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ABSTRACT:

Internal acyl migration reactions of drug 1pB-O-acyl glucuronides
are of interest because of their possible role in covalent binding to
serum proteins and consequent allergic reactions as well as their
influence on drug disposition. An approach using '3C labeling and
nuclear magnetic resonance (NMR) spectroscopy has been used
to investigate in situ the kinetics of acyl migration and hydrolysis of
1B-0O-acyl glucuronides of enantiomeric ketoprofens (KPs) in
phosphate buffer solutions at 37°C. Apparent first-order degrada-
tion of the 1B-0O-acyl glucuronide labeled in the ester carbonyl
carbon and the sequential appearance of 2-, 3-, and 4-O-acyl
isomers as both a- and -anomeric forms were observed for each
enantiomer. All of the positional isomers and anomers were char-
acterized using two-dimensional NMR spectroscopy (hetero-
nuclear multiple bond correlation, correlated spectroscopy, totally
correlated spectroscopy) of the reaction mixtures. The overall deg-

radation rate constants (hr') of (R)- and (S)-KP glucuronides were
1.07 = 0.154 and 0.55 = 0.034, respectively. To evaluate in detail the
stereoselective reactivity, a kinetic model describing the rear-
rangement reactions was constructed, and the kinetics were sim-
ulated using a theoretical approach. Only the acyl migration,
1B—2p, was found to have significant stereoselectivity. The rate
constants (hr'') for 18—2p8 migration of (R)- and (S)-KP glucu-
ronides were 1.04 += 0.158 and 0.52 + 0.029, respectively. The
results may suggest that (R)-KP glucuronide could be more sus-
ceptible to covalent binding to proteins via acyl migration than the
corresponding antipode. This stereoselective reactivity may be
responsible for the stereoselective pharmacokinetics of KP. The
direct approach using '3C labeling and NMR spectroscopy could
also provide insight into the reactivities of other labile drug acyl
glucuronides and their isomeric glucuronides.

Conjugation with glucuronic acid to yield @-acyl-B-p-glucopy- a Schiff's base linkage between the free aldehyde of the open-chain
ranuronates (8-O-acyl glucuronides) is a major metabolic route foacyl-migrated glucuronide and a nucleophilic amine group on the
many carboxylate drugs including nonsteroidal anti-inflammatory aprbtein, in the drug acyl glucuronides that readily undergo acyl
hypolipidemic drugs (Dutton, 1980). It is well known thgs-D-acyl migration (Dickinson and King, 1991; Dingt al, 1995; Kretz-
glucuronides are labile and reactive. These compounds undergo Rgmmel and Boelsterli, 1994; Smitet al, 1990). The isomeric
hydrolysis and internal acyl migration. In the acyl migration, thglucuronides differ from one another in reactivity for protein adduct
aglycone is transferred to the C-2, C-3, or C-4 position of the gludermation (Dickinson and King, 1991). Currently, there is speculation
ronic acid ring (Spahn-Langguth and Benet, 1992) (fig. 1). In generdat protein adducts are at least partially responsible for immunolog-
acyl migration has been observed to predominate over hydrolyisil side effects of carboxylate drugs (Spahn-Langguth and Benet,
under physiological conditions (Akiret al, 1997a; Blanckaert al, 1992; Worral and Dickinson, 1995; Zia-Amirhossedtial, 1995).

1978; Bradowet al,, 1989; Hansen-Molleet al, 1988; Iwakawaet 1B-O-Acyl glucuronides are usually excreted in the bile and then
al., 1988; Iwakiet al, 1995; Nichollset al, 1996; Sidelmant al, hydrolyzed byB-p-glucuronidase in the small intestinal tract, where
1996a). Furthermore, thegiO-acyl glucuronides of many carboxy-the unconjugated drugs are reabsorbed into the systemic circulation
late drugs have been shown to react with proteins to form coval@siterohepatic circulation). In additiong40-acyl glucuronides are
adducts (Dickinson and King, 1991; Duboé al, 1993; Kretz- hydrolyzed by tissue and serum esterases. The aglycones formed by
Rommel and Boelsterli, 1994; Pres# al, 1996; Vollandet al, these enzymes are then again available for other biotransformations as
1991). Covalent binding seems to occur maivig the formation of well as glucuronide conjugation. The isomeric glucuronides formed
by acyl migration have often been described as being resistant to
B-p-glucuronidase (Blanckaeet al, 1978). Dickinsoret al. (1986)

have suggested that the isomeric glucuronides of valproic acid are
resistant to serum esterase. Therefore, the amount of drug regenerated
by these enzymes can be decreased if the dig-hacyl glucu-
ronides can undergo rapid acyl migration. Thus, acyl migration is
intimately related to drug disposition.

The lability of 18-O-acyl glucuronides themselves has been suc-
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Fic. 1. Reaction scheme for the acyl migration ¢-®-acyl glucuronides.

cessfully investigated by reversed phase high performance liqodides were not directly analyzed using HPLC. Thus, in the present
chromatography (HPLG)using acidic mobile phase (Spahn-Langstudy, we have investigated in detail the stereoselective reactivity of
guth and Benet, 1992), where th@-D-acyl glucuronides are rela-(R)- and §)-KP acyl glucuronides under physiological conditions
tively stable and the @-O-acyl glucuronides and the aglycones arasing the*C labeling in the ester carbonyl group of the glucuronides
easily distinguished from the isomeric glucuronides. However, detaitsd NMR.
of the formation and degradation of each isomer following the deg-
radation of B-O-acyl glucuronides have been ambiguous because

HPLC separation of the various isomers to one another is much morghemicals. (R)- and §-KP acyl glucuronides*C-labeled in the ester
difficult. Moreover, the isomers can ring-open and mutarotate givifigbony! carbon [10-((R)-2-(3-benzoylphenyl)-[£C]propyl)--b-glucuron-
a- and B-anomers, which further complicates the HPLC separatidhacid and 10-(S-2-(3-benzoylphenyl)-[£Clpropyl)-3-p-glucuronic acid]
Thus, a more direct and specific method is required to assess {¢ prepared according to the previously reported method (Addral,

I tivit f B-O Ll ides. including the f 1997b). NH; ?H,0O solution (16 M, 99.0 atom %H) was purchased from
overall reactivities of -O-acyl glucuronides, including the forma-,i.n (viwaukee, Wi). Other reagents includifgl,O (>99.80 atom %H)

tion and degradati.on of the isomers. ) ) and 40% Na@H 2H,0 solution (99.0 atom %H) were purchased from Kanto
Nuclear magnetic resonance (NMR) spectroscopy is suitable for i@mical (Tokyo, Japan).

determination of such unstable compounds because it allows reactiagvr Spectroscopic Monitoring of Degradation. (R)-[*3C]KP acyl gluc-
mixtures to be analyzed without extraction and chromatographionide (2 mg), §-[**C]KP acyl glucuronide (2 mg), or a mixture of both
separations. NMR spectroscopy also allows a “real-time” analysislafeled diastereomers (each 1 mg) was dissolved in4@50.1 M phosphate
the reactions that proceed in the NMR tube under defined physibgffer (pH 7.4). After adding of 2l of 2H,0 to provide &H signal for field
chemical conditions. Bradowt al. (1989) have examined the reacfrequency lock, each solution was transferred to a 5-mm NMR tube with a
tivity of 18-O-acyl glucuronide by'H NMR spectroscopy. However’coaxial capillary tut_Je (1.7_—mm o.d., l.O-_mr_n i.d.) containing 1,4-dioxan_e as the
spectral resolution was not sufficient because of the spectral compfgg?-rence for chemical shifts and guantitation. Aﬁe.r the PH of the.somt'on was
. . . . . easured (7.2& 0.05), the NMR tube was immediately inserted in the NMR
ity owing to the formation of many isomers, the small chemical sh

. i obe set at 310 K, and the reaction was monitored®8yNMR spectroscopy
range, and the disturbance by residual water. Althotfh NMR 13C NMR spectra were obtained using a Bruker AM400 spectrometer at 100

spectroscopy has been effectively used to monitor the acyl migratig; under the'H-decoupling conditions without sample spinning. An acqui-
of 13-O-acyl glucuronides of 2-, 3-, and 4-(trifluoromethyl)benzoigition time of 0.655 sec with 75° pulses and a total pulse recycle time of 2.7
acids (Nichollset al,, 1996), it is not a general method as it can not bec were used. Prior to Fourier transformation, an exponential line-broadening
applied to non-fluorinated compound$C NMR has a chemical shift of 1.0 Hz was applied to the free induction decays (FIDs), which were also
range that is large and comparable with that'@ NMR, but in zero-filled to 65536. Chemical shifts were referenced to 1,4-diox8lifE (70).
addition the range of drugs that can be studied is virtually Un|imit€‘(\quiSiti9ns of FIDs were commenced Within.ZO min after dissolution of the
A major disadvantage is that the sensitivity BIC NMR is poor dlucuronides. FIDs (216, 10-min accumulation) f@){and §-KP acyl
because of the low natural abundance (1%)-€ and the low glucuronides and FIDs (432, 20-min accumulation) for the mixture of both

. . . glucuronides were collected into 32768 computer data points with a spectral
gyromagnetic ratio. However,"C NMR can be effectively used width of 25,000 Hz at appropriate intervals over a 12 to 16-hr time period.

together with*C labeling (approximately 100% enrichment) (Lon- Quantitation Method. *3C Resonance heights ofC]KP acyl glucuronide

don, 1988). We have demonstrated that the NMR approach™#@h (ester carbonyl), its isomers (ester carbonyl), and aglycone (carboxyl) in the

labeling is useful in pharmacokinetic research in terms of sensitiviiaction mixture were measured, and the height ratios of these signals relative

and specificity (Akira and Shinohara, 1996; Akiedal, 1993; Baba to that of dioxane (internal standard) were calculated. These ratios were

et al, 1995). The reactivity of benzoyl glucuronide has been recenéigsumed to reflect the relative proportions of the various compounds contained

elucidated by this*C NMR approach (Akirzet al., 1997a). in the reaction mixture (see text). The ratios were converted to micromoles,
Ketoprofen (KP, see fig. 2) is one of the chiral 2-ary|propioni%95umi”9 that the sum of the ratios at each time point corresponds to the

acids (profens), an important group of nonsteroidal anti-inflammatgigpount of [*CIKP acyl glucuronide initially dissolved (4.6mol).
~Identification of the Isomeric Glucuronides by Two-Dimensional NMR

drl:gs (NS(;A\ID.S)’ V\i}l‘mh Isd.cllrllcally usgd as Ithel racem'zte a.ndhelméu-ectroscopy.(R)- or (S-[*°CIKP acyl glucuronide (3 mg) dissolved in 500
nated predominantly as diasteréomeric acyl giucuronides in humg 2H,0 was transferred into a 5-mm NMR tube. To the solution was added

(Fosteret al,, 1988a). Uptoret al. (1980) were the first to describe thef_-fm of 3.2 M N?H, 2H,0 solution to decompose th#C]KP acyl glucuronide
susceptibility of RS-KP acyl glucuronides to chemical hydrolysisyg its isomers and aglycone. The reaction was followed-3&y NMR spec-
Subsequently, the hydrolysis half-lives d&?){ and §)-KP acyl glu- troscopy. When the relative amounts of the isomers had stabilized, the sample
curonides were reported to be greater than 24 hr under physiologizs freeze-dried to remove the alkali and stored 20°C until analyzed. The
conditions (Hayballet al, 1992). However, susceptibility to acylresidue was reconstituted in 450 of 2H,0, and then the resultant solution
migration was not investigated in these studies because the glyes transferred to a 5-mm NMR tube after filtration, followed by two-
dimensional NMR spectroscopy (HMBC, COSY, TOCSY) using a Bruker
' Abbreviations used are: HPLC, high performance liquid chromatography; AMS500 spectrometer, operated at 500 MHz. The intern#H® signal was
NMR, nuclear magnetic resonance; KP, ketoprofen; HMBC, heteronuclear multi-  used as a lock reference, and shift assignments were made relativétd it (
ple bond correlation; COSY, correlated spectroscopy; TOCSY, totally correlated ~ 4.78). The composition of the reaction mixture was almost constant during the
spectroscopy; profens, 2-arylpropionic acids; NSAIDs, nonsteroidal anti-inflam- ~ time-consuming two-dimensional NMR measurements.
matory drugs; FIDs, free induction decays. HMBC experiments used 8 scans per increment for 400 increments with a

Materials and Methods
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F, and 1024 inF,, resulting in a total acquisition time of about 2 hr. COSY®® 185 184~ 183 162 181 180 - 79 - 78 w77 178
experiments used 8 scans per increment for 256 increments with a spectral 15 ) ) ) i
width of 4000 Hz inF, and 2000 Hz irF, and data points of 1024 ifi, and Fie. 3. ~*C NMR spectra as a function of time, showing degradation of

512 inF,, resulting in a total acquisition time of about 1 hr. TOCSY experi- (RI-"*CIKP glucuronide in phosphate buffer (pH 7.4) at 37°C.
ments used 16 scans per increment for 460 increments with a spectral width 4¥ll spectra were plotted out at the fixed resonance height of the internal standard.
5000 Hz inF and 2500 Hz irF; and data points of 2048 i, and 1024 in 0 Sl’jgctﬁ‘ncg”;?gfggotﬁnﬁﬁfﬂ?gv"l%g%ﬁ 15-25 min;B, 60-70 min;C,
F,, resulting in a total acquisition time of about 4 hr. The mixing time was 80
msec.
Kinetic Analyses. The differential equations fitted to the model (see fig. 8) 16
describing the degradation kinetics of KP glucuronides were constructed,
assuming that the acyl migration, hydrolysis, and anomerization follow first-
order kinetics (seé\ppendiy. The equations were solved by a kinetic simu- A
lation program, which uses the Runge-Kutta method as an algorithm and the 2q 2§
steepest descent method for the optimization.

Results

The lability of KP glucuronides in phosphate buffer (pH 7.4) at ¢
37°C was directly examined in the NMR tube. With time, the |ntenS|tymmwwwM
of **C signals due to the gtO-acyl glucuronides decreased with a0 4

concurrent and sequential appearance of several signals at otwwmwww

chemical shifts as shown in figs. 3 and 4. The signalla5.8, which

was well separated from other resonances, was assigned to the ag@wwwwmwuw
cone formed by hydrolysis by comparison of the chemical shift with__— " """~ " , . : . R
that of the authentic:fC]KP. Other signals were obviously because df¢ ¥ 18+ = 183 162 181~ 80 179 78 177 176
the isomeric glucuronides (@-acyl, 3-O-acyl, and 40-acyl), as they
completely disappeared and the signal due to the aglycone increase [*CIKP glucuronide in phosphate buffer (pH 7.4) at 37°C.

by addition of alkaline to the sample (not shown). The signals of the Call spectra were plotted out at the fixed resonance height of the internal standard.

positional isomers were tentatively assigned based on the ordefH# spectra correspond to the following timés:15-25 min;B, 120—-130 mingC,
which they were formed in the incubation mixture, assuming that tP#0-250 min.D, 450460 min, 860—870 min.

2-O-acyl isomer is necessarily formed before th®-&cyl isomeretc

This successive acyl migration between the neighboring hydrogy the acylated carbons oRf- and ©)-2-O-acyl isomers were ob-
groups has been demonstrated in numerous drugs (Blan&ka@it scyred because of the?HO resonance, the chemical shifts were
1978; Bradowet al,, 1989; Hansen-Molleet al, 1988; Nichollsetal.,  jetermined based on the cross peaks. Subsequentfi-the COSY

1996; Sidelmanret al, 1996b). Splitting of the signals for the iso- and TOCSY spectra of the reaction mixture were measured. The
meric glucuronides, except foRk4-O-acyl isomer, was ObserVEdS|gnaIs owing to protons around the glucuronide ring for each iso-

because of formation of both- and g-anomers (approximately 1:1_° . . . . . . .
. . o . meric glucuronide were assigned based on chemical shifts, spin-spin
proportion) by mutarotation after acyl migration (Sidelmagtnal.,
1996a, 1996¢). TheR}-4-O-acyl isomer appeared as a single peak coupling constants, and integrals (Kaspersen and van Boeckel, 1987)
y P gep and on the connectivity information from the COSY and TOCSY

all the experiments.
P experiments (table 1). The protons on the acylated carbons were thus

The assignments of the acyFC signals due to each isomeric-"" o ) ) : ;
glucuronide was confirmed by measurements of the two-dimensiofigigned to the individual isomeric glucuronides. From these experi-

NMR spectra of the reaction mixture. The reaction mixture containifgenta!l results, the acyF’C signals were assigned to the individual
all the isomeric glucuronides was obtained by addition &fil\to the isomeric glucuronides. Consequently, the initial tentative identifica-
solution of [3C]JKP glucuronide followed by freeze-drying and retion based on the order of isomer appearance proved to be correct.
constitution in?H,0. First, the acyl*C signals were assigned to thel herefore, successive acyl migration from the 1 position to the 4
signals owing to the protons on the acylated carbons based onppgition for R)- and §-KP glucuronides can be considered to be
HMBC spectrum (fig. 5). Although the signals owing to the protorgstablished. Also, the splitting of tHéC signals was confirmed as a

d: 4. 3C NMR spectra as a function of time, showing degradation of
(S)r
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Fic. 5. HMBC spectra of the equilibrium mixtures of the isomeric glucuronides formed from{&KP glucuronide (A) and (S)}fC]KP glucuronide (B).

result of anomerization. Th&C signals for the )-4a-O-acyl and signals owing to KP glucuronides and their isomers formed by acyl
(R)-4B-0O-acyl isomers were found to be spectrally coincident. migration were mostly discriminated from one another, although 3

The above experimental results demonstrated that almost all @nhel 3x-O-acyl isomers were not discriminated between tffeiand
isomeric glucuronides including- and B-anomers can be discrimi-S-antipodes. These results show that the reactivity of diastereomeric
nated by the combined use HIC NMR and*3C labeling of the ester glucuronides can be compared under identical physicochemical con-
carbonyl carbon. Fig. 6 showsC NMR spectra of a mixture ofR)- ditions using*>C labeling and NMR. It would be impossible to obtain
and ©)-KP glucuronides dissolved in phosphate buffer (pH 7.4). Tlsech a high specificity of detection by HPLC.
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TABLE 1
*H NMR chemical shifts of the isomers of (R)- and (SEIKP glucuronides obtained by two-dimensional NMR analysis of the reaction mixtures,®

Glucuronide Ring'H NMR Signals 6)

Isomer (R)-[**CIKP Glucuronide 9-[**CIKP Glucuronide

H1 H2 H3 H4 H5 H1 H2 H3 H4 H5
4o 5.28 3.65 3.82 4.90 4.23 5.28 3%8 3.91 4.92 4.20
4B 4.66 3.35 3.62 4.92 3.88 4.67 3.38 3.71 4.94 3.84
3a 5.27 3.73 5.20 3.58 4.14 5.23 3%5 5.20 3.67 4.17
3B 4.73 3.44 5.01 3.60 3.79 4.71 3.36 5.01 3.69 3.82
2a 5.28 4.77 3.90 3.60 4.09 5.39 4.7% 3.88 3.58 4.13
2B 4.62 4.74 3.68 3.60 3.71 b 4,78 —° —° —°

@ Although the coupling pattern is obscured because of the complexity of the spectra, the chemical shift is determined based on the correlation signals
b The signal is presumed to be concealed behind tFieQHsignal.
¢ The signal cannot be assigned because of the crowded spectrum.

104 A
(R-1B | | (5)1B
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(512 ERNR
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180 179 178 177 3
PPM £
Fic. 6. *3C NMR spectra of an equimolar mixture &)¢ and (S)-[**C]KP g
glucuronides in phosphate buffer (pH 7.4) at 37°C. E_
The spectra correspond to the following timegper trace 20—40 minjower trace 3
420-440 min. The signal due to KP appeare@X85.8 as shown in figs. 3 and 4. ]
The amounts of KP glucuronide, its isomers, and aglycone present 1
in the NMR tube were calculated using the resonance-height ratios of o1 - ———

these nuclevs. the internal standard (dioxaréé>C 70). Because the 0 3 6 9 12 15
monitored nuclei were all quaternary carbons, NMR characteristics Time (hr)

(nuclear Overhauser enhancements and spin-lattice relaxation times) 7. An example of profiles for acyl migration, hydrolysis, and mutarotation
and sensitivity were considered to be very similar. In support of thiseactions of (R)-*CIKP glucuronide (A) and (S)}’C]KP glucuronide (B) in
assumption, the sum of the ratios at each time point was almost phosphate buffer (pH 7.4) at 37°C.

constant (coefficient of variation 4%). Therefore, € NMR sen- As the individual NMR spectra were accumulated over 10 min, the midpoint was
fFER ; e d as the time data poirt. ¢, 153; @, 283; O, 2«; A, 3B; A, 3w; O, 48 and 4y;

smw_ty of KP glucuronide, its isomers, and aglycone can be regarctlgfﬁm B: ¢, 16 @ 28O, 2 A, 36: A, 3: B, 48 [, da: X, KP. The simulated

as virtually the same and the ratios directly compared to one anot@gfes obtained from the calculated reaction rate constants are represented by the

The ratios were converted to micromoles as describellléthods dotted lines

The time-course of the acyl migration and hydrolysis of each KP

glucuronide is shown in fig. 7R)- and §-KP glucuronides showed consistent with those of other workers (Blanckaettal, 1978;
pseudo first-order degradation kinetics and apparently disappeareBratiow et al,, 1989; Nichollset al, 1996) except for the study of
4.0 and 5.6 hr after dissolution, respectively. These results indicditunisal glucuronide isomers assayed with HPLC (Hansen-Meller
that acyl migration from the 1 position to the 2 position of botal., 1988). Acyl migration of KP glucuronide to thgd20-acyl isomer
glucuronides is irreversible, which is consistent with the notion thaias found to be a major pathway of transformation for the degrada-
acyl migration of the B-O-acyl isomer to the g-O-acyl isomer is tion, whereas the competing reaction of hydrolysis to KP was only
thermodynamically unfavorable. In contrast, the acyl migration reaninor under the conditions examined.

tions between D-acyl and 3©-acyl isomers, and 8-acyl and  The disappearance dR(-KP glucuronide t;,, = 0.66 = 0.092 hr)
4-O-acyl isomers are probably reversible. These observations wes found to be much faster than that d)-KP glucuronide
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kipxp times larger than that of§-KP glucuronide, whereas the hydrolysis
18— KP was not stereoselective. Thus, stereoselectivity in the disap-
pearance of KP glucuronide is because @428 acyl migration.
Acyl migration of all the isomeric glucuronides showed relatively
similar rate constants, which were smaller than those for the initial
18—2B acyl migration. The rate constants for hydrolysis were one
order of magnitude smaller than those for acyl migration, although
18—KP hydrolysis was significantly faster than the hydrolysis of
Kag-ap other isomeric glucuronides. Anomerization of all the isomeric glu-
curonides showed similar rate constants for reaction in either direc-
tion, a—B or B—«, and were much larger than those for acyl
migration and hydrolysis. These results are consistent with the ap-
pearance of twin resonances duentoand B-anomers on the spectra
shown in figs. 3 and 4 and indicated that on|§-%23 acyl migration

has significant stereoselectivity.

Feop-ap kap-ap

i kap-2p IS_BI Kap-ap

’chx-ZB kap-a [k(ia-sﬁ /‘4[14%

k2u-3a kaot-4u

Kip-2p

kop-20,

-—

kaq-kp

Fic. 8. Kinetic model for the acyl migration reactions of KP glucuronides. . .
Discussion

In the case ofR)-KP glucuronide, the 4-O-acyl and $8-O-acyl isomers are not )
discriminated because of spectral coincidence, and thus the model is simplified. The resolution of**C-labeled compounds by NMR spectroscopy

largely depends on the labeled position. In our previous paper (Akira

(t,» = 1.26 = 0.074 hr). To evaluate the stereoselective reactivity afd Shinohara, 1996), the lability of KP glucuronides was investi-
(R)- and ©)-KP glucuronides in detail, the individual rates of acyyjated using a diastereomeric mixture of [metfSG]KP glucuronides
migration, hydrolysis, and anomerization were calculated based onahd*3C NMR spectroscopy with the aid of methglcyclodextrin as
kinetic model shown in fig. 8 using a kinetic simulation program. Thee shift reagent. The results of this study suggested that the glucu-
model assumes that the acyl migration reactions are reversible excepides were susceptible to acyl migration as well as hydrolysis under
for the initial acyl migration (B—28) and occur between the neighphysiological conditions, although NMR spectral resolution was poor.
boring glucuronic acid hydroxyl groupsa ortho-acid ester interme- Recently, the individual glucuronides oR) and §)-[carboxyl-
diates. In the case oRJ-KP glucuronide, the 4-O-acyl and $-O- *°C]KP were prepared in our laboratory (Akimt al, 1997b) to
acyl isomers were not discriminated because of spectral coinciderimgrove spectral resolution between the glucuronide, aglycone, and
Sidelmanret al. (1996b) have constructed a kinetic model describingomeric glucuronides. In this paper, we have investigated the differ-
the degradation kinetics oftO-acyl glucuronide of a model drugence in reactivity between the diastereomers and the reaction kinetics
assuming that no hydrolysis of the isomeric glucuronides occus$.acyl migration and hydrolysis using these labeled compounds and
However, in our case, the concentrations of aglycone significantRC NMR spectroscopy.
increased after KP glucuronide had disappeared, implying that thécyl glucuronides can be considered as reactive metabolites as they
isomeric glucuronides were susceptible to hydrolysis (Vollahdl, can irreversibly bind to endogenous proteins. Stereoselective covalent
1991). Thus, the above kinetic model includes the hydrolysis pathwaybiofding with plasma protein has been establisieditro for KP
isomeric glucuronides. Differential equations fitted to the model wegicuronides (Preslet al, 1996), although covalent binding of KP
constructed and solved as describedMethods The calculated rate glucuronides to proteing vivo has not been reported. In contrast,
constants for acyl migration, hydrolysis, and anomerization reactions @mneg-protein adducts have been obserwedvivo with fenoprofen
presented in table 2. The simulated curves obtained from those calcul@@dland et al, 1991). Our results have shown th&){KP glucuro-
rate constants are shown @astted linesn fig. 7. nide is more susceptible to the covalent binding to proteiasacyl

The rate constant for acyl migration of34>28 was much larger migration than its corresponding antipode. In healthy humans, KP is
than that for hydrolysis of B—KP in all KP glucuronides. The rateextensively metabolized to diastereomeric KP glucuronides and
constant of acyl migration 328 of (R)-KP glucuronide was two readily excreted in the urined. 70% of dose in 24 hr). The diaste-

TABLE 2

Rate constants (hr) for acyl migration, hydrolysis, and mutarotation of (R)- and (S)-KP glucuronides and their positional isomers calculated based on the kinetic
model shown in fig. 8

Acyl Migration Hydrolysis Mutarotation
R S R S R S

18—-2B 1.04+ 0.158 0.52+ 0.029 B—KP 0.03* 0.005 0.04+ 0.005 B2 3.53* 0.462 4.50+ 0.866
2B—3B 0.25%+ 0.040 0.29+ 0.059 PB—KP 0.01+ 0.002 0.01* 0.001 2—23 3.17+ 0.416 3.93+ 0.723
2a—3a 0.24* 0.025 0.14+ 0.069 2—KP 0.01+ 0.005 0.01*+ 0.003 PB—3a 2.83+0.289 3.97+ 0.666
3B—28 0.18+ 0.021 0.17+ 0.047 P—KP 0.01+ 0.001 0.01+ 0.004 H—36 3.07* 0.252 4.27+ 0.839
3a—2a 0.19+ 0.023 0.11+ 0.058 H—KP 0.01+ 0.001 0.01+ 0.001 B—4a — 3.47* 0.681
3B—4p3 — 0.14* 0.021 B—KP — 0.01+ 0.002 —43 — 3.90+ 0.608
3a—4a — 0.21+ 0.006 Ly—KP — 0.01+ 0.001
4B—3B — 0.21+ 0.029 4 B—KP 0.02+ 0.013 —
4o—3a — 0.29+ 0.035
3B—4ap 0.11+ 0.023 —
3a—4af 0.11+ 0.012 —
4aB—3B 0.11+ 0.012 —
4af—3a 0.10=* 0.000 —

@Values are means standard deviations of triplicate experiments.
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Differential equations for the kinetic model [eqs. 1-7 fdR)~(
[*°C]KP glucuronide, egs. 8—15 forSf[**C]KP glucuronide] are
shown below. Xz, X5, Xz4, Xz, X3,, and X, denote the amounts
of KP glucuronide, B-O-acyl, 2x-O-acyl, 33-O-acyl, 3x-O-acyl iso-
mers and KP, respectively ., X,,, and X,z denote the amounts of
(9-4B-O-acyl and §-4a-O-acyl isomers and the total amounts of

Appendix

(R)-4B-O-acyl and R)-4a-O-acyl isomers, respectively.

dXqp
dt

dXap
dt

dXz,
dt

dt

dx3a
dt

= - (km—zs + km—KP) : xlB

= le—ZB : XlB - (kZB—3B + k26—20¢ + k2B—KP)

*Xap + Kag25* Xag + Kooz Xaa

= szs—za : Xz;s — (Kog—za kza—zﬁ + Kou—xp)

: Xth + k3a*2a . X3u¢

= k25—3g : sz - (k33—23 + k3p—4aﬁ + k3;s—3a + k3p—KP)

* Xap + Kag—zp* Xza T Kaap-35* Xaap

= kza—sa * XKoo — (kSa—za + k3a—4aﬁ + kau—3ﬁ + kSa—KP)

*Xao + k3p—3a . X33 + k4ap—3a . X4o¢ﬁ

(1)

(2)

(3)

(4)

(5)
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dXAaB

dt

QXKP

dt

18
dt

deB
dt

dX,,
dt

dt

dXs,
dt

dX 45
dt

dx4a
dt

dXke

dt

= k3p—4aB : XBB - (k4aB—3B + k4ap—3a + k4aﬁ—KP)

* Xaap T k3a—4aﬁ * X3a

= le—KP * Xyt kZB—KP *Xop + Kaa—kp * Xoa + k3/3—KP
. Xs;s + kaa—KP *Xgo T k4aB—KP' X4aB

= - (klﬁ—m + klﬁ—KP) : XlB

= klﬁ—zﬁ : Xm - (kzs—ss + kzs—za + kzg—KP)

* Xap + Kag25 Xap + Koo 25" Xoa

= k2/3—2a . Xz;s = (Kog—3a + kZu—ZB + Kao—kp)

: X20¢ + k3a*2a : X3a

= kzp—3p : XZB - (ksﬁ—zs + k33—43 + k3;3—3a + ksﬁ—KP)
. xs;; + k3a—35 * Ko k43—3/3 : X4;3

= Kog-30 " X20 = (Kaa-24 T Kag—sa + Kaaozs + Kaoip)
* Xz T+ k3;s—3a : X3B + k4a—3a * Xia

= k3/3—4/3 . X3B - (k45—35 + k4/3—4a + kAB—KP)

*Xyp t+ k4m—4[3 * KXo

= k3a—4a *Xze — (kAa—sa + k4a—4s + k4a—KP)

° X4a + k43—4a : X4;3

= kl/s—KP . X1B + kzg—KP . X2B + Kokp * Xoo + k3/3—KP

*Xgp + Kaa—kp * Xza + k4B—KP < Xgp + Kaa—kp * Xaa

(6)

()

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)



