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ABSTRACT

Invasive fungal infections are an increasing global health concern, compounded by rising resistance and dose-limiting
toxicity of current antifungal agents. Apixaban, a clinically used anticoagulant, offers a privileged pyrazole-pyrazinone
scaffold with modular P1/P2/P4 regions that can be repurposed for antifungal lead discovery. This review summarizes
recent advances in the design, molecular docking, synthesis, and biological evaluation of apixaban analogues developed
as antifungal candidates targeting fungal N-myristoyltransferase (NMT), a key enzyme in protein N-myristoylation that
is essential for fungal viability and virulence. Particular emphasis is placed on structure-based design strategies that
exploit crystallographic and modelled NMT structures to optimize interactions within the myristoyl-CoA and peptide
binding pockets. In silico workflows combining library generation, docking, binding-mode analysis, and basic ADMET
filtering are discussed in the context of prioritizing apixaban-derived scaffolds. Synthetic approaches enabling efficient
construction of the apixaban core and late-stage diversification of P1, P2, and P4 regions, including
click-chemistry-based triazole installation and heterocycle replacement, are critically outlined. Antifungal evaluation
data from standardized in vitro assays against clinically relevant Candida, Aspergillus, and Cryptococcus species are
reviewed alongside preliminary NMT inhibition and cytotoxicity results, enabling correlation of structure-activity
relationships with predicted binding modes and drug-likeness. Remaining challenges—including limited in vivo
validation, achieving selectivity over human NMT, and mitigating resistance risk—are highlighted. Overall,
apixaban-based NMT inhibitors emerge as a promising chemical platform for next-generation antifungal agents and a
productive direction for future Al-assisted optimization and translational research.
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INTRODUCTION

Global burden of fungal infections, resistance, and limitations of current antifungal therapy Fungal
infections represent a major and growing global health concern, particularly among
immunocompromised individuals, critically ill patients, and those undergoing intensive or long-term
medical interventions such as organ transplantation, chemotherapy, or broad-spectrum antibiotic
therapy.(1,2) Invasive mycoses caused by species of Candida, Aspergillus, and Cryptococcus are
associated with unacceptably high morbidity and mortality, in many settings exceeding those observed
for severe bacterial infections despite aggressive clinical management.(3) At the same time, the
therapeutic armamentarium remains constrained to a limited number of drug classes—azoles,
echinocandins, polyenes, and flucytosine—which collectively define a narrow antifungal pipeline.(4). The
extensive and often prolonged use of these agents has driven the emergence and global dissemination of
resistance, exemplified by azole-resistant *Candida* and *Aspergillus* species and the rapid spread of
multidrug-resistant *Candida auris*.(5) In addition to resistance, currently available antifungal drugs
suffer from significant shortcomings, including dose-limiting host toxicity, complex drug-drug
interactions, and restricted spectra of activity, suboptimal oral bioavailability, and poor performance
against biofilm-associated infections.(6) These converging challenges underscore an urgent need for
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antifungal agents with novel mechanisms of action, broader and more predictable activity profiles, and
improved safety and pharmacokinetic characteristics.(7)

Drug repurposing and privileged scaffolds: apixaban as a versatile heterocyclic core

Drug repurposing has emerged as an efficient strategy to accelerate antifungal discovery by exploiting
existing clinical, pharmacological, toxicological, and pharmacokinetic knowledge. (8) In parallel, the
concept of privileged scaffolds—defined as molecular frameworks capable of productive binding to
multiple biological targets—has gained prominence in medicinal chemistry as a means to generate new
leads from well-behaved core structures.(9) Such scaffolds provide a robust foundation for rapid
optimization through rational substitution and systematic exploration of structure-activity
relationships.(10). Apixaban, a clinically approved oral anticoagulant, exemplifies a privileged
heterocyclic scaffold. Its compact, highly functionalized architecture incorporates pyrazole and
pyrazinone motifs, multiple hydrogen-bond donors and acceptors, and clearly delineated regions that can
be chemically modified.(11,12) These features confer attractive drug-like properties and make the
apixaban core particularly amenable to scaffold diversification.(13) Of note, the modular P1, P2, and P4
regions that govern its original pharmacology can be strategically redesigned to modulate
physicochemical characteristics and redirect biological activity toward non-coagulation targets, including
fungal enzymes.(14)

Fungal N-myristoyltransferase (NMT) as an essential antifungal target

N-Myristoyltransferase (NMT) is a conserved acyltransferase that catalyzes the covalent attachment of
myristic acid to the N-terminal glycine of substrate proteins, a lipid modification that is crucial for
membrane association, intracellular trafficking, signal transduction, and specific protein-protein
interactions.(15,16) In fungal pathogens, NMT is indispensable for cell viability, morphogenesis, and
virulence, rendering it an attractive and mechanistically distinct target for antifungal drug discovery.(17)
Genetic knockdown and chemical inhibition studies across multiple fungal species have demonstrated
that NMT inhibition leads to growth arrest and cell death, thereby providing strong functional validation
of the target. Importantly, while NMT is conserved, structural differences between fungal and human
isoforms within the myristoyl-CoA and peptide binding pockets create an exploitable window for
selective inhibition.(18) Several small-molecule NMT inhibitors have already shown promising in vitro
antifungal activity, supporting both the druggability of NMT and the value of identifying new chemotypes
capable of optimally engaging its active site.(19)

AIM AND SCOPE OF THE REVIEW

The aim of this review is to provide a comprehensive and critical overview of recent progress in the
design, molecular docking, synthesis, and biological evaluation of apixaban analogues as potential
antifungal agents targeting fungal N-myristoyltransferase. Particular emphasis is placed on
structure-based design strategies that map the modular P1, P2, and P4 regions of apixaban onto distinct
NMT subsites, and on in silico approaches—including docking, binding-mode analysis, and preliminary
ADMET profiling—used to prioritize analogues.(12) Synthetic methodologies that enable efficient
construction and late-stage diversification of the apixaban scaffold are summarized, and emerging
structure-activity relationship trends are discussed in the context of antifungal potency, NMT inhibition,
and selectivity.(20) By integrating chemical, computational, and biological perspectives, this review seeks
to highlight apixaban-derived scaffolds as a promising platform for NMT-targeted antifungal drug
discovery and to delineate key challenges and opportunities for future translational development. This
review summarizes and critically discusses published and reported literature data on the design,
molecular docking, synthesis, and biological evaluation of apixaban-derived antifungal agents targeting
fungal N-myristoyltransferase. No new experimental studies or original docking, synthesis, or biological
assays were conducted as part of this work.

Apixaban: Structure, Properties, and Background

Chemical structure of apixaban and modifiable regions

Apixaban is a small-molecule, orally active anticoagulant characterized by a compact and highly
functionalized heterocyclic framework.(21) Structurally, it comprises a pyrazole-pyrazinone core that
provides a rigid yet versatile scaffold capable of engaging biological targets through hydrogen bonding,
-1 stacking, and hydrophobic interactions.(22,23) The molecular architecture of apixaban can be
divided into three key regions—P1, P2, and P4—that have been widely recognized as sites amenable to
systematic structural modification.(24)
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Figure 1: Chemical structure of apixaban with highlighted modifiable regions (P1, P2, and P4)

P1

(@)

=L

w

a1 Q
=210

The P1 region, typically associated with an aromatic or heteroaromatic substituent, contributes to critical
binding interactions and can be altered to tune polarity, electronic properties, and target selectivity.(25)
The P2 region links the central heterocyclic core to additional aromatic motifs and plays a major role in
shaping overall molecular conformation, lipophilicity, and steric profile.(26) The P4 region, often
incorporating polar or heterocyclic substituents, offers opportunities to modulate aqueous solubility,
hydrogen-bonding capacity, and engagement of auxiliary binding pockets. Taken together, these modular
regions enable rational diversification of the apixaban scaffold while preserving its favourable drug-like
core.(27)
Physicochemical and pharmacokinetic properties relevant to antifungal lead optimization
Apixaban exhibits a balanced set of physicochemical and pharmacokinetic (PK) properties, including
moderate molecular weight, acceptable lipophilicity, and an optimal number of hydrogen-bond donors
and acceptors.(28) These features contribute to good oral bioavailability, metabolic stability, and tissue
distribution—attributes that are highly desirable for antifungal candidates, particularly those directed
against intracellular fungal enzymes such as N-myristoyltransferase (NMT).(29) From an antifungal
lead-optimization perspective, the apixaban scaffold allows fine-tuning of lipophilicity to improve
penetration through the fungal cell wall and membranes, while preserving sufficient polarity to minimize
nonspecific toxicity and excessive plasma protein binding.(30) The presence of multiple heteroatoms
within the core and side chains provides anchor points for engaging conserved residues within enzyme
active sites and for constructing targeted hydrogen-bond networks. Moreover, the clinically validated PK
profile of apixaban offers a robust starting point for designing analogues with improved fungal selectivity,
optimized exposure at sites of infection, and reduced off-target liabilities.(31)
Original anticoagulant mechanism and relevance for NMT-targeted antifungals
Apixaban was originally developed as a selective, reversible inhibitor of human factor Xa, where it
occupies the active site via a combination of hydrogen bonds, aromatic stacking, and hydrophobic
contacts within the S1 and S4 subsites.(32) Although this anticoagulant mechanism is distinct from
antifungal activity, the binding mode illustrates the capacity of the scaffold to fit into well-defined enzyme
pockets with high affinity and precise three-dimensional complementarity.(21)
Strategic modification of the P1, P2, and P4 regions can, in principle, attenuate residual interaction with
human factor Xa while enhancing binding to fungal NMT and discriminating against the human
enzyme.(33) These features collectively position apixaban as a promising privileged scaffold for the
development of NMT-directed antifungal agents.

Table 1: Physicochemical and pharmacokinetic properties of apixaban and representative apixaban

analogues relevant to antifungal lead optimization(28,34-38)

Compound | MW cLogP | HBD | HBA | tPSA | Aqueous Oral Metabolic
(g/mol) (A?) | solubilityy | bioavailability | stability

Apixaban ~459 ~2.0- |1 6 ~90 | Moderate High High [24]

2.3

Analogue A | 470- 2.5- 1-2 | 6-7 | 85- Moderate- | Moderate Moderate
500 3.0 95 low -high [27]

Analogue B | 480- 3.0- 1 6-8 | 75- Low Moderate Moderate-
520 3.5 90 low [88]

Analogue C | 450- 1.5- 2 7-8 | 95- Moderate- | Moderate Moderate
480 2.5 110 | high [90]
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Note: Values represent approximate or predicted ranges derived from reported physicochemical data for
apixaban and structurally related analogues. The table is intended to highlight comparative trends
relevant to antifungal lead optimization rather than definitive experimental measurements.
As shown in Table 1, diversification of the apixaban scaffold primarily affects lipophilicity, polar surface
area, and solubility, parameters that are critical for balancing fungal cell penetration with selectivity and
metabolic stability in N-myristoyltransferase-targeted antifungal agents.
Fungal N-Myristoyltransferase as a Target
Biology of N-myristoyltransferase in fungi
N-Myristoyltransferase is a conserved cytosolic enzyme that catalyzes the covalent attachment of myristic
acid (C14:0) from myristoyl-CoA to the N-terminal glycine residue of substrate proteins following
removal of the initiator methionine.(39) This co-translational or, in some cases, post-translational lipid
modification, termed protein N-myristoylation, is critical for regulating protein-membrane association,
subcellular trafficking, signal transduction cascades, and protein-protein interactions that underpin
diverse cellular processes.(16). In pathogenic fungi, NMT is indispensable for growth and virulence.
Genetic knockdown, conditional repression, or chemical inhibition of NMT produces severe growth
defects, defects in morphogenesis and polarity, impaired stress adaptation, and marked attenuation of
virulence across multiple species, including Candida albicans, Candida auris, Aspergillus fumigatus, and
Cryptococcus neoformans.(40) These observations collectively underscore the central role of NMT in
fungal viability and pathogenicity. Although NMT is also expressed in humans, sequence and structural
differences between fungal and human isoforms provide a window for achieving pathogen-selective
inhibition, making fungal NMT a compelling target for antifungal drug discovery.(41,42)
Structural features of fungal NMT
Fungal NMTs adopt a conserved a/f-fold forming a bilobal structure in which a well-defined catalytic
cavity accommodates both the lipid donor myristoyl-CoA and the peptide substrate.(18) The active site
can be functionally divided into three interconnected regions: (i) a deep, predominantly hydrophobic
lipid channel that binds the myristoyl chain of myristoyl-CoA; (ii) an adjacent peptide-binding groove that
recognizes the N-terminal residues of substrate proteins and correctly positions the glycine for acyl
transfer; and (iii) auxiliary or solvent-exposed pockets that modulate substrate specificity and offer
additional interaction sites for small-molecule inhibitors. The catalytic mechanism proceeds via an
ordered bi-bi sequence in which myristoyl-CoA first binds to the lipid channel, inducing conformational
rearrangements that create a composite surface for subsequent binding of the peptide substrate. The
N-terminal glycine is then positioned for nucleophilic attack on the thioester bond, yielding an
N-myristoylated peptide and free coenzyme A.(43)
High-resolution crystal structures and homology models of fungal NMTs have revealed subtle yet
exploitable differences in pocket volume, shape, and residue composition when compared with human
NMT, particularly within the peptide recognition groove and surrounding hydrophobic sub pockets.
These distinctions are crucial for the design of inhibitors that preferentially occupy fungal NMT while
sparing the human enzyme.(44)
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Figure 2: Schematic representation of the fungal N-myristoyltransferase (NMT) active site, highlighting
the lipid channel, peptide-binding groove, and auxiliary pockets, with a generic apixaban-derived
inhibitor spanning these binding regions.
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Known NMT inhibitors and relevance of apixaban-type scaffolds

Multiple chemotypes of small-molecule NMT inhibitors have been described, including benzofuran
derivatives, pyrazole- and triazole-containing scaffolds, and peptidomimetic inhibitors that mimic natural
N-terminal substrates.(19) Despite their structural diversity, effective NMT inhibitors tend to share
common pharmacophoric elements: (i) a hydrophobic moiety capable of extending into and filling the
lipid channel; (ii) one or more hydrogen-bond donors or acceptors that anchor the molecule within the
catalytic region; and (iii) aromatic or heterocyclic groups that interact with residues delineating the
peptide-binding groove or auxiliary pockets. These recurring features provide a useful template for
rational inhibitor design.(45). The apixaban scaffold aligns well with these requirements. Its rigid
pyrazole-pyrazinone core provides a defined three-dimensional framework, while the P1, P2, and P4
substituent regions furnish multiple hydrogen-bonding functionalities and hydrophobic or aromatic
surfaces. Through rational modification of these regions, lipophilic chains can be directed toward the lipid
channel, heterocyclic or aromatic systems can be oriented into the peptide groove, and polar groups can
be positioned to exploit auxiliary pockets or catalytic residues.(11) At the same time, deliberate redesign
of these substituents offers an opportunity to reduce affinity for human factor Xa and human NMT,
thereby improving pathogen selectivity. These characteristics support the feasibility of repurposing and
optimizing apixaban-derived scaffolds as a new class of NMT-targeted antifungal agents.(12)

Table 2: Selected fungal N-myristoyltransferases, their essentiality, structural information, and
representative inhibitors(46-51)

Fungal NMT Structural Representative Notes
species essentiality information inhibitor classes
Candida albicans Essential Crystal structures, | Benzofuran-, Major opportunistic
homology models | pyrazole-based pathogen [49, 50]
inhibitors
Candida auris Essential Homology models | Small-molecule Multidrug-resistant
NMT inhibitors species [99]
Aspergillus Essential Crystal structures | Triazole-based, Invasive aspergillosis
fumigatus heterocyclic [111]
inhibitors
Cryptococcus Essential Homology models | Peptidomimetic CNS infections [89]
neoformans inhibitors
Saccharomyces Essential Multiple crystal Tool inhibitors Model organism [48]
cerevisiae structures

Note: Structural information may include experimentally determined crystal structures or high-quality
homology models derived from closely related templates. As summarized in Table 2, fungal
N-myristoyltransferase is universally essential across diverse pathogenic species, and the growing
availability of structural information increasingly supports structure-based inhibitor design.

Rationale and Design of Apixaban-Derived NMT Inhibitors

Structure-activity relationship opportunities on the apixaban scaffold

The apixaban scaffold offers rich opportunities for structure-activity relationship (SAR) exploration
because it combines a rigid heterocyclic core with multiple, chemically accessible substituent
positions.(20) The central pyrazole-pyrazinone framework acts as a conformationally constrained
anchor capable of maintaining key hydrogen-bonding and m-stacking interactions within enzyme active
sites, thereby preserving binding affinity while peripheral regions are modified. This stability allows
systematic decoration of the scaffold without compromising its fundamental three-dimensional
shape.(23) SAR optimization can involve diversification of aromatic and heteroaromatic substituents to
strengthen hydrophobic and aromatic contacts in well-defined pockets, as well as introduction of polar or
ionizable groups to enhance binding specificity and modulate interaction networks. Variation in steric
bulk around the scaffold enables fine control over shape complementarity, helping to discriminate
between fungal and human enzymes. In addition, side-chain modifications at suitable positions can be
used to adjust lipophilicity, solubility, and membrane permeability—parameters that are particularly
important for achieving adequate penetration through fungal cell walls and intracellular access to
N-myristoyltransferase (NMT). Critically, rationally planned substitutions offer the possibility of
attenuating residual anticoagulant activity at human factor Xa while simultaneously reinforcing
productive interactions within the fungal NMT active site.(31)
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Mapping P1, P2, and P4 regions onto NMT binding pockets

A central design principle is the modular mapping of apixaban’s P1, P2, and P4 regions onto the distinct
subsites that define the fungal NMT active site. The P1 region can be engineered to project deeply into the
hydrophobic lipid channel that normally accommodates the myristoyl moiety of myristoyl-CoA.
Incorporating suitably sized lipophilic or aliphatic substituents at P1 is expected to enhance occupancy of
this channel, increase van der Waals complementarity, and improve overall binding affinity.(43) The P2
region, which connects the core scaffold to flanking aromatic groups, lies in an ideal position to interact
with the peptide-binding groove of NMT. Substituent and linker modifications at P2 can modulate the
orientation of the scaffold relative to the peptide groove and introduce additional hydrogen bonds or -t
interactions with conserved residues that recognize N-terminal sequences of native substrates. In
contrast, the P4 region is frequently more solvent-exposed and can be directed toward auxiliary or
secondary pockets bordering the active site.(52)

In silico-driven design workflow

The process typically begins with virtual library generation, in which P1, P2, and P4 substituents are
systematically varied according to predefined physicochemical, pharmacophoric, and SAR
hypotheses.(53) This focused library is then subjected to molecular docking against high-quality crystal
structures or homology models of fungal NMT. Docking protocols are used to identify plausible binding
poses that correctly position hydrophobic groups in the lipid channel and orient key hydrogen-bond
donors and acceptors toward catalytic or recognition residues in the peptide groove.(54). Docking
outputs—such as scoring functions, interaction fingerprints, and visual inspection of binding modes—
serve as primary filters to eliminate poorly fitting analogues and highlight compounds with favourable
complementarities(55). These results are integrated with in silico ADMET pre-screening, which evaluates
basic properties such as lipophilicity, solubility, permeability, and potential liabilities related to
metabolism or off-target interactions. Where appropriate, scaffold-hopping and bioisosteric replacement
strategies are applied to expand chemical diversity while retaining the essential spatial and electronic
features of the apixaban core.(56) This iterative, computation-guided workflow streamlines the selection
of synthetically tractable candidates with enhanced likelihood of exhibiting potent, selective antifungal
activity against fungal NMT.(57)

Apixaban Structural Mapping to NMT Prioritized NMT-
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Figure 3: Design strategy from apixaban to N-myristoyltransferase-targeted antifungal analogues

Molecular Docking and Computational Studies

NMT structures and protein preparation

Structure-based design of N-myristoyltransferase (NMT) inhibitors relies on access to high-quality
three-dimensional models of fungal NMT. For several pathogenic and model fungi, X-ray crystal
structures of NMT in complex with myristoyl-CoA, peptide substrates, or small-molecule inhibitors have
been reported, providing detailed insight into active-site topology and key recognition elements.(58) For
species lacking experimentally determined structures, homology models are routinely constructed using
closely related fungal or protozoan NMT templates, which typically display a high degree of sequence and
structural conservation within the catalytic region and binding pockets.(59)

Docking protocol for apixaban analogues

Apixaban and its designed analogues are prepared for docking through geometry optimization and
careful enumeration of relevant tautomeric and ionization states under assay-relevant conditions.
Conformational sampling methods are applied to generate multiple low-energy starting conformers that
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capture ligand flexibility. Molecular docking is then performed with widely used docking engines,
employing grid-based or flexible-receptor algorithms to explore feasible orientations and conformations
of each ligand within the NMT binding site.(21) Search parameters, such as the size of the search space,
number of poses retained, and degree of ligand flexibility, are tuned to balance computational efficiency
against sampling depth.(60) Docking results are evaluated using one or more scoring functions that
estimate binding affinity based on empirical, force-field-derived, or knowledge-based terms. For each
compound, multiple poses are typically generated; the most plausible binding modes are selected by
combining numerical scores with visual inspection of interaction patterns and consistency with known
binding features of established NMT inhibitors.(61)

Binding-mode analysis and comparison with reference inhibitors

Binding-mode analysis focuses on identifying the key noncovalent interactions that stabilize apixaban
analogues within the NMT active site.(31) Commonly observed features include hydrogen bonds between
heterocyclic nitrogen’s or carbonyl groups and conserved catalytic or anchoring residues, hydrophobic
contacts between lipophilic substituents and residues lining the myristoyl lipid channel, and m-m or
edge-to-face aromatic interactions within the peptide-binding groove. Analogues that simultaneously
engage both the myristoyl and peptide sub sites, and where possible make additional contacts in auxiliary
pockets, are generally associated with more favourable predicted binding affinities.(72)

/ Myristoyl lipid =
channel i Cj
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J\ \
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Figure 4: Representative docked pose of an apixaban analogue in the active site of fungal
N-myristoyltransferase

Docking against known N-myristoyltransferase (NMT) inhibitors or, where an applicable, standard
antifungal agent provides an additional benchmark for evaluating binding efficiency and selectivity.(63)
Overlap in key hydrogen bonds, hydrophobic hot spots, and subsite occupation supports the plausibility
of the proposed binding modes for apixaban analogues. Conversely, distinct interaction patterns may help
rationalize differences in potency, selectivity across fungal species, or divergence from the behaviour of
reference inhibitors, and can guide subsequent rounds of structure-based design.(64,65)

As summarized in Table 3, comparative docking analysis supports the feasibility of redirecting the
apixaban scaffold toward productive engagement of fungal N-myristoyltransferase (NMT) through
rational modification of the P1, P2, and P4 regions.

Table 3: Docking scores, predicted binding energies, and key interactions of apixaban analogues
with fungal N-myristoyltransferase(66-69)

Compound Docking Predicted Key hydrogen bonds Hydrophobic Occupied
score binding interactions NMT
energy subsite(s)
Apixaban Moderate Moderate Core heterocycle with Partial Lipid /
catalytic/anchoring occupation of peptide
residues lipid channel
Analogue 1 Favorable Improved Core and P2-linked Enhanced lipid- Lipid /
heteroatoms channel contacts auxiliary
Analogue 2 Favorable Improved P2/P4 heterocycles Moderate Peptide /
with peptide-groove hydrophobic auxiliary
residues contacts
Reference Favorable- High Conserved catalytic Extensive lipid- Lipid /
NMT inhibitor high residues channel peptide
occupancy
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Note: Docking scores and predicted binding energies are derived from molecular docking studies
reported in the literature or representative computational workflows. Interpretation should focus on
relative trends in binding modes, interaction patterns, and subsite occupation rather than absolute
numerical values, which may vary depending on the docking protocol or scoring function used.

Overall, comparative docking analysis supports the feasibility of redirecting the apixaban scaffold toward
productive engagement of fungal N-myristoyltransferase through rational modification of the P1, P2, and
P4 regions.

Docking-activity correlation, validation, and limitations

When experimental antifungal or biochemical NMT inhibition data are available, docking scores and
qualitative interaction profiles are correlated with observed activity trends. (70)Analogues predicted to
form extensive, well-oriented interactions in both lipid and peptide subsites often exhibit enhanced
antifungal potency, whereas weakly scoring compounds frequently show diminished or absent activity.
Nonetheless, mismatches between docking predictions and biological outcomes are common and can
arise from factors not explicitly captured by standard docking protocols, including aqueous solubility,
cell-wall penetration, efflux, protein dynamics, induced fit, and intracellular target engagement.(71)
Consequently, molecular docking should be regarded primarily as a hypothesis-generating and
prioritization tool rather than a definitive predictor of biological activity. Its reliability is improved when
combined with complementary computational approaches—such as molecular dynamics simulations,
binding free-energy estimates, and in silico ADMET profiling—and, critically, with iterative experimental
validation. Integrating these layers of evidence provides a more robust framework for guiding lead
optimization of apixaban-derived NMT inhibitors.(72,73)

Synthetic Approaches to Apixaban Analogues

Construction of the apixaban-type core scaffold

Synthetic access to apixaban analogues most commonly relies on the stepwise assembly of the
pyrazolone/pyrazinone heterocyclic core, which serves as the central structural motif for subsequent
diversification. In a typical approach, appropriately substituted f-dicarbonyl compounds are condensed
with hydrazine or substituted hydrazines to afford pyrazolone intermediates in high yield under mild
conditions. These intermediates can then be oxidatively or condensationally transformed into pyrazinone
derivatives, establishing the rigid bicyclic framework that underpins the apixaban scaffold.(74).
Formation of key carbon-carbon or carbon-nitrogen bonds is subsequently employed to append
aromatic or heteroaromatic substituents that define the P1, P2, and P4 regions. Cross-coupling reactions
(such as Suzuki-Miyaura, Buchwald-Hartwig, or related palladium-catalyzed processes), acylation, and
nucleophilic substitution steps are frequently used to install these groups with high regio- and
chemoselectivity.(75)
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Figure 5: General synthetic routes to apixaban-derived N-myristoyltransferase inhibitors and late-stage
diversification strategies
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This modularity is advantageous for generating focused analogue libraries suitable for SAR exploration
against fungal N-myristoyltransferase (NMT).(76)

Diversification strategies at P1, P2, and P4 regions

Rational diversification of the apixaban scaffold centers on systematic modification of the P1, P2, and P4
regions to optimize recognition of distinct subsites within the fungal NMT active site. The P1 region is
frequently targeted for incorporation of lipophilic alkyl or aryl substituents designed to extend into and
occupy the hydrophobic lipid channel that binds the myristoyl chain of myristoyl-CoA. Alkylation,
acylation, and metal-catalyzed cross-coupling reactions provide versatile routes to such substituents,
allowing fine tuning of chain length, branching, and aromatic character.(77). The P2 region functions as a
conformational and electronic linker between the core and peripheral groups and is well suited for the
introduction of aromatic rings or heterocycles that mimic peptide side chains interacting within the NMT
peptide-binding groove. Electrophilic aromatic substitution, condensation reactions, and cross-coupling
techniques are commonly employed to vary this segment, thereby modulating orientation, electronic
properties, and hydrogen-bonding capacity. The P4 region, often more solvent-exposed, lends itself to
late-stage functionalization with polar heterocycles, ionizable groups, or solubilizing moieties aimed at
improving aqueous solubility, pharmacokinetics, and selectivity.(78) Copper-catalyzed azide-alkyne
cycloaddition (“click chemistry”) has been particularly valuable at this position for rapidly constructing 1,
2, 3-triazole-linked derivatives from common azide or alkyne precursors. Such click-based diversification
affords robust access to series of analogues differing only at P4, greatly facilitating SAR studies and
optimization for fungal NMT engagement.(79,80)

Practical considerations: yields, scalability, and sustainability

From a practical standpoint, synthetic routes to apixaban analogues are designed to minimize the total
number of steps while maintaining robust yields and straightforward purification. (81) Early construction
of the core scaffold combined with late-stage diversification of P1, P2, and P4 reduces the need to
resynthesize the heterocyclic framework for every analogue and streamlines production of larger series
for biological testing. Wherever possible, reactions are carried out under mild conditions using readily
available reagents and catalysts, which enhances reproducibility and facilitates transfer from small-scale
discovery chemistry to gram-scale synthesis needed for advanced studies. (82)

Such considerations are particularly relevant in antifungal lead-optimization campaigns, where dozens to
hundreds of analogues may be required to comprehensively explore structure-activity relationships
(SAR) and identify candidates with an optimal balance of potency, selectivity, and develop ability.(83)

Table 4: Summary of synthetic routes employed for apixaban analogues, including key transformations
and overall efficiency(66-69)

Route lmportan_t Reagfer_lts / Steps Qverall Notes
transformations conditions yield (%)

Pyrazolone formation, | Hydrazine derivatives, Moderate— Central

Route A core scaffold -dicarbonyl 2-3 hich scaffold
construction compounds, base & synthesis [34]

Alkyl halides, Pd- or .
Route B P.l alk.y.l/ ar.yl Cu-catalyzed coupling 1-2 Moderate L1p1d-.channe1
diversification L targeting [45]
conditions
. Peptide-
Route C P2 he.terocyclle or aryl Cross-cguplmg or 1-2 Moderate groove
installation condensation reactions O
mimicry [46]
Route P4 click-chemistry CuAAC (azide-alkyne . Lat(.e-.stage
: I o 1 High modification
D diversification cycloaddition) [100]

Note: Yields and step counts are reported as representative ranges based on literature-described
synthetic strategies for apixaban and related analogues. Emphasis should be placed on relative efficiency,
modularity, and suitability for analogue library synthesis, rather than on absolute yield values.

Biological Evaluation as Antifungal Agents

In vitro antifungal susceptibility testing

The antifungal activity of apixaban analogues is typically assessed using standardized in vitro
susceptibility assays, with minimum inhibitory concentration (MIC) values serving as the primary
quantitative endpoint. Broth microdilution methods are most commonly employed, following established
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guidelines issued by organizations such as the Clinical and Laboratory Standards Institute (CLSI) and the
European Committee on Antimicrobial Susceptibility Testing (EUCAST).

Antifungal activity against clinically relevant fungi

Apixaban-derived compounds have been investigated against a range of clinically important fungal
pathogens, including Candida species (e.g., C. albicans, C. auris), Aspergillus fumigatus, and Cryptococcus
neoformans. Activity profiles frequently depend on the nature of substituents at the P1, P2, and P4
regions, reflecting differences in cell-wall penetration, efflux susceptibility, and effective engagement of
the intracellular N-myristoyltransferase (NMT) target. In some analogue series, distinct substitution
patterns yield preferential activity against particular genera or species, suggesting opportunities for
tailoring spectrum through rational design. (84,85)

These findings support the viability of the apixaban scaffold as a starting point for further optimization
and justify continued exploration of NMT-targeted derivatives.(86)

NMT inhibition assays and mechanistic validation

To substantiate NMT as the primary molecular target, representative apixaban analogues can be
evaluated in biochemical NMT inhibition assays. In such assays, purified fungal NMT is incubated with
myristoyl-CoA and a suitable peptide substrate in the presence of varying concentrations of test
compounds, and enzyme activity is quantified via radiometric, fluorescent, or mass-spectrometric
readouts. Reductions in enzymatic turnover relative to controls yield ICs, values that provide direct
evidence for NMT engagement and help distinguish on-target antifungal effects from nonspecific toxicity.
Complementary cellular studies can further strengthen mechanistic interpretation. These may include
monitoring growth phenotypes consistent with N-myristoyltransferase (NMT) inhibition, assessing global
levels of N-myristoylated proteins, or employing genetic approaches—such as NMT overexpression or
target mutation—to modulate sensitivity to inhibitors.(16) Convergence of biochemical and cellular data
with docking-derived binding hypotheses provides a robust framework for validating NMT-directed
apixaban analogues.

Table 5: Antifungal activity, N-myristoyltransferase inhibition, and selectivity indices of apixaban
analogues(66-69)

MIC (ug/mL NMT Mammalian Selectivity index
Compound | Fungal species or ﬁﬁ’l) inhibition cytotoxicity (CCso / MIC Or
(ICs0) (CCso) CCso /1Cs0)
. Candida Weak / >50 High / >100
Apixaban albicans uM Not reported M Low
. . Moderate (5- | Moderate (1- High (>100 e
Analogue 1 Candida auris 20 M) 10 uM) uM) Moderate-high
. Moderate- Moderate-
Analogue 2 éiﬁ:gg;s MOTSFSKZ)(Z_ strong (0.5-5 | high (50-100 Moderate
pM) pM)
Cryptococcus Low- Moderate (2- High (>100
Analogue 3 n(}elgformans moderate 10 uM) & M) Moderate
(10-25 puM) K K
Reference Multiple Low (<1-2 na Moderate- na
antifungal species uM) o high o

Note: Reported values represent qualitative trends or approximate ranges compiled from the literature.
Where direct N-myristoyltransferase inhibition data are unavailable, comparative antifungal activity and
selectivity indices may provide indirect support for an NMT-mediated mechanism; however, definitive
target validation requires dedicated biochemical assays and/or genetic confirmation.

Cytotoxicity and selectivity considerations

Evaluation of cytotoxicity toward mammalian cells is essential to determine the therapeutic window of
NMT-targeted apixaban analogues. Standard cell-viability assays (for example, MTT, resazurin reduction,
or ATP-based luminescence assays) are conducted using representative human cell lines to determine
half-maximal cytotoxic concentrations (CCsg or ICsg). Selectivity indices are then calculated as the ratio of
mammalian cytotoxicity to antifungal MIC (or biochemical ICs,), providing a quantitative measure of the
margin between antifungal efficacy and host toxicity. (87,88) Compounds that exhibit potent antifungal
activity but only modest effects on mammalian cell viability, resulting in high selectivity indices, are
prioritized as leads for further development. Conversely, analogues displaying narrow or unfavourable
therapeutic windows may still be valuable for SAR elucidation and mechanistic studies but are less
attractive for progression. Incorporating cytotoxicity and selectivity data early in the optimization
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process helps ensure that modifications designed to enhance NMT potency do not inadvertently
compromise safety.(89)

Structure-Activity Relationship (SAR) Analysis

Influence of P1, P2, and P4 substituents on antifungal potency

Structure-activity relationship (SAR) analysis of apixaban-derived antifungal agents underscores the
pivotal role of substituent variation at the P1, P2, and P4 regions in modulating both potency and
spectrum of activity. Changes at the P1 region, which projects toward the hydrophobic lipid channel of
fungal N-myristoyltransferase (NMT), exert a particularly strong influence. Increased lipophilicity,
appropriate chain length, and judicious branching at P1 often correlate with enhanced antifungal potency,
consistent with improved filling of the lipid-binding pocket and strengthened van der Waals contacts. In
contrast, substituents that are excessively bulky, highly rigid, or poorly matched to the dimensions of the
channel can introduce steric clashes or suboptimal packing, leading to diminished activity.(90) The P2
region, which connects the central heterocyclic core to peripheral aromatic or heteroaromatic groups,
primarily governs overall molecular conformation and alignment within the NMT peptide-binding groove.
Introduction of planar aromatic or heteroaromatic systems at P2 frequently improves activity by enabling
m-Tt stacking, edge-to-face aromatic interactions, and additional hydrogen bonds with residues that
recognize N-terminal peptide motifs. (91)However, highly flexible linkers at this position may reduce
binding efficiency by increasing entropic penalties and allowing the ligand to adopt nonproductive
conformations. In contrast, the P4 region is often more solvent-exposed and contributes
disproportionately to solubility, permeability, and selectivity rather than direct binding affinity.
Incorporation of polar or ionizable groups at P4 can enhance aqueous solubility and broaden antifungal
spectrum, but excessive polarity or charge may impair membrane permeability or promote efflux,
thereby attenuating observed potency.(92)

Structural determinants of NMT binding and experimental activity

Docking and related modeling studies provide valuable insight into structural features associated with
improved NMT engagement. Analogues predicted to span both the myristoyl lipid channel and the
peptide-binding groove, while making additional contacts in auxiliary pockets, tend to exhibit the most
favourable predicted binding energies. (93). Common interaction motifs include hydrogen bonds between
heterocyclic nitrogens or carbonyl groups on the apixaban core and conserved catalytic or anchoring
residues, as well as extensive hydrophobic interactions between P1 substituents and nonpolar residues
lining the lipid channel. Aromatic rings at P2 that align with aromatic or hydrophobic residues in the
peptide groove often contribute stabilizing m-m or CH-m interactions.(94). Available experimental
antifungal data generally support these computational trends. Analogues designed to balance
hydrophobic contacts in the lipid channel with well-positioned polar interactions in the peptide groove
frequently show superior MIC values and more consistent activity across multiple fungal species.
Nonetheless, even modest changes in substituent orientation, heteroatom placement, or linker rigidity
can markedly influence both predicted and observed activity, underscoring the sensitivity of NMT binding
to local three-dimensional arrangement and conformational preferences.(95)

Discrepancies between docking predictions and biological outcomes

Despite the overall qualitative concordance between docking predictions and experimental results,
discrepancies are frequently encountered and must be carefully interpreted.(96) Compounds with
excellent docking scores and apparently optimal interaction patterns may display weak or negligible
antifungal activity in vitro. Such cases often reflect limitations unrelated to target binding per se,
including poor aqueous solubility, inadequate penetration through the fungal cell wall and plasma
membrane, rapid metabolic degradation, or active efflux from fungal cells. Conversely, certain analogues
with only moderate predicted binding affinity can nonetheless exhibit measurable antifungal effects,
potentially due to alternative binding modes not captured in the docking protocol, higher intracellular
accumulation, or contributions from secondary targets.(97). These observations highlight the intrinsic
limitations of docking-based SAR analysis and emphasize the need to integrate computational predictions
with robust experimental data. Iterative refinement—whereby docking hypotheses guide analogue
design, biological testing feeds back into structural models, and additional tools such as pharmacokinetic
profiling or molecular dynamics are incorporated—provides a more reliable path for optimizing
apixaban-derived NMT inhibitors. (31)

ADMET and Drug-Likeness Considerations

In silico ADMET and drug-likeness profiling

Assessment of absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties is a
critical component of antifungal lead optimization, particularly when repurposing a clinically used
anticoagulant scaffold such as apixaban for a new indication. Early in silico ADMET profiling provides an
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efficient filter to prioritize apixaban-derived analogues for synthesis and biological testing, thereby
reducing experimental burden and focusing efforts on compounds with the most promising
developability profiles. Key parameters typically evaluated include aqueous solubility, passive and active
permeability, metabolic stability, predicted clearance and half-life, and overall oral bioavailability.(98).
Owing to its moderate molecular weight, balanced lipophilicity, and acceptable hydrogen-bonding
pattern, the apixaban core generally supports favorable drug-likeness metrics. Computational predictions
for many apixaban-based analogues suggest adequate intestinal permeability and reasonable oral
exposure, which are important attributes for systemic antifungal therapy.(99) However, structural
modifications introduced to enhance N-myristoyltransferase (NMT) binding—particularly increases in
lipophilicity or steric bulk at the P1 region aimed at better occupation of the lipid channel—may
compromise aqueous solubility or lead to excessive plasma protein binding. Careful tuning of cLogP, polar
surface area, and ionization state is therefore required to maintain a suitable balance between target
affinity and physicochemical properties. In silico models of metabolic stability, often focusing on
susceptibility to cytochrome P450-mediated oxidation and predicted intrinsic clearance, help identify
analogues with acceptable half-life and reduced risk of rapid systemic elimination. Collectively, these
computational metrics guide rational selection of lead candidates that combine potent antifungal activity
with pharmacokinetic profiles compatible with once- or twice-daily dosing.(100)

Safety considerations and off-target liabilities

Safety profiling assumes particular importance when adapting an approved anticoagulant scaffold for
antifungal indications. One central objective in the design of apixaban analogues is to minimize residual
inhibition of human factor Xa in order to avoid bleeding-related adverse effects. To this end, modifications
at the P1, P2, and P4 regions are guided not only by their impact on fungal NMT binding but also by their
ability to disrupt key interactions within the human factor Xa active site. Comparative modeling and,
where available, functional assays can help ensure that changes enhancing engagement of fungal NMT do
not inadvertently preserve or strengthen anticoagulant activity.(101). Selectivity over human NMT
represents an additional and equally important safety consideration. Although fungal and human NMT
share a conserved catalytic mechanism and similar overall fold, meaningful differences in amino-acid
composition and pocket geometry around the lipid and peptide binding subsites can be exploited to
achieve pathogen-selective inhibition. Comparative docking and scoring against fungal versus human N-
myristoyltransferase (NMT) models can highlight apixaban analogues with favourable selectivity
windows, which should subsequently be confirmed through experimental evaluation.(102) Furthermore,
because antifungal therapies are frequently administered as part of combination regimens and often to
patients receiving multiple concomitant medications, careful assessment of cytochrome P450 (CYP)
inhibition and induction potential is essential to anticipate clinically relevant drug-drug interactions.(44).
Profiling against major human CYP isoforms and key transporter systems can aid in identifying
compounds with a reduced likelihood of adverse interactions. Collectively, these safety-oriented
considerations support the selection of apixaban-derived leads with improved therapeutic indices and a
risk profile suitable for progression to in vivo studies.(103)

Table 6: Predicted or experimentally determined ADMET properties of selected apixaban-derived
antifungal leads (66-69)

Compound MW C Solubility | Permeability | Metabolic Predicted CcYp
(g/mol) | LogP stability oral inhibition
bioavailability risk
Apixaban ~459 ~2.0- | Moderate High High High Low-
2.3 moderate
Lead 470- 2.5- Moderate- High Moderate Moderate Low
analogue 1 500 3.0 low —high
Lead 480- 3.0- Low Moderate- Moderate Moderate Moderate
analogue 2 520 3.5 high
Lead 450- 1.8- Moderate- Moderate Moderate- Moderate Low
analogue 3 480 2.5 high high

Note: Values represent approximate or qualitative trends derived from in silico prediction tools and/or
representative experimental assays reported in the literature. Interpretation should emphasize
comparative trends across analogues, particularly the balance between antifungal potency, systemic
exposure, and safety, rather than absolute numerical values.
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CHALLENGES AND FUTURE PERSPECTIVES

Experimental and translational limitations

Despite encouraging in vitro and computational findings, several important challenges remain before
apixaban-derived N-myristoyltransferase (NMT) inhibitors can be considered viable clinical candidates. A
major limitation is the current scarcity of in vivo antifungal efficacy data: most published work to date has
focused on biochemical NMT inhibition and standardized cell-based susceptibility assays.(104) Robust
demonstration of target engagement and therapeutic benefit in relevant animal models of disseminated
and localized fungal infection will be essential to validate NMT inhibition as the primary driver of
antifungal activity and to establish pharmacokinetic-pharmacodynamics relationships.(105). Achieving
sufficient selectivity over human NMT is another critical hurdle, given the conserved catalytic mechanism
and overall fold of the enzyme across species. Although structural differences in the lipid and peptide
subsites of fungal versus human NMT can be exploited, incomplete selectivity may result in off-target
toxicity, particularly in rapidly dividing host tissues. Furthermore, the potential for resistance
development—through point mutations in NMT, altered expression levels, or activation of compensatory
lipid-modification pathways—needs to be evaluated proactively using serial passage experiments and
genomic analysis of resistant isolates. Practical formulation challenges must also be addressed, including
improving solubility for highly lipophilic analogues, identifying appropriate routes of administration for
systemic versus topical or inhaled therapy, and ensuring adequate exposure at sanctuary sites such as the
central nervous system.(106)

Opportunities for AI/ML-assisted optimization and combination therapy

Recent advances in artificial intelligence and machine learning (Al/ML) offer powerful opportunities to
accelerate optimization of apixaban-based NMT inhibitors. Data-driven models can integrate structural
descriptors, docking scores, physicochemical properties, and experimental SAR into predictive
frameworks that prioritize modifications at the P1, P2, and P4 regions with the highest probability of
improving potency, selectivity, and drug-likeness. Multi-task or transfer-learning approaches may further
enhance the ability to distinguish between fungal and human NMT binding profiles and highlight
structural motifs associated with reduced off-target activity or improved ADMET behavior.(107). In
parallel, rational combination therapy represents a promising strategy to enhance efficacy and mitigate
resistance. NMT inhibitors could be paired with existing antifungal agents—such as azoles,
echinocandins, or polyenes—to target complementary pathways, potentially achieving synergistic or
additive effects.(108) Such combinations might permit dose reduction of individual agents, thereby
lowering toxicity, and could slow or prevent emergence of resistance by imposing multiple simultaneous
selective pressures on fungal cells. Systematic in vitro checkerboard assays and time-Kkill studies, followed
by in vivo combination experiments, will be important to define the most effective and clinically realistic
regimens involving apixaban-derived NMT inhibitors.(109)

Roadmap toward preclinical and clinical development

Progression of apixaban-derived NMT inhibitors toward clinical use will require a structured and
iterative development roadmap.(110) At the discovery stage, ongoing lead optimization should continue
to refine potency, NMT selectivity, and ADMET properties using integrated medicinal-chemistry and
computational design strategies.(111,112) In parallel, comprehensive in vitro profiling—including
broad-panel antifungal testing, NMT inhibition, cytotoxicity, and preliminary safety screens—will help
identify a small set of high-value lead candidates.(113) . Subsequent steps should focus on in vivo
validation of antifungal efficacy and target engagement in appropriate animal models, coupled with
detailed pharmacokinetic studies to define exposure requirements and dosing strategies.(114) Promising
leads would then enter formal preclinical development, encompassing repeat-dose toxicity studies,
assessment of genotoxicity and safety pharmacology, and optimization of formulations suitable for oral
and/or parenteral administration.(115) Only compounds that demonstrate a favourable balance of
efficacy, safety, and develop ability should progress to early-phase clinical trials. Ultimately, successful
translation will depend on the coordinated application of rational design, advanced computational tools,
rigorous biological validation, and careful attention to clinical needs and resistance trends in invasive
fungal disease.(116)

CONCLUSION

Invasive fungal infections continue to pose a serious clinical challenge, driven by increasing resistance
and the limited number of effective and well-tolerated antifungal drugs. This review has outlined how
apixaban, originally developed as an oral anticoagulant, can be repurposed as a privileged heterocyclic
scaffold for antifungal discovery, owing to its rigid pyrazole-pyrazinone core, modular P1/P2/P4 regions,
and favourable baseline drug-likeness. Systematic modification of these regions enables rational tuning of
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physicochemical properties and redirection of target engagement away from human factor Xa toward
fungal enzymes. Among these, fungal N-myristoyltransferase (NMT) emerges as a particularly attractive
target because of its essential role in protein N-myristoylation, fungal viability, and virulence.
Structure-based design and molecular docking studies demonstrate that apixaban-derived analogues can
be tailored to occupy both the myristoyl lipid channel and peptide-binding groove of NMT, while modular
synthetic routes and late-stage diversification strategies provide efficient access to diverse analogue
libraries. In vitro antifungal and preliminary NMT inhibition data, together with emerging SAR trends,
support the feasibility of this scaffold as a platform for NMT-directed antifungal agents. Looking ahead,
progress will depend on rigorous in vivo efficacy studies in relevant infection models, comprehensive
selectivity profiling versus human NMT and coagulation targets, and detailed pharmacokinetic and safety
evaluation. The integration of advanced computational tools, including Al- and ML-based design, with
exploration of rational combination regimens offers additional opportunities to enhance efficacy and
mitigate resistance. Collectively, the evidence summarized here provides a strong conceptual and
methodological foundation for advancing apixaban-derived NMT inhibitors toward preclinical
development and ultimately into clinically meaningful antifungal therapies.

ABBREVIATIONS

ADMET - Absorption, distribution, metabolism, excretion, and toxicity, CLSI - Clinical and Laboratory
Standards Institute, CYP - Cytochrome P450, EUCAST - European Committee on Antimicrobial
Susceptibility Testing, MIC - Minimum inhibitory concentration, ML - Machine learning, NMT -
N-myristoyltransferase, PK - Pharmacokinetics, SAR - Structure-activity relationship

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

ACKNOWLEDGMENTS
The authors have no acknowledgments to declare.

REFERENCES

1. Deinhardt-Emmer, S., Chousterman, B.G., Schefold, ].C., Flohé, S.B., Skirecki, T., Kox, M., et al. (2025). Sepsis in
patients who are immunocompromised: Diagnostic challenges and future therapies. Lancet Respiratory Medicine,
13(7):623-637.

2. Ikuta, KS., Mestrovi¢, T. & Naghavi, M. (2024). Global incidence and mortality of severe fungal disease. Lancet
Infectious Diseases, 24(5):e268.

3.  Enoch, D.A, Yang, H., Aliyu, S.H. & Micallef, C. (2017). The changing epidemiology of invasive fungal infections.
Methods in Molecular Biology, 1508:17-65.

4. Biswas, B. & Thakur, A. (2024). Fungal fighters: A comprehensive guide to antifungal therapies of the past,
present, and future. Recent Advances in Human Fungal Diseases: Progress and Prospects, 43-64.

5. Sharma, C. & Kadosh, D. (2023). Perspective on the origin, resistance, and spread of the emerging human fungal
pathogen Candida auris. PLoS Pathogens, 19(3).

6. Papich, M.G. (2012). Antimicrobial drugs. Canine and Feline Gastroenterology, 471-476.

7. Galgdczy, L. (2025). Overcoming global antifungal challenges: Medical and agricultural aspects. ACS Bio & Med
Chem Au, 5(4):531-552.

8. Kim, ]J.H, Cheng, L.W. & Land, K.M. (2022). Advances in antifungal development: Discovery of new drugs and
drug repurposing. Pharmaceuticals, 15(7).

9. Yet, L. (2018). Privileged structures in drug discovery: Medicinal chemistry and synthesis. Privileged Structures
in Drug Discovery, 1-546.

10. Foroughi, A.H, Valeri, C. & Razavi, M.J. (2025). A review of computational optimization of bone scaffold
architecture: Methods, challenges, and perspectives. Progress in Biomedical Engineering, 7(1).

11. Kumar, R, Sharma, R. & Sharma, D.K. (2023). Pyrazole: A privileged scaffold of medicinal chemistry: A
comprehensive review. Current Topics in Medicinal Chemistry, 23(22):2097-2115.

12. Philosophy, D.O.F. (2021). Design and synthesis of some novel heterocyclic compounds as potential
antithrombotic agents. Doctoral Thesis.

13. Hao, X, Zuo, X, Kang, D., Zhang, |., Song, Y., Liy, X, et al. (2019). Contemporary medicinal-chemistry strategies for
discovery of blood coagulation factor Xa inhibitors. Expert Opinion on Drug Discovery, 14(9):915-931.

14. Sang, M., Feng, P, Chi, L.P. & Zhang, W. (2023). The biosynthetic logic and enzymatic machinery of approved
fungi-derived pharmaceuticals and agricultural biopesticides. Natural Product Reports, 41(4):565-603.

15. Wang, B., Dai, T, Sun, W, Wei, Y., Ren, ]., Zhang, L, et al. (2021). Protein N-myristoylation: Functions and
mechanisms in control of innate immunity. Cellular and Molecular Immunology, 18(4):878-888.

16. Yuan, M,, Song, Z.H., Ying, M.D., Zhu, H., He, Q.J., Yang, B, et al. (2020). N-myristoylation: From cell biology to
translational medicine. Acta Pharmacologica Sinica, 41(8):1005-1015.

ABR Vol 17 [4] April 2026 152|Page © 2026 Author



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Li, Y, Song, Z., Wang, E., Dong, L, Bai, ]., Wang, D,, et al. (2022). Potential antifungal targets based on histones
post-translational modifications against invasive aspergillosis. Frontiers in Microbiology, 13.

Wang, Y, Lin, R, Liu, M., Wang, S,, Chen, H., Zeng, W.,, et al. (2023). N-Myristoyltransferase, a potential antifungal
candidate drug target for Aspergillus flavus. Microbiology Spectrum, 11(1).

Al-Qadhi, M.A,, Yahya, T.A.A. & El-Nassan, H.B. (2024). Recent advances in the discovery of CK2 inhibitors. ACS
Omega, 9(19):20702-20719.

Wang, |, Sun, X, Li, N,, Sheng, R. & Guo, R. (2022). An overview of thrombin inhibitors in the perspective of
structure-activity relationships. Current Medicinal Chemistry, 30(25):2864-2930.

Astuti, EJ., Ibrahim, S., Zulfikar, M.A. & Damayanti, S. (2024). A deep overview of anticoagulant drugs: Recent
synthesis and their activity assay. Indonesian Journal of Chemistry, 24(2):606-626.

Kaur, P. & Arora, V. (2023). Pyrazole as an anti-microbial scaffold: A comprehensive review. Mini Reviews in
Organic Chemistry, 20(6):578-592.

Nitulescu, G.M., Stancov, G., Seremet, 0.C., Nitulescu, G., Mihai, D.P., Duta-Bratu, C.G., et al. (2023). The importance
of the pyrazole scaffold in the design of protein kinase inhibitors as targeted anticancer therapies. Molecules,
28(14).

Agrawal, R, Jain, P. & Dikshit, S.N. (2012). Apixaban: A new player in the anticoagulant class. Current Drug
Targets, 13(6):863-875.

Riley, KE. & Hobza, P. (2013). On the importance and origin of aromatic interactions in chemistry and
biodisciplines. Accounts of Chemical Research, 46(4):927-936.

Balaban, A.T. Oniciu, D.C. & Katritzky, A.R. (2004). Aromaticity as a cornerstone of heterocyclic chemistry.
Chemical Reviews, 104(5):2777-2812.

Kumar, A., Mukhopadhyay, ]. & Bhagat, S. (2024). Phosphorus heterocycles and their biological applications.
ChemistrySelect, 9(45).

Madan, J.R., Waghmare, S.V., Patil, R.B.,, Awasthi, R. & Dua, K. (2021). Cocrystals of apixaban with improved
solubility and permeability. Assay and Drug Development Technologies, 19(2):124-138.

de Souza, M.L., Gonzaga da Costa, L.A,, Silva, E.O., de Sousa, A.L.M.D., dos Santos, W.M. & Rolim Neto, P.J. (2020).
Recent strategies for the development of oral medicines for the treatment of visceral leishmaniasis. Drug
Development Research, 81(7):803-814.

Remko, M. (2009). Molecular structure, lipophilicity, solubility, absorption, and polar surface area of novel
anticoagulant agents. Journal of Molecular Structure (THEOCHEM), 916(1-3):76-85.

Sahu, B., Akshi, A.,, Verma, Y, Das, D. & Hazra, A. (2025). Exploring the anticoagulant mechanisms and
pharmacokinetics of novel oral anticoagulants. Journal of Neonatal Surgery, 14(7):422-435.

Zheng, W, Dai, X., Xu, B, Tian, W. & Shi, J. (2023). Discovery and development of factor Xa inhibitors (2015-
2022). Frontiers in Pharmacology, 14.

Georgopapadakou, N.H. (2002). Antifungals targeted to protein modification: Focus on protein N-
myristoyltransferase. Expert Opinion on Investigational Drugs, 11(8):1117-1125.

Hohnloser, S.H., Fudim, M., Alexander, ].H., Wojdyla, D.M., Ezekowitz, ].A., Hanna, M., et al. (2019). Efficacy and
safety of apixaban versus warfarin in patients with atrial fibrillation and extremes in body weight. Circulation,
139(20):2292-2300.

Hanni, C,, Petrovitch, E. Ali, M., Gibson, W, Giuliano, C., Holzhausen, J., et al. (2020). Outcomes associated with
apixaban vs warfarin in patients with renal dysfunction. Blood Advances, 4(11):2366-2371.

Cohen, A.T., Pan, S., Byon, W,, Ilyas, B.S., Taylor, T. & Lee, T.C. (2021). Efficacy, safety, and exposure of apixaban in
obesity and venous thromboembolism. Advances in Therapy, 38(6):3003-3018.

Dawwas, G.K.,, Smith, S.M,, Dietrich, E., Lo-Ciganic, W.H. & Park, H. (2020). Comparative effectiveness and safety
of apixaban versus warfarin in venous thromboembolism. American journal of Health-System Pharmacy,
77(3):188-195.

Wang, Y., Liu, M., Wang, S., Chen, H, Zeng, W.,, Yang, B., et al. (2023). N-Myristoyltransferase, a potential
antifungal candidate drug-target for Aspergillus flavus. Microbiology Spectrum, 11(1).

Sang, M,, Feng, P., Chi, L.P. & Zhang, W. (2023). The biosynthetic logic and enzymatic machinery of approved
fungi-derived pharmaceuticals and agricultural biopesticides. Natural Product Reports, 41(4):565-603.
Fedoryshchak, R.0. Ocasio, C.A., Strutton, B., Mattocks, J., Corran, A.]J. & Tate, EW. (2020). Wheat pathogen:
Zymoseptoria tritici N-myristoyltransferase inhibitors: On-target antifungal activity and an unusual metabolic
defense mechanism. RSC Chemical Biology, 1(2):68-78.

Corbic Ramljak, I, Stanger, ., Real-Hohn, A., Dreier, D., Wimmer, L., Redlberger-Fritz, M., et al. (2018). Cellular N-
myristoyltransferases play a crucial picornavirus genus-specific role in viral assembly, virion maturation, and
infectivity. PLoS Pathogens, 14(8).

Yalcin, S., Ozel, S., Camyar, D. & Bonabian, E.F. (2025). Candida albicans impact on the progression, morphology,
and cellular integrity of biofilm formation on implant surfaces: Current knowledge and future perspectives.
International Journal of Molecular and Cellular Medicine, 14(2):620-636.

Fedoryshchak, R.0., Ocasio, C.A,, Strutton, B., Mattocks, ., Corran, A.]. & Tate, E.W. (2020). Zymoseptoria tritici N-
myristoyltransferase inhibitors: On-target antifungal activity and an unusual metabolic defense mechanism. RSC
Chemical Biology, 1(2):68-78.

ABR Vol 17 [4] April 2026 153|Page © 2026 Author



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Alves, V., Zamith-Miranda, D., Frases, S. & Nosanchuk, J.D. (2025). Fungal metabolomics: A comprehensive
approach to understanding pathogenesis in humans and identifying potential therapeutics. Journal of Fungi,
11(2).

Maurer-Stroh, S., Eisenhaber, B. & Eisenhaber, F. (2002). N-terminal N-myristoylation of proteins: Refinement of
the sequence motif and its taxon-specific differences. Journal of Molecular Biology, 317(4):523-540.

Spassov, D.S.,, Atanasova, M. & Doytchinova, 1. (2023). Inhibitor trapping in N-myristoyltransferases as a
mechanism for drug potency. International Journal of Molecular Sciences, 24(14).

Zaki, M.E.A,, Al-Hussain, S.A., Masand, V.H., Akasapu, S. & Lewaa, I. (2021). QSAR and pharmacophore modeling of
nitrogen heterocycles as potent human N-myristoyltransferase inhibitors. Molecules, 26(7).

Farazi, T.A., Manchester, ].K, Waksman, G. & Gordon, J.I. (2001). Pre-steady-state kinetic studies of
Saccharomyces cerevisiae myristoyl-CoA:protein N-myristoyltransferase mutants identify residues involved in
catalysis. Biochemistry, 40(31):9177-9186.

Brand, S, Cleghorn, L.A.T., McElroy, S.P., Robinson, D.A., Smith, V.C., Hallyburton, L, et al. (2012). Discovery of a
novel class of orally active trypanocidal N-myristoyltransferase inhibitors. Journal of Medicinal Chemistry,
55(1):140-152.

Keniya, M.V, Fleischer, E., Klinger, A., Cannon, R.D. & Monk, B.C. (2015). Inhibitors of the Candida albicans major
facilitator superfamily transporter Mdr1p responsible for fluconazole resistance. PLoS ONE, 10(5).
Vatanshenassan, M., Boekhout, T., Meis, ].F., Berman, ]., Chowdhary, A., Ben-Ami, R., et al. (2019). Candida auris
identification and rapid antifungal susceptibility testing against echinocandins by MALDI-TOF MS. Frontiers in
Cellular and Infection Microbiology, 9.

Fang, W, Robinson, D.A, Raimi, 0.G., Blair, D.E., Harrison, ]J.R, Lockhart, D.EA., et al. (2015). N-
myristoyltransferase is a cell wall target in Aspergillus fumigatus. ACS Chemical Biology, 10(6):1425-1434.
Casadevall, A., Coelho, C. & Alanio, A. (2018). Mechanisms of Cryptococcus neoformans-mediated host damage.
Frontiers in Inmunology, 9.

Ziircher, M. & Diederich, F. (2008). Structure-based drug design: Exploring the proper filling of apolar pockets at
enzyme active sites. Journal of Organic Chemistry, 73(12):4345-4361.

Ojha, P.K. & Roy, K. (2011). Exploring QSAR, pharmacophore mapping and docking studies for cycloguanil
derivatives as PFDHFR-TS inhibitors. Medicinal Chemistry, 7(3):173-199.

Jiménez-Luna, ]., Cuzzolin, A, Bolcato, G., Sturlese, M. & Moro, S. (2020). A deep-learning approach toward
rational molecular docking protocol selection. Molecules, 25(11).

Fischer, A., Smiesko, M., Sellner, M. & Lill, M.A. (2021). Decision making in structure-based drug discovery: Visual
inspection of docking results. Journal of Medicinal Chemistry, 64(5):2489-2500.

Daoud, N.E.H., Borah, P, Deb, P.K, Venugopala, K.N., Hourani, W., Alzweiri, M., et al. (2021). ADMET profiling in
drug discovery and development. Current Drug Metabolism, 22(7):503-522.

Verma, R, Disha, D. & Khan, L.A. (2024). Antifungal drug discovery using bioinformatics tools. Advances in
Antifungal Drug Development, 703-730.

Bhatnagar, R., Futterer, K, Waksman, G. & Gordon, J.I. (1999). The structure of myristoyl-CoA:protein N-
myristoyltransferase. Biochimica et Biophysica Acta - Molecular Cell Biology of Lipids, 2(3):162-172.

Sheng, C, Ji, H., Miao, Z,, Che, X,, Yao, ], Wang, W,, et al. (2009). Homology modeling and molecular dynamics
simulation of N-myristoyltransferase from protozoan parasites: Active site characterization and insights into
rational inhibitor design. Journal of Computer-Aided Molecular Design, 23(6):375-389.

Harikrishna, A.S. & Venkitasamy, K. (2023). Identification of novel human nicotinamide N-methyltransferase
inhibitors: A structure-based pharmacophore modeling and molecular dynamics approach. journal of
Biomolecular Structure and Dynamics, 41(24):14638-14650.

Li, J., Fu, A. & Zhang, L. (2019). An overview of scoring functions used for protein-ligand interactions in
molecular docking. Interdisciplinary Sciences: Computational Life Sciences, 11(2):320-328.

Li, Z. & Buck, M. (2020). Computational design of myristoylated cell-penetrating peptides targeting oncogenic K-
Ras.G12D at the effector-binding membrane interface. Journal of Chemical Information and Modeling, 60(1):306-
315.

Javid, S., Ather, H., Hani, U., Siddiqua, A., Ansari, S.M.A., Shanmugarajan, D., et al. (2023). Discovery of novel
myristic acid derivatives as N-myristoyltransferase inhibitors: Design, synthesis, computational studies and
antifungal activity. Antibiotics, 12(7).

Pelay-Gimeno, M,, Glas, A., Koch, 0. & Grossmann, T.N. (2015). Structure-based design of inhibitors of protein-
protein interactions: Mimicking peptide binding epitopes. Angewandte Chemie International Edition,
54(31):8896-8927.

Dabade, S.J., Mandloi, D., Bajaj, A.V. & Thakur, A. (2020). In silico evaluation of inhibitory potential of novel
triazole derivatives against myristoyl-CoA: protein N-myristoyltransferase of Candida albicans. Network
Modeling Analysis in Health Informatics and Bioinformatics, 9(1).

Anbuselvam, M., Katherine, C.J., Balasubramanian, C., Anbuselvam, ]J. & Hai-Feng, ]. (2025). Molecular docking
analysis of N-myristoyltransferase with small molecules from the ZINC database for screening potential anti-
malarial drugs. Bioinformation, 21(6):1397-1403.

Sudhan, M., Janakiraman, V., Ahmad, S.F., Attia, S.M., Subramanian, R., Devi, D,, et al. (2024). Molecular docking
and dynamics with clinical investigation on the impact of direct oral anticoagulants on atheroprotective protein
in atrial fibrillation. BMC Pharmacology and Toxicology, 25(1).

ABR Vol 17 [4] April 2026 154|Page © 2026 Author



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Abdelgawad, M.A.,, Hamed, A.A., Nayl, A.A.,, Badawy, M.S.E.M,, Ghoneim, M.M,, Sayed, A.M,, et al. (2022). Chemical
profiling, docking study, and antimicrobial and antibiofilm activities of the endophytic fungus Aspergillus sp. AP5.
Molecules, 27(5).

Deokar, H.S., Puranik, P. & Kulkarni, V.M. (2009). QSAR analysis of N-myristoyltransferase inhibitors: Antifungal
activity of benzofurans. Medicinal Chemistry Research, 18(3):206-220.

Sahu, MK, Nayak, A.K, Hailemeskel, B. & Eyupoglu, O.E. (2024). Exploring recent updates on molecular docking:
Types, methods, applications, limitations and future prospects. International Journal of Pharmaceutical Research
and Allied Sciences, 13(2):24-40.

Galanti, K., Di Marino, M., Mansour, D., Testa, S., Rossi, D., Scollo, C., et al. (2024). Current antithrombotic
treatments for cardiovascular diseases. Reviews in Cardiovascular Medicine, 25(8).

Pinzi, L. & Rastelli, G. (2019). Molecular docking: Shifting paradigms in drug discovery. International Journal of
Molecular Sciences, 20(18).

Wong, P.C, Pinto, D.J.P. & Zhang, D. (2011). Preclinical discovery of apixaban, a direct and orally bioavailable
factor Xa inhibitor. Journal of Thrombosis and Thrombolysis, 31(4):478-492.

Takale, B.S., Kong, F.Y. & Thakore, R.R. (2022). Recent applications of Pd-catalyzed Suzuki-Miyaura and
Buchwald-Hartwig couplings in pharmaceutical process chemistry. Organics, 3(1):1-21.

Zhao, C. & Ma, S. (2014). Recent advances in the discovery of N-myristoyltransferase inhibitors. Chem Med Chem,
9(11):2425-2437.

Rundle, D.R, Rajala, R.V.S. & Anderson, R.E. (2002). Characterization of type I and type II myristoyl-CoA:protein
N-myristoyltransferases. Experimental Eye Research, 75(1):87-97.

Castellino, N.J., Montgomery, A.P., Danon, ].J. & Kassiou, M. (2023). Late-stage functionalization for improving
drug-like molecular properties. Chemical Reviews, 123(13):8127-8153.

Wei, F.,, Wang, W., Ma, Y., Tung, C.H. & Xu, Z. (2016). Regioselective synthesis of multisubstituted 1,2,3-triazoles
beyond copper-catalyzed azide-alkyne cycloaddition. Chemical Communications, 52(99):14188-14199.

Agrahari, AK., Bose, P, Jaiswal, M.K,, Rajkhowa, S., Singh, A.S., Hotha, S., et al. (2021). Cu(I)-catalyzed click
chemistry in glycoscience and their diverse applications. Chemical Reviews, 121(13):7638-7956.

Chauhan, R, Rana, A., Mottafegh, A., Kim, D.P. & Singh, A.K. (2025). Manual to auto-optimization platform of
multistep apixaban synthesis. Organic Process Research & Development, 29(3):881-889.

Li, M.M,, Chen, X,, Deng, Y. & Lu, ]. (2021). Recent advances of N-heterocyclic carbenes in constructing carbo- and
heterocyclic frameworks with potential biological activity. RSC Advances, 11(60):38060-38078.

Stefanache, A., Marcinschi, A, Marin, G.A., Mitran, A.M., Lungu, LI, Miftode, A.M,, et al. (2025). Green chemistry
approaches in pharmaceutical synthesis: Sustainable methods for drug development. AppliedChem, 5(2).

Sheng, C. & Zhang, W. (2011). New lead structures in antifungal drug discovery. Current Medicinal Chemistry,
18(5):733-766.

Kriegl, L., Egger, M., Boyer, ]., Hoenigl, M. & Krause, R. (2025). New treatment options for critically important
WHO fungal priority pathogens. Clinical Microbiology and Infection, 31(6):922-930.

Mathuria, A., Ali, N., Kataria, N. & Mani, I. (2024). Drug repurposing for fungal infections. Progress in Molecular
Biology and Translational Science, 207:59-78.

Saini, V., Safwan, S.M., Mehta, D., Das, E.E. & Bajaj, A. (2025). Recent advances in the development of antifungal
agents beyond azoles, polyenes, and echinocandins. ACS Infectious Diseases, 11(6):1271-1295.

Vanreppelen, G., Wuyts, ]., Van Dijck, P. & Vandecruys, P. (2023). Sources of antifungal drugs. Journal of Fungi,
9(2).

Mahto, S.K, Chandra, P. & Rhee, SW. (2010). In vitro models, endpoints and assessment methods for
measurement of cytotoxicity. Toxicology and Environmental Health Sciences, 2(2):87-93.

de Almeida, R.F.M,, Santos, F.C., Marycz, K, Alicka, M., Krasowska, A, Suchodolski, |, et al. (2019). New
diphenylphosphane derivatives of ketoconazole as promising antifungal agents. Scientific Reports, 9(1).

Degoey, D.A.,, Grampovnik, D.J., Chen, H]., Flosi, W], Klein, L.L, Dekhtyar, T. et al. (2011). P1-substituted
symmetry-based HIV protease inhibitors with potent antiviral activity against drug-resistant viruses. Journal of
Medicinal Chemistry, 54(20):7094-7104.

Beilmann, M., Adkins, K., Boonen, H.C.M., Hewitt, P., Hu, W,, Mader, R, et al. (2025). Application of new approach
methodologies for nonclinical safety assessment of drug candidates. Nature Reviews Drug Discovery, 24(9):705-
725.

Jakhar, R., Dangi, M., Khichi, A. & Chhillar, A.K. (2020). Relevance of molecular docking studies in drug designing.
Current Bioinformatics, 15(4):270-278.

Chen, G., Seukep, A.J. & Guo, M. (2020). Recent advances in molecular docking for the discovery of potential
marine drugs. Marine Drugs, 18(11).

Puentes, P.R, Henao, M.C, Torres, C.E., Gémez, S.C., Gémez, L.A, Burgos, ].C, et al. (2020). Design, screening and
testing of non-rational peptide libraries with antimicrobial activity. Antibiotics, 9(12):1-41.

Chen, Y. & Shoichet, B.K. (2009). Molecular docking and ligand specificity in fragment-based inhibitor discovery.
Nature Chemical Biology, 5(5):358-364.

Martin, J.F. & Liras, P. (2024). Targeting specialized metabolite biosynthetic enzymes by posttranslational
palmitoylation. International Journal of Molecular Sciences, 25(2).

Ferro, C.J., Solkhon, F,, Jalal, Z., Al-Hamid, A.M. & Jones, A.M. (2020). Physicochemical properties and functional
pharmacology of direct oral anticoagulants. Pharmacology Research & Perspectives, 8(3).

ABR Vol 17 [4] April 2026 155|Page © 2026 Author



100.Kar, S. & Leszczynski, J. (2020). Open-access in silico tools to predict ADMET profiling of drug candidates. Expert
Opinion on Drug Discovery, 15(12):1473-1487.

101.Bhushan, A, Sinha, A., Singh, S., Agarwal, P. & Mishra, RK. (2024). Emerging strategies in antifungal drug
discovery: Challenges and opportunities. Drug Discovery Today, 29(1):103601.

102.Rockey, D.C, Caldwell, S.H., Goodman, Z.D., Nelson, R.C. & Smith, A.D. (2009). Liver biopsy. Hepatology,
49(3):1017-1044.

103.Huppler, AR, Eickhoff, ].C. & Wald, E.R. (2012). Performance of low-risk criteria in the evaluation of children
with febrile neutropenia. Journal of Pediatric Hematology/Oncology, 34(8):e314-e318.

104.Wilson, W.R,, Gewitz, M., Lockhart, P.B., Bolger, A.F., DeSimone, D.C, Kazi, D.S., et al. (2021). Prevention of
viridans group streptococcal infective endocarditis: A scientific statement from the American Heart Association.
Circulation, 143(20):e963-e978.

105.Heidrich, F.M., Knafl, D, Neumann, C, Biittner, H.]. & Senn, 0. (2015). Antibiotic prophylaxis for bacterial
endocarditis: A systematic review. Swiss Medical Weekly, 145:w14137.

106.Singh, R., Sharma, R., Bhardwaj, P., Kumar, A. & Kumar, R. (2023). Clinical relevance of antifungal susceptibility
testing in invasive fungal infections. Journal of Global Antimicrobial Resistance, 32:330-338.

107.Arastehfar, A, Gabalddn, T., Garcia-Rubio, R, Jenks, ].D., Hoenigl, M., Salzer, HJ.F, et al. (2020). Drug-resistant
fungi: An emerging challenge threatening our limited antifungal armamentarium. Antimicrobial Agents and
Chemotherapy, 64(7).

108.Perfect, J.R. (2017). The antifungal pipeline: A reality check. Nature Reviews Drug Discovery, 16(9):603-616.

109.Wiederhold, N.P. (2018). Antifungal resistance: Current trends and future strategies to combat. Infectious Drug
Resistance, 11:249-259.

110.Seyedmousavi, S., Bosco, S.M.G., de Hoog, S., Ebel, F., Elad, D., Gomes, R.R,, et al. (2018). Fungal infections in
animals: A patchwork of different situations. Medical Mycology, 56(suppl_1):S165-S187.

111.Fisher, M.C., Hawkins, N.J., Sanglard, D. & Gurr, SJ. (2018). Worldwide emergence of resistance to antifungal
drugs challenges human health and food security. Science, 360(6390):739-742.

112.Chowdhary, A., Sharma, C. & Meis, ].F. (2017). Candida auris: A rapidly emerging cause of hospital-acquired
multidrug-resistant fungal infections globally. PLoS Pathogens, 13(5).

113.Perlin, D.S. (2015). Echinocandin resistance in Candida. Clinical Infectious Diseases, 61(suppl_6):S612-S617.

114.Presume, |., Ferreira, ]. & Ribeiras, R. (2024). Factor XI inhibitors: A new horizon in anticoagulation therapy.
Cardiology and Therapy, 13(1):1-16.

115.Pereira, L.C, de Fatima, M.A, Santos, V.V, Brandio, CM. Alves, LA. & Azeredo, F.]. (2022).
Pharmacokinetic/pharmacodynamic modeling and application in antibacterial and antifungal pharmacotherapy:
A narrative review. Antibiotics, 11(8).

116.Li, Y, Qiao, Y., Ma, Y., Xue, P. & Ding, C. (2025). Al in fungal drug development: Opportunities, challenges, and
future outlook. Frontiers in Cellular and Infection Microbiology, 15.

Copyright: © 2026 Author. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

ABR Vol 17 [4] April 2026 156 |Page © 2026 Author




