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ABSTRACT

The growing threat of antimicrobial resistance
(AMR) necessitates the exploration of novel
therapeutic targets distinct from those addressed by
conventional antibiotics. Pyridine nucleotides,
including NAD* , NADH, NADP* , and NADPH,
are indispensable coenzymes involved in redox
balance, energy metabolism, and biosynthetic
processes in microbes. Their centrality to microbial
physiology and divergence from human metabolic
pathways make them attractive candidates for
antimicrobial intervention. This review provides a
comprehensive analysis of the chemistry and
biosynthesis of pyridine nucleotides, the microbial
enzymes that depend on them, and their potential as
targets for drug discovery. We discuss structural
modification strategies leading to pyridine
nucleotide analogues and derivatives with potent
antimicrobial properties, highlighting their efficacy
against bacteria, fungi, and protozoa. Recent
advancements in  high-throughput  screening,
structure-based drug design, and CRISPR-based
validation techniques have accelerated the
discovery  of inhibitors targeting NAD?*
biosynthesis and utilization. Case studies
underscore the clinical potential of these
approaches, with promising candidates in
preclinical stages. Despite significant promise,
challenges such as drug delivery, resistance, and
selectivity must be addressed. Future research
integrating multi-omics and combination therapy
strategies could pave the way for next-generation
antimicrobials  targeting  pyridine  nucleotide
metabolism.
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antimicrobial resistance, drug discovery, NAD*
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l. INTRODUCTION
1.1 Background on Antimicrobial Resistance
(AMR)

Antimicrobial resistance (AMR) has
become one of the most critical public health
threats worldwide. The overuse and misuse of
antibiotics, combined with the slow pace of new
drug development, have led to the emergence of
multidrug-resistant (MDR) and extensively drug-
resistant (XDR) pathogens. These resistant strains
compromise the efficacy of current therapies and
increase morbidity, mortality, and healthcare costs.
As traditional antibiotics fail, there is a growing
urgency to identify novel drug targets that are
essential to microbial survival but are absent or
significantly different in humans.

1.2 Need for Novel Antimicrobial Targets

Given the challenges posed by AMR, drug
discovery efforts have shifted towards identifying
essential metabolic pathways and unique bacterial
enzymes as novel therapeutic targets. Instead of
targeting well-established mechanisms like protein
synthesis or cell wall biosynthesis, the focus is now
on targeting microbial energy metabolism, redox
balance, and cofactor biosynthesis, which are
crucial for bacterial survival and pathogenicity.
These new targets offer the potential for more
selective and less resistance-prone antimicrobial
strategies.

1.3 Role of Pyridine Nucleotides in Cellular
Metabolism

Pyridine nucleotides, such as NAD*,
NADH, NADP* , and NADPH, play indispensable
roles in cellular metabolism. They serve as electron
carriers in redox reactions, regulate energy
production, and are involved in various
biosynthetic and degradation pathways. In bacteria,
pyridine nucleotides are essential for metabolic
flux, stress response, DNA repair, and virulence,
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making them attractive targets for antimicrobial
drug discovery.

1. CHEMISTRY AND BIOLOGICAL
ROLE OF PYRIDINE
NUCLEOTIDES
2.1 Structure and Types of Pyridine Nucleotides
(NAD* , NADH, NADP* , NADPH)
Pyridine nucleotides are dinucleotides
composed of a nicotinamide moiety linked to

adenosine through phosphate groups. NAD*
(oxidized form) and NADH (reduced form)
function primarily in catabolic reactions and energy
production, while NADP* and NADPH are
involved in anabolic reactions and oxidative stress
management. The structural similarity between
NAD* and NADP* lies in their shared
nicotinamide structure, with NADP* containing an
additional phosphate group on the adenosine
ribose.

Table 1: Types and Functions of Pyridine Nucleotides in Microbial Cells

Pyridine Oxidation State | Key Functions Biological Role Examples of
Nucleotide Dependent Enzymes
NAD* Oxidized Electron acceptor | Glycolysis, TCAcycle | Dehydrogenases, DNA
ligases
NADH Reduced Electron donor Oxidative Complex | (NADH
phosphorylation dehydrogenase)
NADP* Oxidized Electron acceptor | Biosynthesis, Isocitrate dehydrogenase
oxidative stress (NADP*)
NADPH Reduced Electron donor Antioxidant  defense, | Glutathione reductase,
reductive biosynthesis | fatty acid synthase
2.2 Biosynthesis Pathways of Pyridine and dihydroxyacetone phosphate into quinolinic
Nucleotides acid, which is further converted to NAD* through
Bacteria can  synthesize  pyridine a series of enzymatic steps involving NadD and

nucleotides via two major pathways: the de novo
synthesis pathway and the salvage pathway. The de
novo pathway involves the conversion of aspartate

NadE. The salvage pathway recycles nicotinamide
or nicotinic acid, conserving energy by bypassing
the initial synthesis steps.

Table 2: Key Enzymes in Bacterial NAD* Biosynthesis and Their Functions

Enzyme | Full Name Role in Pathway Essentiality in | Inhibition
Bacteria Potential
NadD Nicotinate Converts NaMN to NaAD Essential High
mononucleotide
adenylyltransferase
NadE NAD* synthetase Converts NaAD to NAD* Essential High
PncA Nicotinamidase Salvage pathway enzyme Variable Medium
Npt Nicotinate Converts nicotinic acid to NaMN | Essential in | High
phosphoribosyltransferase some species

2.3 Role in Redox Reactions and Cellular
Energy Metabolism

NAD* /NADH and NADP* /INADPH act
as cofactors for various oxidoreductases, enabling
redox reactions that are vital for ATP generation
through glycolysis, the tricarboxylic acid (TCA)
cycle, and oxidative phosphorylation. NADPH is
especially important in maintaining the reducing
environment of the cell, crucial for biosynthesis
and antioxidant defense.

2.4 Pyridine Nucleotides in Bacterial Physiology

In bacterial systems, pyridine nucleotides
not only facilitate metabolism but also play roles in
stress responses, virulence factor expression, and
biofilm formation. Disrupting the balance of these
nucleotides can lead to impaired energy production
and increased susceptibility to host defenses or
antibiotics, making them key players in bacterial
viability and pathogenicity.
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1. PYRIDINE NUCLEOTIDE-
DEPENDENT ENZYMES IN
MICROBES
3.1 Dehydrogenases and Reductases
These enzymes utilize NAD* or NADP*
as cofactors to catalyze oxidation-reduction
reactions essential for metabolism. Examples
include lactate dehydrogenase, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and isocitrate
dehydrogenase. Inhibiting these enzymes can halt
glycolysis or the TCA cycle, starving bacteria of
energy and reducing growth.

3.2 NAD* -Dependent DNA Ligases

DNA ligases that utilize NAD* instead of
ATP are essential for DNA replication and repair in
many  bacteria.  Since  eukaryotic  cells
predominantly  use  ATP-dependent  ligases,
targeting bacterial NAD* -dependent ligases offers
selective inhibition with minimal host toxicity.

3.3 NAD* -Dependent Sirtuins and Their Role in
Gene Regulation

Bacterial sirtuins are NAD* -dependent
deacetylases involved in gene regulation, stress
responses, and survival. These enzymes modulate
chromosomal structure and regulate expression of
virulence genes. Their dependence on NAD*
makes them potential targets for inhibiting bacterial
adaptability and pathogenicity.

3.4 NADPH Oxidases in Bacterial Defense
Mechanisms

Though more common in eukaryotes,
some bacteria possess NADPH oxidases or similar
enzymes that generate reactive oxygen species
(ROS) to outcompete other microbes or regulate
intracellular ~ signaling.  Disrupting NADPH
generation can make bacteria more susceptible to
oxidative damage and host immune responses.

V. PYRIDINE NUCLEOTIDES AS
ANTIMICROBIAL DRUG TARGETS

4.1 Rationale for Targeting NAD* /NADH
Pathways

Targeting pyridine nucleotide pathways
offers a unique strategy to disrupt bacterial energy
metabolism and redox balance. These pathways are
often essential and conserved among pathogens but
vary significantly from human systems, providing a
therapeutic window for selective inhibition.

4.2 Targeting NAD* Biosynthesis Enzymes (e.g.,
NadD, NadE)

Enzymes like NadD (nicotinate
mononucleotide adenylyltransferase) and NadE
(NAD* synthetase) are crucial for the final steps of
NAD* biosynthesis. Inhibitors targeting these
enzymes have shown promising antimicrobial
activity against Mycobacterium  tuberculosis,
Staphylococcus aureus, and others. These enzymes
represent choke points in the biosynthetic pathway
and are highly druggable.

4.3 Inhibitors of NAD* Salvage Pathways

Some bacteria rely heavily on the salvage
pathway, especially during stress or nutrient
limitation. Inhibitors that block enzymes such as
nicotinamidase or nicotinate  phosphoribosyl
transferase can prevent NAD* replenishment,
sensitizing bacteria to metabolic collapse or
immune clearance.

4.4 Disruption of NAD* -Dependent Cellular
Functions

Inhibiting enzymes that require NAD* as
a cofactor—such as dehydrogenases, ligases, and
sirtuins—can impair DNA replication,
transcription, or metabolism. Small molecules or
analogs that mimic NAD™* or block its binding site
can serve as potent inhibitors of these essential
processes.

45 Challenges in Target Selectivity and
Resistance

One of the major challenges in targeting
pyridine nucleotide pathways is achieving
specificity to bacterial enzymes without affecting
human homologs. Moreover, resistance may
emerge through bypass pathways or enzyme
mutations. Hence, combination therapies and
rational drug design using structural insights are
necessary to overcome these limitations.

V. PYRIDINE NUCLEOTIDE
ANALOGUES AND DERIVATIVES AS
ANTIMICROBIAL AGENTS
5.1 Structural Modification Strategies
Structural ~ modification of pyridine
nucleotides has emerged as a promising strategy to
develop potent antimicrobial agents. By altering the
nicotinamide moiety, ribose sugar, or phosphate
groups, researchers have created analogues that
either competitively inhibit natural enzymes or act
as false substrates, leading to dysfunctional
enzymatic reactions. Modifications aim to improve
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membrane permeability, metabolic stability, and
selectivity for microbial targets while minimizing

cytotoxicity to host cells.

Table 3: Examples of Pyridine Nucleotide Analogues and Their Antimicrobial Activities

Compound Structural Class | Target Microbial Activity/Outcome
Name Species
TBA-354 NAD* mimic NadE Mycobacterium Bactericidal
tuberculosis
Thionicotinamide | NAD* analogue | Dehydrogenases | Gram-positive Growth inhibition
bacteria
FK866 Nicotinamide NAMPT Leishmania, Antiprotozoal
analogue (salvage Trypanosoma
pathway)
Pyridine-thiazole | Synthetic pyridine | Redox enzymes | Candida albicans | Antifungal
hybrid

5.2 NAD* Analogues with Antibacterial Activity

Several NAD™ analogues have shown
potent antibacterial activity by mimicking the
native molecule while preventing proper enzyme
function. These analogues inhibit NAD* -
dependent enzymes such as dehydrogenases, DNA
ligases, and sirtuins by binding to active sites
without  supporting catalysis. For instance,
thionicotinamide and benzamide derivatives have
been explored as effective NAD* mimetics that
disrupt bacterial metabolic processes and DNA
repair pathways, leading to growth inhibition.

5.3 NADP* /NADPH Mimetics in Fungal and
Protozoal Infections

NADP* and NADPH analogues are
particularly effective in targeting eukaryotic
pathogens like fungi and protozoa, which rely on
NADPH for antioxidant defense and biosynthesis.
Structural mimetics can competitively inhibit
enzymes such as glutathione reductase or fatty acid
synthase, impairing pathogen viability. These
compounds are designed to exploit the distinct
cofactor binding preferences in fungal/protozoal
systems, making them attractive candidates for
selective antifungal or antiprotozoal therapies.

5.4 Antimicrobial Activity of Synthetic Pyridine
Derivatives

Beyond direct analogues, synthetic
pyridine-based  scaffolds have demonstrated
antimicrobial activity through diverse mechanisms.
Some act as enzyme inhibitors, while others
interfere with membrane integrity, quorum sensing,
or DNA synthesis. Modifications like halogenation,
alkylation, or conjugation with metal complexes
enhance antimicrobial potency. Pyridine derivatives
such as isoniazid (used in tuberculosis) underscore
the clinical relevance of this chemical class in anti-
infective drug design.

VI. RECENT ADVANCES IN PYRIDINE
NUCLEOTIDE-TARGETED DRUG
DISCOVERY
6.1 High-Throughput Screening of Pyridine
Pathway Inhibitors
High-throughput screening (HTS)
technologies have accelerated the identification of
small-molecule inhibitors targeting pyridine
nucleotide biosynthesis and utilization pathways.
Libraries containing NAD* /NADP* analogues or
enzyme inhibitors are systematically evaluated
against key microbial targets like NadE or sirtuins.
HTS enables rapid profiling of compound activity,
selectivity, and cytotoxicity, providing leads for
further development.
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Table 4: High-Throughput Screening Assays Targeting NAD* Pathways

Assay Type Target Detection Method Key Findings References
Enzyme
Enzyme NadD Colorimetric ATP assay | Identified 3 selective | Lietal., 2014
inhibition hits
Whole-cell NadE Resazurin assay TBA-354 active at uM | Pawlowski et
viability levels al., 2016
CRISPRI PncA Gene repression Confirmed essentiality | Liu et al., 2020
validation under stress
Thermal shift | DNA ligase | Fluorescence Detected strong binder | Cox et al., 2016
assay (NAD* -
dep)

6.2 Structure-Based Drug Design Approaches
Advancements in crystallography and
computational modeling have facilitated structure-
based drug design (SBDD) for pyridine nucleotide
pathways. Enzyme-inhibitor co-crystal structures
allow precise optimization of binding affinity and
selectivity. Rational drug design based on the active
site of NadD, NAD™* ligases, or dehydrogenases
has yielded several potent inhibitors with enhanced
pharmacokinetics and microbial selectivity.

6.3 CRISPR-Based Functional Studies for
Target Validation

CRISPR-Cas9 and CRISPRi technologies
are increasingly used to validate the essentiality of
pyridine nucleotide pathway genes in pathogens.
These tools allow conditional knockouts or
repression of specific genes like nadE or pncA,
revealing their role in bacterial survival, virulence,
and drug sensitivity. Such functional genomics
approaches help prioritize targets with the highest
therapeutic potential.

6.4 Multi-Omics Integration for Drug Target
Identification

Integrating transcriptomics, proteomics,
and metabolomics offers a systems-level view of
pyridine nucleotide metabolism and its regulation.
Multi-omics data can identify = metabolic
bottlenecks, cofactor dependencies, and
compensatory mechanisms in response to drug
treatment. These insights inform the development
of multi-target or synergistic drug strategies,
increasing the likelihood of therapeutic success.

CASE STUDIES AND PRECLINICAL
CANDIDATES
7.1 Inhibitors of Mycobacterial NAD?
Biosynthesis
Mycobacterium tuberculosis relies heavily
on de novo NAD* biosynthesis, making it
vulnerable to NadE inhibitors. Compounds like
TBA-354 and other nicotinamide mimetics have
shown potent in vitro and in vivo activity against
drug-resistant TB strains. These inhibitors not only
deplete NAD* pools but also induce metabolic
collapse, demonstrating promising preclinical
efficacy.

Table 6: Preclinical Candidates Targeting Pyridine Nucleotide Metabolism

Compound Mechanism of Action Pathogen Stage of | Notes
Development

TBA-354 NadE inhibition M. tuberculosis | Preclinical Improved  potency
over pretomanid

Compound A | NAD* ligase inhibitor S. aureus In vitro ATP-independent
selectivity

Compound B | NADPH oxidase inhibitor | Candida spp. Early preclinical | Synergistic with
fluconazole

FK866 Salvage pathway inhibition | Leishmania Preclinical Immunomodulatory
effects too
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7.2 NAD* Ligase Inhibitors in Gram-Positive
Bacteria

Gram-positive  pathogens  such as
Staphylococcus  aureus and  Streptococcus
pneumoniae possess NAD™* -dependent DNA
ligases essential for genome maintenance. Selective
inhibitors targeting these ligases have shown
bactericidal effects in both planktonic and biofilm
states. Structural differences from human ATP-
dependent ligases provide a therapeutic window for
safe drug design.

7.3 Antifungal Agents Targeting NADPH-
Dependent Enzymes

In  fungi, NADPH is critical for
maintaining redox balance and biosynthesis.
Inhibitors targeting NADPH-utilizing enzymes,
such as thioredoxin reductase or sterol biosynthesis
enzymes, have shown antifungal efficacy. These
agents, including pyridine-thiazole hybrids, exhibit
broad-spectrum activity against Candida and
Aspergillus species.

7.4 Broad-Spectrum Potential of Pyridine-Based
Agents

Several pyridine nucleotide-based or
pyridine-containing agents have demonstrated
activity against a wide range of pathogens,
including bacteria, fungi, and protozoa. Their
ability to disrupt core metabolic processes and
redox balance lends them broad-spectrum potential.
Optimized analogues may serve as templates for
next-generation antimicrobials with multi-pathogen
utility.

VIII. LIMITATIONS, CHALLENGES, AND
FUTURE DIRECTIONS
8.1 Drug Delivery and Stability Issues
Pyridine nucleotide analogues often suffer
from poor membrane permeability, rapid
degradation, or low bioavailability. Chemical
instability in physiological conditions can reduce
efficacy. Advanced delivery systems such as
liposomes, nanoparticles, or prodrugs are being
explored to enhance pharmacokinetics and target-
site accumulation.

Table 6: Challenges and Strategies in Targeting Pyridine Nucleotide Pathways

Challenge Description

Strategy to Overcome

Poor membrane permeability | Large, polar

molecules | Use of prodrugs, transporter exploitation
have low uptake

Resistance development Mutations in target | Combination therapy, multi-target design
enzymes

Host toxicity Similarity  to human | Structure-based selectivity optimization
enzymes

Rapid degradation
Vivo

Instability of analogues in | Nanoformulation, chemical stabilization

8.2 Resistance Development and Evasion
Mechanisms

Like traditional antibiotics, nucleotide
pathway inhibitors face the risk of resistance.
Pathogens may mutate target enzymes, upregulate
compensatory pathways, or enhance efflux.
Combination therapy, mutation-resistant analogues,
and inhibitors with multi-target effects are essential
to delay or prevent resistance development.

8.3 Strategies for Improving Selectivity and
Potency

Improving the selectivity of pyridine
nucleotide-targeting  drugs  requires  detailed
knowledge of microbial versus human enzyme
structures.  Structure-guided drug optimization,
peptidomimetic design, and selective uptake
mechanisms (e.g., bacterial transporters) are critical

strategies to increase microbial potency while
reducing host toxicity.

8.4 Potential of Combination Therapies

Combining pyridine nucleotide inhibitors
with antibiotics or host-directed therapies can
enhance efficacy and prevent resistance.
Synergistic  combinations,  particularly  those
targeting multiple metabolic pathways, offer
promising therapeutic outcomes, especially for
MDR and persistent infections.

8.5 Scope for Future Research and Clinical
Translation

There is considerable potential for
translating pyridine nucleotide-targeted agents into
clinical use. Future research should focus on
optimizing lead compounds, understanding
pathogen-specific metabolism, and exploring their
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role in polymicrobial infections. Clinical trials
evaluating safety, pharmacokinetics, and efficacy
will be key steps toward therapeutic realization.

IX. CONCLUSION

9.1 Summary of Key Findings

This review highlights the central role of
pyridine nucleotides in microbial metabolism and
their growing relevance as antimicrobial drug
targets.  Both  enzymatic and  structural
vulnerabilities in NAD* /INADP* pathways offer
opportunities for therapeutic intervention.

9.2 Importance of Pyridine Nucleotide Pathways
in Antimicrobial Research

Given their involvement in critical
processes like energy production, DNA repair, and
redox balance, pyridine nucleotide pathways
represent a rich source of potential drug targets.
Their  conservation across  pathogens and
divergence from human enzymes support their
drugability.

9.3 Final Remarks on Future Opportunities

Targeting pyridine nucleotide metabolism
is a frontier in antimicrobial discovery. With
advances in structural biology, screening
technologies, and synthetic chemistry, the
development of selective, potent, and broad-
spectrum agents is increasingly feasible.
Collaborative efforts between academia and
industry will be crucial for clinical translation and
combating antimicrobial resistance.
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