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Abstract: The development of new drugs is a lengthy and complex process regarding
its conception and ideation, passing through in silico studies, synthesis, in vivo studies,
clinical trials, approval, and commercialization, with an exceptionally low success rate.
The lack of efficacy, safety, and suboptimal pharmacokinetic parameters are commonly
identified as significant challenges in the discovery of new drugs. To help address these
challenges, various approaches have been explored in medicinal chemistry, including the
use of prodrug strategies. As a well-established approach, prodrug design remains the
best option for improving physicochemical properties, reducing toxicity, and increasing
selectivity, all while minimizing costs and saving on biological studies. This review article
aims to analyze the current advances using the prodrug approach that has allowed the
advance of drug candidates to clinical trials in the last 10 years. The approaches presented
here aim to inspire further molecular optimization processes and highlight the potential of
this strategy to facilitate the advancement of new compounds to clinical study phases.
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1. Introduction

Prodrugs remain a cornerstone in medicinal chemistry, offering a versatile strategy
for the development of novel therapeutic agents. This drug discovery strategy offers an
effective solution for improving the physicochemical properties of drug candidates, par-
ticularly in addressing challenges encountered during the transition from preclinical to
clinical trials. While modern drug discovery techniques like combinatorial chemistry and
high-throughput screening generate novel chemical entities with potent pharmacological
activity, many exhibit suboptimal physicochemical characteristics, necessitating chemical
modification or formulation technologies for adequate performance. Thus, the prodrug
approach facilitates the enhancement of diverse pharmacokinetic properties, including
absorption, distribution, metabolism, and excretion (ADME), optimizing dissolution rates
and lipophilicity without altering the drug target or indication or compromising pharmaco-
logical efficacy, while providing a streamlined approach to overcoming drug development
hurdles [1-3].

In general, a prodrug can be defined as a biologically inert or inactive molecule,
without pharmacological properties, which will be enzymatically or chemically activated
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within the human body. By incorporating pharmacologically inactive moieties—such as
phosphates, esters, and amides—prodrugs optimize the chemical properties of active drugs
(Figure 1), improving their bioavailability and reducing potential metabolic interference.
The selection of the labile group in prodrugs carefully considers factors such as permeability,
solubility, and hydrolysis kinetics to meet desired pharmacokinetic objectives, and selectiv-
ity to effectively target specific organs and/or tissues. This choice is crucial in identifying a
successful prodrug candidate, since each chemical labile group exhibits a specific profile.
For instance, functional groups like carbamates and amides can be effectively utilized to
moderate rapid metabolism, owing to their slower hydrolysis kinetics [4-6].
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Figure 1. Scheme of the prodrug approach, highlighting key chemical modifications aimed at
improving pharmacokinetic properties and overcoming physicochemical limitations.

Between 2008 and 2018, it was reported that the US Food and Drug Administration
approved at least 30 prodrugs, representing over 12% of all approved small-molecule new
chemical entities in that period [7]. Moreover, between 2014 and 2024, there was a remark-
able increase in global patent filings for prodrugs, paralleling a rise in scientific publications
mentioning the term “prodrug”. Over the past decade, an annual average of more than
4800 patent applications related to prodrugs were submitted, along with approximately
1261 scientific papers published each year that included this term. This represents a steady
annual growth rate of around 1% in prodrug-related research. Particularly noteworthy was
the increase of 468 new patent applications from 2016 to 2017. By 2023, the total number
of prodrug patents reached a historic peak of 5730. However, in 2024, there was a decline
of 1719 patent applications compared to the previous year. These trends, illustrated in
Figure 2, emphasize the increasing relevance of prodrugs in pharmaceutical sciences and
their potential to advance drug delivery and efficacy.
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Figure 2. Examples of the chemical structure of CBD prodrugs in the preclinical stage.

Considering the potential of the prodrug approach to optimize drug candidates, in
this review article we analyze the clinical trial landscape for prodrugs over the past decade,
highlighting those promising prodrugs that advance to clinical trials. Our aim will be
concentrated on the discussion of the prodrugs strategy used for drug candidates in the
clinical stage. For this analysis, we considered the period of 2014-2024, sourced from Clini-
cal Trials (https:/ /clinicaltrials.gov/, accessed on 12 June 2024), PubMed, ScienceDirect,
Wiley Online Library, Scopus, and the Web of Science. Our investigation reveals that about
48 clinical trials were conducted (Table S1, Supplementary Materials), in which prodrugs
were investigated for cancer, infectious diseases, central nervous system disorders, antifun-
gal treatments, and anti-inflammatory therapies. The analysis of the use of the prodrug
approach will be discussed based on successful examples, highlighting the main strategy
pursued. The aim was to provide a general overview and present current advances by
using this molecular optimization process.

A portion of this success may be attributed to scientific advancements and the de-
velopment of new technologies that have facilitated selective tissue delivery, effectively
addressing challenges related to solubility, permeability, and suboptimal pharmacokinet-
ics. The conjugation of prodrugs with antibodies, nanobodies, aptamers, syderomycins,
polymers, cell-penetrating peptides, lipids, polyethyleneglycol (PEG), and carbohydrates
has greatly expanded the potential applications of this technology, fostering meaningful
advancements in the use of this optimization approach [8-12]. In addition, over the past
40 years, there has been a significant increase in the complexity of drug chemical structures
(Figure 3), resulting in compounds with low solubility and permeability. For these com-
pounds, the prodrug approach is a powerful tool to improve physicochemical properties,
allowing its advance in clinical trials.

In the literature there are innumerous examples of the prodrug approach being used
to optimize promising compounds in both preclinical and clinical studies. One interesting
example in the preclinical stage is cannabidiol (CBD). This phytocannabinoid is presented
in different concentrations in cannabis plant species, and exhibits promising effects in the
treatment of schizophrenia, epilepsy, Rett syndrome, anxiety, and sleep disorders, among
others. As a hydrophobic molecule (logP +6.6), after oral administration CBD undergoes
extensive first-pass metabolism, culminating in a low bioavailability ranging from 9 to
13% [13,14]. Singh Cham and colleagues [15] synthesized morpholinyl CBD-based prodrugs
with better solubility (up to 24-fold) and pharmacokinetic profile (AUC ng.g/mL up to
4.3-fold) in comparison with the parental CBD (Figure 2). The water-soluble bisulfate
salt and conjugation with the amino acid valine are also strategies used to improve the
solubilization of CBD, are useful for treating ulcerative colitis and chronic inflammatory
skin diseases, respectively [16]. Another interesting example of an FDA-approved drug is
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pegaptinib (Macugen®). This is a pegylated prodrug conjugated with the aptamer of the
anti-vascular endothelial growth factor (VEGF) used in the treatment of age-related macular
degeneration (AMD) [17], a common. disease that inflicts about 50% of all patients with
visual impairment [18]. Pegaptinib is an RNA aptamer that binds to VEGF-165, responsible
for ocular neovascularization and augmenting the permeability of ocular vessels. Aptamers
are DNA or RNA oligonucleotides that bind with high specificity and affinity to proteins,
and are commonly non-immunogenic and relatively small, thus offering advantages over
antibodies. However, due to the instability of oligonucleotides (half-life less than 1 min),
chemical modifications are mandatory, such as the substitution of 2-hydroxyl of the ribose
moiety in pyrimidiones by an amino group or fluorine to ameliorate the nuclease resistance
to hydrolysis and the replacement of 2’-hydroxyl position of purines by 2’-O-methyl [19].
The conjugation of 5'-linked 40-kDa PEG at t44-OMe improves the VEGF inhibition by up to
83% and also increases the half-life, prolongating the ocular contact. The PEG conjugation
allows stability in human plasma for up to 18 h, and the residence time in the vitreous
humor is up to 28 days after a dose of 0.5 mg intravitreous [20]. Clinical studies (VISION
trial) showed that intravitreous administration of pegaptanib was able to reduce vision loss
by up to 50% in the first year, stabilizing the vision in the second year [21].
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Figure 3. Relative complexity of drug structures over time.

2. Evolving Landscape of Prodrug Design

The challenge to discover novel chemical entities with satisfactory physicochemical,
pharmacokinetic, and pharmacodynamic profiles in the drug discovery process can be
modulated by the molecular optimization process. Significant advances in techniques for
the identification and validation of molecular targets, enabled by modern technologies like
genetic sequencing, metabolomics, proteomics, and more recently pharmacogenetics, along
with in silico molecular modeling assisted by artificial intelligence and high-throughput
screening, have allowed an appropriate rational for prodrug design due to the optimization
of functional groups, carriers, and linkers employed in prodrug design. As a result of these
advances, in the last decade diverse prodrugs have advanced to clinical trials (Figures 4
and 5).
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Figure 4. Most used promoieties in prodrug clinical studies in the past decade.
Number of studies
(1) Study status )

Terminated
Withdrawn
Complete

Not recruiting
Recruiting

Study with no results
Study with results

0 5

10 15 20 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Other

(38)  Therapeutical Class in Clinical Trials Toxicity reduction

Other

CNS activity /
Antibiotic /

Anti-inflammatory

8%
Hypertension

8%

Diabetic Macular Edema 8%

8%

Antineoplastic

Antifungal /

Sickle Cell
Hormone

Figure 5. (1) Graph contains the status of all studies. (2) Graph shows the quantity of clinical studies
per year over the past decade (green line) and its trend (black line). (3) Graph shows the percentage
of clinical studies involving prodrugs by therapeutical age.

Immunomodulator

-4

Antiviral

In this review, we summarize 48 clinical studies on new prodrugs tested over the past
10 years, which were identified by searching for the term “prodrug” and analyzing each
study. Most of these studies are focused on discovering new treatments for cancer, repre-
senting 35% of all studies. This includes the treatment of lymphoma, refractory leukemia,
advanced solid tumors, and lung cancer, Hsp90 inhibitor development, and some other
cases. Following cancer treatments, drugs targeting the central nervous system (CNS) ac-
counted for 16% of the studies, antiviral drugs accounted for 14%, and antibiotics accounted
for 10%. Other therapeutic classes made up the remaining 25% of the studies, with anti-
inflammatory drugs representing 25% of the tested prodrugs. The results are illustrated
in Figure 5. Additionally, parameters such as study status and number of clinical studies
were analyzed.

The number of clinical studies involving prodrugs has increased by an average of 8.9%
per year since 2014. Figure 6 illustrates the growth in these studies since 2018, with 2 studies
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in 2018, 5 in 2020, 16 in 2023, and 11 in 2024. Among the evaluated compounds, 27%
presented an ester moiety in their structure and another 27% featured a phosphate moiety.
Amides, salts, and carbamates represent 12%, 8%, and 6%, respectively, of the prodrugs in
clinical trials analyzed in this study. Other studies included liposomes, cleavable linkers,
and antibody conjugates. These findings underscore the diversity and evolving nature of
prodrug research in recent years, highlighting significant trends and structural preferences
in the development of new therapeutic agents.
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Figure 6. Quantity of scientific papers containing the term prodrug over the past decade (right).
Quantity of deposited prodrug patents worldwide (left).

The selection of a promoiety is guided by the pharmacokinetic objectives of the de-
signed molecule, particularly regarding ADME parameters. Each promoiety exhibits a
unique metabolic profile. For instance, ester and phosphate groups are rapidly cleaved,
resulting in a high rate of metabolism. Conversely, amides and carbamates display greater
stability against enzymatic transformations, thus prolonging bond integrity. Salts, due to
their ionic nature, can enhance aqueous solubility without requiring enzymatic conver-
sion or bond cleavage, making them especially valuable in drug discovery and clinical
applications. Unlike prodrugs, which often rely on enzymatic activation, salt formulations
provide a straightforward approach to improve solubility and bioavailability. However,
the nature of different ions in salt formation, whether organic acids, inorganic, metallic, or
non-metallic, significantly impacts the pharmacokinetic profile of the prodrug, influencing
half-life, solubility, and, consequently, absorption, distribution, metabolism, and excretion.
Selecting the appropriate promoiety is thus critical for optimizing the pharmacokinetic
properties of a prodrug. Although salts exhibit great importance in medicinal chemistry,
they are not intrinsically considered prodrugs. However, they have been included in this
review due to their significant potential to improve pharmacokinetic properties in the de-
velopment of new drugs. Figure 4 illustrates the prevalence of the most used promoieties,
highlighting the diverse strategies employed in prodrug design to enhance therapeutic
efficacy and drug performance.

From 2014 to 2024, there has been a notable increase in global patent filings for pro-
drugs, which has paralleled the rise in scientific publications containing the term “prodrug”.
On average, over the past decade, more than 4800 patent applications for prodrugs were
submitted, alongside approximately 1261 scientific papers published annually that included
the term. This reflects a steady growth rate of about 1% per year in prodrug-related research.
Notably, from 2016 to 2017 there was an increase of 468 new patent applications. By 2023,
the total number of prodrug patents reached a historic high of 5730. However, it is impor-
tant to note that in 2024, there was a decrease of 1719 patent applications compared to 2023.
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These trends, underscore the growing significance of prodrugs in pharmaceutical sciences
and their potential to enhance drug delivery and efficacy in pharmaceutical sciences.

In the next sections, examples of prodrugs that have advanced to clinical trials will
be discussed, prioritizing some areas such as cancer, infectious diseases, central nervous
system disorders, antifungal treatments, and anti-inflammatory therapies.

2.1. Antineoplastic Prodrugs

Cancer is a highly complex and multifaceted disease characterized by the uncontrolled
and disordered growth of abnormal cells. It can affect almost any tissue or organ and
is driven by a disruption in the normal regulatory molecular mechanisms that control
and moderate cell division, growth, and death. Understanding cancer is complex because
cancer involves delving into a large number of molecular mechanisms and multiple cellular
pathways [22]. At its core, cancer originates primarily from genetic mutations or alterations
that enable cells to evade normal growth restraints and acquire characteristics of malig-
nancy. These alterations can affect various genes involved in cell cycle regulation, apoptosis,
DNA repair, and signaling pathways that control cell proliferation and differentiation stim-
uli. Mutated genes such as oncogenes (e.g., epidermal growth factor receptor—EGFR),
tumor suppressor genes (e.g., p53), and membrane receptors (e.g., fibroblast growth factor
receptors) play pivotal roles in cancer development and severity [23-25]. Additionally,
abnormalities in epigenetic modifications and alterations in the tumor microenvironment
contribute to cancer progression and metastasis, also impacting treatment. Cancer is a
significant global health challenge, with its incidence and prevalence varying across dif-
ferent regions and populations. According to the World Health Organization (WHO),
cancer is one of the leading causes of morbidity and mortality worldwide, responsible
for millions of deaths annually. The epidemiology of cancer is influenced by factors such
as age, lifestyle (including smoking, dietary habits, and physical activity), environmental
exposures (like radiation and carcinogens), infectious agents (such as hepatitis viruses and
human papillomavirus), and genetic predisposition [26].

Treating cancer remains a hard challenge due to its heterogeneity, which means that
tumors can differ widely even within the same type of cancer. This can be explained by the
singularity of each patient and the high complexity and variety of molecular mechanisms
occurring in each tumor. This heterogeneity affects treatment response and poses challenges
for developing effective therapies and drug treatments. Traditional cancer treatments include
surgery, radiation therapy, chemotherapy, and targeted therapy, each with its own set of
benefits and a plethora of limitations. Emerging treatment modalities like immunotherapy,
gene therapy, and personalized medicine more recently offer promising avenues but also
present a big challenge in terms of cost, accessibility, and resistance development [22,26-28].
Table 1 shows antineoplastic prodrugs and their clinical trial phase status.

Table 1. Antineoplastic prodrugs and their clinical trial phase status.

Prodrug

(Moiety Group Is in Magenta) Name Condition Phase Promoiety
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Resistance to antineoplastic medications can arise from various mechanisms within can-
cerous cells, such as modifying drug targets, overproducing drug efflux pumps, activating
detoxification processes, reducing apoptosis susceptibility, enhancing DNA damage repair,
and altering proliferation rates. Additionally, changes in the tumor microenvironment and
immune responses can also foster resistance. Cancer cells often employ multiple strategies
simultaneously, and differences between tumors underscore the need for personalized
cancer therapies [25,29].

However, the primary goal of cancer treatment is to eliminate and halt the uncontrolled
growth of a specific group of cells. This is typically achieved through a combination of
drugs targeting various cellular processes and mechanisms. For instance, immunotherapy
and drug therapy often involve using recombinant proteins to block membrane receptors
responsible for growth stimuli. Some prodrugs, such as Evofosfamide, OBI3424, and CP506,
become active through the complex sequence of reduction/degradation steps under cancer
hypoxic conditions to further alkylate DNA via nucleophilic addition (Figure 7).
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Figure 7. Evofosfamide mechanism of action. (A) Under normal oxygen conditions (normoxia), the
radical anion form of the prodrug is rapidly oxidized by molecular oxygen, regenerating the original
prodrug and producing superoxide. Due to this rapid oxidation, evofosfamide remains mostly inactive
in oxygenated environments, as its activation is suppressed under these conditions. (B) Under severe
hypoxic conditions (<0.5% O,), such as those found in poorly oxygenated tumor regions, the radical
anion form of the prodrug undergoes reductive activation, leading to the release of the active cytotoxic
agent, Br-IPM (bromo-isophosphoramide mustard), along with an azole byproduct. The released
Br-IPM then alkylates DNA, forming both intrastrand and interstrand cross-links, which disrupt
critical cellular processes and induce tumor cell death.

Besides these, two other new small-molecule candidates have been identified and are
currently in clinical trials focusing on cancer treatment. LAMO003 and OBI-3424 (Figure 8) are
prodrugs that entered Phase I clinical trials in 2020 and Phase II trials in 2024, respectively.
LAMOO03 is a potent Hsp90 (heat shock protein 90) inhibitor that retains antileukemic
activity against AML (acute myeloid leukemia) cells rendered resistant to FLT3 kinase
inhibitors by mutation or stromal signaling [29].

N
LAM 003
SNX5422
O‘ﬁ”o o
(0] N~
\

(0]

N-P-N 0BI-3424
(0]

Figure 8. LAMO003, SNX5422, and OBI-3424 prodrug chemical structures (magenta: moiety group).
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This molecule is a purine analogue, linked to methylenedioxy and ethylpiperidine
groups. It also contains an ester promoiety derived from L-valine, with a bioconversion
index of ~90% in 24 h. Additionally, OBI-3424 is a highly selective prodrug converted
by aldo-keto reductase family 1 member C3 (AKR1C3) into a potent DNA-alkylating
agent. OBI-3424 has entered clinical testing for hepatocellular carcinoma and castrate-
resistant prostate cancer and represents a potentially novel treatment for acute lymphoblas-
tic leukemia (ALL). OBI-3424 is a nitrophenyl compound that includes a TEPA-moiety
(triethylene phosphoramide) responsible for DNA alkylation [30,31].

Hsp90 plays a crucial role in tumor development and establishment. Inhibitors of
the chaperone protein Hsp90 are of significant interest due to Hsp90’s central role in the
maturation and maintenance of numerous proteins critical for tumor cell viability and
growth [32]. SNX-5422 is another Hsp90 inhibitor whose clinical study was terminated in
2016. SNX-5422 is a methylamino ester prodrug and an oral formulation that demonstrates
strong efficacy and tolerability, positioning it as a potential breakthrough therapy with
broad applicability across a wide range of cancers [33].

These compounds belong to the class of haloalkylamines, a therapeutic class widely
used in the treatment of certain types of cancer [34]. Alkylating agents are highly electrophilic
chemicals that react with nucleophilic groups in DNA (specifically, the nitrogen atoms in
DNA bases) through covalent bonding. These agents have been employed to disrupt DNA
replication or transcription, ultimately leading to cell death. Their activity is primarily linked
to their ability to cross-link DNA strands. However, due to their extreme reactivity, these
agents often bind to other substrates (mainly proteins), making them less selective and
quite toxic. In this way, the prodrug concept is helpful to reduce the unwanted activity, like
cyclofosfamide, ifosfamide, mecloretamineand temozolomide, which are widely used in the
clinic against different types of tumors [34].

These compounds feature two haloethyl groups (chlorine or bromine) attached to a
nitrogen atom. These molecules are activated in the body, and this activation often involves
enzymes in the liver or other tissues or by spontaneous activation, usually a pH-dependent
process. Once activated, alkylating agents can form various types of DNA adducts, including
monoadducts, where a single alkyl group is attached to a DNA base; cross-links, where
two DNA strands are linked together by alkyl groups; intrastrand cross-links, where two
bases on the same DNA strand are linked together; and interstrand cross-links, where
bases on opposite strands of the DNA helix are linked together. These DNA adducts can
interfere with DNA replication and transcription, leading to cell death. Within the molecular
mechanism one of these haloethyl groups undergoes intramolecular cyclization, forming a
highly reactive aziridinium ion. This aziridinium ion, due to its high electrophilicity, can
react with nucleophilic groups in biological molecules, particularly with the N’ position of
guanine, one of the DNA bases.

Another type of prodrug that has gained prominence in recent years is the target-
directed prodrug mediated by high-affinity ligands. In this type of prodrug, an active
molecule is linked to a high-affinity ligand that specifically binds to receptors expressed in
certain diseases. For example, RS-0139 is a delivery prodrug designed for the treatment of
non-small cell lung cancer (NSCLC), which entered Phase I clinical trials in 2021 under the
supervision of RS Research. This prodrug has a high affinity for integrin receptors, highly
expressed on tumor cells, and is conjugated to docetaxel (DTX), also known as Taxotere®,
an antineoplastic agent derived from Taxol. This prodrug design enables reduced toxicity
and increased specificity in treatment (Figure 9).
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Figure 9. Comparison between conventional pharmacological therapies with less specific drugs (left)
versus treatments with high-affinity ligands (right). Arrows indicate increase (1) and decrease (J.).

Within the category of target-directed prodrugs, the high specificity is typically achieved
by conjugation of popular drugs with the antibody, which serves as a vector to the target
(for example, cancer cell). The challenges for the success of the system were the delivery
of cytotoxic drugs from the conjugate into cancer cells. The first antibody conjugates were
not prodrugs as they were not able to deliver the drug. As a way to solve this problem, a
system named ADEPT (antibody-drug enzyme prodrug therapy) was proposed [35,36]. This
method involves attaching an enzyme to an antibody that targets a tumor-associated antigen,
allowing the enzyme to localize within the tumor. Once the enzyme has cleared from the
bloodstream, a non-toxic prodrug is administered. The enzyme then activates the prodrug
at the tumor site, transforming it into a powerful cytotoxic agent to kill cancer cells while
minimizing damage to healthy tissues. This system was possible, but had serious problems
of non-immunogenic enzymes to build the prodrug. To date, no ADEPT drug has reached
the pharmaceutical market.

The goal of research with the antibody conjugate is to find a proper linker to construct
an antibody—prodrug conjugate that is able to deliver the drug part to the decease site. In
2000, the first antibody—drug conjugate (ADC) Gemtuzumab ozogamicin—Mylotarg®—
was approved by the FDA for the treatment of acute myeloid leukemia (AML). The ADC has
a complex structure, encompassing recombinant antibodies that specifically bind to specific
receptors, releasing the active drug at the tumor site. For example, IKS03 is a CD19-targeting
antibody-drug conjugate with a novel linker-payload design for tumor-selective release.
Using farnesyltransferase-catalyzed ConjuALL technology, IKS03 achieves site-specific
conjugation to a DNA cross-linking agent, resulting in a homogeneous ADC with a drug-
to-antibody ratio (DAR) of 2. To minimize systemic release of the potent payload in human
plasma, IKS03 incorporates a linker cleavable by the lysosomal enzyme beta-glucuronidase.
The payload is a prodrug with a protecting moiety also cleavable by the same enzyme.
Thus, after CD19-dependent binding and uptake, IKS03 requires intracellular lysosomal
processing in the target cell to release and activate the pyrrolobenzodiazepine (PBD) dimer
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payload, which induces DNA cross-linking, blocks DNA replication, and ultimately leads to
tumor-selective cell death. IKS03 entered Phase I clinical trials in 2023. Figure 10 shows the
antibody—-drug conjugate scheme and Sacituzamab govitecan molecular structure, which
was approved in USA in 2020 for treatment of metastatic triple-negative breast cancer.
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Figure 10. Antibody-drug conjugate scheme and Sacituzamab govitecan molecular structure (ma-
genta: moiety group).

Similarly, KGX101 is an Interleukin-12 (IL-12) prodrug that started Phase I clinical
trials in 2023. IL-12 has been clinically limited due to its short half-life and dose-related
toxicity, despite its potent activation of T cells and natural killer (NK) cells. To address
these issues, KGX101 was designed as an IL-12 prodrug. It extends IL-12’s half-life by
fusing its C-terminus with ADCC-impaired IgG1 Fc and concealing its N-terminus with
receptor soluble domains IL-12R(31 and IL-12R{32 via tumor-specific protease-cleavable
linkers. This design prevents systemic immune activation. In the tumor microenvironment,
proteases cleave the linkers, enabling KGX101 to stimulate T cells and NK cells, reshape
the tumor microenvironment, and show significant potential in cancer therapy. IFNy
(interferon ) induction efficacy tests with PBMCs (Peripheral Blood Mononuclear Cells)
from three donors confirmed KGX101’s masking effect, showing a reduction in activity of
300 to 2500-fold compared to unmasked IL-12-Fc [37].

In 2023, ADG206, an innovative prodrug version of a fully human monoclonal an-
tibody (mAb) in the immunoglobulin G1 (IgG1) subclass, entered Phase I clinical trials.
This prodrug specifically targets CD137, a co-stimulatory receptor, designed for advanced
malignancy treatment. The Fc-enhanced IgG1 is covalently linked to a peptide mask, pro-
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viding immunostimulant and antineoplastic properties. Upon administration, ADG206 is
selectively activated within the tumor microenvironment, targeting and activating CD137
on various leukocyte subsets, including activated T lymphocytes and NK cells [38]. This
activation enhances CD137-mediated signaling, induces cytokine production, and promotes
T-cell-mediated anti-tumor immune responses. CD137, a surface glycoprotein in the tumor
necrosis factor receptor superfamily, plays a critical role in T-cell proliferation, survival,
and cytolytic activity [39].

T-1201 is an irinotecan (CAMPTOSAR®) prodrug that entered first-in-human clinical
trials Phase I in 2021, under the responsibility of Taivex Therapeutics, Inc. This prodrug em-
ploys a target delivery system as a small molecule drug conjugate (SMDC), demonstrating
potential for multiple anti-cancer indications. T-1201 operates through a mechanism like
antibody-drug conjugates. It specifically targets the cell surface marker phosphatidylserine
to accurately identify cancer cells. Its efficacy has been demonstrated in vivo across vari-
ous xenograft animal models, including colorectal, pancreatic, prostate, lung, breast, and
liver cancers. In animal studies, T-1201 has shown significantly higher potency and lower
toxicity compared to the marketed drug irinotecan. Interestingly, irinotecan is already a
carbamate prodrug.

Table 2 shows the success of ADC prodrugs, which can be observed by the robust
number of ongoing clinical trials. In the last decade, 804 studies involving ADC were
carried out with 329 studies finalized. This type of prodrug is not found in the database
“clinical trials” search using the term “prodrug”, but antibody-drug conjugate or ADC.

Among break-bond prodrugs, AVA6000 (Figure 11) is a promising antineoplastic
consisting of two moieties: a doxorubicin molecule linked to an FAP« (fibroblast-activated
protein «) binding moiety. This prodrug, which began Phase I clinical trials in 2021, aims to
treat patients with locally advanced and/or metastatic solid tumors. The overexpression of
FAPo on the surface of stromal cells in human tumors (compared to normal tissue) provides
the premise for developing prodrugs that remain inert until activated by the enzymatic
activity of FAP« within the tumor microenvironment [40].

AVA6000

doxorubicin

‘ FAPa cleavage site
OH

Substrate sequence for post-proline cleaving enzyme Fibroblast
Activation Protein a (FAPq)

Figure 11. AVA6000 prodrug chemical structure. (magenta: moiety group).
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Table 2. Clinical ADC studies from January to October 2024.

NCT ID ADCID Target Status Phase Sponsor
Breast cancer with low HER2 expression in the Not yet Chia Tai Tianging
NCT06361607 TQB2102 recurrent Metastatic stage recruiting 1 Pharmaceutical Group Co., Ltd.
. Chia Tai Tianging
NCT06496490 TQB2102 Locally advancgd or metastatic non-smal.l cell lung Recruiting 2 Pharmaceutical Group Nanjing
cancer with HER2 gene abnormality . .
Shunxin Pharmaceutical Co., Ltd.
Chia Tai Tianging
NCT06431490 TQB2102 HER2-positive Biliary Tract Cancer Recruiting  1/2 Pharmaceutical Group Nanjing
Shunxin Pharmaceutical Co., Ltd.
NCT06555744 ZW191 Folate Receptor Alpha for Advanced Solid Tumors Recruiting 1 Zymeworks BC Inc.
Luveltamab Tazevibulin— Advanced or metastatic non-small cell lung cancer . .
NCT06555263 STRO-002 expressing FOLR1 (FolRa) Recruiting 2 Sutro Biopharma, Inc.
Sigvotatug vedotin . .
NCT06549816 SCN-B6A Advanced solid tumors Recruiting 1 Seagen Inc.
NCT06545617 BAT8006 Folate receptor « (FR«). Subjects with solid tumors. ré\(:lfliizf:g 1 Bio-Thera Solutions
NCT06533826 Datopotamab deruxtecan and HER?2-low locally advanced unresectable or metastatic Not'y-et 2 Ana C Garrido-Castro, MD
Trastuzumab deruxtecan breast cancer (MBC) recruiting
Locally recurrent inoperable or metastatic Shanehai Fudan-Zhaneiian
NCT06519370 FDAO018-ADC Triple-negative Breast cancer (TNBC) who are resistant = Recruiting 3 s . ENang
) ) Bio-Pharmaceutical Co., Ltd.
to or recurring during or after taxane therapy.
NCT06509997 MRGO003 combmgd Wl.th Dalpicicilip ~ Recurrent/metastatic CDKNZA gene variant head and Not.y-et 5 Lei Liu, West China Hospital
posterior line neck squamous cell carcinoma (HNSCC) recruiting
LY4052031 Anti-nectin-4 advanced or metastatic solid tumors o 1
NCT06465069 (enfortumab vedotin-ejfv) including urothelial cancer. Recruiting 1 Eli Lilly and Company
NCT06457997 PHN-010 Advanced solid tumors. Recruiting 1b Pheon Therapeutics
NCT06453044 Polatuzumab vedotin Relapsed or Refractory grade 1-3a Follicular Recruiting 2 City of Hope Medical Center
Lymphoma
NCT06440005 AGX101 Advanced Solid Tumors Recruiting 1 Angiex, Inc.
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Table 2. Cont.

NCT ID ADCID Target Status Phase Sponsor
NCT06384807 PBI-410 Advanced Solid Tumors Recruiting  1/2 Biohaven Therapeutics Ltd.
Ifinatamab deruxtecan (I-DXd), the
ADC in combination with immune Extensive stage-small cell lung cancer (ES-SCLC) in the ... I
NCT06362252 checkpoint inhibitor (ICI) atezolizumab first line (1L) setting. Recruiting  1/2 Daiichi Sankyo
with or without carboplatin
NCT06341400  RC48 Combined with Toripalimab Pla““um'lnt"lerf;;ziaje‘fl‘? cancer patients. Recruiting ~ 1/2 Zhujiang Hospital
NCT06265727 CRB-701 Solid tumors that express nectin-4. Recruiting  1/2 Corbus Pharmaceuticals Inc.
Humanized immunoglobulin G1 (IgG1) Fcg-silent
monoclonal antibody directed against the cell surface
adhesion molecule and tumor-associated antigen

NCT06238479 LY4101174 (TAA) nectin-4 (PVRL4) conjugated, via Recruiting 1 Eli Lilly and Company

maleimide-beta-glucuronide poly-sarcosine linkers, to

the camptothecin analog and topoisomerase 1 inhibitor

exatecan, with potential antineoplastic activity.
Platinum-Refractory /Resistant Ovarian Cancer and s .

NCT06234423 CUSP06-1001 Other Advanced Solid Tumors Recruiting 1 OnCusp Therapeutics, Inc.

Adjuvant Treatment of HER2 Overexpressing UTUC Not vet
NCT06210490 Disitamab Vedotin Patients with high risk factors for recurrence after recrui}t]in 2 Peking University First Hospital

radical surgery &
NCT06210815 HLX42 EGFR-targeting ADC, Recruiting Shanghai Henlius Biotech
for cetuximab or TKI resistant cancer
NCTO06144723 HS-20105 Targeting Trop—Z Not.y'et 1/2 Hansoh BioMedical R&D
advanced solid tumors recruiting Company
NCT06132958  Sacituzumab Tirumotecan (MK-2870) ~ _ndometrial cancer (EC) that have previously received - g s 3 Merck Sharp & Dohme LLC
treatment with platinum-based therapy.

NCT06112704 HS-20093 Advanced esophageal carcinoma and other solid tumor Recruiting 2 Hansoh BioMedical R&D

Company
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Recently, a new prodrug concept has been developed, PROMITIL-mitomycin, a lipid-
based liposomal prodrug containing mitomycin C (Figure 12). This compound, isolated
from Streptomyces caespitosus or Streptomyces lavendulae, is part of a family of aziridine-
containing natural products with strong anti-tumor and antibiotic activity. Its mode of
action involves DNA cross-linking, which disrupts protein synthesis and cell replication.
However, the clinical use of mitomycin C has been limited due to its toxicity profile, particu-
larly causing prolonged bone marrow suppression and off-target tissue damage. Liposomes
are widely used in targeted drug delivery systems. They can encapsulate both hydrophilic
and lipophilic agents, enhancing drug stability, bioavailability, and targeted release. Nu-
merous liposomal formulations have been approved for cancer therapy, in which drugs are
generally encapsulated in the aqueous core or stabilized by transmembrane ion gradients.
An advanced strategy in liposomal delivery involves chemically modifying drugs into
lipidic prodrugs that integrate into the liposomal bilayer, further enhancing stability and
drug retention. For example, PEGylated liposomal doxorubicin (PLD; Doxil™ and its gener-
ics), is one of the most successful nanomedicines in oncology, demonstrating increased
efficacy and reduced systemic toxicity. The development of lipid—-drug conjugates and
lipophilic prodrugs has significantly advanced nanomedicine, with multiple formulations
approved for clinical use in cancer therapy [41].
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Figure 12. PROMITIL-mitomycin liposome containing on its surface a PEG layer and mitomycin C
prodrug chemical structure (magenta: moiety group).

2.2. Antibiotic Prodrugs

Antibiotics represent a revolutionary technology for human health, as the ability to
specifically disrupt the life cycle of a pathogen is a key factor in developing safe treatments.
The discovery of penicillin in 1928 transformed the approach to bacterial infections, as the
administration of this drug, which is still in use today, can effectively eliminate some infec-
tious conditions [42]. Antibiotics represents a generic term for a wide variety of compounds
that act through different mechanisms of action, and are separated into classes, such as
aminoglycosides, 3 -lactams, quinolones, glycopeptides, oxazolidinones, sulfonamides,
tetracyclines, and lipopeptides. However, 3-lactamases are a group of enzymes in bacterial
cells that hydrolyze the amide bond of the four-membered (3-lactam ring, present in drugs
like penicillin, thus marking the primary resistance mechanism [43]. Nonetheless, due
to the crisis of antibiotic resistance, the discovery of new compounds to withstand bacte-
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rial infections is essential [44]. Challenges such as antibiotic pharmacokinetics represent
a significant issue, given that the primary available class of antibiotics, 3-lactams and
carbapenems, is sensitive to gastric pH. This necessitates strategies based on molecular
modifications or pharmaceutical technology adjustments, such as acid-resistant capsules to
achieve orally bioavailable drugs [45]. Recently, Reddy et al. reported new boron-derivate
(-lactamase inhibitors, such as QPX7831. QPX7831 demonstrated 100% oral bioavailability
in non-human primates and water solubility of 10.6 mg/mL. This prodrug, an ester from
isobutyric acid, belongs to the same class of the non-f3-lactam (3-lactamase inhibitors such
as Vaborbactam (Vabomere™). The compound is currently in Phase I clinical trials [46].

Similarly, SPR994, a prodrug known as Terbipenem, is a carbapenem hydrobromide
salt esterified with a pivoxil promoiety. Developed by GlaxoSmithKline for oral administra-
tion, it is currently in Phase III clinical trials. This new prodrug is indicated for urinary tract
complications resistant to fluoroquinolones. Clinical cure was observed at the test-of-cure
visit in 93.1% of the patients treated with tebipenem hydrobromide [47].

The addition of ester groups in the design of prodrugs helps to circumvent undesirable
aspects such as acid ionization, which impedes cellular membrane passage, and introduces
moieties that enhance solubility. Esters are easily metabolized by plasma and intestinal
esterases [48]. Another group easily cleaved by plasma enzymes is that of phosphate esters,
which have been widely explored in prodrug development, with important representatives
like fospropofol, fosfluconazole, fosphenytoin, and fosamprenavir. Talley et al. conducted
a study on a first-in-class aminobenzimidazole bacterial DNA gyrase (GyrB) inhibitor—
SPR720 or Fobrepodacin. This prodrug is a phosphate prodrug of SPR719, designed to treat
nontuberculous mycobacterial pulmonary disease (NTM-PD) and pulmonary tuberculosis.
The Phase I study evaluated six different dosage administrations ranging from 100 mgto2 g
over the maximum duration of 14 days. The authors concluded that the phosphate prodrug
is completely hydrolyzed to its active form by alkaline phosphatase enzymes [49]. Another
phosphate prodrug, Afabicin or DEBIO 1450, an acrylamide pyridine-5-lactama benzofuran,
is currently being tested for Staphylococcus spp. infections. The drug’s mechanism of action
involves the inhibition of fatty acid synthesis by inhibiting the Fabl enzyme. DEBIO 1450
offers a unique mechanism of action with a focused spectrum targeting staphylococci, mak-
ing it a promising investigational therapy for challenging staphylococcal infections [50,51].
Afabicin is currently in Phase II clinical trials.

The development of Ledaborbactam etzadroxil, an active and suitable for oral ad-
ministration of benzoxaborinine-based 3-lactamase inhibitors, was possible due the ester
prodrugs synthesis. The protection of carboxylic acid by the ester promoiety is a powerful
tool that is widely used in medicinal chemistry; an example is Enalapril, an antihypertensive
drug, and angiotensin-converting enzyme inhibitor, composed of the amino acids L-proline
and L-alanine. After enzymatic conversion, Enalapril releases its active form, Enalaprilat.
Ledaborbactam etzadroxil is a pivoxyl ester prodrug of Ledaborbactam. The authors syn-
thesized different ester prodrugs using various alkyl and acyloxy ester moieties; however,
the pivoxyl and 3-pentyl acyloxy prodrugs demonstrated the highest oral bioavailability
and were tested. Currently, the pivoxyl compound is in Phase I clinical trials [52]. On the
other hand, QPX-7831 is a butyric acid ester derivative prodrug from QPX7728. QPX7728
is a new P-lactamase inhibitor with a broad spectrum of inhibitory activity that includes
not only essentially all class A and class C enzymes from Enterobacterales, but also class B
metalloenzymes such as NDM-1 and class D enzymes from Acinetobacter spp. While the
oral bioavailability of this agent is 50% in rats and dogs, it is only 20% in monkeys. Rather
than face the potential risk of low or variable oral bioavailability of QPX7728 in humans,
we sought to identify a prodrug of QPX7728 showing consistently high oral bioavailability
in multiple species [46]. Tedizolid or Sivextro® is an FDA-approved phosphate prodrug
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indicated for resistant infection treatment. This compound started Phase I clinical trials in
2016 to evaluate its oral and intravenous safety in patients from age 2 to under 12. Tedi-
zolid, a small molecule containing four ring moieties, is an oxazolidinone drug composed
of another three rings: the methyltetrazole ring, pyridine ring, and a fluorobenzyl ring.
This small molecule works by inhibiting protein synthesis by bacterial ribosomes [53].
Ledaborbactam and QPX7728 incorporate ethyl 2-ethyl butyric acid and isobutyric acid
as promoieties, respectively. Preclinical studies using these organic acids have shown that
they are the most effective and safest options, with bioavailability ranging from good to
excellent. The use of short-chain carboxylic acids enhances water solubility, ensures good
bioavailability, and allows for easy cleavage without releasing acids with significant toxic
potential. Figure 13 shows the prodrug structure of some antibiotic prodrugs.

( m
o)
S/ HN—4
N H NH
HO p" HBr W o HN/\<N
o B
3 \0 o
s HO
0”0 o F
(o] q ] Z |
\\O»\é Ledaborbactam etzadroxil N N
(VNRX-7145) } OH
0-P-OH
Terbipenem HBr o
Fobrepodacin
OH (SPR720)
0=P-OH
o
r 0 o
o N N N
_N —N
F O | N= N/\ﬁo P-OH
NN Noy N\ 7 o OH
o o P >//
(o] F [e]
QPX7831 Afabicin (DEBIO 1450) Tedizolid phosphate
\ J

Figure 13. Terbipenem HBr, ledaborbactam etzadroxil, fobrepodacin, afabicin, QPX7831, and tedizolid
phosphate prodrug chemical structures (magenta: moiety group).

2.3. Antiviral Prodrugs

Since their discovery in 1892, viruses have been a contentious subject within the scien-
tific community. The debate over whether viruses should be classified as living organisms
continues to divide scientists today. Despite this uncertainty, viruses have consistently
posed serious public health threats, with viral infections claiming millions of lives prema-
turely [54-56]. Among these, the discovery of the human immunodeficiency virus (HIV) in
1983 introduced a significant scientific and societal challenge.

In 1987, Zidovudine (AZT) became the first drug approved by the Food and Drug
Administration (FDA) for HIV therapy, marking the beginning of a new era in antiretroviral
treatment. As a reverse transcriptase inhibitor, Zidovudine paved the way for Antiretrovi-
ral Therapy (ART), an effective approach that transformed the previously lethal acquired
immunodeficiency syndrome (AIDS) into a chronic, manageable condition. Today, HIV
treatment is characterized by modern drugs such as tenofovir, dolutegravir, and emtric-
itabine, which offer high efficacy, safety, and low toxicity. Nonetheless, the search for
new antiretroviral agents remains critical. In 2012, Nowicka-Sans and colleagues [57] in-
troduced BMS-663068, also known as Fostemsavir—a phosphonooxymethyl prodrug of
Temsavir. This innovative small-molecule attachment inhibitor targets the HIV-1 gp120
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protein, blocking its binding to CD4(+) T cells. By 2018, Fostemsavir had progressed to
Phase I clinical trials to assess its pharmacokinetics and safety, and is now recommended
for HIV-1 treatment [58].

Similarly, MK-8510, a prodrug of MK-8558, entered Phase I clinical trials in 2023 in
a study conducted by Merck, though molecular data for MK-8558 remain unavailable. A
Phase IV clinical study led by Jidong Jia, Inc., is currently evaluating the use of Tenofovir
alafenamide (TAF) for liver fibrosis. TAF, a purine analogue drug, is already FDA-approved
as a prodrug of tenofovir for HIV treatment. Likewise, bemnifosbuvir hemissulfate (AT527)
is an orally bioavailable direct-acting antiviral and purine nucleotide prodrug with potential
efficacy against various RNA viruses. In its active form, this prodrug inhibits the viral
RNA-dependent RNA polymerase, resulting in the termination of viral RNA transcription,
reduced viral RNA production, and inhibition of viral RNA replication. This compound is
in Phase II clinical trials for Hepatitis C Virus (HCV) infection, targeting the nonstructural
protein 5B (NS5B) polymerase, in a study initiated by Atea Pharmaceuticals, Inc. in 2020.

Fosclevudine alafenamide (ATI2173), a phenoxyphosphonamide prodrug, is currently
under investigation for its effects on Hepatitis B Virus (HBV) patients, with Phase I clinical
trials having commenced in 2021 by Antios Therapeutics, Inc. This clevudine prodrug
functions by inhibiting viral plus-strand DNA synthesis, similar to clevudine. The study
aims to assess the safety, tolerability, pharmacokinetics, and antiviral activity of this phos-
phate prodrug.

The SARS-CoV-2 virus triggered a global health crisis in 2020 and continues to circulate.
Although the COVID-19 pandemic was controlled through mass vaccination, a major
achievement in vaccine technology and clinical research, there remains no consistent drug
treatment. Paxlovid® (nirmatrelvir) is currently the only FDA-approved treatment for severe
SARS-CoV-2 infection. Additionally, PF-07304814, a phosphate prodrug of PF-00835231
developed by Pfizer Inc., entered Phase I clinical trials in 2021. This study, which is the
second clinical administration of PF-07304814, aims to evaluate the safety, tolerability, and
pharmacokinetics of escalating single doses of the prodrug in healthy adult participants [59].

Ruzotolimod (RO7020531), a thiazolopyrimidinone derivative with TLR7 agonist
properties, is potentially active against both HBV and SARS-CoV-2 infections. Currently, it
is being evaluated in patients with chronic HBV infection in a study funded by Hoffmann-
La Roche Inc. Preliminary findings indicate a favorable pharmacokinetic profile, with doses
of at least 100 mg being safe and well tolerated. On-target pharmacodynamic effects were
observed, with response levels plateauing between doses of 140 mg and 170 mg. However,
further studies are required [60]. Chemical structures of some antiviral prodrugs are shown
in Figure 14.

2.4. Central Nervous System Active Prodrugs

The central nervous system (CNS) is an extraordinarily complex and uniquely struc-
tured organ, posing substantial challenges for developing new treatments. It is primarily
regulated by small neuroactive molecules called neurotransmitters, which control almost
all neurological processes, including emotions, motor control, self-regulation, learning, and
various physiological functions. The global market for CNS disorder therapies was valued
at around USD 50 billion in 2001, increased to USD 169 billion in 2021, and is projected to
grow further, reaching USD 210 billion by 2026 [61,62].

Due to its complex nature, the CNS is naturally protected by the blood-brain barrier
(BBB), a highly selective and tightly regulated filter that controls and restricts the movement
of substances between the bloodstream and the brain parenchyma [63]. Consequently, the
BBB is a significant obstacle in drug discovery and design for brain-targeted therapies.
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Figure 14. Fostemsavir, PF-0035231, ruzotolimod, bemnisfosbuvir hemisulfate, fosclevudine alafe-
namide, and tenofovir alafenamide prodrug chemical structures (magenta: moiety group).

BBB penetration occurs through two primary mechanisms: passive transport and
active transport. Passive transport, often considered the most important route, is primarily
influenced by a drug’s lipophilicity. However, it is now well established that increased
lipophilicity often comes with challenges such as poor solubility, reduced metabolic stability,
and a heightened risk of nonspecific, off-target effects, which may lead to undesirable toxi-
cological outcomes [64]. Conversely, active transport is mediated by membrane receptors
that recognize specific molecules, such as dopamine, serotonin, and glutamate [65]. This
feature has been exploited in drug discovery to develop CNS-targeting drugs, including
antiparkinsonian and anti-Alzheimer’s agents like Levodopa and Carbidopa, which are
recognized and transported across the BBB by these receptors. Consequently, CNS-active
drugs remain a key focus within the pharmaceutical industry. For instance, BMS-986465, an
orally available TYK2 (tyrosine kinase 2) inhibitor, can penetrate the CNS and is currently
in Phase I clinical trials for neuroinflammation and multiple sclerosis. This study, which
began in February 2024 under the direction of Bristol Myers Squibb, involves the active
metabolite of BMS-986465, an N-demethylated compound on the triazole ring.

Another example is Troriluzole, a prodrug of Riluzole (Rilutek®), investigated for
Alzheimer’s disease [66], glioblastoma [67], obsessive-compulsive disorder [68], and
spinocerebellar ataxia type III [69]. Its mechanism involves inhibiting voltage-dependent
sodium channels, reducing synaptic glutamate by increasing its uptake and inhibiting its
release. Troriluzole, a trifluoromethoxy benzothiazole derivative, has a cleavable polyamide
segment that prolongs its half-life and enhances water solubility.
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Psilocybin and psilocin are naturally occurring compounds found primarily in fungi.
Due to their structural similarity to serotonin, they have strong effects on the brain. Psilo-
cybin, a natural phosphate derivative found in Psilocybe cubensis (commonly known as
magic mushrooms), is rapidly metabolized by specific phosphatases into its active form,
psilocin. These compounds are hallucinogenic, as they act as agonists for 5-HT2A serotonin
receptors [70]. Their use dates to Aztec civilizations, where they were consumed in sacred
rituals in Mexico and Guatemala [71]. Despite being prohibited in many countries, recent
studies have shown the potential therapeutic benefits of these substances. In 2023, Lobe Sci-
ences Ltd. conducted a Phase I clinical trial to evaluate the bioavailability, safety, tolerability,
and pharmacokinetics of 2 mg of psilocybin and psilocin mucate salt. This “first-in-man”
study aimed to assess the compounds’ effects on mental state and anti-anxiety properties.

Antidepressants are medications used to treat depressive disorders by balancing
neurotransmitters such as serotonin, norepinephrine, and dopamine in the brain. The
first approved antidepressant was iproniazid (Marsilid®), a monoamine oxidase inhibitor
(MAQI), in the 1950s. Since then, various classes of antidepressants have been developed,
including tricyclic antidepressants (TCAs) (e.g., amitriptyline), selective serotonin reuptake
inhibitors (SSRIs) (e.g., fluoxetine, sertraline), and serotonin-norepinephrine reuptake
inhibitors (SNRIs) (e.g., venlafaxine, duloxetine). SSRIs are the most prescribed due to their
efficacy and fewer side effects compared to older classes [72]. Recently, a new candidate,
LY03005 (also known as Ansofaxine or Ruoxinlin®), began Phase I clinical trials in 2014.
This prodrug, a toluyl ester of venlafaxine, advanced to Phase II in 2022 and Phase III in 2023
under Luye Pharma. Studies led by Weifeng Mi and colleagues in 2022 and 2023 assessed
the safety and efficacy of this prodrug [73,74]. In November 2022, toludesvenlafaxine was
approved for depression treatment in China.

In the treatment of depressive disorders, ABX-002, a methylamide prodrug, began
Phase I clinical trials in 2023 and progressed to Phase II in 2024, conducted by Autobahn
Therapeutics Inc. ABX-002 is an orally administered, potent, and selective thyroid hormone
beta (TR3) agonist with enhanced brain targeting. It demonstrates target engagement in
brain regions associated with depression and shows reduced peripheral effects compared to
synthetic thyroid hormone T3 at its therapeutic dose. ABX-002 is intended as an adjunctive
treatment for major depressive disorder, potentially enhancing and amplifying the effects
of antidepressants by boosting monoaminergic signaling in the brain.

Fencamfamine, an aminoalkane drug originally introduced by Merck in the 1960s,
acts as an indirect dopamine D2 receptor agonist. It stimulates dopamine release like am-
phetamines, albeit with significantly lower potency—approximately 10 times less potent
than dexamphetamine [75,76]. This medication is primarily used to address daytime fa-
tigue, difficulty concentrating, and lethargy associated with depressive conditions. It is
particularly suitable for patients with chronic illnesses due to its favorable safety profile.
However, fencamfamine is contraindicated in individuals with heart conditions such as
angina pectoris or decompensated heart failure, glaucoma, hyperactivity, hyperthyroidism,
or those undergoing treatment with monoamine oxidase inhibitors

PRX-P4-003 is a highly lipophilic carbamate prodrug from (-)-fencamfamine that
started Phase I clinical trials in 2021 to evaluate the microdose pharmacokinetics in healthy
volunteers. The study was conducted by Praxis Bioresearch, LLC using 40 ug of (-)-
fencamfamine and 100 pg of fencamfamine prodrug designed to provide a once-a-day drug
to treat apathy caused by Alzheimer’s disease. Specifically, the objective of the molecular
design of PRX-P4-003 is to deliver an active isomer of fencamfamine selectively bioavailable
via the oral route, thus differentiating it from currently FDA-approved stimulants.

Opioids are a class of drugs primarily used for pain relief, working by binding to n
opioid receptors in the brain and spinal cord to reduce pain perception. This class includes
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natural compounds like morphine, derived from the opium poppy and recognized as one of
the most potent analgesics available [77]. Morphine has been widely used to manage both
acute and chronic pain, particularly in cases of cancer and post-surgical pain. Hydrocodone,
a semi-synthetic opioid derived from codeine, is commonly prescribed for moderate to
severe pain and as a cough suppressant. Despite its effectiveness, hydrocodone presents
significant clinical challenges due to its high potential for addiction and abuse, contributing
notably to the opioid crisis. Long-term use can lead to tolerance, physical dependence, and
opioid use disorder. Furthermore, overdose poses a serious risk of respiratory depression,
and constipation is a frequent side effect of prolonged opioid use [78].

In 2022, Elysium Therapeutics, Inc. initiated a Phase I clinical trial to evaluate the
safety, tolerability, and pharmacokinetics of overdose-protected hydrocodone prodrugs
compared to hydrocodone bitartrate hemipentahydrate (HCBT) after single oral doses in
healthy adult subjects, under both fasted and fed conditions with naltrexone blockade. This
study used hydrocodone acetate salt as the investigational prodrug.

Figure 15 shows the chemical structures of BMS-986465, troriluzole, psilocybin,
psilocin mucate, ansofaxine, hydrocodone acetate, ABX-002, and fencamfamine as central
nervous system prodrugs.
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Figure 15. BMS-986465, troriluzole, psilocybin, psilocin mucate, ansofaxine, hydrocodone acetate,
ABX-002, and fencamfamine prodrug chemical structures (magenta: moiety group).

2.5. Other Prodrugs
2.5.1. Anti-Inflammatory

Anti-inflammatory drugs are among the most widely used therapeutic classes world-
wide. Nonsteroidal anti-inflammatory drugs (NSAIDs) have been integral to human
medicine since ancient Greece [79], where infusions made from the bark of Salix trees,
a source of salicin, were used as analgesics. More than 5000 years later, in 1897, Felix Hoff-
mann synthesized Aspirin®, an acetylated derivative of salicylic acid. The mechanism of
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action of Aspirin and other NSAIDs involves the inhibition of cyclooxygenase-1 (COX-1)
and cyclooxygenase-2 (COX-2), which are key enzymes in the production of prostaglandins
responsible for pain and fever. However, certain pathological conditions, such as cancer,
rheumatoid arthritis, and allergies, are characterized by chronic inflammation [80].

Receptor-interacting proteins (RIPs) are a class of proteins with serine/threonine kinase
activity. Upon activation, RIPK2 undergoes autophosphorylation and forms lysine-63 (K63)-
linked polyubiquitin chains, which promote the activation of the MAPK (mitogen-activated
protein kinase) and NF-«B signaling pathways [81]. Dysregulation of the NF-«B pathway
is associated with various conditions, including inflammatory diseases, severe pulmonary
sarcoidosis, and multiple sclerosis [82]. Recently, this pathway has gained prominence as
a target in anti-inflammatory therapies. For instance, GSK2983559 is an orally active and
potent inhibitor of receptor-interacting protein 2 (RIP2) kinase. This phosphate prodrug
entered Phase I clinical trials in 2019, but the study was terminated due to non-clinical
toxicology findings and a reduced safety margin. In 2020, a Phase II clinical study evaluated
the efficacy and safety of a new prodrug for managing pain associated with osteoarthritis.
Another example, VX150, an pyridine amide derivative, is a highly selective oral inhibitor
of NaV1.8 (a sodium channel), which has shown promise in alleviating acute pain [83-85].

Dimethyl fumarate (Tecfidera®) and its derivative monomethyl fumarate (Bafiertam™)
are prodrugs derived from fumaric acid [86]. A Phase I clinical study evaluated the gas-
trointestinal tolerability of bioequivalent doses of these drugs and compared their safety
and tolerability in healthy subjects following bioequivalent oral regimens. These drugs are
indicated for the treatment of multiple sclerosis (MS), and preclinical studies suggest that
their mechanism of action involves neuroprotection and immune regulation, which may
help mitigate ongoing MS symptoms [87]. Figure 16 shows the GSK298355, VX150, dimethyl
fumarate, and monomethyl fumarate prodrug chemical structures.
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Figure 16. GSK298355, VX150, dimethyl fumarate, and monomethyl fumarate prodrug chemical
structures (magenta: moiety group).

2.5.2. Immunomodulator

The immune system is a large and complex network that is not yet fully understood.
It primarily consists of two components: the innate immune system, which provides an
immediate, nonspecific defense, and the adaptive immune system, which offers a more
specialized response. These systems comprise various white blood cells, including lympho-
cytes, neutrophils, mast cells, dendritic cells, natural killer (NK) cells, and T cells, among
others. Together, they protect the body against pathogens like bacteria, viruses, and parasites
through intricate cellular and molecular pathways.

However, due to genetic predispositions, viral infections, or other triggers, the immune
system can sometimes develop autoimmunity, mistakenly attacking the body’s own tissues.
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This results in the release of significant amounts of pro-inflammatory mediators, leading to
autoimmune diseases such as systemic lupus erythematosus [88], Sjogren’s syndrome [89],
ankylosing spondylitis [90], polymyalgia rheumatica [91], alopecia areata [92], Crohn’s
disease [93], vitiligo, and psoriasis [94].

To manage these autoimmune conditions, various drugs and biopharmaceuticals
are available that modulate the immune response and reduce harmful inflammation. Ex-
amples include steroidal anti-inflammatories and recombinant drugs such as Tremfya®
(guselkumab) and Humira® (adalimumab), as well as cytokine analogs like AVONEX®
(interferon beta-1a). Additionally, immunosuppressants such as mycophenolate mofetil
and danazol are commonly used to dampen immune reactivity in autoimmune diseases.

A recent development in immunomodulatory therapy is ANX1502, a first-in-class
orally available small molecule prodrug inhibitor targeting the classical complement path-
way. Developed by Annexon, Inc., ANX1502 entered Phase I clinical trials in 2022. While
detailed molecular data for ANX1502 is not yet available, it is currently being evaluated
for treating cold agglutinin disease (CAD). CAD is a rare type of autoimmune hemolytic
anemia characterized by elevated levels of circulating antibodies that cause the immune
system to attack and destroy red blood cells, leading to significant anemia and related
complications [95]. This new therapeutic approach represents a promising advance in
targeting specific components of the immune system for the treatment of autoimmune
diseases. If successful, ANX1502 could characterize a novel option for managing CAD and
potentially other complement-mediated autoimmune disorders.

2.5.3. Hormones

Hormones are a class of biomolecules characterized by a core structure known as
steroid tetracycle, specifically cyclopentanoperhydrophenanthrene. This structure gives
rise to various biomolecules such as testosterone, estrogen, cortisol, and plant-derived
compounds like saponins [96,97]. Due to their biological actions, drugs and prodrugs have
been developed to either inhibit or agonize steroid receptors. Notable examples include
synthetic anabolic steroids like testosterone propionate, female contraceptives such as
ethinylestradiol and levonorgestrel, and steroidal anti-inflammatory drugs (corticosteroids)
such as dexamethasone, betamethasone, and cortisone. The clinical use of hormones and
hormone analogs is fundamental for treating various endocrine disorders, managing
hormone deficiencies, and supporting reproductive and metabolic health needs. Hormone
therapies, such as testosterone and estradiol, are commonly prescribed for conditions
like hypogonadism, menopause, and gender-affirming treatments. Efficacy and patient
adherence to these treatments can be significantly enhanced by using prodrug formulations.

One effective prodrug strategy is to employ long-chain carboxylic acid esters, including
testosterone enanthate, testosterone propionate, testosterone isocaproate, testosterone
decanoate, estradiol valerate, and estradiol cypionate. These esterified hormone forms
allow for prolonged and controlled release, typically administered as depot injections. Once
injected, these compounds slowly release the active hormone over time as the ester group
is gradually cleaved in the body. This method minimizes the need for frequent dosing,
providing a more consistent therapeutic effect and improving patient compliance. This
depot strategy using fatty acid esters extends beyond hormone therapy and is applied to
other drug classes that benefit from controlled release. For instance, antipsychotics like
haloperidol palmitate, anti-inflammatory agents such as dexamethasone palmitate, and
antibiotics like chloramphenicol palmitate utilize similar ester prodrug approaches. These
formulations enhance bioavailability, prolong the duration of action, and reduce dosing
frequency, making them valuable tools across multiple therapeutic areas.

In 2019, TesoRx Pharma conducted a Phase I/1I clinical study to evaluate the phar-
macokinetics of testosterone undecanoate in hypogonadal males. This condition involves
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insufficient production of testosterone, crucial for male growth and development during
puberty, and may also affect sperm production. Testosterone undecanoate is a prodrug
containing a long fatty acid chain (undecylic acid), designed for sustained release. However,
the study was discontinued due to lack of efficacy.

Similarly, in 2024, TransCon PTH—palopegteriparatide, a prodrug of parathyroid
hormone (PTH 1-34)—was entered into a Phase III multicenter clinical trial to investigate its
safety, tolerability, and efficacy in adults with hypoparathyroidism, an endocrine disorder.
Teriparatide, a recombinant human parathyroid hormone analogue (PTH 1-34), serves as the
basis for this drug. Palopegteriparatide binds a methoxy polyethylene glycol via a cleavable
link, creating an analogue corresponding to amino acids 1-34 of human PTH. Outcomes
from the TransCon study demonstrated a significantly higher proportion of patients achiev-
ing normal serum calcium levels and independence from conventional therapy compared
to placebo with TransCon PTH. In PaTH Forward, long-term treatment with TransCon PTH
maintained a durable response, with 93% of patients achieving independence from active
vitamin D and therapeutic calcium levels through week 110 [98,99]. Figure 17 shows the
Transcon PTH and testosterone undecanoate prodrug chemical structures.
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Figure 17. Transcon PTH and testosterone undecanoate prodrug chemical structures (magenta:
moiety group).

2.5.4. Sickle Cell Disease

Sickle Cell Disease (SCD) is a genetic blood disorder characterized by abnormal
hemoglobin, a crucial protein for oxygen transport. This abnormality causes red blood cells
to become rigid and adopt a crescent or sickle shape, leading to numerous complications,
including severe pain, anemia, organ damage, and heightened susceptibility to bacterial
infections [100,101]. SCD predominantly affects individuals of African, Mediterranean,
Middle Eastern, and Indian descent due to genetic predisposition. In the United States,
approximately 100,000 people, primarily of African heritage, are affected [102].

Treatment focuses on symptom management and complication prevention through
pain relief, blood transfusions, and antibiotics. Hydroxyurea, which boosts fetal hemoglobin
production, has proven effective in symptom reduction [103]. In severe cases, bone marrow
or stem cell transplants, as well as gene therapy, offer potential cures [104]. Among strategies
for discovering new drugs for SCD, augmenting fetal hemoglobin (HbF) is a validated
approach [105].

In 1978, sodium butyrate was found to increase histone acetylation levels, leading to
elevated fetal hemoglobin production. However, its irregular pharmacokinetics required
continuous high-dose infusion (2000 mg/kg/day) and inconvenient intravenous admin-
istration, raising concerns about its clinical application [106,107]. Other short-chain fatty
acids were also investigated, among which 2,2-dimethylbutyrate showed promising effects
both in vitro and in vivo. Clinical trials revealed a modest increase in HbF (0.2 g/dL) [108],
but the compound exhibited irregular pharmacokinetics [109,110].
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The mode of action of butyrates involves weak inhibition of histone deacetylase
(HDAC), affecting y-globin gene transcription, which induces fetal hemoglobin production.
However, butyrates undergo phase II metabolism due to the carboxylic acid group, leading
to rapid elimination and reduced therapeutic efficacy. Ionization of the carboxylic acid
also hinders absorption, limiting their potential. A common strategy to overcome this
involves masking ionizable species through prodrug design. Hydroxamate derivatives were
synthesized to optimize pharmacokinetics and pharmacodynamics. Butyrylhydroxamate
inhibited HDAC from purified rat liver with an IC50 of 47 pM and increased y-globin gene
expression by up to 5.5-fold in vitro. In transgenic sickle cell mice, a dose of 500 mg/kg/day
increased HbF levels [111,112].

Interestingly, vorinostat (SAHA), an HDAC inhibitor approved by the FDA in 2006 for
cutaneous T-cell lymphoma, also induced y-globin gene expression. Vorinostat inhibited
HDAC with an IC50 of 0.26 pM and increased y-globin expression 2.5-fold in vitro at
2.5 uM. Clinical trials with doses of 100-400 mg/day reported increases in HbF ranging
from 4.6% to 20.5% [113]. Another prodrug, romidepsin, is a cyclic depsipeptide with non-
selective HDAC inhibition. It is bioactivated in vivo, releasing a thiol group that inhibits
HDAC. Romidepsin increased y-globin expression by 7.81-fold at 1 nM in GM979 cells and
enhanced F-erythroblast levels in BUF-E colonies from 13.3% to 34.9% at 100 pM. However,
no clinical trials for SCD with romidepsin have been reported [112].

Selective HDAC inhibitors are also promising. For example, MGCD-0103, an HDAC-
1/-2 inhibitor, induced y-globin expression, highlighting selective HDAC inhibition as a
viable strategy for SCD drug development. Preclinical studies of ACY-957, another selective
HDAC inhibitor, showed promising effects [114-116]. Enzymes such as HDAC, lysine-
specific histone demethylase 1 (LSD1), and DNA methyltransferase (DNMT1) play crucial
roles in y-globin gene regulation. DNMT inhibitors like 5-azacytidine and decitabine induce
HbF production but cause severe adverse effects, including myelosuppression, limiting
their use [117-119]. Approaches using prodrugs, such as 5110, have improved stability and
efficacy. 5110 doubled y-globin mRNA ratios and increased HbF production by up to 60%,
outperforming decitabine in preclinical studies [120].

Ongoing research includes GSK4172239D, a novel DNMT1 inhibitor currently in
Phase I clinical trials to evaluate safety, tolerability, and pharmacokinetics in SCD patients,
although molecular data remain unavailable [121]. Figure 18 shows the sodium butyrate,
2,2-dimethylbutyrate, butyryl-hydroxamate, romidepsin, vorinostat, and MGCD-0103
chemical structures, and Figure 19 shows the mechanism of romidepsin activation mediated
by GSH and the inhibition of HDAC1 by thiolate formation.
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Figure 18. Sodium butyrate, 2,2-dimethylbutyrate, butyryl-hydroxamate, romidepsin, vorinostat,
and MGCD-0103 chemical structures.
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2.5.5. Antifungal

Fungi are living organisms that can be either harmless or pathogenic to humans. They
exist as molds, yeasts, or a combination of both forms. Fungal infections are classified as either
primary or opportunistic and can be local or systemic. Local infections typically affect areas
such as the skin, mouth, or vagina, and can occur in both healthy and immunocompromised
individuals. In contrast, systemic infections not only impact the skin but also spread to
internal organs and are primarily seen in immuno-compromised patients. Antifungal drugs,
or antimycotics, treat these infections by targeting unique fungal structures that differ from
those of humans or bacteria. These drugs are structurally diverse, including subgroups such
as allylamines, azoles, fluoropyrimidines, and polyene macrolides. Allylamines, like naftifine,
inhibit squalene epoxidase, essential for ergosterol biosynthesis, a key component of the
fungal cell membrane. Azoles, such as voriconazole and posaconazole, inhibit lanosterol
demethylase, disrupting the same pathway. Fluoropyrimidines interfere with nucleoside
synthesis, while amphotericin B, a polyene macrolide, targets fungal cell membranes [122].

A novel antifungal agent, Fosmanogepix, is a prodrug of Manogepix with broad-
spectrum activity against yeasts like Cryptococcus and Candida, as well as molds, including
azole-resistant Aspergillus. It targets the Gwtl enzyme, essential for the localization of glyco-
sylphosphatidylinositol (GPI)-anchored mannoproteins, thereby compromising fungal cell
wall integrity. Effective against drug-resistant strains, it has shown activity against Candida,
Fusarium, and Scedosporium in animal models, as well as Aspergillus fumigatus and Rhizopus
arrhizus in pulmonary infections. Fosmanogepix has favorable pharmacokinetics, with over
90% oral bioavailability and good tissue distribution, making it a promising treatment for
invasive fungal infections. Unlike many antifungals, it has minimal drug interactions and
improved tolerability, offering a new option for combating resistant fungi [123].
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The active ingredient of this prodrug, Manogepix, was compared to four other antifun-
gal drugs—caspofungin, fluconazole, posaconazole, and voriconazole—in a comparative
in vitro study on 90 clinical isolates of Candida. Manogepix demonstrated superior activity
and potency compared to all the other drugs [124]. The mode of action of this novel drug
involves inhibiting inositol acyltransferase Gwtl, an enzyme in the GPI anchor biosynthe-
sis pathway. This inhibition prevents GPI-anchored proteins from maturing within the
fungus. Fosmanogepix (Figure 20) has an additional phosphate group at the nitrogen in
the heterocycle compared to its active ingredient, Manogepix. Like antibacterial drugs,
antifungals urgently require innovation as there is a reported increase in resistance to
currently available treatments.

Fosmanogepix

Figure 20. Fosmanogepix prodrug chemical structure (magenta: moiety group).

2.5.6. Diabetic Macular Edema

Diabetic Macular Edema (DME) is characterized by the accumulation of excess in-
traretinal fluid, leading to retinal swelling [125]. This condition arises from two primary
changes in retinal circulation: increased vessel permeability and vessel closure. In DME,
elevated pressure within retinal vessels causes the endothelial walls to become more porous,
leading to fluid leakage into retinal tissue and resulting in edema. At the same time, the clo-
sure of vessels impairs the delivery of essential nutrients and oxygen, further exacerbating
retinal damage. DME is a leading cause of vision loss and blindness in diabetic patients.

Currently, six primary treatment options are available for managing DME: anti-
vascular endothelial growth factor (Anti-VEGF) therapies, topical corticosteroids, laser
photocoagulation, pars plana vitrectomy, systemic agents, and surgical interventions.
Among these, Anti-VEGF therapies are considered the first-line treatment for DME, aim-
ing to reduce abnormal blood vessel growth and fluid leakage that contribute to retinal
swelling [126].

As part of our analysis of ongoing clinical trials investigating novel prodrugs for DME,
one relevant study was identified. A Phase Il trial is currently evaluating the safety, tolera-
bility, and efficacy of UBX1325, a phosphate prodrug administered via intravitreal injection.
UBX1325 functions by inhibiting B-cell lymphoma extra-large (Bcl-xL), a protein that pro-
motes cell survival. By targeting Bcl-xL, UBX1325 enhances apoptosis (programmed cell
death) in damaged cells, reducing pathological tissue overgrowth and fluid accumulation
in the retina. In addition to DME, UBX1325 is also being investigated for other retinal
diseases, such as age-related macular degeneration (AMD) and diabetic retinopathy (DR).
According to preliminary results from the manufacturer, UBX1325 (Figure 21) has demon-
strated promising efficacy and safety profiles, positioning it as a potential alternative or
adjunct to Anti-VEGF therapy for DME in the future [127].

2.5.7. Hypertension

Hypertension is one of the leading risk factors for cardiovascular disease, presenting
a significant global health and economic burden. Affecting approximately 1.28 billion
people worldwide, nearly 46% of cases remain undiagnosed, according to the World Health
Organization (WHO) [128]. If untreated, hypertension can lead to severe complications,
including cardiovascular disease, stroke, and kidney failure. Many patients with high- or
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very high-risk hypertension exhibit multiple cardiovascular risk factors, often accompanied
by subclinical organ damage or established cardiovascular or renal disease.

UBX1325

Figure 21. UBX1325 prodrug chemical structure (magenta: moiety group).

The primary classes of antihypertensive medications include beta-blockers, calcium
channel blockers (CCBs), angiotensin-converting enzyme (ACE) inhibitors, diuretics, and
angiotensin II receptor blockers (ARBs). These classes have long been the pillar of hy-
pertension management. To enhance the bioavailability and extend the duration of ACE
inhibitors, several ester prodrugs—such as ramiprilat, quinalaprilat, and imidaprilat—were
developed, offering higher oral bioavailability than their active forms [129]

In recent years, advancements in cardiovascular drug development have introduced
new therapeutic targets for hypertension and related conditions. For example, KAR5585
(rodatristat ethyl) has emerged as a promising first-in-class oral tryptophan hydroxylase 1
(TPH1) inhibitor. It is currently under investigation for the treatment of pulmonary arterial
hypertension (PAH), a condition where elevated serotonin levels contribute to vascular
remodeling and increased pulmonary pressure [130,131]. In a Phase 1 clinical trial, KAR5585
was assessed for its pharmacokinetics through single and multiple ascending doses in
healthy subjects. By targeting serotonin biosynthesis, KAR5585 aims to lower serotonin
levels in peripheral tissues, potentially alleviating PAH symptoms.

Structurally, KAR5585 incorporates an ester moiety that enhances cell permeability
by preventing premature deprotonation, facilitating cell membrane penetration. Once
inside the cell, the ester group undergoes hydrolysis, releasing the active form of the drug.
Additionally, KAR5585 (Figure 22) includes a 2,8-diazaspiro [4.5]decane moiety, which
has been reported as a scaffold for epoxide hydrolase inhibition, a novel approach for
hypertension treatment [132].
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Figure 22. KAR5585 prodrug chemical structure (magenta: moiety group).
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In parallel with KAR5585, other clinical trials have explored alternative treatments for
hypertension. These studies reflect the evolving landscape of cardiovascular drug research,
where novel mechanisms—such as serotonin modulation inhibition—are being explored to
provide more targeted treatments for complex conditions like hypertension.

2.5.8. Toxicity Reduction

Mitochondrial diseases, particularly those involving mitochondrial complex I dysfunc-
tion, are severe and often life-threatening disorders that primarily impact cellular energy
production. The mitochondrial respiratory chain comprises four complexes (I-IV) essen-
tial to oxidative phosphorylation, the process by which ATP—the cell’s primary energy
currency—is generated. Complex I, also known as NADH oxidoreductase, is the largest
and one of the most critical complexes in this chain [133]. Dysfunction in complex [ is a
major cause of mitochondrial diseases, including Leigh syndrome, a neurodegenerative
disorder that typically manifests in infancy or early childhood and leads to progressive
neurological decline [134].

Leigh syndrome and other mitochondrial complex I deficiencies result in significantly
reduced ATP production, impairing tissues with high energy demands, such as the brain,
heart, and muscles. Currently, there are no effective treatments available for these disorders,
and management often focuses on providing symptomatic relief. An emerging therapeutic
approach involves using succinate, a crucial metabolite in the tricarboxylic acid (TCA) cycle
and a substrate for mitochondrial complex II (succinate dehydrogenase). Theoretically,
bypassing the dysfunctional complex I by delivering succinate directly to complex II
could help restore cellular energy production. However, succinate has limited therapeutic
potential because it does not easily cross cell membranes due to its low permeability.

To overcome this barrier, researchers are developing succinate prodrugs that can
permeate cell membranes and release succinate within the cell. One promising candidate is
NV354, a succinate prodrug developed by Abliva, Inc. NV354 includes a sulfur-containing
ester moiety that enhances cell membrane permeability. Once inside the cell, this ester group
is cleaved, releasing active succinate, which can then be utilized by complex II to stimulate
ATP production, effectively bypassing the dysfunctional complex I [135]. A preclinical study
by Piel et al. [136] tested NV354 in a rat model of fluoroacetate-induced toxicity, a condition
that impairs mitochondrial function. While the treatment produced a modest effect in heart
tissue, it yielded more promising results in the brain, suggesting that NV354 effectively
crosses the blood-brain barrier and can restore mitochondrial function in neurological
tissues. This is particularly significant, as mitochondrial diseases often result in severe
neurological impairments.

NV354 has demonstrated good oral bioavailability, stability in plasma, and an ability
to cross the blood-brain barrier—critical attributes for a drug targeting mitochondrial
disorders. In 2018, NV354 entered Phase II clinical trials to evaluate its potential for treating
complex I-related mitochondrial diseases in humans.

The prodrug’s structure includes an ester promoiety that facilitates the crossing of the
blood-brain barrier by preventing the formation of a deprotonated ionic form, which would
otherwise hinder its passage. If successful, NV354 could represent a breakthrough in the
treatment of these currently untreatable mitochondrial diseases by directly addressing the
bioenergetic deficit caused by complex I dysfunction. This strategy, focused on metabolic
correction via prodrugs like NV354 (Figure 23), offers new hope for future mitochondrial
disease therapies and could significantly improve outcomes for patients with complex I
deficiencies.
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Figure 23. Chemical structure of NV-354 prodrug (magenta: moiety group).

3. Conclusions and Future Directions

In summary, the design and development of prodrugs, as an old strategy, continues
to be a powerful tool for advancing treatments across a wide range of clinical conditions,
including cancer, bacterial infections, hypertension, and more, to reach therapeutic efficacy,
with more selectivity and less toxicity by optimizing pharmacokinetic parameters, such as
lipophilicity (logP), water solubility, and oral bioavailability, and delivering the drug to a
specific target, specially as personalized medicine.

To address these challenges, medicinal chemistry can explore non-traditional promoi-
eties, including boron-containing groups, peptides, and cleavable linkers that are activated
by enzymatic or environmental triggers, to refine and expand prodrug applications. As
such, the prodrug approach will remain an important strategy in future drug discovery,
contributing to the design of safer and more effective treatments for complex diseases and
individual patient needs.
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/ /www.mdpi.com/article/10.3390/ph18020210/s1, Table S1: Clinical trials data.

Author Contributions: Conceptualization, CM.C., D.B. and V.R,; methodology, D.B., VES., CM.C.
and V.R.; data curation, writing—original draft preparation and writing—review and editing: all
authors; supervision, V.R. and C.M.C.; project administration, D.B. and C.M.C., funding acquisition,
C.M.C. and V.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: All data are available in the manuscript.

Acknowledgments: We thank the Fundacao de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP)
for research support (23/05739-6) and Scientific Initiation fellowship 23/08687-7, 23 /15774-3 (D.B.);
the National Council for Scientific and Technological Development (CNPq) for the productivity
fellowship level 2: 306009/2022-6 (C.M.C.) and 302433 /2023-6 (J.L.S.).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Bard, E.L.; Catti, F,; Estarellas, C.; Ghashghaei, O.; Lavilla, R. Drugs from Drugs: New Chemical Insights into a Mature Concept.
Drug Discov. Today 2024, 29, 104212. [CrossRef] [PubMed]

2. Jornada, D.H.; dos Santos Fernandes, G.F.; Chiba, D.E.; de Melo, T.R.E; dos Santos, J.L.; Chung, M.C. The Prodrug Approach: A
Successful Tool for Improving Drug Solubility. Molecules 2015, 21, 42. [CrossRef] [PubMed]

3.  Fernandes, L.D.R,; Lopes, ].R.; Bonjorno, A.F,; Prates, ].L.B.; Scarim, C.B.; Dos Santos, J.L. The Application of Prodrugs as a Tool to
Enhance the Properties of Nucleoside Reverse Transcriptase Inhibitors. Viruses 2023, 15, 2234. [CrossRef]

4. Ghosh, A.K,; Brindisi, M. Organic Carbamates in Drug Design and Medicinal Chemistry. J. Med. Chem. 2015, 58, 2895-2940.
[CrossRef] [PubMed]

5. Husain, A.; Monga, J.; Narwal, S.; Singh, G.; Rashid, M.; Afzal, O.; Alatawi, A.; Almadani, N.M. Prodrug Rewards in Medicinal
Chemistry: An Advance and Challenges Approach for Drug Designing. Chem. Biodivers. 2023, 20, €202301169. [CrossRef]


https://www.mdpi.com/article/10.3390/ph18020210/s1
https://www.mdpi.com/article/10.3390/ph18020210/s1
https://doi.org/10.1016/j.drudis.2024.104212
https://www.ncbi.nlm.nih.gov/pubmed/39442750
https://doi.org/10.3390/molecules21010042
https://www.ncbi.nlm.nih.gov/pubmed/26729077
https://doi.org/10.3390/v15112234
https://doi.org/10.1021/jm501371s
https://www.ncbi.nlm.nih.gov/pubmed/25565044
https://doi.org/10.1002/cbdv.202301169

Pharmaceuticals 2025, 18, 210 32 of 37

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.
33.

He, Z.; Yang, W.; Yang, F.; Zhang, ].; Ma, L. Innovative Medicinal Chemistry Strategies for Enhancing Drug Solubility. Eur. |. Med.
Chem. 2024, 279, 116842. [CrossRef]

Rautio, J.; Kumpulainen, H.; Heimbach, T.; Oliyai, R.; Oh, D.; Jarvinen, T.; Savolainen, J. Prodrugs: Design and Clinical
Applications. Nat. Rev. Drug Discov. 2008, 7, 255-270. [CrossRef]

Cheng, A.V.; Wuest, WM. Signed, Sealed, Delivered: Conjugate and Prodrug Strategies as Targeted Delivery Vectors for
Antibiotics. ACS Infect. Dis. 2019, 5, 816-828. [CrossRef] [PubMed]

Dean, T.T,; Jela-Reyes, J.; Allen, A.C.; Moore, T.W. Peptide-Drug Conjugates: An Emerging Direction for the Next Generation of
Peptide Therapeutics. |. Med. Chem. 2024, 67, 1641-1661. [CrossRef]

Deng, S.; Wen, X.; Wang, ]. Recent Advances in the Linkers of Drug Conjugates. Curr. Med. Chem. 2024, 31. [CrossRef]

Hobson, A.D. The Medicinal Chemistry Evolution of Antibody-Drug Conjugates. RSC Med. Chem. 2024, 15, 809-831. [CrossRef]
Klein, C.; Brinkmann, U.; Reichert, ]. M.; Kontermann, R.E. The Present and Future of Bispecific Antibodies for Cancer Therapy.
Nat. Rev. Drug Discov. 2024, 23, 301-319. [CrossRef]

Millar, S.A.; Stone, N.L.; Yates, A.S.; O’Sullivan, S.E. A Systematic Review on the Pharmacokinetics of Cannabidiol in Humans.
Front. Pharmacol. 2018, 9, 1365. [CrossRef]

Millar, S.A.; Maguire, R.F,; Yates, A.S.; O’Sullivan, S.E. Towards Better Delivery of Cannabidiol (CBD). Pharmaceuticals 2020, 13,
219. [CrossRef]

Singh Cham, P.; Kotwal, P.; Sharma, K.; Dhiman, S.; Singh, L.; Pratap Singh, V.; Kumar, A.; Nandi, U.; Pal Singh, P. Cannabidiol-
Based Prodrugs: Synthesis and Bioevaluation. ACS Med. Chem. Lett. 2024, 15, 221-229. [CrossRef]

Banerjee, A.; Hayward, ].J.; Trant, ].F. “Breaking Bud”: The Effect of Direct Chemical Modifications of Phytocannabinoids on Their
Bioavailability, Physiological Effects, and Therapeutic Potential. Org. Biomol. Chem. 2023, 21, 3715-3732. [CrossRef] [PubMed]
Cao, T;; Zhang, W.; Wang, Q.; Wang, C.; Ma, W.; Zhang, C.; Ge, M,; Tian, M.; Yu, ].; Jiao, A.; et al. Cancer SLC6A6-Mediated
Taurine Uptake Transactivates Immune Checkpoint Genes and Induces Exhaustion in CD8+ T Cells. Cell 2024, 187, 2288-2304.e27.
[CrossRef] [PubMed]

Causes and Prevalence of Visual Impairment Among Adults in the UnitedStates. Arch. Ophthalmol. 2004, 122, 477. [CrossRef]
Pieken, W.A_; Olsen, D.B.; Benseler, F; Aurup, H.; Eckstein, F. Kinetic Characterization of Ribonuclease-Resistant 2'-Modified
Hammerhead Ribozymes. Science 1991, 253, 314-317. [CrossRef] [PubMed]

Drolet, D.W.; Green, L.S.; Gold, L.; Janjic, N. Fit for the Eye: Aptamers in Ocular Disorders. Nucleic Acid Ther. 2016, 26, 127-146.
[CrossRef]

Gragoudas, E.S.; Adamis, A.P.; Cunningham, E.T.; Feinsod, M.; Guyer, D.R. Pegaptanib for Neovascular Age-Related Macular
Degeneration. N. Engl. |. Med. 2004, 351, 2805-2816. [CrossRef]

Swanton, C.; Bernard, E.; Abbosh, C.; André, F; Auwerx, J.; Balmain, A.; Bar-Sagi, D.; Bernards, R.; Bullman, S.; DeGregori, J.;
et al. Embracing Cancer Complexity: Hallmarks of Systemic Disease. Cell 2024, 187, 1589-1616. [CrossRef] [PubMed]
Takahashi, M.; Wakabayashi, K. Gene Mutations and Altered Gene Expression in Azoxymethane-Induced Colon Carcinogenesis
in Rodents. Cancer Sci. 2004, 95, 475-480. [CrossRef]

Armaghany, T.; Wilson, J.D.; Chu, Q.; Mills, G. Genetic Alterations in Colorectal Cancer. Gastrointest. Cancer Res. 2012, 5, 19-27.
[PubMed]

Cree, L. A,; Charlton, P. Molecular Chess? Hallmarks of Anti-Cancer Drug Resistance. BMC Cancer 2017, 17, 10. [CrossRef] [PubMed]
Cooper, G.M. The Development and Causes of Cancer. In The Cell: A Molecular Approach, 2nd ed.; Sinauer Associates: Sunderland,
MA, USA, 2000.

Alves Junior, A.].T.; Romero Machuca, M.E.; Ribeiro, R.G.; Garisto, A.M.; de Oliveira, L.H.; Banci, S.0. Malignant Small Bowel
Tumor—Case Series and Literature Review. Colorec Cancer 2018, 4. [CrossRef]

Lesniewska-Kowiel, M.A.; Muszalska, I. Strategies in the Designing of Prodrugs, Taking into Account the Antiviral and Anticancer
Compounds. Eur. J. Med. Chem. 2017, 129, 53-71. [CrossRef] [PubMed]

Beeharry, N.; Landrette, S.; Gayle, S.; Hernandez, M.; Grotzke, J.E.; Young, P.R.; Beckett, P.; Zhang, X.; Carter, B.Z.; Andreeff, M.;
et al. LAM-003, a New Drug for Treatment of Tyrosine Kinase Inhibitor-Resistant FLT3-ITD-Positive AML. Blood Adv. 2019, 3,
3661-3673. [CrossRef]

Evans, K.; Duan, J.; Pritchard, T.; Jones, C.D.; McDermott, L.; Gu, Z.; Toscan, C.E.; El-Zein, N.; Mayoh, C.; Erickson, S.W.; et al.
OBI-3424, a Novel AKR1C3-Activated Prodrug, Exhibits Potent Efficacy against Preclinical Models of T-ALL. Clin. Cancer Res.
2019, 25, 4493-4503. [CrossRef]

Torabifard, H.; Fattahi, A. Mechanisms and Kinetics of Thiotepa and Tepa Hydrolysis: DFT Study. J. Mol. Model. 2012, 18,
3563-3576. [CrossRef] [PubMed]

Birbo, B.; Madu, E.E.; Madu, C.O.; Jain, A.; Lu, Y. Role of HSP90 in Cancer. Int. . Mol. Sci. 2021, 22, 10317. [CrossRef] [PubMed]
Gutierrez, M.; Guo, R.; Giaccone, G.; Liu, S.V.; Hao, Z.; Hilton, C.; Hinson, ].M.; Kris, M.G.; Orlemans, E.O.; Drilon, A. Phase 1
Multicenter Study of the HSP90 Inhibitor SNX-5422 plus Carboplatin and Paclitaxel in Patients with Lung Cancers. Lung Cancer
2021, 162, 23-28. [CrossRef]


https://doi.org/10.1016/j.ejmech.2024.116842
https://doi.org/10.1038/nrd2468
https://doi.org/10.1021/acsinfecdis.9b00019
https://www.ncbi.nlm.nih.gov/pubmed/30969100
https://doi.org/10.1021/acs.jmedchem.3c01835
https://doi.org/10.2174/0109298673320170240829110110
https://doi.org/10.1039/D3MD00674C
https://doi.org/10.1038/s41573-024-00896-6
https://doi.org/10.3389/fphar.2018.01365
https://doi.org/10.3390/ph13090219
https://doi.org/10.1021/acsmedchemlett.3c00461
https://doi.org/10.1039/D3OB00068K
https://www.ncbi.nlm.nih.gov/pubmed/36825573
https://doi.org/10.1016/j.cell.2024.03.011
https://www.ncbi.nlm.nih.gov/pubmed/38565142
https://doi.org/10.1001/archopht.122.4.477
https://doi.org/10.1126/science.1857967
https://www.ncbi.nlm.nih.gov/pubmed/1857967
https://doi.org/10.1089/nat.2015.0573
https://doi.org/10.1056/NEJMoa042760
https://doi.org/10.1016/j.cell.2024.02.009
https://www.ncbi.nlm.nih.gov/pubmed/38552609
https://doi.org/10.1111/j.1349-7006.2004.tb03235.x
https://www.ncbi.nlm.nih.gov/pubmed/22574233
https://doi.org/10.1186/s12885-016-2999-1
https://www.ncbi.nlm.nih.gov/pubmed/28056859
https://doi.org/10.21767/2471-9943.100034
https://doi.org/10.1016/j.ejmech.2017.02.011
https://www.ncbi.nlm.nih.gov/pubmed/28219047
https://doi.org/10.1182/bloodadvances.2019001068
https://doi.org/10.1158/1078-0432.CCR-19-0551
https://doi.org/10.1007/s00894-012-1354-y
https://www.ncbi.nlm.nih.gov/pubmed/22331106
https://doi.org/10.3390/ijms221910317
https://www.ncbi.nlm.nih.gov/pubmed/34638658
https://doi.org/10.1016/j.lungcan.2021.10.001

Pharmaceuticals 2025, 18, 210 33 of 37

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

Puyo, S.; Montaudon, D.; Pourquier, P. From Old Alkylating Agents to New Minor Groove Binders. Crit. Rev. Oncol. Hematol.
2014, 89, 43-61. [CrossRef]

Bagshawe, K.D. ADEPT and Related Concepts. Cell Biophys. 1994, 24-25, 83-91. [CrossRef]

Sharma, S.K.; Bagshawe, K.D. Antibody Directed Enzyme Prodrug Therapy (ADEPT): Trials and Tribulations. Adv. Drug Deliv.
Rev. 2017, 118, 2-7. [CrossRef] [PubMed]

Yang, S.; Li, N.; Wang, J.; Ma, L.; Zhao, Y.; Chen, H.; Wu, H.; Jiang, W. Abstract 4068: In Vitro Masked Effect, in Vivo Anti-Tumor
Activity and Toxicology Study of KGX101, an Interleukin-12 Prodrug, in Monotherapy or in Combination with Anti-PD-L1
Antibody. Cancer Res. 2024, 84, 4068. [CrossRef]

Definition of Anti-CD137 Agonistic Monoclonal Antibody ADG206—NCI Drug Dictionary—NCI. Available online: https:
/ /www.cancer.gov /publications/dictionaries/cancer-drug/def/anti-cd137-agonistic-monoclonal-antibody-adg206 (accessed
on 21 November 2024).

Otano, I.; Azpilikueta, A.; Glez-Vaz, J.; Alvarez, M.; Medina-Echeverz, J.; Cortés-Dominguez, I.; Ortiz-de-Solorzano, C.; Ellmark,
P; Fritzell, S.; Hernandez-Hoyos, G.; et al. CD137 (4-1BB) Costimulation of CD8+ T Cells Is More Potent When Provided in Cis
than in Trans with Respect to CD3-TCR Stimulation. Nat. Commun. 2021, 12, 7296. [CrossRef]

Huang, S.; Fang, R.; Xu, J.; Qiu, S.; Zhang, H.; Du, J.; Cai, S. Evaluation of the Tumor Targeting of a FAPx-Based Doxorubicin
Prodrug. . Drug Target. 2011, 19, 487-496. [CrossRef] [PubMed]

Gabizon, A.; Shmeeda, H.; Tahover, E.; Kornev, G.; Patil, Y.; Amitay, Y.; Ohana, P.; Sapir, E.; Zalipsky, S. Development of Promitil®,
a Lipidic Prodrug of Mitomycin c in PEGylated Liposomes: From Bench to Bedside. Adv. Drug Deliv. Rev. 2020, 154-155, 13-26.
[CrossRef] [PubMed]

Hutchings, M.L; Truman, A.W.; Wilkinson, B. Antibiotics: Past, Present and Future. Curr. Opin. Microbiol. 2019, 51, 72-80. [CrossRef]
Tooke, C.L.; Hinchliffe, P.; Bragginton, E.C.; Colenso, C.K.; Hirvonen, V.H.A.; Takebayashi, Y.; Spencer, J. 3-Lactamases and
-Lactamase Inhibitors in the 21st Century. J. Mol. Biol. 2019, 431, 3472-3500. [CrossRef]

Lewis, K. The Science of Antibiotic Discovery. Cell 2020, 181, 29-45. [CrossRef] [PubMed]

Erah, P.O.; Goddard, A.F.; Barrett, D.A.; Shaw, P.N.; Spiller, R.C. The Stability of Amoxycillin, Clarithromycin and Metronidazole
in Gastric Juice: Relevance to the Treatment of Helicobacter Pylori Infection. J. Antimicrob. Chemother. 1997, 39, 5-12. [CrossRef]
Reddy, K.R.; Parkinson, J.; Sabet, M.; Tarazi, Z.; Boyer, S.H.; Lomovskaya, O.; Griffith, D.C.; Hecker, S.J.; Dudley, M.N. Selection of
QPX7831, an Orally Bioavailable Prodrug of Boronic Acid -Lactamase Inhibitor QPX7728. ]. Med. Chem. 2021, 64, 17523-17529.
[CrossRef]

Eckburg, P.B.; Jain, A.; Walpole, S.; Moore, G.; Utley, L.; Manyak, E.; Dane, A.; Melnick, D. Safety, Pharmacokinetics, and Food
Effect of Tebipenem Pivoxil Hydrobromide after Single and Multiple Ascending Oral Doses in Healthy Adult Subjects. Antimicrob.
Agents Chemother. 2019, 63, e00618-19. [CrossRef] [PubMed]

Lavis, L.D. Ester Bonds in Prodrugs. ACS Chem. Biol. 2008, 3, 203-206. [CrossRef]

Cotroneo, N.; Stokes, S.S.; Pucci, M.J.; Rubio, A.; Hamed, K.A.; Critchley, I.A. Efficacy of SPR720 in Murine Models of Non-
Tuberculous Mycobacterial Pulmonary Infection. . Antimicrob. Chemother. 2024, 79, 875-882. [CrossRef] [PubMed]

Flamm, R K.; Rhomberg, PR.; Kaplan, N.; Jones, R.N.; Farrell, D.J. Activity of Debio1452, a Fabl Inhibitor with Potent Activity
against Staphylococcus Aureus and Coagulase-Negative Staphylococcus Spp., Including Multidrug-Resistant Strains. Antimicrob.
Agents Chemother. 2015, 59, 2583-2587. [CrossRef] [PubMed]

Hafkin, B.; Berg, ].K.; Kaplan, N.; Métral, V.N.; Ménétrey, A.; Alcorn, H.; Wittke, F. Single-Dose Escalation Study to Evaluate
the Safety, Tolerability, and Pharmacokinetics of a Fabl Inhibitor, the Prodrug Debio 1450 and Its Active Moiety Debio 1452,
Administered Intravenously in Healthy Subjects. Open Forum Infect. Dis. 2015, 2, 797. [CrossRef]

Trout, R.E.; Zulli, A.; Mesaros, E.; Jackson, RW.; Boyd, S.; Liu, B.; Hamrick, J.; Daigle, D.; Chatwin, C.L.; John, K ; et al. Discovery
of VNRX-7145 (VNRX-5236 Etzadroxil): An Orally Bioavailable 3-Lactamase Inhibitor for Enterobacterales Expressing Ambler
Class A, C, and D Enzymes. . Med. Chem. 2021, 64, 10155-10166. [CrossRef] [PubMed]

Igbal, K.; Milioudi, A.; Wicha, S.G. Pharmacokinetics and Pharmacodynamics of Tedizolid. Clin. Pharmacokinet. 2022, 61, 489-503.
[CrossRef]

Kilmarx, P.H. Global Epidemiology of HIV. Curr. Opin. HIV AIDS 2009, 4, 240-246. [CrossRef] [PubMed]

Greene, W.C. A History of AIDS: Looking Back to See Ahead. Eur. |. Immunol. 2007, 37, S94-5102. [CrossRef] [PubMed]
Agarwal-Jans, S. Timeline: HIV. Cell 2020, 183, 550. [CrossRef]

Nowicka-Sans, B.; Gong, Y.-F.; McAuliffe, B.; Dicker, I.; Ho, H.-T.; Zhou, N.; Eggers, B.; Lin, P.-F,; Ray, N.; Wind-Rotolo, M.; et al.
In Vitro Antiviral Characteristics of HIV-1 Attachment Inhibitor BMS-626529, the Active Component of the Prodrug BMS-663068.
Antimicrob. Agents Chemother. 2012, 56, 3498-3507. [CrossRef]

Zhou, N.; Nowicka-Sans, B.; McAuliffe, B.; Ray, N.; Eggers, B.; Fang, H.; Fan, L.; Healy, M.; Langley, D.R.; Hwang, C.; et al.
Genotypic Correlates of Susceptibility to HIV-1 Attachment Inhibitor BMS-626529, the Active Agent of the Prodrug BMS-663068.
J. Antimicrob. Chemother. 2014, 69, 573-581. [CrossRef] [PubMed]


https://doi.org/10.1016/j.critrevonc.2013.07.006
https://doi.org/10.1007/BF02789218
https://doi.org/10.1016/j.addr.2017.09.009
https://www.ncbi.nlm.nih.gov/pubmed/28916498
https://doi.org/10.1158/1538-7445.AM2024-4068
https://www.cancer.gov/publications/dictionaries/cancer-drug/def/anti-cd137-agonistic-monoclonal-antibody-adg206
https://www.cancer.gov/publications/dictionaries/cancer-drug/def/anti-cd137-agonistic-monoclonal-antibody-adg206
https://doi.org/10.1038/s41467-021-27613-w
https://doi.org/10.3109/1061186X.2010.511225
https://www.ncbi.nlm.nih.gov/pubmed/21284542
https://doi.org/10.1016/j.addr.2020.07.027
https://www.ncbi.nlm.nih.gov/pubmed/32777239
https://doi.org/10.1016/j.mib.2019.10.008
https://doi.org/10.1016/j.jmb.2019.04.002
https://doi.org/10.1016/j.cell.2020.02.056
https://www.ncbi.nlm.nih.gov/pubmed/32197064
https://doi.org/10.1093/jac/39.1.5
https://doi.org/10.1021/acs.jmedchem.1c01722
https://doi.org/10.1128/AAC.00618-19
https://www.ncbi.nlm.nih.gov/pubmed/31262768
https://doi.org/10.1021/cb800065s
https://doi.org/10.1093/jac/dkae046
https://www.ncbi.nlm.nih.gov/pubmed/38394463
https://doi.org/10.1128/AAC.05119-14
https://www.ncbi.nlm.nih.gov/pubmed/25691627
https://doi.org/10.1093/ofid/ofv133.514
https://doi.org/10.1021/acs.jmedchem.1c00437
https://www.ncbi.nlm.nih.gov/pubmed/34191513
https://doi.org/10.1007/s40262-021-01099-7
https://doi.org/10.1097/COH.0b013e32832c06db
https://www.ncbi.nlm.nih.gov/pubmed/19532059
https://doi.org/10.1002/eji.200737441
https://www.ncbi.nlm.nih.gov/pubmed/17972351
https://doi.org/10.1016/j.cell.2020.09.004
https://doi.org/10.1128/AAC.00426-12
https://doi.org/10.1093/jac/dkt412
https://www.ncbi.nlm.nih.gov/pubmed/24128669

Pharmaceuticals 2025, 18, 210 34 of 37

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

Hoffman, R.L.; Kania, R.S.; Brothers, M.A.; Davies, ].E; Ferre, R.A.; Gajiwala, K.S.; He, M.; Hogan, R.]J.; Kozminski, K.; Li, L.Y,;
et al. Discovery of Ketone-Based Covalent Inhibitors of Coronavirus 3CL Proteases for the Potential Therapeutic Treatment of
COVID-19. |. Med. Chem. 2020, 63, 12725-12747. [CrossRef]

Yuen, M.-F;; Balabanska, R.; Cottreel, E.; Chen, E.; Duan, D.; Jiang, Q.; Patil, A.; Triyatni, M.; Upmanyu, R.; Zhu, Y,; et al. TLR7
Agonist RO7020531 versus Placebo in Healthy Volunteers and Patients with Chronic Hepatitis B Virus Infection: A Randomised,
Observer-Blind, Placebo-Controlled, Phase 1 Trial. Lancet Infect. Dis. 2023, 23, 496-507. [CrossRef] [PubMed]

Palmer, A.M.; Stephenson, EA. CNS Drug Discovery: Challenges and Solutions. Drug News Perspect. 2005, 18, 51-57.

Central Nervous System Drugs Global Market Report 2022. Available online: https://finance.yahoo.com/news/central-nervous-
system-drugs-global-075400795.html (accessed on 26 September 2024).

Ruiz-Lépez, E.; Schuhmacher, A.J. Transportation of Single-Domain Antibodies through the Blood—Brain Barrier. Biomolecules
2021, 11, 1131. [CrossRef] [PubMed]

Rankovic, Z. CNS Drug Design: Balancing Physicochemical Properties for Optimal Brain Exposure. J. Med. Chem. 2015, 58,
2584-2608. [CrossRef]

Abbott, N.J.; Patabendige, A.A.K.; Dolman, D.E.M.; Yusof, S.R.; Begley, D.J. Structure and Function of the Blood-Brain Barrier.
Neurobiol. Dis. 2010, 37, 13-25. [CrossRef] [PubMed]

Okamoto, M.; Gray, ].D.; Larson, C.S.; Kazim, S.F.; Soya, H.; McEwen, B.S.; Pereira, A.C. Riluzole Reduces Amyloid Beta Pathology,
Improves Memory, and Restores Gene Expression Changes in a Transgenic Mouse Model of Early-Onset Alzheimer’s Disease.
Transl. Psychiatry 2018, 8, 153. [CrossRef] [PubMed]

Silk, A.W.; Saraiya, B.; Groisberg, R.; Chan, N.; Spencer, K.; Girda, E.; Shih, W.; Palmeri, M.; Saunders, T.; Berman, R M.; etal. A
Phase Ib Dose-Escalation Study of Troriluzole (BHV-4157), an Oral Glutamatergic Signaling Modulator, in Combination with
Nivolumab in Patients with Advanced Solid Tumors. Eur. |. Med. Res. 2022, 27, 107. [CrossRef]

Grassi, G.; Cecchelli, C.; Vignozzi, L.; Pacini, S. Investigational and Experimental Drugs to Treat Obsessive-Compulsive Disorder.
J. Exp. Pharmacol. 2020, 12, 695-706. [CrossRef] [PubMed]

Meglio. Marco Biohaven Submits New Drug Application for Troriluzole as Spinocerebellar Ataxia Type 3 Therapy. Available
online: https://www.neurologylive.com/view /biohaven-submits-new-drug-application-for-troriluzole-spinocerebellar-ataxia-
type-3-therapy (accessed on 21 November 2024).

Passie, T.; Seifert, J.; Schneider, U.; Emrich, H.M. The Pharmacology of Psilocybin. Addict. Biol. 2002, 7, 357-364. [CrossRef] [PubMed]
Nichols, D.E. Psilocybin: From Ancient Magic to Modern Medicine. . Antibiot. 2020, 73, 679-686. [CrossRef] [PubMed]

Sharp, T.; Collins, H. Mechanisms of SSRI Therapy and Discontinuation. Emerg. Neurobiol. Antidepress. Treat. 2024, 66, 21-47.
[CrossRef]

Mi, W,; Yang, E; Li, H.; Xu, X.; Li, L.; Tan, Q.; Wang, G.; Zhang, K,; Tian, F,; Luo, J.; et al. Efficacy, Safety, and Tolerability of
Ansofaxine (LY03005) Extended-Release Tablet for Major Depressive Disorder: A Randomized, Double-Blind, Placebo-Controlled,
Dose-Finding, Phase 2 Clinical Trial. Int. ]. Neuropsychopharmacol. 2021, 25, 252-260. [CrossRef] [PubMed]

Mi, W,; Di, X.; Wang, Y.; Li, H.; Xu, X,; Li, L.; Wang, H.; Wang, G.; Zhang, K ; Tian, F; et al. A phase 3, multicenter, double-blind,
randomized, placebo-controlled clinical trial to verify the efficacy and safety of ansofaxine (LY03005) for major depressive
disorder. Transl. Psychiatry 2023, 13, 163. [CrossRef] [PubMed]

DeLucia, R.; Planeta, C.S. Fencamfamine. Gen. Pharmacol. Vasc. Syst. 1990, 21, 161-163. [CrossRef] [PubMed]

Gorenstein, C.; DeLucia, R.; Gentil, V. Psychostimulant Effects of Fencamfamine in Healthy Volunteers. Braz. |. Med. Biol. Res.
1988, 21, 475-477.

Leon Duque, M.A.; Vallavoju, N.; Woo, C.M. Chemical Tools for the Opioids. Mol. Cell. Neurosci. 2023, 125, 103845. [CrossRef]
[PubMed]

Baldo, B.A.; Rose, M.A. Mechanisms of Opioid-Induced Respiratory Depression. Arch. Toxicol. 2022, 96, 2247-2260. [CrossRef]
Montinari, M.R.; Minelli, S.; De Caterina, R. The First 3500 years of Aspirin History from Its Roots—A Concise Summary. Vasc.
Pharmacol. 2019, 113, 1-8. [CrossRef]

Vane, J.R.; Botting, R M. Anti-Inflammatory Drugs and Their Mechanism of Action. Inflamm. Res. 1998, 47 (Suppl. S2), S78-587.
[CrossRef] [PubMed]

Jensen, S.; Seidelin, J.B.; LaCasse, E.C.; Nielsen, O.H. SMAC Mimetics and RIPK Inhibitors as Therapeutics for Chronic Inflamma-
tory Diseases. Sci. Signal. 2020, 13, eaax8295. [CrossRef]

Tian, E.; Zhou, C.; Quan, S.; Su, C,; Zhang, G.; Yu, Q.; Li, J.; Zhang, J. RIPK2 Inhibitors for Disease Therapy: Current Status and
Perspectives. Eur. J. Med. Chem. 2023, 259, 115683. [CrossRef] [PubMed]

Alles, S.R.A.; Smith, P.A. Peripheral Voltage-Gated Cation Channels in Neuropathic Pain and Their Potential as Therapeutic
Targets. Front. Pain Res. 2021, 2, 750583. [CrossRef]

Hijma, H.J.; Siebenga, P.S.; de Kam, M.L.; Groeneveld, G.J. A Phase 1, Randomized, Double-Blind, Placebo-Controlled, Crossover
Study to Evaluate the Pharmacodynamic Effects of VX-150, a Highly Selective NaV1.8 Inhibitor, in Healthy Male Adults. Pain
Med. 2021, 22, 1814-1826. [CrossRef] [PubMed]


https://doi.org/10.1021/acs.jmedchem.0c01063
https://doi.org/10.1016/S1473-3099(22)00727-7
https://www.ncbi.nlm.nih.gov/pubmed/36509100
https://finance.yahoo.com/news/central-nervous-system-drugs-global-075400795.html
https://finance.yahoo.com/news/central-nervous-system-drugs-global-075400795.html
https://doi.org/10.3390/biom11081131
https://www.ncbi.nlm.nih.gov/pubmed/34439797
https://doi.org/10.1021/jm501535r
https://doi.org/10.1016/j.nbd.2009.07.030
https://www.ncbi.nlm.nih.gov/pubmed/19664713
https://doi.org/10.1038/s41398-018-0201-z
https://www.ncbi.nlm.nih.gov/pubmed/30108205
https://doi.org/10.1186/s40001-022-00732-w
https://doi.org/10.2147/JEP.S255375
https://www.ncbi.nlm.nih.gov/pubmed/33447096
https://www.neurologylive.com/view/biohaven-submits-new-drug-application-for-troriluzole-spinocerebellar-ataxia-type-3-therapy
https://www.neurologylive.com/view/biohaven-submits-new-drug-application-for-troriluzole-spinocerebellar-ataxia-type-3-therapy
https://doi.org/10.1080/1355621021000005937
https://www.ncbi.nlm.nih.gov/pubmed/14578010
https://doi.org/10.1038/s41429-020-0311-8
https://www.ncbi.nlm.nih.gov/pubmed/32398764
https://doi.org/10.1007/7854_2023_452
https://doi.org/10.1093/ijnp/pyab074
https://www.ncbi.nlm.nih.gov/pubmed/34747448
https://doi.org/10.1038/s41398-023-02435-0
https://www.ncbi.nlm.nih.gov/pubmed/37164957
https://doi.org/10.1016/0306-3623(90)90894-R
https://www.ncbi.nlm.nih.gov/pubmed/1970543
https://doi.org/10.1016/j.mcn.2023.103845
https://www.ncbi.nlm.nih.gov/pubmed/36948231
https://doi.org/10.1007/s00204-022-03300-7
https://doi.org/10.1016/j.vph.2018.10.008
https://doi.org/10.1007/s000110050284
https://www.ncbi.nlm.nih.gov/pubmed/9831328
https://doi.org/10.1126/scisignal.aax8295
https://doi.org/10.1016/j.ejmech.2023.115683
https://www.ncbi.nlm.nih.gov/pubmed/37531744
https://doi.org/10.3389/fpain.2021.750583
https://doi.org/10.1093/pm/pnab032
https://www.ncbi.nlm.nih.gov/pubmed/33543763

Pharmaceuticals 2025, 18, 210 35 of 37

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

109.

Wang, Y.; Hu, S.; Chen, Y.; Chen, M.; Zhang, D.; Liu, W.; Chen, C.; Gan, Y.; Luo, M.; Ke, B. Discovery of a Novel Series of Pyridone
Amides as NaV1.8 Inhibitors. Bioorg. Med. Chem. Lett. 2024, 101, 129655. [CrossRef]

Kornberg, M.D.; Bhargava, P.; Kim, PM.; Putluri, V.; Snowman, A.M.; Putluri, N.; Calabresi, P.A.; Snyder, S.H. Dimethyl Fumarate
Targets GAPDH and Aerobic Glycolysis to Modulate Immunity. Science 2018, 360, 449-453. [CrossRef] [PubMed]

Okuda, D.T.; Kantarci, O.; Lebrun-Frénay, C.; Sormani, M.P.; Azevedo, C.J.; Bovis, F; Hua, L.H.; Amezcua, L.; Mowry, EM,;
Hotermans, C.; et al. Dimethyl Fumarate Delays Multiple Sclerosis in Radiologically Isolated Syndrome. Ann. Neurol. 2023, 93,
604-614. [CrossRef]

Morand, E.F,; Fernandez-Ruiz, R.; Blazer, A.; Niewold, T.B. Advances in the Management of Systemic Lupus Erythematosus. BM]
2023, 383, 073980. [CrossRef] [PubMed]

Stefanski, A.-L.; Tomiak, C.; Pleyer, U.; Dietrich, T.; Burmester, G.R.; Dorner, T. The Diagnosis and Treatment of Sjogren’s
Syndrome. Dtsch. Aerzteblatt Int. 2017, 114, 354-361. [CrossRef] [PubMed]

Mauro, D.; Thomas, R.; Guggino, G.; Lories, R.; Brown, M.A; Ciccia, F. Ankylosing Spondylitis: An Autoimmune or Autoinflam-
matory Disease? Nat. Rev. Rheumatol. 2021, 17, 387-404. [CrossRef] [PubMed]

Camellino, D.; Giusti, A.; Girasole, G.; Bianchi, G.; Dejaco, C. Pathogenesis, Diagnosis and Management of Polymyalgia
Rheumatica. Drugs Aging 2019, 36, 1015-1026. [CrossRef]

Simakou, T.; Butcher, J.P; Reid, S.; Henriquez, FL. Alopecia Areata: A Multifactorial Autoimmune Condition. J. Autoimmun. 2019,
98, 74-85. [CrossRef]

Petagna, L.; Antonelli, A.; Ganini, C.; Bellato, V.; Campanelli, M.; Divizia, A.; Efrati, C.; Franceschilli, M.; Guida, A.M.; Ingallinella,
S.; et al. Pathophysiology of Crohn’s Disease Inflammation and Recurrence. Biol. Direct 2020, 15, 23. [CrossRef]

Liang, Y.; Sarkar, M.K.; Tsoi, L.C.; Gudjonsson, J.E. Psoriasis: A Mixed Autoimmune and Autoinflammatory Disease. Curr. Opin.
Immunol. 2017, 49, 1-8. [CrossRef]

Swiecicki, PL.; Hegerova, L.T.; Gertz, M.A. Cold Agglutinin Disease. Blood 2013, 122, 1114-1121. [CrossRef] [PubMed]

Lahita, R.G. Sex Hormones as Immunomodulators of Disease. Ann. N. Y. Acad. Sci. 1993, 685, 278-287. [CrossRef]
Gigli-Ustiindag, O.; Mazza, G. Saponins: Properties, Applications and Processing. Crit. Rev. Food Sci. Nutr. 2007, 47, 231-258.
[CrossRef] [PubMed]

Khan, A.A; Rejnmark, L.; Rubin, M.; Schwarz, P.; Vokes, T.; Clarke, B.; Ahmed, I.; Hofbauer, L.; Marcocci, C.; Pagotto, U.; et al.
PaTH Forward: A Randomized, Double-Blind, Placebo-Controlled Phase 2 Trial of TransCon PTH in Adult Hypoparathyroidism.
J. Clin. Endocrinol. Metab. 2022, 107, e372—e385. [CrossRef]

Holten-Andersen, L.; Pihl, S.; Rasmussen, C.E.; Zettler, J.; Maitro, G.; Baron, J.; Heinig, S.; Hoffmann, E.; Wegge, T.; Krusch, M.;
et al. Design and Preclinical Development of TransCon PTH, an Investigational Sustained-Release PTH Replacement Therapy for
Hypoparathyroidism. J. Bone Miner. Res. 2019, 34, 2075-2086. [CrossRef] [PubMed]

Pavan, A.R.; Dos Santos, J.L.. Advances in Sickle Cell Disease Treatments. Curr. Med. Chem. 2021, 28, 2008-2032. [CrossRef] [PubMed]
Ferreira De Melo, T.R.; Chin, C.M.; Dos Santos, ].L. What Are the Most Promising Emerging Therapies for Sickle Cell Disease?
Future Med. Chem. 2014, 6, 979-982. [CrossRef]

Kato, G.J.; Piel, EB.; Reid, C.D.; Gaston, M.H.; Ohene-Frempong, K.; Krishnamurti, L.; Smith, WR.; Panepinto, J.A.; Weatherall,
D.].; Costa, EE,; et al. Sickle Cell Disease. Nat. Rev. Dis. Primers 2018, 4, 18010. [CrossRef]

Riley, C.; Kraft, WK.; Miller, R. Hydroxyurea in the Sickle Cell Disease Modern Era. Expert Rev. Clin. Pharmacol. 2024, 17, 777-791.
[CrossRef]

Weaver, S.B.; Singh, D.; Wilson, KM. Gene Therapies for Sickle Cell Disease. . Pharm. Technol. 2024, 40, 236-247. [CrossRef] [PubMed]
Pavan, A.R.; Lopes, ].R.; Dos Santos, J.L. The State of the Art of Fetal Hemoglobin-Inducing Agents. Expert Opin. Drug Discov.
2022, 17, 1279-1293. [CrossRef] [PubMed]

Perrine, S.P.; Ginder, G.D.; Faller, D.V.; Dover, G.H.; Ikuta, T.; Witkowska, H.E.; Cai, S.P; Vichinsky, E.P,; Olivieri, N.F. A
Short-Term Trial of Butyrate to Stimulate Fetal-Globin-Gene Expression in the Beta-Globin Disorders. N. Engl. J. Med. 1993, 328,
81-86. [CrossRef] [PubMed]

Atweh, G.F; Sutton, M.; Nassif, I.; Boosalis, V.; Dover, G.J.; Wallenstein, S.; Wright, E.; McMahon, L.; Stamatoyannopoulos, G.;
Faller, D.V,; et al. Sustained Induction of Fetal Hemoglobin by Pulse Butyrate Therapy in Sickle Cell Disease. Blood 1999, 93,
1790-1797.

Kutlar, A.; Reid, M.; Taher, A.T.; Inati, A.; Abboud, M.R,; El-Beshlawy, A.; Buchanan, G.R.; Smith, H.; Ataga, K.I.; Koshy, N.; et al.
A Randomized, Open-Label, Multicenter, Dose Escalation Study of HQK-1001 (2,2-Dimethylbutyrate, Sodium Salt) in Sickle Cell
Disease. Blood 2012, 120, 998. [CrossRef]

Kutlar, A.; Ataga, K.; Reid, M.; Vichinsky, E.P.; Neumayr, L.; Blair-Britt, L.; Labotka, R.; Glass, ].; Keefer, ].R.; Wargin, W.A,; etal. A
Phase 1/2 Trial of HQK-1001, an Oral Fetal Globin Inducer, in Sickle Cell Disease. Am. |. Hematol. 2012, 87, 1017-1021. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.bmcl.2024.129655
https://doi.org/10.1126/science.aan4665
https://www.ncbi.nlm.nih.gov/pubmed/29599194
https://doi.org/10.1002/ana.26555
https://doi.org/10.1136/bmj-2022-073980
https://www.ncbi.nlm.nih.gov/pubmed/37884289
https://doi.org/10.3238/arztebl.2017.0354
https://www.ncbi.nlm.nih.gov/pubmed/28610655
https://doi.org/10.1038/s41584-021-00625-y
https://www.ncbi.nlm.nih.gov/pubmed/34113018
https://doi.org/10.1007/s40266-019-00705-5
https://doi.org/10.1016/j.jaut.2018.12.001
https://doi.org/10.1186/s13062-020-00280-5
https://doi.org/10.1016/j.coi.2017.07.007
https://doi.org/10.1182/blood-2013-02-474437
https://www.ncbi.nlm.nih.gov/pubmed/23757733
https://doi.org/10.1111/j.1749-6632.1993.tb35876.x
https://doi.org/10.1080/10408390600698197
https://www.ncbi.nlm.nih.gov/pubmed/17453922
https://doi.org/10.1210/clinem/dgab577
https://doi.org/10.1002/jbmr.3824
https://www.ncbi.nlm.nih.gov/pubmed/31291476
https://doi.org/10.2174/0929867327666200610175400
https://www.ncbi.nlm.nih.gov/pubmed/32520675
https://doi.org/10.4155/fmc.14.55
https://doi.org/10.1038/nrdp.2018.10
https://doi.org/10.1080/17512433.2024.2390915
https://doi.org/10.1177/87551225241268742
https://www.ncbi.nlm.nih.gov/pubmed/39391326
https://doi.org/10.1080/17460441.2022.2141708
https://www.ncbi.nlm.nih.gov/pubmed/36302760
https://doi.org/10.1056/NEJM199301143280202
https://www.ncbi.nlm.nih.gov/pubmed/7677966
https://doi.org/10.1182/blood.V120.21.998.998
https://doi.org/10.1002/ajh.23306
https://www.ncbi.nlm.nih.gov/pubmed/22887019

Pharmaceuticals 2025, 18, 210 36 of 37

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.
127.

128.

129.

130.

131.

Kutlar, A.; Reid, M.E.; Inati, A.; Taher, A.T.; Abboud, M.R.; El-Beshlawy, A.; Buchanan, G.R.; Smith, H.; Ataga, K.IL; Perrine, S.P;
et al. A Dose-Escalation Phase IIa Study of 2,2-Dimethylbutyrate (HQK-1001), an Oral Fetal Globin Inducer, in Sickle Cell Disease.
Am. ]. Hematol. 2013, 88, E255-E260. [CrossRef] [PubMed]

Skarpidi, E.; Cao, H.; Heltweg, B.; White, B.F; Marhenke, R.L.; Jung, M.; Stamatoyannopoulos, G. Hydroxamide Derivatives of
Short-Chain Fatty Acids Are Potent Inducers of Human Fetal Globin Gene Expression. Exp. Hematol. 2003, 31, 197-203. [CrossRef]
[PubMed]

Cao, H.; Stamatoyannopoulos, G. Histone Deacetylase Inhibitor FK228 Is a Potent Inducer of Human Fetal Hemoglobin. Am. J.
Hematol. 2006, 81, 981-983. [CrossRef]

Okam, M.M.; Esrick, E.B.; Mandell, E.; Campigotto, F; Neuberg, D.S.; Ebert, B.L. Phase 1/2 Trial of Vorinostat in Patients with
Sickle Cell Disease Who Have Not Benefitted from Hydroxyurea. Blood 2015, 125, 3668-3669. [CrossRef] [PubMed]

Bradner, J.E.; Mak, R.; Tanguturi, S.K.; Mazitschek, R.; Haggarty, S.J.; Ross, K.; Chang, C.Y.; Bosco, J.; West, N.; Morse, E.; et al.
Chemical Genetic Strategy Identifies Histone Deacetylase 1 (HDAC1) and HDAC?2 as Therapeutic Targets in Sickle Cell Disease.
Proc. Natl. Acad. Sci. USA 2010, 107, 12617-12622. [CrossRef] [PubMed]

Shearstone, J.R.; Golonzhka, O.; Chonkar, A.; Tamang, D.; van Duzer, ].H.; Jones, S.S.; Jarpe, M.B. Chemical Inhibition of Histone
Deacetylases 1 and 2 Induces Fetal Hemoglobin through Activation of GATA2. PLoS ONE 2016, 11, e0153767. [CrossRef]
Chonkar, A.; Jarpe, M.; Bhol, K.; Jones, S.S.; Shearstone, ].R. The Histone Deacetylase 1 and 2 (HDAC1/2) Inhibitor ACY-957:
Impact of Dosing Schedule on Pharmacokinetics (PK), Pharmacodynamics (PD), Hematopoietic Toxicity, and Gamma Globin
(HBG, 1) Expression in Monkey. Blood 2016, 128, 323. [CrossRef]

Ley, T.; DeSimone, ]J.; Noguchi, C.; Turner, P.; Schechter, A.; Heller, P.; Nienhuis, A. 5-Azacytidine Increases Gamma-Globin
Synthesis and Reduces the Proportion of Dense Cells in Patients with Sickle Cell Anemia. Blood 1983, 62, 370-380. [CrossRef]
[PubMed]

DeSimone, J.; Koshy, M.; Dorn, L.; Lavelle, D.; Bressler, L.; Molokie, R.; Talischy, N. Maintenance of Elevated Fetal Hemoglobin
Levels by Decitabine during Dose Interval Treatment of Sickle Cell Anemia. Blood 2002, 99, 3905-3908. [CrossRef] [PubMed]
Molokie, R.; Lavelle, D.; Gowhari, M.; Pacini, M.; Krauz, L.; Hassan, J.; Ibanez, V.; Ruiz, M.A.; Ng, K.P.; Woost, P; et al. Oral
Tetrahydrouridine and Decitabine for Non-Cytotoxic Epigenetic Gene Regulation in Sickle Cell Disease: A Randomized Phase 1
Study. PLoS Med. 2017, 14, €1002382. [CrossRef]

Lavelle, D.; Saunthararajah, Y.; Vaitkus, K.; Singh, M.; Banzon, V.; Phiasivongsva, P.; Redkar, S.; Kanekal, S.; Bearss, D.; Shi, C.;
et al. 5110, a Novel Decitabine Dinucleotide, Increases Fetal Hemoglobin Levels in Baboons (P. anubis). J. Transl. Med. 2010, 8, 92.
[CrossRef]

Singh, V.; Sharma, P.; Capalash, N. DNA Methyltransferase-1 Inhibitors as Epigenetic Therapy for Cancer. Curr. Cancer Drug
Targets 2013, 13, 379-399. [CrossRef]

Terra, L.; Abreu, PA.; Teixeira, V.L.; PaixA£o, I.C.P; Pereira, R.; Leal, B.; LourenASo, A.L.; Rampelotto, P.H.; Castro, H.C. Mycoses
and Antifungals: Reviewing the Basis of a Current Problem That Still Is a Biotechnological Target for Marine Products. Front. Mar.
Sci. 2014, 1, 12. [CrossRef]

Shaw, K.J.; Ibrahim, A.S. Fosmanogepix: A Review of the First-in-Class Broad Spectrum Agent for the Treatment of Invasive
Fungal Infections. J. Fungi 2020, 6, 239. [CrossRef] [PubMed]

Badali, H.; Patterson, H.P; Sanders, C.J.; Mermella, B.; Gibas, C.E.C.; Ibrahim, A.S.; Shaw, K.]J.; Wiederhold, N.P. Manogepix, the
Active Moiety of the Investigational Agent Fosmanogepix, Demonstrates In Vitro Activity against Members of the Fusarium
Oxysporum and Fusarium Solani Species Complexes. Antimicrob. Agents Chemother. 2021, 65, e02343-20. [CrossRef]

Musat, O.; Cernat, C.; Labib, M.; Gheorghe, A.; Toma, O.; Zamfir, M.; Boureanu, A.M. Diabetic Macular Edema. Rom. J. Ophthalmol.
2015, 59, 133-136.

Tatsumi, T. Current Treatments for Diabetic Macular Edema. Int. . Mol. Sci. 2023, 24, 9591. [CrossRef]

Bhisitkul, R.; Klier, S.; Tsuruda, P.; Xie, B.; Masaki, L.; Bautista, J.; Khan, A.; Dananberg, ]. UBX1325, A Novel Senolytic Treatment
for Patients with Advanced DME or Wet AMD: 24-Week Results of a Phase 1 Study. Investig. Ophthalmol. Vis. Sci. 2022, 63, 4287.
Hypertension. Available online: https://www.who.int/news-room/fact-sheets/detail /hypertension (accessed on 21 November
2024).

Dhaneshwar, S.S.; Vadnerkar, G. Rational Design and Development of Colon-Specific Prodrugs. Curr. Top. Med. Chem. 2011, 11,
2318-2345. [CrossRef] [PubMed]

Aiello, R].; Bourassa, P--A.; Zhang, Q.; Dubins, ].; Goldberg, D.R.; De Lombaert, S.; Humbert, M.; Guignabert, C.; Cavasin, M.A;
McKinsey, T.A.; et al. Tryptophan Hydroxylase 1 Inhibition Impacts Pulmonary Vascular Remodeling in Two Rat Models of
Pulmonary Hypertension. J. Pharmacol. Exp. Ther. 2017, 360, 267-279. [CrossRef]

Paralkar, V.; Pearson, P.; Mason, J.W,; Li, 5.-X,; Curry, S.; Aiello, R.; Feig, P.U. KAR5585, a First-in-Class Oral Tryptophan
Hydroxylase 1 (TPH1) Inhibitor as a Novel Candidate for the Treatment of Pulmonary Arterial Hypertension. In B71. Pulmonary
Hypertension Life: Animal Models And Ex Vivo Studies in Pulmonary Hypertension; American Thoracic Society International
Conference Abstracts; American Thoracic Society: New York, NY, USA, 2017; p. A4193.


https://doi.org/10.1002/ajh.23533
https://www.ncbi.nlm.nih.gov/pubmed/23828223
https://doi.org/10.1016/S0301-472X(02)01030-5
https://www.ncbi.nlm.nih.gov/pubmed/12644016
https://doi.org/10.1002/ajh.20676
https://doi.org/10.1182/blood-2015-03-635391
https://www.ncbi.nlm.nih.gov/pubmed/26045597
https://doi.org/10.1073/pnas.1006774107
https://www.ncbi.nlm.nih.gov/pubmed/20616024
https://doi.org/10.1371/journal.pone.0153767
https://doi.org/10.1182/blood.V128.22.323.323
https://doi.org/10.1182/blood.V62.2.370.370
https://www.ncbi.nlm.nih.gov/pubmed/6191799
https://doi.org/10.1182/blood.V99.11.3905
https://www.ncbi.nlm.nih.gov/pubmed/12010787
https://doi.org/10.1371/journal.pmed.1002382
https://doi.org/10.1186/1479-5876-8-92
https://doi.org/10.2174/15680096113139990077
https://doi.org/10.3389/fmars.2014.00012
https://doi.org/10.3390/jof6040239
https://www.ncbi.nlm.nih.gov/pubmed/33105672
https://doi.org/10.1128/AAC.02343-20
https://doi.org/10.3390/ijms24119591
https://www.who.int/news-room/fact-sheets/detail/hypertension
https://doi.org/10.2174/156802611797183249
https://www.ncbi.nlm.nih.gov/pubmed/21671865
https://doi.org/10.1124/jpet.116.237933

Pharmaceuticals 2025, 18, 210 37 of 37

132.

133.

134.

135.

136.

Kato, Y.; Fuchi, N.; Saburi, H.; Nishimura, Y.; Watanabe, A.; Yagi, M.; Nakadera, Y.; Higashi, E.; Yamada, M.; Aoki, T. Discovery of
2,8-Diazaspiro[4.5]Decane-Based Trisubstituted Urea Derivatives as Highly Potent Soluble Epoxide Hydrolase Inhibitors and
Orally Active Drug Candidates for Treating Hypertension. Bioorg. Med. Chem. Lett. 2013, 23, 5975-5979. [CrossRef] [PubMed]
Gorman, G.S.; Chinnery, P.F; DiMauro, S.; Hirano, M.; Koga, Y.; McFarland, R.; Suomalainen, A.; Thorburn, D.R.; Zeviani, M.;
Turnbull, D.M. Mitochondrial Diseases. Nat. Rev. Dis. Primers 2016, 2, 16080. [CrossRef]

Gerards, M.; Sallevelt, S.C.E.H.; Smeets, H.].M. Leigh Syndrome: Resolving the Clinical and Genetic Heterogeneity Paves the
Way for Treatment Options. Mol. Genet. Metab. 2016, 117, 300-312. [CrossRef]

Ehinger, ] K,; Piel, S.; Ford, R.; Karlsson, M.; Sjévall, F.; Frostner, E.A.; Morota, S.; Taylor, RW.; Turnbull, D.M.; Cornell, C.;
et al. Cell-Permeable Succinate Prodrugs Bypass Mitochondrial Complex I Deficiency. Nat. Commun. 2016, 7, 12317. [CrossRef]
[PubMed]

Piel, S.; Janowska, ].I; Ward, J.L.; McManus, M.].; Jose, ].S.; Starr, J.; Sheldon, M.; Clayman, C.L.; Elmér, E.; Hansson, M.].; et al.
Succinate Prodrugs in Combination with Atropine and Pralidoxime Protect Cerebral Mitochondrial Function in a Rodent Model
of Acute Organophosphate Poisoning. Sci. Rep. 2022, 12, 20329. [CrossRef]

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


https://doi.org/10.1016/j.bmcl.2013.08.054
https://www.ncbi.nlm.nih.gov/pubmed/24035338
https://doi.org/10.1038/nrdp.2016.80
https://doi.org/10.1016/j.ymgme.2015.12.004
https://doi.org/10.1038/ncomms12317
https://www.ncbi.nlm.nih.gov/pubmed/27502960
https://doi.org/10.1038/s41598-022-24472-3

	Introduction 
	Evolving Landscape of Prodrug Design 
	Antineoplastic Prodrugs 
	Antibiotic Prodrugs 
	Antiviral Prodrugs 
	Central Nervous System Active Prodrugs 
	Other Prodrugs 
	Anti-Inflammatory 
	Immunomodulator 
	Hormones 
	Sickle Cell Disease 
	Antifungal 
	Diabetic Macular Edema 
	Hypertension 
	Toxicity Reduction 


	Conclusions and Future Directions 
	References

