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Abstract

Background: Deuterium is unevenly distributed in natural waters, while the same applies to the content of deuterium in ice on Mars.
Moreover, changes in the deuterium content of drinking water are known to affect the bodies of mammals. Thus, since plans are in place to
send people to Mars in the coming years, understanding the effects of water with a Martian isotopic composition is necessary. Therefore,
this study aimed to evaluate the impact of water with an increased deuterium content of 1200 ppm on the dynamics of indicators in the
body of mammals. Methods: The study was conducted on Wistar rats. The metabolic profile of blood and the content of deuterium
in it were studied in dynamics by days using nuclear magnetic resonance (NMR) spectroscopy. Additionally, the isotopic composition
of brain tissue was studied in dynamics by days using isotope mass spectrometry. A further study was conducted on the functioning of
the antioxidant system in blood plasma and brain tissue using PCR analysis, chemiluminescence, and biochemical analysis methods; the
intestinal microbiome was also studied. The durations of the animal experiments were 31 (blood and brain study) and 38 (stress-protective
activity study) days. Results: On day 23, the deuterium content in the blood plasma increased to 856 parts per million (ppm), and to
260 ppm in the brain on day 31. This increase led to an imbalance in the antioxidant/prooxidant processes. This effect was accompanied
by shifts in the intensity of oxidative processes, alongside changes in enzyme activity and the expression of genes responsible for their
synthesis, shifts in amino acid composition, and changes in the concentration of metabolites and microbiome molecules in the blood
plasma. By the fifth and eighth days, the number of Bacteroides in the intestines had decreased by 14% and 21.8%, respectively, compared
to the values measured on day zero of the experiment. Meanwhile, the population of Firmicutes-type bacteria increased by 12% and 16%
on the fifth and eighth days, respectively, compared to the indicators measured on day zero of the experiment. Conclusion: An increase in
the concentration of deuterium in the body promotes the development of a stress reaction and the activation of compensatory mechanisms
aimed at adaptation.

Keywords: deuterium; water; immobilization stress; rats; adaptation

1. Introduction On Mars, the deuterium content in glaciers at the poles, on
mountain tops, and at the equator exhibits a much wider

The isotopic composition of natural waters is unevenly ~ range of ~155 to ~1246 ppm [10]. Currently, small fluctu-

distributed across the surface of our planet [1-4]. Thus,
the deuterium content fluctuates in the approximate range
of 89 to 162 parts per million (ppm). The main standard
for deuterium content in natural water, the Vienna Stan-
dard Mean Ocean Water (VSMOW), is 155.76 ppm [5-9].

ations in the concentration of deuterium in drinking water
are known to promote activation (due to the implementa-
tion of adaptation reactions of the body) and inhibitory ef-
fects [11-16]. Moreover, these concerns relate to both the
reduction and increase of the deuterium content in water
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[17-21]. A relatively small decrease in deuterium levels
in the body causes changes in the functioning of the ner-
vous system [22-25]. Additionally, long-term consumption
of a drinking diet with a reduced deuterium content leads
to a gradual decrease in the concentration of deuterium in
the blood plasma and organ tissues [26,27]. This results in
selective 2H/'H substitution in atomic groups with a free
unshared pair of electrons capable of forming hydrogen
bonds [28,29]. Such atomic groups in biological systems
include hydroxyl, sulthydryl, and amino groups found in
macromolecules such as proteins and nucleic acids, as well
as in low-molecular biologically active compounds [30].
The substitution of deuterium for protium can occur in the
hydration shell of protein molecules, including enzymes
and transporters, as well as proteins involved in the for-
mation of pores and channels, etc. [31]. These alterations
cause a change in the thermodynamic and kinetic parame-
ters of macromolecules [32-36]. The isotopic 2H/'H ex-
change may affect some regions of the mitochondrial elec-
tron transport chain, leading to conformational changes in
transport protein structures [37—40]. Kinetic isotope ef-
fects in biological systems have been known for a long
time [41]. Moreover, these effects can occur at significant
concentrations of deuterium [42,43]. Meanwhile, studies
on the impact of increasing the deuterium concentration in
water to levels several times above the natural terrestrial
level remain limited. However, seminal work by Xie X and
Zubarev R.A. [44,45] evaluated the effects of increasing the
rate of biomass gain by microorganisms with a deuterium
content in the environment of 350-370 ppm. The simpli-
fication of the system can explain these effects due to the
occurrence of isotopic resonance [46]. Our previous work
has established an increase in the deuterium content in the
blood plasma of laboratory animals from 150 to 487 ppm,
with water consumption contributing to a total of 750 ppm
over two months [17]. This was shown to increase the an-
tioxidant potential in liver tissues, due to a rise in the con-
tent of low-molecular thiol antioxidants and a decrease in
the intensity of free-radical processes in the blood and hep-
atocytes. There was also an increase in the functional ac-
tivity of the prooxidant—antioxidant component of the non-
specific defense system in the body [47—49].

Thus, there is a need to obtain scientific data on the ef-
fect of deuterium content, similar to that of Mars, in drink-
ing water on mammalian organisms. Therefore, this study
aimed to evaluate the impact of consuming water with a
high deuterium content of 1200 ppm on the dynamics in-
volved in modulating the concentration of deuterium in the
blood and brain tissues, the dynamics of oxidative pro-
cesses, and the functioning of the antioxidant system in the
brain and the intestinal microbiome, as well as on the de-
velopment of the cross-adaptation to immobilization stress.

2. Materials and Methods
2.1 Animals, Stress Model, and Experimental Design

Experiments were performed on 3-month-old male
Wistar rats weighing 280-310 grams. For tissue culture
studies, 7-9-day-old rat pups born to 5—6-month-old fe-
males were used.

Methods for obtaining cultures were described earlier
[13]. The authenticity of the culture was determined by
morphological analysis. Rat cerebellar neurons (cerebel-
lar granule cells) in vitro are 8—10 microns in size, have
a contrasting edge and characteristic granularity of the cy-
toplasm, and form a developed network of neurites in the
early days of cultivation. The underlying layer of astrocytes
is characterized by an irregular polygonal shape, a rounded
or oval nucleus, an indistinct edge of the cytoplasm, and
dimensions exceeding the linear size of neurons by about
2-4 times. The experiments were performed using an in-
cubation medium (IM) containing 154 mM NaCl, 25 mM
KCl, 2.3 mM CaCly, 1 mM MgCls, 3.6 mM NaHCOs, 0.35
mM Na;HPO,, 10 mM HEPES, 5.6 mM glucose, pH 7.3.
IM with different levels of deuterium was prepared from
IM with 150 ppm deuterium, to which “heavy” water with
a deuterium content of 99.92% was added to a deuterium
concentration of 300, 450, 600 and 750 ppm. Deuterium
content was monitored using a 400 MHz Fourier transform
NMR spectrometer (FT NMR SYSTEM model INM-ECA
400, JEOL, Japan) according to the method [50]. To study
the effect on the mitochondrial membrane potential and in-
traneuronal calcium levels, the cultures were incubated with
IM for 24 h. Measurements were performed using fluores-
cent probes: tetraethylrhodamine (TMRE) and Fluo-4 AM,
respectively. The probes were added to the cultures for 15
min: 0.1 uM TMRE and 5 puM Fluo-4 AM. The cultures
were then washed three times with IM and fluorescence was
measured on a Filter Max F5 multifunctional microplate
reader (Molecular Devices, USA): TMRE at an excitation
wavelength of 535 nm and emission of 595 nm; Fluo-4 at
485 and 535 nm, respectively [51].

There were six animals per cage (294 mm x 190 mm
X 125 mm) in a room with laminar air flow, which was
maintained under natural light at a temperature of 22 + 1
°C and a relative humidity of 55% =4 10%. Food and wa-
ter were available ad libitum. All manipulations were per-
formed between 09:00 and 16:00 h; no animal was used
more than once.

The study of the response by the body to deuterium
intake was performed on 65 rats. The animals were divided
into two groups:

Group 1 (n =30)—rats that received water with a nat-
ural deuterium content (150 ppm);

Group 2 (n = 30)—rats that received water weighted
with deuterium (1200 ppm).

Five rats were taken from each group of animals on
days 5, 8, 11, 16, 23, and 31 of the experiment to collect
feces, blood, and the brain was removed following decap-
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itation; five rats were also taken on day zero. For adult
specimens, the surgical intervention was performed under
anesthesia using the following drugs: Telazol (tiletamine 50
mg/ml and zolazepam 50 mg/ml, total concentration 10%
w/v) 20 mg/kg intramuscularly (Zoetis Inc., San Sebastian
de los Reyes, Spain) and Xylazine (xylazine hydrochlo-
ride, 2% w/v) 5 mg/kg intramuscularly (Interchemie, En-
schede, Netherlands). The animals were euthanized in an
euthanasia chamber (VET tech) in accordance with Direc-
tive 2010/63/EU of the European Parliament and the Eu-
ropean Union Council for the protection of animals used
for scientific purposes. The feces were used to study the
qualitative and quantitative composition of the intestinal
microbiome. Plasma and serum were prepared from the
blood. The concentration of deuterium was determined in
the blood serum, and the plasma was used to study the inten-
sity of the oxidative processes, the leukocyte formula, the
metabolic profile, and to research tryptophan and tyrazine
fluorescence. In the cold, the cortex was removed from the
brain to study the intensity of the oxidative processes, an-
tioxidant activity, and gene expression.

Meanwhile, two groups of 28 rats were formed to
study the effects on the behavior of animals of high deu-
terium concentrations in the drinking water:

Group 1 (n = 14)—rats that received water with a nat-
ural deuterium content (150 ppm);

Group 2 (n = 14)—rats that received water weighted
with deuterium (1200 ppm).

Seven rats were taken from each group of animals on
the 7th and 14th days of the experiment to study the behav-
ioral reactions in the open field test.

An additional three groups of 21 rats were formed to
study the protective activity against stress:

Control-150 ppm group (n=7)—rats that received wa-
ter with a natural deuterium content (150 ppm);

Stress-150 ppm group (n = 7)—rats that received wa-
ter with a natural deuterium content (150 ppm) for 32 days
and were exposed to immobilization stress;

Stress + deuterium weighted water-1200 ppm group
(n = 7)—rats that received water with an increased content
of deuterium (1200 ppm) for 32 days and were exposed to
immobilization stress.

Immobilization stress is a traditional model of an acute
stress situation, in which, in addition to restricted move-
ment, a pronounced emotional component exists that is as-
sociated with the inability to avoid a threatening situation
[52]. The use of varying durations of immobilization al-
lows for evaluating changes in the body that occur under
the influence of stress factors of different intensities.

Immobilization stress was modeled on the 33rd day of
the experiment. Each animal was secured on its back, with
its limbs tied to ensure it remained motionless. The stress
procedure was repeated four times daily for three days. The
animals were monitored daily, with their limbs examined.
Behavioral activity was studied in the open field and ele-
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vated plus maze tests on the 36th and 37th days, respec-
tively. On the 38th day of the experiment, the animals were
sacrificed, euthanasia method is the same as above, blood
was collected, and the brain, thymus, adrenal glands, and
spleen were removed. Plasma was prepared from whole
blood to study oxidative processes. The cerebral cortex was
removed in the cold and placed in liquid nitrogen for stor-
age. The brain tissue was ground in the cold, and the su-
pernatant was prepared to study oxidative processes. The
thymus, adrenal glands, and spleen were weighed on an an-
alytical balance.

The experiments were conducted in accordance with
the requirements of the “Guide for the Care and Use
of Laboratory Animals”, European Community Directives
2010/63/EU, and “Guide for working with laboratory ani-
mals, including the ethical principles of animal testing (3R
principle) of the V.M. Gorbatov Federal Research Center
for Food Systems of the Russian Academy of Sciences”.
The study was approved by the bioethical commission of
the V.M. Gorbatov Federal Research Center for Food Sys-
tems of the Russian Academy of Sciences (Protocol No.
7/2023 on 7th March, 2023).

2.2 Determination of Deuterium Content in Blood

The deuterium content in blood serum was deter-
mined on a Bruker Avance NEO 700 MHz NMR spectrom-
eter (Bruker Corporation, Bloomfield, CT, USA) using the
method described earlier [50]. The results are expressed in
ppm. The experiment was performed at the shared-use cen-
ter of the Scientific Research Center “Pharmacy” (RUDN
University, Moscow).

2.3 Metabolic Profiling Study

The metabolic profile was determined using the fol-
lowing method. One volume of cold methanol and one vol-
ume of cold chloroform were added to the blood plasma
sample and mixed on a vortex (4000 rpm, 30 minutes, 5
°C). The samples were then kept at 5 °C for 30 minutes,
after which the samples were centrifuged (12,000 g, 30
minutes, 5 °C). The upper fraction containing water and
water-soluble metabolites was transferred to a new tube and
dried for 16 hours on a vacuum concentrator. The dry sam-
ple was stored at —60 °C. Before measuring the spectrum,
600 pL of buffer solution (0.1 mM disuccinimidyl suber-
ate, 2 mM NaN3, 150 mM Na,HPO,/NaH>PO,, pH 7.07
B D,0) was added to the dry sample, vortexed (4000 rpm,
2 minutes), and centrifuged (12,000 g, 5 minutes). After-
ward, 550 puL of the sample was transferred to an NMR am-
poule. The spectra were recorded on a Bruker Avance NEO
700 NMR spectrometer equipped with a Prodigy cryoprobe.
The Noesyprld pulse sequence was used under the follow-
ing conditions: acquisition time of 4.7 seconds, delay time
between pulses (D) of 3 seconds, and number of spectrum
accumulations of 64.
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The spectra were processed using Topspin 4.1.3 soft-
ware (version 4.1.3, 2021, Bruker BioSpin, Rheinstet-
ten, Germany), and the identification and quantification of
metabolites were performed using Chenomx 8.5 software
(version 8.5, 2021, Chenomx Inc., Edmonton, Canada). All
results were presented as a percentage of the control sam-
ple. The experiment was performed at the shared-use center
of the Scientific Research Center “Pharmacy” (RUDN Uni-
versity, Moscow).

2.4 Fluorescence and Chemiluminescence of Blood

Fluorescence was measured for the blood serum us-
ing an F-2700 spectrofluorimeter (Hitachi, Tokyo, Japan).
The intrinsic combined tryptophan and tyrosine fluores-
cence was excited by light with a wavelength of 280 nm.
The intensity of free radical processes in the blood plasma
was determined by chemiluminescent (CL) analysis using
a Lum-100 device (Lumex Instruments, Moscow, Russia),
which employs the light sum, an integral luminescence in-
dicator expressed in arbitrary units. Blood plasma lumines-
cence was initiated by adding 0.3% hydrogen peroxide [53].
Results are presented as percentages for the control sample.

Leukocyte counting was performed using a veterinary
hematology analyzer BC-5000Vet (Mindray Bio-Medical
Electronics Co., Shenzhen, Guangdong, China).

2.5 Gut Microbiome Composition

The proportion of dominant bacterial phyla in the gut
microbiome was assessed using the polymerase chain reac-
tion (PCR) with phylum-specific primers to 16S rRNA. The
primer sequences are presented in Supplementary Table 1.

Quantitative PCR analysis was performed on a
CFX96TM Real-Time System thermal cycler (Bio-Rad
Laboratories, Hercules, CA, USA) using the qPCRmix-HS
SYBR kit PK147L (Eurogen, Moscow, Russia). The reac-
tion conditions were as follows: total denaturation at 94 °C
for 5 min, followed by 35 cycles of denaturation at 94 °C
for 10 s, primer annealing at 55 °C for 10 s, and elongation
at 72 °C for 15 s. The quantitative ratio of each phylum was
calculated using the formula:

Bacteria count = 100 x (E universal)Cauniversal /(g
speciﬁc)cq specific

where E represents the PCR efficiency.

2.6 Determination of Thymus, Adrenal Gland, and Spleen
Mass

The experimental animals were dissected immediately
after sacrifice to remove the thymus, adrenal glands, and
spleen. The organs were washed with cold saline, dried
with filter paper, and then weighed on an Ohaus Pioneer an-
alytical scale (Ohaus Corporation, Parsippany, NJ, USA).

2.7 Determination of Deuterium Content in Brain Tissue

The hydrogen isotope composition was determined in
lyophilized brain tissues by mass spectrometry of light el-

ement isotope ratios using a DELTA V Advantage isotope
mass spectrometer (Thermo Fisher Scientific Inc., Bremen,
Germany). The device was combined with a Flash 2000 el-
emental analyzer (Thermo Fisher Scientific Inc., Waltham,
MA, USA) and equipped with a pyrolytic reactor. Homog-
enized samples weighing 240-280 pg, packed in silver cap-
sules, were loaded into the autosampler of the Flash 2000 el-
emental analyzer. The capsule, which entered the pyrolytic
reactor heated to 1350 °C, was burned in a carrier gas flow
(helium grade 6.0; 90 mL/min). Hydrogen released during
pyrolysis entered the DELTA V Advantage mass spectrom-
eter via a capillary through the Conflo II gas distribution
system.

2.8 The Intensity of Oxidative Processes in Brain Tissue

The supernatant was obtained from a sample of brain
tissue ground in a mortar, frozen in liquid nitrogen, and then
placed in a cold phosphate buffer at pH 7.4 using 100 mg
of tissue per 1 mL. The sample was homogenized by shak-
ing for 15 min, and then centrifuged at 6000 rpm for 10 min
[54]. The intensity of the free radical processes in the super-
natant of the cerebral cortex was assessed using the chemi-
luminescent analysis method and by the number of prod-
ucts formed in the reaction with thiobarbituric acid (TBA
method), one of which is the product of lipid peroxidation—
malondialdehyde (MDA). Chemiluminescent analysis was
performed on the Lum-100 device (DISoft LLC, Moscow,
Russia), and the intensity of the oxidative processes was
assessed by the light sum, the integral indicator of lumi-
nescence, expressed in arbitrary units. Initiation of tissue
luminescence in the supernatant was caused by adding 35
mM Fe?* ions in the form of a solution of iron (II) sulfate.

The content of MDA in the supernatant was deter-
mined by the concentration of the colored complex formed
during the interaction of MDA with thiobarbituric acid at a
wavelength of 532 nm. This indicator was measured in pM
per 1 g of protein. All results are presented as a percentage
of the control sample.

2.9 Antioxidant Status of Brain Tissue

The supernatant was obtained from a sample of brain
tissue ground in a mortar, frozen in liquid nitrogen, and then
placed in a cold phosphate buffer at pH 7.4, using 100 mg
of tissue per 1 mL. The tissue samples were homogenized
by shaking for 15 min, and then centrifuged at 6000 rpm for
10 min. Antioxidant status was determined by catalase ac-
tivity and the concentration of reduced glutathione (GSH)
in the supernatant prepared from the cerebral cortex tissue.
The expression of the genes responsible for the synthesis
of antioxidant proteins was assessed. Catalase activity was
evaluated using the rate of hydrogen peroxide loss in the in-
cubation medium. Hydrogen peroxide is capable of form-
ing a stable-colored complex with molybdenum salts, with
an absorption maximum at 410 nm. Catalase activity was
proportional to the difference in optical density between the
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blank and test samples and was expressed as mCat/gram
of protein. The content of reduced glutathione was deter-
mined spectrophotometrically using Ellman’s reagent (5,5'-
dithiobis-(2-nitrobenzoic acid)) at a wavelength of 512 nm;
the data are expressed as pmoles per 1 g of protein.

2.10 PCR Analysis

Nucleic acids were isolated using various commer-
cial kits. DNA was isolated using the Proba-GS kit P-
023/4 (DNA-technology, Moscow, Russia). RNA was
isolated using ExtractRNA (Eurogen, Moscow, Russia)—
a monophasic aqueous solution of phenol and guanidine
isothiocyanate with the subsequent addition of chloroform
for phase separation and isopropyl alcohol for RNA pre-
cipitation. Qualitative analysis of the isolated nucleic acid
samples, as well as PCR products, was performed using
gel electrophoresis in 2% agarose gel with 1 x TAE buffer.
Isolated RNA and the commercial RIVERTA-L kit K3-4-
50 (AmpliSens, Moscow, Russia) were used for reverse
transcription according to the attached protocol. Quanti-
tative PCR analysis was performed on a CFX96™ Real-
Time System thermal cycler (Bio-Rad Laboratories, Her-
cules, CA, USA) using the qPCRmix-HS SYBR kit (Eu-
rogen, Moscow, Russia). The normalized expression level
was calculated using the formula 2~22C4, The standard
Bio-Rad CFX Manager software (version 2.1, 2016, Bio-
Rad Laboratories, Hercules, CA, USA) was used to process
the results. The Gapdh gene was used as a reference.

2.11 Behavioral Test Elevated Plus Maze

The level of anxiety and exploratory activity of ani-
mals was studied in the elevated plus maze test. The ele-
vated plus maze (Open Science, Russia) has two open and
two closed arms of 90 cm long and 15 cm high. The num-
ber of entries into the closed arms of the maze, the number
of vertical rises on the hind legs (vertical activity), hanging
from the open arms of the maze, the number of entries into
the open arms of the maze, and the number of approaches
to the distal edge of the open arms were taken into account.
The number of actions aimed at cleaning the fur (groom-
ing), which is an indicator of anxiety in the animal, was
also assessed. All indicators in these tests were recorded
during 5-minute observations.

2.12 Behavioral Test Open Field

The level of anxiety in the animals was studied in the
open field test. The open field (Open Science, Russia) is a
circle with a diameter of 1 meter and a wall height of 42 cm.
The number of entries into the center of the field, the num-
ber of crossed squares (horizontal activity), and the num-
ber of vertical rises on the hind legs (vertical activity) were
taken into account. The number of actions aimed at clean-
ing the fur (grooming), which is an indicator of anxiety in
the animal, was also assessed. All indicators in these tests
were recorded during 3-minute observations.
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2.13 Optical Studies of the Structure of a Model Protein

Bovine serum albumin (BSA) was used as a model
protein. The structure of BSA in media with different deu-
terium contents (150, 1000, 2000, and 4000 ppm) was stud-
ied using intrinsic tryptophan fluorescence spectra and cir-
cular dichroism spectra. For this purpose, a stock solution
of BSA was prepared in water with a natural deuterium
content (150 ppm) in 0.01 M potassium phosphate buffer
at pH 7.5. The initial water, with a specific resistance
of 18.2 MOhm-cm and a deuterium content of 150 ppm,
was obtained for the preparation of solutions on a LaboStar
TWF 7 system (Evoqua Water Technologies, Ransbach-
Baumbach, Germany). Two working solutions of BSA
were prepared one day before the measurements. The first
working solution was prepared by diluting the stock solu-
tion with a phosphate buffer (pH 7.5, 150 ppm) to achieve
the desired protein concentration. The second working so-
lution was obtained by adding D-O to the stock solution.
The BSA concentration was 5 uM and was determined
using a Hitachi U-2000 spectrophotometer (c279 = 43824
M~ cm™1) [55]. Fluorescence measurements were per-
formed on a Hitachi F-2700 spectrofluorimeter (Japan). In-
trinsic tryptophan fluorescence was excited by light with
a wavelength of 297 nm. Circular dichroism (CD) spec-
tra were recorded on a Mark V dichrograph (Jobin Ivon,
Longjumeau, France) at room temperature in quartz cu-
vettes with an optical path length of 0.1 cm. The spectra
were recorded in the range from 197 to 260 nm with a step
of I nm. At each wavelength, the CD signal was averaged
over 1000 measurements. The CD spectra are presented in
terms of molar ellipticity (6), expressed in deg x cm? x
dmol 1.

2.14 Statistical Analysis

Statistical analysis of the obtained data was performed
using the STATISTICA 10 software package (version 10,
2010, StatSoft, Inc., Tulsa, USA). The Kruskal-Wallis H-
test was used to test the hypothesis of equality of medians in
multiple comparisons of several independent samples. The
nonparametric Mann—Whitney U test was used to assess the
reliability of differences in quantitative parameters between
two independent small samples. The Wilcoxon W-test was
used to test differences between two small samples with
paired measurements. Differences between samples were
considered statistically significant at a value of p < 0.05.

3. Results
3.1 Isotopic 2H/* H Composition of Blood Plasma

Fig. 1A shows that the animals in the control group at
day 0, before the start of the exposure, possessed a 2H level
in the blood of 152 £ 1.9 ppm. Meanwhile, a daily increase
in the 2H level in the blood was observed in the animals
that consumed water with a higher deuterium content. On
the fifth day of the experiment, the content of heavy stable
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Fig. 1. Changes in blood plasma parameters of laboratory animals after the consumption of water with an altered isotopic
composition (*H/'H = 1200 ppm). (A) Change in deuterium content. (B) Chemiluminescence intensity. *, p < 0.01 compared to the

control (day 0); #, p < 0.05 compared to the previous experimental day.

hydrogen in the blood plasma was increased by 3.15 times,
reaching 480 + 30 ppm.

The deuterium content was 623 + 9.4, 682 + 21.3, and
789 4+ 21.8 on days 8, 11, and 16, respectively. Notably,
the rate of change for the isotopic ratio ?H/'H in the lig-
uid phase of blood peaked on day one after the experiment
began and gradually decreased toward the end. After five
days, the rate was 66 ppm/day. After 8 and 11 days, the rate
of change of the deuterium content in the blood was 59 and
48 ppm/day. The rate of isotopic 2H/'H exchange on days
23 and 31 had the lowest values (30 and 22 ppm/day) and
did not differ significantly from each other: the concentra-
tion of deuterium on these days of the experiment was 856
4 10.7 and 845 + 15.0 ppm, respectively. Thus, the rate of
isotopic 2H/*H exchange in the blood plasma of laboratory

animals peaks in the first week of using weighted water and
slows down with longer exposure, leading to saturation of
the macromolecules in the plasma with deuterium atoms.
Meanwhile, a shift in the antioxidant/prooxidant balance
occurred, with an increase in deuterium content in the blood
plasma of laboratory animals after the animals consumed a
diet with elevated deuterium content (1200 ppm) (Fig. 1B).

The intensity of chemiluminescence (light sum) is pro-
portional to the rate of free radical formation in the model
system. Thus, an increase in the light sum of blood plasma
luminescence may result from changes in the antioxidant
potential in the blood plasma and the activation of free rad-
ical processes. A noticeable increase in redox processes in
the blood plasma of laboratory animals was observed after
the fifth day of the experiment. On the eighth day of the
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Table 1. Leukocyte formula of the blood of laboratory animals against the background of their consumption of water with a

modified isotopic composition (*H/*H = 1200 ppm).

Parameter Day 0 Day 5 Day 8 Day 11 Day 16 Day 23 Day 31
Leukocytes, total, x 10%/liter  3.94+0.2 434+04 43+£03 51+1.2 49+03 45+1.2 6.0 £ 0.9%#
Segmented neutrophils, % 74+0.7 9+15 8+09 3£0.6% 1+ 03%# 7+ 2.0# 11 £+ 1.5%
Monocytes, % 7+£0.7 6+09 6+0.7 6+04 6+1.6 12 + 2.6*# 12 +3.2%
Lymphocytes, % 87+1.7 8510 87+12 91+09* 93+1.5% 81+ 1.5% 77 £3.1%
Basophilic leukocytes, % 0 0 0 0 0 0 0
Eosinophilic leukocytes, % 0 0 0 0 0 0 0

Note: *, p < 0.05 compared to control (day 0); #, p < 0.05 compared to the previous experimental day.

experiment, the CL intensity exhibited a statistically signif-
icant increase of 9% compared to the control animals. The
maximum effect was achieved on the 16th and 23rd days,
with values of 23% and 20%, respectively, relative to the
blood plasma of the control animals. The intensity of the lu-
minescence of the blood plasma from the animals decreased
after 23 days of drinking water with a 1200 ppm concentra-
tion. On the 31st day of the experiment, the intensity did
not significantly differ from the indicators of animals whose
diet included water with a natural deuterium content. Thus,
an increase in the deuterium content in the blood plasma of
rats at the beginning of the experiment led to an imbalance
in antioxidant/prooxidant processes in favor of the latter,
which was restored with longer exposure.

Table 1 presents the leukocyte composition data of the
blood from the laboratory animals in dynamics by day when
the animals were exposed to a drinking ration with a modi-
fied isotopic composition. While consuming a drinking ra-
tion with increased deuterium content, there were fluctua-
tions in the overall level of leukocytes in the blood through-
out the experiment, along with unstable changes in the ele-
mental composition of immune system cells.

Statistically significant changes in the leukocyte for-
mula were observed after eight days of the study. More-
over, there was an increase in the total concentration of
leukocytes from the eleventh to the sixteenth day of obser-
vation, caused by a decrease in the number of segmented
neutrophils and a sharp increase in the number of lympho-
cytes. In contrast, an opposite trend was observed from day
23 to day 31 of the experiment, whereby an increase in the
total number of leukocytes occurred due to a sharp rise in
segmented lymphocytes and monocytes, while the level of
lymphocytes decreased. Notably, the changes in the leuko-
cyte profile of laboratory animals that we established corre-
spond to the reference values of the physiological norm for
Wistar rats.

Thus, a drinking diet with an increased content of deu-
terium (1200 ppm) relative to a natural content causes mi-
nor changes in the leukocyte profile of these experimental
animals.

An increase in the deuterium content in the blood of
laboratory animals against the background of their con-
sumption of water with a modified isotopic composition led
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to a change in the spectra of the intrinsic fluorescence of the
proteins in their plasma (Supplementary Fig. 1). These
changes were expressed by a shift in the intensity index and
a bathochromic shift in the radiation emitted by tryptophan
and tyrosine amino acid residues.

Induced isotopic 2H/'H exchange in the blood
plasma of laboratory animals caused statistically significant
changes in fluorescence indices on the fifth day of the ex-
periment. On day 5 of this study, the intensity of the emit-
ted wavelength of radiation was 31% higher, and the maxi-
mum shifted 3 nm to the long-wave region of the spectrum,
compared to the radiation of the blood plasma of animals
that drank water with a natural content of deuterium (con-
trol). On day 8 of the experiment, the fluorescence indices
of blood plasma proteins did not differ from those on day
5, while the maximum effect was observed on day 11. The
bathochromic shift of the emission maximum was noted as
7 nm, and the intensity increased by 88% compared to the
blood plasma of animals in the control group. On day 16 of
the experiment, the fluorescence parameters did not differ
from the control indices, and these parameters were main-
tained until the end of the experiment. Thus, a change in
the isotopic composition of the blood plasma proteins at
the initial stages of exposure led to a change in the fluo-
rescence indices of the tryptophan and tyrosine amino acid
residues. At the later stages of exposure, there was a com-
plete restoration of the intensity and maximum wavelength
of radiation to control values.

The blood metabolic profile allows for a qualitative
and quantitative assessment of hundreds of small circulat-
ing molecules that provide information about changes in the
physiological parameters of the body. Therefore, this study
established the effect of changes in the deuterium content to
protium ratio in the body of laboratory animals on the levels
of some metabolites. A shift in the amino acid composition,
changes in energy metabolism, and microbiome molecules
in the blood plasma were noted in the body of laboratory
animals following the daily intake of deuterium (Fig. 2).

Fig. 2 presents compelling evidence that the dynam-
ics involved in the changes to the amino acid profile have
a certain pattern. A marked increase in the concentration
of aminocarboxylic acids in the blood was observed at the
initial stages of exposure, followed by a decrease in the con-
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Fig. 2. Changes in the metabolic parameters of the blood plasma of laboratory animals against the background of their consump-

tion of water with a modified isotopic composition (*H/*H = 1200 ppm). *, p < 0.01 compared to the control (day 0); #, p < 0.05

compared to the previous experimental day.

trol values at later stages of the experiment. This trend was
noted for tryptophan, alanine, glycine, isoleucine, arginine,
and methionine. The content of tryptophan and methio-
nine increased on the first day of the experiment and re-
mained high until day 23. The levels of isoleucine, alanine,
and glycine characteristically increased on days 8 and 11
of the intake of heavy hydrogen atoms into the body. Va-

line and arginine were the exceptions, consistently show-
ing high concentrations relative to the control on day 11
of the experiment. The quantitative profile of the studied
compounds involved in catabolism also changed over time,
depending on the duration of the experiment. Molecules
such as glucose, succinate, formate, creatine, creatinine, be-
taine, and isobutyrate are characterized by a certain depen-
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to the control (day 0); #, p < 0.05 compared to the previous experimental day.

dence on the background of changes in the isotopic ?H/'H
exchange [56]. The concentration of these metabolites in-
creased in the bodies of the experimental animals by day 5
and remained high for up to 16-23 days from the start of
the experiment. The concentration of glucose in the blood
increased on days 8 and 11 of the experiment by an av-
erage of 30% compared to the control animals. The glu-
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cose concentration leveled out on the 16th day of exposure.
The content of succinate, a participant in the Krebs cycle,
increased by 54% on the fifth day and remained high un-
til the 23rd day; only on day 31 of the experiment did the
succinate concentration not differ from the control parame-
ters. The level of nitrogen-containing carboxylic acid, cre-
atine, increased by 22% (p > 0.05) on the 5th day of the
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experiment, while there was also an insignificant increase
in its concentration on day 8. The maximum increase in
the concentration of this metabolite occurred on day 11 of
the experiment, showing a 44% increase relative to the con-
trol (p < 0.05); an increase of 33% was noted on the 16th
and 23rd days. Nonetheless, complete restoration of the
blood creatine levels in the experimental animals had oc-
curred by day 31. The concentrations of the metabolites,
betaine and N-trimethylamine oxide, derivatives of phos-
phatidylcholine, were found to change in different trends.
Betaine is characterized by an increase in plasma concen-
tration up to the 16th day of the experiment, after which the
concentration normalized due to isotopic 2H/'H exchange.
In contrast, N-trimethylamine oxide showed a characteris-
tic decrease in concentration throughout the entire expo-
sure time. For the intestinal microbiome metabolite isobu-
tyrate, there was a multidirectional change in blood plasma
concentration against the background of isotopic 2H/*H ex-
change occurring in laboratory animals. The concentration
of isobutyrate increased at the initial stages of exposure and
reached a latent level of 30% on days 8—16 (the increase
was 30%). Meanwhile, the concentration of isobutyrate de-
creased by 50% during the later stages, from days 23 to 31
of the experiment, relative to the control. A trend similar
to that of betaine and creatine was observed for the energy
metabolite, creatinine. Histamine and acetoacetate exhib-
ited a more complex time dependence, which was charac-
terized by fluctuations in their concentrations throughout
the entire experiment.

3.2 Gut Microbiome

The daily increase in deuterium in the intracellular
fluid and tissues of laboratory rats resulted in changes in
the quantitative composition of the intestinal microbiome
(Fig. 3A,B). These changes most significantly affected the
main representatives of the intestinal microflora, such as
Bacteroides and Firmicutes. Fig. 3A shows that the ratio
of the Firmicutes/Bacteroides abundance has a bell-shaped
dependence. The maximum increase in Firmicutes bacteria
and the maximum decrease in Bacteroides representatives
occurred on days 5 and 8 of the experiment, respectively.
By the fifth and eighth days, the number of Bacteroides de-
creased by 14% and 21.8%, respectively, compared to the
values measured on day zero of the experiment. In contrast,
the population of Firmicutes bacteria increased by 12% and
16%, respectively, on these days compared to the values
measured on day zero.

Quantitative changes affected the populations of small
representatives of the intestinal microflora. The increase in
the number of bacterial types, such as Actinobacteria, De-
feribacteria, Betaproteobacteria, and Epsilonproteobacte-
ria, follows a bell-shaped pattern throughout the entire du-
ration of the experiment. Indeed, the maximum growth of
these microorganisms occurred between days 5 and 11 of
the isotopic substitution of protium for deuterium in the
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internal environment of the body (Fig. 3B). For the De-
feribacteria family, the maximum growth was 2.4%, 2.6%
for Betaproteobacteria, and 1.8% for Epsilonproteobacte-
ria, compared to the initial day (day 0) of the experiment.
Small quantitative shifts toward an increase were observed
in the Actinobacteria phylum, which includes Bifidobac-
terium and Collinsella. Meanwhile, ambiguous changes in
population growth were observed in Saccaribacteria, amid
an increase in deuterium within the host organism. By day 5
ofthe experiment, Saccaribacteria number decreased; from
day 8 to 11, the numbers increased, and the numbers re-
mained at the control level in the following days.

3.3 The Brain and Behavioral Responses of Animals

Using the isotope mass spectrometry method (Fig. 4),
the changes in 2H content in the brain tissue of rats were an-
alyzed after implementing a drinking diet with an increased
content of deuterium (1200 ppm).

The starting 2H level in the brain tissues of the control
group (day 0) was 136 + 1.1 ppm (Fig. 5B). Subsequently,
a daily increase in the deuterium level in the brain was ob-
served in the animals that consumed isotopically modified
water. Thus, the amount of heavy stable hydrogen content
was 159 & 2.4 ppm on the fifth day of the experiment. Af-
ter days 8, 11, and 16 from the start of the experiment, the
deuterium content increased to 181 4+ 3.3, 193 £+ 2.1, and
213 + 5.8 ppm, respectively. Notably, the rate of change in
the 2H/'H isotope ratio in the brain tissues peaked during
the first five days of the experiment. On days 631 of the
experiment, the deuterium concentration remained virtually
unchanged and averaged 5 ppm/day. Thus, it can be con-
cluded that the rate of isotopic 2H/*H exchange in the brain
tissues of laboratory animals peaks in the first week and
decreases with prolonged exposure, leading to deuterium
saturation in the neuronal cellular structures.

The effect on neuronal indices of a medium with an
increased deuterium content was studied. The minimum
deuterium content in the medium was 300 ppm, which ap-
proximately matched the content in the brains of rats con-
suming water with 1200 ppm at the end of the experiment.
The results for the calcium level and mitochondrial mem-
brane potential are presented in Fig. 5. Interestingly, an in-
crease in the deuterium concentration in the incubation so-
lution for 24 hours led to a statistically significant increase
in the intracellular calcium level in relation to cultures with
a standard (natural) concentration of deuterium (150 ppm)
(Fig. 5A). The most significant increase in the calcium level
was observed at 750 ppm, rising by 19% to 150 ppm, which
was significantly higher than the 10—11% increase observed
at 300—600 ppm.

Increasing the concentration of deuterium in the incu-
bation solution for 24 hours resulted in a statistically sig-
nificant, increase in the mitochondrial membrane potential
(Fig. 5B). When deuterium was added to the incubation
medium at concentrations of 300, 450, 600, and 750 ppm,
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Table 2. Main indicators of the antioxidant/prooxidant status of the cerebral cortex tissues of laboratory animals after

consuming water with an altered isotopic composition (*H/'H = 1200 ppm).

Parameter Day 0 Day 5

Day 8 Day 11 Day 16 Day 23 Day 31

Chemiluminescence intensity, c.u. 86 +24 106+ 4.0*

85+ 3.4#

100 £ 5.4*% 107 £6.0* 94 +3.0# 95+5.0

Specific catalase activity, mM/min x g 0.09 4= 0.02 0.14 £ 0.03 0.29 £ 0.03*# 0.31 & 0.02* 0.51 & 0.05*# 0.55 £ 0.04* 0.57 £ 0.03*

Malondialdehyde concentration, nM/mg 2.2 +0.2 2.14+0.2

24+£05

1.9+04 27+04 2505 2.7+0.1

*, p < 0.01 compared to the control (day 0); #, p < 0.05 compared to the previous experimental day.

an average increase of 4-6% was observed in the mitochon-
drial membrane potential after 24 hours compared to cul-
tures with a deuterium concentration of 150 ppm.

3.4 Antioxidant Potential of Cerebral Cortex Tissues

The chemiluminescent method and the TBA method
can provide information on the intensity of oxidative pro-
cesses in biological tissues. The chemiluminescence inten-
sity is proportional to the number of free radicals gener-
ated by the system after adding the initiator. The chemilu-
minescence intensity can increase for several reasons: the
production of reactive oxygen species (ROS) by various
cell organelles, lipid peroxidation, the accumulation of lipid
peroxidation products in tissues, and decreased activity of
the enzymatic and non-enzymatic antioxidant systems. The
TBA method is not specific and is used to supplement other
methods for studying the redox state in biological tissues,
particularly in the analysis of chemiluminescence. This bio-
chemical method allows for the indirect determination of
the malonic dialdehyde concentration, which is a product
of membrane lipid oxidation. The malonic dialdehyde con-
centration increases in tissues due to oxidative stress. Ta-
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ble 2 shows that the intensity of chemiluminescence in the
brain tissues of laboratory animals increases throughout the
experiment as deuterium atoms enter the body. On day 5
of the experiment, there was a sharp 28% increase in the
total light sum of the glow. By day 8, this indicator had
decreased to the initial pre-experiment (day 0) value. The
maximum glow in the tissues of the cerebral cortex was ob-
served on days 11 and 16, reaching 121% and 129%, re-
spectively, of the relative control (day 0). Following further
consumption of the isotope-modified water, a decrease in
the chemiluminescence intensity was observed on the 23rd
and 31st days of the experiment. Notably, there was only
a tendency toward an increase in this indicator on days 23
and 31 of the experiment; however, no reliable differences
were established relative to the control day.

The concentration of malondialdehyde in the cerebral
cortex of the experimental animals remained at the control
level (before the start of the experiment) throughout the ex-
periment.

Thus, the intake of deuterium into the mammalian or-
ganism promoted a shift in the redox state in the brain tis-
sues. This process was also accompanied by the activation
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of the antioxidant system, which included an increase in
catalase activity and the expression of some genes respon-
sible for synthesizing antioxidant proteins (Fig. 6).

It was found that following an increase in the concen-
tration of deuterium in the cerebral cortex of laboratory ani-
mals, the expression of the genes responsible for synthesiz-
ing catalase (Cat), glutamate cysteine ligase (Gclc), glial
fibrillary acidic protein (Gfap), and Nrf2 (Nfe 212) also in-
creased. Notably, a regular pattern was observed in the
changes in the activity of these genes. In the first week
of the experiment, the genes of all proteins listed in Fig. 6
were activated following the isotopic 2H/*H exchange in
the cerebral cortex. In the second and third weeks of the ex-
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periment, the expression of the genes Cat, Gcle, Gfap, and
Nrf2 in this part of the brain was observed to be passivated.
After 4 weeks of the experiment, an increase in the con-
centration of deuterium in the brain tissues led to another
rise in the activity of the above genes, except for the Gele
gene. A different nature of the dependence was observed in
the expression of the genes responsible for the synthesis of
proinflammatory molecules, such as tumor necrosis factor
(Tnf’) and interleukin 1. During the first three weeks, these
genes exhibited increased activity, which subsequently de-
creased by the end of the fourth week and was close to con-
trol values.
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Daily deuterium supply to rat brain tissue did not cause
any pronounced changes in the behavior of experimental
animals in the open field test (Supplementary Table 2).
On the 14th day of the experiment, the animals whose diet
included deuterium-weighted water with a deuterium con-
tent of 1200 ppm had higher horizontal and vertical activity
indices compared to control animals. These indices reflect
the number of squares crossed and rearing on the hind legs.
Notably, the animals in the control group groomed more
than those in the experimental group (deuterium-weighted
water for 14 days).

The differences in these parameters between the two
groups indicate that the animals that drank deuterium-
weighted water for 14 days had higher locomotor and ex-
ploratory activity than the animals that consumed water
with a natural deuterium content (150 ppm). On the 31st
day of the experiment, both groups of animals (control and
deuterium-weighted water) showed a decrease in both lo-
comotor and exploratory activity compared to the 14th day.
Perhaps this pattern is because the animals were repeatedly
exposed to an open field. As is known, an open, brightly lit
space is a stress factor for rats. No obvious differences in
behavior were observed between the two groups of animals
on the 31st day of the experiment.

3.5 Stress Protective Effect

Fig. 7A shows the intensity of the chemiluminescent
reaction of rat blood plasma oxidation. The maximum lu-
minescence of 29% occurred in the group of animals that
consumed water with a natural deuterium content and were
subjected to immobilization stress (group stress-150 ppm).

The increase in the light sum of chemiluminescence
for the blood plasma reflects the development of oxidative
stress in the animals in this group. Animals that consumed
deuterium-weighted water (1200 ppm) for 32 days and were
subjected to immobilization stress had a 13% higher light
sum of chemiluminescence compared to the control-150
ppm group and a 55% lower value compared to the stress-
150 ppm group. Fig. 7B shows the light sum of the chemi-
luminescent oxidation reaction in the brain tissues of the
laboratory animals. The maximum luminescence of 39%
(p < 0.05) was observed in the group of animals that con-
sumed water with a natural deuterium concentration of 150
ppm and were subjected to immobilization stress (stress-
150 group).

The increase in the chemiluminescence light sum re-
flects a shift in the antioxidant/prooxidant balance toward
prooxidants. Rats that drank deuterium-weighted water
(1200 ppm) for 32 days and were subjected to immobi-
lization stress had a lower oxidative stress intensity index,
which was accompanied by an increase in the chemilumi-
nescence light sum of 22% relative to the control-150 ppm
group, and, accordingly, by 43% less than in the stress-150
ppm group (p <0.05). Thus, prolonged intake of deuterium-
weighted water for 32 days contributed to a decrease in the
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intensity of the oxidative processes in the blood and brain
tissues of laboratory animals.

3.6 Specific Gravity of Some Organs

This study measured the weight of the thymus, adrenal
glands, and spleen, and calculated the ratio of these weights
to the weight of the animals. Supplementary Table 3
shows that after the induction of immobilization stress, the
specific weight of the organs changed in all experimental
groups. In stressed animals, whose diet included water with
a natural deuterium content (stress-150 ppm group), com-
pared with the control group (control-150 ppm), the specific
weight of the thymus decreased by 17% (p < 0.01), and the
particular weight of the adrenal glands increased by 20% (p
< 0.01). The spleens in the animals in the stress-150 ppm
group were also enlarged, although the weights did not dif-
fer significantly from the control group.

A similar trend in the change in the specific gravity
of the thymus, adrenal glands, and spleen was observed
in the stressed animals that consumed deuterium-weighted
water for 32 days, as well as in the stress-150 ppm group.
Notably, a more pronounced depletion of the thymus (p <
0.05) was observed in the stress + deuterium-weighted wa-
ter (1200 ppm) group than in the stress-150 ppm group.
No statistically significant difference was observed for the
other two organs.

Thus, following the induction of stress, there was a
change in the specific gravity of the endocrine glands that
produce the main stress hormones, as well as the organs
associated with the immune system.

3.7 Behavioral Responses in the Open Field and Elevated
Plus Maze Tests

The behavioral reactions of the animals were stud-
ied in the open field and elevated plus maze tests
(Supplementary Tables 4,5). Both tests provide informa-
tion on the emotional state and locomotor activity of the
animals.

A decrease in horizontal and vertical activities, a de-
cline in entries into the center of the field, and an increase
in grooming were observed in the open field test for the
stressed animals, whose diet included water with a natu-
ral content of deuterium (stress-150 ppm), compared to the
control group (control-150 ppm). In the elevated plus maze
test, the stressed animals, whose diet included water with a
natural content of deuterium (stress-150 ppm), made fewer
entries into the closed and open arms, as well as fewer hang-
ings from the open arms and vertical rises on the hind legs,
compared to the control group (control-150 ppm). How-
ever, no approaches to the distal edge were observed in this
group of animals, while the number of groomings signifi-
cantly increased. Thus, a decrease in motor and exploratory
activities was observed in the animals in the stress-150 ppm
group, due to the development of a depressive state induced
by immobilization stress.
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Moreover, increased anxiety was observed in stressed
animals that consumed deuterium-weighted water for 32
days, as well as in the stress-150 ppm group, compared
to the control group; this was also indicated by a decrease
in the motor and exploratory activities of these animals.
However, the motor and exploratory activity indices were
higher in the deuterium-weighted water group than in the
stress-150 ppm group. Animals in the stress + deuterium-
weighted water group (1200 ppm) crossed a 30% signif-
icantly (p < 0.05) higher number of squares in the open
field (horizontal activity) than animals in the stress-150
ppm group; meanwhile there was a tendency (p > 0.05) to-
ward a decrease in the amount of grooming and an increase
in the number of rearings on the hind legs (vertical activ-
ity) in the stress + deuterium-weighted water group (1200
ppm). In the elevated plus maze test, animals in the stress +
deuterium-weighted water (1200 ppm group) made a signif-
icantly (p < 0.05) greater number of entries into the closed
arms and the number of approaches to the edge of the open
arm by 90% and 100%, respectively. In this test, animals
in the stress + deuterium-weighted water (1200 ppm) group
made a greater number of entries into the open arms and
looked down from the open arm, made more vertical rises
on their hind legs (vertical activity), and groomed less. No-
tably, this difference was not statistically significant (p >
0.05). Thus, long-term intake of water with an increased
deuterium content of 1200 ppm contributed to the develop-
ment of resistance to immobilization stress, which was ex-
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pressed by a decrease in oxidative processes in brain tissue
and normalization of behavioral reactions.

When assessing the intrinsic tryptophan fluorescence
of BSA, the fluorescence intensity of albumin was shown to
decrease in a dose-dependent manner as the concentration
of deuterium in the medium increased (Supplementary
Fig. 2).

There is also a decrease in the intensity of the differ-
ence in absorption of left- and right-handed polarized light
in the circular dichroism spectra (Fig. 8).

The intensity of the CD spectra at 208 and 220 nm
can be employed to determine the percentage of a-helical
structures in a protein molecule. Therefore, an increase in
the deuterium concentration in the medium leads to a dose-
dependent decrease in the percentage of a-helices in the
BSA molecule. Thus, structural changes are observed when
BSA is placed in a medium with increased deuterium con-
tent, affecting the secondary and tertiary structures of this
protein.

4. Discussion

There is a gradual increase in the concentration of deu-
terium in the blood plasma and brain tissues of laboratory
animals after consuming water with increasing contents of
deuterium. The rise in deuterium concentration in the ex-
tracellular fluid and tissues of the body occurs due to the
isotopic exchange of 2H/'H in proteins, lipids, and nucleic
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acids that form cells. It is known that such substitution oc-
curs most actively in functional groups with a lone electron
pair, which are capable of forming hydrogen bonds. Such
atomic groups include hydroxyl (-OH), carboxyl (-COOH),
and amino groups (-NH2) [57,58]. The transition of pro-
tons and deuterons from one biomolecule to another is re-
alized along chains of hydrogen bonds using the Grotthuss
mechanism. Moreover, the active substitution of deuterium
for protium in the body is facilitated by isotopic exchange,
occurring between these groups of biomolecules and the
hydrate shell through hydrogen bonds [21,59—61]. Thus,
due to the active isotopic 2H/'H exchange in biomacro-
molecules, the internal fluid and tissues in the body are en-
riched with deuterium [19].

Meanwhile, any change in the constancy of the inter-
nal environment of the body leads to the development of
a stress reaction. When the intensity of the stress reaction
does not exceed the stress-limiting system of the body, the
effect of the stress is reduced through compensatory mecha-
nisms and adaptation to this stressor or a different one. This
process is ensured by the activation of regulatory systems
and effector organs, which contribute to a new level of func-
tional state in the body under changed environmental con-
ditions [62]. Our study identified that a change in the con-
stancy of deuterium in the body leads to the development
of a mild stress response and an adaptation syndrome, and
we also suggest several mechanisms through which these
responses are implemented. Data in the literature indicate
that low and high concentrations of deuterium at the cellu-
lar level may impact mitochondria [38]. It has been shown
experimentally that changing the deuterium concentration
in the medium shifts the redox potential of mitochondria in
cancer and normal cells [11,63—66]. This is expressed by
changes in the level of oxidized mitochondrial proteins and
the activation or inhibition of ROS production in these or-
ganelles [67,68], depending on the deuterium content in the
environment [58,69]. Moreover, a shift in the 2H/'H ratio
in the medium reduced the efficiency of oxidative phospho-
rylation in rat liver mitochondria [70]. In our studies on pri-
mary cerebellar cell cultures, we also found that incubation
in a medium with a high deuterium content (300-750 ppm)
increased the mitochondrial membrane potential and intra-
cellular calcium level. The deviation in these metabolic pa-
rameters by the cell may be associated with changes in the
activity of proteins in the electron transport chain, which
are involved in forming a proton gradient on both sides of
the inner mitochondrial membrane, as well as changes in
the function of Ca?* exchangers. As is known from prior
research, the isotopic H/'H exchange in proteins and nu-
cleic acids leads to a change in their kinetic and thermo-
dynamic parameters [71]. Therefore, isotopic 2H/'H ex-
change may increase the possibility of finding deuterium
in the proton channels of complexes I and III, as well as
in the ATP synthase of complex IV in the electron trans-
port chain [72]. As is known, proton transfer in proton
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pumps, ETC translocase is conducted along a chain of hy-
drogen bonds between amino acid residues. The entry of
deuterium into one of the specified carrier proteins leads
to the strengthening of the hydrogen bond and a change in
their conductivity. Maintenance of intracellular calcium ion
homeostasis is mainly associated with the Na*/Ca?* pump
in the cytoplasmic membrane and the Nat/Ca?* pump in
the endoplasmic reticulum; the Na®/Ca?* exchanger is an
ATP-dependent enzyme [12]. Hence, the disruption of ATP
synthesis caused by an increase in the mitochondrial mem-
brane potential can lead to an imbalance in the activity of
calcium transporters. The subsequent increase in calcium
ions in the cytoplasm may be associated with its release
from the endoplasmic reticulum. However, this assump-
tion requires additional research. Additionally, we assume
that the above processes may contribute to the development
of a stress reaction in brain cells associated with an increase
in deuterium content. As is known, a change in the mito-
chondrial membrane potential and an increase in the con-
centration of cytoplasmic calcium contribute to the produc-
tion of active oxygen species in mitochondria [73—75]. Our
experimental results show that an increase in the produc-
tion of free radicals in brain tissues accompanies an increase
in the deuterium concentration. The maximum shift in re-
dox balance is observed at the initial stages of exposure,
when the 2H/*H exchange rate in the blood and brain tissues
peaks. Meanwhile, the intensity of active oxygen and ni-
trogen species production decreases with longer exposure,
as indicated by a reduction in the chemiluminescence light
sum. Notably, despite the increase in the intensity of the
chemiluminescent reaction, the concentration of malondi-
aldehyde in brain tissues remained unchanged throughout
the experiment. These data may indicate a moderate acti-
vation of free radicals in the cerebral cortex tissues, which
does not lead to oxidative damage to the lipids in the cyto-
plasmic membrane of neurons. The observed shift in redox
balance in brain tissues may be associated with an increase
in mitochondrial ROS production, as well as an increase
in membrane potential and calcium levels in the cytosol.
As is known, even moderate production of ROS in the cell
promotes the activation of endogenous antioxidant proteins.
The results of our studies show that an imbalance in the an-
tioxidant system occurs at the initial stages of exposure. In-
deed, the catalase activity increased and remained high until
the end of the experiment. Changes in catalase activity in
brain tissues result from a compensatory response to a shift
in redox balance. During the experiment, it was noted that
changes in the expression of genes responsible for the syn-
thesis of Cat, Nrf2, and Gfap have a U-shaped dependence.
The expression of these proteins was activated in the first
and last weeks of the experiment, whereas their inactiva-
tion was observed during the second and third weeks. The
activity of the gene encoding Gclc was only observed dur-
ing the first week. Therefore, the dynamics of expression of
these observed proteins could be the result of adaptation de-
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velopment. The dynamics of gene expression of the above
proteins correlate with those of free radical production and
are a consequence of their production. The transcription
factor Nrf2 activates the genes of antioxidant proteins that
are required to restore the redox balance [76]. Gamma-
glutamylcysteine synthetase (Gcelc) is an enzyme required
for synthesizing reduced glutathione. Thus, the Gele gene
expression is enhanced in response to stress factors that
lead to increased production of reactive oxygen and nitro-
gen species [77]. Increased expression of Gelc in the initial
phase of the experiment is also one of the links in the devel-
opment of the adaptation syndrome against the background
of changes in the deuterium content. The glial fibrillary
acidic protein (Gfap) is involved in forming the cytoskele-
tal structure of glial cells. Astrocytes possess the highest
Gfap activity. Moreover, Gfap is considered a marker of
neurodegenerative processes, and the expression of Gfap
is increased in Alzheimer’s disease, cerebral ischemia, and
gliomas [78], which is cause for concern. However, Gfap
levels have also been shown to increase under moderate in-
fluences: chronic mild stress and social isolation in mice
[79], and moderate physical activity [80].

The increase in Gfap gene expression may be associ-
ated with the activation of astrocytes and their participation
in adaptation processes in response to a rise in the concen-
tration of deuterium in brain tissue. Thus, based on stud-
ies of cerebellar cell culture and biochemical analyses, a
picture of the development of adaptation syndrome is ob-
served due to changes in deuterium homeostasis. However,
notably, the deuterium drinking ratio did not negatively af-
fect the behavior of the experimental animals in the open
field test. After two weeks of exposure, positive behavior
dynamics were observed relative to the animals that had wa-
ter with a natural deuterium content. This was expressed as
an increase in exploratory and motor activities in the open
field test. After four weeks of exposure, the behaviors of
the experimental animals did not differ from those of the
control animals. It can be assumed that a more positive
emotional state in these animals is associated with the ac-
tion of signaling molecules, which are activated as a result
of a compensatory response to deuterium stress and affect
the sensory—motivational and motor-reinforcing links of the
integrative brain system [81].

Clinical and experimental evidence exists of a bidi-
rectional relationship between the gut and the brain. The
gut microbiota influences brain development and the pro-
duction of neurotransmitters, metabolites, and hormones
into the blood and lymphatic system through neuronal, en-
docrine, and immune pathways [82]. A disrupted micro-
biome in laboratory animals caused the development of an
acute stress response, anxiety, and anhedonia [83]. Ex-
perimental models of gut microbiota alterations in labora-
tory animals can alter responses to various types of stress,
activate or reduce anxiety and depression, and influence
the hypothalamic—pituitary—adrenal axis [84—86]. A cor-
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relation has also been established between the likelihood
of developing depression and schizophrenia in people and
changes in the composition of their microflora [87].

Following an increase in the deuterium content in the
blood and tissues of laboratory animals, a change was ob-
served in the ratio of the number of bacteria inhabiting the
intestines of these animals. It is possible that a change in
the metabolic state of brain tissues, resulting from the com-
pensatory response to an increase in deuterium, causes a
change in the quantitative composition of the microbiome.
The results show that the Firmicutes/Bacteroides popula-
tion ratio, along with changes in the numbers of Actinobac-
teria, Deferibacteria, Betaproteobacteria, and Epsilonpro-
teobacteria, exhibit a bell-shaped dependence and corre-
late with alterations in the antioxidant/prooxidant balance
in brain tissues. According to the brain—gut relationship
theory, changes in the quantitative composition of the mi-
crobiome in the intestines of laboratory animals result from
alterations in biochemical and metabolic processes in brain
tissues. These alterations occur as a compensatory response
to a change in deuterium homeostasis. Increased production
of free radical processes and an increase in intracellular cal-
cium ions lead to the activation of astrocytes (an increase in
the expression of the gene encoding Gfap was established)
[88]. Activated astrocytes produce numerous proinflamma-
tory cytokines, such as interleukins and tumor necrosis fac-
tor (an increase in the expression of genes encoding 7nf and
11-13 was established in the experiment) [89,90]. Cytokines
influence the intestine via the enteric nervous system, acting
directly on afferent nerve endings or via the general blood-
stream. As a result of such exposure, the peristalsis and
permeability of the intestinal barrier are disrupted, leading
to the development of opportunistic bacteria of the genus
Proteobacteria. 1t is known that various metabolic disor-
ders in the body lead to the development of these represen-
tatives of the intestinal microflora and intestinal inflamma-
tion [91]. Additionally, at the initial stages of consumption
of weighted water by animals, the number of Firmicutes in-
creased over Bacteroides. The predominance of Firmicutes
in the intestine is also characteristic of metabolic disorders
in the body [92]. Notably, the restoration of the intestinal
microbiota is observed at the later stages of this experiment
alongside a decrease in the production of free radicals and
cytokines. Furthermore, according to the gut—brain interac-
tion theory, changes in the intestinal microbiome can lead
to metabolic changes in the brain. It is known from lit-
erary sources that bacterial growth depends on the 2H/'H
ratio in the medium [93,94]. Meanwhile, different bacte-
ria may react differently to this factor. It can be assumed
that as the concentration of deuterium in the body of lab-
oratory animals changed, the activity of certain represen-
tatives of the intestinal microflora could also change. In-
deed, representatives of the genus Proteobacteria could be-
come active at the initial stages of exposure to weighted wa-
ter, when the change in the concentration of deuterium was
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minimal. Higher concentrations of deuterium could sup-
press the growth of these bacteria. The progression of Pro-
teobacteria in the intestine during the initial stages of the
experiment most likely contributed to the release of toxic
metabolites. These metabolites, transmitted through the va-
gus nerve or the general bloodstream, affected brain tissue,
enhancing the effect of deuterium stress.

In addition, it is necessary to note another important
aspect related to deuterium and the microbiome. The pos-
sibility of deuterium accumulation by intestinal microor-
ganisms, through the simultaneous synthesis and entry into
host cells of organic molecules with a reduced content of
deuterium (butyrate, acetate, propionate) has been shown.
Then, butyrate is included in the tricarboxylic acid cycle
in mitochondria [95]. Thus, fractionation of deuterium oc-
curs. Meanwhile, the studied metabolites of creatine, be-
taine, and isobutyrate are substrates for the synthesis of
low-deuterium hydrogen gas by intestinal bacteria. It has
been established that microbial hydrogenase produces hy-
drogen gas, which is 80% depleted in deuterium [96]. The
Bacteroidetes and Firmicutes we studied are also hydrogen-
producing bacteria [97]. Although the total number of these
bacteria did not change, the fluctuations in the numbers of
each individual were quite significant. Hence, consuming
deuterium-enriched water causes fluctuations in the num-
ber of hydrogen-producing bacteria potentially involved in
the fractionation of deuterium in biological molecules. Ad-
ditionally, changes in the levels of creatine, betaine, and
isobutyrate in the blood observed in our experiments may
be associated with the activation of certain representatives
of intestinal microflora.

We assume the presence of another possible mech-
anism for the development of the adaptation syndrome
against the background of deuterium homeostasis distur-
bance. This mechanism may be associated with a change
in the native structure of blood plasma proteins and cellu-
lar protein components. The results of our studies show that
an increase in the concentration of deuterium in the medium
promotes a change in the structure of the model protein. In-
deed, an increase in the deuterium content in the medium
to 1000, 2000, and 4000 ppm altered the spectra of intrin-
sic tryptophan fluorescence of BSA and induced changes in
the spectra of circular dichroism. Thus, considering the ob-
tained results of optical studies, it can be concluded that the
strengthening of hydrogen bonds leads to conformational
rearrangements in the BSA molecule. Furthermore, the loss
of a percentage of alpha helicity indicates changes in the
secondary structure of BSA. Interestingly, BSA is known
to possess two tryptophan residues: one on the surface of
the molecule and the other inside the molecule. The main
quenchers of tryptophan fluorescence are solvent molecules
(water) and tyrosine residues, which quench fluorescence
through energy transfer via the dipole—dipole mechanism.
It can be assumed that the decrease in the intensity of tryp-
tophan fluorescence may be a consequence of the increased
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availability of tryptophan residues to the solvent and the in-
creased probability of energy transfer from tryptophan to
tyrosine residues. Thus, the optical studies indicate a mod-
ification of the BSA structure in a medium with a high deu-
terium content.

This work also established a change in the intrinsic
tryptophan fluorescence spectra of blood serum proteins,
indicating possible structural changes in these proteins. The
literature contains data on the effect of high and low concen-
trations of deuterium on the structure and functional proper-
ties of protein molecules [40]. A change in the native struc-
ture of proteins in the body leads to the activation of a sys-
tem aimed at their restoration. This system includes a group
of chaperone proteins, which include several families clas-
sified according to their molecular weight. The main repre-
sentatives of this group are heat shock proteins, which are
activated by stress factors [98]. In addition to their canoni-
cal function, heat shock proteins participate in cellular sig-
naling, regulating important cellular processes [99]. There-
fore, partial modification of the protein components of the
cell caused by an increase in the concentration of deuterium
can lead to the development of adaptive potential due to the
activation of heat shock proteins.

The change in the metabolic profile of blood plasma
and the leukocyte formula we have established is a response
to stress caused by an increase in the content of deuterium in
the blood and tissues of laboratory animals. Our study ob-
served an increase in lymphocyte numbers and a decrease
in segmented neutrophils from days 10 to 16 of the exper-
iment, with a complete recovery to control values noted
by the 3rd and 4th weeks. The results we obtained are in
good agreement with the experimental data of Yaglova et
al. [100]. The authors of this work found that a decrease
in deuterium in the body of laboratory animals leads to a
reduction in the content of CD3™ cells in the thymus at the
initial stages of the experiment; however, on the 14th day
of water consumption with a modified isotopic composi-
tion, the percentage of mature T cells again exceeded con-
trol values in the animals. The changes in the metabolic
profile of blood plasma that we observed may be a conse-
quence of changes in the functioning of the endocrine sys-
tem [12,101] or alterations in hematopoiesis resulting from
a response to deuterium stress [102].

5. Conclusions

Interest in the distribution and properties of Martian
water is increasing in connection with a possible expedi-
tion to Mars in the near future [103,104]. In our study, af-
ter consuming an increased deuterium content, a moderate
stress reaction developed, associated with the adaptation to
an altered H2/H! homeostasis in the internal environment.
A change in the redox potential of cells, an increase in cata-
lase activity, an increase in the expression of the Cat, Gclc,
and Nrf2 genes responsible for the synthesis of antioxidant
proteins, and the Gfap gene are compensatory responses to
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deuterium stress. Fluctuations in the number of represen-
tatives of the intestinal microbiome, as well as changes in
the metabolic profile, also reflect the adaptation process.
The established stress-protective effect of water, which is
similar to Martian water in terms of deuterium content, re-
sults from the development of cross-adaptation. The ac-
tivation of the antioxidant system, a compensatory effect
on deuterium stress, contributed to a decrease in the inten-
sity of oxidative stress and normalization of behavioral re-
actions in stressed rats whose diet included a drinking ra-
tion with an increased content of deuterium. It should be
noted that, although prolonged consumption of water with
an increased content of deuterium caused the development
of stress-protective mechanisms, the change in the mass of
the adrenal glands and thymus was more pronounced in this
group. This effect occurs because stressed animals, whose
diet included water with an increased content of deuterium,
experienced double the stress compared to those with a nat-
ural drinking ration. The first stress is linked to a change
in deuterium homeostasis, and the second is related to the
effect of immobilization stress.

Thus, an increase in the concentration of deuterium in
the body leads to the development of a stress reaction and
the inclusion of compensatory mechanisms aimed at adapt-
ing to these conditions. Therefore, the antioxidant system is
activated, and the protective properties of the body against
immobilization stress increase.

The results of our work provide the prerequisites for
further research to study the effects of longer-term use of
deuterium-enriched water, including throughout the life of
laboratory animals.
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