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Prodrugs and their activation mechanisms for
brain drug delivery

Ida Aaberg Lillethorup, Andreas Victor Hemmingsen and Katrine Qvortrup @ *

Prodrugs are masked drugs that first become pharmacologically active after undergoing a structural
change in vivo. They are designed to improve physicochemical/biopharmaceutical drug properties and
increase site specificity. The prodrug approach is important when developing brain-targeting drugs due to
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the presence of the brain barriers that seriously limit the brain entry of highly polar, multifunctional drug
entities. While several excellent reviews summarize the structural modifications facilitating transport across
the brain barriers, a summary of mechanisms used for the activation of the prodrug in the brain is missing.

Given the high need for innovative discoveries in brain drug development, we here review the most

rsc.li/medchem

Introduction

Classical prodrugs are compounds modified with a so-called
promoiety, where the compounds first become
pharmacologically active when the promoiety is removed
in vivo by either enzymatic or chemical reactions or a
combination of the two.' However, to date, other design
approaches have been used, making it relevant to make a
broader definition of prodrugs to be pharmacologically
inactive  chemical compounds that first become
pharmacologically active drugs after undergoing a structural
change in vivo.>
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important tools being developed since 2000 for CNS prodrug activation.

Prodrugs are used to overcome constraints with respect to
drug absorption, distribution, metabolism, and excretion
(ADME), hereby improving  biopharmaceutical  or
pharmacokinetic performance. Thus, prodrugs are “masked”
compounds, by which unfavourable physicochemical and/or
pharmacokinetic properties of drugs can be temporarily
altered.”

While the prodrug concept was first formulated in 1958,
the first prodrugs can be dated back to 1899. Early prodrugs
include the antibacterial prodrug methenamine (or
hexamine) and the anti-inflammatory prodrug aspirin
(acetylsalicylic acid), launched by Schering and Bauer,
respectively. Since then, the prodrug concept has been well
utilized, accounting for approximately 12% of new small
molecular entities approved by the U.S. Food and Drug
Administration (FDA).!
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Nevertheless, the design and development of prodrugs is
not simple. An efficient prodrug must be stable in circulation
to avoid off-target toxicity but show an optimal conversion
rate to liberate the active parent drug in an efficient and/or
controlled manner when reaching the desirable site(s) of
conversion. Several factors must be fulfilled, including
adequate aqueous solubility of both the prodrug and drug. In
addition, the prodrug and the promoiety must be safe and
show no undesirable pharmacological effects and rapid
excretion from the body.

Prodrugs targeting the brain

Brain diseases are poorly treated diseases. In addition to the
complexity of brain diseases, the brain barriers are great
hurdles. The limited permeability across the barriers seriously
limits the number of drugs that can reach the brain. For a
molecule to cross the blood-brain barrier (BBB) via lipid-
mediated free diffusion, it must have a molecular weight of
<400Da and forms <8 hydrogen bonds, which are chemical
properties lacking in most small molecule drugs. In fact, it is
estimated that more than 98% of small-molecular weight drugs
developed for CNS diseases do not readily cross the BBB.>®

The low brain barrier penetration and insufficient drug
delivery into the brain lead to low drug efficacy, necessitating
higher doses. Unfortunately, this may increase the risk of side
effects, due to drug accumulation in other organs and tissues.”
The prodrug approach by transient chemical modification of
the drug has been successfully employed to increase the brain
delivery of poorly penetrating therapeutic agents. This includes
masking the polar and ionized functionalities by lipophilic
promoieties, hereby increasing hydrophobicity to allow free
diffusion across the BBB. Alternatively, prodrugs that take
advantage of carrier-mediated transport mechanisms offer
intriguing targets in CNS drug design. Prodrugs modified with a
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promoiety that structurally resembles endogenous substrates
can be carried across cell membranes by transporters
responsible for intake of crucial polar endogenous nutrients.*’

Common to the above prodrug structures is the need for
rapid bioconversion back to the parent drug in the brain, by
exploiting specific chemical conditions and/or enzymes. For a
prodrug to be successful for the treatment of brain diseases,
it is important that the active drug is only formed in the
brain and not in peripheral circulation (Fig. 1).

While several excellent reviews summarize the structural
modifications facilitating transport across the BBB, a
summary of mechanisms used for the activation of the
prodrug in the brain is missing. Given the high need for
innovative discoveries in brain drug development, we here
review the most important tools being developed since 2000
for CNS prodrug activation. We hope that this will stimulate
scientists to develop novel and improved prodrug structures
for better and selective treatment of CNS diseases.

Ester prodrugs

Many bioactive compounds contain polar alcohols, phenols
or carboxylates required for high-affinity target
engagement.’®* These polar functionalities are challenging
for passive diffusion across the BBB due to charge repulsion
at the barrier surface and/or the unfavourable electrostatic
energetics of the cellular membrane potential."® (Bio)isosteric
replacement of the anionic carboxylates can be investigated
to improve BBB penetration, but this may also affect the
intrinsic potency and selectivity, leading to lower efficacy
and/or undesired and adverse drug effects.**®

Temporary masking of the polar carboxylate or hydroxy
moiety by an ester prodrug strategy has been heavily used in
brain drug delivery to introduce lipophilicity and improve
passive crossing of the BBB.'”'° However, the use of the
ester prodrug design in CNS drug delivery is compromised by
the presence of plasma esterases and/or susceptible to
chemical hydrolysis in the gastric environment, which may
lower brain selectivity (Fig. 2).%°

Enzymatic and chemical stability can be modulated by
introducing a larger and/or branched alkyl ester,'®*'">® which
at the same time can modulate the hydrophobicity of the
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Fig. 1 Graphical illustration of the prodrug design for brain disorders.
Created in https://BioRender.com.
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Fig. 2 The ester prodrug design is compromised by esterase in the
periphery and/or unspecific hydrolysis. Created in https://BioRender.
com.

prodrug and thereby provide a tool to increase their ability to
passively cross the BBB (Fig. 3). For example, esters of the
lipophilic tricyclodecane cage-shaped compound adamantane
were found to substantially improve the BBB permeability of
poorly absorbed drugs.”* The adamantane-esters undergo
rapid enzymatic hydrolysis in the brain, leading to attainable
brain concentrations.>”

Methotrexate (MTX) is a widely used anticancer drug but has
poor brain barrier penetration, limiting its application in the
treatment of CNS cancers. Fattahi et al.>® synthesized various
diester prodrugs of MTX, a hydrophilic anticancer drug, widely
utilized in the treatment of autoimmune diseases and brain
cancer. Their results showed that the larger dihexyl MTX ester
decreased the unspecific hydrolysis of the prodrug, leading to a
significantly higher brain : plasma ratio. This resulted in a 6-fold
decrease in the ICs, value and a reduction in off-target effects. A
related study showed that the highly polar ZL006, decorated
with both phenolic hydroxyls, a secondary amine, and a
carboxyl, has significantly higher permeability across the BBB
and a longer duration time when the carboxyl group was

esterified with cyclohexanol.*® Similarly, Tollner et al.'® showed
Systemic
circulation
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Fig. 3 Ester prodrugs containing a larger and/or branched alkyl ester
show better BBB penetration and lower unspecific hydrolysis. Inspired
from ref 10 and 24-26. Created partly in https://BioRender.com.
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that the pivaloyloxymethyl and N,N-dimethylaminoethyl ester
prodrugs of bumetanide resulted in significantly higher brain
levels of bumetanide than when administrating the parent drug.

Dual ester prodrugs have also been developed.”*™° Weitman
et al.*® developed a dual prodrug, which, after hydrolysis in the brain,
released benactyzine and GABA that acted synergistically to protect
the CNS from organophosphate poisoning. Thatcher and

coworkers™ explored the mutual prodrug design by studying a
construct  incorporating  GABA-mimetic and  NO-mimetic
mechanisms connected through a carbamate. LC-MS/MS

measurements were used to confirm BBB penetration, and its
relevant hydrolytic metabolites were also obsetved in the brain.

Ester prodrugs have also been used to introduce a targeting
moiety that recognizes a BBB-expressed carrier. Transporters
that facilitate the delivery of nutrients to CNS have been of high
interest, with the glucose transporter type 1 (GLUT1),**™*° the
sodium-dependent vitamin C transporter 2 (SVCT2),>*** organic
cation/carnitine transporter type 2 (OCNT2),"" and L-type amino
acid transporter 1 (LAT1)**™® being extensively implicated in
carrier-mediated brain-targeting prodrug design.

A LAT1 targeting perforin inhibitor prodrug was developed
to improve the drug transport across the BBB and also into the
brain parenchymal cells, including neurons, astrocytes, and
microglia.** Although the brain uptake was increased, the brain
specificity was still limited due to the prodrug being
bioconverted to the parent drug by both acetylcholinesterase
(AChE) and carboxylesterases (CES), CES1b and CES2 (Fig. 4).*

It is unfortunately often the case that the mechanism of drug
release from ester prodrugs includes a combination of both
chemical and enzymatic hydrolysis.*® This will unavoidably
limit the selectivity of drug release. Further restricting
selectivity, the enzymes responsible for prodrug hydrolysis are
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Fig. 4 Although the LAT1 targeting perforin inhibitor prodrug showed
improved brain uptake of the prodrug, the unspecific bioconversion
reduces the brain specificity. Inspired from ref. 47. Created partly in
https://BioRender.com.
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often not specific and may involve several esterases, including
CES, AChE, butyrylcholinesterase (BuChE), paraoxonase, and
arylesterase.””® Furthermore, oral administration of ester
prodrugs may suffer from preliminary hydrolysis due to
metabolism while traversing the gastrointestinal tract or in
plasma, prior to BBB penetration.”® If drug release happens
before the prodrug reaches its target destination, undesired or
adverse drug effects may occur.

Unfortunately, esterification to increase hydrophobicity of a
polar drug not only increases BBB permeability but generally
increases barrier crossing, which is accompanied by an increase
in uptake by peripheral tissues and cells. Due to the unspecific
cleavage mechanism of ester prodrugs, this may potentially
cause undesired side effects. This inspired the investigation of
amide prodrugs, as more stable hydrolysable prodrugs, hereby
increasing the stability to prevent premature activation and
drug release.

Amide prodrugs

To mask the highly polar carboxylic acid-"> or amine-**
functionalized drugs, amide prodrugs have been intensively
studied due to their high plasma stability, allowing them to
reach the CNS.>

Similar to ester prodrugs, amide prodrugs have been used to
introduce a targeting moiety that recognizes a BBB-expressed
carrier, including GLUT1,>"*>*® glutathione (GSH)*">° and
LAT1 transporters,*33:460:61

Selective regeneration of the active drugs in the brain can
however be difficult with amide prodrugs. It is challenging to
identify amidases that are specifically expressed in the brain,
in addition to being difficult to achieve selective cleavage by
one specific amidase. Therefore, many amide prodrugs are
also cleaved by several different and unspecific amidases,
which will unavoidably lead to a distribution of the active
drug between the brain and the periphery.®>**

Higher prodrug activation is however often seen in the brain
compared to the periphery, due to the higher percentage and/or
other distribution of microsomal amidases, glutamine
transaminases, and o-amidases in the brain.®* Structural design
of drugs/prodrugs can also affect the brain : plasma ratio.

To enhance the brain barrier penetration of MTX, Singh
et al.®® conjugated MTX to two lysine residues through the
carboxylic acid functionalities to enhance CNS delivery via
the LAT1 transporter. The prodrug displayed high plasma
stability (half-life = 3.2 h) and a sustained release in brain
homogenate (half-life ~ 2.0 h). They suggested that the
prodrug hydrolysis in the brain was caused by brain-specific
forms of cytochrome P enzymes and amidases.®**

Hugele et al.®® investigated the enzymes responsible for the
bioconversion of LAT1-targeting amide prodrugs. They
evaluated a handful of different LAT1 prodrugs containing both
aliphatic and aromatic LAT1 substrates (Fig. 5). The aromatic
amino acid prodrugs released their parent drug both in vitro
and in vivo. In the majority of cases, the brain-selective
aminopeptidase B was found to be responsible for the

1040 | RSC Med. Chem., 2025, 16, 1037-1048

View Article Online
RSC Medicinal Chemistry

Not bioconverted by aminopeptidase B

o H [e]
W%OH
o] NH,

None in brain, <1% in liver, <1% in plasma

Bioconverted by aminopeptidase B

Q H
N
NH,
o) OH
o
o o

50% in brain, <1% in liver, 30% in plasma H

N
° . ° M\HJ\OH
N o NH,
‘ A OH
o = NH,

None in brain, <1% in liver, 10% in plasma
50% in brain, <1% in liver, 50% in plasma

Not determined bioconverting enzyme

10 W ©§r
o NH . oH
? 2

o ! NH,

o . - o
50% in brain, none in liver, 30% in plasma 80% in brain, none in liver, <1% in plasma

Fig. 5 Aminopeptidase B is responsible for the bioconversion of the
majority of the aromatic amino acid prodrugs targeting LAT1. Blue
represents the drug while green/orange/red represent the LAT-1
recognition parts. Inspired from ref. 66.

bioconversion. The salicylic acid prodrug was, however, not
bioconverted by aminopeptidase B but exhibited selective drug
release in the brain with 80% bioconversion via an unknown
release mechanism.®® Further investigation of the mechanism
responsible for this bioconversion is highly relevant in order to
develop brain-targeting drug delivery systems.

Differences in plasma and brain amidase levels are also
seen from research on dual amide-prodrugs, where different
cleavage profiles are observed in plasma and the brain.®”
Dalpiaz et al.°® proposed a dual amide-prodrug consisting of
dopamine and an A,, antagonist connected via a succinic
spacer. In human blood, the amide bond to the A,
antagonist was the main cleavage site (half-life ~ 2.7 h)
whereas in rat brain homogenates, the prodrug was cleaved
at the amide bond to dopamine (half-life over 8 h).

While important steps have been taken, the potential of
utilizing the differences in brain and peripheral amidase
levels to develop brain-specific prodrugs has still to be
further investigated before a brain-specific amidase-cleavable
prodrug can be developed. To achieve higher brain selectivity
and limit off-target side effects, increasing focus has been
given to target-specific prodrug activation. For amide
prodrugs, brain selectivity was partly achieved by targeting
the fatty acid amide hydrolase (FAAH).

Fatty acid amide hydrolases

FAAH is a serine hydrolase that catalyses the hydrolysis of a
diverse array of fatty acid amide signalling molecules with
higher expression in the brain, liver and testis compared to
other organs.®””> Structure-activity relationship (SAR)
studies have shown that FAAH is also capable of hydrolysing
a diverse set of synthetic arachidonoyl amides, including
substituted derivatives of ethylamine and aniline as well as
synthetic luciferin derivatives.”>”*

Scanlan and coworkers’>’® developed a prodrug of the
carboxylate-containing  sobetirome. The prodrugs were
synthesized as ethanolamino ester prodrugs that readily

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Linear, rod-like N-methylamides are good substrates for the
brain-selective enzyme FAAH. Inspired from ref. 79.

underwent O,N-acyl migration to form the thermodynamically
favored amides. The N-isopropyl amide provided the greatest
brain: serum ratio, but it showed very low brain levels of the
free drug, suggesting that the FAAH-mediated hydrolysis was
too slow. A subsequent study revealed the N-methyl amide of
sobetirome to be the optimal amide for delivering sobetirome
to the CNS while minimizing the peripheral conversion (Fig. 6
).” SAR studies have shown a clear preference for a “less-is-
more” principle with small, nonpolar amide modifications
giving a higher brain : serum ratio in vivo.”®

Ferrara and Scanlan’® showed the delivery of a variety of
carboxylic acid-containing drug structures, by converting the
drug's carboxylic acid functionality into N-methyl amides,
imparting beneficial BBB penetration via passive diffusion. The
prodrugs were substrates for the FAAH that cleaved the prodrug
into the carboxylate-containing parent drug. Co-administration
of a FAAH inhibitor significantly reduced the prodrug-to-drug
conversion, confirming that FAAH was the critical hydrolase
responsible for prodrug cleavage. Interestingly, the prodrugs
with the highest brain:serum ratio had among the slowest
FAAH hydrolysis rates, which suggests that prodrugs that
survive hydrolysis by peripheral-expressed FAAHs during
circulation allow for a greater fraction of prodrugs to enter the
CNS for cleavage by CNS-expressed FAAH.”” A SAR study
revealed that prodrugs displaying CNS selectivity all represent
linear, rod-like structures, while prodrugs not cleaved
appreciably by FAAH deviated from linearity and spread closer
toward the flat, disc-like molecular space and, to a lesser extent,
the spherical vertex (Fig. 6).”°

To increase brain selectivity, other cleavage mechanisms
have also been exploited.

Redox homeostasis of the brain

Redox homeostasis is recognized to be involved in all aspects of
CNS development, function, aging, and disease. A diverse
nature of redox reactions and homeostasis contribute to brain
physiology, and when dysregulated, they cause pathological

This journal is © The Royal Society of Chemistry 2025
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consequences. CNS redox processes involve both the
nonspecific nature of oxidative damage and the very specific
oxidation/reduction reactions that are involved in redox
signaling and the regulation of a myriad of neurological
processes such as neurotransmission, homeostasis, and
degeneration.®”

Oxidoreductases

Oxidoreductases are a group of enzymes that play a crucial role
in the brain by facilitating the transfer of electrons between
molecules. These enzymes are essential for various metabolic
processes and help maintain cellular homeostasis.*

The oxidoreductase short-chain dehydrogenase/reductase
(SDR) plays a significant role in the estrogen antioxidative
cycle where the phenolic A-ring of estrogens can be
regenerated from their corresponding quinols in the brain
tissue.®" Prokai et al.®* developed a 17B-estradiol (E,) prodrug
for brain-selective hormone treatment. The prodrug, 108,17f-
dihydroxyestra-1,4-dien-3-one (DHED), does not contain a
classical “promoiety” but is transformed into an active drug
via transient chemical alteration within the structure. Upon
entering the brain, DHED is reduced by a NADPH-dependent
SDR enzyme to E, through a hydride transfer from the
coenzyme to the C1 position of the C1-C2 double bond of
DHED's A-ring that is conjugated to the 3-carbonyl group
(Fig. 7). This is followed by spontaneous water elimination
involving the 10(B)-OH. LC-MS/MS-based bioassay in vivo
showed no bioconversion in the periphery while a fast
bioconversion to E, (= 20 min) after entering the brain
indicated the high brain specificity of the prodrug.®
Tschiffely et al.®® also reported positive neurobiochemical
effects of the prodrug in an Alzheimer's disease (AD) mouse
model. The prodrug upon release of E, in the brain showed a
decrease in APP/AB levels and cognitive benefits without
uterotrophic side effects. A similar bioactivation mechanism
was utilized to activate the bioprecursor prodrug of o-E,,
a-DHED (Fig. 7).%*

NAD(P)H/quinone oxidoreductase (NQO1) is an antioxidant
enzyme that plays an important role in controlling the cellular
redox state. The expression of NQO1 is increased in the brain
tissues of patients suffering from neurodegenerative diseases
and has therefore been used to design a prodrug for treatment
of the neurodegenerative disease AD.* Schifer et al®
developed NQO1-targeting prodrugs of bexarotene to avoid
unwanted peripheral side effects. The conjugates consisted of

OH OH

NAD(P)H-
c, OH dependent SDR
Cz f
C, \
() 9 [ HO
A-ring ! i
+
DHED or a-DHED NAD(P)H NAD(P) E,or a-E,
+H" +H0

Fig. 7 NAD(P)H-dependent short-chain dehydrogenase/reductase
(SDR) bioconversion of the prodrugs DHED/a-DHED to the active
drugs E/a-E,. Inspired from ref. 82 and 84.
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Fig. 8 NAD(P)H-dependent NAD(P)H/quinone oxidoreductase (NQO1)
bioconversion of a bexarotene prodrug. Inspired from ref. 86.

an indolequinone moiety with the drug attached to C-3. Upon
entering the brain, the quinone was reduced resulting in the
release of the drug (Fig. 8). HPLC studies showed that only 13%
unspecific cleavage was observed over 24 h using porcine liver
esterase while 50% of bexarotene was cleaved within 2 h by
NQOL1. Introducing a methyl group at R, led to a complete loss
of recognition by the enzyme.

Brain-specific activation has also been demonstrated for
disulfide-based prodrugs. This strategy utilizes that apolar
disulfides can enter the brain and once in the brain, they are
readily reduced by brain reductases to release two thiol-
functionalized drug molecules.®” This was utilized to develop
BBB-permeable prodrugs of a murine brain aminopeptidase
(APA) inhibitor EC33 for the treatment of hypertension.®*™**
The prodrugs consisted of two EC33 molecules connected via
disulfide bridges that upon brain entry were reduced to
release two active thiol-functionalized EC33 molecules.®®
Sterically hindered disulfide bridges were shown to give
higher plasma stability (less than 10% ester hydrolysis after
100 h) while still allowing reduction to release the drugs in
the brain (half-life = 8.8 h), hereby increasing brain
specificity.”*?

AChE inhibitors (AChEIs) have been highly investigated
for treatment of AD,”* with all marketed AChEIs containing a
tertiary or primary amine that are mostly protonated at
physiological pH. The active protonated form is in
equilibrium with the brain-permeable free base form.”

Levacher and coworkers” 7 synthesized a library of prodrug
analogues based on the AChEI rivastigmine structure. The
aromatic ring of rivastigmine was expanded to a
1,4-dihydroquinoline structure that possessed a non-protonated
enamine nitrogen at physiological pH. The 1,4-dihydroquinoline
prodrugs crossed the BBB by passive mechanisms while quickly
being oxidized in the brain to the corresponding BBB-
impermeable quaternary quinolium salt acting as an AChEI
(Fig. 9).

They found that it was favorable to install the enzyme
recognition site, a carbamate, at the C-5 position compared
to the C-7 position, with a N,N-dimethylcarbamate giving
higher potency than an N-ethylcarbamate.”® Introduction of
an electron-withdrawing group (EWG) at the C-3 position
ensured a good balance between stability of the enamine
moiety in the prodrug and AChE inhibition of the parent
drug. An EWG amide group gave higher stability than the
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Fig. 9 The AChEI rivastigmine and tacrine inspired prodrugs: in vivo
redox activation initiates a structural rearrangement to form active
AChEls. Inspired from ref. 95 and 98. Created partly in https://
BioRender.com.

corresponding ester analogues.”®® In vivo, the brain and
peripheral bioactivation were compared. Brain activation
indicated by max hypothermia was observed after 1 h.
Peripheral activation, evidenced by salivation, occurred only
within the first 15 min, in contrast to the sustained effects
seen with tacrine. This suggests rapid elimination of the
prodrug from peripheral circulation, thereby minimizing off-
target effects.”®

A similar concept was used to develop prodrugs of the
AChEI donepezil. The piperidine ring of donepezil was
modified to a non-protonated 1,4-dihydropyridine ring, which
in the brain, was converted to the active pyridinium
analogue. In vitro, the prodrug showed good stability in the
periphery (3% unspecific oxidation in plasma after 3 h) while
35% was oxidized in the mice brain homogenate after 3 h.'*°
Modification of the 1,4-dihydropyridine C-3 position
improved the stability of the prodrug. Furthermore,
installation of an aromatic moiety via a polyethylene glycol
(PEG)-spacer in the C-3 position introduced a secondary
interaction via the peripheral anionic site of AChE.'®" Similar
to the studies with the rivastigmine structure, the activity was
significantly decreased when larger N-substituents were
installed at the AChE recognition carbamate.

Based on the structure of donepezil and tacrine, Liu
et al.®® designed substituted formamide disulfide prodrugs.
In the brain, the disulfide bond was reduced by the abundant
GSH to release the free thiol, which rapidly cyclized with the
formamide, followed by elimination of water to form the
N-substitute thiazole salt as a good AChEI (Fig. 9). They
investigated different disulfides and the rate of GSH-
mediated drug formation. The benzyl disulfide substituted
prodrug formed the active AChEI too rapidly, with the risk of

This journal is © The Royal Society of Chemistry 2025
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causing drug release in the periphery before entering CNS.
Prodrugs containing larger sterically hindered isobutyl or
isoamyl disulfides were able to gradually generate the
thiazolate ~AChEI faster than the ethyl disulfide-
functionalized prodrug.

Reactive oxygen species

As the most metabolically active organ in the body, the brain
consumes around 20% of the total basal oxygen.'” This is
accompanied by a high production of reactive oxygen species
(ROS)."**'** The high levels of ROS in the brain compared to other
tissues have been exploited for brain-selective drug activation.

Liu et al designed a self-immolative ROS-responsive
prodrug consisting of two drugs, a non-steroidal anti-
inflammatory drug (NSAID), ibuprofen, and an AChE
inhibitor, tacrine, for treatment of AD. The prodrug released
the two drugs at the pathologically high oxidative
environment of AD upon stimulation by ROS followed by a
1,6-elimination reaction (Fig. 10)."%

‘Lock’ the prodrug in the brain

A subgroup of prodrugs is designed to contain promoieties
that ‘lock’ the prodrug in the brain before the release of the
active drug, hereby increasing the brain selectivity (Fig. 11).
In pioneering studies, the ‘lock-in-the-brain’ system was
based on the 1,4-dihydrotrigonelline/trigonelline
system.'*® """ The hydrophobic 1,4-dihydropyridine form can
pass the brain barrier via passive mechanisms, but once
inside the brain, it is readily converted by the NAD(P)H/
NA(P)" system into its hydrophilic quaternary form, which is
impermeable to the barrier.

The 1,4-dihydropyridine system

Sharpe et al.'*® developed a ‘lock-in-the-brain’ prodrug for
targeting glioma cells. The prodrug MP-MUS was based on
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) that was
selectively activated by the brain selective monoamine

This journal is © The Royal Society of Chemistry 2025
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oxidase B (MAO-B). The prodrug was developed based on the
knowledge that a non-toxic compound, MPTP, is oxidized
into the neurotoxin MPP" by MAO-B through an MDP’
intermediate. A covalent conjugation to a cytotoxic DNA-
alkylating moiety, such as nitrogen mustard (MUS), made the
MTP substrates act as anti-glioma prodrugs. Firstly, the MP-
MUS was oxidized to MD'-MUS by MAO-B, followed by
further oxidation into the mature drug, P*-MUS.""?

Learning from the 1,4-dihydropyridine system, ‘lock-in-the-
brain’ peptide prodrugs were developed. Replacing the central
basic His of thyrotropin-releasing hormone (TRH) tripeptide
with pyridinium derivatives introduced a permanent positive
charge to the peptides in the brain (Fig. 12). The pyridinium
moiety further improved the lipophilicity to increase BBB
penetration. In vitro, the conversion to the pyridinium derivative
was faster in the brain (half-life = 6 min) compared to plasma
(half-life = 20 min).""*"**

Also, replacing the Glu of the TRH peptide with a
pyridinium moiety led to analogues with an improved brain
selectivity and good anti-depressive properties as well as
reduced analeptic side effects (Fig. 12), while the attachment

U Modification of His or PGlu to

. ‘lock’ tripeptide in the brain
Systemic bep

circulation o

Increased BBB
permeability

Bioactivation

Brain 9

N
I ~Pro
PGluy, N
O)J\H N@

07 "NH,

Fig. 12 Replacing the His or PGlu in the tripeptide TRH with
substituted pyridinium leads to increased uptake in the brain due to
the ‘lock’ in effect. Inspired from ref. 114 and 115. Created partly in
https://BioRender.com.
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of the pyridinium unit to the peptide via a spacer resulted in
a fast oxidation in brain homogenates."">

The high susceptibility to oxidation and/or hydration of the
enamine 5,6-double bond of the dihydropyridine ring''®™**®
inspired the development of the more stable
1,4-dihydroquinolines as ‘lock-in-the-brain’ promoieties, where
annelation of the 1,4-dihydropyrdine ring protects the enamine
5,6-double bond from hydration. A study by Bodor et al'™
found that the 1,2-dihydroisoquinoline moiety was sufficiently
stable in both aqueous media and air. The
1,2-dihydroisoquinoline moiety showed reasonable oxidation
rates in biological fluids with the possibility of further tuning
redox properties by functionalization of the phenyl ring.'?%***

Gourand et al'** utilized the ‘lock-in-the-brain’ system to
deliver radiolabeled m-iodobenzylguanidine (MIBG) for imaging of
catecholamine-secreting tumors. Installation of a selfimmolative
spacer between the ‘lock-in-the-brain’ moiety and the cargo
improved the brain uptake by increasing hydrophobicity. The
system underwent fast oxidation upon brain entry followed by
hydrolysis of the resulting quinolinium salt to release the spacer-
MIBG intermediate that could undergo cyclization to release the
MIBG along with a y-lactam by-product (Fig. 13).

The ‘lock-in-the-brain’ concept was also utilized for a dual
prodrug consisting of a dihydroquinoline AChEI structure'*
with a dual-specificity tyrosine phosphorylation-regulated kinase
1A (DYRK14) inhibitor, INDY-3 anchored through a carbonate
group at the C-3 position without loss of activity. The prodrug
was able to cross the brain barrier and, in the brain, underwent
bio-oxidation to the corresponding quinolinium species. The
DYRK1A inhibitor was released due to hydrolysis of the
carbonate linker. The quinolinium salt exhibited good AChE
and BuChE inhibition, while no inhibitory effect was observed
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Fig. 13 “Lock-in the brain” design based on the 1,4-dihydroquinoline

system combined with a cyclization spacer. Inspired from ref. 122.
Created partly in https://BioRender.com.
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for the prodrug. Also, no inhibition of DYRK1A was observed
before the release of INDY."**

Thiamine system

Another prodrug design, taking advantage of the ‘lock-in-the-
brain’ concept, is the thiamine disulfide system (TDS).**?>12
Upon entering the brain, these prodrugs are reduced by disulfide
reductases leading to the formation of the free sulfide which can
then undergo a ring-closure reaction forming thiazolium
(Fig. 14). The charged thiazolium is locked inside the brain and
the given drug can then be released by ester hydrolysis.

Fan et al*® applied this concept to transport naproxen
into the brain. The prodrug consisted of the TDS attached to
a spacer through an ester bond and a glucose moiety at the
C-6 position. The glucose moiety took advantage of GLUT1 to
transport the system into the brain where it was readily
reduced to lock it in the brain. Introduction of steric
hindrance by decorating the TDS prodrugs with alkyl
substituents around the disulfide bond of the prodrug was
found to improve brain delivery since it was poorly reduced
by reductases in plasma (half-life = 15 min vs. 2 min), hereby
increasing the circulation time.**'*®

Similarly, Zhao et al® developed a TDS prodrug of
ibuprofen using r-ascorbic acid as the carrier. The prodrug
showed good stability in plasma, allowing it to reach the
brain, where it was rapidly reduced. In the brain, the prodrug
was slowly hydrolyzed to release ibuprofen.

Conclusions

The present review provides a systematic up-to-date summary
of progress in the development of activation mechanisms for

This journal is © The Royal Society of Chemistry 2025
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prodrugs targeting the brain, by putting specific emphasis on
discussing strategies to improve brain selectivity.

We revealed that despite many attempts to develop
brain-targeting (pro)drugs, there are several factors limiting
the rational development of truly brain-specific prodrugs.
While many studies focus on solving the challenge of
crossing the brain barriers, a larger effort should also be
given to identify brain-selective bioactivation mechanisms
of prodrugs. A prodrug can be widely distributed
throughout the body but if it is only or predominantly
activated at the desired site, site-selectivity will be
increased. Therefore, there is a need for knowledge about
tissue differences in bio-converting enzymes, their
localizations, expression levels, and activities or the
investigation of tissue-specific conditions.

We hope that the current review can stimulate work in the
field and suggest a combination of a transporter-mediated
uptake, a ‘lock-in-brain’ strategy, and utilization of a brain-
selective prodrug-activation mechanism, to develop ‘triple-
targeted’ approaches.
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