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conjugates of mycophenolic acid in plasma of transplant recipients
treated with mycophenolate mofetil
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1 Mycophenolic acid (MPA), is primarily metabolized in the liver to 7-O-MPA-f-glucuronide
(MPAG). Using RP-h.p.l.c. we observed three further MPA metabolites, M-1, M-2, M-3, in plasma
of transplant recipients on MMF therapy. To obtain information on the structure and source of
these metabolites: (A) h.p.l.c. fractions containing either metabolite or MPA were collected and
analysed by tandem mass spectrometry; (B) the metabolism of MPA was studied in human liver
microsomes in the presence of UDP-glucuronic acid, UDP-glucose or NADPH; (C) hydrolysis of
metabolites was investigated using f-glucosidase, ff-glucuronidase or NaOH; (D) cross-reactivity of
each metabolite was tested in an immunoassay for MPA (EMIT).

2 Mass spectrometry of M-1, M-2, MPA and MPAG in the negative ion mode revealed molecular
ions of m/z 481, m/z 495, m/z 319 and m/z 495 respectively.

3 Incubation of microsomes with MPA and UDP-glucose produced M-1, with MPA and UDP-
glucuronic acid MPAG and M-2 were formed, while with MPA and NADPH, M-3 was observed.

4 f-Glucosidase hydrolysed M-1 completely. S-Glucuronidase treatment led to a complete
disappearance of MPAG whereas the amount of M-2 was reduced by approximately 30%. Only

M-2 was labile to alkaline treatment.

5 M-2 and MPA but not M-1 and MPAG cross-reacted in the EMIT assay.

6 These results suggest that: (i) M-1 is the 7-OH glucose conjugate of MPA; (ii)) M-2 is the acyl
glucuronide conjugate of MPA; (iii) M-3 is derived from the hepatic CYP450 system.
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Abbreviations: CYP450, cytochrome P-450; EDTA, ethylenediaminetetraacetic acid; EMIT, enzyme multiplied immunoassay
technique; ESI, electrospray ionisation; IMPDH, inosine monophosphate dehydrogenase; MMF, mycophenolate
mofetil; MPA, mycophenolic acid; MPAC, mycophenolic acid carboxybutoxy ether; MPAG, mycophenolic acid
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Introduction

Mycophenolic acid (MPA), the active metabolite of mycophe-
nolate mofetil (MMF) was developed in the 1960s as a
potential antibiotic, antineoplastic, and antipsoriatic drug.
Because of its immunosuppressive properties, the drug has
now been introduced into immunosuppressant protocols after
solid organ transplantation and in autoimmune diseases
(Hood & Zarembski, 1997; Simmons et al., 1997; Sievers et
al., 1997; Shaw et al., 1995; Nowack et al., 1997, Enk & Knop
1997; Briggs et al., 1998; Zimmer-Molsberger et al., 1997). Its
immunosuppressant action residues in the uncompetitive,
selective and reversible inhibition of inosine monophosphate
dehydrogenase (IMPDH), thus preventing the de novo
synthesis of guanosine nucleotides in lymphocytes leading to
a loss of proliferation and cell function (Wu, 1994). Even
though MMF seems to be well tolerated toxic side effects
associated with this drug include diarrhoea, nausea, and
leucopenia (Bullingham et al., 1998). Following oral or
intravenous administration, the prodrug MMF is rapidly
converted to MPA by plasma and tissue esterases such that no
measurable concentrations of MMF have been observed in
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plasma of patients or experimental animals (Shaw et al., 1995).
MPA is primarily metabolized by glucuronidation to form a
phenolic glucuronide (MPAG), which is the major urinary
excretion product of the drug (Bullingham ef al., 1998; Shaw &
Nowak, 1995). MPAG is thought to undergo deglucuronida-
tion and reabsorption as MPA during the enterohepatic
circulation in humans (Shaw et al., 1995; Bullingham et al.,
1998; Shaw & Nowak, 1995).

We now describe the isolation and characterization of
further MPA metabolites that have been observed in the
plasma of kidney, liver and heart transplant recipients on
immunosuppressive therapy with MMF.

Methods

Chemicals

Nicotinamide adenine dinucleotide phosphate hydrate
(NADPH), ethylenediaminetetraacetic acid (EDTA), UDP-
glucose, UDP-glucuronic acid, glycine, cysteine, 1-aminoben-
zotriazole, troleandomycin, Brij 58, and f-glucosidase (EC
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3.2.1.21, recombinant cloned into E. Coli) were from Sigma
Chemical Co. (St. Louis, MO, U.S.A.), Sucrose, HC10,,
NaCl, K,HPO,, KH,PO,, H,PO,, Na,WO,2H,0, MgCl,, and
NaOH were purchased from Merck (Darmstadt, Germany).
2[4-(2-hydroxyethyl)-1-piperazinol]-ethane  sulphonic acid
(HEPES) was from Aldrich, (Steinheim, Germany). Acetoni-
trile and methanol were obtained from J.T. Baker B.B.
(Deventer, Netherlands). All reagents were analytical grade.
p-Glucuronidase (EC 3.2.1.3 from E. coli K12,) was from
Boehringer Mannheim (Mannheim, Germany). MPA, MPAG,
and the internal standard carboxybutoxy ether of MPA
(MPAC) were gifts from Hofmann-LaRoche (Basel, Switzer-
land).

H.p.lc. analysis

MPA, MPAG and the putative metabolites were purified from
plasma or microsomal incubations through a modification of
an h.p.l.c procedure (Shipkova et al., 1998) recently developed
in our laboratory for simultaneous quantification of MPA and
MPAG. Briefly, 200 ul plasma or microsomal preparation and
100 pl acetonitrile containing the internal standard MPAC
0.036 mM (15 mg 17') were mixed by vortexing in a 1.5 ml
polypropylene tube for 5 s. This was followed by the sequential
addition of 20 ul of 1.5 M perchloric acid and 20 ul of 0.76 M
sodium tungstate dihydrate. The tube was mixed by vortexing
for 15 s after each addition. The sample was then centrifuged
for 5 min at 10,000 x g and 80 ul of the supernatant were
removed for chromatography.

The h.p.l.c. system consisted of a chromatographic pump
(M450), an automatic injector (GINA 50), a diode array
detector (UVD 340S), a computer interface system controller
linked to a PC (Gynkotek, Germering, Germany) and a
250 mm x 4.6 mm Hypersil C-18 reversed-phase column
(MZ Analysentechnik, Mainz, Germany). The column was
maintained at 42°C. The mobile phase consisted of solution A
(250 ml acetonitrile, 750 ml phosphate buffer - pH 3.0, 20 mMm
final concentration) and solution B (450 ml acetonitrile and
550 ml phosphate buffer - pH 6.5, 40 mM final concentration)
that formed the following gradient: 7%B (0—2 min); 7—
35%B (2—17 min); 35%B (17-18 min); 35-100%B (18—
18.5 min); 100%B (18.5—20 min); 100—7%B (20—20.5 min).
The flow rate was 1.2 ml min~' and the compounds were
detected at 215 nm and identified by their retention times and
u.v. spectra. The u.v. spectra were recorded using the diode
array detector.

Preparation of human liver microsomes

Human liver samples were obtained from the Department of
Transplant Surgery as excess material removed during
transplantation of a partial liver from a 39-year-old male
donor (subarachnoidal haematoma) to a paediatric recipient.
Tissue was homogenized in HEPES 5 mM, sucrose-buffer
250 mM pH 7.4 containing EDTA 0.5 mM using a Polytron
PT3000 homogenizer (Kinematica, Kriens, Switzerland).
Microsomal vesicles were isolated by removal of the nuclear
and mitochondrial fractions at 10,000 x g for 20 min, 4°C
using a L8-55 ultracentrifuge and a 50T13 rotor (Beckman,
Irvine, CA, U.S.A.). The microsomal fraction was sedimented
at 105,000 x g for 60 min, 4°C. The pellet was washed once in
HEPES 50 mm, KCI 150 mM pH 7.4 and collected again at
105,000 x g for 30 min. The resulting microsomal pellet was
suspended in HEPES/KCI, pH 7.4 by careful sonication in ice
and stored in portions (10 mg protein ml~') at —80°C until
use.

Incubation of microsomes with MPA, co-substrates, and
cytochrome P-450 inhibitors.

Microsomal preparations (0.25 ml, 1 mg protein ml~") were
incubated in the presence of 0.1 mM MPA for 30 min at 37°C
in HEPES/KCI/EDTA/MgCl, buffer in mM: (HEPES 50, KCl
150, EDTA 1, MgCl, 5) adjusted to either pH 7.0 or 7.4. In
separate experiments either NADPH, UDP-glucuronic acid, or
UDP-glucose (final concentrations: 4 mM) were added to each
of these buffers. Before incubation with UDP-glucuronic acid
or UDP-glucose the microsomal preparations were always
preincubated in the presence of the activator Brij 58
(0.1 mg mg protein~") (Raoof et al., 1996; Radominska et al.,
1993) for 10 min on ice. Control incubations contained either
MPA and microsomes without any other additions or MPA
plus co-substrates but no microsomes. In addition, incubations
with MPA and NADPH were performed in the presence of the
general CYP450 inhibitor 1-aminobenzotriazole (2 mM), and
the CYP3A4 inhibitor troleandomycin (2 mMm).

Isolation of putative MPA metabolites

Fractions (n=15) containing either the putative MPA metabo-
lites, MPA or MPAG obtained through h.p.l.c. of a single
plasma sample preparation from a kidney transplant recipient
were separately pooled, and concentrated by evaporation
(60 min, 37°C) using a vacuum centrifuge. To remove phosphate
the concentrated h.p.l.c. fractions (0.5 ml) were passed through
a 100 mg RPI18 Adsorbex column (Merck, Darmstradt,
Germany) which had been activated by washing with 2 x 2 ml
methanol followed by flushing with 4 ml H,O. After applying
the concentrated fraction, the column was flushed with 2 x 4 ml
H,O and the metabolite was then eluted with 2x0.5 ml
acetonitrile/H,O (80/20 v/v). After evaporation of acetonitrile
the eluate was subjected to analysis with the EMIT immunoas-
say for MPA (Haley et al., 1995) to test for cross-reactivity and
the rest was evaporated to dryness for mass spectrometry (MS)
analysis. For MS analysis the sample was reconstituted using
methanol/water (1/1 v/v). An aliquot was rerun on the h.p.l.c. to
verify the purity of the putative MPA metabolite.

Electrospray ionization mass spectrometry (ESI-MS)

ESI-MS was performed on a PE Sciex API 365 triple
quadropole mass spectrometer (PE Sciex, Concord, Ontario,
Canada) using an electrospray ion source (PE Sciex, Concord,
Ontario, Canada) both in the positive and in the negative
ionization mode. Samples were introduced into the ion source
via an infusion syringe pump (Harvard Apparatus, Inc., South
Natick, MA, U.S.A.) at a flow rate of 6 ul min~'. MS-
experiments (Ql-scans) were carried out at a spray voltage of
+5000 or —4500 V, an orifice voltage from +30 to +50 V
and a ring electrode voltage from +150 to +250 V depending
on the ionization mode. Further MS/MS-experiments (product
ion scans) were carried out at a collision offset voltage of +20
to +£60 V using nitrogen as collision gas at a pressure of
3.95x 1073 mTorr in the collision cell.

Incubation of plasma with B-glucuronidase or
p-glucosidase

A plasma pool obtained from four kidney transplant recipients
under therapy with MMF containing putative MPA metabo-
lites was divided into four 0.1 ml portions. The first portion
was incubated for 24 h at 37°C with $-glucosidase (15 u ml—")
after adjusting the pH to 5.0 using 0.61 M H;PO,. The second
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portion was incubated for 75 min at 37°C in the presence of f-
glucuronidase (33 u ml™"') after adjusting the pH to 6.5 using
0.61 M H3;PO,. The third and the fourth portions served as
controls and were incubated under identical conditions but
without the added enzymes for 24 h or 75 min respectively.
Incubations were stopped by using the h.p.l.c. pre-treatment
procedure and analysed by h.p.l.c.

Alkaline hydrolysis of metabolites

Plasma was pre-treated as described for the h.p.l.c. analysis.
To 100 ul of the supernatant 10 ul of 2 M NaOH was added
and the sample was then left at room temperature for 2 h. A
control sample of supernatant was stored at room temperature
for 2 h without addition of NaOH.

Protein measurement

Protein was determined using the BCA protein assay reagent
kit supplied by Pierce (Rockford, IL, U.S.A.).

Ethics committee

The use of excess human liver tissue for scientific investigations
was approved by the local Ethics Committee.

Results

Using the modified h.p.l.c. procedure we were able to identify
(Figure 1) three putative MPA metabolites (M-1, M-2, M-3),
in addition to MPAG, in plasma samples from transplant
recipients on MMF therapy. The metabolites were identified
on the basis of the similarity of their u.v. spectra to those of
MPA and MPAG (Figure 2). A typical chromatogram is
shown in Figure 1 after pre-treatment of a plasma sample

obtained from a kidney transplant recipient under MMF
therapy (1.2 g m~?). The MPAG and MPA concentrations in
the original plasma sample were 0.33 mM (163 mg 17') and
0.073 mM (23.4 mg 17") respectively as determined using the
h.p.l.c. procedure recently developed in our laboratory
(Shipkova et al., 1998). The metabolites eluted after 4.4 min
(M-1), 6.2 min (M-2) and 11.2 min (M-3). As can be seen in
Figure 2, the u.v. spectrum of M-1 was very similar to that of
MPAG with three absorption maxima at around 294, H251
and 214 nm. The u.v. spectrum of M-2 was virtually identical
to that of MPA with characteristic absorption maxima at
around 306, 250 and 216 nm. In the case of M-3 the u.v.
spectrum was similar to that of MPA.

To further characterize the putative MPA metabolites,
fractions containing either M-1 or M-2 as well as MPAG and
MPA were separately collected from the h.p.l.c. column. Further
investigations to characterize M-3 were not performed since the
very low concentrations in human plasma samples and in
microsomal incubations precluded its isolation. After removal
of the phosphate through elution from a RP18 Adsorbex column
and of acetonitrile by vacuum centrifugation, the fractions were
diluted with distilled water to give an absorbance of 1.27 at
215 nm and were tested for cross-reactivity in an immunoassay
for MPA (EMIT, Dade-Behring, Liederbach, Germany).
Neither M-1 nor MPAG displayed any cross-reactivity. In
contrast M-2 gave a response equivalent to a MPA concentra-
tion of 0.044 mM (14 mg 1="). MPA at the same absorbance
revealed a concentration of 0.028 mMm (8.8 mg 1™"). Rechroma-
tography of M-2 over the h.p.l.c column showed the expected
retention time for this metabolite and confirmed that it had not
been hydrolyzed to MPA during the purification procedure.

Mass spectrometric analysis of M-1 and M-2

MPA, MPAG and the metabolites M-1 and M-2 were analysed
by tandem mass spectrometry (Figure 3). In the negative ion

-
70 H MPAG - 3.5 IS-16.3 T
= /\x‘ MPA - 16.8
D 50
<
£
3
= M-1-4.4
8 30 J
[=3 N
[ N
o]
< /\M
10 M-2-6.2
oo M-3-11.2 \
] 2 4 6 8 10 12 14 16 18 20
Time (min)

Figure 1 Representative chromatogram of a plasma sample obtained from a kidney transplant recipient 75 min after
administration of 0.6 g m~2 MMFE. The sample was pre-treated as described in Methods and applied to a 250 mm x 4.6 mm
Hypersil C-18 column maintained at 42°C. The column was eluted at a flow rate of 1.2 ml min~! with a mobile phase consisting of
solution A (250 ml acetonitrile, 750 ml phosphate buffer—pH 3.0, 20 mMm final concentration) and solution B (450 ml acetonitrile
and 550 ml phosphate buffer—pH 6.5, 40 mM final concentration) that formed the following gradient: 7%B (0—2 min); 7—-35%B
(2—17 min); 35%B (17—18 min); 35— 100%B (18—18.5 min); 100%B (18.5—20 min); 100—7%B (20—20.5 min). Compounds eluting
from the column were monitored continuously with a diode array detector. This chromatogram illustrates the u.v. absorption at
215 nm. The 7-O glucuronide metabolite (MPAG) eluted after 3.5 min and mycophenolic acid (MPA) after 16.8 min. The
metabolites M-1, M-2 and M-3 which eluted after 4.4, 6.2, and 11.2 min respectively were identified by comparison of their u.v.
spectra (shown in the insets) to those of MPAG and MPA. The internal standard carboxybutoxy ether of MPA (IS) eluted after

16.3 min.
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Figure 2 Comparison of the u.v. spectra of M-1 (A), M-2 (B) and M-3 (C) with those of either MPA (B and C); or MPAG (A).
The spectra were determined with a diode array detector and the highest relative absorption maximum for each compound was
arbitrarily set at 50%. Spectra were then normalized according to the highest relative maximum. The wavelengths of each
absorption maximum are illustrated in the Figure. Values in parentheses correspond to the metabolites M-1, M-2 or M-3 and values

not in parentheses either MPA or MPAG.

mode MPA and MPAG revealed (M-H) -ions of m/z 319 and
m/z 495 respectively. Fragmentation of the precursor ion of
MPA produced characteristic fragment ions of m/z 287 and
m/z 275. These can be explained by the loss of either CH;OH
or CO, from the precursor ion. In the case of MPAG,
fragmentation of the precursor ion m/z 495 led to the
formation of one major product ion with m/z 319, presumably
due to loss of the dehydroglucuronic acid moiety. Further
fragmentation produced the product ions m/z 287 and m/z 275
both typical for MPA. The mass spectrum of metabolite M-1
showed a characteristic ion at m/z 481. The fragmentation
pattern of this ion revealed product ions with m/z 319, m/z 287
and m/z 275, that are characteristic for MPA. These results
suggested that the metabolite M-1 could be a glucoside
conjugate of MPA which would have a molecular weight of
482 Da. The spectrum of M-2 revealed a precursor ion peak of
m/z 495, identical to that seen for MPAG. As with MPAG,

fragmentation of this precursor ion led to the fragment ions
with m/z 319, m/z 287 and m/z 275. Since MPA has two
potential sites for glucuronidation, one at the phenolic 7-
hydroxyl group and one at the aliphatic carboxyl group of the
acyl side chain (Figure 4), we inferred that M-2 could be the
acyl glucuronide conjugate of MPA.

To confirm the structures of these metabolites two sets of
experiments were carried out. First we tried to generate the
metabolites by incubation of MPA with human liver
microsomes and secondly we investigated the cleavage of these
putative MPA conjugates by enzyme treatment as well as by
alkaline hydrolysis.

Incubations with microsomes

Incubation of MPA with human liver microsomes in the
presence of UDP-glucose led to the formation of a metabolite
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Figure 3 Mass spectra of MPA (A) and its metabolites MPAG (B), M-1 (C), and M-2 (D) in the negative ionization mode: Q1 scans

(left) and product ions scans (right). The mass spectra were measured with a PE Sciex API 365 triple quadrople mass spectrometer
using electrospray ion source. Samples were introduced into the ion source via an infusion syringe pump at a flow rate of 6 ul min~ .

1

MS-experiments (Q1-scans) were carried out at a spray voltage of + 5000 or —4500 V, an orifice voltage from +30 to +50 V and a
ring electrode voltage from +150 to +250 V depending on the ionization mode. Further MS/MS-experiments (product ion scans)
were carried out at a collision offset voltage of +20 to +60 V using nitrogen as collision gas at a pressure of 3.95 x 102 mTorr in the
collision cell. All mass spectra scans are displayed after normalization to the highest detectable mass peak in each spectrum.

showing the same u.v. spectrum and an identical retention time
as M-1. When UDP-glucuronic acid was used instead of UDP-
glucose two metabolites were formed, MPAG and a metabolite
with a retention time and u.v. spectrum identical to that of M-2
from plasma of transplant recipients on MMF. Control
incubations in the absence of microsomes or in the presence
of microsomes but without UDP-glucose, or UDP glucuronic
acid did not generate any metabolites. The formation of
MPAG, M-1 and M-2 was facilitated at pH 7.0.

Incubation of MPA with human liver microsomes at pH 7.4
in the presence of NADPH led to formation of a metabolite
with a retention time and a u.v. spectrum identical with M-3.

The formation of M-3 was prevented to >90% (n=3) by the
addition of the general CYP450 inhibitor 1-aminobenzotria-
zole whereas the specific CYP450 3A4 inhibitor troleandomy-
cin was less efficient (<40%, n=3). No metabolites were
formed in control incubations. Because M-3 was only present
in trace amounts it was not further investigated.

Hydrolysis experiments
In order to further investigate the structures of the metabolites

M-1 and M-2, plasma samples containing these metabolites
were subjected to enzymatic of alkaline hydrolysis. In one set
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Figure 4 Metabolic pathways of mycophenolic acid in humans. MMF is hydrolyzed to MPA the immunosuppressive metabolite of
MMF by plasma and tissue esterases. MPA is primarily converted by glucuronidation to the major metabolite product, the phenolic
MPA glucuronide (MPAG) as well as to its newly detected acyl glucuronide (M-2). In addition a phenolic 7-O-glucoside (M-1) and

a CYP450 oxidation product (M-3) were observed.

Table 1 Hydrolysis of MPAG, M-1 and M-2
Hydrolysis of metabolite (% of control)
Enzymatic
Metabolite Alkaline p-glucuronidase  f-glucosidase
(n=2) (n=2) (n=2)
MPAG 2 99 n.h.*
M-1 1 n.h.* 100
M-2 99 33 n.h.*

*No hydrolysis. Pooled plasma samples (100 ul) from four
kidney transplant recipients under MMF therapy containing
MPAG, M-I, and M-2 were subjected to enzymatic
hydrolysis using either f-glucuronidase (33 uml~—', 75 min,
37°C) or p-glucosidase (15uml~', 24 h, 37°C). Super-
natants (100 ul) derived from the above plasma pools
according to the h.p.l.c. pre-treatment procedure were
subjected to alkaline hydrolysis (2 h, room temperature)
using 10 ul 2 M NaOH. Controls were incubated without
enzymes or NaOH. Results are expressed as the percentage
of metabolite that was hydrolyzed relative to the control.

of experiments plasma samples were incubated in the presence
or absence (control) of either fS-glucosidase or f-glucuroni-
dase. In a second set of experiments the metabolite containing

supernatant from the h.p.l.c. pre-treatment procedure was
incubated in the presence and absence (control) of 0.18 M
NaOH. After incubation, the amounts of the metabolites in
each of the samples were estimated by h.p.l.c. The results are
expressed as the percentage of metabolite that was hydrolyzed
relative to the control. As shown in Table 1, f-glucosidase
degraded M-1 completely. Treatment with -glucuronidase led
to a complete disappearance of MPAG in the plasma sample,
whereas the amount of M-2 was reduced by approximately
30% (Table 1). Only M-2 proved to be highly alkali-labile.

Discussion

MPA, the active metabolite of MMF, is increasingly used for
immunosuppressive therapy after solid organ transplantation
and is also proposed for treatment of autoimmune diseases. Its
mode of action is thought to reside in the uncompetitive
inhibition of inosine monophosphate dehydrogenase
(IMPDH), thereby depleting intracellular guanine nucleotide
pools and thus preventing proliferation of functionally active B
and T lymphocytes. The major metabolite of MPA in human
plasma is MPAG, a glucuronic acid conjugate at position
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seven of the phenolic ring of the MPA molecule (Figure 4).
MPAG has no inhibitory activity towards IMPDH (Nowak &
Shaw, 1997) and shows virtually no cross reactivity (<0.2%)
with an immunoassay which uses a monoclonal antibody
against MPA (Shaw et al., 1995). This suggests that the epitope
recognized by the anti MPA antibody includes the free
hydroxyl group at position seven of the phenol ring. Thus
any adduct moiety at this position is likely to prevent binding
to the antibody. This phenolic hydroxyl group was also found
to be essential for the potent inhibition of IMPDH, the
immunosuppression target of MPA (Nelson et al., 1996).

We now describe the identification and structural
characterization of two further metabolites of MPA (Figure
4) that have been regularly observed (Shipkova et al., 1999
in press; Schiitz et al., 1998) in the plasma of kidney, liver
and heart transplant recipients on immunosuppressive
therapy with MMF. The metabolites M-1 and M-2 were
identified as the 7-0- glucoside conjugate and the acyl
glucuronide conjugate of MPA respectively. Clarification of
the structures of these metabolites was based on LC/MS/MS
analysis, comparison of their u.v. spectra to those of MPA
and MPAG, in vitro formation from MPA and the
corresponding co-substrates using human liver microsomes,
enzymatic cleavage experiments and cross-reactivity with an
immunoassay specific for MPA but not MPAG. Mass
spectrometry analysis of M-2 in the negative mode revealed
a precursor ion with m/z 495, identical to that of MPAG
and a similar fragmentation pattern to that seen with
MPAG. In contrast to MPAG, M-2 cross-reacted with the
EMIT immunoassay for MPA, had a different retention time
on the h.p.lc., and also had inhibitory activity towards
IMPDH (Shipkova et al., 1999 in press; Schiitz et al., 1998).
Furthermore, the u.v. spectrum of M-2 more -closely
resembled that of MPA rather than that of MPAG. MPA
has two potential sites of glucuronidation, the phenolic 7-
hydroxyl group and the aliphatic carboxyl group of the acyl
side chain (Figure 4). Our results are, therefore, consistent
with M-2 being the acyl glucuronide conjugate of MPA.
Mojarrhabi & Mackenzie (1997) observed three glucuronida-
tion products of MPA when MPA was incubated in vitro
with COS-7 cells transfected with UDP glucuronyltransfer-
ase from human colon. They proposed one of these
metabolites to be the acyl glucuronide of MPA but did not
confirm its structure. In addition, Bullingham ez al. (1998)
recently suggested an acyl glucuronide of MPA to be present
in urine of patients under MMF therapy. Acyl glucuronides
have been reported for a number of carboxylic acids. At
physiological pH they are relatively unstable and undergo
intramolecular acyl group migration to form isomers that
are stable to hydrolysis by fS-glucuronidase. Such acyl group
migration has been shown for the carboxylic acid
glucuronides of zomepirac, valproate, and bilirubin (Newton
et al., 1992; Panfil et al., 1992; Dickinson et al., 1984). The
fact that M-2 was relatively stable to f-glucuronidase
hydrolysis would suggest that it is primarily present in
plasma in the form of the non-C-1 esters of glucuronic acid.
However, M-2 was labile to alkaline hydrolysis as would be
expected for such esters (Newton et al., 1992; Dickinson et
al., 1984).

Evidence that M-1 is a glucose conjugate of MPA is as
follows: MS analysis revealed a precursor ion of m/z 481 that
would be expected for a glucose conjugate of molecular weight
482 Da; formation of M-1 in vitro required the presence of
UDP-glucose; M-1 was cleaved to MPA by incubation with /-
glucosidase (Table 1). Conjugation of the glucose moiety to the
phenolic ring at the 7 OH position is suggested by its lack of

cross-reactivity in the EMIT immunoassay, and the fact that
its u.v. spectrum more closely resembles that of MPAG and
not that of MPA. In mammals, the conjugation of drugs to
glucose generally represents a minor metabolic pathway if
glucuronidation is possible (Tang, 1990). Conjugation can
occur through both N-, S- and O-linkages. According to
Kirkman et al. (1998), approximately a dozen xenobiotics are
known to form conjugates with glucose in mammalian systems
or models for mammalian systems. N-linked glucoside
metabolites of phenobarbitone, amobarbital, sulphonamides
(Tang, 1990) and S-aminosalicyclic acid (Tjernelund et al.,
1989) have been identified in man. To our knowledge the 7-O-
glucoside of MPA is the first drug O-glucoside metabolite to be
found in man. This conjugate has also been observed in dogs
(Hoffman-La Roche, investigators brochure) that had been
given MMF.

In addition to M-1 and M-2 a third putative MPA
metabolite M-3 has been seen in the plasma of patients on
MMEF. However, M-3 which is only present in trace amounts
in human plasma could be produced in vitro by incubation of
MPA with human liver microsomes in the presence of
NADPH, suggesting MPA can also be partially metabolized
by the microsomal CYP450 system. This is further supported
by the finding that formation of M-3 is inhibited by 1-
aminobenzotriazole, a general CYP450 inhibitor. Data derived
from incubations in the presence of troleandomycin suggest
that CYP3A4 is less important for the metabolism of MPA
than for the metabolism of other immunosuppressants such as
cyclosporin A. The pharmacological and toxicological sig-
nificance of the MPA metabolites characterized in the present
investigation remains to be clarified. However, glucuronides
formed from carboxylate containing xenobiotics are more
chemically reactive than most phase II conjugates. They have
been shown to form adducts by covalent binding to tissue and
plasma proteins (Spahn-Langguth & Benet, 1992). This may be
of importance and relevant with respect to the toxicity
observed in patients treated with MMF. Furthermore, both
the acyl glucuronide of MPA as well as the glucose conjugate
of MPA may be of pharmacological significance if they have
inhibitory activity towards IMPDH. Preliminary experiments
suggest that M-2 but not M-1 can inhibit IMPDH (Schiitz et
al., 1998). The cross reactivity of M-2 in the EMIT assay for
MPA determination in plasma will have an impact on the
monitoring of MPA when immunochemical methods such as
the EMIT are used.

We have identified two new metabolites M-1 and M-2 of the
immunosuppressant mycophenolic acid (MPA) commonly
present in plasma samples of transplant recipients under
therapy with mycophenolate mofetil. As shown by (i) mass
spectrometry, (ii) incubation of microsomes with MPA plus
co-substrates, and (iii) hydrolysis experiments, M-1 turned out
to be the 7-O-glucoside of MPA and M-2 a carboxyl linked
glucuronide conjugate of MPA. To our knowledge the 7-O-
glucoside of MPA is the first drug O-glucoside metabolite
observed in man. The carboxyl-linked glucuronide conjugate
may have an impact on the immunosuppressive therapy using
MMF since it inhibits IMPDH activity. In addition, acyl
glucuronides are known to be highly reactive thus possibly
causing adverse effects.
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