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Abstract: Arylalkane-derived prodrugs of arylacetic acids are a small group of substances that have
long been known for their anti-inflammatory action. Despite their ease of synthesis and good potential
for the development of new potent and safe anti-inflammatory agents, this group of substances has
not received much attention from researchers so far. Therefore, representative arylalkane derivatives
were investigated through molecular docking techniques to verify the possible hepatic activation
mode toward active metabolites by CYP1A2. In this regard, arylalkanoic acid prodrugs were docked
with a crystallographic structure of human CYP1A2, in which the enzyme is co-crystallized with
the selective competitive inhibitor α-naphthoflavone BHF. Of note, all the examined compounds
proved capable of interacting with the enzyme active site in a manner similar to Nabumetone, thus
confirming that a productive metabolic transformation is feasible. On the basis of these findings, it
is possible to argue that subtle differences in the way CYP1A2 accommodates the ligands depend
on the fine details of their molecular structures. Overall, these data suggest that compounds simply
formed by an aromatic moiety bearing an appropriate alkane-derived chain could lead to innovative
anti-inflammatory agents.

Keywords: NSAIDs; metabolism; drug/enzyme interaction; COX inhibition; molecular docking

1. Introduction

The arylalkanoic acid derivatives represent the largest class of NSAIDs (non-steroidal
anti-inflammatory drugs). Aryl and heteraryl acetic acids (termed Fenac, all considered
derivatives of Ibufenac), as well as 2-aryl and 2-heteraryl propionic acids (Profen and
Ibuprofen derivatives), are the most popular subclasses of the group (Figure 1). Similar to
the anthranilic acid and oxicam derivatives, all of them inhibit with different selectivity
the two isoforms of the cyclooxygenase enzyme, COX-1 and COX-2, by peripherally limit-
ing prostaglandin biosynthesis. This mechanism of action explains, at least in part, their
anti-inflammatory efficacy as well as their main intrinsic side effect, i.e., gastrointestinal irri-
tation [1]. Several drugs belonging to this class are widely used for the long-term treatment
of autoimmune inflammatory diseases [2]. Furthermore, different NSAIDs, in particular
COX-2-selective agents, could play a key role in the prophylaxis or adjuvant treatment of
different types of cancer [3]. NSAIDs are generally characterized by rapid achievement
of peak plasma concentration, high plasma protein binding, and low distribution volume
after oral administration. The plasma disappearance half-life is often a few hours, while
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longer times can be reached with the use of prodrugs, which require hepatic activation and
allow for once-daily dosing [4].
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Figure 1. Reference drugs for Fenac and Profen derivatives.

The prodrug strategy in the oral treatment of inflammation is successfully adopted to
attain therapeutic improvements, such as a reduction of ulcerogenic effects in part attributed
to the administration of acidic molecules. In fact, although the systemic ulcerogenic action
due to the limitation of prostaglandin production remains inevitable, the containment of
back-diffusion of H+ in the gastric mucosal cells could help to limit this side effect [5].

In this context, the putative metabolic activation of classic arylalkane prodrugs has
been investigated by molecular docking to the active site of CYP1A2. The aim of our
simulations is to demonstrate the ability of such compounds to interact with this molecular
target by anchoring in the catalytic site with favorable binding energy, which is a necessary
step towards a metabolic conversion into active molecules. The results contribute to
unveiling the key molecular determinants leading to association with CYP1A2, clarifying
the interplay between the protein residues most involved in the binding and the aromatic
and alkane-derived chain moieties that characterize the scaffold of the ligands.

2. Results and Discussion
2.1. Arylakanoic Acid Prodrugs

A total half-life of over 22 h was observed for Nabumetone (1), 10 h for Fenbufen (2),
and 16 h for Sulindac (3), representing three relevant examples of prodrugs, and these val-
ues always refer to the corresponding active metabolites 6-methoxy-2-naphthylacetic acid (4),
2-([1,1′-biphenyl]-4-yl)acetic acid (Felbinac, 5) and Sulindac sulfide (6), respectively (Figure 2).
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Prodrugs obtained by simply derivatizing the carboxylic moiety of the active molecule
by transforming it into an ester or amide, or by using buffered pharmaceutical forms, have
been extensively studied for salicylates. However, this strategy usually does not lead to
satisfactory containment of the ulcerogenic effects, probably due to a fast restoration of
the acidic function by hydrolases still within the gastrointestinal mucosa. Better results
have been obtained when the activation of a molecule, initially lacking acidic function,
takes place in the liver, where more complex metabolic transformations somehow generate
derivatives, generally containing an acetic moiety, which is crucial for interaction with COX.
This is the case of the prescription drug Nabumetone (1), an inactive neutral ketone rapidly
converted in the liver to 6-methoxy-2-naphthylacetic acid (4), a metabolite with potent COX
inhibitory activity and an overall low incidence of ulcerogenic action. Compound 4, like
all Fenac and Profen, therefore undergoes glucuronidation prior to renal excretion [6]. On
the other hand, the derivatives that carry side chains that are still acidic but bulkier than
acetic or 2-propionic ones generally show a longer duration of action due to the need to
be metabolically activated by chain-shortening enzymatic transformation. Fenbufen (2), a
derivative of 4-oxobutanoic acid, represents the prototype of such a class of prodrugs as its
activation takes place after hepatic transformation into the corresponding acetic derivative
Felbinac (5) [7]. Several analogues of Fenbufen possess alternative biological activities,
such as choleretic, cholagogue, and muscle relaxant effects, on the gastrointestinal tract,
plausibly attributable to metabolites formed after processes similar to those proposed for
the parent drug [8].

Flobufen (7), an aryl-4-oxo-2-methylbutanoic acid (Figure 3), can be considered a
homologous of the previous derivatives and appears to undergo a similar side chain
biotransformation to the corresponding Fenac endowed with anti-rheumatic properties [9].
It has been shown that the close analogue Itanoxone (4-(2′-chloro-[1,1′-biphenyl]-4-yl)-2-
methylene-4-oxobutanoic acid, 8), is able to generate the corresponding Fenac in vivo after
a metabolic pathway including the carbonyl reduction and the shift of the methylene double
bond along the side chain before the chain shortening step. A pronounced lipid-lowering
effect was found for this compound, together with moderate anti-inflammatory activity,
likely attributable to the metabolite [10].
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A metabolic activation similar to that of 4-oxobutanoic acids has also been attempted
for hex-5-enoic acid derivatives. In particular, the conversion of (E)-6-(1-(4-chlorobenzoyl)-
5-methoxy-2-methyl-1H-indol-3-yl)hex-5-enoic acid (9) to Indomethacin (10) was studied
in vivo (Figure 4). Thus, a process was demonstrated that involves a sequential double
β-oxydation on the side chain of the prodrug, restoring the initial form of the potent
anti-inflammatory agent and prolonging its activity up to 24 h [11].

The presence of an acetic or 2-propionic moiety in the structure seems mandatory for
the activity of all these compounds on COX. However, a few examples of active compounds
containing alternative groups are present within the anti-inflammatory armamentarium.
The 2-arylbutanoic acid Butibufen (11) and the 3-arylpropanoic acids Oxaprozin (12) and
Orpanoxin (13) are agents capable of interacting with COX without undergoing previous
metabolic transformation (Figure 5) [12].
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Despite these overall results, studies on most of the described compounds have
not been continuous over time. However, the good potential of the above-described
prodrugs, combined with the relative ease of synthesis for obtaining new derivatives,
would allow a broad development of research aimed at identifying new effective and safe
anti-inflammatory agents. In order to obtain more detailed information and find strategies
for obtaining new analogues, all the above NSAID precursors were docked within the
CYP1A2 catalytic site to test the binding mode for productive conversion into active agents.

2.2. The Binding Site of CYP1A2

The docking experiments were carried out using the 2HI4 crystallographic structure
of human CYP1A2, the sole complex present in the Protein Data Bank (PDB), in which the
enzyme is co-crystallized with the α-naphthoflavone BHF (2-phenyl-4H-benzo[h]chromen-
4-one), which behaves as a selective competitive inhibitor. This structure, successfully
employed for the study of several ligands of this enzyme [13,14], constitutes 495 amino
acid residues forming 12 α-helixes and 4 β-sheets. The binding site is delimited by two-
folded α-helixes and the heme prosthetic group, resulting in a cavity able to host planar
compounds like BHF. Within the cavity, on the side opposite to heme, the presence of
a Phe226 residue contributes to conferring a narrow and extended shape to the entire
binding pocket (Figure 6). Together with Phe226, other key protein residues that assist
the association of molecular partners are Ala317 and Thr321, which favor the binding
affinity by providing further hydrophobic and π-stacking interactions. Due to its peculiar
architecture, distinct from other CYP subfamilies, CYP1A2 appears to have evolved for the
specific oxidation reaction on substituted aromatic compounds [15].

However, this enzyme has been recognized as the main reason for the metabolic
activation of Nabumetone (1) by catalyzing a sequence of reactions involving its alkanone
moiety. It was hypothesized that the same enzyme would act with a similar mechanism on
compounds structurally related to 1 [16]. All the known compounds having significance in
the anti-inflammatory field and showing an arylalkanoic structural motif have been herein
selected for performing an in silico investigation in order to establish whether a coherent
metabolic activation by CYP1A2 could be hypothesized.
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2.3. Nabumetone

Nabumetone (1) was first described and patented, together with several congeners, by
a British company in 1977, and it remains the most relevant example of an anti-inflammatory
arylalkanoic acid precursor that entered the market [17,18]. The comparison with known
analgesics such as aspirin, indomethacin, and naproxen clearly showed remarkable activity
with a lower incidence of gastrointestinal side effects. This apparent lower gastrolesivity is
still debated, although it seems that even the active metabolite 6-methoxy-2-naphthylacetic
acid (4) is less toxic than naproxen and other NSAIDs. It is worth noting that about 35%
of a 1000 mg dose is converted to 4, while 50% of the drug is converted to unidentified
metabolites. Compound 4 is in turn biotransformed in the liver by CYP2C9 to an inac-
tive metabolite, which is partly eliminated unchanged and partly as a conjugate. This
particular pharmacokinetics does not allow this acid to enter the enterohepatic circula-
tion, and this would contribute to the lack of severe irritation on the gastrointestinal
tract. Nabumetone (1) contains no acidic functionality and passes through the stomach
without producing irritation. Moreover, no significant contribution of the microbiota to
Nabumetone (1) metabolism in the gut was yet detected, although a residual amount of the
corresponding alcohol resulting from the reduction of the keto group by intestinal bacteria
could not be excluded [19].

Compound 1 (Figure 2) remains among the few analogues subjected to extensive
metabolic studies. Although the formation of the active metabolite 4 has been conclu-
sively ascertained, the overall pathway through which this occurs has long remained
unclear. The active metabolite 4 was found to be active on both COX isoforms (COX-
1 and COX-2), with a marked preference for COX-2 [20]. Indeed, the conversion must
necessarily take place through a carbon–carbon bond cleavage, which is known to be
a rather rare reaction occurring during mammalian metabolism. However, a predomi-
nant role of CYP1A2 in the catalysis of the reaction has been hypothesized, and conse-
quently, a plausible and comprehensive mechanism has been proposed. With the help
of potential intermediates suitably synthesized and used as substrates, it has been pos-
sible to study in depth the role played by CYP1A2 and other enzyme isoforms dur-
ing the conversion of 1 to 4. Three main steps should be included in the entire pro-
cess: (1) 3-hydroxylation of Nabumetone (1) by a normal P450 ferryl species ([Fe=O]3+);
(2) carbon–carbon bond cleavage of 3-hydroxynabumetone to 2-(6-methoxynaphthalen-
2-yl)acetaldehyde promoted by a ferric peroxo anion ([Fe3+-O-O−]); (3) oxidation of the
aldehyde to 6-methoxy-2-naphthylacetic acid (4) again by [Fe=O]3+ (Figure 7, left). This
overall pathway is accounted for by the presence of the carbonyl group of 1, which assists
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the enzyme in initially promoting hydroxylation at C3 on the side chain [16]. An alterna-
tive mechanism involving a free-radical-mediated reaction was, however, proposed. This
process would start with the C3 alcohol formation followed by the hydroxyl hydrogen
abstraction to give an alkoxy radical, which would generate a carbon radical and acetic
acid. The transfer of an electron to an iron-oxygen complex generates an aldehyde, which
subsequently oxidizes to the corresponding acid (Figure 7, right). However, the latter
mechanism, which excludes the intervention of species other than [Fe=O]3+, has not been
conclusively demonstrated [21].
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A similar process could be envisaged for the metabolic activation of the recently
described ketone 14 (Figure 8), a tricyclic analogue of Nabumetone (1). Although data
on its activity are not yet available, this compound can undergo in vivo activation by
sequential oxidation reactions that occur during the cleavage of a single carbon atom from
the pentatomic ring [22].

A topical use of gel formulations containing 1 and excipients aimed at facilitating the
skin-crossing of the drug has also been hypothesized, although it remains unclear whether
biotransformation to 4 can effectively occur in the microsomal fraction of endoplasmic retic-
ulum of tissues other than the liver, where CYPs are still operating [23]. Formulations based
on microemulsion delivery systems have been designed for transdermal administration at
the joint inflammation site, hypothesizing an extra-hepatic metabolism [24].
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elements are shown. The key residues are also indicated. (A) Binding mode of the crystallographic
ligand BHF (yellow); (B) binding mode of Nabumetone (pink); (C) binding mode of ketone 14 (purple);
(D) superimposed binding mode of the three ligands.

In order to verify the capability of Nabumetone (1) and the tricyclic analogue 14 to
behave as substrates for CYP1A2, the two molecules were docked into the binding site
of the enzyme and compared with the known crystallographic ligand BHF. As shown in
Figure 8, both compounds are able to enter the binding site of CYP1A2, interacting with key
residues in a manner similar to the known ligand, with favorable binding energy values of
−9.6 and −10.2 kcal/mol for compounds 1 and 14, respectively, even though less favorable
than BHF (−14.0 kcal/mol). In particular, hydrophobic and π-stacking interactions with
Phe226, Ala317, and Thr321 are involved in all cases.

2.4. Fenbufen and Analogues

Fenbufen (4-([1,1′-biphenyl]-4-yl)-4-oxobutanoic acid, 2) and numerous other con-
geners have been obtained by a smooth reaction between an aromatic derivative and
succinic anhydride under Friedel-Crafts conditions. A marked anti-inflammatory activity
has been soon associated with this compound, which served as a prototype for the identifica-
tion of several other analogues. However, despite its good potential as an anti-inflammatory
agent, the drug was withdrawn from the market because of its liver toxicity [25]. It should
be noted that the major metabolite of Fenbufen (2), marketed as Felbinac (5, Figure 2), is
still used in the topical treatment of traumatic injuries and osteoarthritis [26].

A small library of analogues of 2 has been recently obtained by a Suzuki–Miyara
coupling of a boronic acid derivative with a variously substituted bromobenzene. Some
of these compounds have shown activity against the release of IL-1 and the ability to
considerably inhibit COX-2, with a high degree of selectivity over COX-1, in in vitro anti-
enzymatic assays. This latter property was confirmed after docking experiments performed
on a crystallographic structure of COX-2 [27].

The most active derivative, p-hydroxyfenbufen (15, Figure 9), showed potency com-
parable to that of Celecoxib, one of the most prescribed COX-2 selective inhibitors. The
structurally related p-methoxyfenbufen (16) was previously patented for its inhibitory
activity on matrix metalloproteinases, therefore potentially useful for the treatment of
numerous pathologies, including inflammation [28].
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The 4-oxobutanoic acid derivatives 17–21 also showed some interesting biological prop-
erties. A coherent explanation for the metabolism of Fenbufen (2) and congeners 15–21, all of
which bear a carbonyl moiety next to the aromatic system, includes a preliminary reduction
from ketone to alcohol before the above-seen chain shortening process. In fact, in the case of
Fenbufen (2), 4-([1,1′-biphenyl]-4-yl)-4-hydroxybutanoic acid along with Felbinac (5) have been
isolated as the two major metabolites [29,30]. A close analogue of Fenbufen could be considered
Furobufen (17), in which a dibenzofurane replaces the biphenyl as the aromatic moiety. The
compound was synthesized several decades ago and, although it showed a good potential as
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an anti-inflammatory agent, producing antiarthritic and antipyretic effects together with an
analgesic action in inflamed tissues, has never been marketed [31]. It was ascertained that the
drug was rapidly converted into 2-(dibenzo[b,d]furan-2-yl)acetic acid, which represents the
major circulating metabolite, either in animals or in humans. The half-life of the metabolite in hu-
mans has been calculated to be approximately 20 h [32]. Bucloxic acid (18), a cyclohexylphenyl
analogue, has been first proposed as a neuromuscular and anti-inflammatory agent for use
in chronic glomerular nephropathy. Due to several serious toxic effects, the drug was never
introduced to the market but was only used for research purposes [33]. The 4-oxobutanoic
derivative Trepibutone (19), apparently devoid of any anti-inflammatory activity, has been
experimented with as a choleretic agent useful for muscle relaxation by accelerating cellular cal-
cium intake during the treatment of bile duct and pancreatic disease in animals [34]. Theoretical
pharmacokinetic studies have been performed, which did not predict any transformation of the
alkyl side chain [35]. However, its chemical structure suggests that it may undergo a metabolic
transformation similar to that of the parent compounds.

A therapeutic effect similar to Trepibutone has been attributed to Menbutone (genabilic
acid, 4-methoxy-γ-oxo-1-naphthalene butanoic acid, 20), a further derivative of this class widely
used in veterinary medicine to treat digestive disorders in various animal species [36]. Although
a study has been conducted on its metabolism in sheep, it is unclear whether any hepatic
transformation leads to side chain shortening, since a high rate of unchanged drug was recovered
after oral administration in rats [37]. The preparation of Florantyrone (21), the fluoranthene
congener of the previous compounds, has been known for a long time. This compound acts
as a cholagogue and choleretic and is used in the treatment of biliary dyskinesia as such
or in combination with a bile acid. Florantyrone (21) has been shown to be converted into
several metabolites in vivo, but no evidence has ever been provided for the formation of the
corresponding acetic acid metabolite [38]. Therefore, its possible anti-inflammatory action
remains to be ascertained.

This group of 4-oxobutanoic acids was subjected to docking experiments with the CYP1A2
binding site in order to establish whether a conversion into acetic derivatives is possible. As
shown in Figure 9, all compounds are able to enter the binding site of CYP1A2, interacting
with Phe226, Ala317, and Thr321 residues, as described previously, with binding energy values
ranging from −8.4 to −13.2 kcal/mol. Notably, compounds 18, 20, and 21 further interact
through the carboxyl group with Thr321 by hydrogen bonding, resulting in the best binding
energy values (−10.0, −9.7, and −13.2 kcal/mol, respectively).

2.5. Flobufen and Analogues

Flobufen (4-(2′,4′-difluorobiphenyl-4-yl)-2-methyl-4-oxobutanoic acid, 22) was identified
as a potent antiarthritic agent with pronounced anti-inflammatory and immunomodulatory
effects, along with a rather low toxicity. It was first prepared by using methylsuccinic anhydride
in a similar fashion to Fenbufen (2), although more modern methods have been recently
described for the synthesis of compounds of this type [39,40]. Flobufen (22) represents the
prototype of compounds that differ from the previous derivatives by the presence of a methyl
group on the carbon adjacent to the carboxylic function. This structural feature gives rise to
two enantiomeric forms, and this could therefore be reflected in more complicated metabolic
pathways, leading to the formation of the corresponding Fenac as a major metabolite endowed
with anti-inflammatory activity. The isolation of several metabolite isomers of dihydroflobufen
suggests that the metabolic pathway would begin with a reduction of the ketone to alcohol,
followed by side chain oxidation, including carbon–carbon bond cleavage, taking up what is
above reported in Figure 7. Finally, the active acetic acid metabolite undergoes glucuronidation
before renal excretion [41]. Metbufen (23) is another anti-inflammatory drug, closely analogue
of 22, from which it differs by the absence of the two fluorine atoms in the structure. This
compound has only been used for pharmacokinetics investigation, and a metabolic fate similar
to that of the parent compound, leading to an active Fenac, has been hypothesized [42].

A similar metabolic destiny could be envisaged for (1S,2R)-1-methyl-4-oxo-1,2,3,4-
tetrahydronaphthalene-2-carboxylic acid (24), a compound tested for antitumor activity,
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but found inactive, while it has never tested against inflammation. The side chain of this
compound forms a cyclic structure, which somehow makes it a conformationally restricted
analogue of previous compounds, thus probably susceptible to undergoing a similar metabolic
transformation. Although the putative phenylacetic acid that would form after metabolism is
of no utility against inflammation, its formation would confirm the character of the CYP1A2
substrate for compound 24 [43]. Itanoxone (25) is a drug chemically related to Flobufen as it
bears a methylidene instead of a methyl on carbon 2 and a chlorine atom on the 2′-position of
the biphenyl. Its hypolipidemic and hypouricemic activity has been attributed to corresponding
Fenac generated in vivo. The acidic metabolite, found in crab, rat, and human species, appears to
be responsible for the anti-inflammatory activity involving COX inhibition [44]. The compound
was able to selectively inhibit both the malondialdehyde platelet enzyme and COX while
partially preventing the inhibitory effects of aspirin [42].

All acids in this group have been subjected to docking experiments with CYP1A2 as
described above, and all were able to enter the binding site of CYP1A2 (Figure 10). Enantiomers
of Flobufen (22) and Metbufen (23) were analyzed individually, and, interestingly, no signif-
icant differences in the binding mode were observed, so the catalytic site can accommodate
compounds regardless of the absolute configuration. In all cases, hydrophobic interactions
with Phe226, Ala317, and Thr321 resulted in a binding affinity of −9.6 and −9.8 kcal/mol,
respectively. Compound 24 and Itanoxone (25) showed a similar mode of interaction, except
for the absence of hydrogen bonding, resulting in binding energy values of −8.7 and −10.2
kcal/mol, respectively.
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2.6. Hexanoic Acids

Noteworthy activity in an in vivo model of inflammation was recorded for 6-([1,1′-
biphenyl]-4-yl)-4-oxohexanoic acid (26) and a small series of its derivatives smoothly
obtained after an initial acylation between a suitable aromatic aldehyde and levulinic acid.
These compounds have been compared to Fenbufen (2) for the inhibition of carrageenan-
induced rat paw oedema, while having no effect on arachidonic acid metabolism in vitro
after a human whole blood assay. This behavior was again explained by hypothesizing
the metabolic transformation of these compounds into active short-chain acids, mostly
following what was reported above for compound 9 [45]. Due to their structural similarity,
compound 9 and the selected representative 6-([1,1′-biphenyl]-4-yl)-4-oxohexanoic acid (26)
were subjected to docking experiments. The latter compound was chosen within the series
due to its structural analogy to Fenbufen (2). As shown in Figure 11, both compounds are
able to enter the binding site of CYP1A2, interacting with the three key protein residues in
a manner similar to previous compounds, with favorable binding energy values of −7.3
and −9.8 kcal/mol for compounds 9 and 26, respectively. Furthermore, both compounds
were able to interact through a hydrogen bond with Ala317. Compound 26 was also found
to interact through two π-stacking interactions with Phe125 and Phe226.
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2.7. Summary of the Assessment of the Binding Affinity

The docking score obtained in our docking experiment was favorable in all cases,
and, since it approximately corresponds to the binding free energy of these ligands, their
association could be predicted to be in the low micromolar range.

It is difficult to compare our findings with those reported in the literature for a number
of reasons. In fact, besides the usual difficulties in assessing binding free energy in the
experiment (e.g., ruling out specific effects due to the solvent, salt concentration, choice of
the buffer, etc. [46]), an additional difficulty is that for prodrugs, the binding parameters
cannot result from interpreting data of a simple association/dissociation reaction taking
place under thermodynamic equilibrium. For this reason, binding affinity might be esti-
mated only indirectly. For instance, a constant Km in the micromolar range was obtained
for 6-MNA, the active metabolite of Nabumetone, by exploiting the Michaelis–Menten
kinetics equation in experiments on human liver microsomes [21].

On the other hand, although simulation techniques exist that are more accurate than
molecular docking to perform free energy calculations [47], applying them in the present
case (i.e., for such a large number of ligands) is impractical. Simpler methods, based on
molecular mechanics and generalized Born surface area (MM/GBSA), were previously
employed to assess the binding of ligands to CYP1A2 in a number of cases [48–52]. How-
ever, binding energies calculated by these methods resulted in predicted binding energies
in the low femtomolar range, or sometimes even more favorable. This would suggest a
practically irreversible binding, which does not correspond to realistic modeling.



Int. J. Mol. Sci. 2024, 25, 435 12 of 15

In summary, within the limitations of the molecular docking technique, our results
constitute a reasonable assessment of the affinity of compounds to CYP1A2, in a scenario
where both experimental complexes (including crystallographic ones) and computational
models are still limited.

3. Methods

Molecular docking of the studied prodrugs was carried out on the crystallographic
structure of CYP1A2 (PDB code 2HI4) [15], in which the enzyme is co-crystallized with
BHF [53], following a procedure already adopted for other studies [54]. We had previously
used this protocol for other drug discovery and design endeavors [55,56]. The molecular
structures of the ligands were built using the molecule editor Avogadro, and their geometry
was optimized through energy minimization with the universal force field (UFF) [57].
Preliminary conversion of the structures from the PDB format to PDBQT, in which partial
charges are given, was carried out by using the graphical interface AutoDock Tools 1.5.6 [58].
During the conversion, polar hydrogens were added for the crystallographic enzymes, and
the apolar hydrogens of the compounds were merged with the carbon atoms they were
attached to. Docking calculations were performed by using AutoDock Vina 1.1.2 [59], either
exploring the search volume that included the protein structure or by performing a score-
only assessment without any search in the case of re-docking of the crystallographic ligand
in its known binding pose. In the former case, a search volume of 20 Å × 20 Å × 20 Å
centered on the protein pocket left empty after removing the crystallographic ligand was
considered, and a very high exhaustiveness of search was used, eight times larger than
the default value [60,61]. Full flexibility was guaranteed for the ligands, facilitated by
the relatively small number, from 1 to 7, of active torsions around bond dihedral angles,
except for Trepibutone (19) (11 torsions). All compounds with an acidic nature were
tested in the anionic form. The binding modes of the ligands were analyzed through
visual inspection, and interaction energies and distances were quantified using Molecular
Operating Environment (MOE) 2018.01 (Chemical Computing Group ULC, Montreal, QC,
Canada). The Molecular Graphics System PyMOL [62] was used to visualize protein
structure and ligand binding using a customized script based on the sole structure of the
docking complex. Chemical formulas were created by using ChemDraw [63].

4. Conclusions

Arylalkane-derived prodrugs of arylacetic acids endowed with anti-inflammatory
activity can be easily prepared by simple acylation of an aromatic portion with a succinic
anhydride or by alternative straightforward methods. Known derivatives of this type
were subjected to molecular docking experiments with CYP1A2, and all of them proved
to be able to interact with the enzyme. The tested compounds exhibited a unique mode
of interaction within the active site of CYP1A2. In particular, the alkanoic portion of the
molecules enters the heme proximal region, delimited by Ala317 and Thr321, where it can
undergo metabolic transformation. On the other hand, the aromatic portion protrudes
towards the cavity opposite to the heme, thus favoring the establishment of hydrophobic
interaction with Phe226, and is not involved in any substantial modification.

All these observations provide detailed suggestions on the key residues of CYP1A2
involved in the binding and on the molecular determinants that drive the association of
ligands to the protein catalytic site. Overall, the results herein reported could help in
future rational design endeavors for developing anti-inflammatory agents. In particular,
from these findings, valuable suggestions can be drawn that could be exploited by using
quantitative structure–activity relationship (QSAR) models or computational tools that
may include molecular docking and more advanced computational techniques. Within
the limits of the molecular scaffold herein explored, favorable binding energy values were
recorded for all the compounds, and drug-enzyme complexes are stabilized by several
hydrophobic interactions with key amino acid residues of the catalytic pocket of CYP1A2.
These overall results suggest that further alterations on both the aromatic and alkanoic
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moieties could lead to novel agents being efficiently converted in vivo into more powerful
metabolites active in various inflammatory pathologies.
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Oxobutanoic Acid and Its Derivatives. Collect. Czechoslov. Chem. Commun. 1994, 59, 2705–2713. [CrossRef]

https://doi.org/10.2174/092986709789378198
https://www.ncbi.nlm.nih.gov/pubmed/19754423
https://doi.org/10.1155/2018/3924608
https://doi.org/10.1074/jbc.M611692200
https://www.ncbi.nlm.nih.gov/pubmed/17311915
https://doi.org/10.1124/dmd.114.056903
https://www.ncbi.nlm.nih.gov/pubmed/24584631
https://doi.org/10.1021/jm00210a016
https://doi.org/10.1016/BS.PMBTS.2020.04.002
https://doi.org/10.3390/molecules26133940
https://doi.org/10.1124/dmd.108.025700
https://doi.org/10.3390/pharmaceutics12050423
https://doi.org/10.2174/1872211312666180227091059
https://www.ncbi.nlm.nih.gov/pubmed/29485013
https://doi.org/10.1002/jps.2600660403
https://www.ncbi.nlm.nih.gov/pubmed/300797
https://www.ncbi.nlm.nih.gov/pubmed/7601178
https://doi.org/10.3390/molecules27092850
https://www.ncbi.nlm.nih.gov/pubmed/35566202
https://doi.org/10.1007/BF00644968
https://doi.org/10.1016/0378-4347(96)00058-8
https://doi.org/10.1139/y74-085
https://www.ncbi.nlm.nih.gov/pubmed/4480065
https://doi.org/10.1016/S0021-5198(19)52822-0
https://doi.org/10.3389/fphar.2019.01266
https://www.ncbi.nlm.nih.gov/pubmed/31749700
https://doi.org/10.1136/vr.110.18.423
https://www.ncbi.nlm.nih.gov/pubmed/7090158
https://doi.org/10.3389/fvets.2022.980818
https://www.ncbi.nlm.nih.gov/pubmed/36003407
https://doi.org/10.1016/S0016-5085(19)35070-X
https://www.ncbi.nlm.nih.gov/pubmed/14483923
https://doi.org/10.1135/cccc19942705


Int. J. Mol. Sci. 2024, 25, 435 15 of 15

40. Zheng, S.; Zhang, T.; Maekawa, H. Magnesium-Promoted Reductive Carboxylation of Aryl Vinyl Ketones: Synthesis of γ-Keto
Carboxylic Acids. J. Org. Chem. 2022, 87, 7342–7349. [CrossRef]

41. Kvasnicková, E.; Szotáková, B.; Wsól, V.; Trejtnar, F.; Skálová, L.; Hais, I.M.; Kuchar, M.; Poppová, M. Metabolic Pathways
of Flobufen-a New Antirheumatic and Antiarthritic Drug. Interspecies Comparison. Exp. Toxicol. Pathol. 1999, 51, 352–356.
[CrossRef]

42. Chanal, J.; Audran, M.; Bret, M.; Cousse, H.; Fauran, F.; Rieu, J. Comparison of the Metabolism and Pharmacokinetics of Metbufen
and Itanoxone and Their Analogues in Rats. Arzneimittelforschung 1988, 10, 1454–1460.

43. Sieglitz, A. Verfahren zur Herstellung von 1-Oxynaphthalin-3-Carbonsaeuren und Ihren Abkoemmlingen. European Patent
DE1083276B, 3 December 1987.

44. Lautier, J.; Chanal, J.L.; Delhon, A. Pharmacokinetic and Metabolic Study of Itanoxone in the Crab Pachygrapsus Marmoratus (Decapoda,
Brachyura): Comparative Study with Clofibric Acid. Comp. Biochem. Physiol. Part C Comp. Pharmacol. 1986, 83, 143–147. [CrossRef]
[PubMed]

45. Abouzid, K.; Frohberg, P.; Lehmann, J.; Decker, M. 6-Aryl-4-Oxohexanoic Acids: Synthesis, Effects on Eicosanoid Biosynthesis,
and Anti-Inflammatory In Vivo-Activities. Med. Chem. 2007, 3, 433–438. [CrossRef] [PubMed]

46. Bissantz, C.; Kuhn, B.; Stahl, M. A medicinal chemist’s guide to molecular interactions. J. Med. Chem. 2010, 53, 5061–5084.
[CrossRef] [PubMed]

47. Rizzuti, B.; Grande, F. Virtual screening in drug discovery: A precious tool for a still-demanding challenge. In Protein Homeostasis
Diseases; Elsevier BV: Amsterdam, The Netherlands, 2020; pp. 309–327. [CrossRef]

48. Mateev, E.; Balkanska-Mitkova, A.; Peikova, L.; Dimitrova, M.; Kondeva-Burdina, M. In vitro and in silico inhibition performance
of choline against CYP1A2, CYP2D6 and CYP3A4. Biotechnol. Biotechnol. Equip. 2022, 36, 925–932. [CrossRef]

49. Mosa, F.E.S.; El-Kadi, A.O.S.; Barakat, K. In-depth analysis of the interactions of various aryl hydrocarbon receptor ligands from a
computational perspective. J. Mol. Graph. Model 2023, 118, 108339. [CrossRef]

50. Angelov, B.; Mateev, E.; Georgieva, M.; Tzankova, V.; Kondeva-Burdina, M. In vitro effects and in silico analysis of newly
synthetized pyrrole derivatives on the activity of different isoforms of Cytochrome P450: CYP1A2, CYP2D6 and CYP3A4.
Pharmacia 2022, 69, 1013–1017. [CrossRef]

51. Mermer, A.; Vakal, S. Pyrazine-chromene-3-carbohydrazide conjugates: Molecular docking and ADMET predictions on dual-
acting compounds against SARS-CoV-2 Mpro and RdRp. J. Res. Pharm. 2021, 25, 953–966. [CrossRef]

52. Bonomo, S.; Jørgensen, F.S.; Olsen, L. Dissecting the Cytochrome P450 1A2- and 3A4-Mediated Metabolism of Aflatoxin B1 in
Ligand and Protein Contributions. Chemistry 2017, 23, 2884–2893. [CrossRef]

53. Shimada, T.; Yamazaki, H.; Foroozesh, M.; Hopkins, N.E.; Alworth, W.L.; Guengerich, F.P. Selectivity of Polycyclic Inhibitors for
Human Cytochrome P450s 1A1, 1A2, and 1B1. Chem. Res. Toxicol. 1998, 11, 1048–1056. [CrossRef]

54. Lappano, R.; Mallet, C.; Rizzuti, B.; Grande, F.; Galli, G.R.A.; Byrne, C.; Broutin, I.; Boudieu, L.; Eschalier, A.; Jacquot, Y.; et al.
The Peptide ERα17p Is a GPER Inverse Agonist That Exerts Antiproliferative Effects in Breast Cancer Cells. Cells 2019, 8, 590.
[CrossRef]

55. Rizzuti, B.; Grande, F.; Conforti, F.; Jimenez-Alesanco, A.; Ceballos-Laita, L.; Ortega-Alarcon, D.; Vega, S.; Reyburn, H.T.; Abian,
O.; Velazquez-Campoy, A. Rutin is a low micromolar inhibitor of SARS-CoV-2 main protease 3CLpro: Implications for drug
design of quercetin analogs. Biomedicines 2021, 9, 375. [CrossRef] [PubMed]

56. Rizzuti, B.; Ceballos-Laita, L.; Ortega-Alarcon, D.; Jimenez-Alesanco, A.; Vega, S.; Grande, F.; Conforti, F.; Abian, O.; Velazquez-
Campoy, A. Sub-micromolar inhibition of SARS-CoV-2 3CLpro by natural compound. Pharmaceuticals 2021, 14, 892. [CrossRef]
[PubMed]

57. Hanwell, M.D.; Curtis, D.E.; Lonie, D.C.; Vandermeerschd, T.; Zurek, E.; Hutchison, G.R. Avogadro: An Advanced Semantic
Chemical Editor, Visualization, and Analysis Platform. J. Cheminform. 2012, 4, 17. [CrossRef] [PubMed]

58. Morris, G.M.; Goodsell, D.S.; Halliday, R.S.; Huey, R.; Hart, W.E.; Belew, R.K.; Olson, A.J. Automated Docking Using a Lamarckian
Genetic Algorithm and an Empirical Binding Free Energy Function. J. Comput. Chem. 1998, 19, 1639–1662. [CrossRef]

59. Trott, O.; Olson, A.J. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient
Optimization, and Multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef] [PubMed]

60. Grande, F.; Rizzuti, B.; Occhiuzzi, M.A.; Ioele, G.; Casacchia, T.; Gelmini, F.; Guzzi, R.; Garofalo, A.; Statti, G. Identification
by Molecular Docking of Homoisoflavones from Leopoldia Comosa as Ligands of Estrogen Receptors. Molecules 2018, 23, 894.
[CrossRef] [PubMed]

61. Casacchia, T.; Occhiuzzi, M.A.; Grande, F.; Rizzuti, B.; Granieri, M.C.; Rocca, C.; Gattuso, A.; Garofalo, A.; Angelone, T.; Statti, G.
A Pilot Study on the Nutraceutical Properties of the Citrus Hybrid Tacle® as a Dietary Source of Polyphenols for Supplementation
in Metabolic Disorders. J. Funct. Foods 2019, 52, 370–381. [CrossRef]

62. PyMol. The PyMol Molecular Graphics System. Available online: https://pymol.org (accessed on 15 January 2023).
63. Mills, N. ChemDraw Ultra 10.0. J. Am. Chem. Soc. 2006, 128, 13649–13650. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.joc.2c00557
https://doi.org/10.1016/S0940-2993(99)80020-7
https://doi.org/10.1016/0742-8413(86)90027-7
https://www.ncbi.nlm.nih.gov/pubmed/2869889
https://doi.org/10.2174/157340607781745393
https://www.ncbi.nlm.nih.gov/pubmed/17897067
https://doi.org/10.1021/jm100112j
https://www.ncbi.nlm.nih.gov/pubmed/20345171
https://doi.org/10.1016/B978-0-12-819132-3.00014-2
https://doi.org/10.1080/13102818.2022.2144452
https://doi.org/10.1016/j.jmgm.2022.108339
https://doi.org/10.3897/pharmacia.69.e96626
https://doi.org/10.29228/jrp.92
https://doi.org/10.1002/chem.201605094
https://doi.org/10.1021/tx980090+
https://doi.org/10.3390/cells8060590
https://doi.org/10.3390/biomedicines9040375
https://www.ncbi.nlm.nih.gov/pubmed/33918402
https://doi.org/10.3390/ph14090892
https://www.ncbi.nlm.nih.gov/pubmed/34577592
https://doi.org/10.1186/1758-2946-4-17
https://www.ncbi.nlm.nih.gov/pubmed/22889332
https://doi.org/10.1002/(SICI)1096-987X(19981115)19:14%3C1639::AID-JCC10%3E3.0.CO;2-B
https://doi.org/10.1002/jcc.21334
https://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.3390/molecules23040894
https://www.ncbi.nlm.nih.gov/pubmed/29649162
https://doi.org/10.1016/j.jff.2018.11.030
https://pymol.org
https://doi.org/10.1021/ja0697875

	Introduction 
	Results and Discussion 
	Arylakanoic Acid Prodrugs 
	The Binding Site of CYP1A2 
	Nabumetone 
	Fenbufen and Analogues 
	Flobufen and Analogues 
	Hexanoic Acids 
	Summary of the Assessment of the Binding Affinity 

	Methods 
	Conclusions 
	References

