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Abstract The application of combined hypoxia and
hypercapnia (hypercapnic hypoxia) during respiratory
exercises results in a maximum increase in resistance
to acute hypoxia and ischemic tolerance of the brain.
The results of those researches allow the assumption
that hypercapnic hypoxia is a promising method for
prophylaxis, treatment, and rehabilitation, as well as a
means to increase life expectancy. The study was
conducted to verify the hypothesis that it is possible to
extend the life span through regular courses of
respiratory exercises with hypercapnic hypoxia. In
the present experimental research carried out on mice,
the geroprotective effect of regular hypercapnic-
hypoxic exercises (PO,—90 mm Hg and PCO,—
50 mm Hg) was assessed in the context of the average
life expectancy and the main criteria of its quality
(reproductive function, muscle strength, and behav-
ior). Results suggest that with regular training, life
span is extended significantly by 16%. This result was
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accompanied by improved reproductive and cognitive
functions, increased motor and search activities, and
physical stamina in old age mices. This important
phenomenon is accompanied by improved reproduc-
tive and cognitive functions, high motor function and
search activity, as well as better physical stamina in
old-aged mices. Recurring respiratory training under
combined hypoxia and hypercapnia (hypercapnic
hypoxia) during the lifetime significantly extended
the life span of mice in the experiments.

Keywords Hypoxia - Hypercapnia - Hypercapnic
hypoxia - Rejuvenation - Lifespan - Healthy longevity

Introduction

Highland hypoxia is well known for contributing to
human life extension as well as increasing reproduc-
tive activity (Agadzhanian et al. 1995; Matsubayashi
and Okumiya 2012; Boretto et al. 2018). Hypoxia has
been proven to be effective in increasing the general
resistance (Lukyanova et al. 2009) of individual
organs and tissues (Chen et al. 2005; Yang et al.
2009). There are numerous data on the preventive and
therapeutic efficacy of hypoxia against cardiovascular
pathology (Shatilo et al. 2008; Neckar et al. 2002),
trophic disorders (Obrenovitch 2008), nervous system
conditions (Sharp et al. 2004), and respiratory diseases
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(Lin et al. 2011). It is logical to assume that the use of
hypoxic exposure clearly has high geroprotective
potential for healthy longevity. However, the practical
application of hypoxic therapy is limited due to the
necessity of long-term exposure (1-6 h) and several
sessions (at least 7) (Yang et al. 2009; Neckar et al.
2002).

The simplest and most physiological means of
inducing hypoxia in a person during breathing exer-
cises is by rebreathing the additional dead space
volume (ADSV), during which part of the exhaled air
with low oxygen content is inhaled again (Fierstra
et al. 2013). The excess of carbon dioxide, which
occurs during rebreathing, is usually corrected by
using a chemical CO, absorbent (Serebrovskaya and
Xi 2016). However, it is the therapeutic use of carbon
dioxide that is gaining increasing interest. The
pronounced neuroprotective efficiency of permissive
hypercapnia has previously been established (Zhou
et al. 2010; Tao et al. 2013). In the scientific literature,
there has even emerged a special term, “therapeutic
hypercapnia” (Tao et al. 2013; Laffey et al. 2000). The
main neuroprotective mechanisms of hypercapnia are
probably the carbon dioxide-induced inhibition of the
apoptosis of nerve cells (Zhou et al. 2010; Tao et al.
2013), its antioxidant effect (Zakynthinos et al. 2007),
and the stimulation of angiogenesis (Siafakas et al.
2001).

Our recent researches have shown that, compared
with the individual use of hypoxia and hypercapnia,
the application of combined hypoxia and hypercapnia
(hypercapnic hypoxia) during respiratory exercises
results in a maximum increase in resistance to acute
hypoxia (Tregub et al. 2013) and ischemic tolerance of
the brain (Tregub et al. 2015). The results of those two
research results allow the assumption that hypercapnic
hypoxia is a promising method for prophylaxis,
treatment, and rehabilitation, as well as a means to
increase life expectancy and to improve physiological
activity in old age.

The new findings about the therapeutic potential of
hypercapnia and hypercapnic hypoxia provide encour-
agement for those who support the idea that carbon
dioxide plays a key role in life extension. This idea is
based on data on the life expectancy of animals that are
exposed to hypercapnia and hypoxia on a regular basis
during their lifetime (e.g., whales, turtles, and mole
rats) (Krivoruchko and Storey 2010; Muradian 2013).
However, no direct studies have been carried out to
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assess the efficiency of hypercapnic hypoxia in
increasing life span.

In the present research, experimental trials on
laboratory mice were carried out to test the hypothesis
that it is possible to extend the life span through
regular courses of respiratory exercises with hyper-
capnic hypoxia. Considering that the modern concept
of healthy longevity implies not only life extension but
also reduced intensity of physiologic aging (Jafari
2015), we also studied important variables in the
physical development, the reproductive function, and
behavior of the animals during the aging process.

Methods
Animals and cage keeping conditions

Experiments were carried out on 36 BALB/c mice (19
males and 17 females) (Institute of Cytology and
Genetics SD RAS, Novosibirsk, Russia). All of the
mice were born within one week and the exact date of
birth of each animal was reliably known.

The mice were housed in plastic cages at room
temperature (~ 23 °C) and under natural light cycle
during their lifetime. They were kept in four standard
rodent cages, providing at least 40 sm> of space per
animal. The mice had free access to drinking water and
a full ration with a good balance of trace elements and
vitamins (Van Zutphen et al. 2001). During the
pregnancy and lactation period, dried milk was
additionally fed in the diet of females. The mating
opportunities of the animals were not limited (Har-
rison et al. 2009), and in 2 weeks infant mice were
housed in separate cages.

Animal groups and experimental scheme

At the age of 2 weeks, the animals were randomized
into two experimental groups by using Statistica 6.0
(StatSoft, Inc., USA). The randomization followed the
principle of equal gender composition. Each cage was
given a sequence number. The test group contained
animals from cages 1 and 3, and the control group
included mice from cages 2 and 4. At the beginning of
the experiment, there were 9 mice (4 females and 5
males) in cage 1; 10 mice (5 females and 5 males) in
cage 2; 9 mice (4 females and 5 males) in cage 3; and 8
mice (4 females and 4 males) in cage 4. Thus, there
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were 9 females and 9 males in the control group, and 8
females and 10 males in the test group.

The groups differed in the partial pressure of
oxygen (Pcoy) and carbon dioxide (Pcg,) during the
respiratory impacts. In the test group (HH), the
composition of inhaled air was maintained at PO,

= 90 mmHg and PCO, = 50 mm Hg throughout the

respiratory impacts. In the control group, the mice
underwent similar experimental procedures, except
for alterations in the composition of the inhaled air
during the respiratory impacts.

The respiratory training started after the mice had
reached the age of 3 months. Before the exposure, the
mice were visually evaluated, their body mass was
measured, and their muscle strength, physical fatiga-
bility, and behavior were assessed. In the course of the
experiment, the animals underwent daily visual
examination, and cases of birth and death among the
posterity were recorded.

During their lifetime, the mice in both groups
underwent 21-day sessions of respiratory impacts, at
30 min daily and with a 2-month interval between
sessions. The number of exposures and the duration of
the interval between sessions were selected based on
our previous researches (Tregub et al. 2013; Kulikov
et al. 2009), with 30-min exposures determined as the
most optimal (Kulikov et al. 2015). The day after each
exposure session, all animals underwent a reassess-
ment of their muscle strength, physical fatigability,
and behavior.

Application of respiratory impacts

For respiratory intervention, we used a flow-type
chamber, as previously described (Tregub et al. 2015).
The experimental groups of mice breathed a gas
mixture with a composition that was dependent on the
prescription for the group. The control group was
placed in the chamber under similar conditions;
however, instead of a gas mixture, atmospheric air
was pumped in by the compressor. The gas compo-
sition in the chamber was controlled by using a
Microlux O2 + CO2 gas analyzer (Microlux Ltd,
Russia).

Assessment of muscular strength and physical
fatigability

A string was fixed horizontaly at a height of 75-80 cm
was used to determine the muscle strength and
physical fatigability of the mice. The animals were
enabled to grip the string with their front paws and
they hung in this position until they were exhausted or
fell down; thus, the “holding time” was recorded
(Jackson and Broadhurst 1982). Twenty minutes later,
the activity was repeated and the mean value was
calculated based on the two indices, as well as the
difference between the recorded holding time in the
first and second attempts.

Open field and dark/light box test

The procedure of behavioral testing in an open field
entailed preparation to minimize the animal stress and
for the test itself (Hall 1936). During the test, the
following data were recorded: horizontal motor activ-
ity, based on the number of sections crossed; vertical
motor activity, based on the number of “risings” onto
the hind legs; and time of exploration of “burrows”
(holes in the floor) per second throughout the whole
test period. The test allowed measuring the emotional
reactivity and behavior of the animal, as well as its
strategy of exploratory/defensive behavior (Hall 1936;
Gould et al. 2010).

The dark/light box test was used to evaluate the
conditioned passive avoidance reflex (CPAR) in mice,
which is based on their inborn tendency toward
confined and enclosed spaces (Bourin and Hascoét
2003). The experimental chamber consisted of two
compartments: a bigger illuminated section and a
smaller dark section with an electroconductive floor.
The time of the first entry of the animal into the smaller
chamber and the total time of its stay there were
recorded over a period of 3 min. After 3 min, the
mouse, while still in the dark compartment, received
an electrical pain stimulus of 0.45 MA and 30 V until
it ran out into the illuminated section. Within 24 h
after the CPAR was acuired, it was tested by placing
the mouse into the lighted chamber. In the evaluation
of CPAR maintenance, the total time of stay in the
dark section was considered, as was the difference in
the time of stay in the dark compartment until the
formation of CPAR and during its testing (At).
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The open field and dark/light box behavioral tests
were carried out once after four training cycles.

Statistical analysis

Statistical analysis was done by using the Statistica 6.0
software (StatSoft, Inc., USA). The hypothesis of
normalcy of distribution was confirmed with the use of
the Shapiro—Wilk test. Some data did not follow the
normal distribution law; thus, independent groups
were compared by applying the nonparametric Mann—
Whitney U test, and related groups by using the
Wilcoxon signed-rank test. The statistical power was
80% (P < 0.2). Values of p < 0.05 were considered
statistically significant. The data are presented as
medians &+ 25/75 percentiles. The survival rate of
mice was analyzed by the Kaplan—Meier method with
the help of the log-rank test by using Cox’s F test to
calculate the p-level (Harrison et al. 2009).

Results
Life span

During the experiments the animals died mainly from
natural causes, having reached chronological and
physiological old age. Some of the animals died in
puberty fights for dominance. As a result, the number
of mice that were included in the different training
cycles varied throughout the experiment period
(Table 1). The body mass indices of the mice did not
differ in the animals of experimental and control
groups over the course of study (data are not reported).

Table 1 Number of mice subjected to different training cycles

No. of training 1 2 3 4 5 6 7
cycles
HH*
Males 10 9 9 8 7 5 4
Females 8 7 3 3 2 1 0
Control®
Males 9 9 8 7 3 0 0
Females 9 7 4 4 1 0 0

“Hypercapnic hypoxia group

"Control group
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The maximum number of full sessions of exposure
to hypercapnic hypoxia carried out during the research
was seven training cycles. The statistical analysis of
the survival rate of mice (Fig. 1) showed that the
respiratory exercises under hypercapnic hypoxia
extended the mean life span of mice by 16%
(p = 0.04866). The results indicated that the average
life expectancy was 457 days in the test group and
384 days in the control group.

Causes of death and reproductive activity in mice

During the experiments, two cases of acute cerebral
blood flow disturbance in female mice at age 6 months
were recorded in the control group, compared with one
case in the test group (a female at age 12 months).
Stroke was diagnosed based on typical neurologic
symptoms: unidirectional rotation along the longitu-
dinal or lateral body axis, unilateral muscle spasticity,
and blepharoptosis. Autopsy proved the cause of
death.

In the control group, six cases of spontaneous
mammary cancer in females were recorded (Fig. 2);
this is typical in adult mice and, as a rule, appears as B
cell lymphoma (Anisimov et al. 2007). Such tumor
was first observed in a 10-month-old female in the
control group. There was only one case of tumor
formation in the test group, in a female at age
13 months. The histopathological analysis of tumors

08

06

Survival

04

0,2

—o— HH
-~ Control

0,0

100 200 300 400 500 600
Age (days)

Fig. 1 Survival rate of mice during the experiments (according
to the Kaplan—-Meier method). The data are expressed as life
span in days. Control control group, HH hypercapnic hypoxia
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Fig. 2 Female mice in the control group with spontaneous tumors

in mice was not carried out as these data were not of
interest or required within the given experiment.
However, the significant difference in the number of
tumors in animals of different groups could not be
ignored.

The important integrative indices of reproductive
function in mice are the average number of pups born
per female and the number of young mice that live to
4 weeks (Gustin et al. 2008). After the first training
cycle, the mean birth rate was higher in the group
consisting of mice that underwent respiratory training
under hypercapnic hypoxia (Fig. 3a). The birth rate in
the HH group after the second and third exposure
sessions did not differ from the indices in the control
group; however, the birth rate was significantly higher
after the fourth and fifth cycles.

The survival indices of pups that lived to 28 days
showed a similar trend to the birth rate (Fig. 3b). The
number of mouse pups that survived in the group
exposed to hypercapnic hypoxia was also higher
compared with the control group after the first, fourth,
and fifth training cycles. Besides, after the third
exposure session, more mouse pups survived in the
HH group than in the control group, despite the fact

that the birth rate in the HH group in this cycle did not
differ from that in the control group.

Muscle strength and physical fatigability

The initial indices of muscle strength and physical
fatigability did not differ between the groups (Figs. 4,
5). After the second cycle of respiratory training, the
physical fatigability in the HH group was lower than
that in the control group and remained at a low level
until the fifth training cycle. After the third and fourth
training cycles, the holding time on the string
increased in the HH group compared with the control

group.
Open field and dark/light box test

The open field test showed that the horizontal motor
activity of the mice in the HH group was lower,
whereas the vertical motor activity and the time of
exploration of burrows were higher compared with the
control group (Fig. 6).

The dark/light box testing of the mice after the
fourth training cycle showed that in the HH group, the
time of stay in the dark compartment after the
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Fig. 3 Birth rate during the experiment, expressed as the
average number of pups born per female (a). Survival curves for
posterity born during the experiment (b). The data are presented
as medians (25/75 percentile). *p < 0.05, differences from
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Fig. 4 Dynamics of the average holding time on the string.
*p < 0.01, differences from control group. Control control
group, HH hypercapnic hypoxia

formation of CPAR was shorter, whereas At was
longer, compared with the control group.

Discussion

In the present experimental research carried out on
mice, the geroprotective effect of regular hypercapnic-
hypoxic exercises was assessed in the context of the
average life expectancy and the main criteria of its
quality (reproductive function, muscle strength, and
behavioral activity).
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control group; **p < 0.01, differences from control group;
*#%p < 0.001, differences from control group. Control control
group, HH hypercapnic hypoxia
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Fig. 5 Dynamics of the time of restoration of muscle strength,
expressed as the difference between the durations of the first and
second attempts. *p < 0.01, differences from control group.
Control control group, HH hypercapnic hypoxia

We assumed that a combination of hypoxia and
hypercapnia (hypercapnic hypoxia) could have a
significant impact on the organism, serving to increase
life span and improve the quality of life. This
hypothesis is based, on one hand, on several widely
known experimental and clinical observations of the
efficiency of hypoxia in increasing resistance and
treating diseases and, on the other hand, on the
obtained strong evidence of the therapeutic efficiency
of hypercapnia. It is worth noting that hypercapnia has
a significant positive effect on a number of key
geroprotective mechanisms, including angiogenesis
(Siafakas et al. 2001), inhibition of apoptosis (Tao
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Fig. 6 Results of the open
field and dark/light box
behavioral testing.

a Horizontal motor activity.
b Vertical motor activity.

¢ Exploration of burrows.

d Time of stay in the dark
chamber. e Difference
between the durations of
stay in the dark
compartment before the
acquisition of CPAR and on
its formation (At).

*p < 0.05, differences from
control group; **p < 0.01,
differences from control
group. Control control
group, HH hypercapnic
hypoxia
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et al. 2013), antioxidant activity (Zakynthinos et al.

2007) and chaperones

(Bespalov et al.

2014).

Therefore, the effects of hypoxia and hypercapnia
may be considered as factors, which, in moderate

@ Springer




Biogerontology

doses, have a modulating effect on the signaling
mechanisms controlled by the vitagene system (heat
shock proteins, tyredoxin and the sirtuin protein
system). The latter, in turn, is known to play a
significant role in protecting against stress and
prolonging lifespan (Calabrese et al. 2014). Possibly,
this modulating effect can be elicited through epige-
netic mechanisms that control expression of genes
encoding protective factors.

Our recent researches have shown that, compared
with the individual use of hypoxia and hypercapnia,
sessions of exposure to hypoxia combined with
hypercapnia have a maximum effect in increasing
resistance to critical oxygen deficiency (Tregub et al.
2013) and brain tolerance to focal cerebral ischemia
(Tregub et al. 2015). These findings allow the
assumption that the hypothesis of the geroprotective
potential of hypercapnic hypoxia has a solid basis,
justifies the efforts made to test such hypothesis
experimentally.

The results of the study showed that the average life
span of mice that had undergone a course of hyper-
capnic hypoxia was extended by 16% (74 days),
which is about 11 human years (Flurkey et al. 2007).
Compared with the findings of similar experimental
researches on mice, the present results can be regarded
as a significant achievement. Thus, while estimating
the efficiency of genetically induced telomerase
activation, the life span of mice was extended by
18% (Bernardes de Jesus et al. 2012), whereas
rapamycin (mTOR-kinase inhibitor, an immunosup-
pressive drug) fed in the diet of old age mice extended
the life span by 13% (Harrison et al. 2009). However,
the geroprotective effect obtained in those studies is
hardly comparable with our findings, as in the
described research mice were subjected to exposures
at an old age (1 to 2 years old, telomerase; 600 days
old, rapamycin). Whereas our model implied that mice
started receiving respiratory exposures when they
reached the reproductive age (12 weeks old). At the
same time, it is important to note, that the small
number of animals in this study, along with overall
challenges in translating geroprotective strategies
from mouse to human, significantly limit the possi-
bility of formulating direct recommendations on life
prolongation. Nevertheless, the results of our study
show potential perspectives for application of hyper-
capnic hypoxia as a means for life extension and
improvement of physiological activity at old age.
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It is important to note that the drugs used in the
above-mentioned studies have side effects, particu-
larly the risk of tumors (Bodnar et al. 1998). At the
same time, the effect of hypercapnic hypoxia, as
described in the present study, showed a tumor
protective tendency against tumors common in mice
(Anisimov et al. 2007), thus indicating an advanta-
geous difference for HH compared with the said drugs.

Before the research started, we understood that to
characterize the effect of hypercapnic hypoxia on
females, it was important to register the parameters of
their reproductive function in detail. The results of the
experiment showed that hypercapnic hypoxic expo-
sure extended their reproductive youth. This is an
important contribution in support of the hypothesis of
the geroprotective effect of hypercapnic hypoxia
because improved reproductive activity at an old age
is one of the most important aspects of healthy
longevity (Finch 2009).

The geroprotective effect of the combined effects of
moderate doses of hypoxia and hypercapnia found in
our study can be viewed promisingly from the
prospective of the hormesis paradigm (Leak et al.
2018). The main reason for this is the fact that both the
lack of oxygen and carbon dioxide as well as their
excess in the body causes serious damage. Therefore,
the positive effects, demonstrated for the intermittent
effects of moderate doses of hypoxia and hypercapnia,
could be achieved only with a certain therapeutic
range of gas concentrations, duration of sessions, and
frequency of courses. In addition, it is important to
emphasize that intermittent hypercapnia and hypoxia
have already been considered as hormetic stimuli
(Pruimboom and Muskiet 2018).

A similar positive tendency regarding muscle
strength and physical fatigability was noted in old-
age mice after hypercapnic hypoxic exposures. Aging
is well known to diminish strength and increase
fatigability (Anisimov et al. 2007). Consequently, the
positive changes in those variables observed in our
study indicate the geroprotective potential of hyper-
capnic hypoxia. It is important to point out that
physical capacity at all the stages of the research was
tested in all the females irrespective of the phase of
their reproductive cycle (absence of pregnancy, preg-
nancy, breast-feeding, and menopause). Such step was
taken in order to average the obtained results as much
as possible and to avoid receiving incomplete data in
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each group as they would impede statistical objective
analysis.

In the present research, regular hypercapnic
hypoxic exposures increased the stress resistance of
mice, whereas the increased vertical motor activity
and time of exploration of burrows can be interpreted
as reduced generalized excitation with activated
exploratory behavior (Gould et al. 2010). Besides,
the formation of a conditioned passive avoidance
reflex required less time. These improvements in stress
resistance and cognitive functions in the animals can
also be regarded as the indices of healthy longevity
(Jafari 2015).

It is important to remember that the prevalence of
positive or negative effects of hypercapnia is deter-
mined, to a great extent, by CO, concentration,
exposure time, and multiplicity. For example, expo-
sure to pronounced continuous hypercapnia (10%
CO,) for 3, 7, 14, and 21 days causes skeletal muscle
atrophy in mice (Jaitovich et al. 2015), whereas a 24-h
exposure to 7% CO, environment forms an immuno-
suppressive effect in Drosophila (Helenius et al.
2009). At the same time, exposure to 19% CO,
environment for 1, 6, or 72 h extends the lifespan of
Caenorhabditis elegans, exerting a negative influence
on motor activity and reproductive function (Sharabi
et al. 2009).

Conclusion

Repeated respiratory exercises with hypercapnic
hypoxia result in increased life span in laboratory
mice, their improved reproductive and cognitive
functions, increased motor and search activity, as well
as physical stamina in old age.
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