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ABSTRACT

Thiazoles are biologically active aromatic heterocyclic rings occurring frequently in natural products and drugs.
These molecules undergo typically harmless elimination; however, a hepatotoxic response can occur due to
multistep bioactivation of the thiazole to generate a reactive thioamide. A basis for those differences in outcomes
remains unknown. A textbook example is the high hepatotoxicity observed for sudoxicam in contrast to the
relative safe use and marketability of meloxicam, which differs in structure from sudoxicam by the addition of a
single methyl group. Both drugs undergo bioactivation, but meloxicam exhibits an additional detoxification
pathway due to hydroxylation of the methyl group. We hypothesized that thiazole bioactivation efficiency is
similar between sudoxicam and meloxicam due to the methyl group being a weak electron donator, and thus, the
relevance of bioactivation depends on the competing detoxification pathway. For a rapid analysis, we modeled
epoxidation of sudoxicam derivatives to investigate the impact of substituents on thiazole bioactivation. As
expected, electron donating groups increased the likelihood for epoxidation with a minimal effect for the methyl
group, but model predictions did not extrapolate well among all types of substituents. Through analytical
methods, we measured steady-state kinetics for metabolic bioactivation of sudoxicam and meloxicam by human
liver microsomes. Sudoxicam bioactivation was 6-fold more efficient than that for meloxicam, yet meloxicam
showed a 6-fold higher efficiency of detoxification than bioactivation. Overall, sudoxicam bioactivation was 15-
fold more likely than meloxicam considering all metabolic clearance pathways. Kinetic differences likely arise
from different enzymes catalyzing respective metabolic pathways based on phenotyping studies. Rather than
simply providing an alternative detoxification pathway, the meloxicam methyl group suppressed the bioacti-
vation reaction. These findings indicate the impact of thiazole substituents on bioactivation is more complex
than previously thought and likely contributes to the unpredictability of their toxic potential.

1. Introduction

dasatinib (Sasaki et al., 2016), and the antiulcer nazitidine (Reliant,
2004). Unlike those cases, the use of thiazoles in other drugs has led to

Thiazoles impart critical biological activities for a wide range of
natural molecules (Ayati et al., 2015) and based on that precedent, this
substructure serves as a “privileged scaffold (Kumar et al., 2016)” in the
design of effective therapeutics. Nevertheless, those applications may
also pose risks of toxicity for patients due to that same presence of a
thiazole. This substructure is an aromatic heterocyclic five-membered
ring containing sulfur and nitrogen at positions 1 and 3, whose struc-
ture is considered to be the most metabolically stable five-membered
heterocycle (Smith, 2011). Many thiazole-containing drugs on the
market have little to no toxicity associated with them (“LiverTox”,
2018) including the anticoagulant edoxaban (Liakoni et al., 2015), the
antibiotic ceftazidime (GlaxoSmithKline, 2007), the anticancer agent
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severe associated toxicities in the clinic. The antifungal agent ravuco-
nazole was discontinued in 2007 (Ayati et al., 2015), and the previously
widely used antimicrobial sulfathiazole is now rarely prescribed in
favor of newer, less toxic alternatives (“Sulfathiazole”, 2018). The
commonly used topical antifungal thiabendazole can cause severe
kidney damage when taken orally (Mizutani et al., 1994a). Knowledge
of these examples and others underlies the classification of the thiazole
as a “structural alert” for the possibility of toxicity, yet the probability
remains unknown and hence unpredictable.

Identifying drugs susceptible to toxicity requires an understanding
of the mechanism(s) driving that potential. Thiazole toxicity likely in-
volves an initial oxidation event catalyzed by cytochrome P450
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Scheme 1. Metabolic pathways for meloxicam and sudoxicam. Both meloxicam and sudoxicam undergo a bioactivation pathway (red) at the thiazole group
initiated by epoxidation of the C4-C5 double bond, followed by hydrolysis and ring cleavage forming the protoxin thioamide and an alpha-dicarbonyl. Meloxicam
undergoes a unique detoxification pathway (blue) in which its C5 methyl group is hydroxylated. The metabolite can be directly eliminated or further oxidized and
eliminated as a carboxylic acid. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

isozymes (Scheme 1). Treatment of mice with general P450 inhibitors
methoxsalen and piperonyl butoxide, blocked thiabendazole toxicity
(Mizutani et al., 1990, 1992) In a follow-up study, chemical traps iso-
lated thioamide and alpha-dicarbonyl metabolites from thiazole-con-
taining compounds due to microsomal epoxidation at the 4, 5 carbon-
carbon double bond. Epoxide hydrolysis yields a diol, and subsequent
cleavage of the ring yields thioamide and alpha-dicarbonyl metabolites
(Dalvie et al., 2002; Mizutani et al., 1994a). The thioamide is a protoxin
which induces toxicity directly or indirectly through oxidized metabo-
lites (Neal and Halpert, 1982; Stigliani and Bernardes-Genisson, 2019).
The likelihood for thiazole bioactivation and subsequent toxicity ulti-
mately depends on the structure of the molecule, yet our understanding
of those relationships remains woefully inadequate.

A clinically relevant example of a thiazole “soft spot” impacting
toxicity is the case of Mobic (meloxicam) and sudoxicam (Jean and
Fotsch, 2012). These non-steroidal anti-inflammatory drugs (NSAIDs)
have nearly identical molecular structures; sudoxicam possesses a hy-
drogen at the C5 position whereas a methyl is present for meloxicam.
This difference in a thiazole substituent leads to significantly different
outcomes for patients. The anti-inflammatory potential of sudoxicam
was discovered in the 1970s (Wiseman and Chiaini, 1972), yet follow-
up clinical trials led to its withdrawal due to severe hepatotoxicity.
Nearly three decades later, the derivative meloxicam was developed
and demonstrated a much lower toxicity profile, leading to its approval
to treat osteoarthritis in 2000 (Yocum et al., 2000) and later for rheu-
matoid arthritis in 2004 (Ahmed et al., 2005). This achievement
marked the first NSAID that preferentially targets COX-2 and causes
fewer gastrointestinal adverse effects compared to other NSAIDs
(Ahmed et al., 2005). The drug has only been linked to rare, mild cases
of liver damage (“LiverTox”, 2018; Staerkel and Horsmans, 1999;
Rostom et al., 2005) in 20 years on the market. Interestingly, both
meloxicam and sudoxicam undergo metabolic bioactivation of the
thiazole, yet the meloxicam C5 methyl also undergoes hydroxylation in
a unique competing detoxification pathway (Schmid et al., 1995; Obach
et al., 2008) not possible for sudoxicam. We hypothesized that thiazole
bioactivation efficiency is similar between sudoxicam and meloxicam
due to the methyl group being a weak electron donator, and thus, the
relevance of bioactivation and likely toxicity depends on the competing
detoxification pathway. A test of this hypothesis requires knowledge of
the kinetics determining bioactivation and, in the case of meloxicam,
competing detoxication of the drugs; however, only the efficiency of
meloxicam hydroxylation is known (Chesne et al., 1998).

Herein, we combined computational and experimental approaches
to interrogate how the difference of a methyl group impacted the

intrinsic and relative thiazole bioactivation of sudoxicam and melox-
icam. For a rapid analysis, we used our deep-learning epoxidation
model to predict their bioactivation and observed no significant dif-
ference. As validation, we assessed model capacity to differentiate
substituent effects on bioactivation of a diverse array of 68 sudoxicam
derivatives with substituents at the C4 or C5 thiazole positions. We then
analyzed the effect of electron density from donating and withdrawing
groups on predicted bioactivation of the molecules. Inference of elec-
tron density relied on the general properties of the substituents, bond
order of the site of epoxidation and pKa of the thiazole. The accom-
panying in vitro experimental studies required a far deeper and labor-
intensive analysis, and so these efforts focused on revealing only the
impact of the thiazole methyl group on bioactivation kinetics between
sudoxicam and meloxicam. This analysis required novel applications of
sensitive labeling techniques for quantitatively measuring metabolites
generated along the pathways (Scheme 1). We leveraged those tools to
determine steady-state kinetic mechanisms and constants describing
bioactivation and detoxification of the drugs using human liver mi-
crosomes. Given these findings, we assessed the performance of our
epoxide model in predicting the impact of the methyl group on thiazole
bioactivation. Lastly, we analyzed the intrinsic bioactivation kinetics
for both drugs and its relative significance for meloxicam by taking into
account the competing detoxification pathway as a test of our hy-
pothesis.

2. Experimental Section
2.1. Materials

Chemical solvents methanol, acetonitrile, and DMSO were pur-
chased from Thermo Fisher Scientific (Waltham, MA). Meloxicam,
glyoxal and methylglyoxal (metabolites), 7-hydroxycoumarin (internal
standard) and 1-aminobenzotriazole (CYP inhibitor) were purchased
from Millipore-Sigma (Burlington, MA). Sudoxicam, 5’-hydroxymethyl
5’-desmethyl meloxicam (metabolite), fluoxetine hydrochloride (in-
ternal standard), 1,2-diamino-4,5-methylenedioxybenzene dihy-
drochloride (labeling agent), and dansyl glutathione (trapping agent)
were obtained from Toronto Research Chemicals (Toronto, ON,
Canada). Epoxide hydrolase inhibitor elaidamide was purchased from
Santa Cruz Biotechnology (Dallas, TX). Human liver microsomes pooled
from 150 donors (HLM150) were purchased from Corning Gentest
(Woburn, MA).
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2.2. Epoxidation model

The proposed thiazole bioactivation pathway involves an initial
epoxidation of the C4-C5 double bond, and thus, we employed our
deep-learning epoxidation model for high-throughput prediction of the
impact of thiazole substituents on bioactivation. We constructed and
trained a neural network model of epoxidation using data from a pre-
vious publication (Abadi et al., 2015) with an improved model archi-
tecture. The model’s inputs consisted of topological descriptions of
atoms, bonds and molecules extracted from the original dataset of 524
molecules. Full details of the descriptors and reaction data used can be
found in prior work (Hughes et al., 2015). Briefly, atom descriptors
included atom type, the hybridization of the atom, formal charge, the
number of implicit hydrogens, and the number and percentage of atoms
of each type at distances from O to 5 bonds away from the described
atom. Bond descriptors included bond order and aromaticity. Molecular
descriptors included log octanol-water partition coefficient, molecular
weight, total polar surface area, number of hydrogen bond donors and
acceptors, number of atoms, and number of bonds of each type. We
excluded the quantum chemical descriptors and coordinate-dependent
descriptors used in the original study. Given descriptor vectors of each
bond, consisting of atom descriptor vectors Al and A2, bond descriptor
vector B, and molecular descriptor vector M, the model computed
epoxidation scores as

score = h(f(Al, A2) + f(A2, A1), g(B, M),

where f and g are single fully connected layers with 8 outputs and tanh
activation and h is another fully connected layer with 1 output and
sigmoid activation. Commas represent vector concatenation. The
output score ranged between zero and one and represents the prob-
ability that a given bond undergoes an epoxidation reaction. These
bond-level epoxidation scores are invariant to the ordering of atoms in
the molecule. The model was constructed using the Tensorflow (Abadi
et al., 2015) and tflon (Matlock et al., 2019) machine learning toolkits,
and was trained by minimizing the cross entropy loss using the SciPy L-
BFGS-G optimizer (Zhu et al., 1997; Jones et al., 2020) for 300 itera-
tions. The model was evaluated by leave-one-cluster-out cross-valida-
tion as described in the original publication (Hughes et al., 2015). The
model achieved an 87.4% top-two accuracy, which is an improvement
over the original publication’s reported 83% top-two accuracy.

Sudoxicam served as a scaffold for 68 derivatives constructed with
34 different substituents at the C4 or C5 position on the thiazole. The
predictions for molecules were compared to the general electron-
withdrawing or donating properties of substituents. For a more specific
analyses, we compared model predictions to the inferred electron
density of the C4-C5 double bond or the thiazole ring itself. For the
bonds undergoing epoxidation, we predicted the bond orders for the
sudoxicam derivatives using a quantum mechanical (QM) model
(Supporting Information, S2). For the thiazole, we inferred electron
density by predicting the pKa value of its nitrogen using MarvinSketch
(ChemAxon). We then assessed the correlation between the epoxidation
model prediction scores and inferred electron density based on QM
model predicted bond order or pKa by fitting data to a linear regression
using GraphPad Prism 7.0 from GraphPad Software, Inc (San Diego,
CA).

2.3. Steady-state metabolism of meloxicam and sudoxicam

We assessed metabolism of meloxicam and sudoxicam using
HLM150 as a model for the average adult liver. Due to poor solubility,
substrates required the cosolvent DMSO for reactions and thus, control
experiments were used to identify an optimal DMSO cosolvent con-
centration (Supporting Information, S3). Next, we established steady-
state conditions for reactions by confirming linear formation of meta-
bolites over time and enzyme concentration (Supporting Information,
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S4).

Based on these initial studies, the optimal conditions for steady-state
studies were determined to be 0.5 mg/mL HLM150 for sudoxicam and
meloxicam. Reactions were conducted with varying substrate con-
centrations and initiated with NADPH regenerating system (0.4 U/mL
glucose-6-phosphate dehydrogenase, 3.3mM glucose 6-phosphate,
3.3 mM MgCl,, 1.3 mM NADP +) in 50 mM potassium phosphate buffer
(pH 7.4) at 37 °C with shaking at 350 rpm. Reactions were quenched at
40 min with 2-fold volume of ice cold methanol containing internal
standards (10 uM 7-hydroxycoumarin for HPLC-fluorescence and 100
uM fluoxetine for LC-MS analysis) and incubated on ice for 5min to
optimize precipitation of proteins. After 2500 rpm centrifugation (900
xg) to pellet proteins at 4°C for 15min using a Thermo Scientific
Sorvall ST 40R Centrifuge, the supernatants were transferred to a 96
well half-volume microplate and evaporated to dryness using an
Organomation Microvap Nitrogen Evaporator System (Organomation
Associates, Inc, Berlin MA). Dried wells were then treated with DMB
(for alpha-dicarbonyl analysis samples only) and suspended in mobile
phase (20% acetonitrile, 80% water + 0.1% formic acid) for HPLC
analysis with fluorescence detection (vide infra). Each set of steady-
state reactions was performed in triplicate and replicated four to seven
times.

The initial rates from these steady-state reactions were plotted
against substrate concentration and then fit to the Michaelis-Menten
equation (hyperbolic curve), a biphasic model of two Michaelis-Menten
functions, or a biphasic model consisting of a Michaelis-Menten func-
tion and a linear function using GraphPad Prism 6.0 (GraphPad
Software Inc., San Diego, CA). The best-fit metabolic model and cor-
responding kinetic constants were determined using Akaike’s
Information Criterion for small sample sizes (AICc).

2.4. Reaction with inhibitors to identify catalyzing enzymes

Steady-state reactions with inhibitors were used to qualitatively
identify enzyme classes that catalyze the thiazole bioactivation
pathway. Inhibitors used were 1 uM elaidamide to inhibit microsomal
epoxide hydrolase (Morisseau et al., 2001) and 1 mM 1-aminobenzo-
triazole (ABT) to target general cytochromes P450 (de Montellano,
2018). Individual inhibitor solutions were prepared in potassium
phosphate buffer at pH 7.4 with < 0.1% methanol (final) as a co-sol-
vent. Reactions with elaidamide contained 40 and 400 uM substrate,
while those with ABT inhibitor were preincubated with HLM for 30 min
before initiation with addition of NADPH regenerating system and 400
UM substrate. Reactions without inhibitors but still containing an
equivalent concentration of methanol cosolvent served as a baseline for
measuring inhibitor effect. Alpha dicarbonyl metabolites were mea-
sured using DMB labeling. Statistical differences in normalized rates
due to inhibitor presence were determined using the Student’s t-test (p-
value = 0.05).

2.5. Nucleophilic trapping for epoxide intermediates

Thiazole bioactivation into epoxide intermediates is inferred from
observed metabolites, but attempts to reveal these epoxides directly or
indirectly through glutathione trapping techniques have been un-
successful (Mizutani et al., 1994a; Obach et al., 2008). We expanded on
those efforts for sudoxicam and meloxicam by incubating reactions with
four other trapping agents, i.e. dansyl glutathione, dansyl mercaptan,
N-acetyl cysteine, and N-acetyl lysine. Reactions with 200 uM substrate
and 1 mM epoxide trapping agent in 0.5 mg/mL HLM were initiated
with an NADPH regenerating system for a 40 min incubation using
same work up method as described previously. Reaction aliquots were
quenched by adding 2-fold volume of ice-cold methanol containing
dansyl amide as an internal standard. The supernatants were separated
from the protein pellet, dried, and resuspended in mobile phase (20%
acetonitrile, 80% water + 0.1% formic acid) for HPLC analysis
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(Supporting Information, S5). For further validation of putative ep-
oxides, sudoxicam and meloxicam HLM reactions were conducted with
epoxide hydrolase inhibitor elaidamide (1 pM) (Morisseau et al., 2001)
to facilitate epoxide accumulation and suppression of downstream
alpha-dicarbonyl metabolites.

2.6. 1,2-Diamino-4,5-methylenedioxybenzene labeling of alpha-dicarbonyl
compounds

1,2-Diamino-4,5-methylenedioxybenzene (DMB) was used as a
fluorescent label for sensitive and quantitative detection of alpha-di-
carbonyl metabolites after modifying a method developed by others
(Ogasawara et al., 2016). Previously described dried reaction samples
were resuspended in acetonitrile and combined with an equal volume of
water containing 1.0 M p-mercaptoethanol, 28 mM sodium hydro-
sulfite, and 7.0 mM DMB for a total reaction mixture of 40 uL. Mixtures
were incubated at 60 °C for 40 min for labeling and then quenched by
diluting 20-fold in mobile phase for HPLC analysis (20% acetonitrile,
80% water + 0.1% formic acid).

2.7. Analysis of fluorescent labeled alpha-dicarbonyl metabolites by HPLC

The resolution and quantitation of DMB labeled alpha-dicarbonyl
metabolites glyoxal and methylglyoxal was achieved through high
performance liquid chromatography (HPLC). Metabolites were resolved
using a 4.6 x150 mm XSelect 3.5 uM HSS T3 column heated to 45°C
and a Waters HPLC Breeze system equipped with a 2475 Multi A
Fluorescence Detector (Milford, MA). The labeled alpha-dicarbonyl
metabolites were resolved using two separate gradient methods with
0.1% formic acid/H,O (solvent A) and 0.1% formic acid/acetonitrile
(solvent B). Glyoxal was resolved over 13 min using a gradient method
at 1.0 mL/min starting with 68% A for the first 4 min, followed by
linear decrease to 10% A over 1min. This ratio was maintained for
1 min, and then linearly returned to 68% A over 1 min and held for the
remainder of the run. Methylglyoxal was resolved over 13 min using a
gradient method at 1.0 mL/min starting with 75% A which was de-
creased linearly to 70% A for the first 5min, followed by linear de-
crease to 20% A over 1 min. The ratio was maintained for 1 min, and
then linearly returned to 75% A over 1 min and held for the remainder
of the run. All samples were monitored by fluorescence (excitation:
325nm; emission: 393 nm), and peak areas normalized to internal
standard (7-hydroxycoumarin). Reaction responses were corrected for
background signals based on analysis of reactions lacking thiazole
containing substrates. Glyoxal and methylglyoxal standard curves were
used to quantitate the corrected peak areas. High background signals
caused high variability for final quantitated rates, so kinetic experi-
ments had to be repeated many times (9-24 replicates per substrate
concentration) to maximize confidence in average rate calculations and
kinetic curves. Reaction rates were reported as total product formed per
reaction time per amount of protein (pmoles/min/mg protein).
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2.8. Analysis of 5-hydroxymethyl-meloxicam metabolites by UHPLC-MS

The resolution and quantitation of 5-hydroxymethyl-meloxicam
metabolite from meloxicam reactions was achieved using LC-MS ana-
lysis based on mass to charge ratio (368 m/z) and co-elution with au-
thentic standards. Metabolites were resolved using a Cortecs C-18
2.7 um column (4.6 x 50 mm) and a Waters Acquity Arc UHPLC system
followed by detection with a Waters Acquity QDa single quadrupole MS
system (Milford, MA). Total flow rate was 0.5 mL/min and run time was
20 min. QDa cone voltage was 20V to detect m/z from 150 to 650 in
positive ion mode. The mobile phase comprised two solvents: 0.1%
formic acid/H,O (solvent A) and 0.1% formic acid/acetonitrile (solvent
B). The gradient method began at 90% A for 1 min and decreased to
10% A over 11 min. Ratio was maintained at 10% for 4 min, followed
by increase back to 90% A over 1 min, which was maintained for re-
mainder of run. Analyte peak areas were normalized to the internal
standard (fluoxetine) and quantitated relative to an authentic standard.

3. Results

3.1. General electron donating/withdrawing properties of substituents
weakly corresponded to modeled epoxidations

As the first step in bioactivation, we modeled epoxidation of the C4-
C5 double bond for 68 variants of sudoxicam differing in substituents at
the C4 or C5 position on the thiazole. We initially used the publicly
available Xenosite Epoxidation 1.0 (Hughes et al., 2015) model to
predict likelihood for epoxidation and observed random oscillation
between two different outputs for each molecule. We traced the issue to
random selection of two paths for atom numbering that impacted the
reported outcome. As described in Methods, we modified the model
such that outputs were invariant to atom numbering and made other
changes based on current experience with optimizing model design by
our group. A leave-one-cluster-out cross-validation revealed that the
revised epoxidation model achieved an 87.4% top-two accuracy, which
is an improvement over the original model (83%) (Hughes et al., 2015).
We then used the revised epoxidation model to predict metabolism of
the sudoxicam derivatives. The model predicted similar high metabolic
outcomes (P > 0.99) for sudoxicam and meloxicam targeted in ex-
perimental studies (Fig. 1).

For the class of 68 test molecules, we expected higher electron
density to increase the likelihood for epoxidation, and thus, we com-
pared metabolism predictions against the electron-donating and
-withdrawing strength of the substituent groups, i.e. strong, moderate,
and weak electron-donating and -withdrawing. Nevertheless, this as-
sessment revealed a weak possible positive correlation between epox-
idation and theoretical electron density for the C5 substituents (Fig. 2,
Panel A) and data points tended to cluster. A correlation was less ap-
parent for C4 substituents (Supporting Information, S7, Panel A).

Fig. 1. Thiazole test compounds with epoxidation model predictions. Epoxidation predictions made using the Xenosite epoxidation model 2.0 for sudoxicam
(Panel A) and meloxicam (Panel B). Individual bonds are scored from O to 1, with higher scores indicating higher likelihood of epoxidation.
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Fig. 2. Epoxidation model outputs versus electron density of sudoxicam C5 substituted derivatives. Sudoxicam derivatives were digitally constructed with 34
different substituents at the C5 position of the thiazole ring. Panel A: Epoxidation model outputs (y-axis) were grouped based on electron-donating/withdrawing
strength of the C5 thiazole substituent (x-axis). Panel B: QM model predicted C4-C5 bond orders (y-axis) were grouped based on electron-donating/withdrawing
strength of the C5 thiazole substituent (x-axis). Panel C: pKa predictions for the thiazole nitrogen atom (y-axis) were grouped based on electron-donating/with-
drawing strength of the C5 thiazole substituent (x-axis). Panel D: Epoxidation model outputs (y-axis) were plotted as a function of QM model bond order predictions
(x-axis) with points grouped based on identity of the alpha position atom. Panel E: Epoxidation model outputs (y-axis) were plotted as a function of pKa predictions
for the thiazole nitrogen atom (x-axis) with points grouped based on identity of the alpha position atom. Panel F: QM model predictions (y-axis) and pKa values (x-

axis) were plotted for comparison.

3.2. QM modeling of the bond undergoing epoxidation did not reflect a
relationship with modeled epoxidations

In a more detailed analysis, we explored relationships between in-
ferred electron density for test compounds and epoxidation predictions.
First, we used a WAVE-based QM model to predict the bond order at the
C4-C5 double bond targeted for epoxidation except molecules con-
taining bromine and iodine due to their absence in the basis set (see
Methods). The WAVE model is more complex than the epoxidation
model, capable of modeling long range and non-linear interactions
more effectively. Based on chemical reasoning, we expected higher
bond order predictions with electron donating substituents, but instead
we observed that the predicted bond order was the highest for the
unsubstituted scaffold compound, with electron density decreasing with
increasing strength of electron-donating and -withdrawing groups at
the C5 position (Fig. 2, Panel B) and the C4 position to a lesser extent
(Supporting Information, S7, Panel B); these findings suggest a more
complex relationship between the substituents and bond order than our
initial intuition. In this series, bond electron density and epoxidation
model predictions did not reveal a strong correlation with one another
(Table 1). The breakdown of substituents into groups based on the atom
attached to the ring revealed trends in the data, but they were not
consistent across the groups for both C5 (Table 1, Fig. 2, Panel D) and
C4 (Supporting Information, S6, S7, Panel D). The trendline slopes were
positive, negative or essentially zero, so that bond electron density of
the QM model did not correlate with epoxidation model predictions.
This finding was surprising, because bond electron density correlated
with epoxidation likelihood across the whole epoxidation dataset
(Hughes et al., 2015).

Table 1
Epoxidation Model Output Linear Correlations with Electron Density for
Sudoxicam C5 Substituted Derivatives.

bond order pKa
n slope R square F-test slope R square F-test
(P (0]
value) value)
total 34 2965 0.1896 0.0100 0.088 0.191 0.007
carbonyl 5 —-0.6147 0.3955 0.2557 0.036 0.3983 0.2535
alkyl 9 5.696 0.4261 0.0566 0.4476 0.7119 0.0042
nitrogen 6 5.286 0.5491 0.0919 0.1071 0.6014 0.0699
oxygen 5 -10.58 0.7704 0.1223 0.1514 0.5697 0.1403
sulfur 5 —-2.097 0.5666 0.1420 0.05723 0.8039 0.0393
halogens 4" NA® NA NA —0.005327 0.2118 0.5373

# Bond order predictions could not be yielded for those molecules that
contained either bromine or iodine, so only two halogen bond order predictions
were possible.

3.3. Electron density inferred from thiazole pKa correlated with epoxidation
predictions

We used pKa predictions as a second comparison point. We pre-
dicted the thiazole pKa of the sudoxicam derivatives using
MarvinSketch (ChemAxon) and used those values as descriptors of
electron density for the overall thiazole ring. The ChemAxon pKa model
is based on a substructure electronegativity model and does not capture
complex long-range effects. For this reason, it is more likely to match
the representation of the epoxidation model than the QM model.
Consistent with chemical intuition, electron-withdrawing C5
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substituents resulted in lower pKa values overall, while values were
slightly higher for electron-donating C5 substituents (Fig. 2, Panel C).
The trend was not observed for C4 substituents, suggesting a less im-
portant impact on pKa (Supporting Information, S7, Panel C). Unlike
the bond order predictions, increasing pKa values positively correlated
with epoxidation scores for nearly all C5 (Table 1, Fig. 2, Panel E) and
C4 (Supporting Information, S6, S7, Panel E) substituent groups except
the halogens. The pKa values were then more reflective of epoxidation
predictions than bond order predictions. Despite those correlations,
scaling between substituent types was not consistent given variations in
slopes and some substituent effects were not predictive at all (halo-
gens).

Lastly, we assessed the relationship between C4-C5 bond order
predictions and thiazole pKa and found no correlation for C5 (Fig. 2,
Panel F) or C4 (Supporting Information, S7, Panel F) substituents. This
finding is consistent with the lack of correlation between bond order
predictions and epoxidation model scores. The QM model may be better
at capturing long-range interactions in molecules (Matlock et al., 2019)
yielding a more complex chemical readout of reactivity than the usual
chemical reasoning embodied by the simpler epoxidation or pKa
models.

3.4. Multiple enzyme types catalyze thiazole bioactivation depending on
drug structure

The thiazole bioactivation pathway begins with formation of an
epoxide that undergoes cleavage to a dihydrodiol and then breakdown
into a thioamide and alpha-dicarbonyl (Scheme 1). Like others
(Mizutani et al., 1994a; Obach et al., 2008), we were not able to di-
rectly observe epoxides or downstream dihydrodiol metabolites of su-
doxicam and meloxicam generated from HLM reactions using MS
analyses. We then tried trapping epoxides using nucleophilic traps, i.e.
dansyl glutathione, dansyl mercaptan, N-acetyl cysteine and N-acetyl
lysine, to form stable, observable adducts, yet the analysis of those
reactions by MS and fluorescence yielded negative results. The lack of
detectable epoxides may reflect rapid decay under reaction conditions,
and thus, we repeated HLM reactions with the epoxide hydrolase in-
hibitor elaidamide. Again, neither of the epoxide metabolites were
observed directly or indirectly using the trapping reagents. These ob-
servations could reflect limitations of our methods and thus, we as-
sessed the impact of elaidamide on downstream measurable metabo-
lites of the bioactivation pathways, i.e. the alpha-dicarbonyls as
measured by DMB labeling (Fig. 3, Panel A). Interestingly, elaidamide
significantly inhibited (90%) glyoxal formation from sudoxicam, yet the
metabolism of meloxicam into methylglyoxal was not affected by the
inhibitor, suggesting the epoxide hydrolase plays a role in breakdown of
the sudoxicam epoxide but not the one derived from meloxicam (Fig. 3,
Panel B). Preincubation with ABT inhibitor resulted in significant in-
hibition of alpha-dicarbonyl formation from both sudoxicam (75% in-
hibition) (Fig. 3, Panel C) and meloxicam (85% inhibition) (Fig. 3,
Panel D), suggesting cytochromes P450 involvement in the bioactiva-
tion pathways of both drugs.

3.5. Fluorescently labeled glyoxal and methylglyoxal yielded sensitive,
robust metabolic endpoints for bioactivation

Despite challenges observing the epoxide and dihydrodiol metabo-
lites, we were able to measure the alpha-dicarbonyl cometabolite of the
thioamide protoxin (Scheme 1). We adapted a method reported by
others (Ogasawara et al., 2016) to react DMB with glyoxal from su-
doxicam and methylglyoxal from meloxicam, to generate a fluorophore.
Background peaks from HLM reactions coeluted with labeled glyoxal
and methylglyoxal (data not shown), so that final analyte values re-
quired correction with the appropriate blank reactions. Based on five
standard curves, the limits of detection were 90 nM for methylglyoxal
and 80nM for glyoxal, as calculated by three times the standard
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deviation of the normalized peak areas of the lowest concentration
divided by the average slopes of the standard curves. Importantly, these
metabolites were stable under reaction conditions. At low (50 uM) and
high (500 uM) concentrations, glyoxal showed no significant depletion,
and methylglyoxal only significant depletion after 60 min based on
student’s t-test (p < 0.05) (Supporting Information, S8).

3.6. Methyl group significantly impacted metabolic kinetics for meloxicam
and sudoxicam

Steady state reactions were conducted to determine the mechanism
and constants describing the metabolic conversion of sudoxicam to
glyoxal and meloxicam to either methylglyoxal or 5-hydroxymethyl-
meloxicam. As an initial step, we assessed the linearity in observed
rates at low (40 uM) and high (400 uM) substrate concentrations as a
function of time (Supporting Information, S9) and protein concentra-
tion (Supporting Information, S10). Based on those data, the optimal
steady-state conditions for all targeted metabolites were 0.5 mg/mL
HLM and a 40 min reaction time, and thus, those conditions were used
for kinetic experiments for the drugs. The resulting kinetic profiles were
then fit to single or biphasic kinetics models to determine the most
probable mechanisms and constants for reactions using corrected
Akaike information criterion.

The difference in a methyl group between sudoxicam and melox-
icam led to different mechanisms describing bioactivation and detox-
ification of the drugs (Table 2). The metabolic pathway for sudoxicam
leading to glyoxal was best fit to a biphasic model for two enzyme
activities. A high affinity phase fit to the Michaelis-Menten mechanism
(Vimax1/Km1 2.2) and was followed by a second non-saturable linear
phase with a 100-fold lower efficiency for the reaction (Viyaxo/Kmo
0.021) (Fig. 4, Panel A). Metabolism of meloxicam into methylglyoxal
demonstrated a single metabolic phase that fit best to the Michaelis-
Menten mechanism (Fig. 4, Panel B). The efficiency of this bioactivation
pathway (Vpax/Km 0.32) was 7-fold lower than that for sudoxicam.
These differences reflect a lower V,,, and much higher K, for the re-
action, so that the methyl group suppressed the bioactivation pathway.
The competing meloxicam detoxification pathway yielding 5-hydox-
ymethyl-meloxicam followed a biphasic model, in which one phase fit
Michaelis-Menten kinetics and the other did not saturate within our
experimental range (Fig. 4, Panel C). The high affinity phase led to the
most efficient metabolic reaction in this study (Viaxi/Km1 1.9) and at
higher substrate concentrations, a second 130-fold less efficient activity
contributed to turnover (slope 0.014). Given similar V., values for the
activities, the difference arose solely from substrate binding as reflected
in the respective K, values. When compared to the meloxicam bioac-
tivation pathway, the high affinity detoxification reaction was 6-fold
more efficient. The pathways would compete, leading to meloxicam
partitioning down the two possibilities based on their efficiencies. The
actual metabolic flux of meloxicam bioactivation is then the ratio of
bioactivation efficiency over the sum of both reaction efficiencies, or
0.14. Based on that knowledge, sudoxicam is ~ 15-fold (2.2/0.14) more
efficiently bioactivated than meloxicam.

4, Discussion

4.1. Epoxidation predictions reflected electron density but did so unevenly
among substituents

The toxic potential of thiazoles begins with the initial epoxidation
step, and thus, we predicted the relative importance of that reaction for
sudoxicam and meloxicam using our epoxidation model (version 1.0)
(Dang et al., 2016). The reaction occurs at a double bond, and our
epoxidation model is designed to predict the precise bond at which an
epoxide is formed. In this study, the application of our original, pub-
lished model revealed its tendency to generate randomly one of two
possible numerical outcomes due to random orientation of the thiazole.
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Fig. 3. . Chemical inhibition of bioactivation pathways. As described in Experimental Procedures, alpha-dicarbonyl metabolite formation rates were measured for
substrate reactions with human liver microsomes. Sudoxicam (Panel A) and meloxicam (Panel B) reactions at 40 uM (pink) and 400 uM (red) concentrations were
conducted with 1 uM elaidamide for microsomal epoxide hydrolase inhibition. Coincubation with 1 mM 1-aminobenzotriazole was conducted with 400 uM su-
doxicam (Panel C) and meloxicam (Panel D) for general cytochrome P450 inhibition. Each reaction was conducted in six to nine replicates. Alpha-dicarbonyl
formation rates are reported as percentages normalized to rates in uninhibited reactions. Average non-inhibited rates (in pmol/min/mg enzyme) were 12 for 40 pM
sudoxicam, 21 for 400 pM sudoxicam, 5.0 for 40 pM meloxicam, and 7.6 for 400 uM meloxicam. Significant differences between inhibited reaction rates and the
controls were determined based on p < 0.05 calculated using Student’s t-test. Error bars denote standard error. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

This design flaw impacted predictions of metabolism at double bonds
but not atoms, so that it is not a problem for our other metabolism
models. We resolved the issue and made other improvements to the
model (Methods). The new epoxidation model (version 2.0) demon-
strated better performance than the original model and will be made

Table 2

freely accessible through Xenosite (https://swami.wustl.edu/xenosite).
Using the improved model, we found that the difference in a methyl
group between meloxicam and sudoxicam did not impact the likelihood
for epoxidation, suggesting the electron donating ability of the methyl
group was not important in this metabolic step. Nevertheless, both

Michaelis-Menten Kinetic Constants for Sudoxicam and Meloxicam Metabolites from Human Liver Microsome Reactions.

Steady-state kinetic constants for individual metabolites®

Substrate Metabolite Vinax1” Kl (UM) Vinax/Km1 Vinax2” Km2 (UM) Vinax/Km2
sudoxicam glyoxal 13 = 0.75 59 = 1.2 2.2 NA NA 0.021°¢
meloxicam methylglyoxal 8.4 = 0.39 26 = 4.9 0.32 NA NA NA
5-hydroxymethyl-meloxicam 29 = 2.0 15 = 2.9 1.9 NA NA 0.014°
34 + 249 14 + 9.5¢ 2.4 140 + 84¢ 380 + 55¢ 0.37

-

Best fit models shown in Fig. 4 were determined using corrected Akaike information criterion. Values shown with standard error from mean.
Units are pmol/min/mg protein.
Efficiency estimated based on slope of linear function.
Data reported by others (Chesne et al., 1998).



D.A. Barnette, et al.

A 2

20

15

Initial Rate
(pmol/min/mg enzyme)

10

0
0 10 20 30 40 50

Toxicology 440 (2020) 152478

0f
0
0 10 20 30 40 50 010 20 30 40 50

3

0 100 200 300 400 0 160 260
[meloxicam] pM

[sudoxicam] pM

300 400 0 100 200 300 400
[meloxicam] pM

Fig. 4. Steady state kinetic profiles for metabolites of sudoxicam and meloxicam. Alpha-dicarbonyl metabolites from the thiazole bioactivation pathway were
observed for sudoxicam and meloxicam reactions by human liver microsomes. Glyoxal (red circles) from sudoxicam (Panel A) and methylglyoxal (red squares) from
meloxicam (Panel B) were detected using DMB labeling. The 5-hydroxymethyl-meloxicam metabolite (blue squares) from the meloxicam detoxification pathway
(Panel C) was measured by mass detection (m/z 368). Metabolites were quantitated using standard curves to calculate initial rates (pmol/min/mg protein) as a
function of substrate concentration (uM). Data for all reactions were fit best to a biphasic Michaelis-Menten equation or a single Michaelis-Menten equation using
Akaike information criterion for small sample sizes (AICc), and the corresponding constants are reported in Table 2. Experimental reactions for each substrate
concentration were replicated between nine and twenty-four times. Analysis was conducted as described in Materials and Methods. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

predictions were very high for the reaction, so that it was unclear if the
model was able to scale the effects of substituents on thiazole epox-
idation or not.

Consequently, we interrogated model predictions for 68 different
sudoxicam derivatives possessing various substituents and assessed the
relationships between those structural differences and predicted epox-
idations. These reactions would most likely be carried out by cyto-
chrome P450 isozymes (Mizutani et al., 1990, 1992), whose primary
oxidant is an electrophilic perferryl species (FeO®™") (Higson, 2012).
Epoxidation of thiazoles would then positively correlate with higher
electron density. There was only a weak relationship between model
predictions and substituents when grouped based on relative electron-
donating and -withdrawing properties. Moreover, data point clustering
suggested subpopulations of substituents shared similar properties. This
analysis was clearly not sufficient to study the basis for model predic-
tions; a more granular analysis was necessary.

We more specifically inferred electron density for correlative ana-
lyses of model predictions in two ways. First, we relied on bond order
based on Quantum Mechanical calculations as a measure of the electron
density for the thiazole C4-C5 double bond. The bond order predictions
with the WAVE model yielded a surprising relationship with the sub-
stituents grouped according to electron-donating/withdrawing abil-
ities. Rather than the expected positive correlation, the bond order in-
creased with weaker electron-donating groups and then decreased with
strengthening electron-withdrawing groups to create an inflection point
with hydrogen as the substituent. There is a precedent for this behavior
whereby pi-bond electrons are “pushed and pulled” between an elec-
tron-donating group on one carbon and electron-withdrawing group on
the other (Kleinpeter, 2006). We analyzed correlations between epox-
idation model predictions versus predicted bond electron density on
sudoxicam derivatives, grouping by substituent classes defined by the
atom directly connected to the thiazole ring. Individual classes of
substituents yielded correlations differing in magnitude and sign, such
that there was no clear correlation overall between QM model predic-
tions and epoxidation predictions. This result suggests either that the
epoxidation model does not rely on bond electron density in this series,
or the model is inferring the bond density differently than the QM
model.

In contrast, epoxidation scores correlated with predicted pKa to
model substituent effects of epoxidation. Thiazole pKa for sudoxicam
derivatives positively correlated with increasing electron density
(Higson, 2012). This relationship was consistent with the epoxidation
model predictions relative to pKa. When broken down by substituent
classes, epoxidation model predictions correlated positively with pKa;

however, based on the slopes, there was wide variability in the sensi-
tivity of the model prediction to pKa. These differences may be due to
differences in how the model scales the effects of substituents on
epoxidation predictions. In the case of halogens, the differences in their
properties had no impact on model predictions. This observation may
reflect the underrepresentation of halogenated drugs in the AMD
training set for the model. Even the 23 thiazole-containing molecules
present in the data set lack halogens on the thiazole ring. Knowledge of
these deficiencies provides a basis for refinement of the model to im-
prove the accuracy and capacity to generalize predictions. Overall, the
epoxide model predictions more closely aligned with pKa predictions.
The divergence between WAVE model and epoxidation model predic-
tions may reflect complex interactions of thiazole with substituents that
is not well captured by simple models. In the long run, the incorpora-
tion of QM-based modeling into the epoxidation model could improve
predictions for thiazoles.

4.2. Epoxidation hydrolysis was an essential step in the thiazole
bioactivation pathway

The general bioactivation pathway for thiazoles is initiated with
epoxidation at the thiazole C4-C5 double bond, followed by hydrolysis
to form a diol and finally ring cleavage to form an alpha-dicarbonyl and
a thioamide protoxin (Mizutani et al., 1994b) (Scheme 1). For sudox-
icam and meloxicam, Obach et al. (2008) reported evidence for all
metabolites and intermediates in the pathway except for the proposed
initial epoxide. Alkene epoxidation is an established metabolic reaction
carried out by cytochromes P450 on multiple drugs, comprising up to
15% of all bioactivation reactions (Hughes et al., 2015; Testa et al.,
2012), yet the epoxidized thiazole intermediate has never been ob-
served previously either directly or indirectly through the use of glu-
tathione for trapping (Obach et al., 2008; Mizutani et al., 1994a). We
obtained the same results for sudoxicam and meloxicam, and thus, we
sought to better our odds for observing epoxide metabolites. We
blocked the enzymatic breakdown of the epoxide using the epoxide
hydrolase inhibitor elaidamide, yet we still detected no epoxides or
even epoxide adducts with various trapping agents. This absence may
reflect more effective trapping by microsomal proteins (Bu et al., 2005),
limits of instrumental detection, and/or ineffectiveness of the inhibitor
to impact that reaction step. In fact, there was a nearly complete de-
crease in glyoxal formation from sudoxicam in the presence of the in-
hibitor, yet that was not the case for methylglyoxal from meloxicam.
This surprising find implicates epoxide hydrolase activity as critical for
the sudoxicam, but not meloxicam, metabolic pathway leading to the
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alpha-dicarbonyl metabolite. The reason for this difference in outcomes
for the two drugs is currently unclear. One possible explanation is that
the presence of the methyl thiazole substituent for meloxicam may alter
epoxide hydrolase specificity to favor an alternate pathway for break-
down of the metabolite to form eventually alpha-dicarbonyl. Ad-
ditionally, the meloxicam pathway may be metabolized by a unique
isoform of human epoxide hydrolase. For example, EH3 is a recently
identified epoxide hydrolase whose activity is associated with the
membranous fraction of cell lysate. Unlike the classic microsomal ep-
oxide hydrolase isoform (mEH), EH3 activity is not affected by elai-
damide inhibition (Decker et al., 2012).

4.3. Sudoxicam bioactivation pathway was more efficient compared to
meloxicam

Despite previous challenges, we are the first to report the micro-
somal kinetics for the sudoxicam and meloxicam bioactivation path-
ways based on alpha-dicarbonyl formation rates (Scheme 1). Like me-
loxicam hydroxylation (Chesne et al., 1998), these oxidative pathways
for both drugs involve cytochrome P450 isozymes according to our
inhibitory phenotyping studies using ABT. Steady-state kinetics for
sudoxicam metabolism into glyoxal was biphasic reflecting high affinity
and unsaturable isozyme activities. The significant difference (100-fold)
in the reaction efficiencies indicates that only the high affinity activity
would likely be relevant at the typical low drug levels observed under
biological conditions (Gschwend et al., 2007). The kinetics for sudox-
icam bioactivation could reflect a single P450 isozyme given their ca-
pacity to display non-hyperbolic kinetics (Lin et al., 2001; Isin and
Guengerich, 2016; Niwa et al., 2008) or alternatively, the action of two
separate P450 isozymes. The latter possibility seems more plausible
based on meloxicam hydroxylation studies in which biphasic micro-
somal kinetics were shown to reflect contributions by both CYP2C9 and
3A4 (Chesne et al., 1998). A similar combination of two P450 isozymes
could contribute to the sudoxicam bioactivation pathway and mediate
its relative significance in patients.

We hypothesized that the presence of a weak electron-donating
methyl group at the thiazole C5 position would have a minimal effect
on epoxidation so that meloxicam and sudoxicam bioactivation kinetics
would be similar, but that was not the case. Unlike sudoxicam, me-
loxicam kinetics for methylglyoxal fit best to Michaelis-Menten me-
chanism suggesting that a single enzyme bioactivated the drug. The
impact of the C5 methyl group on the efficiency of epoxidation was
surprisingly very negative, with a 50% lower V.., and a four-fold
higher K, for meloxicam compared to sudoxicam. While sterically
small, the methyl substituent was capable of significantly decreasing
the specificity and affinity of meloxicam bioactivation by P450s,
making the pathway six-fold less efficient than the high affinity one for
sudoxicam. The deactivating effect of substituents at the C5 thiazole
position has been reported previously. One study showed that bioacti-
vation of a similar heterocyclic five membered ring, thiophene, was
decreased by substituents at the C5 position more so than at the C4
position (Chen et al., 2011). In another study, C5 substitutions blocked
thiazole bioactivation for a nonpeptidyl thrombopoietin receptor ago-
nist (Kalgutkar et al., 2007), highlighting that site as a thiazole “soft
spot” for reactivity (Jean and Fotsch, 2012).

4.4. Meloxicam detoxification was more efficient than bioactivation

The methyl group for meloxicam provides a site of metabolism for a
detoxification pathway unavailable for sudoxicam (Scheme 1). The
reaction with human liver microsomes is biphasic with a low efficiency
reaction and a 130-fold higher efficiency one presumably by CYP3A4
and 2C9, respectively (Chesne et al., 1998). In our study, we re-
capitulated the published results for the high affinity reaction gen-
erating nearly identical values but were not able to saturate a low af-
finity activity as reported previously (Table 2). This outcome reflected
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differences in experimental design. The authors of the original study
carried out reactions with DMSO concentrations as high as 1.0% to
achieve saturation of the low affinity activity. Such levels of DMSO
would significantly inhibit CYP3A4 activity (Chauret et al., 1998;
Easterbrook et al., 2001) leading to the false impression of enzyme
saturation and thus inaccurate kinetics. We avoided that complication
by minimizing DMSO use to 0.1% and holding that level constant for all
reactions. Lastly, the efficiency of meloxicam detoxification was 6-fold
higher than bioactivation; this stark contrast in metabolism reflects
differences in the reactivity and/or accessibility of the sites of meta-
bolism despite their proximity.

4.5. Both bioactivation and detoxification pathways likely contribute to
differences in clinical sudoxicam and meloxicam metabolism

We approximated overall differences in relative bioactivation for
meloxicam and sudoxicam under clinical conditions by comparing their
metabolic flux down the competing bioactivation and detoxification
pathways. For comparative purposes, we assumed sudoxicam plasma
levels reach similar levels in patients as meloxicam, so that the maximal
clinical drug levels would be 3.2 uM (Gschwend et al., 2007). Under
those conditions, only the high affinity metabolic activities contribute
to drug metabolism. Moreover, drug levels remain below the K, values
for bioactivation and detoxification reactions, and thus, kinetic effi-
ciencies (Vimax/Km) are accurate descriptions of the relative metabolic
flux through those pathways. Unlike sudoxicam, the relative sig-
nificance of meloxicam bioactivation must take into account parti-
tioning down bioactivation and detoxification pathways. When com-
pared to sudoxicam, the metabolic flux of meloxicam bioactivation is
15-fold less efficient than that for sudoxicam. Taken together, the C5
thiazole methyl group suppressed epoxidation and introduced a de-
toxification pathway, resulting in decreased bioactivation potential for
meloxicam over sudoxicam; such a significant difference in bioactiva-
tion could explain the very low incidences of drug-induced liver injury
associated with meloxicam over sudoxicam (Obach et al., 2008). The
fact that nearly three decades passed between the initial sudoxicam
studies (Wiseman and Chiaini, 1972) and the approval of meloxicam as
a safer alternative (Yocum et al., 2000) highlights the complexities
involved with finding safer alternatives to drugs with even simple
modifications, and thus the need to understand the underlying me-
chanisms that link structure to toxic outcome.

4.6. Experimental bioactivation kinetics implicated importance of the
chemical step in model epoxidations

Although limited to sudoxicam and meloxicam, our novel thiazole
bioactivation kinetics provide an opportunity to explore the accuracy
and meaning of our model predictions. The introduction of the C5
methyl group had minimal effect on modeled epoxidation outcomes
and QM modeled bond orders as observed for the corresponding Viax
values from steady-state studies. This kinetic constant likely reflects the
rate-limiting chemical step, which is a common feature of P450 isozyme
reactions (Guengerich, 2002). In fact, the correlations of model pre-
dictions with pKa support chemical properties of the thiazole as a de-
terminant in model outcomes. Consequently, epoxidation predictions
may better align with chemical reactivity than binding contributions
from enzymatic reactions and hence, impact their use and interpreta-
tion in metabolism studies.

4.7. Concluding remarks

Overall, our combination of computational and experimental ap-
proaches revealed the impact of a methyl group on the intrinsic and
relative thiazole bioactivation of sudoxicam and meloxicam as well as
the potential for modeling to yield insights on the effects of other
thiazole substituents. The analysis of our epoxidation model using the
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sudoxicam scaffold revealed its strengths in predicting structure-spe-
cific chemical reactivity for bonds while highlighting current defi-
ciencies. Furthermore, we used novel applications of analytical tech-
niques for experimental quantitation of the thiazole bioactivation
pathway. We gathered new evidence for epoxide formation in the es-
tablished thiazole bioactivation pathway and for an inhibitory role of
C5 methyl substituents on the pathway. Knowledge of the mechanism
of substituent effects on thiazole P450 bioactivation and detoxification
pathways can benefit drug design and improve clinical outcomes.
Future identification of the specific P450 isozymes involved in meta-
bolism could lead to predictions of mild idiosyncratic toxicity, such as
those observed for meloxicam (“LiverTox”, 2018; Staerkel and
Horsmans, 1999; Rostom et al., 2005), on a personalized basis. Finally,
broader knowledge of the effect of functional groups on the metabolic
fate of the frequently used thiazole scaffold can be used to improve drug
design to decrease the likelihood of bioactivation and subsequent
toxicity in patients.
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