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ABSTRACT 

The review is devoted to the influence of the hydrogen isotope–deuterium on biological models of organisms and the biological activity of 
pharmaceutical substances. 

The positions of the influence of deuterium on the properties of active pharmaceutical ingredients and excipients are examined from different 
perspectives. The first position reflects an increase in the kinetic isotope effect (KIE) in processes involving known pharmaceutical substances in 
aqueous solutions with a deuterium/protium ratio (D/H) below natural. For the first time, the dose-response diagram shows the identity of 
deuterium with essential trace elements, when a deficiency and excess of an element reduces the organism's vitality. Improved kinetic 
characteristics are demonstrated for the molecular and organism levels of different hierarchical gradations. In particular, they consist in the 
possibility of increasing the dissolution rate of substances by influencing the carbohydrate mutarotation processes and the optical activity of chiral 
substances, increased accumulation of essential elements in medicinal plants and other processes associated with a possible change in metabolic 
pathways in the cell and the organism as a whole. 

The second considered position of the influence of deuterium is associated with the use of deuterated substances–new compounds or obtained by 
substitution of protium in known protium analogues. The KIE is presented, which is expressed in a decrease in the biotransformation rate as a 
result of deuteration, it allows predicting a rapid development of the new direction in the development of drugs. Having an identical therapeutic 
effect, deuterated analogs provide improved pharmacokinetic characteristics, such as reduced toxicity, blocked epimerization of optically active 
substances, and a change in the mechanisms of biotransformation. The obtained results make it possible to predict the mechanisms of the effect of 
deuterium on the biochemical transformations of pharmaceutical substances in the organism. 
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INTRODUCTION 

The atom of the most common hydrogen isotope, protium 1H, has 
one proton and one electron. Deuterium D (2

Deuterium is a non-radioactive stable hydrogen isotope that is 
constantly present in natural water (D/H = 140±5 ppm, moderate 
latitudes of the globe) and in the human body (in amounts 
comparable to the contents of such essential trace elements as zinc, 
copper, iron) [2, 3].  

H) is a heavier natural 
isotope of hydrogen with the atomic mass equal to 2 and, unlike 
protium, it has one neutron in the atomic nucleus [1]. 

Deuterium is used in the nuclear power industry as a neutron 
moderator in reactors, as well as a stable indicator in chemical and 
biological models and studies of the mechanisms of various 
processes [4]. Deuterated compounds, which are identical in size 
and structure, are obtained by replacing protium with deuterium in 
the molecule. Due to the higher strength of carbon-deuterium (C-D) 
chemical bonds vs carbon-protium (C-H), the properties of 
deuterated compounds change, for example, the reaction rates with 
their participation are lower [5]. 

The first patents for deuterated substances were issued in the 
United States in the middle of the last century [6]. The research and 
development task was to obtain substances with lower rates of 
biotransformation. This allowed reducing doses and minimizing the 
side effects of drugs. 

Considerable experimental material about the effect of the 
deuterium/protium ratio (D/H) in water on processes involving 
biologically active substances in vitro and in vivo has been 
accumulated [7-16]. It was found that in the range of deuterium 
content from 0.6 to 16 mmol/l in deuterium-depleted water (ddw), 

the kinetic isotope effect (KIE) of biologically active compounds 
increases [8, 17]. In such water, the rates of dissolution of 
substances [18] and mutarotation of carbohydrates [19], the optical 
properties of chiral compounds [12, 17] change, the absorption and 
accumulation of ions of essential trace elements in medicinal and 
food plants increase [20]. It was proven that obesity in laboratory 
animals decreases when using ddw water [21]. The use of ddw in 
oncology as an adjuvant is accompanied by an improvement in the 
condition of patients [15, 16]. 

The purpose of this review is to summarize information on the effect 
of the deuterium/protium ratio on living model objects of different 
hierarchical levels using these data for the analysis of 
pharmaceutical substances and aqueous solutions with a modified 
isotopic composition of D/H (fig. 1). 

Mechanisms of pharmaceutical substance transformation at 
modified d/h ratio in water 

The kinetic isotope effects of deuterium were found in studies of 
solutions of pharmaceutical substances with different D/H ratios. In 
connection with the use of heavy water D2O in the nuclear power 
industry, the mechanisms of its influence on biological objects were 
studied in sufficient detail [22, 23]. However, the behavior of 
pharmaceutical substances in deuterium-depleted water, as well as 
the influence of the deuterium/protium ratio on organisms of 
different hierarchical levels, remained virtually unstudied until the 
last decade. The research in this direction uses water with a 
deuterium concentration from 0.5 mmol (D/H ratio of about 5 ppm) 
to 16 mmol (which corresponds to the D/H ratio of water in the 
temperate latitudes of the globe–about 140 ppm). Various processes 
(dissolution of pharmaceutical substances, mutarotation of glucose 
and galactose, activation energies of cell transitions of biosensors, 
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etc.) illustrated an unexpected increase in rates vs the well-known 
effects of the complete substitution of deuterium in water [24-32]. 

Many published data on the properties and biological effects of 
water depleted in the heavy hydrogen isotope (“light” water, 

deuterium-depleted water, ddw) show that ddw water is a poorly 
studied solvent [8, 14, 17]. The definition of “light” water is due to 
the fact that, as a result of rectification, the proportion of the lightest 
1H2 16

 

O isotopologue increases in comparison with world standards 
[4, 14] (table 1). 

 

Fig. 1: Diagram of the information presented in the review 

 

Table 1: Major world isotope water standards 

Water standard δD, ‰ δ18 D, ppm O, ‰ 18 Reference O, ppm 
SMOW-V  
Vienna Standard Mean Ocean Water 

0 0 155.76 2005 [4, 14] 

SLAP 
Standard Light Antarctic Precipitation 

-428 -55.5 89 1894 [4, 14] 

GISP 
Greenland Ice Sheet Program 

-189.8 -24.85 126.2 1955.37 [4, 14] 

 

Acceleration of physicochemical and biological metabolic processes 
in ddw water leads to various physiological effects: 
immunostimulating, reproductive, changes in the sensitivity of 
receptors to endogenous and exogenous ligands, etc. Based on the 
results of experimental studies, such significant biological responses 
of ddw are based on differences in the physico-chemical properties 

of water depleted in the heavy isotope, D2

Experimental measurements indicate the importance of the H(D) 
content for measuring the physical constants and properties of the 
resulting solutions. 

O and water of natural 
isotopic composition (table 2) [8, 14, 17]. 

 

Table 2: Physical properties of water with different heavy isotope contents/(T=20,00±0,04 °С) 

No. Physico-chemical parameter DDW water 
D/H= 4±0.9 ppm 

High-resistance water of natural isotopic 
composition D/H= 140±0.9 ppm 

D2

99.9 % 
O Reference 

1 Surface Tension σ, mN/m 75.172 72.860 67.800 [14] 
2 Kinematic Viscosity, mm2 0.987 /s 1.012 1.274 [14] 
3 Density *, g/cm

* O[18]/O[16]=757 ppm; t
3 

о=25±0.05 о
0.9969 

С 
0.9982 
 

1.1042 [14] 

4 Freezing Point, Tо -1.5 C 0 +3,8 [14] 
5 Dl–self-diffusion coefficient, ·109, m2s 0.63 -1 0.46 0.52 [14] 
6 Spin-spin Relaxation Time of the Water 

Proton t, s 
0.347  2.000  ‒ [14] 

7 Volume concentration * of density 
inhomogeneities, vc (%)  
*according to the LALLS method data 

0.20 1.00 0.18 [14, 17] 

8 Obscuration* due to laser light scattering, 
laserobscuration (λ = 633 nm) 
*according to the LALLS method data 

0.003 0.020 0.005 [14, 17] 

 

Isotopic effect at the molecular level 

Kinetics of Carbohydrate Mutarotation 

Differences in the kinetics of carbohydrate mutarotation were found 
(fig. 2). They can be associated with differences in the lengths and 
energies of O-H and O-D bonds of water, which is involved in 
establishing equilibrium between carbohydrate anomers through an 
acyclic form. This is confirmed by the significantly lower 
mutarotation rate of both galactose enantiomers in deuterated 
water (fig. 2) [19, 23]. In natural and ddw water, these rates are 

significantly lower for the L-form of the optical isomer. In D2

The influence of the isotopic composition of water was confirmed by 
studying the temperature dependence of the kinetics of D-glucose 
mutarotation in Arrhenius coordinates. The activation energy (Ea) of 
the mutarotation process in natural high-resistance water is Ea = 
40.8±1.4 kJ/mol, whereas in ddw Ea = 63.6±3.5 kJ/mol, i.e. the 
kinetic isotope effect estimated through the activation energy is 
greater than one and amounts to 1.6 (fig. 3.). This also indicates the 
isotopic dependence of the process. 

O 
water, the mutarotation of the L-isomer does not occur at all. 
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Fig. 2: The change in the specific rotation rate (k1

 

) of galactose with increasing temperature A  ̶ D-isomer, B  ̶ L-isomer. (mean value±SD, n 
= 6, p<0.05) [7] 

 

Fig. 3: The energies activation (Ea) of the D-glucose 
mutarotation in waters with different deuterium contents. 

[D]/[H]: BD–140 ppm, DDW-4 ppm [19] 

 

 

Fig. 4: Dependence of the specific rotation of valine on the pH of 
aqueous solutions with different ratios of D/H. 1–D/H = 4 ppm; 

2–D/H = 140 ppm; 3–99.9% D2

 

O [13] 

Optical rotation of amino acids 

There were found statistically significant differences in specific 
rotation of optical valine isomers in waters of different isotopic 
compositions (fig. 4) [12, 17, 33]. There is a clear dependence of the 
optical activity on the deuterium content in water within the range 
of pH=2-10. Uncompensated positive or negative charge in a 
solution of two optical antipodes was detected. This is explained by 

the formation of chirality in giant heterogeneous water clusters 
(GHWC) under the influence of an optically active amino acid [12]. 

The obtained results make it possible to consider waters with 
different deuterium contents as liquids that differ by heterogeneity 
in addition to their physical properties. The contribution of the 
anisotropic medium to the manifestation of the optical activity of 
chiral compounds can be explained by the formation of 
supramolecular structures of GHWC, the formation of which 
critically depends on the deuterium content [8, 14, 17]. The 
phenomenon of homochirality of biologically active substances (for 
example, natural proteins consist only of L-amino acids, while D-
amino acids are part of cell membranes) may be associated with the 
isotopic composition and other physico-chemical parameters of the 
solvent (water) in which biosystems were formed. 

The dissolution rate of pharmaceutical substances 

The dissolution kinetics of a large number of pharmaceutical 
substances controlled by laser obscuration demonstrated an increase 
in KIE with a decrease in the D/H ratio in water (table 3) [18]. 

Comparison of KIE-deuterium of various pharmaceutical substances 
demonstrates the dependence on the isotopic composition of the 
solution. 
 

Table 3: Kinetic isotope effects of lactose monohydrate calculated 
by the rate (k) of dissolution of the substance in aqueous solutions 

with different D/H ratios [18] 

𝒌𝑫𝑫𝑾
𝒌𝑴𝒊𝒍𝒍𝒊𝑸

 
𝒌𝑫𝑫𝑾
𝒌𝑫𝟐𝑶

 
𝒌𝑴𝒊𝒍𝒍𝒊𝑸
𝒌𝑫𝟐𝑶

 

1,7 2,6 1,5 

 

 

Fig. 5: Xenobiotic ranking by values °bsЕа  in deuterium-depleted 
water–DDW (D/H = 4 ppm) and high-resistance water of 

natural isotopic composition–BD (D/H = 140 ppm): tlife  = 300 
sec, T = 28оС; 1–Na2SO3, 2–3-hydroxy-6-methyl-2-ethylpyridine 

succinate (mexidol), 3–ascorbic acid, 4–Na2H2EDTA, 5–3-
hydroxy-6-methyl-2-ethylpyridine hydrochloride (emoxypine), 

6–ZnSO4·7H2O, 7–CuSO4·5H2O, 8-NaCl [9] 
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Organism level 

Cell cultures 

The survival rate of a unicellular organism, S. ambiguum ciliates, in 
aqueous solutions of active pharmaceutical ingredients (API) and 
excipients with different D/H ratios was studied in detail [9]. In waters of 
different isotopic compositions, there were obtained statistically 
significant differences in the apparent activation energy of °bs

The rate constant of the process of irreversible cell transition of S. 
ambiguum from the active to immobilized state decreases by more 
than an order of magnitude when deuterium is depleted from 16 
mmol to 0.5 mmol. The cell biosensor lifetime curve runs almost 

parallel to the axis of abscissas within the interval of D/H values 
from 90 ppm to 150 ppm and gradually decreases beyond this 
interval (fig. 6). 

Ea ligand-
induced cell death in solutions of a number of substances (fig. 5). 

The “dose-response” relationship for the D/H ratio is identical to the 
classical curves for essential trace elements: their deficiency or 
excess leads to the death of the animal. At the same time, there is a 
safety zone that ensures the normal survival of the organism [12, 
23]. It turned out that water with a low deuterium content exhibited 
antidote properties: a decrease in the content of the heavy hydrogen 
isotope led to an increase in the survival of ciliates by one and a half 
times on average. As in the previous examples, KIE-deuterium 
calculated for numerous substances through the activation energies 
of cell death exceeded one. 

 

  
A B 

Fig. 6: The dependence of the lifetime of S. ambiguum on the concentration of deuterium in water at 28 (1), 32 (2) and 36 °C (3)–A (Results 
are expressed as a mean value±standard deviation (n = 18), p<0, 01) [7] and the dose-response diagram for essential elements–B 

 

A change in the proliferation rate depending on the concentration 
of deuterium in the culture medium was shown on in vitro culture 
of human adipose-derived stromal cells (ADSCs) [33-35]. 
Morphological changes in the deuterated medium were observed: 
the cells did not reach confluence, they had a polygonal 
morphology with pronounced stress febrile. At high deuterium 
contents in the nutrient medium, an increase in the doubling time 
for the population was noted, which indicates a slowdown in the 
cell cycle and, as a consequence, the proliferative ability of the cell 
culture. The lowest migration rate was observed in the deuterated 
nutrient medium, and the most active migration ability was 
observed in the deuterium-depleted medium with a close to 
natural D/H ratio. In the deuterated nutrient medium, a decrease 
in the metabolic activity is observed on the third day, and in the 
deuterium-depleted medium, an increase in the viability of the 
ADSCs culture is noted. The differentiation of ADSCs into 
adipocytes was also carried out under the conditions of different 
deuterium contents in the nutrient medium [36]. It was found that 
a high (5 ∙ 105

Thus, deuterium was considered as an element that affects the 
chirality of a substance in biological models in vitro/in vivo [4, 7, 15, 
27, 36]. 

 ppm) deuterium content significantly inhibited in 
vitro the adipogenic differentiation of human ADSCs compared to 
groups with natural (150 ppm) and low (30 ppm) deuterium 
content. It is important that the differentiation protocol used in 
the study led to the development of white adipocytes in groups 
with natural (control) and high deuterium content, while the 
deuterium-depleted differentiation medium led to the formation of 
brown-like (beige) adipocytes. This is important from the point of 
view of the energy component of the cell and the organism as a 
whole [25, 26]. The inhibitory effect of deuterium on metabolic 
activity and a subsequent decrease in the effectiveness of the 
adipogenic differentiation is probably associated with 
mitochondrial dysfunction. These data can serve as the basis for 
the development of new approaches to the treatment of obesity, 
metabolic syndrome and diabetes through the regulation of stem 
cell differentiation and adipocyte functions.  

Plant objects 

For the basket plant (Callisia fragrans L.), it was found that the 
redistribution and assimilation of mineral components goes faster–
two or more times–in deuterium-depleted water compared to water 
with natural isotopic composition. This allowed using Callisia as a 
model object of saturation with microelements, in particular, zinc 
[20, 37]. 

As is known, Physcomitrella Patens moss is an important 
fundamental object of proteomics. In the study of moss of this 
species, a significant difference in the peptide composition in waters 
with different D/H ratios was found (fig. 7) [37]. It should be noted 
that the sprouting of moss was carried out by hydroponics, i.e. the 
intake of water and all nutrient substances in the model was direct 
to the plant organism without the participation of intermediate 
elements or other routes of administration as it is presented in some 
animal or cell culture models. 

The diagram shows that moss sprouted on deuterium-depleted 
water has a unique peptidomics, where 13% of the proteins are 
found only in this experimental group. In addition, it was found that 
29% of the proteins were not found in the composition of the moss 
sprouted on DDW vs water with the natural isotopic composition. 
This dependence can be associated with a change in the metabolism 
of the organism and deuterium can be considered as an element that 
affects the chirality of the substance [7, 17]. In other words, the 
presence of deuterium or protium in a biological substance can be 
represented as a “switch on/off” mechanism, which leads to 
different ways of further reactions and, respectively, the entire 
metabolism can go in different directions (at different rates) 
depending on the presence of deuterium or protium in the original 
or intermediate substance [7, 38]. It is worth noting that a similar 
isotopic dependence is known in nature for other isotopes, such as 
carbon and magnesium. So, the differences between 
monocotyledonous and dicotyledonous plants are determined by the 
ratio of carbon isotopes (C12, C13) [39]. In turn, the Mg24, Mg25  
isotopes have their own specifics of kinetic interactions and 
differently participate in metabolic processes [40]. 
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Fig. 7: Change in the peptidomics of moss sprouted on the water with different D/H isotope ratios 

 

Animals and Human 

The deuterium content in the body of a “conditional” human 
(weighing 70 kg) is about 1 g, which corresponds to its position 
between copper (100 mg) and zinc (2 g) and is 2-3 orders of 
magnitude higher than Co, Mn, Mo when ranking the essential trace 
elements [41]. This allows predicting its key role in biochemical 
processes in the body. In contrast, when drinking water is replaced 
by ddw, the deuterium content in aqueous extracts of biological 
samples of blood, muscle tissue and liver tissue of laboratory 
animals decreases [42]. Many experimental results obtained in vitro 
and in vivo in Hungary, Japan, USA, China, Romania, Russia suggest 
the possibility of using ddw as an adjuvant in the treatment of 
various diseases [28-31], including cancers [43-45]. The 
replacement of natural water (D/H = 132-156 ppm) with ddw (D/H 
= 20-120 ppm) is accompanied by a decrease in tumor size, gradual 
necrosis of tumor cells, an increase in the average survival of 
patients (prostate cancer, breast cancer, lung cancer and others) [1, 
14, 54]. Based on the study by G. Somlay, in Hungary since 1990, 
there has been existing hope for the possibility of treating or 
reducing the effects of cancers in the 21st century [2, 15, 16, 38, 46].  

Thus, studies carried out on various biologically active substances 
and in vitro/in vivo model biological objects, including humans, have 
shown the effectiveness of using deuterium as a tool to change the 
rate of chemical reactions and metabolism in general. This is an 
important mechanism in the fight against complications in the 
treatment and prevention of various diseases. The method of 
regulating biological activity using deuterium is confirmed by 
studies of deuterated medicinal substances, which are discussed in 
the next section. 

Deuterated medicinal substances 

Differences between deuterium and protium from the 
standpoint of pharmaceutical chemistry 

Compared with protium (H), deuterium (D) is more resistant to 
oxidation. The C–D bond length is shorter by 0.005 Å compared to C–H. 
Since the D atom has a 2 times larger mass than H, the activation 
energy required to achieve the transition state at bond breaking is 
greater for C–D than for C–H. That is why the rate of the reaction 
involving the deuterated compound is lower than for its protium 
analogue (kH>kD). The KIE expressed as the ratio of the reaction rate 
constants of the protium and deuterated compounds kH/kD

Two basic approaches can be used in the synthesis of deuterium-
labeled compounds. This is a common multi-step synthesis, the so-
called “deuterated pool synthesis”, using deuterated reagents. The 
second approach, which is used more often, is the deuteration of the 
parent compound by the H/D isotope exchange method [5]. In some 

cases, it is convenient to combine both approaches. The introduction 
of deuterium into the target molecule or into the intermediate 
substance at the late stage of synthesis is carried out using 
deuterium donors–usually D

 is 
normally ranges from 1 to 7 but may be higher [6]. Replacing protium 
with deuterium is an example of isosteric substitution. The pairs of 
pharmaceutical substances, the original/parent protium-containing 
and its deuterated analogues are called “bioisosteres”. Deuterium-
modified bioisosteres are characterized by the invariability of 
biological activity and the optimization of pharmacokinetics. 

2O or deuterium gas, D2

The nomenclature of deuterated compounds is simple. Typically, the 
derivative compound has a prefix deu-followed by the identical 
name for the precursor compound (eg, deuterotrabenazine). For 
brevity, the prefix deu-is replaced by di-, where i is the number of 
deuterium atoms in the molecule. Lists of all WHO-approved 
compound names and structures are published in WHO documents. 
Currently, the list includes deutolperisone, deutetrabenazine, 
deudextromethorphan, deuivacaftor and is supplemented with the 
names of new deuterated substances. 

. The isotope 
protium-deuterium exchange (H/D) depends on pH [47] and the 
nature of the catalyst [1, 48]. 

History of deuterated pharmaceutical compounds 

The very first examples of deuterium inclusion in biologically active 
compounds are mentioned in the works of the mid-20th century. 
Two independent research groups reported a decrease in the 
biotransformation rate of d2-tyramine and d3-morphine compared 
to the parent proton-containing compounds [49, 50, 51]. The time 
interval between the publication of the first patents for a deuterated 
substance and the registration of drugs based on them was about 
half a century. Such an example is deutetrabenazine (d6

The first registration of a deuterated drug is a significant event for a 
new direction of pharmacy [5]. 

-
tetrabenazine) approved by the Food and Drug Administration 
(FDA) in 2017 (table 4). Its protium precursor tetrabenazine was 
registered in the USA in 2008. Since 2018, the drug (trade name 
Normokineztin) has been included in the list of vital and essential 
drugs in the Russian Federation. Chemically, deutetrabenazine is an 
isotopic isomer of tetrabenazine (“bioisostere”), in which six 
protium atoms are replaced by deuterium atoms. An increase in the 
half-life of the deuterated drug from the bloodstream from 4.8 to 8.6 
h and an approximately twofold increase in the area under the 
pharmacokinetic curve (AUC) allowed halving the dose vs 
tetrabenazine. Thus, the new drug is characterized by a reduced 
number of daily injections, and its tolerance is improved compared 
to the parent compound [52]. Indications for the use of the drug are 
the same as for tetrabenazine, therefore, when registering 
deutetrabenazine, the applicant was given the right to partially use 
the registration materials of the parent drug. 

Another deuterated drug, a combination of d6-dextromethorphan and 
quinidine (table 4), has been supported by FDA for accelerated 
promotion but has not yet reached final regulatory approval [53]. Its 
ancestor–the combined drug Nuedexta® consisting of 20 mg of 
dextromethorphan and 10 mg of quinidine–is used to treat 
pseudobulbar affect. Quinidine slows the metabolism of 
dextromethorphan to an O-demethylated product in the first stage of 
biotransformation and increases the half-life. This allowed achieving 
therapeutic values for the content of the active ingredient within the 
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safety interval. It turned out that achieving equivalent effects with 
deuterated dextromethorphan requires the significantly lower 
quantity of toxic quinidine. Increase in t1/2 of d6

 

-dextromethorphan 
allowed not only reducing the dose of the active pharmaceutical 
substance, but also providing protection against the side effect of 
quinidine. Due to the fact that there is currently no FDA-approved 

drug for the treatment of dementia, although the need for such a drug 
is significant, the opportunity was provided to expedite the 
registration of the deuterated drug. The studies are in Phase III of 
clinical trials for the treatment of delirium associated with Alzheimer's 
disease. In addition, Phase II of these clinical trials continues in the 
treatment of resistant depression and residual schizophrenia. 

Table 4: Advantages of deuterated drugs 

Deuterated analogue 
 

Pharmacokinetic characteristics, mechanisms 
of biotransformation 

Use Reference 

 
d6

Increase in t

-Tetrabenazine  

1/2

from 4.8 to 8.6 h 
  

Twofold AUC Increase 

Designed to reduce symptoms of an 
orphan disease–Huntington's chorea 

[5, 52] 

  
d6

+Quinidine  
-Dextromethorphan 

Increase in t1/2

Ultra-low dose of quinidine compared to the 
protium precursor 

, AUC and Сmax  

 

For the treatment of pseudobulbar 
affect; phase III of clinical trials–
delirium associated with Alzheimer's 
disease; phase II–depression and 
residual schizophrenia.  
 

[5, 6] 

 
BMS-986165  

Tyrosine kinase inhibitor A new substance with no protium 
analogue. 
Preclinical trials– 
systemic lupus erythematosus and 
inflammatory bowel disease  

[5, 55, 56] 

 
VX-984  

 
DNA-dependent protein kinase inhibitor 

A new substance with no protium 
analogue. 
Clinical trials-treatment of psoriasis; 
metastatic endometrial cancer 

[5, 55, 56] 

 
d3

Change in the rate of reactions catalyzed by 
monoamine oxidase (MAO) and dopamine β-
hydroxylase (DBH) 

-Levodopa 

 
Parkinson's disease 

[5, 58] 

  
d3

Decreased N-demethylation during incubation 
with human liver microsomes. 

-Imatinib 

An anti-leukemic cytostatic drug, 
targeted cytostatic selectively affecting 
cells with certain genetic defects 
characteristic of tumors 

[5, 59] 

 
d4

Increased therapeutic index due to the 
predominance of hydroxylation over N-
dechlorination 

-Ifosfamide 

A cytostatic 
antitumor chemotherapeutic drug with 
an alkylating effect. 

[5, 67] 

 
S-and R-enantiomers 
of Thalidomide 

 
R-enantiomer is 
5 times more stable to epimerization compared 
to the protium analog 

Immunomodulators. 
S(+)-deuterated enantiomer is an 
antitumor drug, while R(-)-deuterated 
enantiomer has almost no effect on 
tumor growth. 

[5, 67] 

 

There are known deuterated bioactive compounds that are not 
analogues of known drugs. Among the substances of this group, two 
deuterated compounds, BMS-986165 and VX-984, achieved the clinical 
trials (see table 4). The first compound is a potent selective tyrosine 
kinase inhibitor. Its effectiveness has been demonstrated in a number of 
preclinical models [54]. For the second compound, VX-984, there were 
obtained promising results of a placebo-controlled clinical trial in the 

treatment of psoriasis [55]. Being an inhibitor of DNA-dependent protein 
kinase, it also successfully passed the first phase of clinical trials in the 
treatment of metastatic endometrial cancer [56]. 

Most studies of deuterated drugs are devoted to their 
pharmacokinetic profiles, which are compared with the parent 
drugs. As a rule, the deuteration leads to an increase in Cmax, t1/2, AUC 

https://ru.wikipedia.org/wiki/%D0%91%D0%BE%D0%BB%D0%B5%D0%B7%D0%BD%D1%8C_%D0%A5%D0%B0%D0%BD%D1%82%D0%B8%D0%BD%D0%B3%D1%82%D0%BE%D0%BD%D0%B0�
https://ru.wikipedia.org/wiki/%D0%A6%D0%B8%D1%82%D0%BE%D1%81%D1%82%D0%B0%D1%82%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%BF%D1%80%D0%B5%D0%BF%D0%B0%D1%80%D0%B0%D1%82�
https://ru.wikipedia.org/wiki/%D0%A6%D0%B8%D1%82%D0%BE%D1%81%D1%82%D0%B0%D1%82%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B5_%D0%BF%D1%80%D0%B5%D0%BF%D0%B0%D1%80%D0%B0%D1%82%D1%8B�
https://ru.wikipedia.org/wiki/%D0%A5%D0%B8%D0%BC%D0%B8%D0%BE%D1%82%D0%B5%D1%80%D0%B0%D0%BF%D0%B8%D1%8F_%D0%B7%D0%BB%D0%BE%D0%BA%D0%B0%D1%87%D0%B5%D1%81%D1%82%D0%B2%D0%B5%D0%BD%D0%BD%D1%8B%D1%85_%D0%BD%D0%BE%D0%B2%D0%BE%D0%BE%D0%B1%D1%80%D0%B0%D0%B7%D0%BE%D0%B2%D0%B0%D0%BD%D0%B8%D0%B9�
https://ru.wikipedia.org/wiki/%D0%A5%D0%B8%D0%BC%D0%B8%D0%BE%D1%82%D0%B5%D1%80%D0%B0%D0%BF%D0%B8%D1%8F�
https://ru.wikipedia.org/wiki/%D0%A5%D0%B8%D0%BC%D0%B8%D0%BE%D1%82%D0%B5%D1%80%D0%B0%D0%BF%D0%B8%D1%8F�
https://ru.wikipedia.org/wiki/%D0%90%D0%BB%D0%BA%D0%B8%D0%BB%D0%B8%D1%80%D1%83%D1%8E%D1%89%D0%B8%D0%B5_%D0%B0%D0%BD%D1%82%D0%B8%D0%BD%D0%B5%D0%BE%D0%BF%D0%BB%D0%B0%D1%81%D1%82%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B5_%D0%BF%D1%80%D0%B5%D0%BF%D0%B0%D1%80%D0%B0%D1%82%D1%8B�
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and a decrease in clearance, while the effect on Tmax

It is noteworthy that deuterium can also be used not only to prolong 
the release of drugs but also for the biodegradation of polymer 
materials in encapsulated forms [57]. 

 is less 
pronounced [5, 6]. 

Biotransformation and deuteration of drugs 

The substitution of protium by deuterium is usually used to reduce 
the rate of biotransformation of a drug, primarily in oxidative 
processes involving cytochrome P450 (CYP450). So, when 
developing the d3-L-DOPA drug, it was found that the deuteration of 
the parent molecule leads to a change in the rate of reactions 
catalyzed by monoamine oxidase (MAO) and dopamine β-
hydroxylase (DBH). After the decarboxylation of d3-L-DOPA with the 
participation of roamatic L-amino acid decarboxylase (AADC), 
deuterium-dependent biotransformation of d3-dopamine is 
observed [58]. The appearance of deuterium at the α-carbon atom 
reduces the MAO activity and the amount of d2-3,4-
dihydroxyphenylacetic acid formed. The appearance of deuterium at 
the β-carbon atom is accompanied by a decrease in DBH activity and 
the amount of d2-norepinephrine. When modeling Parkinson's 
disease in rodents, the deuterated preparation of d3

Thus, the introduction of deuterium into various centers of the 
initial molecule can change the rates of individual pathways of 
biotransformation of deuterated drugs and the accumulation of 
certain biologically active products. 

-levodopa was 
more effective than the protium precursor [58]. 

Toxicity reduction by deuteration 

The deuteration can be used to reduce the number and amount of 
unwanted metabolites (“metabolic shunting”). The inclusion of 
deuterium in the α-and α′ -positions in ifosfamide leads to an 
increase in hydroxylation in position 4′ (see  table 4) and a decrease 
in the toxic products of N-dechlorination for P450 family enzymes vs 
the non-deuterated drug [59]. The metabolic shunting expressed in 
the predominance of hydroxylation over N-dechlorination with the 
formation of nephrotoxic chloroacetaldehyde (Cl-CH2

The deuteration of the erythromycin B molecule is also accompanied 
by a decrease in the side effects of intestinal motility as a result of 
suppression of the formation of 6,9-enol ether [60]. In this case, the 
antibacterial effect of the drug is not violated. 

-CH = O) 
increases the therapeutic index of the drug. 

The result of the study of tramadol, which is rapidly metabolized to 
an O-demethylated metabolite, is interesting [61]. The identical 
biotransformation product of d9

Stabilization of stereoisomers at deuteration 

-tramadol shows 5-10 fold activity 
in relation to opioid receptors in vitro. 

To reduce the side effects of optically active pharmaceutical 
substances, enantiopure drugs have been developed since 1992. 
This technologically difficult procedure made it possible to register 
more effective enantiomers, eutomers, as new drugs [62–64]. This 
approach, known as “chiral switch”, ended in the commercial 
avaiability of pure enantiomers [65, 66]. 

At the same time, for a number of optically active substances, the 
chiral switch is impossible due to the rapid interconversion of 
stereoisomers in vitro and/or in vivo. Replacing protium with 
deuterium in the chiral center of one of the stereoisomers can 
stabilize the stereoisomer. 

The teratogenic effect of thalidomide (see table 4) relates mainly to 
the S(+)-enantiomer [67]. The administration of only the R(-)-
enantiomer does not prevent the manifestation of teratogenicity due 
to a significant and rapid epimerization in physiological conditions. 
It was shown that the deuteration partially overcomes this 
disadvantage: d1

The effect of deuterium on the kinetic effects of biotransformation of 
pharmaceutical substances is not limited to the examples given. 

More and more deuterated compounds are characterized as 
promising substances for possible use as drugs [68-75].  

-thalidomide is 5 times more stable to 
epimerization in various buffer solutions than its protium analogue. 

Prospects for the use of deuterated compounds  

In the wake of the successful registration of deuterotrabenazine, a 
number of other deuterated compounds are actively participating in 
clinical trials.  

Undoubtedly, the mechanisms of the influence of deuterium in water 
on the biochemical transformations of pharmaceutical substances in 
the body will become clear in the near future. One of the possible 
options for such a decoding can be the example of mutarotation of 
carbohydrates going through an acyclic form with the participation 
of water molecules of mixed isotopic composition (H-O-D). 

Like any other essential element, deuterium at fairly high concentrations 
can be toxic. It is believed that the threshold for clinically significant side 
effects is from 200 to 400 mg/kg of pure deuterium oxide–heavy water 
D2

The patentability of deuterated compounds is an urgent concern. 
Deuterated compounds are not the subject of patenting, but a change 
in metabolic mechanisms when replacing protium with deuterium is 
a more significant point. In addition, it should be taken into account 
that, for many years, deuteration was not a common practice and, 
therefore, outdated technological conditions for the preparation of 
parent drugs, i.e. protium precursors, cannot be included in patents. 

O (i.e. 14 g for a person weighing 70 kg). This is many times higher 
than what is provided for the medical use of deuterated drugs. Indeed, 
the amount of deuterium in bioactive molecules is 2-3 orders of 
magnitude lower. Thus, the safety of deuterium as such is not a real 
concern. Another issue that limited the studies of deuterated drugs in the 
past was the lack of sensitive analytical methods (e. g. LC/MS/MS) to 
determine the deuterium content in a substance. 

The FDA approval of deuterotrabenazine increases the likelihood 
that deuteration will receive green light for preclinical and clinical 
trials of substances. The trend of increasing in the number of 
substances with improved pharmacokinetic characteristics suggests 
further successful registration of new deuterated drugs. For 
comparison, the example with the fluorine atom can be given. In the 
1970s, fluorine was part of less than 2% of drugs. However, at 
present, it can be found in 25% of registered medicines. This is likely 
to be the fate that awaits deuterium. 

CONCLUSION 

While the use of deuterium in drug development is steadily increasing, 
the number of issues regarding the use of this bioisosteric replacement is 
not decreasing. Among them, there is an erroneous opinion about the 
possible toxicity of deuterium, uncertainty regarding the costs of the 
production of deuterated drugs, unclear mechanisms for increasing KIE 
for individual substances, a long approval process of deuterated drugs by 
regulatory authorities. However, taking into account many 
considerations of the KIE of pharmaceutical substances in waters with 
different D/H ratios, it can be predicted that deuterium becomes a 
medical and chemical tool. 
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