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Abstract: Cancer is one of the deadliest diseases in the world. In 2020, 19.3 million cancer cases and 10 million deaths were reported 
in the world. It is supposed that the prevalence of cancer cases will rise to 28.4 million by 2040. Chemotherapy-based regimens have a 
narrow therapeutic index, severe adverse drug reactions, and lack metabolic stability. Besides, the metabolism of anticancer produces 
several non-active and toxic metabolites that reduce exposure of the target site to the parent drug. Therefore, developing better- 
tolerated and effective new anticancer drugs and modification of the existing anticancer drugs to minimize toxicity and increase 
efficacy has become a very urgent need. Deuterium incorporation reduces the metabolism of certain drugs that are breakdown by 
pathways involving hydrogen-carbon bond scission. For example, CYP450 mediated oxidative metabolism of drugs that involves the 
breakdown of a hydrogen-carbon bond affected by deuteration. Deuterium incorporation into the drug increases the half-life and 
reduces the dose, which provides better safety and efficacy. Deutetrabenazine is the first deuterated form of tetrabenazine approved to 
treat chorea associated with Huntington’s disease and tardive dyskinesia. The study revealed that Deutetrabenazine has fewer 
neuropsychiatric side effects with favorable safety than tetrabenazine. The current review highlights the deuterium kinetic isotope 
effect on drug metabolism, deuterated compound pharmacokinetic property, and safety profile. Besides, this review explains the 
deuterated anticancer drug development update status. 
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Background
Cancer is one of the deadliest diseases in the world. In 2020, 19.3 million cancer cases and 10 million deaths were 
reported in the world. It is supposed that the prevalence of cancer cases will rise to 28.4 million by 2040.1 Radiation, 
surgery, immunotherapy, and chemotherapy are used in separate or combination to treat cancer. But, these treatment 
options cause severe adverse reaction. Therefore, developing better-tolerated and effective new anticancer drugs and 
chemically modify an existing anticancer drugs to minimize toxicity and increase efficacy has become a very urgent 
need.

Although there is an increased understanding of cancer biology with several new and novel potential targets, the 
ability to translate these advances into treatment is poor, with a failure rate of about 90%.2 So, drug development needs a 
large sum of money and a long time because, for every 10,000 compounds, only one becomes a drug.3 Narrow 
therapeutic index, lack of metabolic stability, and severe adverse drug reaction has been the main problem of the current 
anticancer drugs.4 Besides, the metabolism of anticancer produces several non-active and toxic metabolites that reduce 
exposure of the target site to the parent drug.5 Pharmaceutical companies investigate deuterated agents as new chemical 
entities to bring favorable pharmacokinetic properties. The replacement of hydrogen with deuterium effectively increases 
the drug’s metabolic stability by prolonging the half-life reduces the dose, which provides better safety and efficacy.6

Deuterium is a stable isotope of hydrogen with similar physical and chemical characteristics. Thus, selective 
deuteration of a drug keeps the pharmacologic effect. The common protium hydrogen isotope has one proton and one 
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electron. Deuterium, however, has an additional neutron. Deuterium is not radioactive, as is tritium (1 proton and 2 
neutrons).7 Deuterium is available naturally at an abundance of about 0.0156%, which help to manufacture enriched D2O 
(heavy water), which is vital for nuclear reactors. The deuteration reaction is the replacement of covalently bonded 
hydrogen atom with a deuterium atom. Deuterium gas, high pressure, high temperature, and catalyst-like Pt, Pd, Rh 
facilitates the replacement of the deuterium atom into the new compound. Considering the shape and size, the deuterated 
compound has similar to the all hydrogen compound.8,9 However, minor physical character changes were measured in 
deuterated compounds, including reduced hydrophobicity, decreased acidity of carboxylic acids, and phenol, and 
increased basicity of the amine. These differences have less effect on the potency or selectivity of the receptor.10,11 

The current review highlights the deuterium kinetic isotope effect on drug metabolism, Deuterated agents’ pharmaco-
kinetic property, and safety profile. Besides, this review explains the deuterated anticancer drug development update 
status.

Deuterium Safety
Several studies showed that deuterium has very low systemic toxicity. Single-celled organisms can grow in conditions of 
full deuteration. Lower organisms including fish and tadpoles can survive in about 30% D2O. Mice and dogs can tolerate 
long-term replacement of 10–15% of body fluid hydrogen with deuterium; however, toxicity was reported with chronic 
exposure above 25–32%.8,12 In humans, toxicity was not reported upon acute exposure of 15–23% deuterium replace-
ment in the whole body plasma. Besides, excess deuterated water was administered to healthy participants, including 
pregnant women and neonates without displaying side effects.11,13

Deuterated water excretion is via the urine with a half-life of about 10 days similar to that of H2O.14 Although the 
amount of deuterium in the drug is inconsequential, the effect of deuteration on a drug is less predictable, and PK 
changes due to deuteration may cause unexpected adverse drug effects. For example, shunting the elimination pathway of 
a drug may produce a favorable PK but may induce new toxicities. Deuterated metabolites may be hard to eliminate than 
expected.15 JNJ-38877605 is a curative an antitumor agent that inhibits c-Met tyrosine kinase. However, JNJ-38877605 
clinical trial was terminated because the formation of insolubility metabolites. Deuteration of JNJ38877605 decreases 
toxic metabolites formation and renal toxicity. Besides, deuterated JNJ38877605 showed better antitumor effect, oral 
exposure, and metabolic stability than the JNJ38877605.16 It is important to note that several deuterated molecules have 
been developed over the years, but deutetrabenazine is the only drug to be approved for clinical use. The earlier 
deuterated drugs were abandoned due to unexpected adverse reactions.15,17

Deuterium Kinetic Isotope Effect on Drug Pharmacokinetic Property
Deuterium-carbon bond is shorter and 6−10 times more stable than the hydrogen-carbon bond, which makes it hard to 
break. Thus, the slow rate of bond breakdown results from the kinetic isotope effect (KIE). The KIE is the change of 
chemical reaction rate when one of the atoms in a compound is substituted by its isotopes.18 Due to the higher molecular 
weight of deuterium, C-D bonds have a lower vibrational frequency and zero-point energy and needs higher activation 
energy that decreases the rate (k) of C-D bond cleavage. This rate effect is the deuterium isotope effect (DIE) and is 
expressed as kH/kD the ratio of the rate of C-H vs C-D bond cleavage. The DIE affects the pharmacokinetic property of 
several drugs that are metabolized by pathways involving C-H bond breakage. However, minor shifts in physical 
properties such as reduced hydrophobicity and altered pKa for acids and bases are insignificant to affect the potency 
or selectivity of the targets.18,19

Deuteration of drugs reduces the metabolic rate (especially oxidative) in the gut wall or liver, which causes the parent 
drug to enter into the systemic circulation or increases the bioavailability of the parent drug. In most cases, the systemic 
clearance rate is unaffected. Deuterated drugs with this property may need a reduced dose regime and produce less 
metabolite. Since gastrointestinal irritation relates to the amount of dosed drug than the concentration of the drug in the 
blood, this effect may help to increase tolerability.20 Generally, deuterium incorporation reduces the metabolism of 
certain drugs that are breakdown by pathways involving hydrogen-carbon bond scission.21 For example, CYP450 
mediated oxidative metabolism of drugs that involves the breakdown of a hydrogen-carbon bond affected by deuteration. 
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Such as deuteration of paroxetine decreases the inactivation of CYP2D6 and reduces drug–drug interactions for favoring 
the metabolic profile.19,21

However, DIE on the drug’s pks usually masked by competing effects in-vivo, such as alternate metabolic pathways 
and different rate-limiting steps in enzymatic reactions and biological sequestration. Because of the large active site 
cavity of CYP enzymes, which oxidize at a non-deuterated site compensates for reduced metabolism at the deuterated 
site resulting in the loss of an isotope effect on the intrinsic clearance and redistribution of the relative abundance of 
metabolites.21 So, the deuteration of drug affect CYP450 metabolism is difficult to predict and varies from drug to drug. 
Besides, deuterium incorporation may change the ratio of parent drugs to metabolites that change the amounts of 
metabolites formed. The metabolites formed are similar to those from the non-deuterated compound, except for the 
presence of deuterium. But, decreased metabolism reduces the exposure of the target site to undesirable metabolites or 
increases exposure to the target site.7,19,21

Deuteration of a drug not only reduces drug metabolism, but also may add novel effect relative to the parental drug. 
For example, the deuterated analog of phenylbutyrate significantly induced apoptosis and inhibited colon cancer cell 
proliferation as compared with phenylbutyrate. The main effect of deuteration is to decrease the rate of drug clearance, 
which increases the half-life and duration of action. The clinical advantage is to maintain similar systemic exposure with 
increased trough level and decreased peak levels. This helps administer lower doses or less frequently, leading to 
increased efficacy and decreased adverse effects.7,19,22 The isolation of the beneficial enantiomer from the undesired ones 
helps in the development of drugs such as esomeprazole magnesium, escitalopram, eszopiclone, and levalbuterol. 
However, drugs with hydrogen at the chiral center are found in racemate form due to their unstable stereocenters that 
make enantiomers interconvert in vivo. This switching can stabilize through deuterium substitution.23,24 Deuterium 
substitution at the chiral center may decrease atom abstraction rate and stabilize the configuration in favor of the 
preferred enantiomer as revealed in CC-122, a thalidomide derivative compound used for the treatment of hematological 
cancers and solid tumors.24 In this case, the (S)-deuterated enantiomer is antitumorigenic, whereas the other enantiomer 
does not affect tumor growth.7

Deuterated Anticancer Drug Development Update
Deutetrabenazine is the leading deuterated drug approved by the FDA for the management of chorea and tardive 
dyskinesia due to Huntington’s disease. The success of deutetrabenazine triggered pharmaceutical companies to invest 
in the discovery of deuterated agents.

Donafenib, a deuterium derivative of sorafenib, is a novel multikinase inhibitor such as platelet-derived growth factor 
receptor and vascular endothelial growth factor receptor. Donafenib was developed for the management of different 
cancers, such as hepatocellular carcinoma, colorectal cancer, and thyroid cancer.19 In 2021, donafenib was approved by 
the National Medical Products Administration of China for the management of unresectable hepatocellular carcinoma. 
Currently, several deuterated drugs are on trial for the management of different disorders. Among these compounds HC- 
1119, BMS-986165, AVP-786, RT001, ALK-001, and donafenib reached Phase III clinical trials.19,25

Hc-1119: A Deuterated Enzalutamide
Enzalutamide is an androgen receptor inhibitor approved for the management of metastatic castration-resistant prostate 
cancer after chemotherapy. However, its dose-dependent central nervous system (CNS)-related toxicities hamper its 
clinical use. So, deuteration helps to improve enzalutamide’s PK properties and decrease side effects.26 enzalutamide 
metabolized to the active metabolite N-demethylenzalutamide mainly by CYP2C8 and CYP3A4/5. enzalutamide is also 
metabolized to the inactive metabolite enzalutamide carboxylic acid by the carboxylesterase enzyme and contributes 
about 75% of the drug exposure. The deuteration of the N-CH3 moiety enzalutamide to the N-CD3 decreases the 
N-demethylation pathway. So, HC-1119, a deuterated form of enzalutamide developed for the management of metastatic 
castration-resistant prostate cancer.26,27

Due to the kinetic isotope effect, HC-1119 showed slow metabolism and increased drug exposure, which help to 
decrease the dose of HC-1119 to get similar efficacy with fewer side effects.27 HC-1119 showed higher drug concentra-
tions and a better antitumor effect than the enzalutamide in vivo model. The AUC of HC-1119 in mice, rats, and dogs 
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was higher than that of enzalutamide.28 Besides, studies revealed that HC-1119 has a lower CNS concentration than 
enzalutamide at similar plasma concentration levels.27 Thus, the differentiation of HC-1119 from enzalutamide gives 
warrants clinical development. At the steady-state, 80 mg HC-1119 achieved an effective plasma concentration equiva-
lent to 160 mg enzalutamide. This favorable PK profile makes HC-1119 may offer a reduced dosage and higher safety 
margin compared to enzalutamide.28,29 As the HC-1119 cannot cross the blood–brain barrier, which reduces the central 
nervous system adverse effects of enzalutamide, and increase its safety.

Currently, five clinical trials for HC-1119 are undertaken on Clinicaltrials.gov. Three of these are in Phase I 
(NCT03776968, NCT03774056, and NCT03778047). The remaining two studies are Phase III (NCT03851640, 
NCT03850795).

Dosimertinib: A Deuterated Osimertinib
The epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor that has a vital role in different biological 
processes such as cell survival, proliferation, migration, and differentiation. EGFR tyrosine kinase inhibitors such as 
gefitinib, erlotinib, afatinib, dacomitinib, rociletinib, and osimertinib provide a significant clinical benefit.30 Particularly, 
osimertinib show significant clinical outcome with fewer adverse reactions and is a standard drug to manage advanced 
EGFR mutation-positive non-small-cell lung cancer.31

Several studies show that osimertinib metabolism is undertaken by CYP450 to produce two major active metabolites: 
AZ5104 and AZ7550, but AZ5104 has reduced selectivity and causes severe toxicities. Therefore, improving favorable 
PK profiles of osimertinib may be feasible to decrease the toxicity and achieve an excellent clinical outcome.32 

Dosimertinib deuteraterated analog of osimertinib, has better pk properties that increase the concentration of the drug 
in plasma, achieving better clinical benefits for the safety and excretion of the drugs. Several studies showed that 
dosimertinib has robust in vivo antitumor efficacy and better PK profiles, with lesser toxicity than osimertinib.33 

Currently, Dosimertinib is in Phase I trial (CXHL2000060 and CXHL2000061).

MBRI-001: A Deuterated Plinabulin
Plinabulin is a derivative of the marine natural bioactive compound “diketopiperazine phenylahistin”, which showed potent 
depolymerization effects on microtubules. Plinabulin also acts its effect via the anti-angiogenesis, interruption of tumor 
blood flow, and induction of cancer apoptosis via the c-Jun N-terminal kinase (JNK) pathway. Currently, the combination of 
plinabulin and docetaxel is under Phase 3 trial for the management of lung cancers.34 But, plinabulin Showed low efficacy 
due to its poor PKs character. So, MBRI-001, the deuterated analog of plinabulin was developed with better pk property and 
antitumor effects. MBRI-001 has rapid distribution in various tissues, especially in the lung which has a significant 
concentration difference from other tissues. MBRI-001 showed better stability in rat and liver microsomes than plinabulin 
in vitro. MBRI-001 showed greater activity on microtubule hepatocellular carcinoma than that of plinabulin. MBRI-001 
showed better efficacy against cancer growth with lower toxicity in mice than docetaxel.35,36 The combination of MBRI- 
001 with gefitinib showed a significant antitumor effect than monotherapy.35 The combination of MBRI-001 and sorafenib 
showed a better antitumor activity that may provide a new approach for treating HCC in the future.36 Therefore, MBRI-001 
could be the most promising anti-cancer agent in the future.

Hc-1144: A Deuterated Tivozanib
The phosphorylation of vascular endothelial growth factor receptors (VEGFR) leads to develop new tumors. Tivozanib is 
a potent and selective VEFGR inhibitor. Besides, the half-life of tivozanib is four days, and once-daily administration 
keeps effective serum concentrations. Tivozanib provided favorable progression-free and overall survival for patients 
than sorafenib. Tivozanib inhibits angiogenesis, vascular permeability in tumor tissues, and tumor growth. However, 
Tivozanib causes hypertension (34–44%) and dysphonia (5–21%) compared to sorafenib, a less effective VEFGR 
inhibitor.37,38 The deuterated form of Tivozanib (HC-1144) was as effective in vitro as Tivozanib itself. But, HC-1144 
had a larger half-life, larger max concentration (Cmax, meaning smaller doses can be given), 1.5 times larger AUC 
(meaning the drug stayed in the body for a long time), and a similar peak time (meaning the release of the drug was not 
further delayed).39
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CTP-221: A Deuterated (S)-Lenalidomide
Lenalidomide is a derivative of thalidomide with pleiotropic effects in human malignancies. lenalidomide has a plethora 
of anti-cancer characteristics including anti-proliferative, anti-angiogenic, immunomodulatory, and pro-erythropoietic 
properties. Lenalidomide in combination with dexamethasone approved for the management of myelodysplastic syn-
dromes-associated anemia, and in relapsed/refractory multiple myeloma. Lenalidomide in combination with rituximab is 
approved for the management of relapsed mantle cell lymphoma, previously treated follicular lymphoma, and marginal 
zone lymphoma. In 2020, the lenalidomide combination with tafasitamab a cytolytic CD19 targeting monoclonal 
antibody approved to manage relapsed diffuse large B cell lymphoma.40

Lenalidomide has a short half-life (3–4 h). lenalidomide is a mixture of R and S-enantiomers that undergoes rapid chiral 
inversion through epimerization. The S-enantiomer possesses a potent antitumor effect, whereas the R-deuterated enantio-
mer does not affect tumor growth. The administration of S-enantiomer lenalidomide is less effective, because it rapidly 
converts in vivo to the R/S mixture.41,42 CTP-221 is a deuterated S-enantiomer of lenalidomide at key positions, which 
decreases the interconversion of enantiomers in-vivo. This helps to administer the potent S-enantiomer with less exposure to 
R-enantiomer. The preclinical studies showed that CTP-221 has more potency than racemic lenalidomide.17,19 The rates of 
epimerization of CTP-221 and S-lenalidomide were compared and CTP-221 was 2–3 times stable to epimerization than 
S-lenalidomide.43

Deuterated Tamoxifen
Tamoxifen is a nonsteroidal antiestrogen used as an adjunct chemotherapeutic agent to treat breast cancer. However, 
tamoxifen increases endometrial cancer risk and hepatic tumor. Tamoxifen induces and promotes tumors via its 
estrogenic activity. The proposed metabolic pathway of tamoxifen to a reactive electrophile involves allylic α-carbon 
oxidation that produces a reactive quinone methide.44 The deuterium replacement reduces (5-times) covalent bond 
formation to hepatic proteins in both mice. It also decreased binding with CYP3A4 enzymes. Genotoxicity of tamoxifen 
decreased 2 to 3 fold in-vivo in rats and in vitro in an MCL-5 human cell line that retains CYP450 activity by using d5- 
tamoxifen in which deuterium is substituted for hydrogen in the allylic ethyl group. These and other results suggest that 
liver carcinogenicity in rats caused by tamoxifen involves allylic α-carbon oxidation that may generate a reactive quinone 
methide.45,46

Brp800: A Deuterated Dasatinib
The pan-Src family kinase inhibitor dasatinib is approved for the treatment of chronic myeloid leukemia but has less 
effect in the treatment of lung cancer.47 BRP800 is a deuterated form of dasatinib Showed a novel activity, such as 
inhibition of cell proliferation by inhibiting cell cycle signals via targeting the cyclin D-CDK4/6-pRb-E2F pathway. 
Deuterium substitution keeps inhibition of c-Src activity and showed better anti-non-small cell lung cancer effect.

BRP800 mainly showed an antiproliferative but not proapoptotic effect. BRP800 has no significant effect on 
antiapoptotic gene expressions such as Bcl-2 and Mcl1, or the induction of apoptotic enzymes such as caspase 3, 8, or 
9. But, BRP800 decreased the induction of cell cycle promoting genes such as cyclins D1, D3, E, A, and CDK4 and 
induced cell cycle negative regulators including p21, p27, and p53. Based on these findings, BRP800 arrest cells division 
at the G0/G1 phase in a dose-dependent manner, and G0/G1 fraction was increased from 64% in control to 85% in 
BRP800-treated cells. Compared with docetaxel, BRP800 is potent with a similar antitumor effect but less adverse 
reaction. Based on these finding, BRP800 is an antiproliferative agent that block c-Src and cell cycle progression.48

Donafenib: A Deuterated Sorafenib
Hepatocellular carcinoma (HCC) is the most prevalent kind of liver cancer. The incidence of liver cancer is increasing 
and greater than half of the newly diagnosed patients are at advanced stage that is illegible for surgical procedures. 
Advanced HCC is resistant to conventional chemotherapy. However, the development of specific target-acting drugs such 
as tyrosine kinase inhibitors increased the survival of patients with HCC.47 Sorafenib is the drug of choice for the 
treatment of advanced HCC patient. However, sorafenib has a limited effect due to tumor heterogeneity, tumor escape, 
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and the lack of biomarkers for the response to the treatment. Besides, it has adverse effects such as fatigue, hypertension, 
rash, abdominal pain hand-foot skin reaction, and diarrhea.49,50

Donafenib is a derivative of sorafenib with a trideuterated N-methyl group that improves the pharmacokinetic and 
safety profile. Preclinical, phase Ia and Ib trials have shown favorable efficacy and safety profile.51 A phase II/III clinical 
trial revealed that donafenib (200mg twice daily) had better efficacy than sorafenib (400mg twice daily) in patients with 
metastatic HCC. Besides, due to the lower dose of the drug, serious side effects were reported in the donafenib group 
than in the sorafenib group. Currently, donafenib used to treat advanced HCC and trials are being undertaken on its 
efficacy in several solid tumor types.52,53 In June 2021, donafenib approved to manage patient with unresectable HCC 
who have not previously received systemic treatment.54

Conclusion
Deuterium kinetic isotope effect decreases the rate of metabolism that increases the plasma half-life the drug. In case of 
toxic metabolites production, deuteration of the drug may help to reduced toxic metabolites production and increase the 
exposure of the parent drug for the target site. It is difficult to determine the effects of deuterium replacement on PKs 
character of a drug. Improving the PKs and toxicological profile of the parent drugs by deuteration is promising for the 
treatment of cancer. Most drug development failure related to three main reasons: these are poor PKs property, lack of 
efficacy and severe adverse reaction. Deuterated drugs may improve these limitations of the parent drug. Since most trials 
under taken on non-deuterated versions, there is great hope that this will enable faster, smarter and cheaper trials of the 
deuterated version. Therefore, the advancement of the deuterated compounds in clinical trials is highly promising and list 
compounds listed in Table 1.

Abbreviations
AUC, area under the curve; PK, pharmacokinetic; KIE, kinetic isotope effect; H, hydrogen; D, deuterium; EGFR, 
epidermal growth factor receptor; VEGFR, vascular endothelial growth factor receptors; HCC, hepatocellular carcinoma.

Table 1 List of Deuterated Anticancer Drug in Preclinical and Clinical Trial

Parent 
Drug

Deuterated Form Indication Phase Clinical Trial 
(Registration 
Number) and Ref

Enzalutamide HC-1119 Prostate Cancer Metastatic, metastatic castration-resistant 

prostate cancer

3 NCT03850795

Osimertinib Dosimertinib EGFR mutation-positive non-small-cell lung cancer 1 CXHL2000060 

CXHL2000061

Sorafenib Donafenib Hepatocellular carcinoma, refractory Differentiated Thyroid 
Cancer, Metastatic Colorectal Cancer

2, 3 NCT05262959 
NCT02870569 

NCT02489916 

NCT05200221

Plinabulin Mbri-001 Lung cancers Preclinical [32]

Tivozanib Hc-1144 Metastatic renal cell carcinoma Preclinical [37]

CTP-221 Deuterated (S)-lenalidomide Myelodysplastic syndromes-associated anaemia, relapsed/ 
refractory multiple myeloma, relapsed mantle cell 

lymphoma, follicular lymphoma and marginal zone 

lymphoma.

Preclinical [38]

Tamoxifen Deuterated tamoxifen Estrogen receptor–positive (ER+) breast cancer Preclinical [41]

Dasatinib BRP800 Chronic myeloid leukemia, non-small cell lung cancer Preclinical [44]
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