 96 wells plate (Costar, Corning, NY, USA), 
shaken for 2 min (300 rpm), incubated for 30 min at room 
temperature in the dark, and measured using a lumines-
cence plate reader (LumicountTM, Packard Instrument 
Company Inc., Downers Grove, IL, USA).

LDH leakage assay

The leakage of the enzyme lactate dehydrogenase (LDH) 
was measured by CytoTox-ONE™ Homogenous Mem-
brane Integrity Assay (Promega, Madison, USA). For this, 
50 µL medium sample and 50 µL of CytoTox-one reagent 
were added to the wells of a black 96-well plate. After 
10 min incubation at room temperature in the dark, 25 µL 
stop solution was added. The plate was read by a fluores-
cence plate reader with an excitation wavelength of 560 nm 
and an emission wavelength of 590 nm.

Measurement of metabolites of DCF

After the incubation, 500 µL medium from each well was 
collected, acidified by adding 10 µL 2M HCl (Merck, 
Darmstadt, Germany) for HPLC analysis. 100 µL medium 
sample was injected into a Hypersil gold column with 
5 µM C18 column (Hypersil GOLD, Thermo, USA), using 
a mobile phase consisting of 25 % (v/v) acetonitrile (Bio-
solve BV, Valkenswaard, NL) and 0.05 M ammonium for-
mate (pH 6.2, Sigma-Aldrich, Steinheim, Germany) dis-
solved in water. The flow rate was 1.0 mL/min, and the 
running time was 30 min. The peaks were identified by a 
UV detector at 282 nm. DCF and its metabolites were iden-
tified by adding DCF, 4′-OH DCF, 5-OH DCF, and DAG 
as the references and quantified using appropriate standard 
curves.

Immunohistochemical detection and quantification 
of drug–protein adducts

Immunohistochemical staining for DCF-related adducts 
was performed using a rabbit polyclonal antibody raised 
against a DCF keyhole limpet hemocyanin conjugate as 
the primary antibody (Pumford et al. 1993). After the incu-
bation, the human PCIS were collected, briefly washed in 
WME, and fixed in 4 % (w/v) formaldehyde solution for 
24 h at 4 °C. Thereafter, PCIS were dehydrated, embed-
ded in paraffin, and sectioned (4 µm). After deparaffini-
zation and rehydration, sections were first incubated for 
20 min at 95 °C in citrate buffer (10 mM, pH 6) for antigen 
retrieval. To block nonspecific Fc-receptor binding, sec-
tions were incubated with normal goat serum (1/20 dilu-
tion in 2 % BSA/PBS) for 30 min. Thereafter, the sections 
were treated for 60 min with rabbit anti-diclofenac sera 
(Pumford et al. 1993) (1:8,000, gift from N.P.E Vermeulen, 

Amsterdam). Endogenous peroxidase activity was inhib-
ited by incubation of the sections with 0.3 % H2O2 (VWR, 
Fontenay-sous-Bois, France) in methanol for 30 min. After 
20 min of endogenous biotin blocking (Dako, Carpinte-
ria, CA, USA), sections were incubated for 30 min with 
biotinylated goat anti rabbit lgG (1/200, Dako, Denmark). 
Second antibody-labeled proteins were visualized with 
a vector stain immunoperoxidase ABComplex kit (Vec-
tor Laboratories Inc., USA), following the manufacturer’s 
instructions with AEC (containing 0.03 % H2O2, Sigma-
Aldrich, Steinheim, Germany) as substrate for 20 min and 
counterstained with hematoxylin for 1 min. Slides were 
covered with a cover glass using glycerin/gelatin (Merck, 
Darmstadt, Germany).

The immunohistochemical staining intensity in the digi-
tal photomicrographs was evaluated using Cell^D imaging 
software (Olympus) according to the standard procedures 
as published previously (Bansal et al. 2011). Fifteen micro-
scopic fields at 100× magnification per intestine section 
of three slices from each human donor were captured. 
Regions of interest (ROI) were selected, and muscle area 
was excluded (as aspecific staining was observed in the 
muscle in the vehicle-treated controls and sections incu-
bated with compounds other than DCF). Staining intensity 
was expressed as the percentage of ROI.

Statistics

For each figure, data were collected from 3 to 11 experi-
ments (human donors). Within each experiment, each treat-
ment was performed in three slices. In the metabolism 
studies (Fig. 5c), due to the high variation among human 
individuals, data from DCF-alone treated groups were set 
at 100 %, and data from the other groups (DCF+ inhibi-
tors) were expressed as the percentage of them. One-sam-
ple t test was performed for data from Fig. 5c. Two-way 
ANOVA (mixed-effect model) with Scheffée post hoc cor-
rection was used for the data represented in all the other 
figures using SPSS 20.0 (IBM, Armonk, New York). Type I 
error was chosen as 0.05.

Results

Cytotoxicity of DCF in human PCIS

PCIS were exposed to 0–600 µM DCF for 5 h. Exposure 
to DCF at the concentration of 400 µM or higher resulted 
in significantly decreased ATP levels (Fig. 1a). To inves-
tigate the onset of the cell injury, slices were incubated 
with a nontoxic concentration of DCF (100 µM) as well 
as a toxic concentration of DCF (400 µM) for 1–5 h, and 
400 µM DCF-induced significant ATP decrease after 1 h 
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of incubation, whereas at 100 µM, the ATP remained simi-
lar to the vehicle-treated controls up to 5 h of incubation 
(Fig. 1b).

DCF-induced toxicity to the intestinal slices was further 
indicated by the morphological damage, caspase 3 acti-
vation, and LDH leakage (Fig. 2). Slices were incubated 
with medium without DCF, with 100 µM DCF or 400 µM 
DCF for 5 h. The results of the H&E staining showed that 
vehicle-treated slices retained an intact intestinal structure 
with intact epithelial layer. Slices treated with 100 µM 
DCF exhibited a similar morphology as the control slices, 
while 400 µM DCF particularly damaged the epithelial lin-
ing which partly disappeared due to necrosis of the entero-
cytes (Fig. 2a). Morphological integrity of 400 µM DCF-
treated slices was significantly decreased (reflected by the 
higher morphology score in comparison with control tis-
sues) (Fig. 2b). Significantly higher caspase 3 activation 
and LDH leakage were measured in 400 µM DCF-treated 
groups compared with vehicle-treated controls (Fig. 2c, d).

Metabolism of DCF by PCIS

After 5 h of incubation with DCF, metabolites produced 
by the human PCIS with 200 µM DCF were measured in 

the medium by HPLC. DAG, 4′-OH DCF, and 5-OH DCF 
were detected as the main metabolites. DAG was not sta-
ble and underwent decomposition and acyl migration dur-
ing incubation, and four isomers and anomers of DAG were 
recognized by comparing with decomposed peaks of DAG 
incubated at 37 °C without the slices (Fig. 3a).

PCIS from the same intestine incubated with a nontoxic 
concentration (100 µM) or a toxic concentration (400 µM) 
of DCF produced qualitatively the same metabolites; how-
ever, quantitatively, much less metabolites were formed by 
400 µM DCF (Fig. 3b). A high variation in the amount of 
each metabolite was observed among individuals (Fig. 3b; 
Table 1).

DCF metabolites mediated intestinal protein adduct 
formation

Slices were exposed to 0, 100, or 400 µM DCF for 1, 2, 
3, 4, 5, 8, 17, and 24 h and were subsequently stained for 
immunochemical detection of covalent binding. The first 
appearance of the immunostaining occurred after 3 h of 
incubation, increasing in intensity with prolonged incuba-
tion time. Covalent binding was mainly located in the villi 
and was concentrated on the basolateral membrane of the 
enterocytes (Figs. 4, 6). Some staining was also observed in 
the mucosa and submucosal area. Staining in the remaining 
muscle layer was considered as aspecific as it also occurred 
in the control sections without DCF. Staining intensity was 
quantified using Cell^D imaging software and was mark-
edly higher in PCIS treated with 100 µM DCF than in 
slices treated with 400 µM DCF (Fig. 4).

Effects of inhibitors on toxicity and metabolite formation

PCIS were incubated with 200 µM DCF in the presence or 
absence of the CYP inhibitors ketoconazole (10 µM) and 
cimetidine (5 mM) or the UGT inhibitor borneol (0.5 mM) 
for 5 h. Incubation with the inhibitors alone did not induce 
toxicity in the slices (data not shown). The addition of 
these inhibitors in the presence of 200 µM DCF decreased 
the ATP content and induced more morphological damage 
when compared with DCF alone (Fig. 5a, b). The same 
effect, further reduction in ATP, was seen in PCIS incu-
bated with 400 µM DCF and metabolic inhibitors (data not 
shown).

To ascertain whether the inhibitors can reduce the 
metabolite formation, 4′-OH DCF and 5-OH DCF as well 
as DAG produced in the culture medium were quantified. 
Ketoconazole and cimetidine decreased the 4′-OH DCF 
and 5-OH DCF formation, respectively, whereas bor-
neol decreased the DAG formation (Fig. 5c). Data were 
expressed as the percentage of the metabolites formed 
by DCF without inhibitors. In all individual experiments 

Fig. 1  DCF-induced ATP depletion in human PCIS. a DCF-induced 
concentration-dependent ATP decrease in human PCIS after 5 h 
incubation. n = 11 (11 donors). b Time course of DCF-induced ATP 
decrease. n = 3 (3 donors). The ATP content of the PCIS is normal-
ized for protein content. Data represent the average ±SEM. *Signifi-
cantly different from vehicle-treated controls, p < 0.05 according to 
2-way ANOVA mixed-model analysis
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(n ≥ 3), a lower metabolite formation was observed in the 
groups where inhibitors were added than the groups treated 
with DCF alone; however, due to the high inter-individual 
variation and the limited number of samples, the average 
decrease of 4′-OH and 5-OH DCF formation was not statis-
tically significant.

The effect of the inhibitors on protein adduct formation 
was also tested. It appeared that intestinal protein adduct 
production was reduced by the addition of the inhibitors 
cimetidine or borneol, but not by ketoconazole (Fig. 6). 
This phenomenon was found at several DCF concentrations 
(100, 200, 400 µM). A representative immunohistochemi-
cal picture and the quantification of the level of adducts of 
DCF 100 µM are shown in Fig. 6.

Discussion

Precision-cut intestinal slice as an ex vivo model to study 
intestinal metabolism and toxicity in humans

Precision-cut organ slices have been used previously to 
study drug-induced toxicity in the liver (Khojasteh et al. 
2010), lung (Kasper et al. 2004), kidney (Vickers et al. 
2004), and brain (Cho et al. 2007). In this paper, drug-
induced toxicity was studied in PCIS obtained from healthy 
human jejunum tissue, directly after resection during PPPD 
surgery. This model allows us to examine the intestinal 
metabolism-related toxicity ex vivo without the impact of 
hepatic metabolites.

Fig. 2  DCF toxicity in human 
PCIS. a DCF-induced morpho-
logical changes in human PCIS. 
The arrow indicates necrotic 
epithelial cells induced by 
400 µM DCF. Three individual 
experiments were performed 
(three donors), and the results 
of a representative experi-
ment are shown. The sections 
were stained by hematoxylin 
and eosine, bar 200 µm. b 
Scoring of DCF-induced 
morphological changes. c 
DCF-induced caspase-3 activa-
tion. d DCF-induced LDH 
leakage. In graphs b–d, data 
represent the average ±SEM 
(n = 3). *Significantly different 
from vehicle-treated controls, 
p < 0.05 according to 2-way 
ANOVA mixed-model analysis
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DCF-induced intestinal toxicity in PCIS was examined 
by means of ATP content, caspase 3 activation, morpho-
logical changes, and LDH leakage. DCF elicited acute 
toxicity in slices after 1 h of incubation, at concentrations 
of 400 µM and higher. Similar early onset of the toxicity 
was seen in several in vitro systems such as rat MDCK, 
HepG2, FAO, and freshly isolated hepatocytes (Ponsoda 
et al. 1995) as well as in vivo animal models (Atchison 
et al. 2000). However, no acute (<4 days) studies have been 
performed in human (Bjornsson et al. 2008; Fortun and 
Hawkey 2007; Maiden et al. 2007). Therefore, the minimal 
time required to develop the enteropathy in human in vivo 
is unknown. DCF induced similar morphological changes 
in PCIS to those observed in vivo (Cheng et al. 2012; 
Boushey et al. 1999), with clear damage in the epithelial 
lining. The concentration range (0–600 µM) employed in 
this study is physiologically relevant, as similar concentra-
tions can be expected locally in the intestinal lumen (300–
1,600 µM) after ingestion of 50 mg DCF orally, assuming 
that this dissolves in approximately 0.1–0.5 L fluid volume 

of the small intestine (Kararli 1995; McConnell et al. 
2008).

In human in vivo, DCF is mainly metabolized in the 
liver. The major biliary metabolite is DAG formed by UGT 
2B7, whereas the major metabolites in urine are 4′-OH 
DCF and 5-OH DCF formed by CYP 2C9 and CYP 3A4, 
respectively (Tang 2003; Kenny et al. 2004). It is reported 
that these three metabolic enzymes are also expressed in 
the human intestine with high variation among individuals 
(Strassburg et al. 2000; Galetin and Houston 2006). Results 
obtained from human intestinal microsomes or human 
PCIS studies provided evidence that DCF is metabolized in 
the intestine, forming similar phase I metabolites to those 
produced by the liver (Obach et al. 2001; van de Kerkhof 
et al. 2006). In the current study, we confirmed that human 
PCIS produced DAG, as well as 4′-OH and 5-OH DCF. 
After 5 h of incubation with 200 µM DCF, the amount of 
4′-OH DCF formed in the 1.3 mL culture medium varied 
from 0.1 to 1.8 nmol/slice, whereas the amount of 5-OH 
DCF varied from 0.09 to 0.35 nmol/slice, and the DAG 

Fig. 3  Metabolite profile and 
quantification of 4′-OH DCF, 
5-OH DCF, and DAG by human 
PCIS. a HPLC chromatogram 
depicting the metabolite profile 
produced by human PCIS after 
incubation with 200 µM of 
DCF for 5 h. 4′-OH DCF, 5-OH 
DCF, and DAG were identi-
fied as the main metabolites in 
the medium. X1-X4 represent 
isomers and anomers of DAG 
(as confirmed by MS, data not 
shown). b Metabolites formed 
in the medium after 5 h incuba-
tion by 100 µM (white bar) or 
400 µM (black bar) DCF. Each 
graph represents data from one 
human individual. UD under 
detection level
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formation varied from undetectable to 2.13 nmol/slice 
among 7 human individuals. This high variation was also 
reported by Obach et al. (2001), who found 18-fold vari-
ation in 4′-OH DCF formation in microsomes of human 
jejunum.

DCF-induced intestinal toxicity is not related to its 
intestinal metabolisms ex vivo

Reactive metabolites have been implicated in the mech-
anisms of DCF toxicity. It has been proposed that 

CYP-mediated reactive intermediates may be related to 
the DCF-induced liver toxicity (Bort et al. 1999; Lim et al. 
2006; Kretz-Rommel and Boelsterli 1993; Wang et al. 
2004) and that biliary delivery of DAG is crucial to the DCF 
intestinal toxicity in vivo (Seitz and Boelsterli 1998; Seitz 
et al. 1998; Boelsterli and Ramirez-Alcantara 2011). How-
ever, it has been shown that DCF itself can act as an uncou-
pler of oxidative phosphorylation in mitochondria as well, 
thereby contributing directly to the toxicity (Somasunda-
ram et al. 1997, 2000; LoGuidice et al. 2010). Evidence is 
accumulating that a high local concentration of the parent 

Fig. 4  Immunohistochemical 
staining illustrating specific 
covalent binding in PCIS treated 
with vehicle, 100 or 400 µM 
DCF for 5 (a) or 17 h (b). 
Adduct location was indicated 
by arrows. Five individual 
experiments were performed 
(five donors), and the results of 
a representative experiment are 
shown. Staining intensity was 
quantified by Cell^D imaging 
software. Data represent the 
average ±SEM (n = 3 donors). 
*Significantly different from 
100 µM DCF treated groups, 
p < 0.05 according to 2-way 
ANOVA mixed-model analysis
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DCF is attained by the deconjugation of the biliary metabo-
lite DAG in the intestine during the entero-hepatic circula-
tion, which may contribute to the intestinal injury (LoGu-
idice et al. 2012; Boelsterli and Ramirez-Alcantara 2011). 
Moreover, since it is impossible to exclude the influence of 
biliary metabolites on the intestine in man in vivo, it is not 
clear whether the intestinal metabolites are involved in the 
DCF intestinal toxicity either.

Our study provides a paradigm to investigate the mech-
anism of DCF-induced intestinal toxicity ex vivo. The 
results presented demonstrate that the DCF-induced cyto-
toxicity in the human intestinal slices is not related to either 
CYP-dependent oxidative pathways or UGT-mediated glu-
curonidation pathways. First of all, the addition of keto-
conazole or cimetidine, inhibitors of CYP 2C9 and CYP 
3A4, which are responsible for the phase 1 metabolism of 
DCF (Miners and Birkett 1998), inhibited the 4′-OH DCF 

as well as 5-OH DCF formation but reduced the ATP level 
and induced more morphological damage compared with 
DCF alone. Similarly, the inhibition of the DAG formation 
by borneol, an inhibitor of UGT2B, which depletes the glu-
curonidation cofactor UDP-glucuronic acid (Watkins and 
Klaassen 1983), also increased the DCF toxicity. These 
findings suggest that an increased intracellular DCF level, 
as a result of the inhibition of metabolism pathways, might 
be responsible for the toxicity. In addition, a quantitative 
variation in metabolite formation was found among the 
human donors, while DCF induced similar toxicity to all 
the samples, indicates that there is no correlation between 
the formation of a particular metabolite and the extent of 
toxicity provoked. Finally, the fact that slices produced 
a much lower amount of the various metabolites when 
exposed to a toxic concentration of DCF (400 µM) than to 
a nontoxic concentration of DCF (100 µM) provides further 

Fig. 5  The effect of metabolic inhibitors. a Compared with DCF 
(200 µM) alone, the addition of 0.5 mM borneol, 10 µM ketocona-
zole, or 5 mM cimetidine increased the morphological damage. Data 
represent the average ±SEM (n = 3–5). *Significantly different from 
DCF-alone treated groups, *p < 0.05 according to 2-way ANOVA 
mixed-model analysis. b Compared with DCF (200 µM) alone, the 
addition of 0.5 mM borneol, 10 µM ketoconazole, or 5 mM cimeti-
dine decreased the ATP content. Data represent the average ± SEM 
(n = 4–10). *Significantly different from DCF-alone treated groups, 

p < 0.05 according to 2-way ANOVA mixed-model analysis. c 
Compared with DCF (200 µM) alone, the addition of 0.5 mM bor-
neol, 10 µM ketoconazole, or 5 mM cimetidine inhibited the DAG, 
4′-OH DCF, 5-OH DCF formation respectively. Data of DCF-alone 
treated groups were set at 100 %, and data from the other groups 
(DCF + inhibitors) were expressed as the percentage of them. The 
raw values are shown in supplementary table 1. *Significantly differ-
ent from DCF-alone treated groups, p < 0.05 according to one-sample 
t test
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evidence for the lack of a causal relationship between the 
toxicity and the metabolites produced.

DCF protein adduct formation is mediated by intestinal 
metabolites in the absence of biliary metabolites

Formation of reactive metabolites may result in covalent 
binding to protein, DNA, or other macromolecules (Kalgut-
kar and Didiuk 2009; Guengerich 2005). It has been pro-
posed that the 4′-OH DCF as well as 5-OH DCF deriva-
tives undergo further oxidation to a putative benzoquinone 
imine. By virtue of their electrophilic nature, these inter-
mediates could react with proteins or cellular glutathione 
(GSH) (Tang et al. 1999; Poon et al. 2001). Additionally, 
the carboxyl carbon of DAG as well as reactive keto groups 
generated after acyl migration can attack nucleophilic sites 

of proteins and lead to covalent binding (Kretz-Rommel 
and Boelsterli 1993, 1994).

Protein adducts originating from DCF phases I and 
II metabolism have been found in the liver bile canalicu-
lar domain and in liver microsomes (Tang 2003; Pumford 
et al. 1993; Hargus et al. 1994). As for the intestine, in vivo 
rat studies have suggested that biliary delivery of DAG is 
crucial for drug–protein adducts in enterocytes. However, 
whether the enterocytes take up the DAG has not been 
proved. In the present study, a well-characterized anti-
diclofenac antibody was used to detect covalently bound 
DCF in formalin-fixed tissue sections by immunohisto-
chemistry (Pumford et al. 1993; Hargus et al. 1994). It was 
observed that more protein adducts were formed at 100 µM 
DCF than at 400 µM DCF, which could be explained by 
the higher amount of metabolites formed at 100 µM DCF. 

Fig. 6  Inhibition of drug– 
protein adduct formation by the 
metabolic inhibitors. Immuno-
histochemical staining for the 
detection of adduct formation 
in slices treated with 100 µM 
DCF in the presence or absence 
of the metabolic inhibitors 
borneol, cimetidine, or keto-
conazole. Adduct localization 
is indicated by arrows. Three 
individual experiments were 
performed (three donors), and 
the results of a representative 
experiment are shown. Staining 
intensity was quantified using 
Cell^D imaging software. Data 
represent the average ±SEM 
(n = 3). *Significantly different 
from DCF alone treated groups, 
p < 0.05 according to 2-way 
ANOVA mixed-model analysis
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The adducts first appeared after 3 h incubation, and the 
intensity increased with prolonged incubation time. More-
over, the addition of the metabolic inhibitors cimetidine 
or borneol not only reduced the metabolite formation but 
also decreased the adduct staining intensity. These results 
together indicate that the formation of intestinal adducts 
was mediated by the intestinal reactive metabolites (mainly 
by 5-OH DCF and DAG). It therefore remains uncertain to 
what extent the intestinal adducts formed in vivo is due to 
the liver metabolites. Furthermore, it seems that the adduct 
formation is not the cause of the observed DCF toxicity in 
PCIS, since it appeared after 3 h of incubation, whereas the 
toxicity became already evident before its appearance.

Conclusion

In conclusion, using human PCIS as an ex vivo model, we 
show that DCF induces a concentration-dependent acute 
toxicity to the human intestine. The concentrations used 
in this study can be expected locally in the intestine after 
therapeutic oral dosage. Similar to the liver, the human 
intestine produces 4′-OH DCF, 5-OH DCF, and DAG as 
the main metabolites, and metabolism-dependent protein 
adducts are formed in the absence of liver metabolites. In 
addition, the reactive intestinal metabolites are probably 
not responsible for the observed toxicity. Therefore, direct 
toxicity of DCF, independent of metabolites formed in the 
liver or the intestine, may be the major determinant of the 
frequently reported DCF intestinal side effects, possibly 
by DCF-induced mitochondrial damage. Further studies 
are needed to elucidate the intracellular mechanism of the 
DCF-induced toxicity in the human intestine.
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