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Abstract

The biotransformation of N-hydroxydebrisoquine, a model substrate for N-
hydroxyguanidines, was studied in vitro with cultured and characterized porcine and
human hepatocytes. The objective of the present work was to compare the
N-oxidative and N-reductive metabolism of this compound using a monolayer culture
system with previously described microsomal studies and to investigate the phase 2
metabolism, in particular glucuronidation of this class of compounds. At the same
time the suitability of pig hepatocytes as model system for the human metabolism
could be investigated. Two glucuronides of the parent compound
N-hydroxydebrisoquine were analyzed. For the first time, one of these phase 2
metabolites could be identified as O-glucuronide of an N-hydroxyguanidine by
comparing to a synthesized authentic compound. The involvement of certain human
UDP-glucuronosyltransferases (UGTs) was evaluated by incubating the substrate
with eight human hepatic recombinant UGT enzymes. Metabolites were determined
by a newly developed LC-MS (liquid chromatography/mass spectrometry) analyses
using electrospray ionisation (ESI). The known microsomal reduction of the
N-hydroxylated compound was also demonstrated with hepatocytes. The
N-hydroxylation of the corresponding reduced compound (debrisoquine), which was
previously described with microsomes, could not be detected in hepatocytes. There
was no qualitative difference in the formation of the described derivatives by human
and porcine hepatocytes. All phase 2 metabolites identified in hepatocyte culture
were also formed by glucuronosyltransferases. In culture, the N-reduction of the
N-hydroxylated substrate is the dominating reaction, indicating a predominance of

N-reduction in vivo.

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004572

This article has not been copyedited and formatted. The final version may differ from this version.

DMD#4572 — page 4

Introduction

Primary hepatocytes are widely used as an in vitro model to investigate xenobiotic
metabolism, drug interactions, transport and toxicity (MacGregor et a., 2001;
McKay et a., 2002). Hepatocytes suspensions are applied for short-term studies
(Bayliss et al., 1994; Steinberg et al., 1999), while cultured hepatocytes are a good
tool for in vitro long-term-examinations, to detect phase 1 and phase 2 metabolites
and to show in vitro-in vivo correlations (Ulrich et al., 1995; Nussler et a., 2001;
Pritchett et al., 2002; Brandon et al., 2003). Recently, the pig has become a more
popular aternative in testing of new drug candidates (Zuber et al., 2002). The
interest in porcine hepatocyte-based bioartificial liver and xenotransplantation is
increasing (Sheil, 2002).

In this study, porcine hepatocytes were cultured and used to examine phase 1 (N-
oxidation, N-reduction) and phase 2 metabolism. The same biotransformation was
explored in cultured cryopreserved human hepatocytes to correlate with porcine
metabolism.

Several pharmacologically active compounds contain a guanidine residue as a
strongly basic functional group (Clement, 1986; Mutschler et al., 2001), e.g.
debrisoquine, an antihypertensive agent. Former examinations were carried out with
debrisoquine and the N-hydroxylated derivative (N-hydroxydebrisoquine) as model
compounds for guanidines and N-hydroxyguanidines. We previously demonstrated
the metabolic  N-hydroxylation of guanidines for the  substrates
N,N"-diphenylguanidine (Clement and Kunze, 1993) and for debrisoquine (Clement
et a., 1993) in rat and rabbit microsomes, whereas the facile retro-reduction of
N-hydroxydebrisoquine to debrisoquine dominates in this enzyme source (Clement et

al., 1993). Furthermore C-oxidation such as 4-hydroxylation of debrisoquine, a
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marker reaction of human CY P2D6, and phenolic hydroxylations are described in the
literature (Mahgoub et al., 1977; Lightfoot et al., 2000).

But neither the N-hydroxylation of debrisoquine nor the N-reduction or phase 2
metabolites of the N-hydroxydebrisoquine has been observed in a hepatocyte culture
system that closely simulates in vivo conditions yet. Thus, we investigated
conjugation reactions, especially glucuronidation, of the N-hydroxylated compound
for the first time and compared phase 1 reactions of these two substrates in cultured
pig and human hepatocytes with other enzyme sources.

UDP-glucuronosyltransferases (UGTSs) localized in the endoplasmic reticulum of
hepatic and extrahepatic tissue represent a supergene family consisting of the
families UGT1 and UGT2 (Mackenzie et al., 1997). UGTs catalyse the conjugation
of UDP-glucuronic acid with xenobiotics and endogenous compounds in humans and
other mammalian species to form polar conjugates which can be eliminated (Miners
and Mackenzie, 1991). 15 human UGTs have been identified yet (Tukey and
Strassburg, 2000). The am of our investigations was to identify human glucuronide
conjugates of the N-hydroxylated guanidine by synthetic reference and examine the
involvement of human UDP-glucuronosyltransferases (UGTs) by incubating the

substrate in the presence of eight human hepatic recombinant UGT isoenzymes.
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Materials and Methods

Chemicals and Reagents

Human recombinant UGT isoenzymes, expressed in microsomes of insect cell
infected with baculovirus (UGT Supersomes™), UGT insect cdl control
Supersomes™, UGT reaction mix (solution B) and the UGT reaction mix (solution
A) were purchased from BD Gentest (San Jose, CA, USA). Estradiol-3-
glucuronidation activity was 970 pmol/(min x mg protein) for UGT1A1 and 150
pmol/(min x mg protein) for UGT1A3. UGT1A4 catalysed trifluoperazine N-
glucuronidation with a conversation rate of 1100 pmol/(min x mg protein). 7-
Hydroxy-4-trifluoromethylcoumarin glucuronidation activity were 4000, 10 000,
1500, 1100 and 1150 pmol/(min x mg protein) for UGT1A6, UGT1A9, UGT2B4,
UGT2B7 and UGT2B15, respectively. Plateable cryopreserved human hepatocytes,
hepatocyte thawing medium, hepatocyte plating medium and hepatocyte incubation
medium were supplied by In Vitro Technologies (Batimore, MD, USA).
Debrisoquine sulphate was obtained from Sigma (Taufkirchen, Germany).
N-Hydroxydebrisoquine was synthesized as described by Bailey and DeGrazis
(1973) using dioxane instead of DMF in the last reaction step. All spectroscopic data
agreed with the literature values. All other chemicals were of analytical grade and

purchased from Merck (Darmstadt, Germany), if not stated otherwise.

Pig Hepatocyte Isolation, Cultivation and Characterization

Livers of German Landrace pigs received from alocal slaughterhouse were stored in
calcium-free Krebs-Ringer buffer (pH 7.4, 4°C) during transport. Perfusion started
within 50 min after exsanguination. Therefore cannulas were inserted in the veins of
aliver piece. The method described by Reese and Byard (1981) was adopted, slightly

modified. Two-step perfusion began with calcium-free Krebs-Ringer buffer (KRB)
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with 1.0mM EDTA for 20 min, followed by KRB, containing 5 mM CaCl, and
0.6 mg/ml collagenase (type CLS |1, Biochrom, Berlin, Germany) but no EDTA, for
15 min. The liver capsule was carefully dissected; the cells were suspended in KRB,
filtered through gaze of nylon (150 um and 80 um) and washed twice with buffer by
centrifugation at 509 for 4 min at 15°C. 82-93% of the cells were viable as tested by
trypan blue exclusion. After resuspension in Williams' E medium (Biochrom),
supplemented with 10% fetal bovine serum (Biochrom), 2 mM L-glutamine
(Biochrom), 9.6 pg/ml prednisolone, 0.014 pg/ml glucagon, and 0.16 unit/ml insulin
(@l from Sigma), 150 units/ml penicillin and 150 pug/ml streptomycin (Biochrom),
the hepatocytes were seeded onto collagen-coated (SERVA Electrophoresis GmbH,
Heidelberg, Germany) 60 mm tissue culture plates (Sarstedt, Niimbrecht, Germany)
at a density of 3 x 10° cells. Hepatocytes were maintained at 37°C in a humidified
95% air/5% CO, atmosphere. Initially medium was renewed after 90 min and
subsequently every 24 h.

During culture time, lasting 5 days, the pig hepatocytes were characterized by
viability studies and metabolic assays. Cell viability was correlated with the leakage
of lactate dehydrogenase into the supernatant, using the Cytotoxicity Detection
Kit-LDH (Roche Diagnaostics GmbH, Mannheim, Germany) (Clement et a., 2001).
7-Ethoxycoumarin-O-deethylation  activity was assessed by measuring
7-hydroxycoumarin (Sigma) and its conjugated D-glucuronic acid and sulphate using
the technique described previously (Clement et al., 2001) based on the method of
Ulrich and Weber (1972) and Fry and Bridges (1980). The O-deethylation of
7-ethoxyresorufin was quantified fluorimetrically as described (Clement et al., 2001)

when applying the protocol of Burke and Mayer (1974) and Burke et a. (1994).
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Plating of Human Hepatocytes

Cryopreserved human hepatocytes were rapidly thawed in a 37°C water bath,
resuspended in warm hepatocyte thawing medium and centrifuged at 50g at room
temperature for 5 min using the procedure recommended by In Vitro Technologies.
After discarding of the supernatant, the cell pellet was resuspended in hepatocyte
plating medium and the hepatocytes were plated on collagen-coated 60 mm Petri
dishes at a density of 2 x 10° cells. The unattached cells were aspirated 4 h later and
new medium was added. Hepatocytes were placed into a 37°C, 5% CO,, saturating
humidity incubator. The medium was changed daily. The cryopreserved human

hepatocytes were previously characterized by In Vitro Technologies.

Incubation with Cultured Human and Pig Hepatocytes

Incubations were performed on day 1 to 3 after culturing. Hepatocytes were washed
twice with warm 0.15M sodium chloride solution and incubated with 200 uM
substrate (N-hydroxydebrisoquine, debrisoquine) in KRB pH 7.4 (pig hepatocytes),
or in hepatocytes incubation media (human hepatocytes), respectively, for 1 or 6 h at
37°C and 5% CO, in humidified air. The incubations were stopped by aspirating the
supernatant from the culture dishes and the supernatant was frozen at —20°C and

freeze-dried.

Enzymatic Hydrolysis by s-Glucuronidase

Incubations were performed in 1.5 ml reaction vessels in a shaking water bath at
37°C for 15h. Then 8pl of pg-glucuronidase from Escherichia coli (Roche
Diagnostics GmbH, Mannheim, Germany) was added to hepatocyte incubation

supernatant which was aspirated previously, and the incubations were freeze-dried.
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Incubations with UDP-Glucuronosyltransferase

Incubations (n=3) were carried out in a shaking water bath at 37°C in 1.5 ml reaction
vessels for 6 h. The standard incubation mixture (0.2 ml) consisted of substrate
(N-hydroxydebrisoquine), protein, UGT reaction mix solution A and B resulting in
final concentrations of 2 mM UDPGA, 50 mM TRIS-HCI buffer pH 7.5, 10 mM
MgCl,, 50 uM substrate and 25 pug/ml alamethicin. The following final protein
concentrations were applied: for UGT1A1, 1A3 and UGT insect cell control
Supersomes™ 1.0 mg/ml; for UGT1A6, 1A9, 2B4, 2B7 and 2B15 0.25 mg/ml.
Substrates were dissolved in DMSO with a maximal final concentration of 0.25%.
After incubation reactions were stopped by freezing at —20°C and freeze-drying

followed afterwards.

HPLC Method for the Determination of N-Hydr oxydebrisoquine O-glucuronide

and Debrisoquine

Freeze-dried samples were resolved in 90 ul (hepatocytes incubation sample) or in
40 pl (UGT incubation sample) mobile phase, respectively. After mixing and
centrifugation the clear supernatant was analyzed using a HP 1090 Series Il high-
performance liquid chromatograph (Hewlett-Packard, Waldbronn, Germany)
equipped with a variable wavelength UV detector (HP VWD 1050) set at 208 nm.
Separations were performed at room temperature by gradient elution on a reverse
phase column (250 mm % 4 mm i.d., particle size 5 um; Lichrospher RP-select B,
Merck), with a 4 mm x 4 mm guard column of the same material. Mobile phase A
consisted of 25 mM ammonium formiate buffer (pH 4.0) and acetonitrile (95:5, v/v),
and mobile phase B of pure acetonitrile. Elution started with 100% mobile phase A
linearly changing to 80% mobile phase A and 20% mobile phase B from 0 to 30 min,

returning to 100% mobile phase A from 35 to 40 min, and equilibrating followed
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from 40 to 50 min. The eluent was passed through the column at a rate of 0.5 ml/min.
The solvents used in the analysis were filtered through a Sartolon membrane filter
(0.45 um, Sartorius AG, Gottingen, Germany) and degassed by sonification or
bubbling with helium. Aliquots of 20 pl were injected. The retention times were

29.4 + 0.7 min (N-hydroxydebrisoquine) and 31.6 + 0.5 min (debrisoquine).

HPLC Method for the Determination of Oxidation Products of Debrisoquine

HPLC analysis of debrisoquine oxidation was performed with the same stationary
phase as described above with following changes: Mobile phase A consisted of
25 mM ammonium formiate buffer (pH 4.0) and acetonitrile (93:7, v/v), and mobile
phase B of pure acetonitrile. The following gradient was used: 100% mobile phase A
from O to 65 min, linearly changing to 80% mobile phase A and 20% acetonitrile
from 65-70 min, linearly changing was continued to 100% mobile phase A from 75-
85 min and equilibrating prior next injection. The retention time of

N-hydroxydebrisoquine was 53.0 £ 0.5 min.

Mass Spectra of Metabolites by LC/MS Coupling

For mass spectrometric analysis, the same conditions were used as mentioned above
for HPLC analysis with a split of 1:6 to the mass spectrometer. Electrospray
ionisation (ESI) mass spectra were recorded in the positive ion-mode on an Esquire
LC mass spectrometer (Bruker, Bremen, Germany). Synthetic standards were
analyzed in comparison to the metabolites of the incubations. For
N-hydroxydebrisoquine, ions with m/z 192 [M+H]", 175 [M+H-NH3]", and 132
[M+H-HCNH,NOH] " were found. For debrisoquine, ions with m/z 176 [M+H]", 159

[M+H-NHz]", and 134 [M+2H-CNH,NH]" were characteristic. The incubations were
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assessed in the full scan mode in the range of m/z 50-800 to detect any other possible

metabolites.

Synthesis of N-Hydroxydebrisoquine O-glucuronide

0.96 g (5.0 mmol) of N-hydroxydebrisoquine (2) and 1.72 g (10.0 mmol) of cadmium
carbonate were suspended in 75 ml dried toluene. 3.97 g (10.0 mmol) of methyl-
(2,3,4-tri-O-acetyl-1-bromo- 1-desoxy-a-p-glucopyranosyl)-uronate (1) (Bollenback
et al., 1955) dissolved in 50 ml of toluene was added slowly to the suspension under
nitrogen, while distilling off the same amount of solvent (Fig. 1). Subsequently the
cooled reaction mixture (room temperature) was filtered and the solvent was
evaporated in vacuum. Methanol was added to the residue and the undissolvable
particles were removed by centrifugation. The supernatant was purified by column
chromatography on RP-silica gel with a mixture of methanol/aqua dem. (50:50, v/v)
followed by flash column chromatography using a gradient of water and methanol.
The vyield of (methyl{2,3,4-tri-O-acetyl-1-O-[3,4-dihydro-2(1H)-isochinoline-
carboxamidoxime]-$-p-glucuopyranosyl } -uronate) (3) was 4 mg (8 pmol; 0.2%)
with the following spectroscopic data: *H-NMR (300 MHz, CDCl3) & 1.94/2.03/2.05
(3xs, 3x3H, CHg); 2.88 (t, 2H, J = 5.6 Hz, Haipna); 343 (t, 2H, J = 5.8 Hz,
Haiphat); 3.74 (S, 3H, OCHj3); 4.13 (d, 1 H, J = 9.33 Hz, H-5); 4.33 (S, 2 H, Haipha.);
501 (d, 1H, J = 82 Hz, H-1); 524 (m, 3H, H-2/H-3/H-4); 7.13 (m, 4H,
Haom-51/617'18"); *C-NMR (75 MHz, CDCl3) § 21.2/21.3/21.5 (M€); 29.5 (Caiphat.);
44.4 (Caipha.); 48.4 (Caipha); 53.5 (OMe); 70.4 (C-5); 70.8 (C-4); 72.9 (C-3); 73.4
(C-2); 102.8 (C-1); 126.8/127.1/134.2/135.0 (Caom-57677°18"); 158.8 (C=N);
168.0/170.1/170.4/170.7 (C=0); MS (ESI) m/z 508 [M+H]".

The obtained compound solved in methanol was treated with an agueous sodium

hydroxide solution at room temperature for 30 min. After complete splitting off of
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the protection groups the product 1-O-[3,4-dihydro-2(1H)-
isochinolinecarboxamidoxime]-f-p-glucuopyranosyl-uronate  (N-hydroxydebriso-
guine O-glucuronide) (4) was analysed immediately by LC/M S analyses and showed
ions with m/z 368 [M+H]*, 390 [M+Na]*, 406 [M+K]*, 412 [M-H+2Na]*, 428 [M-
H+Na+K]* and 174 [N-hydroxydebrisoquine-H,O]" at a retention time of 22.5 +

0.3 min (Fig 2).

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004572

This article has not been copyedited and formatted. The final version may differ from this version.

DMD#4572 — page 13

Results

Isolation, Cultivation and Characterization of Pig Hepatocytes

Pig hepatocytes were isolated and cultivated for 4 to 5 days. The results of
hepatocyte characterization correspond to literature data (Clement et al., 2001). Thus,

the described incubations were carried out during the first three days.

Metabolism of N-Hydroxydebrisoquine in Hepatocytes

Incubations of N-hydroxydebrisoquine in porcine and human hepatocytes lead to the
N-reduced debrisoquine to a great extent (Fig. 3). Retention time and fragmentation
of the metabolite agrees with those of the reference compound (Fig. 4). Incubations
without hepatocytes do not show this metabolite (data not shown).

Furthermore, the incubations with hepatocytes from both species result in formation
of two glucuronides of N-hydroxydebrisoquine. The retention times of these
metabolites are 18.0 £ 0.2 min and 22.5+ 0.3 min. The dominant ion is a m/z 368
[M+H]" of the parent compound. The m/z 390 [M+Na]®, 406 [M+K]*, 412
[M-H+2Na]*, and 428 [M-H+Nat+K]" represent cluster of the glucuronides
associated with sodium and potassium ions. The ion at m/z 192 indicates the loss of
the glucuronic group of the parent compound. Representative ion chromatograms are
shownin Fig. 5. Pig and human hepatocytes formed the same glucuronides, however
in different ratios. Incubations without hepatocytes do not show these metabolites
(data not shown). After filling the hepatocyte incubation supernatant in reaction
vessels, S-glucuronidase caused a hydrolysis of the glucuronide eluted after 22.5 min
which led to detectable formation of N-hydroxydebrisoquine. -Glucuronidase did
not decompose the supposed hydroxydebrisoguine glucuronide with the retention

time of 18.0 min.
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Other phase 2 metabolites such as sulfates or acetyl conjugates could not be detected

in cultures of human and porcine hepatocytes (data not shown).

Metabolism of N-Hydroxydebrisoquine with UDP-Glucuronosyltransferase

N-hydroxydebrisoquine glucuronidation activity of UGT isoenzymes was measured
using commercially available hepatic recombinant human UGT isoforms including
UGT1Al, 1A3, 1A4, 1A6, 1A9, 2B4, 2B7 and 2B15. Glucuronidation of the
N-hydroxyguanidine was not detected after incubation with UGT1A6 and 2BA4.
UGT2B15 formed only the N-hydroxydebrisoquine glucuronide eluted after
22.5 min. Incubations with al other isoforms revealed both glucuronides by LC/MS.
In consequence of the absence of a sufficient amount of the reference compound,
conversion rates were referred to integrated area of the respective glucuronide related
to incubation time and protein content. The resulting rankings (student’s t-test,
p<0.05) in order of N-hydroxydebrisoquine glucuronidation activity are UGT1A9 >
UGT1A4 ~ UGT1A1 > UGT2B7 ~ UGT1AS3 for the metabolite eluted after 18.0 min
and UGT1A9 > UGT1A1l > UGT1A3 =~ UGT2B7 =~ UGT1A4 ~ UGT2B15 for the
glucuronide with the retention time of 22.0 min. A representative ion chromatogram
of a N-hydroxydebrisoquine incubation with UDP-glucuronosyltransferases for the
signal at m/z 368 is shown in Fig. 6. Again, the glucuronide with the retention time
of 22.5 min is the only derivative that was hydrolysed by g-glucuronidase (Fig. 6).
Incubations with UGT insect cell control Supersomes™ did not form the described

glucuronides.

Metabolism of Debrisoquine in Hepatocytes
The N-hydroxylation of debrisoquine to N-hydroxydebrisoquine in porcine and

human hepatocytes was not detectable by LC/MS analysis (Fig. 3). No metabolite
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was formed with identical retention time and mass spectrum as the reference
substance recorded under the same conditions. Besides, hepatocyte incubation
samples treated with g-glucuronidase did not differ from those without addition of
S-glucuronidase. Therefore N-hydroxydebrisoquine was detected neither directly nor
after hydrolysis of potentially formed N-hydroxydebrisoquine glucuronide.

Direct phase 2 metabolites of debrisoquine such as N-glucuronides, N-sulfates or N-
acetyl conjugates were not found in cultures of human and porcine hepatocytes by

LC/MS analysis (data not shown).

Synthesis of N-Hydroxydebrisoquine O-glucuronide

The O-glucuronide of N-hydroxydebrisoquine was synthesized and characterised in
its protected form for the first time. The free glucuronide proved to be quite unstable,
but could be analysed by LC/MS analyses for comparison purposes. During the
synthesis of the protected glucuronide several products were formed. Thus yields

were very low.
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Discussion

The metabolic cycle of the model compound N-hydroxydebrisoquine and
debrisoquine was mainly investigated with microsomes, 9000 g supernatants and
isolated enzymes (Clement et al., 1993), whereas this is the first study of phase 1
metabolism of N-hydroxydebrisoquine and of the N-oxidation of debrisoquine using
a more complex in vitro system which simulates the in vivo situation. Cultured pig
and human hepatocytes easily reduce this N-hydroxyguanidine to the corresponding
guanidine, whereas we could not find N-oxidation of debrisoquine, either directly in
debrisoquine incubations or after treatment with S-glucuronidase. The reduction is
therefore the dominating reaction. The non-observable N-oxidation in hepatocytes
cultures might be explained by much higher conversion rates of retro-reduction than
those of oxidation in living, intact hepatocytes compared to microsomes. This
suggests the conclusion that the N-reduction may dominate in vivo as well.

For the first time, we investigate phase 2 metabolism of N-hydroxydebrisoquine as a
model compound for N-hydroxyguanidines. We demonstrated the formation of two
different glucuronides in human and porcine hepatocytes culture by LC/MS analysis.
Formation of identical glucuronides by diverse UGT isoenzymes confirmed these
conjugations. The coupling product of N-hydroxydebrisoquine was independently
synthesized using the method describing a synthesis of analogue O-glucuronides of
amidoximes (Clement et al., 2001) and was characterised by *H NMR und *C NMR.
The absence of the signal of the N-hydroxy group in the *H NMR spectra led to
identification as a protected intermediate of N-hydroxydebrisoquine O-glucuronide.
The formation of an O-glucuronide and not a N-glucuronide was also derived from
3C NMR data. The chemical shift of C-1 of the glucuronic acid (8 102.8) was in
concordance with the values in the range of 100-105 ppm previously described for

O-glucuronides (Clement et al., 2001; Schamann and Schéfer, 2003). In the case of
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an N-glucuronide or N-glycosylate, a chemical shift of 80 to 90 ppm would be
expected (Hoos et al., 1996; Murphy et al., 2003; Schamann und Schéfer, 2003).
After cleavage of the methyl and ethyl ester the synthetic compound showed the
same retention time and mass spectrum as the phase 2 metabolites of N-
hydroxydebrisoquine eluted after 22.5 + 0.3 min. Furthermore, only the last eluted
glucuronide formed by hepatocytes and UGTs was hydrolyzed by S-glucuronidase.
However, the glucuronide eluted at 18.0+ 0.2 min is stable under the described
conditions. Zenser et al. (1999) published that A-glucuronidase extracted from E. coli
preferentially hydrolyzes O-glucuronides in comparison to N-glucuronides and Y uan
et a. (2002) described as well that the N-glucuronide of valdecoxib could not be
hydrolyzed enzymatically, while aglycons of O-glucuronides were detectable. Both
studies underline that the glucuronide capable of hydrolysation by g-glucuronidaseis
conjugated at the oxygen atom (retention time 22.5+ 0.3 min), and support our
conclusion that the metabolite that was not enzymatically decomposable may be
characterized as N-glucuronide of N-hydroxydebrisoquine. The formation of an
N-glucuronide is emphasized by the fact that the involved UGT1A9, UGT1A4,
UGT1A1 and UGT1AS3 are known to glucuronidate functional groups containing
nitrogen in general (Green and Tephly, 1998; Radominska-Pandya et al., 1999;
Ritter, 2000; Malfatti and Felton, 2001). But the results of this investigation are not
sufficient to predict the molecular position of N-glucuronidation of the investigated
N-hydroxyguanidine. We were not able to synthesize an N-glucuronide of N-
hydroxydebrisoquine despite several attempts.

In the current study the major involvement of the recombinant hepatic UGT1A9 in
N-hydroxydebrisoquine O-glucuronidation in humans was demonstrated. Therefore,
according to earlier studies with N-hydroxylated amines (Malfatti and Felton, 2001;

Yueh et a., 2001) and N-hydroxyamidines (Frohlich et al. 2005) the O-
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glucuronidation of N-hydroxyguanidines seems to be favourable catalysed by
UGT1A9 and UGT1A1.

Previous studies have demonstrated the usefulness of hepatocyte cultures as an
in vitro model for investigating metabolism of xenobiotic compounds (Nussler et al.,
2001; Brandon et al., 2003), thus we carried out incubations with characterized
hepatocyte cultures during the first three days. Porcine and human hepatocytes
formed the same magor metabolites of N-hydroxydebrisoquine and did not N-
hydroxylate the substrate debrisoquine. Thus, in vitro phase 1 and 2 metabolism of
these two species seems to be qualitative comparable with respect to the investigated
metabolic pathways. This emphasises that cultured porcine hepatocytes might be a
suitable aternative to human hepatocytes for studying metabolism of xenobiotics in
vitro.

Other metabolism such as 4-hydroxydebrisoquine and phenolic derivatives were not
analysed in detail as the objective of this study was to investigate the metabolic cycle
of N-hydroxylation and reduction of guanidines. In previous studies we could also
show that in microsomal systems N-hydroxydebrisoquine is further transformed to
the urea derivative (Clement et al., 1993) and the cyanamide analogue (Clement et
a., 1999) resembling the metabolism of N-hydroxyarginine to nitric oxide and
citrulline. In this study optimized for the detection of the bioreversible N-
hydroxylation of debrisoquine and reduction of N-hydroxydebrisoquine, there was no
evidence for the formation of nitric oxide and the urea and cyanamide derivative of
debrisoquine. However, this has to be verified by further studies using this
hepatocyte culture model.

In summary, the N-reduction of the N-hydroxylated substrate is the dominating
reaction, whereas N-oxidation of debrisoquine was not observed. Parallel to this, the

formation of regioisomeric glucuronides is found as the major phase 2 reaction of N-
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hydroxydebrisoquine. By comparing to a newly synthesized reference compound an
O-linked conjugated N-hydroxydebrisoquine glucuronide was identified. UGT1A9
seems to be the mainly involved enzyme in the O-glucuronidation of N-

hydroxyguanidine.
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Legends for figures

FIG. 1. Synthesis of N-hydroxydebrisoquine O-glucuronide.

FIG. 2. Representative mass spectrum of the synthetic N-hydroxydebrisoquine O-

glucuronide with aretention time of 22.5 + 0.3 min.

FIG. 3. N-Reduction of N-hydroxydebrisoquine by cultured human and porcine
hepatocytes. Reverse N-hydroxylation of debrisoquine to N-hydroxydebrisoquine by
cultured human and porcine hepatocytes not detectable (n.d.). Formation of two
different glucuronides of N-hydroxydebrisoquine by human and porcine hepatocytes

and UDP-glucuronosyltransferases.

FIG. 4. Representative ion chromatograms for the signal with m/z 192+176 as
characteristic ions of N-hydroxydebrisoquine (m/z 192) with a retention time of
29.4 £ 0.7 min and debrisoquine (m/z 176) with a retention time of 31.6 + 0.5 min
showing N-reduction of N-hydroxydebrisoquine: (A) debrisoquine as reference
compound, (B) incubation with cultured human hepatocytes and (C) incubation with

porcine hepatocytes.

FIG. 5. Representative ion chromatograms for the signal at m/z 368 as characteristic
ion of N-hydroxydebrisoquine glucuronides with retention times of 18.0 £ 0.2 min
and 225 £ 0.3min: (A) incubation with cultured human hepatocytes, and (B)

incubation with porcine hepatocytes.
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FIG. 6. Representative ion chromatograms for the signal at m/z 368 as characteristic
ion of N-hydroxydebrisoquine glucuronides with retention times of 18.0 £ 0.2 min
and 22.5 + 0.3 min: (A) UGT1A9 incubation, and (B) UGT21A9 incubation after

treatment with S-glucuronidase.
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