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Oxicams are important drugs that act as anti-inflammatory agents, of them, piroxicam and its prodrugs are in
daily use. The metabolic profiles of oxicams were explored using mass spectrometry methods and, in some cases,
NMR. However, there is a noticeable gap in research regarding the in-depth exploration of the electronic
structure of their reactive metabolites. The relative energies of the various metabolites of oxicams and the
associated possible isomers have not been compared. In this work, the electronic characteristics of the reactive

metabolites associated with important oxicams have been evaluated. This comparative analysis helped in
identifying additional potential reactive metabolites of several oxicams. For example, the quinonimine metab-
olite of piroxicam has been suggested as an important possibility. This work highlights that in addition to mass
spectrometry analysis, energy comparison of possible isomers needs to be carried out in drug metabolism studies.

1. Introduction

Oxicams belong to an important class of NSAIDs (Non-Steroidal Anti-
Inflammatory Drugs) that exhibit anti-inflammatory effects. Though
these compounds are relatively old, a lot of focused research is in
progress on their mechanism of drug action [1-5]. Piroxicam, sudox-
icam, meloxicam, tenoxicam, isoxicam, and lornoxicam are important
drugs that exhibit anti-inflammatory, analgesic, and antioxidant activ-
ities [6]. Oxicams are used for the treatment of rheumatoid arthritis and
gout [7]. They act as non-selective COX inhibitors and bind to COX-1
and COX-2 enzymes. The anticancer activity of oxicams and their
metal complexes have also been reported [7]. The reactivity of the
sulfonamide group in oxicams arises from the non-hypervalent nature of
the sulfur atom [8]. They are weakly acidic because of the enolic-OH
group present in most of them [9]. Oxicams are very much prone to
form cocrystals with dicarboxylic acids which have been shown in
several papers by performing synthetic and structural analysis on them
[10-13]. These cocrystal involve only non-covalent interactions
[14-16]. Amongst all oxicams, piroxicam is the safest drug, and many

prodrugs like pivoxicam, droxicam, cinnoxicam, and ampiroxicam are
available [17,18] Fig. 1 provides the 2D structures of important
oxicams.

The N-methyl-1,2-thiazine-1,1-dioxide unit of oxicams has been
considered an essential structural requirement in oxicams. The enolic-
OH group at the 4th position and amide group at the 3rd position as
well as the aromatic fused ring at the 5-6 positions of this ring are also
the contributing pharmacophoric features of oxicams [19]. The het-
erocyclic rings carrying mild basicity attached to the amide nitrogen
also contribute as a pharmacophoric unit. All the oxicams exhibit
extensive tautomerism due to the prototrophic shift originating from the
enolic OH group; some of the tautomers are reported in zwitterionic
states [4,6].

Toxic side effects have been reported for all oxicams, in a few cases
leading to withdrawal or reduced use [20]. For example, tenoxicam may
cause gastric irritation, coma, drowsiness, vomiting nausea, headache,
tinnitus, and acute renal and kidney failure. Sudoxicam can cause acute
liver failure and hepatocellular jaundice, including fatal hepatic necro-
sis, and was withdrawn from further clinical trials in 1977 [21].
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Fig. 1. The 2D structures of important oxicams.

Meloxicam can cause mild gastrointestinal side effects such as
dyspepsia, nausea, abdominal pain, and diarrhea [22]. Droxicam causes
cholestatic injury [22]. Isoxicam causes toxic epidermal necrolysis
associated with hepatic injuries that led to the withdrawal of this drug
[21]. Most of these side effects may be attributed to the reactive me-
tabolites originating from these drugs.

The 3D structures of piroxicam [23], lornoxicam [24], droxicam
[25], meloxicam [26], and tenoxicam [27], are available in the Cam-
bridge Structural Database (CSD). The 3D structures of oxicams like
meloxicam with COX-1 (401Z), COX-2 (4M11), and isoxicam with COX-
2 (4M10) are available in the Protein Data Bank [28]. Quantum chem-
ical analysis has been carried out on lornoxicam by our group [29]. It
was found that the stability of its zwitterionic form is governed by sol-
vent. This study revealed the importance of prototrophic exchange,
which governs the existence of polymorphism of this drug in the solid
state [29]. Antonov and coworkers [30] performed extensive studies
(experimental and theoretical) on the tautomeric transformations of
piroxicam in solution. It was found that piroxicam preferred to exist in
the sandwich-type dimeric state in ethanol and DMSO. However, in the
water medium, the tautomeric equilibrium prefers a zwitterionic state
[30]. Glossman-Mitnik and coworkers analyzed the properties of oxi-
cams using conceptual DFT indices [6]. This group also performed
theoretical investigations on the spectroscopic properties of oxicams
using DFT [31]. Mary et al. reported quantum chemical and molecular
docking analysis of a few oxicams [32]. A DFT study of the tenoxicam
metabolites was carried out by Palomar-Pardavé and coworkers [33].

Only a few reports are available on the metabolic profile of the
oxicams, mostly based on mass spectrometry evidence, occasionally
using NMR. The 3D structures of possible reactive metabolites of oxi-
cams and their electronic characteristics have not been explored. A
conceptual DFT (cDFT) analysis [34-38] of the oxicams has been re-
ported [6] but the corresponding analysis of their metabolites has not
been carried out. Quantum chemical analysis can be carried out to
calculate the various reactivity descriptors such as global electrophi-
licity index (), and, on that basis, it is possible to identify the reactive
metabolite that is most likely responsible for toxic side effects [37,38].
Our group was successful in establishing a possible correlation between

the electronic characteristics of metabolites and the observed toxicity
profile of a few drugs [39-59]. It was found that many of the metabolites
with structural alerts undergo isomerization, and the isomeric forms of
the metabolites may often be more crucial towards toxicity. Taking clues
from our earlier experience, it is found worthy to explore the electronic
structures of oxicams and their metabolites, the results are reported in
this article. This comparative study indicated that a few possible me-
tabolites were not considered in earlier studies.

2. Methods

The Gaussian 16 [60] software suite was used to perform DFT cal-
culations of oxicams and their metabolites. The equilibrium geometries
of all molecules were determined using gradient techniques to calculate
force constants and vibrational frequencies. The hybrid DFT MO06
method with the basis set 6-31+G(d,p) was employed in this work
[61,62]. MO6-class DFT functional was tested in the last decades to be
the better compromise between precision to estimate several chemical
properties avoiding unpredictable hotspots as seen by hybrid DFT
functionals as B3LYP, that M06-class is now considered the standard
choice in computational chemistry [63-65]. The absolute energy values
chosen for this work include the thermal free energy corrections pre-
scribed in the Gaussian 16 suit of programs.

Several global chemical reactivity descriptors of molecules, such as
chemical hardness (1)), chemical potential (u), and electrophilicity index
(m), as well as local reactivity descriptors such as the Fukui function,
electrophilicity, and nucleophilicity, have been defined using cDFT
[35-38]. The global electrophilicity index (o), eq. (1) is a promising
descriptor for predicting toxicological properties. Parr et al. proposed
the global electrophilicity index (o) of a chemical species as the square
of electronegativity of a molecule (p) divided by its chemical hardness

m-
w = pu?/2n )

The electrophilicity index has evolved as one of the crucial conceptual
DFT-based descriptors to the study of bio-activities, especially the tox-
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Table 1

Ionization potential I, first vertical electron affinity A, global electrophilicity o,
total hardness 1, and electronegativity p of piroxicam, its metabolites and pro-
drugs estimated using the M06 functional and the 6-31G+(d,p) basis set.™

piroxicam I A n n [

Drug 8.112 1.122 —4.617 6.989 1.525
P-M1 7.969 0.974 —4.471 6.995 1.429
P-M2 8.065 1.209 —4.637 6.856 1.568
P-M3 7.922 0.959 —4.440 6.964 1.416
P-M4 7.843 1.067 —4.455 6.776 1.465
P-M5 8.683 1.039 —4.861 7.644 1.546
P-M6 9.396 0.921 —5.158 8.475 1.570
P-M7 9.741 0.643 —5.192 9.098 1.481
P-M8 10.120 0.722 —5.421 9.397 1.564
P-M9 8.656 2.373 —5.515 6.283 2.420
pivoxicam 7.924 1.113 —4.518 6.811 1.499
droxicam 8.735 1.344 —5.040 7.391 1.718
cinnoxicam 7.948 1.521 —4.734 6.427 1.744
ampiroxicam 8.030 1.117 —4.574 6.912 1.513

2 All values are expressed in eV units.

icities of chemicals [3]. Popular qualitative chemical concepts such as
electronegativity of a molecule (), eq. (2) and chemical hardness (1),
eq. (3) have been provided with rigorous definitions within the purview
of ¢cDFT [34-38].

p=—(I+4)/2 @
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n=I-A &)

I and A are the ionization potential and electron affinity of the
molecules, respectively. The condensed Fukui function is a local density
functional descriptor that can be used to calculate the reactivity of each
atom in the molecules [62].

3. Results and discussion

Six well-known oxicams and all their experimentally reported me-
tabolites have been considered in this study. In a few cases, theoretically
possible metabolite structures were also considered. The electronic
structure analysis of the metabolites of each drug is discussed below.

3.1. Piroxicam

Piroxicam is in widespread clinical use as an NSAID. The 3D struc-
tures of piroxicam were explored using the quantum chemical method
mentioned earlier [6,30,31,66,67]. The tautomeric polymorphism of
piroxicam in solid state was reported; it exists in alternative zwitterionic
states of the molecule. Various cocrystals of piroxicam have also been
explored [68,69]. The most stable tautomer of piroxicam is character-
ized by an intramolecular hydrogen bond between the oxygen of the
carbonyl group and the hydroxyl group. Table 1 lists the electronic
characteristics of piroxicam and its important metabolites. Fig. 2 pro-
vides the 2D structures of the metabolites of piroxicam.
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Fig. 2. The metabolic pathway of piroxicam, listing the reported reactive metabolites. The species included in the dashed box is newly considered in this work.
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Fig. 3. The metabolic pathway of sudoxicam, listing reported reactive metabolites. The species included in the dashed boxes are newly considered in this work.

Cyclization and dehydration lead to metabolite P-M1 of piroxicam,
which carries a pyrimidinone ring. The cyclodehydration makes P-M1
safer compared to piroxicam because fewer functional groups are
exposed. The metabolites P-M2 and P-M3 are products hydroxylated at
positions 5 and 7 of the benzothiazine ring system respectively. PM-4 is
hydroxylated at the 5’ position of the pyridine ring. P-M2 carries two
intramolecular hydrogen bonds. P-M5 is an amide hydrolysis product
that is decarboxylated to P-M6 and further transformed to P-M?7 via ring
contraction, followed by N-demethylation to P-M8. P-M1 to P-M8 are
all reported to be reactive metabolites, however, none of them was
implicated in any toxic side effects. The primary metabolites of pirox-
icam are the hydroxylated products, their relative energies are in the
order P-M2 (0.00) < P-M3 (2.82) < P-M4 (5.01 kcal mol ). All of them
were reported experimentally [70]. The global electrophilicity index (®)
value of piroxicam is 1.525 eV and that of all its reported metabolites is
< 1.6 eV, thus, all of them are sufficiently safe (o < 2 eV).

Many drugs are known to form quinonimine metabolites, [71] and
this unit is a structural alert because it can act as a Michael acceptor.
Following these examples, P-M4 might get transformed to quinonimine
P-M9 upon oxidation. The electrophilicity index value of P-M9 is 2.42
eV. This value falls on the borderline toward toxicity (~3 eV) [47]. So

far, mild toxicities (gastrotoxicity, photosensitivity) originating from
piroxicam have been reported [72]. Considering that the formation of
quinonimine might be possible, attention should be paid to the potential
toxicity arising from P-M9.

To improve the drug delivery of piroxicam, several attempts have
been made. This involved prodrug formation as well as the creation of
complexes with the polymer. Table 1 also includes the electronic pa-
rameters of the prodrugs of piroxicam. All of them have o values < 1.8
eV. Prodrugs of piroxicam (pivoxicam, droxicam, cinnoxicam, and
ampiroxicam) are expected to lead to piroxicam during the first
biotransformation and further lead to the metabolites depicted in Fig. 2.

The influence of solvent on the metabolites was evaluated by
studying the relative energies of three isomers P-M2, P-M3, and P-M4.
Table S2 includes the comparison of the relative energies in the gas
phase and the solvent phase. After complete optimization of the struc-
ture of these three isomers in implicit water, no significant change has
been noticed in the geometries. Similarly, no significant change has been
noticed in the relative energy values. Hence, in this work, we continued
the analysis of all the oxicams in the gas phase.
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Table 2

Ionization potential I, first vertical electron affinity A, global electrophilicity o,
total hardness 1, and electronegativity p of sudoxicam and its metabolites esti-
mated using the MO06 functional and the 6-31G+(d,p) basis set™.

sudoxicam 1 A n n [

Drug 8.046 1.258 —4.652 6.788 1.594
S-M1 8.641 1.407 —5.024 7.234 1.744
S-M2 8.587 1.362 —4.975 7.224 1.713
S-M3 8.321 1.886 —-5.103 6.435 2.024
S-M4 8.615 1.351 —4.983 7.263 1.709
S-M5 8.807 1.584 —5.196 7.222 1.869
S-M6 8.019 1.254 —4.637 6.764 1.589
S-M7 8.094 1.302 —4.698 6.791 1.625
S-M8 7.929 1.142 —4.538 6.792 1.516
S-M9 8.354 1.688 —5.021 6.666 1.891

@ All values are expressed in eV units.
3.2. Sudoxicam and meloxicam

Both sudoxicam and meloxicam are oxicams containing a thiazole
ring in the side chain, thus they are being studied together and their
metabolic profiles are being compared [73]. Sudoxicam is a reversible
cyclooxygenase antagonist and a potential NSAID, introduced in 1970
and withdrawn in 1972 due to severe idiosyncratic hepatotoxicity [18].
Meloxicam is a selective inhibitor of cyclooxygenase-2 (COX-2) and an
NSAID [22]. Meloxicam is used in the management of rheumatoid
arthritis and osteoarthritis, for the short-term symptomatic treatment of
acute exacerbations of osteoarthritis, and the symptomatic treatment of
ankylosing spondylitis. It may also be used in the treatment of juvenile
idiopathic arthritis. Though meloxicam is in use, a few side reactions
have been reported.

Obach et al. reported the metabolic profile of sudoxicam and
meloxicam in human liver microsomes using liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) and nuclear magnetic
resonance (NMR) [73]. Sudoxicam is mostly metabolized via oxidative
routes that begin with a thiazole epoxide intermediate (S-M1) (Fig. 3). S-
M1 gets hydrolyzed to thiazole-4,5-dihydrodiol (S-M2) and ring-opened
to an iminoaldehyde (S-M3), as well as isomerizes to S-M4 and S-M5
after epoxide ring opening. The ring opening of the thiazole ring in S-M4
leads to the formation of thiohydrotoic acid (S-M6) [74]. The decar-
boxylation of §-M6 or hydrolysis of S-M3 give an acylthiourea metab-
olite (S-M7). The hydroxy-acyl thiourea metabolite (S-M8) is produced
by hydroxylation of the benzothiazine ring of S-M7 [74-77]. S-oxidation
is also an important possibility to give S-M9. Several sudoxicam me-
tabolites are reactive and contribute to sudoxicam-induced hepatotox-
icity [78].

Miller and co-workers carried out a comparative metabolism analysis
of meloxicam and sudoxicam using informatics approaches as well as by
studying the metabolism using recombinant P450s [79,80]. It was found
that CYP2C8 dominates the sudoxicam bioactivation pathway and
CYP2C9 dominates the meloxicam detoxification pathway. Our group
performed a quantum chemical analysis and established that epoxida-
tion is more favorable in thiazole rings than S-oxidation [47]. Also, the
various possible isomerization reactions of the preliminary metabolites
play a crucial role in determining the toxicity parameters (mainly the
electrophilicity (w) values). However, when the C-5 position in the
thiazole ring is blocked with a methyl group, the oxidation at the methyl
group becomes more favorable than the epoxidation both in terms of the
energy barrier for the metabolic transformation and the stability of the
metabolites [73,47]. Thus, the quantum chemical study implied that the
preferred oxidation reactions of sudoxicam and meloxicam are distin-
guishable in terms of kinetics and thermodynamics.

Table 2 lists the electronic parameters estimated using quantum
chemical methods on all possible metabolites of sudoxicam given in
Fig. 3. The global electrophilicity index value of sudoxicam is 1.594 eV.
The metabolites S-M1, S-M3, S-M4, and S-M5 have global
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electrophilicity values of 1.744, 2.024, 1.709, and 1.869 eV, respec-
tively. S-M3 can act as a Michael acceptor and interact with many nu-
cleophiles leading to Mechanism-Based Inhibition (MBI). Particularly, it
can interact with glutathione and cause glutathione depletion leading to
severe toxicity. S-M1, S-M3, S-M4, S-M5, and S-M9 are all isomers of the
epoxide metabolite. The relative energies of these isomers are in the
order of S-M5 (—27.09) < S-M4 (-23.34) < S-M1 (0.00) < S-M3 (6.18)
< 8-M9 (32.33 kecal mol ™). These relative values indicate that S-M9
formation is thermodynamically unlikely, but the conversion of S-M1 to
other isomers is feasible. The functional units in S-M1 and S-M3 are
structural alerts, thus, it is worth considering the local electrophilicity of
these species. Quantum chemical studies showed that iminoaldehydes
are highly electrophilic and, thus, can lead to MBI [47]. The metabolite
S-M5 was not considered in earlier studies but is the most stable isomer
on the energy scale. As it is an energetically preferred isomer, attempts
should be made to identify it experimentally.

In vitro studies indicated that CYP2C9 plays an important role in the
metabolic pathway of meloxicam with a minor contribution of the
CYP3A4 isozyme [22]. Meloxicam only differs from sudoxicam by a
methyl group at the C-5 position of the thiazole ring, and due to the
hydroxylation of this methyl group, meloxicam undergoes a competitive
detoxification pathway [74]. Furthermore, the probability of epoxida-
tion in meloxicam has been reported to be lower because of the C-5
substitution in the thiazole ring.

Sashidhar et al. reported the meloxicam metabolism of the Cun-
ninghamella blakesleeana fungus species [81]. It results in the two major
metabolites 5-hydroxy methyl meloxicam (M—M1) and 5-carboxy
methyl meloxicam (M—M?2), which are formed by the oxidation of the
methyl group at the C-5 position of the thiazole ring. The metabolites
were identified by HPLC and LC-MS spectrometry [81]. In humans, the
enzyme CYP3A4 is also responsible for the formation of M—M1 as re-
ported by Chesne and coworkers [82]. Davies and Skjodt et al. also re-
ported M—M1 and M—M2 metabolites of meloxicam and claimed that
these metabolites are pharmacologically inactive and excreted from the
body via urine and faeces [83].

Obach et al. provided a detailed scheme for the metabolism of
meloxicam [73]. (Fig. 4). Miller et al. reported the formation of the
epoxide metabolite (M—M4) via epoxidation followed by hydrolysis,
which gave 5-methyl-4,5-dihydrothiazole-4,5-diol (M—MS5). The ring
scission of M—M4 yields iminoaldehyde M—M?7 and is followed by
hydrolysis to form the acyl thiourea M—M9 [79,80]. The metabolite
M—M9 gets converted into the hydroxy-acyl thiourea M—M12 and
M—M10, which is formed by cyclization [73]. The metabolite M—M8
may be formed through the reduction of the imine intermediate of the
opening of the thiazole ring (M—M?7), but this metabolite is only
observed in the presence of GSH. The metabolites M—M7, M—M9, and
M—M12 are similar to the metabolites of sudoxicam S-M3, S-M6, and S-
M7, respectively. M—M13 is the S-oxidation metabolite of meloxicam.

A quantum chemical study has been performed to find out the global
electrophilicity of meloxicam and its metabolites to assess potential
toxicity (Table 3). M—M1, M—M4, M—M7, M—M11, and M—M13 are
isomers. Their relative stabilities are in the order of M—M14 (-17.07)
< M—M1 (0.00) < M—M7 (11.88) < M—M4 (12.62) < M—M11
(15.50) < M—M13 (45.49 kcal mol™). On a thermodynamic basis, it
can be concluded that the formation of the S-oxidation metabolite
M-—M13 is not likely; experimentally, this isomer has not been reported.
Likewise, it can be inferred that the keto isomer M—M14 formed from
the isomerization of the epoxide metabolite is energetically the most
favorable metabolite, although it has not been reported from experi-
ments either. The newly identified M—M14 should be considered in
future studies on the metabolism of meloxicam.

Table 3 indicates that the metabolites of meloxicam are generally
safe (electrophilicity index < 2 eV). However, M—M7 is more electro-
philic compared to the others and because of the iminoaldehyde char-
acter, it may behave as a Michael acceptor. Epoxide metabolites are
prone to acid-catalyzed ring-opening to produce enols and subsequently
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Figure adapted from ref [73].

tautomerize to produce double keto derivatives [84]. As a result, under
acidic conditions, sudoxicam, as well as meloxicam, can in principle
undergo tautomerization to the keto derivatives (Fig. 5). However, there
are a few interesting differences. In the case of sudoxicam, epoxidation is
the most favorable metabolic reaction, the formation of S-M1 is highly
preferred, and subsequent isomerizations to S-M4 and S-M5 are also
favorable. In the case of meloxicam, epoxidation is less favorable and,
thus, the probability of finding M—M4 is very small, consequently the
probability of finding M—M14 during metabolic reactions is also very

small.
3.3. Tenoxicam

Tenoxicam received medical approval in 1987 in a few countries.
The reported side effects of tenoxicam are peptic ulceration, dyspepsia,
nausea, constipation, abdominal pain, diarrhea, rash, headache, edema,
renal failure, vertigo, Stevens-Johnson syndrome, and toxic epidermal
necrolysis [85]. The metabolites of tenoxicam get eliminated mainly by
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Table 3

Ionization potential I, first vertical electron affinity A, global electrophilicity o,
total hardness n, and electronegativity u of meloxicam and its metabolites esti-
mated using the M06 functional and the 6-31G+(d,p) basis set.™

meloxicam 1 A n n [

Drug 7.816 1.217 —4.517 6.598 1.546
M-M1 7.810 1.229 —4.519 6.581 1.552
M-—M2 8.296 1.531 —4.913 6.765 1.784
M-M3 8.047 1.359 —4.703 6.688 1.654
M-—M4 8.558 1.363 —4.960 7.194 1.710
M—-M5 8.490 1.323 —4.907 7.168 1.679
M-M6 8.094 1.302 —4.698 6.791 1.625
M-M7 8.291 1.975 —5.133 6.315 2.086
M-MS8 7.938 1.218 —4.578 6.719 1.560
M—M9 8.094 1.302 —4.698 6.791 1.625
M-M10 8.416 1.458 —4.937 6.958 1.752
M-M11 8.131 1.722 -4.927 6.409 1.893
M-—-M12 7.934 1.142 —4.538 6.792 1.516
M-M13 8.171 1.603 —4.887 6.568 1.818
M-M14 8.742 1.654 —5.198 7.088 1.906

@ All values are in eV units.

the renal route as 5‘-hydroxy tenoxicam, whereas excretion via the bile
is in the form of the C-6 glucuronide of tenoxicam [86]. Ring contraction
and ring chain tautomerism are reported for this drug under in vivo
conditions. Electronic structure analysis and spectro-electrochemical
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studies were reported for tenoxicam and its toxic metabolites [33].

Ichihara et al. reported the metabolism of tenoxicam via a hydrox-
ylation and oxidation pathway [87] (Fig. 6). Palomar-Pardavé et al. also
reported the formation of several metabolites using electrochemical
oxidation of tenoxicam [33]. According to the literature, T-M1 is formed
due to hydroxylation at the C-5 position of the pyridine ring [87], which
may be converted into the quinonimine metabolite T-M4 that has not
been reported. The hydroxylation of tenoxicam at the C-6 position of the
thiophene ring (presumably after initial epoxidation to T-M2) leads to
the formation of T-M5 and T-M6, and further isomerization may result
in the formation of T-M7 and T-M8, respectively (Fig. 6). Many smaller
metabolites are reported for this drug (Figure S1, ESI) [87].

Our group reported the possible oxidation pathways of the thiophene
ring [53]. It was found that epoxidation is more favorable than S-
oxidation by ~ 16.70 kcal mol ™. Furthermore, it was found that the
isomerization of the epoxide can lead to hydroxy and keto isomers,
which are more stable (by ~ 25 keal mol ™). In this work, a few possible
metabolites of tenoxicam that have not been reported from experimental
studies were also considered. The relative stability of isomeric metab-
olites of tenoxicam is in the order T-M7 (—2.07) < T-M1 (0.00) < T-M6
(1.72) < T-M5 (2.21) < T-M8 (2.58) < T-M2 (29.5) < T-M3 (55.03 kcal
mol™ 1.

This work implies that the relative stability based on energy also
plays an important role in metabolism. The relative energy implies that

S 0]
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S tautomerism -23.34
R4<\ [O] —<\ o) S-M4
N
1% preference S
sudoxicam
0.0 > R <
S-M1 \N
0]
-27.09
S-M5
Preference \< j)
S 0.0
R 0] M-M1
N
meloxicam ) )
Acid catalysis
tautomerism S
—> R—<\ o) = R4<\
2" preference N o
12.62 -17.07
M-M4 M-M14

Fig. 5. Comparative energy analysis of epoxide formation and the corresponding keto isomers of sudoxicam and meloxicam. The relative energy values on the

respective potential energy surfaces are in kcal/mol.
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Table 4

Ionization potential I, first vertical electron affinity A, global electrophilicity o,
total hardness n, and electronegativity p of tenoxicam and its metabolites esti-
mated by using the M06 functional and the 6-31G+(d,p) basis set.™.

tenoxicam 1 A n n [

Drug 8.076 1.264 —4.670 6.812 1.601
T-M1 7.803 1.206 —4.505 6.597 1.538
T-M2 8.311 1.574 —4.942 6.736 1.813
T-M3 8.278 2.113 —5.196 6.165 2.189
T-M4 8.596 2.419 —5.508 6.177 2.456
T-M5 7.841 1.130 —4.485 6.712 1.499
T-M6 8.036 1.375 —4.706 6.660 1.662
T-M7 8.372 1.568 —4.970 6.803 1.815
T-M8 8.471 2.012 —5.241 6.459 2.127

2 All values are in eV units.

the S-oxide T-M3 and epoxide T-M2 are not energetically favorable.
Indeed, experimental metabolism studies did not report these species.
This is encouraging because these two positions would be considered
prone to metabolism on the basis of the structural alert thiophene [53].
However, all other species in this series are accessible according to the
relative energy scale, especially T-M6 and T-M7, which were not

considered in earlier studies. The other two isomers T-M5 and T-M8 are
also important according to the relative energy scale.

From the cDFT study, it was found that the drug and most of its
metabolites are safe because the global electrophilicity index values are
< 2 eV, but T-M4 exhibits a global electrophilicity index value of 2.456
eV (Table 4). This metabolite has not been reported by earlier studies.
The quinonimines are known to be structural alerts and, thus, the
importance of T-M4 in the observed toxicity of tenoxicam needs to be
explored [33,87].

3.4. Lornoxicam

Lornoxicam (chlortenoxicam) is an NSAID known to reduce prosta-
glandin synthesis. It is highly potent and structurally different from
tenoxicam only by a chloro substitution at the C-6 position of the thio-
phene ring. This drug differs from the other oxicams in terms of its short
half-life and rapid elimination. The drug is excreted as a metabolite, and
no unchanged drug is found in urine [19]. It has been available in
Switzerland and some other European countries since 1995 [88]. Zhang
et al. reported the polymorphic form of lornoxicam followed by its
characterization through FTIR, DSC, XRD, and thermogravimetric
method [89], and its pK, was studied by Ho et al. [90]. The tautomeric
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Table 5

Ionization potential I, first vertical electron affinity A, global electrophilicity o,
total hardness 1, and electronegativity u of lornoxicam and its metabolites
estimated using the M06 functional and the 6-31G+(d,p) basis set.™.

lornoxicam I A [ n ®

Drug 8.080 1.452 —4.766 6.628 1.713
L-M1 2.929 —2.929 0.000 5.859 0.000
L-M2 8.561 2.505 —5.533 6.056 2.527

& All values are in eV units.

vs. zwitterionic preferences of lornoxicam and its correlation to the solid
state properties were reported by Nathavad et al. [29].

Only one reactive metabolite of lornoxicam (L-M1) has been re-
ported [91]. After CYP-mediated oxidation (Fig. 7), the glucuronide
conjugates are excreted through urine and feces. The global electro-
philicity index values of lornoxicam and L-M1 are < 1.6 eV, hence, the
drug and metabolite are relatively safe (Table 5). The formation of L-M1
is determined by the three major human drug-metabolizing CYP450
isozymes CYP2C9, CYP2D6, and CYP3A4 in healthy, young, and elder
volunteers (Table 5) [6,92,93]. The single reported metabolite of lor-
noxicam can be attributed to the presence of the chloro substituent on
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Fig. 8. The metabolic pathway of isoxicam, listing the reported reactive metabolites. The species included in the perforated box is newly considered in this work.
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Table 6

Ionization potential I, first vertical electron affinity A, global electrophilicity o,
total hardness 1, and electronegativity u of isoxicam and its metabolites esti-
mated using the M06 functional and the 6-31G-+(d,p) basis set.™.

isoxicam 1 A [ n ®

Drug 8.382 1.153 —4.768 7.229 1.572
I-M1 8.417 1.181 —4.799 7.236 1.592
I-M2 8.294 1.240 —4.767 7.054 1.611
I-M3 8.158 0.981 —4.569 7.176 1.455
I-M4 9.294 0.332 —4.813 8.962 1.292
I-M5 8.683 1.039 —4.861 7.643 1.546

& All values are in eV units.

Table 7
Enzymes responsible for metabolism of the drugs, reported toxic metabolites and
predicted metabolites from our study.

Drug Major Metabolising enzymes Possible newly
predicted metabolites
piroxicam CYP2C9 P-M9
sudoxicam CYP2C8 S-M5, S-M9
meloxicam CYP2C9, CYP3A4 M-M13, M—M14
tenoxicam CYP2C9 T-M3, T-M4, TM-6, TM-7, T-M8
lornoxicam CYP2C9, CYP2D6, CYP3A4 L-M2
isoxicam CYP3A I-M3, I-M2

the thiophene ring. The substituent precludes epoxide formation and
subsequent isomerization, thus reducing the number of possible me-
tabolites. However, considering the structural similarity with tenox-
icam, the quinonimine metabolite L-M2 might need to be considered.
The DFT study established that L-M2 has a high electrophilicity index
value of 2.527 eV, which suggests a possible toxicity emerging from L-
M2. Experimental studies are required to confirm this hypothesis.

3.5. Isoxicam

Isoxicam was used for the treatment of rheumatoid arthritis disor-
ders until its marketing was suspended worldwide because of fatal skin
reactions. In 1985, isoxicam was withdrawn from the French market due
to adverse effects, namely toxic epidermal necrolysis, also called Lyell
syndrome, resulting in death [94].

Woolf et al. reported the CYP450-mediated oxidative metabolism of
isoxicam in rats, dogs, monkeys, and humans [95]. Isoxicam forms a
hydroxymethyl metabolite (I-M1) due to the methyl group of the iso-
xazole ring (Fig. 8). In comparison to the metabolites reported for pir-
oxicam, I-M2 and I-M3 are also possible but have not been reported
earlier. The hydrolysis of the amide bond has been reported to produce I-
M4 and I-MS5; the latter is the same as P-M5 of piroxicam. The decar-
boxylation, ring contraction, and N-demethylation reactions reported
for P-M5 were observed in the case of I-M5 as well [95,96].

Quantum chemical analysis of isoxicam and its metabolites has been
performed to analyze the relative energy and toxicity of the drug and its
reactive metabolites (Table 6). The relative energies of the primary
metabolites of isoxicam are I-M2 (—14.91) < I-M3 (-12.25) < I-M1
(0.00 kcal mol™1). Experimentally, I-M2 and I-M3 were not reported
[95,96], however, similar hydroxylation products were reported for
piroxicam. This comparative analysis indicates that it is worth exploring
the possibility of the relatively more stable metabolites I-M2 and I-M3 in
future studies. According to cDFT analysis, it can be concluded that the
drug and all of its metabolites are safe due to low global electrophilicity
values (<2 eV) (Table 6). The observed skin reactions may thus not be
related to the electronic characteristics of the drug or its metabolites.

Table 7 includes a summary of the results from this work. The me-
tabolites which are newly predicted in this study are listed in the table.
This work highlights the importance of including the DFT calculations of
the possible metabolites along with the mass spectral analysis of
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metabolites formation during the metabolism of the drugs.
4. Conclusions

Quantum chemical analysis using DFT has been carried out to study
the electronic structure of the metabolites of drugs of the oxicam class.
The M06/6-31+G(d,p) level of quantum chemical calculations provided
many important details, particularly concerning metabolites P-M9, S-
M5, T-M4, and L-M2. Such information is complementary to the results
obtained from mass spectrometry and other physicochemical studies on
the metabolism of drugs. In this comparative analysis, new possible
metabolites have been suggested in addition to the experimentally re-
ported ones. The major conclusion emerging from this analysis is that it
is essential to consider many isomeric states of the metabolites and their
relative energies, in addition to experimental characterization. Based on
this observation, it can be suggested that future studies on drug meta-
bolism should incorporate the electronic structure analysis of all
possible isomers of the drug metabolites. Some isomers may be elimi-
nated based on relative energies, and additional efforts can then be
focussed on characterizing the energetically more stable isomers of
metabolites. Using cDFT theory, the characteristic features of the reac-
tive metabolites can be evaluated and compared. The metabolites with
large electrophilicity index values (0) may be prioritized further for
toxicity studies.

5. Data and Software Availability

The quantum chemical information with the archive data for the
oxicams and their metabolites are provided in the supporting informa-
tion file at https://drive.google.com/drive/folders/1imuod AF2AJBzCID
vryFUe7ClqjdDDBNs?usp=drive_link.
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