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Carvedilol is administered orally as a racemic mixture of R(+)- and S(—)-enantiomers for treatment of
angina pectoris, hypertension and chronic heart failure. We have reported that enzyme kinetic parameters
for carvedilol glucuronidation by human liver microsomes (HLM) differed greatly depending on the sub-
strate form, namely, racemic carvedilol and each enantiomer. These phenomena were thought to be caused
by mutual inhibition between carvedilol enantiomers during racemate glucuronidation. The aim of this study
was to clarify the mechanism of these phenomena in HLM and human intestinal microsomes (HIM) and
its relevance to uridine 5’-diphosphate (UDP)-glucuronosyl transferase (UGT) 1A1, UGT2B4 and UGT2B7,
which mainly metabolize carvedilol directly in phase II enzymes. HLM apparently preferred metabolizing
($)-carvedilol to (R)-carvedilol in the racemate, but true activities of HLM for both glucuronidation were
approximately equal. By determination of the inhibitory effects of (S)-carvedilol on (R)-carvedilol glucuroni-
dation and vice versa, it was shown that (R)-carvedilol glucuronidation was more easily inhibited than was
(§)-carvedilol glucuronidation. UGT2B7 was responsible for ($)-carvedilol glucuronidation in HLM. Ratios
of contribution to (R)-carvedilol glucuronidation were approximately equal among UGT1Al, UGT2B4 and
UGT2B7. However, enzyme kinetic parameters were different between the two lots of HLM used in this
study, depending on the contribution ratio of UGT2B4, in which (R)-glucuronidation was much more easily
inhibited by (S§)-carvedilol than was (S)-glucuronidation by (R)-carvedilol. Meanwhile, HIM preferred me-

tabolizing (R)-carvedilol, and this tendency was not different between the kinds of substrate form.
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Many drugs are administered orally as racemic mixtures
because of the difficulty or high cost of selective synthesis
of one optical isomer. A pair of enantiomers has the same
physicochemical properties including melting point, boiling
point and solubility without optical rotation. Both enantiomers
have been thought to be recognized by the same enzyme in a
metabolic process because of the similarity of their chemical
structures. However, these enantiomers are recognized as dif-
ferent chemical compounds in vivo, and pharmacological and
pharmacokinetic properties often differ between enantiomers.”
In fact, there have been several reports of interaction between
enantiomers via a metabolic enzyme.>?

Carvedilol is an antihypertensive and antianginal drug that
favorably combines p-adrenergic blocking and vasodilating
activities as a result of o-blocking action.*” Carvedilol is also
administered orally as a racemic mixture of R(+)- and S(—)-
enantiomers.

It is known that carvedilol is metabolized through multiple
pathways. The enzymes that are involved in its metabolism
are cytochrome P450 (CYP) 2D6 and CYP2C9 as phase I
enzymes and uridine 5’-diphosphate (UDP)-glucuronosyl
transferase (UGT) 1A1, UGT2B4 and UGT2B7 as phase II
enzymes.5"

CYP2D6 and CYP2C9 have been reported to metabolize
(S)-carvedilol more rapidly than (R)-carvedilol.® Several stud-
ies have shown that the activity of CYP2D6 has a greater ef-
fect on the pharmacokinetics of carvedilol than does the activ-
ity of CYP2C9 and that a poor metabolizer form of CYP2D6
eliminated carvedilol from serum more slowly than did an
extensive metabolizer form though this difference was not
observed in CYP2C9.5~1)

On the other hand, stereoselective metabolism of carvedilol
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by the three isoforms of UGT has been reported by several
groups.”'*1? UGT1A1 prefers metabolizing (R)-carvedilol to
(S)-carvedilol, while UGT2B7 prefers (S)-carvedilol. In the
case of UGT2B4, the rate of (S)-carvedilol glucuronidation
is slightly higher than that of (R)-carvedilol. Moreover, we
have reported that mutation of G71R in UGT1Al and muta-
tions of A71S and H268Y in UGT2B7 decrease the activity of
carvedilol glucuronidation in an in vitro assay and that poly-
morphism of UGT2B7*3 (211G>T, A71S) decreases clearance
of carvedilol in patients with chronic heart failure.'>'¥

We have also reported that the rate of (S)-carvedilol
glucuronidation by pooled human liver microsomes (HLM)
was much higher than that of (R)-carvedilol when racemic
carvedilol was used as a substrate but that a difference be-
tween the rates of (R)- and (S)-carvedilol glucuronidation was
not observed when each enantiomer was used as a substrate.'?
Moreover, we have demonstrated that values of V_,, and
Vax!Kyy of both (R)- and (S)-carvedilol glucuronidation by
HLM in the case of each enantiomer as a substrate are much
higher than those in the case of racemic carvedilol and that
(R)- and (S)-carvedilol might mutually inhibit the glucuroni-
dation.!?

The aim of this study was to clarify whether these phenom-
ena have generality and are observed in HLM and pooled hu-
man intestinal microsomes (HIM) and to elucidate the details
of mutual inhibition between carvedilol enantiomers during
racemate glucuronidation mediated by HLM and HIM and its
relevance to UGT1A1, UGT2B4 and UGT2B7.

MATERIALS AND METHODS

Chemicals and Reagents (*)-Carvedilol was kindly

© 2012 The Pharmaceutical Society of Japan
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Fig. 1. Glucuronidation Reaction of Racemic Carvedilol

supplied by DAIICHI SANKYO Co. (Tokyo, Japan). R(+)-
carvedilol and S(—)-carvedilol were purchased from Toronto
Research Chemicals Inc. (Ontario, Canada). Alamethicin
and mefenamic acid were obtained from Sigma-Aldrich (St.
Louis, MO, U.S.A.). UDP-glucuronic acid trisodium salt was
purchased from Wako Pure Chemicals (Osaka, Japan). Pooled
human liver microsomes (HLM) (Product. No. X008011 as
Lot B and X008012 as Lot A in this study) and pooled human
intestinal microsomes (HIM) (Product. No. X02801) were pur-
chased from Iz Vitro Technologies, Inc. (Baltimore, Maryland,
U.S.A). Microsomes of S9 cells expressing recombinant
UGT1Al, UGT2B4 and UGT2B7 (SUPERSOMES®) were pur-
chased from BD GENTEST (Franklin Lakes, NJ, U.S.A). All
other reagents were of the highest grade available.

Assay for Carvedilol Glucuronidation Carvedilol gluc-
uronidation using HLM was assayed according to our previous
study.'”® The reaction mixture contained carvedilol, 0.05mg/
mL microsomal proteins (HLM, HIM, recombinant UGT1Al,
UGT2B4, and UGT2B7), 10mm MgCl,, 2mm UDP-glucuronic
acid, and 12.5pg/mL alamethicin in 50mm Tris—HCI buffer
(pH 7.4) in a final volume of 80uL. After preincubation at
37°C for 5min, the reaction was initiated by the addition of
UDP-glucuronic acid. The mixture was incubated for 0.5—3h
at 37°C. Then the reaction was terminated by the addition of
80 L of acetonitrile and 40uL of methanol containing 20ug/
mL flecainide acetate as an internal standard. After removal
of the protein by centrifugation at 14000Xg for 10min at 4°C,
120uL of chloroform was added to 120uL of the supernatant
to remove unreacted carvedilol. The mixture was vortexed for
2min and was then centrifuged at 14000Xg for 5Smin at 4°C,
Forty micro liters of the supernatant were injected into an
HPLC system.

Inhibitory assays were performed using (R)-carvedilol
(0.2—50umM) in the case of (S)-carvedilol as a substrate, (5)-
carvedilol (0.2—50um) in the case of (R)-carvedilol as a sub-
strate, or mefenamic acid (1I-—500uM), and other conditions
were the same.

Drug Assay A drug assay was carried out by reversed-
phase high-performance liquid chromatography (HPLC)
with a fluorometric detector according to our previous study
with minor modification.'? Namely, the separation was per-

formed on a L-column ODS 4.6 mm i.d.X150mm, Chemicals
Evaluation and Research Institute, Tokyo, Japan). For quanti-
fication of two carvedilol glucuronides derived from (R)- and
(S)-carvedilol, the mobile phase was a mixture of methanol
and 50mM potassium dihydrogenphosphate (44:56) and col-
umn temperature was 50°C. The flow rate was [.OmL/min.
Excitation and emission wavelengths of 240nm and 340nm,
respectively, were used for fluorometric detection.

Carvedilol was used as the standard assuming the same flu-
orescence intensities of carvedilol and its glucuronide because
glucuronic acid connected site of carvedilol was not related
with resonance (Fig. 1).

Western Blot Analysis HLM and HIM were separated
by 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis. The gel was transferred onto a nitrocellulose
membrane and probed with mouse anti-human UGT (1Al
or 2B7) antisera (1:500 dilution). An anti-mouse immuno-
globulin G (IgG) goat antibody conjugated with horseradish
peroxidase was used as the second antibody, and the resulting
immunocomplexes were visualized using enhanced chemi-
luminescence (ECL) Western blotting detection reagents (GE
Health Care Bio-Sciences KK, Tokyo, Japan) and exposed on
X-ray films.

Data Analysis Data are expressed as means®tS.D. in
figures and tables. Normally distributed measurements were
compared by the Student’s #test and nonnormally distributed
measurements by the Cochran—Cox test. The kinetic param-
eters were calculated using OriginPro. ver. 8.1 (OriginLab
Corp.) by curve fitting to the following equations:

Michaelis—Menten equation

_ Vi X[S]

TS M

where V is velocity of glucuronidation, [S] is concentration of
the substrate, ¥, is maximum velocity of glucuronidation,
and X is Michaelis constant.

Two-enzyme Michaelis—Menten equation

_ Vmaxl X [S] VmaxZ X [S] 2
VK S Ko +1S) @

Michaelis—Menten and nonsaturated component equation
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Fig. 2. Concentration Dependency (Top) and Eadie—~Hofstee Plot (Bottom) of Glucuronidation Rate of (R)- and (S)-Carvedilol by HLM Lot A, Lot
B and HIM

Racemate was used as a substrate in the left graph, and each enantiomer was used as a substrate in the right graph. Racemic carvedilol (0.2—50uuM as a single enantio-
mer concentration) and (R)- or (S)-carvedilol (0.4—100umM) was incubated for 30min. Each point represents the mean®S.D. of three independent measurements.

Vinax XS]
p=-I2 22 +ax[S
K, 7S] [S] 3)
where ‘a’ is a constant that is involved in the nonsaturated
component.
Construction of Competitive and Noncompetitive

Mutual Inhibition Michaelis—Menten Equations Since a
racemate was used as a substrate, a mutual inhibition model
and enzyme velocity equation were constructed according to
Segel’s method. Namely, the generally used competitive in-
hibition model (Eq. 4) and non-competitive inhibition model
(Eq. 5) were slightly modified. If one enantiomer inhibits
enzyme reaction of the other enantiomer in the racemate,
inhibitor concentration [I] is equal to substrate concentration
[S] in Egs. 4 and 5. Inhibition constant X; is approximated
to K, of the antipode (K., suipoqe)- 10 this study, Eqs. 6 and 7,
competitive and non-competitive mutual inhibition models,
respectively, were derived from this hypothesis.
Competitive inhibition Michaelis—Menten equation:

Vinax X[S]

[1+—[Igijm+[S]

i

Q)

where [1] is concentration of the inhibitor and X is inhibition
constant.
Non-competitive inhibition Michaelis—Menten equation:

V

Vo XI5]
[1 + %) X(Kn +[SD

®)

Competitive mutual inhibition Michaelis—Menten equation:

V=

_ Vinax X[S]
(H—[S-LJXK,H +[8]

m antipode

©)

Non-competitive mutual inhibition Michaelis—Menten equa-

tion:
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Fig. 3. Inhibitory Effects of Carvedilol Enantiomer on Glucuronidation of Its Antipode by HLM Lot A (a), Lot B (b), and HIM (c)
(R)- or (S)-carvedilol (0.51m) as a sustrate was incubated in the absence and presence of its antipode (0.2—50um) for 30min (HLMs) and 1h (HIM). Each point repre-

sents the mean*S.D. of three to four independent measurements.

Table 1. Kinetic Parameters of Carvedilol Glucuronidation by HLM Lot A, Lot B, and HIM

(R)-Glucuronidation ($)-Glucuronidation
Enzyme Substrate Veaas (pmol/ Vioax (pmol/
source K, (uv) min/mg a K, (pov) min/mg a
protein) protein)

| HLM Lot A Racemate 3.70=0.39 137+2.4 0.129x0.023 4.18%0.85 22.6%+1.6 0.795+0.022
] Enantiomer 17.1%£7.3* 39.8+10.7* 0.712£0.038* 6.91£0.92* 26.5+3.8 0.852+0.076

HLM Lot B Racemate 6.57=0.31 39.6x1.9 - 13.2+0.84 97.6x4.4 S

Enantiomer 65.153.5%* 274x5.1%* - 32.2£2.6%* 166x7.1%* -

HIM Racemate 14.4%1.0 14.8%1.2 - 6.57+0.71 2.65%0.72 -

Enantiomer 26,1324 24.4x1.1%* - 26.0x3.7* 6.58+0.26%* -

yo Vo X[
[1+-[-S—1~ﬁjx(Km +[SD M
m antipode
RESULTS

Evaluation of Effects of Mutual Interaction between
Carvedilol Enantiomers During Racemate Glucuronidation
by HLM and HIM We investigated the concentration de-
pendency of rates of glucuronidation of (R)- and (S)-carvedilol

The data of HLM Lot A were fitted to Michaelis—Menten and unsaturated component equation (Eq. 3). The data of HLM Lot B and HIM were fitted to Michaelis—
Menten equation (Eq. 1). Each value represents the estimate=S.D. of three independent measurements. *p<<0.05, **p<0.01 compared with racemate.

by two lots of HLM and HIM and metabolic profiles by
Eadie—Hofstee plot analysis. The results are shown in Fig, 2.
Using racemic carvedilol as a substrate, we observed that the
rate of (§)-carvedilol glucuronidation was higher than that
of (R)-carvedilol glucuronidation by both HLM Lot A and
Lot B. The rates of both (R)- and (S)-carvedilol glucuronida-
tion in the case of using each enantiomer as a substrate was
higher than those in the case of using racemate as a substrate.
However, the glucuronidation rate in Lot B was being satu-
rated in high concentration range but that in Lot A was not.
Moreover, Eadie—Hofstee plot analysis showed one compo-
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Anti-UGT1A1 antibody

Anti-UGT2B7 antibody

Fig. 4. Western Blot Analysis of HLM and HIM with Antisera against
Human UGT1AI (Top) and UGT2B7 (Bottom)

Recombinant UGTIAT and UGT2B7 were used as positive controls.

nent in HLM Lot B and two distinct components in Lot A
(Figs. 2C,D). On the other hand, the rate of (R)-carvedilol
glucuronidation was superior to that of (S)-carvedilol by
HIM in contrast to HLMs (Fig. 2). Moreover, this superiority
of (R)-carvedilol glucuronidation was not changed by using
enantiomer as a substrate, although the rates of (R)- and (5)-
carvedilol glucuronidation were higher than those in the race-
mate as substrate. Then kinetic parameters were calculated by
curve fitting to Eqs. 1—3. Table 1 shows kinetic parameters
of carvedilol glucuronidation by these enzyme sources. The
data from HLM Lot A were fitted to the Michaelis—Menten
and nonsaturated component equation (Eq. 3). The data from
HLM Lot B and the HIM were fitted to Michaelis—Menten
equation (Eq. 1). The all values of V_,, in enantiomer except
for (§)-glucuronidation by HLM Lot A were significantly
higher than those in racemate (Table 1).

Figure 3 shows that the inhibitory effects of (S)-carvedilol
on glucuronidation of (R)-carvedilol (0.5um) by HLM Lot
A, Lot B and HIM as enzyme sources, and vice versa. (S)-
Carvedilol markedly reduced the rate of (R)-glucuronidation
by both HLMs, and calculated IC;; values in Lot A and Lot
B were 3.51£0.45um and 10.42:0.5 um, respectively. Inhibitory
effects of (R)-carvedilol on (S)-glucuronidation were weaker
than those of (S)-carvedilol, and calculated IC,, values in Lot
A and Lot B were 20.6+4.2um and 260107 um, respectively.
On the other hand, there was not so much difference in inhibi-
tory effects between (R)- and (S)-carvedilol in HIM (8.82%2.1,
16.5=1.1 um).

We checked expressions of UGT1A1 and UGT2B7 in HLM
and HIM by Western blotting (Fig. 4). The results showed
that UGT2B7 was expressed in both HLMs and HIM but that
UGT1A1 was expressed only in HLM.

Evaluation of Effects of Mutual Interaction between
Carvedilol Enantiomers during Racemate Glucuronidation
by UGT Isemers with Ability of Carvedilol Glucuronidation
The rate of carvedilol glucuronide formation as a function of
substrate concentration was measured using microsomes of S9
cells expressing recombinant UGT1A1, UGT2B4 and UGT2B7
(SUPERSOMES®), which were responsible for glucuronida-
tion of carvedilol.”" The results are shown in Figs. 5A,B for
UGTI1AlL, in Figs. 5C,D for UGT2B4 and in Figs. 5E,F for
UGT2B7. Kinetic parameters were calculated by using the
Michaelis—Menten equation (Eq. 1) (Table 2).

(R)-Carvedilol was metabolized by UGT1Al more rapidly

155

than was (S)-carvedilol when the racemate or each enantiomer
was used as a substrate (Figs. 5A,B). The ratios of ¥, ,, value
of (R)-glucuronidation to (S)-glucuronidation (R/S) were 7.3
(racemate) and 6.8 (enantiomer).

(S)-Carvedilol was metabolized by UGT2B4 more rapidly
than was (R)-carvedilol when the racemate was used as a sub-
strate (Figs. 5C,D), and R/S ratio was 0.56. On the other hand,
when each enantiomer was used as a substrate, (R)-carvedilol
was metabolized much more rapidly than was (S)-carvedilol,
and the R/S ratio was 6.2.

As for UGT2B7, (S)-carvedilol was metabolized more
rapidly than was (R)-carvedilol when the racemate or each
enantiomer was used as a substrate Figs. 5E,F, and R/S ratios
were 0.11 and 0.13, respectively. Eadie—Hofstee plot analysis
showed one component in all three UGT isoforms (data not
shown).

Inhibitory effects of (S)-carvedilol on glucuronidation® of
(R)-carvedilol (0.5u4M) by UGT1Al, UGT2B4 and UGT2B7
and vice versa are shown in Fig. 6. (S)-Carvedilol mark-
edly reduced the rate of (R)-glucuronidation by UGTI1AIL,
and the calculated IC,, value was 12.7x3.2um. Similarly,
(R)-carvedilol reduced the rate of (S)-glucuronidation and the
calculated IC;, value was 11.5£2.4 um. (S)-Carvedilol reduced
the rate of (R)-glucuronidation by UGT2B7, and the calcu-
lated IC;, was 59.0£8.6um. Similarly, (R)-carvedilol reduced
the rate of (S)-glucuronidation, and the calculated IC,, was
57.1%4.5 um. Inhibitory effects on glucuronidation by UGT2B7
were weak compared to those on glucuronidation by UGT1AL
On the other hand, as for UGT2B4, (S)-carvedilol markedly
reduced the rate of (R)-glucuronidation, but the inhibitory ef-
fect of (R)-carvedilol on (S)-glucuronidation was very weak
(ICs, values: 6.6+1.1um versus 16930 um).

Evaluation of the Contribution of Each UGT Isomer
to Carvedilol Glucuronidation in HLM and HIM by the
Inhibitory Effect of Mefenamic Acid Mefenamic acid is
known as a typical inhibitor of UGT2B7.!” We therefore ex-
amined the effects of mefenamic acid on carvedilol glucuroni-
dation by not only UGT2B7 but also UGTIAI and UGT2B4.
Racemic carvedilol and (R)- and (S)-carvedilol were used as
substrates, and substrate concentrations were 0.8 um and 50 um.
The results are shown in Fig. 7 (0.8 um) and Fig. 8 (50 um).

There were differences in effects of mefenamic acid on
carvedilol glucuronidation among the three UGT isoforms.
Activity of carvedilol glucuronidation by UGT2B7 was
decreased to about 20—50% of the control by 1um of mef-
enamic acid, and it was decreased to 0—10% of the control
by mefenamic acid at concentrations above 10um. UGT1Al
activity was inhibited mildly by mefenamic acid compared to
the effect on' UGT2B7 activity. In the presence of 10um and
100um mefenamic acid, activities of carvedilol glucuronida-
tion were decreased to about 80% and 20% of the control,
respectively. These tendencies of inhibition were observed in
(R)-glucuronidation and (S)-glucuronidation by both UGT2B7
and UGT1Al with no dependence on substrate concentra-
tion. Moreover, UGT2B4 activity was hardly inhibited by low
concentration of mefenamic acid compared to the effects on
UGTIAL1 activity. Namely, 100um mefenamic acid had little
inhibitory effect on activity of carvedilol glucuronidation. In
the case of a substrate concentration of 0.8uM, activities of
carvedilol glucuronidation were decreased to 40—60% of the
control in the presence of 500um mefenamic acid. In the case
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Fig. 5. Concentration Dependency of Glucuronidation Rate of (R)- and (S)-Carvedilol by Recombinant UGT1Al, UGT2B4 and UGT2B7

Racemate was used as a substrate in the left graph, and each enantiomer was used as a substrate in the right graph. Racemic carvedilol (0.4—50um as a single enantio-
mer concentration) and (R)- or ($)-carvedilol (0.8—100uM) was incubated for 2h. Each point represents the mean=S.D. of three independent measurements.

of a substrate concentration of 50uM, only (R)-glucuronidation We then examined the effects of mefenamic acid on
from the (R)-enantiomer was decreased to about 40% of the carvedilol glucuronidation by HLM Lot A, Lot B and HIM
control by 500 um mefenamic acid. as well as recombinant UGTs. Substrate concentrations were
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Table 2. Kinetic Parameters of Carvedilol Glucuronidation by Recombinant UGT1A1, UGT2B4 and UGT2B7

(R)-Glucuronidation (S)-Glucuronidation
Enzyme source Substrate v v
K Gy (pmol/min}nr;;g protein) Ko (1) (pmol/min}nr;xg protein)

UGTI1Al Racemate 5.61x1.06 2.39:+0.32 4.30+1.96 0.328+0.018
Enantiomer 1.40x1.1%* 5.92+1.31%* 13,1623 0.900+0.170*

UGT2B4 Racemate 2.06%0.60 0.934x0.122 3.51+0.93 1.67=0.18
Enantiomer 79.4+8.4** 29.61.4%% 3.09%£0.12 2.07+0.10

- UGT2B7 Racemate 9.31x1.78 5.52x0.09 12.3%34 48.1x1.7

Enantiomer 34.5+8.6% 13.4%0.8%* 33.0%£2.4* 103x=11*

The data were fitted to the Michaelis—Menten model (Eq. 1). Each value represents mean=S.D. of three independent measurements. *p<0.05, **p<0.01 compared with
racemate.
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Fig. 6. Inhibitory Effects of Carvedilol Enantiomer on Glucuronidation of Its Antipode by UGT1A1 (a), UGT2B4 (b), and UGT2B7 (¢)

(R)- or (S)-Carvedilol {0.5um) as a sustrate was incubated in the absence and presence of its antipode (0.2—30um) for 2h (UGTIAL), 3h (UGT2B4) and 1h (UGT2B7).
Each point represents the mean®S.D. of three to four independent measurements.

0.8um and 50um, but the concentration was only 50uM in tion,

HIM because the amount of HIM with the same lot was not As for HIM, activity of (R)-glucuronidation was decreased
enough to examine at both 50um and 0.8um. The results are  to about 90% of the control in the presence of 10um mef-
shown in Fig. 7 (0.8 um) and Fig. 8 (50um). When HLMs were  enamic acid when both the racemate and each enantiomer
used as enzyme sources, differences in inhibitory effects of were used as substrates, and 100xM mefenamic acid reduced
mefenamic acid on carvedilol glucuronidation between Lot the activity of (R)-glucuronidation to about 30% of the
A and Lot B were observed.. Inhibitory effects of mefenamic  control. Activity of (S)-glucuronidation was decreased to
acid on (§)-glucuronidation by Lot B were less than those by  50—60% of the control in the presence of 10um mefenamic
Lot A. In the presence of 500uM mefenamic acid, 20-—30% of  acid, and 500um mefenamic acid reduced the activity of (S)-
the activity of the control remained. This tendency was more glucuronidation to less than 10% of the control.

prominent under a high substrate concentration (50 um) condi- Application of Data Obtained in This Study to
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Fig. 7. Inhibitory Effects of Mefenamic Acid on the Formation of Carvedilol Glucuronide from a Low Concentration of Carvedilol (0.8um as a
Single Enantiomer Concentration) by Recombinant UGTIAL, UGT2B4, UGT2B7, HLM Lot A, and Lot B

Each incubation time was 2h (UGT1A1), 3h (UGT2B4), 1h (UGT2B7) and 30min (both HLMs). Each column represents the mean with S.D. of three independent

measurements.

Competitive and Noncompetitive Mutual Inhibition
Michaelis-Menten Equations Then data obtained by using
recombinant UGTs in this study (Table 2, enantiomer as a sub-
strate) were fitted to Egs. 6 and 7. As shown in Fig. 9, actual
measured values of (R)-glucuronidation from racemate were
fitted with competitive inhibition simulated curves in all UGT
isoforms. On the other hand, actual measured values of (S)-
glucuronidation from the racemate were fitted with competi-
tive inhibition simulated curves in UGT 2B4 and UGT2B7 as
well as (R)-glucuronidation. However, in UGT1AL, these were
not fitted with both competitive and non-competitive inhibi-
tion simulated curves.

DISCUSSION

We examined the concentration dependency and Eadie—
Hofstee plot analysis of glucuronidation rates of (R)- and
(S)-glucuronidation by HLMs and HIM in order to determine
whether there were differences in enzyme kinetics and stereo-
selectivity among racemic carvedilol and each enantiomer
as a substrate. In this study, we used two lots of HLM in
order to confirm whether there are differences in carvedilol
glucuronidation between pooled HLMs which were aver-
aged by mixing HLMs from many individuals. Though HLM
metabolized (S)-carvedilol to its glucuronide superior to (R)-
carvedilol in the case of racemic carvedilol as a substrate in
two lots, this superiority of (S)-carvedilol disappeared in the
case of each enantiomer as a substrate, and the rates of both
(R)- and (S)-glucuronidation in the case of enantiomer as a

substrate were higher than those in the case of the racemate
(Figs. 2A,B). These results agreed with results of our previ-
ous study.'? Moreover, values of ICy, indicated that (R)- and
(S)-enantiomers inhibit each other during racemate glucuroni-
dation by HLM and that (R)-carvedilol glucuronidation was
more easily inhibited by the antipode than was (S)-carvedilol
glucuronidation (Figs. 3a,b). These results indicated that su-
perjority of (S)-carvedilol glucuronidation by HLM was due
to the difference in the inhibitory effect of each enantiomer
on the other enantiomer during the racemate glucuronidation.

However, we observed differences in enzyme kinetics ob-
tained from Eadie—Hofstee plot analysis between HLM Lot A
and Lot B (Figs. 2C, D). Eadie-Hofstee plot of Lot A indicated
the involvement of low-affinity and high-affinity enzymes
(UGT isoforms) in carvedilol glucuronidation. It was thought
that the enzyme of low affinity phase was not saturated in
the range of substrate concentrations used in this study be-
cause the calculation diverged when using the two-enzyme
Michaelis—Menten equation (Eg. 2), which is generally used
for analyzing data from which Eadie-Hofstee plot analysis
shows two distinct components. A feature of the enzyme
kinetic parameters of Lot A is a large difference in constant
‘a” which means a proportionality constant of non-saturated
phase, between the racemate and (R)-enantiomer as a substrate
(Table 1). Namely, one major enzyme in HLM Lot A was sus-
pected to have a comparatively high value of X, which is un-
saturated at a substrate concentration of 100uM, and to be eas-
ily inhibited by the (S)-enantiomer because value of “a” in the
(R)-enantiomer was higher than that in the racemate and there
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Fig. 8. Inhibitory Effects of Mefenamic Acid on the Formation of Carvedilol Glucuronide from a High Concentration of Carvedilol (50um as a
Single Enantiomer Concentration) by Recombinant UGT1A1L, UGT2B4, UGT2B7, HLM Lot A, Lot B and HIM

Each incubation time was 2h (UGT1A1), 3h (UGT2B4) and 1h (UGT2B7 and HIM) and 30min (both HLMs). Each column represents the mean with S.D. of three

independent measurements.
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wasn't difference in value of “a” between the (S)-enantiomer
and the racemate as a substrate. Enzyme kinetic parameters
of Lot B were obtained from curve fitting to Eq. 1, because
of one component indicated by the Eadie-Hofstee plot (Figs.
2C,D). This result suggested that one or some enzymes with
similar affinity for carvedilol were involved in carvedilol gluc-
uronidation. A feature of the enzyme kinetic parameters of
Lot B is a large difference in values of K, and ¥, between
the racemate and (R)-enantiomer as a substrate (Table 1).

On the other hand, HIM preferred metabolizing (R)- to (S)-
carvedilol in the case of the racemate as a substrate, and this
superiority of (R)-carvedilol glucuronidation was unchanged
when each enantiomer was used as a substrate (Figs. 2A,B).
However, the rates of both (R)- and (S)-glucuronidation in
the case of each enantiomer being used as a substrate were
higher than those in the case of the racemate, and IC;, values
indicated that there was no difference in inhibitory effect be-
tween (R)- and (S)-carvedilol in HIM. Therefore, (R)- and (S)-
enantiomers might mutually inhibit glucuronidation by HIM
similar to that by HLM, but it was thought that these inhibi-
tions could not affect stereoselectivity of HIM for carvedilol.
Ishida ef al. reported that glucuronidation of (S)-carvedilol by
HIM was also greater than that of (R)-carvedilol.’¥ We then
examined expressions of UGT1Al and UGT2B7 proteins in
HIM to determine the cause of this conflict between the re-
sults of this study and the results of previous Ishida’s study.
UGT2B4 highly expressed in liver but little or marginally ex-
pressed in small intestine by several reports.'*™® On the other

hand, it has reported that UGT1Al and UGT2B7 expressed
in both liver and small intestine, but interindividual variation
in the expression level of UGT1Al and UGT2B7 was found
by using the RT-PCR method."" % Therefore, we confirmed
expression of UGT1A1 and UGT2B7 by Western blot analysis
in this study. We have already reported that UGT1Al and
UGT2B7 have stereoselectivity for (R)- and (S)-carvedilol,
respectively.'” UGT1Al was detected in HIM used in this
study, but UGT2B7 was not (Fig. 4). Therefore, it was thought
that UGT2B7, which prefers metabolizing (S)-carvedilol, had
little expression in HIM used in this study and that UGT1Al,
which prefers metabolizing (R)-carvedilol, was expressed at a
relatively high level in HIM. This difference might cause the
superiority of (R)-carvedilol glucuronidation.

It has been reported that carvedilol is mainly metabolized
by UGT1A1, UGT2B4 and UGT2B7 as phase II enzymes.”
Interindividuality of expression levels of UGT isoforms in
various organs (liver, kidney, intestine, erc.) has been also
reported.’®® Tn the case of using racemic carvedilol as a
substrate, UGT1A1L, UGT2B4 and UGT2B7 prefer metaboliz-
ing to (R)-carvedilol (R:S=6:1), (S)-carvedilol (R:S5=1:3)
and (S)-carvedilol (R:S=1:9), respectively.”'? HLM is known
to consist of various enzymes containing these three UGT
isomers. Therefore, it is thought that the characteristics of
stereoselectivity of HLM are determined by the composition
of UGT isomers with different stereoselectivities of carvedilol.
We then elucidated the properties of UGT1Al, UGT2B4 and
UGT2B7 for carvedilol glucuronidation. In all three UGT iso-
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Fig. 9. Simulation Curves of Racemate-Competitive Inhibition Model (Eq. 4) and Racemate-Noncompetitive Inhibition Model (Eq. 5) in UGT1Al
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The graphs on the left and right represent (R)-glucuronidation and (S)-glucuronidation, respectively. Each value of R? represents coefficient of determination between

actual measured values and simulated values.

mers, the rates of carvedilol glucuronidation in the case of the
racemate used as a substrate were lower than those in the case
of each enantiomer used as a substrate (Fig. 5). The results
suggested mutual inhibitory effects between carvedilol enan-
tiomers on glucuronidation mediated by all three UGT iso-
mers. We observed changes in enzyme kinetic parameters and
stereoselectivity in UGT2B4 depending on the kind of sub-
strates. Namely, the rate of (S)-glucuronidation in the case of
the racemate as a substrate by UGT2B4 was higher than that
of (R)-glucuronidation, but (R)-glucuronidation remarkably in-

creased in the case of the (R)-enantiomer as a substrate and, in
contrast, the rate of (R)-glucuronidation was much higher than
that of (S)-glucuronidation (Figs. 5C,D). Values of K, and
Vo of (R)-glucuronidation in the case of the {(R)-enantiomer
as a substrate by UGT2B4 were greater than those in the case
of the racemate (Table 2). Moreover, results for IC, indicated
that (R)-glucuronidation was much more easily inhibited by
(S)-carvedilol than was (S)-glucuronidation by (R)-carvedilol
in UGT2B4 (IC,,: 6.6uM versus 169um). These changes in
kinetic parameters and ICs, were similar to HLM Lot B, and
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the content of UGT2B4 in each HLM was therefore presumed
to contribute to differences in enzyme kinetics and stereo-
selectivity between HLM Lot A and Lot B. It was suspected
that differences in values of constant ‘a’ between the racemate
and (R)-enantiomer as a substrate in HLM Lot A reflected
differences in values of K, and V. of (R)-glucuronidation in
UGT2B4. On the other hand, stereoselectivities of UGTIALl
and UGT2B7 were not different between the racemate and
each carvedilol as a substrate.

A specific inhibitor of each UGT isoform has not been
identified clearly. We demonstrated that mefenamic acid could
inhibit carvedilol glicuronidation by UGT1Al, UGT2B4 and
UGT2B7 depending on its concentration. Namely, we clarified
that mefenamic acid was able to completely inhibit catalytic
activity of UGT2B7 at 1—10um, almost completely inhibit
catalytic activity of UGT1Al at 100um, and partially inhibit
catalytic activity of UGT2B4 at 500um (Figs. 7, 8). These
results suggested that mefenamic acid at various concentra-
tions was able to inhibit carvedilol glucuronidation by UGT
isoforms separately. :

We then evaluated the contribution of each UGT iso-
form to carvedilol glucuronidation by HLM and HIM by
inhibitory effects of mefenamic acid of various concentra-
tions. Since the Eadie—Hofstee plot suggested two distinct
components in HLM Lot A, we used substrate concentrations
(0.8, 50um) (Figs. 7, 8). In HLM Lot A, no difference in re-
sults of inhibition profiles was observed in all experimental
conditions of substrate type and substrate concentrations.
Contribution ratios of UGT2B7, UGT1Al and UGT2B4 for
(R)-glucuronidation were estimated to be approximately
30—45%, 30% and 25—40%, respectively. We expected
that the contribution of UGT1Al would be greater because
UGT1A1 was selective for (R)-carvedilol. However, the con-
tribution of UGTIAl was the same as or slightly less than
that of UGT2B7, which was selective for (S)-carvedilol. This
reason was probably that UGT2B7 could metabolize not
only (S)-carvedilol but also (R)-carvedilol more greatly than
could UGT1A1 despite UGT2B7 having stereoselectivity for
(S)-carvedilol. Contribution ratios of UGT2B7, UGT1Al and
UGT2B4 for (S)-glucuronidation were estimated to be about
60—65%, 12—20% and 15—26%, respectively. It is clarified
that UGT2B7 was mainly responsible for (S)-carvedilol gluc-
uronidation.

Inhibitory effects of mefenamic acid on carvedilol gluc-
uronidation by Lot B were less than those on carvedilol
glucuronidation by Lot A. Apparently, the contribution of
UGT2B4 was greater and the contribution of UGT2B7 was
less in Lot B. Under the condition of 50um of substrate, in-
hibition ratios of (R)-glucuronidation in the case of the race-
mate as a substrate were approximately 20% at an inhibitor
concentration of 10um and 50% at an inhibitor concentration
of 100um. However, inhibition ratio of (R)-glucuronidation in
the case of the (R)-enantiomer as a substrate was only 20% at
an inhibitor concentration of 100um. These results indicated
that (R)-carvedilol glucuronidation by UGT2B4 in HLM was
inhibited by (§)-carvedilol in the case of using racemate as a
substrate.

On the other hand, results for inhibitory effects of mef-
enamic acid on carvedilol glucuronidation by HIM suggested
that UGTIAl and UGT2B7 were mainly responsible for
(R)-glucuronidation and (S)-glucuronidation by HIM, respec-
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tively. In this study, UGT2B7 was not detected by Western
blot analysis. However, the contribution of UGT2B7 to (S)-
glucuronidation by HIM might be relatively high despite the
low expression level of UGT2B7 in HIM.

In this study, inhibition profiles of carvedilol glucuronida-
tion by mefenamic acid with low (0.8M) and high (50um)
substrate concentrations in HLM Lot A were not different, as
above mentioned. This result conflicts with results of Eadie—
Hofstee plot analysis indicating two phase distinct components
in HLM Lot A. The reason might be the effect of remain-
ing enzyme activity in the presence of 500um mefenamic
acid. Five hundred micromolars of mefenamic acid could not
completely inhibit carvedilol glucuronidation by recombinant
UGT2B4. Therefore, the remaining enzyme activity in the
presence of 500um mefenamic acid in HLM was not necessar-
ily activity of UGT2B4. Moreover, it has been reported that
protein interaction between UGT and UGT or CYP in micro-
somes might cause changes in its enzyme activity and stereo-
selectivity.”’ ) The remaining enzyme activity might reflect
this interaction. However, more research is needed to clarify
the reason for this phenomenon.

UGT2B4 has been reported to be expressed in the liver at a
level much higher than the level of UGT1AI and UGT2B7.1%19
However, there have been few reports of a major contribution
of UGT2B4 to drug metabolism. In this study, we demon-
strated that UGT2B4 played an important role in carvedilol
glucuronidation by HLM. Values of X, indicating affin-
ity for an enzyme, were very different between (R)- and (S)-
glucuronidation in UGT2B4, though they were not different
in UGTIAI and UGT2B?7. It has been reported that affinities
of propranolol for UGT1A9 and UGT2B7 are not different
between enantiomers, but those for UGT2B4 are different.2?
Therefore, UGT2B4 is thought to be greatly different in sub-
strate recognition from other UGT isoforms.

Finally, we tried to construct an enzyme velocity equa-
tion that can account for the mutual inhibition observed in
this study. Several models representing interaction between
enantiomers have been reported. Kroemer ef al. reported that
a model equation based on methods of Segel® represents the
sum of enzyme velocity for each enantiomer in the presence
of both enantiomers at the same time.”® Thotah et al. reported
a multiple model equation combining competitive inhibition,
two substrates, and a two-site model.?” Enzyme kinetics un-
der the condition of mutual interaction between enantiomers
can be explained well by these equations. We constructed two
model equations in order to understand more simply these in-
teractions and to apply data obtained in this study to the two
equations for each UGT isomer (Fig. 9). Actual measured data
of (R)-glucuronidation from the racemate were better fitted to
the competitive inhibition model than to the non-competitive
inhibition model for all three UGT isoforms. All coefficients
of determination in these UGT isoforms were 0.95 or more. On
the other hand, actual measured data of (S)-glucuronidation
from the racemate were also better fitted to the competitive
inhibition model for UGT2B4 and UGT2B7, but the data were
not fitted to either the competitive or non-competitive inhibi-
tion model for UGTIAI (coefficient of determination: 0.824
versus 0.297). This might be due to self-inhibition at a high
substrate concentration. These results suggested that the com-
petitive mutual inhibition Michaelis—Menten equation (Eq. 5)
is useful for understanding and evaluating interaction between
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Table 3. Kinetic Parameters for the Simulated Values of Racemate-Competitive Inhibition Model (Eq. 4) and Actual Measured Value

(R)-Glucuronidation

(8)-Glucuronidation

Enzyme source

¥, ax (Pmol/min/mg

V ox (pmol/min/mg

Ko (0 protein) Ky (M) protein)
UGTIAL Measured value 5.61+1.26 2.39x0.25 4.30%2.2 0.328+0.02
~Simulated value 6.77 -— 2.86 — 677 — 046 —
UGT2B4 Measured value 2.06x=0.23 0.934+0.096 3.51+1.06 1.67%0.04
Simulated value 297 — Lt — 297 — .99 —
, Measured value 9.31x£2.13 5.520.68 12.3x2.5 48.1%£0.9
UGT2B7 Simulated value 169 — 6.55 — 169 — 526 —

The glucuronidation rate obtained from simulation of Eq. 4 was fitted to Michaelis—Menten equation (Eq. 1). The data of actual measured value were reprinted from

Table 3. Each value represents mean=S.D. of three independent measurements.

enantiomers in UGT2B4 and UGT2B7.

In conclusion, we demonstrated that racemic carvedilol
glucuronidation by HLM was affected by mutual inhibition
between the enantiomers and that superiority of (S)-carvedilol
glucuronidation by HLM was due to the difference in the
inhibitory effect of each enantiomer on the other enantiomer
during the racemate glucuronidation. Moreover, we suggested
that the contribution of each UGT isoform to carvedilol gluc-
uronidation by HLM and HIM was able to be evaluated by
inhibitory effects of mefenamic acid of various concentra-
tions. Especially, UGT2B4, in which (R)-glucuronidation was
much more easily inhibited by (S)-carvedilol than was (S)-
glucuronidation by (R)-carvedilol, was important role to char-
acterize the property of carvedilol glucuronidation by HLM
during racemate glucuronidation.
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