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Fig. 3. Residual CYP2CS activity after preincubating 100 uM clopidogrel acyl--p-
glucuronide for 0 and 30 minutes in Supersome lots 03459, 3221713, 5057003,
and 7053001 with and without BSA. Each bar represents the mean * S.D. of
quadruplicate incubations.

equilibration at 37°C prior to NADPH addition initiating the preincu-
bation, which was apparently owing to conversion to clopidogrel.
Accordingly, at the start of preincubation, clopidogrel concentration was
higher in Supersome samples (7 and 6 uM at O and 30 minutes,
respectively) than in HLM samples (3 and <1 uM at 0 and 30 minutes,
respectively). Gemfibrozil concentration was similar in all samples
(<1 uM). However, the 3-glucuronidase inhibitor saccharolactone had
no effect on the concentrations of clopidogrel or gemfibrozil or the
depletion of clopidogrel acyl-B8-p-glucuronide or gemfibrozil 1-O-
B-glucuronide in the incubations.

Effect of Clopidogrel on the CYP2CS8 Inactivation Potency of
Clopidogrel Acyl-B-D-Glucuronide in HLMs. Addition of 4 or
40 uM of clopidogrel to the 30-minute preincubation in HLMs did
not have a significant effect on the inactivation rate of CYP2C8 by
clopidogrel acyl--bD-glucuronide, and addition of 200 uM clopidogrel
decreased TDI only slightly (61% and 66% inhibition at 30 minutes,
with and without clopidogrel, respectively). The ks values of CYP2C8
inactivation by 100 uM clopidogrel acyl-B-p-glucuronide with 0, 4, 40,
and 200 uM clopidogrel were 0.046, 0.038, 0.039, and 0.027 minutefl,
respectively (Fig. 2).
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CYP2C8 Inactivation Kinetics in Supersomes and Bactosomes.
In inactivation kinetic experiments with Supersome lot 3221713,
inactivation could not be detected even with 250 uM clopidogrel
acyl-B-p-glucuronide (Fig. 5A). In Bactosomes, inhibition of CYP2CS8
activity by clopidogrel acyl-B-p-glucuronide was concentration- and
time-dependent, with K; and ki, of 14 uM and 0.054 minute ™!,
respectively (Fig. 5, B and C).

Binding of Clopidogrel Acyl-B-D-Glucuronide to Supersomes
and Bactosomes. Spectral binding studies were conducted to investigate
whether the inhibitor affinity of clopidogrel acyl-B-p-glucuronide to
CYP2C8 differed between Supersomes and Bactosomes. The spectral
dissociation constant, K, was lower in Bactosomes (0.41 = 0.06 uM)
compared with Supersomes (1.4 = 0.2 uM, lot 5057003) (Fig. 6;
Supplemental Fig. 1).

Discussion

The results of the present study show that inactivation of CYP2C8 by
four known mechanism-based CYP2CS inhibitors varies considerably
between different enzyme preparations. Whereas inactivation of
CYP2C8 was weak or almost absent in some of the recombinant
enzyme preparations, particularly certain Supersome lots, inactivation of
CYP2C8 by the clinically significant inhibitors (glucuronides of
clopidogrel and gemfibrozil) could generally be reliably detected in
HLMs. Moreover, the degree of variation between the preparations was
to some extent inhibitor-dependent. Clopidogrel acyl-B-D-glucuronide
and gemfibrozil 1-O-B-glucuronide caused strong inactivation in HLMs,
Bactosomes, and Supersome lot 7053001 but had little or only moderate
effect in the other Supersome lots and EasyCYP Bactosomes. The
kinetic parameters of inactivation of clopidogrel acyl-B-p-glucuronide
determined in Bactosomes were similar to those determined previously
in HLMs (K7 9.9 uM and k;, . 0.047 minute ™) (Tornio et al., 2014). In
contrast, phenelzine caused strong inactivation only in Supersome lot
7053001, and considerably weaker inactivation in the other enzyme
preparations, including HLMs, which resembles the previously reported
45-fold smaller K; of phenelzine in recombinant CYP2C8 than in HLMs
(Polasek et al., 2004) (Supplemental Table 2).

A similar discrepancy in CYP2C8 inactivation between recombinant
CYP2CS8 and HLMs has been previously reported also for amiodarone
(Polasek et al., 2004) (Supplemental Table 2). In our experiments,
however, CYP2CS inactivation by amiodarone (100 uM) was weak and
showed only little variation between enzyme sources (34%-55%
inhibition after 30 minutes). On the other hand, CYP2C8 inactivation

Fig. 4. Depletion of 100 uM clopidogrel acyl-
B-p-glucuronide (A) and 100 uM gemfibrozil
1-O-B-glucuronide (B) in HLMs and Supersomes
with and without saccharolactone. Each point
represents the mean + S.D. of triplicate incubations.
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by 1 uM raloxifene was substantially weaker in all preparations
compared with the previously reported inactivation parameters in
Supersomes (K; 0.26 uM and Kj,a¢ 0.1 minute” ') (VandenBrink et al.,
2012). Notably, in contrast to gemfibrozil and clopidogrel, phenelzine,
amiodarone, and raloxifene have not been shown to cause clinically
relevant CYP2CS inhibition.

To examine the potential causes for the observed variation in
CYP2CS inactivation potency, we performed a range of experiments.
Spectral binding data suggests that clopidogrel acyl-B-p-glucuronide
binds more tightly to CYP2CS8 in Bactosomes than in Supersomes,
which might partially explain the lack of significant inactivation in
certain Supersome lots. According to the manufacturers, the primary
sequences of the recombinant CYP2C8 were identical to the native
sequence of human CYP2C8, with the exception of alanine and proline
added to the N-terminal end in Bactosomes. Thus, differences in the
primary protein sequence are unlikely to explain the observed differ-
ences in binding and inactivation potency. Yet, functionality of the
enzyme can be altered also by differences in cellular environment
between human, insect, and bacterial cells, such as different lipid
composition of the membrane, pH, oxidative stress, and chaperone
proteins (Marheineke et al., 1998; Nannenga and Baneyx, 2011;
Brignac-Huber et al., 2016). These differences could affect the
conformation, folding, or positioning of P450s in membranes, which
in turn could prevent covalent modifications or metabolite-intermediate
complexation caused by mechanism-based inhibitors. It has been
proposed that positioning of P450 enzymes on the insect cell membranes
might differ from their positioning in the membrane of the endoplasmic
reticulum in human hepatocytes (Zhang et al., 2004). Moreover,
membrane-bound CYP2CS8 has been shown to form homomeric dimers,
which can cause conformational changes in the F/G loops of the
enzymes, possibly affecting substrate binding and inhibiting metabolism
of hydrophobic substrates (Schoch et al., 2004; Hu et al., 2010; Reed and
Backes, 2017). The aggregation properties of P450s are affected by the
microsomal lipid composition, the lipid/protein ratio, and the concen-
trations of the redox partners of P450 enzymes (Backes and Kelley,
2003), which can differ markedly between expression systems and
human cells. In addition, the lipid composition of the membrane affects
the interaction of P450s and their redox partners (Brignac-Huber et al.,
2016). Interestingly, the differences in strength of inhibition between the
tested preparations showed a trend for correlation with cytochrome c
reductase activity but not with the other variables (Supplemental Fig. 2;
Table 1).

Theoretically, the presence of relatively higher concentrations of
microsomal protein and possibly different lipid composition in Easy-
CYP Bactosomes and some of the Supersome lots could result in greater
nonspecific binding of the inhibitors, reducing their apparent inhibitory
effects. To reduce these possibilities, we used the same total protein
concentration in all experiments. Accordingly, the fraction unbound of
clopidogrel acyl-B-D-glucuronide was similar (0.90-0.92) in all the
recombinant enzyme preincubation mixtures. However, when we added
control Bactosome membrane protein to low reductase Bactosomes to
get a similar composition as in EasyCYPs, clopidogrel acyl-B-p-
glucuronide produced a likewise slow reduction in CYP2CS8 activity
as in EasyCYP Bactosomes. Thus, the addition of microsomal
constituents weakens the sensitivity to detect TDI of CYP2C8 by
clopidogrel acyl-B-p-glucuronide in Bactosomes. As microsomal prep-
arations contain long-chain fatty acids that markedly inhibit CYP2C8
(Palacharla et al., 2017), we tested whether sequestration of fatty acids
with albumin increases the CYP2CS8 inhibitory effect of clopidogrel
acyl-B-p-glucuronide in Supersomes. However, addition of 0.1% w/v
BSA did not augment the inhibition caused by clopidogrel acyl-S-p-
glucuronide.
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Fig. 6. The difference in absorbance (B) between the peak (A, and trough (A,;,) observed with increasing concentrations of clopidogrel acyl-B-glucuronide, using
CYP2C8 Bactosomes (A) and two different lots of CYP2C8 Supersomes (B and C). The data were transformed to plot the absorbance difference as a function of the ratio of
the absorbance difference and substrate concentration (D-F). Once linearity was determined, the original plots were fitted to a hyperbolic function to determine the apparent
spectral dissociation rate constants (K;) of clopidogrel acyl-B-glucuronide to CYP2CS8 enzyme systems.

Finally, variation in the depletion of inhibitor during preincubation
may also contribute to differences in the degree of inactivation between
different enzyme sources (Van et al., 2007). Glucuronide hydrolysis by
B-glucuronidase has been observed previously in HLMs and insect cell
preparations (Oleson and Court, 2008). In our experiments, depletion of
clopidogrel and gemfibrozil glucuronides was negligible during the
30-minute preincubation in HLMs and Supersomes and was not
influenced by the B-glucuronidase inhibitor saccharolactone. However,
about 1/10 of clopidogrel acyl-B-D-glucuronide had been converted to
clopidogrel during the 3-minute equilibration before the start of the
30-minute preincubations in Supersomes, whereas only a small amount
of clopidogrel had been formed in HLMs. It is noteworthy that in the
presence of methanol, clopidogrel acyl-B-p-glucuronide can be con-
verted to clopidogrel (Silvestro et al., 2011), and therefore we avoided
the use of methanol as a solvent. As clopidogrel acyl-B-D-glucuronide
was stable during the preincubation and not influenced by saccharo-
lactone, the reason for formation of clopidogrel before the preincubation
remains unknown. Nevertheless, the concentration of clopidogrel during
the preincubation (6 to 7 uM) could have been high enough to cause
competitive inhibition of CYP2CS, since its half-maximal inhibitory
concentration (ICsp) ranges from 2.8 to 53.6 uM in vitro (Walsky et al.,
2005; Floyd et al., 2012; Tornio et al., 2014). Such competitive
inhibition could reduce TDI of CYP2C8. However, addition of up to
200 uM clopidogrel to a standard preincubation in HLMs resulted only
in minor decreases of CYP2CS inactivation by 100 uM clopidogrel
acyl-B-D-glucuronide.

While gemfibrozil 1-O-B-glucuronide, clopidogrel acyl-3-p-glucuronide,
and amiodarone are considered to be mechanism-based inhibitors of
CYP2CS8, CYP2CS inhibition by phenelzine is not fully consistent with
mechanism-based inhibition and is at least partly reversible (Polasek
et al., 2004; Ogilvie et al., 2006; Tornio et al., 2014). Mechanistic
differences may partially explain why we were unable to show
inactivation of CYP2C8 by phenelzine in most experiments, including
those with HLMs, whereas phenelzine caused a particularly strong

inactivation in the CYP2C8 Supersome lot that was most sensitive to the
other inhibitors. Of note, similar disparities have been observed also with
other monoamine inhibitors, tricyclic antidepressants, cimetidine, and
tamoxifen (Supplemental Table 2) (Zhao et al., 2002; Madeira et al.,
2004; Polasek et al., 2004; Polasek and Miners, 2008), where TDI has
usually been considerably stronger in recombinant enzyme systems than
in HLMs or hepatocytes. Moreover, in one study with MDMA,
CYP2D6 Bactosomes produced significantly higher K; values compared
with CYP2D6 Supersomes and yeast microsomes (Van et al., 2007).
Unlike amiodarone and phenelzine, the glucuronides of gemfibrozil and
clopidogrel have been shown to cause CYP2CS inactivation at clinically
relevant doses of the parent drugs, leading to clinically important drug-
drug interactions (Backman et al., 2002, 2016; Niemi et al., 2003;
Itkonen et al. 2016, 2018, 2019a, 2019b; Jaakkola et al., 2005; Karonen
et al., 2010; Filppula et al., 2013; Tornio et al., 2014; Menon et al.,
2015). Their CYP2CS8 inactivating effect was strong in HLMs,
suggesting that HLMs are the most reliable system to screen clinically
relevant inactivation of CYP2C8. We are not aware of any clinically
relevant mechanism-based inhibitors of P450 enzymes whose TDI effect
could not be observed in HLMs.

Taken together, our results indicate that there are major differences
between enzyme sources in sensitivity to detect TDI of CYP2C8. The
differences are inhibitor-dependent, which makes the phenomenon
complex. Whereas TDI of CYP2C8 by the glucuronides of clopidogrel
and gemfibrozil was strong in HLMs and Bactosomes and extremely
weak or even absent in some Supersome lots, TDI by the non-
glucuronide compound phenelzine could only be observed in Super-
somes. Our findings suggest that neither nonspecific binding, depletion
of inhibitor, nor inhibitory fatty acids explain the weak inactivation
in some enzyme preparations. However, differences in other micro-
somal constituents, binding affinity, and conversion of clopidogrel acyl-
[B-D-glucuronide to clopidogrel may play some role. Generally, it
appears that even slight differences between lots of recombinant
enzymes may lead to inability to detect mechanism-based inhibition.
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Further studies are needed to elucidate the causes of such variation.
Nonetheless, it is important to recognize that although human liver
microsomes are generally reliable and produce clinically useful results,
there is a risk of false negatives if recombinant enzymes are used to
detect mechanism-based inhibition of P450 enzymes.
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Supplemental Table 1. The previously reported CYP2C8 inactivation parameters of amiodarone, clopidogrel acyl-B-D-glucuronide, gemfibrozil
1-O-B-glucuronide, phenelzine and raloxifene in human liver microsomes (HLMs) and human recombinant CYP2C8 preparations.

E. coli expressed

CYP2C8 inhibitor Substrate HLMs CYPs Supersomes Reference
Amiodarone Paclitaxel K 51.2 uM Ki: 1.5 uM Polasek
Kinace: 0.029 min”™ Kinac: 0.079 min™! et al. 2004
Clopidogrel acyl-B-D- Amodiaquine Ki: 9.9 uM Tornio
glucuronide Kinact: 0.047 min™! etal. 2014
Gemfibrozil 1-O-f- Amodiaquine Ki: 29 uM Baer
glucuronide Kinact: 0.072 min™ et al. 2009
Amodiaquine Ky 0.26 uM Teng
Kinac: 0.015 min™ etal. 2010
Amodiaquine K 10.1 uM VandenBrink
Kinace: 0.041 min” etal. 2011
Amodiaquine Ky 10.34-25.4 uyM Korzekwa
Kinace: 0.104-0.25 min” etal. 2014
Montelukast Ky 21.3 uM VandenBrink

Kinact: 0.05 min™! etal. 2011




E. coli expressed

CYP2CS8 inhibitor Substrate HLMs CYPs Supersomes Reference
Gemfibrozil 1-O-f- Paclitaxel Ki: 20-52 uM Ogilvie
glucuronide Kinaet: 0.041 min™! et al. 2006
Paclitaxel Ki: 35 uM VandenBrink
Kinaet: 0.022 min™ etal. 2011
Pioglitazone Ky 33.6 uM VandenBrink
Kinaet: 0.082 min™ etal. 2011
Repaglinide K 18.4 uM VandenBrink
Kinaet: 0.035 min™ etal. 2011
Phenelzine Paclitaxel K 54.3 uM Ki 1.2 uM Polasek
Kinaet: 0.17 min™ Kinaet: 0.243 min™ et al. 2004
Raloxifene Paclitaxel K 0.26 uM VandenBrink
Kinaet: 0.1 min™ etal. 2012




Supplemental Table 2. Examples of reported differences in CYP inactivation parameters between enzyme sources.

Substrate HLMs E. coli Supersomes Bactosomes Ye_:ast Reference
expressed CYPs microsomes
CYP2CS8 inhibitors

Amiodarone Paclitaxel K 51.2 uM K 1.5 uM Polasek
Kinact: 0.029 min™  Kipaer: 0.079 min™ et al. 2004

Fluoxetine Paclitaxel Ki: could notbe  Kj: 294 uM Polasek
determined Kinact: 0.083 min™! et al. 2004
Kinact: could not
be determined

Isoniazid Paclitaxel Ky 170 uM Ky 374 uM Polasek
Kinact: 0.012 min™  Kipaer: 0.042 min™ et al. 2004

Nortriptyline Paclitaxel Ki:couldnotbe  Ki:49.9 uM Polasek
determined Kinaet: 0.036 min™! et al. 2004
Kinact: could not
be determined

Phenelzine Paclitaxel Ki: 54.3 uM K 1.2 uyM Polasek
Kinaet: 0.17 min™  Kinae: 0.243 min™ et al. 2004

Verapamil Paclitaxel Ki: couldnotbe Ky 17.5 uM Polasek
determined Kinact: 0.065 min’! et al. 2004

Kinact: could not
be determined




Reference

Substrate HLMs E. coli Supersomes Bactosomes Ye_:ast
expressed CYPs microsomes
CYP2C19 inhibitors
Nortriptyline (S)-Mephenytoin ~ Kj: couldnotbe  Kj: 4 uM Polasek
determined Kipaer: 0.19 min™! et al. 2008
Kinact: could not
be determined
CYP2D6 inhibitors
Cimetidine Dextrometorphan  Kj: could not be K 77 uM Madeira
determined Kinact: 0.03 min™ etal. 2004
Kinact: could not
be determined
MDMA Dextrometorphan K 3.7 uM Ki: 43 uM K 2.9 uM Van
Kinaet: 0.38 min™  Kinger? 0.95 min™  Kinger: 0.28 min™ et al. 2007
CYP3A4 inhibitors
Nortriptyline Testosterone Ki: could notbe Ky 70 uM Polasek
determined Kinace: 0.06 min™ etal. 2008
Kinact: could not
be determined
Tamoxifen Testosterone Ki: could not be K 0.2 uM Zhao
determined Kinact: 0.04 min™! et al. 2002

Kinact: 0.10 min™!




Bactosome Spectrum
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Supplemental Figure 1. Representative absorbance spectrum of clopidogrel acyl-B-glucuronide
binding to CYP2CS8 Bactosomes. Absorbance decreases at 422 nm and absorbance increases at 405
nm were observed as concentrations of clopidogrel acyl-B-glucuronide were increased.
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Supplemental Figure 2. The relation of the initial inactivation rate constant (kops) to cytochrome ¢
reductase activity in different human recombinant CYP2C8 preparations and pooled human liver
microsomes.
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