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Abstract

Deuterium substitution is a new approach used to enhance the metabolic profile of a drug. The carbon-deuterium bond
seems to be stronger than a usual carbon-hydrogen bond. It leads to improved biological half-life and prolonged action of
the drug. The deuterated drugs also show improved pharmacokinetics of the drug and reduce the dosing frequency. This
paves the way for drugs from natural sources with good therapeutic effects but poor pharmacokinetic profiles, which can
be deuterated for improved properties. Though this seems to be an alternate pathway, the isotope exchange with hydrogen
has to be studied well for toxicity and the safety profile of the drug should be evaluated. The present review provides an
outline of the deuterium approach in natural products and other drugs which are opted for deuterium to improve the

metabolic profile.
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1. Introduction

The drug discovery process is time-consuming and
expensive and out of every ten thousand molecules,
only one becomes a drug. The main reason for this
is poor metabolic stability and toxicity'. Medicinal
chemists employ a variety of techniques to improve the
efficacy and safety of compounds in the development
process. One approach is bioisosterism, in which one
substructure is replaced with another to improve one
or more features of the parent drug while retaining
its biological action” For example, the replacement
of hydrogen by a deuterium atom is considered a
novel approach to alter the Absorption, Distribution,
Metabolism, and Excretion (ADME) properties of
drug molecules’. Deuteration is a chemical reaction
involving the replacement of a covalently bonded
atom with a deuterated atom. The typical type is
a reaction involving hydrogen and deuterium. An
isotope of hydrogen that occurs naturally is stable,
nonradioactive, and has similar chemical and physical
properties as deuterium. Thus, the distinctive feature
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of selective deuteration retains the therapeutic effect of
adrug’. From the perspective of the drug development
process, one of the important properties of deuterium
is that due to its higher atomic mass than hydrogen, it
forms an exceptionally strong bond. It is challenging to
break a deuterium-carbon connection since it is almost
6-10 times more stable than the isotope hydrogen-
carbon link”® When one of the reactant atoms is
replaced with one of its isotopes, the Kinetic Isotope
Effect (KIE), is a relative change in the reaction rate,
occurs. It is the ratio of the rates of reaction between
the reactants that have been substituted with hydrogen
(kH) and deuterium (kD)* This aspect may affect
interactions between deuterated drug molecules and
the enzyme systems involved in drug metabolism’ The
C-D bonds are more resistant to oxidative processes
because of the Deuterium Kinetic Isotope Effect
(DKIE), which has a significantly higher potential.
This gives deuterated medications an advantage in
metabolism®. Deuteration of drugs decreases the rate
of metabolism, particularly oxidation in the gastro
intestine or liver and may cause the original drug to
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enter into the systemic circulation thus increasing
the bioavailability. Mostly, the systemic clearance rate
remains unaffected. The advantage of a drug with this
property is less frequent dosing and less metabolite
production. Because gastrointestinal irritation refers
to the amount of medicine administered rather
than the concentration of the drug in the blood,

this impact may serve to improve tolerability’ As a
result, deuterium inclusion reduces the metabolism
of certain medications with the pathways involving
hydrogen-carbon bonds'’ In the present review the
possible application of deuterium on the enhancement
of pharmacokinetic properties of natural compounds
and other drugs is discussed (Figure 1).
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Application of deuterium to improve the pharmacokinetic properties of drugs.
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2. Deuterium an Alternative Approach
for Natural Products

In the case of anticancer drugs, various natural
substances exhibit in vitro preclinical investigations but
several obstacles persist in converting these outcomes
into in vivo or clinical trials, leading to failed outcomes.
Because of their low water solubility, poor absorption,
poorer bioavailability, and shorter retention duration
in the biological system, natural compounds have not
yet reached their full therapeutic potential despite
their amazing health advantages. Following ingestion,
natural agents must engage with diverse physico-
chemical barriers that may modify their composition
and impact their antitumor efficacy. To preserve
the natural compound’s properties, new synthetic
techniques are used to stop the compound’s breakdown
and maintain its parent structure''. The natural product
drugs which are potential but have some issues related
to pharmacokinetic properties are discussed further
so that deuterium can be an alternative approach to
address these issues.

For example, although Curcumin has been shown
to have potential, its low bioavailability has hindered
its usage in clinical settings and is responsible for one
of the main observations of low serum levels following
oral treatment'” Moreover, its rapid metabolism,
limited absorption, and quick excretion from the
human body pose the biggest obstacles to its widespread
usage. It is important now to find a novel approach
to overcome this issue'’. The low bioavailability
of Curcumin, its solubility and stability, the ideal
dosage, pharmacokinetics, and the mechanism of
action for a particular disease are still emphasised as
key recommendations for future research, despite its
efficacy and safety'*

The limited solubility of Parthenolide in water
and resulting lower bioavailability limits its potential
clinical application as an anticancer medication,
leading to relatively weak pharmacological qualities.
Nevertheless, several Parthenolide derivatives were
developed to address this problem. While Resveratrol
has demonstrated some effectiveness in cancer
patients, its usage is restricted by its low bioavailability.
Consequently, attempts have been undertaken to alter
Resveratrol to increase its bioavailability and decrease
its toxicity'”
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The dosage of Vincristine and Vinblastine is
restricted and usually administered as a single
dose due to their neurotoxicity. Alkaloids also have
limited water solubility and low bioavailability, which
makes it challenging to obtain therapeutic dosages
that are effective in the tumour target. Therefore,
newapproachesarerequired to raise their bioavailability.
Vinblastine’s gastrointestinal tract absorption is not
always consistent. The medication swiftly leaves the
bloodstream after intravenous delivery and is absorbed
by the tissues. Vinblastine cannot reach therapeutic
concentrations in the cerebrospinal fluid and only
partially passes the blood-brain barrier. The active
metabolite des-acetylvinblastine is formed as a result of
extensive metabolism'°.

Although Mentholhasbeenshowntohavesignificant
anticancer efficacy, its clinical application has been
severely limited due to some issues, including poorly
established toxic side effects and pharmacokinetics.
Only a small number of studies have evaluated the
toxicity and pharmacokinetics of Menthol, even though
it has been extensively researched for its potential
application in cancer prevention and treatment'”.

Paclitaxel, an anticancer natural product, has a few
drawbacks, including low hydro solubility, present
adverse effects, and the likelihood of treatment
resistance in patients. Despite the proposal of a few
possible mechanisms, such as mutations or changes
in the binding regions, the establishment of multidrug
resistance that has limited its therapeutic efficiency
remains largely unexplained. Camptothecin, a naturally
occurring chemical with potent anticancer effects, was
isolated from the bark of the Camptothecin acuminata
plant in 1966. Some of the medication’s limitations are
due to its poor solubility and stability. This is why several
stable derivatives are currently being studied in clinical
trials. Gingerol, a phenolic compound derived from the
young Zingiber officinale rhizome, is another phenolic
molecule with potent anticancer properties. Gingerol
has been shown to have limited water solubility and
bioavailability, limiting its widespread application'®.

Although the low aqueous solubility, rapid
catabolism, low bioavailability, and poor intestinal
absorption of natural compounds limit their clinical
applications, various efforts have recently been
undertaken to address these drawbacks'® One approach
among them can be deuterium which is novel and can
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cause changes to alter and improve clinical application
of these drugs.

Plinabulin is generated from “diketopiperazine
phenylahistin,” a naturally occurring bioactive chemical
found in the sea that has been shown to depolymerize
microtubules. Furthermore, Plumbabulin increases
cancer mortality, reduces blood supply to tumours, and
inhibits angiogenesis. Plunabulin, on the other hand, did
not show any efficacy due to its poor pharmacokinetic
profile. As a result, MBRI-001, a deuterated plinabulin
derivative with improved Pharmacokinetics (PK)
and anticancer properties, was created. MBRI-001
quickly finds a home in several organs, with the lung
having the largest concentration when compared to
other tissues. MBRI-001 was more stable in vitro than
plinabulin in rat and liver microsomes. Plurabulin was
less effective in treating microtubule hepatocellular
carcinoma than MBRI-001?’ Curcumin is beneficial
in the treatment of Alzheimer’s disease, metabolic
syndrome, arthritis, cardiovascular disease, anxiety,
disorders, multiple sclerosis,
allergies, AIDS, inflammatory bowel disease, diabetes,
nephrotoxicity, psoriasis, lung fibrosis, hyperlipidemia,
and antibacterial properties.

Although Curcumin is a safe natural product,
preclinical research revealed that it cannot be used to
treatany disease due to its low bioavailability, insufficient
solubility in aqueous solvents, fast metabolism, and
systemic elimination. The hydrophobic properties
of Curcumin, such as quick metabolism and faster
removal by the liver, are the primary reasons for its low
bioavailability. As a result, researchers have conducted
extensive research to overcome this disadvantage and
improve Curcumin bioavailability using a variety of
strategies, such as improving Curcumin solubility,
developing Curcumin nanoparticles and liposomal
formulations,
analogues, and designing hybrid Curcumin molecules.
Several studies have shown that deuterated chemicals
improve a drug’s pharmacokinetic characteristics.

Deuterated can affect the drug’s
pharmacokinetic profile and minimise toxicity by
increasing chemical stability. The in-silico drug activity
prediction of deuterated Curcumin followed Lipinski’s
‘Rule of Five; and Swiss ADME data revealed that
the Log P and Log S values showed a difference. This
difference in the value of partition coeflicient and
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developing new derivatives, and
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solubility could be mainly due to the exchange of
isotope deuterium instead of hydrogen. The slight
change in pharmacokinetic profile is related to the
difference in bond character between C-H and C-D.
As a result, exchanging hydrogen for deuterium at the
right place in the chemical structure can considerably
slow down metabolism, potentially increasing plasma
drug concentration”’.

2.1 Deuteration of Vitamin A

ALK-001 is a deuterium isotope replacement of
Carbon-20 in a modified version of vitamin A that
is C20-D3-Retinyl Acetate or C20 deuterated vitamin
A. Tt is intended to inhibit vitamin A dimerisation.
The accumulation of toxic byproducts is reduced
when dangerous vitamin A dimers are reduced.
Administration of C20 deuterated vitamin A slowed
the rate of A2E production in an animal model. ALK-
001 is now being tested in a phase II/III trial in patients
with geographic atrophy*”.

3. Other Drugs Being Studied to Improve
Metabolism by Deuteration

3.1 Brecanavir

A tyrosyl peptidomimetic that had action against both
wild-type and protease inhibitor-resistant HIV was
discovered in 2006***!. The drug was found to be safe
and well tolerated in clinical studies but low solubility
and extensive metabolism seem to be a challenge.
Ritonavir, a pharmacoenhancer, was recommended
for coadministration to enhance the metabolic profile.
However, it is preferable to develop Brecanavir analogues
that have a distinctive metabolic profile without using
a pharmacoenhancer due to probable side effects and
drug-drug interactions. Deuterium can be used in
place of hydrogen to improve the ADME features of
Brecanavir, where Carbon-Hydrogen bond breaking is
the rate-limiting step during metabolism” Brecanavir,
a protease inhibitor, has been studied with highly
deuterated analogues (Figure 2.) and has been assessed
for improvements in metabolic stability However, they
had substantially the same in vivo character as parent
Brecanavir when administered intravenously to rats.
One significant modification is that the introduction of
deuterium appears to have changed the metabolic profile,
but the overall effect of high clearance has not changed”®
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3.2 Clopidogrel

Clopidogrel is a thienopyridine antiplatelet drug used
for the diagnosis of cardiovascular diseases such as
angina and myocardial infarction”’. It is available as
a prodrug which gets converted into an active drug
by the CYP450 enzymes present in the liver’®” The
main disadvantage is a majority of Clopidogrel (85%)
gets hydrolysed by esterase enzymes to inactive acid
and only a small amount of the Clopidogrel left is
changed to the active metabolite’”’! CYP2C19, a P450
isoenzyme metabolizes the reactions™ but reduced
exposure of metabolisers for CYP2C19 produces
less active metabolite leading to little inhibition of
platelets. This leads to the development of resistance
in Clopidogrel” To overcome this resistance, a
strategy applied is a synthesis of deuterated analogues
of Clopidogrel (Figure 2).

The reaction of Clopidogrel-d3 (Figure 3) turns out
to be slower than Clopidogrel in rat whole blood in
the in vitro condition at 37°C. Even after 70 minutes,
the amount of parent Clopidogrel was much less and
below the limit of deduction, in contrast to deuterated
Clopidogrel, which was still detectable after 2 hours.
To examine the blocking of ADP-induced platelet
aggregation in rat blood, the antiplatelet effects of
Clopidogrel and Clopidogrel-d3 were evaluated
using Born’s technique. Clopidogrel has a substantial
inhibitory impact at a dose of 78 umol/kg, but only
a weak inhibitory effect at a dose of 7.8 pumol/kg.
Clopidogrel-d3, on the other hand, is a strong inhibitor
even at this modest dose. This seems like a positive
outcome to improve the activity of Clopidogrel®

3.3 Enzalutamide (ENT)

Enzalutamide is a competitive androgen receptor
inhibitor that affects nuclear translocation and binding
of DNA, leading to prostate cancer cell death’® The FDA
authorised it for the treatment of patients with Metastatic
Castration-Resistant Prostate Cancer (mCRPC)*"**
The metabolic active site is the N-methyl moiety, which
gets oxidised to hydroxymethyl-enzalutamide and then
is converted to the N-demethyl metabolite by CYP450
enzymes. ENT is also hydrolysed through amide
bond cleavage. Deuterated ENT (N-trideuteromethyl
enzalutamide, d3-ENT) is an alternative approach
similar to the structure of ENT. Deuterium substitution
can change the metabolic pathway and increase the
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exposure to the drug in the body. Hence a study was
carried out to evaluate the effect of deuterated ENT
(Figure 2). The maximum plasma concentration, Cmax
was found to be higher in deuterated analogues of ENT
to the orally administered rats in comparison with non-
deuterated drugs. Moreover, the AUC_, of d3-ENT
seems to increase significantly in humans and thus the
dosing regimen can be reduced accordingly®”

3.4 Apalutamide

ENT and Apalutamide (ARN-509) are similar in their
structure and function. They are potent Androgen
Receptor (AR) antagonists and have a higher affinity
for AR receptors. Apalutamide crosses the Blood-Brain
Barrier (BBB) less effectively than ENT, so the chances
for the development of seizures are less*"*’ Due to
the similarity of ENT and Apalutamide in structure,
to get a more stable AR antagonist, deuteration of
Apalutamide was carried out (Figure 2). The deuterated
Apalutamide had a similar affinity for the AR in vitro
and there was a two-fold increase in the exposure of the
drug in the rats. Further studies are required to transfer
this pharmacokinetics profile to in vivo efficacy®

3.5 Vismodegib

The first oral and highly selective Hh signalling
pathway targeting medication for basal cell cancer
is called Vismodegib (GDC-0449). It inhibits the
smoothened receptor by acting as a cyclopamine
competitive antagonist, and this inhibition keeps the
transcription factors Glil and Gli2 dormant, preventing
the development of cancer-mediated genes in the Hh
signalling pathway’**° It is seen that oxidation of
the pyridine or the middle benzene ring leads to the
formation of three oxidative major metabolites. Hence
to reduce the rate of metabolism, deuterated analogues
were synthesised and studied*”**

Deuterated compounds better
pharmacokinetics than the prototype at the same
dose. The SKLB-C2211 (Figure 2) compound was
found to be more effective. It exhibited an almost
2.24-fold increase in plasma drug concentration
when compared with Vismodegib. Moreover, the
half-life (t1/2) of the deuterated molecule was also
increased to 8.547 h by comparison with Vismodegib
(5.617 h) indicating prolonged action. In addition,
its peak concentration Cmax was observed to be

showed
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Figure 2. List of deuterated drugs to improve metabolism.
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higher than Vismodegib, suggesting that the dosage
of SKLB-C2211 may be decreased in clinical practice.
On the other hand, SKLB-C2211 took the same time
for onset of action similar to the parent drug. It is
important to note that this deuterated compound has
a possible effect in clinical practice to reduce the dose
and increase the pharmacokinetics*’

3.6 Tivozanib

Vascular Endothelial Growth Factor (VEGF)
stimulates the signalling pathway of endothelial
cells by activating VEGF receptor (VEGFR) tyrosine
kinases, which in turn play a significant role in tumour
angiogenesis’’. Tivozanib is strong and particularly
it inhibits VEGFR, especially the tyrosine kinase
receptors VEGFR-1, -2, and -3°' It has been proven
to have antitumor effects in the liver, lungs, and colon
renal cell carcinoma®’~*” One drawback is that adverse
events (AEs) like hypertension are more common
with Tivozanib™ So, there is a need for analogues of
Tivozanib to overcome the adverse event and have
a better pharmacokinetic profile. Hence deuterated
Tivozanib (HC-1144) (Figure 3) was synthesised
and evaluated. The in vivo pharmacokinetics of
deuterated tivozanib were studied in rats and it was
seen that they exhibited better properties. It showed
a 1.5-fold increase in plasma drug concentration as
compared to Tivozanib. There is a change in half-life
also which increased to (11.10 + 1.2 h) as compared
to that of Tivozanib (9.35 + 1.09 h), showing HC-1144
had increased bioavailability and prolonged action.
Furthermore, the Cmax of the deuterated molecule
was found to be higher than Tivozanib, implying that
the dosage of HC-1144 may be lowered in clinical use.
Both drugs have similar peak times showing that the
time taken for action did not change™

3.7 Tramadol

Tramadol (+)-cis can be used to treat moderate to
severe pain”” It has a relatively short duration of action
due to first-pass metabolism and hence is dosed as
frequently as 100 mg every 4-6 h. It causes several side
effects including constipation, nausea, dizziness, and
somnolence. Hence there is a need for similar analogs
of Tramadol to reduce the dosing and side effects.
Deuterated Tramadol (Figure 3) was synthesized and
evaluated for activity. The substituent for deuterium
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in place of hydrogen did not alter the in vitro binding
affinity but the formation of primary metabolite is
slowed down approximately by fivefold. However, the
attempt to reduce the dosing and prolonged action did
not turn up in deuterated Tramadol™®

3.8 Rofecoxib

In acute or chronic inflammation, the cyclooxygenase
producedis either COX-1 or COX-2"" COX-2 inhibitors
are chemicals that are classified as Nonsteroidal Anti-
Inflammatory Medicines (NSAIDs). They inhibit
prostaglandin synthesis, particularly cyclooxygenase-2,
at prescribed levels™® The systemic availability is low in
the COX-2 inhibitor, hence deuterated analogues are
synthesised and their pharmacokinetics are evaluated
for increased plasma concentration. In the comparative
analysis, the deuterated compound (BDD-11602)
(Figure 3) exhibited superior plasma concentration.
The deuterium isotopes in this position may diminish
the first-pass metabolism caused by epoxidation in
the 3)4’-position of deuterated Rofecoxib, resulting
in improved systemic availability. Furthermore, the
insertion of deuterium in positions 2) 3} 4, 5, and
6" of Rofecoxibs phenyl ring did not affect COX-2
inhibition. There was no apparent difference in the
COX-2 inhibition of both the parent and the deuterated
form of the drug™

3.9 Nevirapine (NVP)

Nevirapine is a first-generation non-nucleoside reverse
transcriptase inhibitor. NVP is currently prescribed
for treating Human Immunodeficiency Virus (HIV)
infections and preventing mother-to-child HIV
childbirth®>®' ~ NVP-induced
hepatotoxicity incidence is reported which ranges from
6% Another data states 36.1% of incidence out of

63

transmission  after

which 7.7% includes severe toxicity
this toxicity seems to be the formation of O-hydroxy
NVP metabolite circulating in the blood***® However,
treatment of rats with tri deuterated NVP (12-D3NVP)
(Figure 3) showed a decrease in the bioavailability in
the blood and the formation of skin rash vs rats treated
with NVP® Hence deuterated NVP at position 12 was
synthesised and evaluated. Deuterium substitution is
shown to be effective in lowering hepatic P450 synthesis
of 12-OHNVP in both human and mouse hepatocytes.
This could be owing to the kinetic isotope effect of this

The reason for
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substitution on active metabolite synthesis. Aside from
this, metabolic switching at 400pM incubations with
mouse primary hepatocytes was also detected. NVP-
induced primary mouse hepatocyte cell death was
decreased, but not reversed by 12-D3NVP. Taking this

into consideration, tri-deuterated NVP is a possible
66

approach towards reducing toxicity

3.10 Levodopa

Parkinsons disease is typically treated with Levodopa, a
precursor to Dopamine (DA), along with a peripheral
DOPA Decarboxylase (DDC) inhibitor®” Combining
L-DOPA with a DDC inhibitor over an extended
period results in treatment-induced motor problems
including wearing off, ON/OFF phenomena, freezing
and dyskinesia®®
for this activity. One among them short half-life of
Levodopa® So based on the kinetic isotopic effect,
selective deuteration of Levodopa was performed to
slow down the metabolic rate’’ It is seen that particular
deuteration at the a and P positions (Figure 3) leads
to reduced breaking of dopamine by Monoamine
Oxidase. It also suggests that the Deuterated Levodopa
exhibits prolonged action in comparison with the parent
Levodopa by increased availability of DA in the brain’"

“There are some mechanisms proposed

4. Other Strategies to Improve
Metabolism

4.1 Metabolic Soft Spot

When the functional groups of drugs are not sterically
inhibited such as the benzylic C-H bond, allylic methyl
and O-, N-, S-methyl groups are the most desired
metabolic soft spot for P450 mediated metabolism. The
intrinsic activity of drugs metabolised by cytochrome
enzymes is largely determined by the nature of
hydroxylation reactions catalysed by enzymes, the
chemo and regioselectivity of substrate oxidation, as
well as the rate of metabolism’>’* Thus, the potential
to be a metabolic soft spot in metabolising enzyme
systems will be determined by the intrinsic reactivity
of the functional groups and the drug specificity of the
specific molecule having this particular soft spot”*

4.2 Prodrugs

Prodrugs frequently have functional groups that
are easily broken enzymatically or chemically in the
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body, such as esters, amides, phosphates, carbonates,
or carbamates. They are commonly used to conceal
the polar or ionizable functional groups of active
compounds and to enhance metabolism’> For example,
active metabolites have been used to produce novel
medications in some circumstances. Amitriptyline
is a widely used medication for the treatment of
mental illnesses such as depression and anxiety.
Amitriptyline is demethylated by CYP2D6,3A4, and
2C19. This metabolite is a more effective and selective
norepinephrine reuptake inhibitor than Amitriptyline
against the norepinephrine transporter. As a result,
the metabolite was developed and eventually became a
commercial medicine known as Nortriptyline’*"”

5. Conclusion

Advancement in research and development allows the
development of novel drug candidates to overcome
various problems associated with natural and other drug
molecules. One among them is deuterated medicinal
compounds which is a wide and novel approach to
improve the metabolism of compounds. There are
various deuterated molecules under study to improve
their character. This approach seems to be possible
but there are also challenges including differences in
human and rat liver microsomes, metabolic pathways,
mechanism of action, and half-life. To obtain a novel
drug, there is a need to overcome these challenges so
that deuterated compounds can come into clinical
practice on a large scale.
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