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Abstract
We have evaluated the biological importance of deuterium in foods based on literature data. Deuterium is a stable isotope 
of hydrogen that occurs naturally in our environment and is specifically enriched in certain foods. Deuterium has specific 
physical and chemical properties and a high kinetic isotopic effect. Morphological and physiological changes can be 
observed in cells treated with deuterium, affecting fundamental processes in the body such as cell division or metabolic 
processes. Deuterium is naturally present in food, food products and liquids and is naturally enriched depending on the 
type of food. Naturally and typically, there are deuterium-poor and deuterium-rich foods. Our studies have examined 
the effects of this naturally occurring deuterium in the biological range on the body and concluded that deuterium 
ingestion is of great importance.
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1  Introduction

Deutenomics is an emerging field of science that studies the biochemical and biophysical changes that occur in living 
organisms in the presence of deuterium (D). D is a stable isotope of hydrogen. Its natural abundance is ~ 1/6600 hydrogen 
atoms. D is a rare isotope in nature, with a natural abundance of 155.6 ppm (155.6 D per 1 million hydrogen atoms) in 
living ocean water. Its nucleus contains one proton and one neutron, leaving its charge unchanged but nearly doubling 
its mass [1]. This physical difference results in a kinetic isotope effect that affects. In an inanimate environment, the pres-
ence of D2O can alter the rate of chemical reactions, making them either faster or slower. Additionally, the magnitude 
of the resulting isotope effect is also influenced by the ambient temperature [2]. However, the kinetic isotope effect of 
D causes significant negative alterations in living plant and animal organisms [3]. It has an effect on chemical bonds, 
chemical reactions, and biochemical processes in the body [4–6]. The aim of our review was to investigate whether 
deuterium, which occurs naturally in food, has any nutritional significance. A common feature of previous studies on the 
effect of deuterium on living organisms is that no importance was attached to the natural presence of deuterium, heavy 
water was used in excess 1000–6000 times [7]. Deuterium is naturally present in food, food products and liquids and is 
naturally enriched depending on the type of food, due to the different types of plant metabolic pathways naturally and 
typically, there are deuterium-poor and deuterium-rich foods [8, 9]. The feeding protocol for farm animals also affects 
the deuterium content in dairy or meat products. The products of agricultural livestock appear on people’s tables in 
various formats as food, making these foods fundamental carriers of deuterium, the amount of which depends on what 
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has been described previously. The products of agricultural commodities appear on people’s tables as food in various 
formats, so they are the basic carriers of deuterium, the amount of which depends on what has been written before 
[10, 11]. Nowadays dynamic field of research, the effects of deuterium on the organism are investigated, especially with 
regard to the amount of deuterium present in the environmental biological range. Investigation the deuterium intake 
from food and its effects on the human body is crucial for maintaining health in the short and long term, as well as for 
preserving or enhancing mental and physical activity.

2 � Materials and methods

We conducted our research using qualitative internal document analysis based on peer-reviewed literature. The study 
investigated the presence of deuterium from agricultural production through food to sub-molecular biochemical 
changes. Literature was searched and evaluated to specifically address biological (115–155 ppm) deuterium concentra-
tions and their impact in our biological system and from food.

3 � Results

3.1 � Deuterium

The deuterium discovered by Harold Clayton Urey in 1931 [12], who was awarded the Nobel Prize in Chemistry in 1934. 
The 1H and 2H (D) are hydrogen isotopes, with an occurrence of 99.985 atomic % and 0.015 atomic %, respectively [13]. 
We should also mention the presence of 3H (tritium), whose natural occurrence is very low, so its effect is minimal and 
not part of the present study. D is present in a regulated way in the field of medical medicine, in April 2017 the FDA 
approved the use of deutetrabenazine (deutetrabenazine, 1(d6-tetrabenazine, SD809, SD-809, TEV50717) for the treat-
ment of Huntington’s disease [14], but it is also used in medicinal chemistry [15].

3.2 � The physical properties

The masses of hydrogen and its stable isotopes, the constituents of the nucleus, are given in Table 1.
The data show that deuterium has almost double the mass of the hydrogen atom. The variation in the mass of the 

nucleus results in different physical properties, which are shown in Table 2.
D is most found as HDO or D2O, with a natural occurrence of 0.015% of the hydrogen atoms present in the oceans 

[18–20]. Deuterium rotation in natural waters shown great variability. The amount of deuterium in Antarctic ice is mini-
mal (Standard Light Antarctic Precipitation, SLAP),  D SLAP

H SLAP
= −428.5‰, which corresponds to a concentration of 89 ppm 

deuterium [21, 22]. The ice sheet in the Northern Hemisphere has higher values for deuterium concentrations. Deuterium 
content of Greenland ice sheet (Greenland Ice Core Projects, GISP) ice  D GISP

H GISP
= −189.5‰ equivalent to 124.6 ppm when 

converted [23]. The standard for deuterium content in waters is the Vienna Standard Average Ocean Water (VSMOW), 
(
D VSMOW

H VSMOW
) = 0.00‰, which is a deuterium concentration of 155.76 ppm [24–27]. The amount of deuterium present in 

rainwater varies between geographical location and seasons [28, 29]. The amount of deuterium in our natural waters 
varies, depending on the water cycle [30, 31] and as we move away from the oceans towards the mainland, the deute-
rium content of rainwater and tap water decreases (taking into account prevailing flow directions and topography) [32, 
33]. The different deuterium content of rainwater according to season and geographical location explains the different 
isotopic composition of freshly squeezed vegetables and fruit juices of different geographical origin [34].

Table 1   Nuclear mass of 
hydrogen and its stable 
isotopes [16]

Naming Marking Mass (dalton)

Protium 1
1H 1.0078250322

Deuterium 1
2H 2.0141017782

Tritium 1
3H 3.0160492779
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Owning to the electron distribution of the isotopes is identical, isotopes of hydrogen can participate in identical 
chemical reactions. The speed of chemical bonds is influenced by the ratio of the masses of the reacting atoms. Chemical 
reactions that contain identical atoms, but different stable isotopes may exhibit different reaction rates, which is called 
kinetic isotope effects (KIE). KIE is higher when bonds are formed and broken at the site of isotopic substitution (primary 
effect), but they are also observed when significant rearrangements occur periphery at a site that undergoes bond 
change (secondary effect). Both effects of KIE reflect the nature of the energy barrier of the basic chemical reaction [35]. 
D will behave differently in chemical reactions due to its mass difference. The chemical properties resulting from ESL give 
rise to differences in biological systems. Deuterium correlates with the photosynthetic pathway. According to the differ-
ences in the photosynthesis process, plants are divided into three groups of C3, C4 and CAM types. The primary product 
of CO2 fixation is based on four-carbon dicarboxylic acid, therefore this form of CO2 reduction is called C4-dicarboxylic 
acid pathway and plants photosynthesizing in this way are called C4 plants. Plants whose primary product of CO2 fixation 
is three-carbon phosphoglyceric acid are called C3 type plants. In contrast, plants that use Crassulean Acid Metabolism 
(CAM) may increase the concentration of deuterium in photosynthesis products under certain conditions.

The physiological difference between C3 (for example: green peas, wheat, spinach) and C4 (for example: sugar cane, 
maize, sorghum crops) is summarized in Table 3.

When comparing plants of type C3 and C4 physiologically, it is necessary to highlight the relatively high intensity of 
photosynthesis of the latter and the point of light saturation of plants of type C3. The leaves of C3 plants do not take full 
advantage of the intense radiation of the midday hours of summer days, the intensity of photosynthesis increases only to 
about 50% of total illumination. In addition, due to increased evaporation, the stomata often close in the midday hours, 
due to which the supply of CO2 decreases [37]. C3 and C4 plants differ not only in leaf tissue structure and CO2 fixation 
mechanism, but also in the amount of D present in plant parts. Based on Ziegler’s research, the average δD values of C3 
plants are − 132 ‰ for shoots and − 117 ‰ for roots. For C4 plants, the mean δD values are − 91‰ in shoots and − 77‰ 
in roots. For roots and shoots of CAM plants, the δD value is − 75‰ lower than the SMOW (155 ppm) [38]. C3 plants have 
a lower deuterium content than C4 and CAM plants what shown in the following calculation in ppm.

The above values have been converted in ppm according to the following formula for easy comparison, then we get 
the following results, which are shown in Table 4.

Table 2   Comparison of 
physical properties of 
molecular forms of hydrogen 
[17]

* At 20.39 K, ** At 22.54 K, *** At 23.67 K

H2 HD D2

The molecular volume of the solid at the triple point 
(cm3)

23.25 21.84 20.48

triple point (K) 13.96 16.60 18.73
vapour pressure in triple points (mmHg) 54.0 92.8 128.6
boiling point (K) 20.39 22.13 23.67
Heat of fusion at triple point (cal/mol) 28.0 38.1 47.0
heat of vaporization (cal/mol) 216* 257** 293***

Table 3   Comparison of some physiological indicators of C3 and C4 plants [36]

Physiological indicator Plants

C3 C4

The primary CO2 fixation enzyme RuDP- carboxylase PEP-carboxylase
Light saturation point Full illumination 25–50% Practically none
CO2-compensation point, ppm CO2 30–70 0–10
Maximum net photosynthesis intensity, CO2 mg · dm − 2 · h − 1 15–40 40–80
The optimum temperature for photosynthesis 15–25 °C 30–47 °C
Photorespiration active Unlikely
Pure photosynthesis productivity, dry matter g · dm − 2 · d − 1 0.5–2 4–5
Transspiration coefficient, g water/g dry matter 450–950 250–350
Annual dry matter production, t/10,000 m2 22.0 ± 3.3 38.6 ± 16.9
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It is important to point out that the above table concerned the shoots and roots of the plant, not its crop. This differ-
ence is well demonstrated by wheat. Wheat belongs to the C3 group of plants, and the meal made from its fruits still 
has a high deuterium content, which is shown in Table 5. The relationship between the photosynthetic system of plants 
and the stable isotope ratio can also be measured in the cellulose of the plant and has the same trend result as above 
[39]. Starch and cellulose are both glucose polymers made by plants either from glucose made by photosynthesis in the 
leaves or from sucrose transported from the leaves through the vascular system. However, there are differences. Cel-
lulose made from β-d glucose and starch made from α-d glucose. The site of starch synthesis is chloroplast, and the site 
of cellulose synthesis is outer surface of cell membrane. The structure of starch is also different from cellulose. Starch 
encloses water in itself. There is type A starch and type B starch and a mixture of both. Type “A” contains 8 molecules 
of water, type “B” contains 36 molecules of water [40]. In addition to these differences, it should be noted that recently 
among animal tissues, the level of proline abnormal D has been published [41]. This fractionation process is not yet fully 
explored and requires further investigation but based on the data published in the reviewed literature, the authors agree 
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Table 4    Average content D of 
shoots and roots of C3, C4 and 
CAM plants (own edit)

Part of plant Quantity 
of D (ppm)

Average content D of C3plant shoots 134.540
Average D content of C3 plant roots 136.865
Average content D of C4 plant shoots 140.895
Average D content of C4 plant roots 143.065
Average content D of CAM plant shoots 143.375
Average D content of CAM plant roots 143.375

Table 5   Average D content of 
food [92, 93]

Food D (ppm)

Water from cottage cheese 151
Flour 150
Sugar 146
Cabbage 142
Potato 142
Wheat grain 142
Oat grain 141
Carrot 141
Pork 137
Beef 137
Chicken 136
Cottage cheese 136
Sunflower oil 130
Olive oil 130
Butter 125
Butter 124
Beef fat 121
Pork lard 118
Pork lard 116
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that fractionation D must take place, which requires isotopic studies under in vivo conditions. Similarly, it was previ-
ously unknown what caused the difference between the sensitivity of tonoplast ATPase and plasma membrane ATPase 
to nitrate receptors between proton pumps in plant cells, but it getting better described nowadays [42, 43]. Wheat also 
contains ~ 10–12% protein and ~ 2% fat [44, 45]. 

The feeding protocol of farm animals, the composition of their feed and the geographical origin are different. The 
composition of today’s feed mixtures includes a mixture of C3, C4 and CAM plant derivatives and cereals [46]. As a result 
of the mixed composition, e.g. the use of cereal grains increases the D content of otherwise lower green fodder. The 
metabolic effects on cattle of the conventional feed protocol excluding D content of feeds and the lower D feeding 
protocol were described in detail in our previous publication [47].

3.3 � Effects of deuterium on living organisms

Water present in living animal (human) tissues enters the body in two ways, through drinking and metabolism of food 
substrates. The nutrient entering the cells via the metabolic route is oxidized to CO2. Its hydrogens are transferred to 
transfer molecules (NAD +, FAD), which are temporarily reduced, and then oxygen is reduced to water with the received 
hydrogen. At the expense of the energy released in this way, ADP is phosphorylated to ATP. The cleavage of ATP terminal 
phosphate groups serves as an energy source for various energy-intensive processes.

Primary source D is dietary intake of water produced during metabolism of food substrates, including a reduced form 
of nicotinamide adenine dinucleotide (NAD) in the mitochondrial respiratory chain [48–51]. If D is involved in a chemical 
bond instead of protium, it will split 6–10 times more slowly [52–55]. If D is integrated into the double-stranded DNA mol-
ecule, then the kinetic isotope effect affects the rate of fission, depending on which C atom it is located on. This speed is 
1.67X slower in 5’ position and 1.14X slower in 3’ position [56]. It is important to note that if D substitutes hydrogen for the 
5’-carbon of ribose on the GUA base triple, a significant 5’-deuterium kinetic isotope effect can be observed at fission on 
U. Ingle et al. concluded that this hydrogen bond contributes to the rigidity and stability of the structural framework [57].

The binding site of D on molecules also shows characteristic features on biologically synthesized molecules. For 
example, methyl linoleate isolated from peanut oil has a different distribution of deuterium at different places in the 
carbon chain. The deuterium concentration of the hydrogen atom bound to the 7th carbon atom is ~ 99, the 8th ~ 137, the 
9th ~ 63 ppm, the 10th ~ 137 ppm, the 11th ~ 99 ppm, the 12th ~ 137 ppm, and the 13th ~ 62 ppm. Difference and regu-
larity are also observed on capsaicin. The average value of D for the acetate derivative 6,7-dihydrocapsaicin (136.8 ppm: 
C3–C6: the significantly higher amount of D than the portion derived from valine (110.2 ppm: C7–C10). This is compat-
ible with the fact that the latter is the result of a relatively long biosynthesis, during which general D impoverishment 
is likely [58, 59]. In fact, the variation within this section can also be interpreted in relation to the biosynthesis of valine, 
so that the least impoverished C8 enters at a late stage of biosynthesis, while the methyl groups C9 and C10 derived 
from pyruvate methyl remained unchanged [60]. This frequency shows that the concentration and occurrence of D is 
determined and controlled, not random.

The is difference in in the world of living beings, and prokaryotes and eukaryotes [61, 62]. Another significant differ-
ence is that deuterated hydrogen bonds are somewhat stronger than those formed with protium [63].

The formation of hydrogen bonds is of critical importance to the function, folding, and tertiary structure formation of 
biological macromolecules. The presence of heavy water has been observed to disrupt the function of the “spindle fibres” 
(mitotic spindles), which play an essential role in mitotic cell division in eukaryotic organisms. The growth of plants that 
are solely watered with heavy water is arrested. Seeds fail to germinate because heavy water prevents cell division in 
eukaryotic cells. In contrast, mitotic problems do not occur in prokaryotic organisms, such as bacteria. These organisms 
can grow and reproduce even in a completely deuterated environment, while their proteins and DNA fully replace their 
hydrogen atoms with deuterium atoms [64].

Among the processes taking place through the cell membrane, the Na + /H + pump is of great importance. The 
ion pump, when activated, takes a Na + atom from outside the cell while giving up an H + atom from inside the cell, 
so a pH shift occurs within the cell in an alkaline direction. This process can be activated by growth hormone that 
stimulates cell division. As the H concentration decreases, the D/H ratio within the cell also changes, because the 
cell removes the more easily mobilizable H + atom (half the mass), and the D/H ratio within the cell shifts towards D 
[65–68]. The increase in the ratio of D and H atoms is contributed by the fact that the enzyme ATPase distinguishes 
between isotopes, does not accept it as a substrate, and retains D in the cell [69], but cell sensitivity to D during 
H + transport has also been observed in aquatic plants [70]. The entry molecule of the Szent-Györgyi-Krebsz cycle in 
the mitochondria is acetyl-CoA, which has 2–2 C atoms and bonded hydrogen atoms. When nutrients are digested, 
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the most important carbohydrate derivative is glucose, and fatty acids are released from lipids. In the cytosol, pyru-
vate formed during the breakdown of glucose—glycolysis—enters the mitochondria, and there it is converted to 
acetyl-CoA in a reaction catalyzed by the pyruvate dehydrogenase enzyme complex. Acetyl-CoA is also formed dur-
ing fatty acid oxidation. The C atoms of the acetyl group of acetyl-CoA oxidize to CO2 in the citrate cycle, and the 
hydrogens enter the electron transfer chain of terminal oxidation as NADH + , H + and FADH2 and finally participate 
in the reduction of oxygen to water. The vast majority of amino acids produced during protein breakdown are also 
converted to pyruvate, acetyl-CoA, and citrate cycle intermediates. In oxidative phosphorylation coupled to terminal 
oxidation, ADP is phosphorylated to ATP.

During different phases of growth, a continuous decrease in the deuterium concentration of intracellular water was 
observed in the prokaryote Escherichia coli. [71]. During the steps of the Szent-Györgyi–Krebs cycle, the organism strives 
to keep the deuterium content of intracellular water as low, with the main source being the water produced during meta-
bolic oxidation. The deuterium content of the water generated during metabolic oxidation depends on the deuterium 
content of the molecules entering the cycle [72]. The entering molecules D concertation are food dependent. Moreover, 
during the oxidation of glucose, metabolic water with a higher deuterium level is produced. A carbohydrate-rich diet has 
been observed to result in the formation of metabolic water with a deuterium concentration of approximately 155.75 
parts per million (ppm). The oxidation of fats and lipids by mitochondria has been shown to result in the production of 
metabolic water with a deuterium concentration of 118 ppm [73].

Due to the different D concentration of foods, it follows that the molecule entering the cycle will also have different 
D content, and during the biochemical cycle the D content of the resulting metabolic water will also be different. Foods 
with high D content will produce high levels of D metabolism, so the cell cannot compensate for the higher D/H ratio 
associated with an increase in cell pH, which favors uncontrolled division of cancer cells [74]. The possible high deuterium 
content of acetyl-CoA entering causes damage to the entire citric acid cycle [75]. The importance of D is also expressed 
in the efficiency of the production of ATP integrated into the membrane of the mitochondria present in our cells [76, 
77]. ATP synthase is capable of special selection [78], but above a certain content D, the efficiency of filtering decreases 
[79]. Studies on bovine heart muscle showed that mitochondrial ATP synthase was impaired by deuterium and that the 
degree of damage was dose dependent [80]. This damage is due to the biological effects of deuterium on mitochondrial 
ATP synthase [81].

Part of the hydrogen present in living organisms (hydrogen atoms linked to oxygen, sulphur, nitrogen) is rapidly 
exchanged for deuterium in heavy water. One consequence of this is that hydrogen bridges, which are primarily respon-
sible for the stability of proteins, are replaced by deuterium bridges. The resulting bonds are stronger than the hydrogen 
bonds originally formed with protium. This may explain why proteins are more stable in heavy water and more resistant 
to denaturation and conformational changes. Many biological processes, including DNA replication, DNA repair, and 
cytochrome P450 enzymatic reactions, operate at a rapid pace that are sensitive to kinetic isotope action [82, 83]. Many 
biological processes, including DNA replication, DNA repair and cytochrome P450 enzymatic reactions, operate at a fast 
rate that is sensitive to kinetic isotope effects. Low deuterium content can reduce DNA damage, and the incidence of 
single-strand breaks associated with cancer mutations [84, 85]. Also observed are the effects of DDW on nucleic acids, 
including its ability to increase the intensity of mitochondrial activity and autophagy, and to alter the transcriptomic 
pattern of miRNA in cells in some tumors. In addition, DDW reduces the number of single-stranded DNA breaks and 
modifies the miRNA profile.

A detailed discussion of deuterium biology can be found in Basov et al., 2019 article [86], which we herein reiterate 
using a deutenomics narrative developed for translational sciences [87] as follows. The presence of D in the agricultural 
and food verticals is significant. The feeding of farm animals, the composition of feed (D content—C3/C4/CAM plants 
and their crops and grain ratio) has a major impact on the biochemical balance of the animal. Glycogen substrates used 
by grain-fed animals, such as cornstarch, branched-chain amino acids and odd-chain fatty acids, are inherently higher in 
D [88], associated with cell proliferative disorders [72, 89]. Furthermore, branched-chain amino acids (leucine, isoleucine 
and valine) with a higher content (> 140 ppm) D in animals fed with artificially mixed grain are present in significant 
quantities [90] enter the citric acid cycle via succinic acid, which triggers expression of methylmalonyl-CoA mutase genes 
in mitochondria. In the case of lactating cattle, when synthetic feeds and seed mixtures are used, the essential branched-
chain amino acid raw materials (leucine, isoleucine and valine, methionine, threonine and thymine) and the odd-chain, 
longer-chain fatty acid derivatives of the fed animals will have a higher D content [47].

D content has a natural distribution in foods [91]. Typically, there are foods and drinks with lower and higher D 
content, which are summarized in Table 5.
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Based on Table 5, with proper choice of food, it is possible to reduce the amount of D entering the body, which is 
directly related to the load D on the body. It is important to note that with a normal diet, the water content of the 
food will prevail at the D-concentration of the local environment. This is not the only factor that influences the final 
concentration of D in the body, since the organic molecules of nutrients also contain protium and deuterium, which 
appear in metabolic water after oxidation of mitochondria.

Nowadays, more and more forward-looking research has been published that has successfully used the reduc-
tion of the amount of D entering the body as a treatment for various cancers. In 1921, it was reported that acetone 
and beta-hydroxybutyric acid appear in normal subjects under the influence of starvation or a diet that is too low in 
carbohydrates and too high in fat [94]. At this time, more attention was paid to the direction of fasting than possible 
to cure certain diseases. Dr. Wilder at the Mayo Clinic suggested that the benefits of fasting can be achieved when 
ketosis in the body is produced in another way, rather than through fasting [95]. The method had positive results 
during the treatment of epilepsy patients and the term ketogenic diet was created, which is based on the fact that 
1 g of protein per kilogram of body weight, a total of 10–15 g of carbohydrates, and the remaining amount of energy 
is provided from fat [96]. The ketogenic diet has been used with high efficiency as an adjunct to cancer treatment. 
[97, 98]. Based on the proven anticancer effect of DDW, it is hypothesized that the beneficial effect of the ketogenic 
diet in cancer cases is due to its deuterium-depleting effect, since mitochondria oxidize fats instead of carbohydrates 
to produce metabolic water with a D content of 118 ppm. In a study conducted in vivo mice, it was concluded that 
the anticancer effect of DDW was enhanced by consumption of a deuterium-depleted diet. Naturally low D-content 
lipids in the ketogenic diet have a significant effect on tumor growth by preventing cells from raising the D/H ratio 
in an unfavorable direction [99].

4 � Conclusion

Foods (both dry matter and water content) have a well-defined and quantifiable D content, depending on the type of 
food, its origin and where it is grown. Dietary D affects the efficiency of ATP production through metabolic pathways, 
the natural synthesis of various organic substances, or the regulation of cell division. The ketogenic diet has been 
used successfully in the treatment of certain cancers, where the state of ketosis is induced by animal fats, which are 
naturally low in D (due to a longer synthesis pathway). Reducing the amount of D in foods and beverages in the diet 
has a beneficial effect in the treatment of some cancers.

Our research has led us to conclude that the deuterium content of foods in the diet is of significant importance 
for both short- and long-term health maintenance and physical performance.
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