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Abstract—The efficiency of phosphorylation in samples of isolated rat liver mitochondria in incubation
media with variable isotopic composition at deuterium contents of 6, 60, 90, 120, 150 ppm, as well as 0.1, 1
and 2%, was studied. In media with a low deuterium content (up to 60 ppm), a monotonic decrease in the
ADP/O ratio was observed, while at 6 ppm its value was the same as at 60 ppm. The generation of superoxide
anion by complex I, II, and III of the mitochondrial respiratory chain was also investigated. For all studied
modes of mitochondrial functioning using respiratory chain inhibitors, the generation of superoxide anion
was independent of the deuterium concentration in the incubation medium.
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INTRODUCTION
It is long established that respiration of intact mito-

chondria, submitochondrial particles, and isolated
electron transport complexes is inhibited in D2O [1,
2]. The strongest isotopic effects in concentrated
heavy water, amounting to approximately 50%, are
observed in processes associated with phosphoryla-
tion, i.e., in the cytochrome region. Natural water is
known to contain an approximately 0.015% (or
150 ppm) level of deuterium atoms on average. In
nature, this value varies in different sources as a result
of fractioning deuterium isotopes during phase transi-
tions of water, as well as during its adsorption. Under
equilibrium at the triple point of water, the lowest con-
tent of deuterium will be in the vapor phase and the
highest content will be in the solid phase, but these
effects are relatively small. The water that is most deu-
terium depleted is observed in the precipitation at the
South Pole, where the D/H ratio = 0.0089 at %
(89 ppm), and the most enriched water is found in
closed basins of the arid zone, where D/H =
0.0178 at % (178 ppm) [3]. Considering that the mag-
nitude of the isotopic effect in respiration of mito-
chondria will linearly depend on the concentration of
deuterium in aqueous media, it is difficult to expect
significant effects with natural variations of deuterium
and even if deuterium is completely absent in water.
Nevertheless, as far back as the 1930s, significant iso-

topic effects in living organisms in water containing
high deuterium contents of up to 0.06% were found
[4]. The activating effect of melt water from snow on
living organisms caused by a reduced concentration of
deuterium was first shown in [5, 6], where it was also
proved that the observed effects are precisely associ-
ated with a reduced concentration of deuterium. A
review of the author’s early papers and papers on this
subject can be found in [7], and later papers are in [8].
There has been no adequate explanation of the effects
that accompany variations in the isotope composition
of water in the region of low deuterium concentra-
tions. The isotope resonance hypothesis is worth not-
ing, which includes consideration of the main isotopes
of biomacromolecules: carbon, deuterium, oxygen,
and nitrogen [9]. It is impossible to isolate only one
organelle or any one process that is responsible for the
unexpectedly large effects observed in living organ-
isms with a relatively small change in the deuterium
content in the aqueous medium; however, mitochon-
dria, which are the main suppliers of energy in the
form of ATP and generators of reactive oxygen species,
are clear candidates for these effects.

MATERIALS AND METHODS

Female Wistar rats with a weight of approximately
200 g were used in the experiments. Mitochondria iso-
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lated from the livers of female rats according to the
standard protocol were used [10]. During the experi-
ment, the mitochondria were stored in a thick suspen-
sion (protein concentration of approximately
150 mg/mL) on ice in Eppendorf tubes with a small
amount of washing medium (210 mM mannitol,
40 mM sucrose, 5 mM HEPES, 0.5 mM EDTA,
pH 7.4). The measurement medium (320 mOsm,
pH 7.4) contained 285 mM mannitol, 13 mM KCl,
3 mM HEPES, 0.25 mM EDTA, 1 mM MgCl2. The
temperature was stabilized at 30°С using a F25 ther-
mostat (JULABO GmbH, Germany) with an accu-
racy of 0.1°С. The rate of mitochondrial respiration
was measured by the polarographic method in a
600 mL cell using a Clark oxygen electrode (Strathkel-
vin Mitocell MT200, Oxygen Meter 782; Cole-Par-
mer, United States). Three μL of mitochondrial sus-
pension was added to the cell. Phosphorylation was
measured under conditions of succinate dehydroge-
nase (complex II) functioning, in the presence of
0.5 μM rotenone and 3 mM succinic acid in the cell of
the polarograph. To trigger phosphorylation, 160 μM
ADP and 250 μM phosphate were added.

The ADP/O parameter, which characterizes the
efficiency of the respiratory chain, was calculated as
the ratio of the molar amount of added ADP to the
amount of atomic oxygen absorbed by the mitochon-
drial suspension during the complete phosphorylation
of added ADP. The maximum theoretical value of this
parameter under the conditions of complex II func-
tioning is equal to two. The lower value of ADP/O in
our experiments may be due to the presence of fatty
acids (natural uncouplers) in the mitochondrial
preparation, as well as the use of low (below the satu-
ration of enzymes) concentrations of phosphate and
ADP, which limited the rate of phosphorylation.

The duration of one polarogram record was 8 min.
During this period, mitochondria had no time to
experience noticeable oxidative damage as shown by
the constant respiration rate during phosphorylation
in the control experiments. Immediately after the iso-
lation of mitochondria, the first series of records from
6 ppm deuterium to high concentrations was started.
After the completion of the first series of experiments,
the measurements were repeated in the same order.
The time between records of the corresponding
polarograms of the first and second series was approx-
imately 2 h. The measurements on the mitochondria
from one rat were repeated twice. In total, two experi-
ments were performed, i.e. four measurements were
performed for each concentration of deuterium.

The H2O2 formation was measured using Ampex
Red dye as described previously [11]. Next, 120 mM
KCl, 10 mM HEPES-tris, 2 mM K2HPO4 at pH 7.4,
10 μM Amplex Red and 5 U/mL horseradish peroxi-
dase were added to the incubation medium of mito-
chondria. The f luorescence intensity was recorded
with a FluoroMax instrument (Horiba Jobin Yvon
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GmbH, Germany) at a wavelength of 600 nm under an
excitation wavelength of 530 nm. Standard solutions of
hydrogen peroxide were used for the calibration.
Sequential inhibition of mitochondrial respiratory
chain complexes was carried out in the experiment:
first 1 μM rotenone (complex I inhibitor) was added,
then 1 μM antimycin (N-center inhibitor of
complex III of the respiratory chain) was added, and
finally 1 μM myxothiazole (P-center inhibitor of com-
plex III of the respiratory chain) was added.

To prepare solutions of the incubation medium,
water from the Almaz company (Moscow) with a spe-
cific conductivity of 3.61 μS cm, containing deuterium
isotopes (D = 4 ppm) and heavy oxygen (18O =
849 ppm and 17O = 170 ppm), was used. Taking the
dilution into account, mitochondrial suspensions were
studied at reduced deuterium concentrations (6, 60,
90, and 120 ppm). The deuterium content in ordinary
water was taken as 150 ppm. The increased deuterium
content was provided by adding the necessary amount
of heavy water (D2O at a concentration of 99.6%) to
1000, 10000 ppm (1%), 20 000 ppm (2%).

RESULTS AND DISCUSSION

The results of the measurement of ADP phosphor-
ylation by a suspension of mitochondria are presented
in Fig. 1. It is seen that both a decrease and an increase
of the content in water relative to its natural content
led to a significant decrease in phosphorylation effi-
ciency. In the series of decreasing deuterium concen-
trations of 150–120–90–60 ppm, a monotonic
increase in the inhibition is observed. The phosphory-
lation efficiency at 6 ppm was at a minimum and did
not differ from that at 60 ppm. With an increase in the
concentration of deuterium from its natural content to
1%, the phosphorylation efficiency also decreased,
but to a lesser extent. Under further increase in the
concentration of deuterium to 2%, the activation of
phosphorylation reaching the value in ordinary water
was observed. The measurement of the rate of oxygen
absorption yielded an average value of 22.5 μmol
O2/min; however, the large dispersion (associated
with the time elapsed after the isolation of mitochon-
dria) at each concentration of deuterium in the sam-
ples did not allow the detection of isotopic effects in
the medium in the range of concentrations used. The
difference in the ADP/O ratio with the absence of sig-
nificant differences in the phosphorylation rate and
the value of respiratory control (the ratio of respiration
rates under phosphorylation and in its absence) is due
to the fact that the differences in oxygen consumption
in samples with different deuterium concentrations
were significant mainly at low ADP concentrations,
which were achieved by the end of the phosphoryla-
tion process.

It should be noted that phosphorylation efficiency
measurements were carried out under conditions of a
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Fig. 1. (a), The ADP/O parameter, which characterizes the efficiency of phosphorylation. Different series of experiments are
indicated with different symbols. Line illustrates the dependence of the mean values. (b), A histogram illustrating the quantitative
comparison of experimental data. Error margins characterize the standard deviation (N = 4 at 6 and 60 ppm and N = 6 at
150 ppm). The difference from the control at 6 and 60 ppm satisfies the significance level of 0.05; at 10000 ppm it satisfies the
significance level of 0.1.
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low phosphate concentration and a relatively low
HEPES buffer concentration. It was previously shown
that it is under such conditions that the formation of a
fraction of nonequilibrium membrane-bound hydro-
gen ions, which is used for the synthesis of ATP, is
observed [12]. This fraction of hydrogen ions signifi-
cantly depends on the structural organization of water
at the membrane surface; therefore, it can be most
sensitive to the isotopic effect.

Typical examples of the results of hydrogen perox-
ide production measurements in the presence of
inhibitors are presented in Fig. 2. Three sources that
generate superoxide anion are known in the respira-
tory chain of mitochondria: complex I, which pro-
duces superoxide anion during reverse electron trans-
fer from complex II; the P-center of complex III,
which actively produces superoxide anion in the case
of N-center blockade of the Q cycle; and complex II,
which produces superoxide anion at the f lavin center
in the forward (from flavin to coenzyme Q) and
reverse (from coenzyme Q to f lavin) electron transfer
reactions [13–15]. The rate of formation of hydrogen
peroxide, in which superoxide anion was rapidly con-
verted in mitochondria due to the functioning of
superoxide dismutase, was experimentally recorded. It
can be seen from Fig. 2 that the generation rate does
not differ significantly in samples with different con-
centrations of deuterium in the medium: both during
superoxide anion generation by complex I and com-
plex III (the addition of antimycin A, a N-center
inhibitor of complex III, was induced). The P-center
inhibitor of complex III, myxothiazole, almost com-
pletely eliminated superoxide anion generation caused
by antimycin A; however, differences in the generation
of superoxide anion between media with different deu-
terium concentrations were also not observed in this
mode (data not shown). In addition, inhibitory analy-
sis during the functioning of complex II at low succi-
nate concentrations (100 μM) in the presence of rote-
none (an inhibitor that effectively blocks the reaction
of both forward and reverse electron transfer in com-
plex I) was performed. Under conditions of incom-
plete saturation of complex II, the rate of superoxide
anion synthesis was higher than at 2 mM succinate;
however, differences between samples with different
deuterium concentrations were also not observed
(data not shown). The results on the measurement of
the rate of superoxide anion synthesis in samples of
isolated mitochondria are completely consistent with
the literature; however, in the measurement media
with isotope compositions of the medium of 6, 60, 90,
120, 150 ppm, as well as 0.1 and 1%, hydrogen perox-
ide generation turned out to be the same with high
accuracy (the discrepancy is not more than that
observed between control experiments). Thus, we can
conclude that a change in the concentration of deute-
rium did not affect the production of superoxide anion
by complex I, II, and III of the respiratory chain under
the experimental conditions.

These results on hydrogen peroxide generation dif-
fer from those published previously [16], where an
approximately 2-fold activation of the maximum rate
of Н2О2 generation by isolated rat liver mitochondria
using water containing 52 ppm deuterium without
using respiratory chain inhibitors was shown. It should
be noted that our experiments (Fig. 2) were carried out
under the conditions of succinate oxidation and the
presence of ATP; this guaranteed a high membrane
BIOPHYSICS  Vol. 65  No. 2  2020
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Fig. 2. Production of Н2О2 (formed from superoxide
anion) by samples of isolated mitochondria at various con-
centrations of deuterium. The first part of the plots
(approximately 5 min) corresponds to superoxide anion
generation during the process of reverse electron transport
on complex I. The second part of the plots (in the presence
of rotenone and antimycin A) corresponds to the genera-
tion of superoxide anion by complex III.
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potential, which is as an important factor of ROS gen-
eration, especially in the case of reverse electron trans-
fer from complex II to complex I. However, in experi-
ments in which rotenone was present from the begin-
ning of the experiment, we also failed to see isotopic
effects. The comparison of the results obtained in this
work and the literature results suggests that the isoto-
pic effect of deuterium in the generation of hydrogen
peroxide can occur under forward electron transfer on
complex I (from NADH to ubiquinone); however, this
assumption requires additional verification. It is worth
noting that some enzymes of the Krebs cycle can act as
a source of superoxide anion in mitochondria in addi-
tion to complexes of the respiratory chain. One
could not exclude the effect of deuterium on their
functioning.

In [16] the experimental group of rats was provided
with drinking water with a deuterium content of
46 ppm for 28 days; the production of hydrogen per-
oxide by isolated mitochondria in the medium with
normal deuterium content and reduced to 46 ppm was
then analyzed. It was shown that mitochondria of the
rat liver that were adapted to deuterium depleted water
produced 35% more H2O2 in the same water than

mitochondria of rats under normal conditions and
tested in ordinary water. Qualitatively this effect is
observed both with the addition of succinate and with-
out the addition of a substrate due to internal metabo-
lites. An important result, which the authors did not
note, is that rat liver mitochondria that were adapted
BIOPHYSICS  Vol. 65  No. 2  2020
to light water but tested in ordinary water showed the
same results as in the control. This means that the iso-
topic effects of light water are due to the action of
water as a solvent and do not significantly affect sys-
tems of the living cell during the process of long-term
adaptation of animals to water with a reduced isotopic
composition. This result was recently indirectly con-
firmed in [18], in which the role of mitochondrial pro-
teins in changes of the redox status of cell cultures
placed in deuterium depleted medium was revealed by
the latest methods of Ox-Red Proteomics during the
analysis of 2935 proteins.
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