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EDUCATION, BRAIN PLASTICITY AND MUSCULAR
FATIGUE: DOES HYPOXIA CAUSE SARCOPENIA?

Sarcopenia is the physiological age-related reduction of muscle mass and strength.
Considering that life span is correlated with metabolism rate and mitochondria are the
site of oxygen consumption, muscle mitochondria volume densities were determined by
morphometric analysis. We found a tight correlation between aging and hypoxia with
decrease in muscle total mitochondria volume. Therefore, hypoxia and aging seem to
share some common pathways, allowing hypoxic models to be used for the study of
aging processes. Motivated rehabilitation approaches that would interact with the brain
plasticity and new educational health programs are needed to counteract disabilities and
to make the quality of life better. Additional research will be required to fully elucidate
the correlations between aging, sarcopenia and hypoxia, but the present findings provide
a starting point for such investigations.
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In both humans and animals, aging is characterized by numerous
modifications, including progressive losses of muscle mass, strength and oxidative
capacity (Doherty, 2003). With increasing age, human skeletal muscles, progressively,
reduce in volume, mainly due to a reduced number of motor units and muscle fibers,
and reduced size of type 2 fibers (Thompson, 2002). Moreover, age induces important
qualitative changes in the structure of key skeletal muscle proteins that are manifested
in alterations of contractile properties (Gelfi et al., 2006). A consistent feature of age is
limb muscle atrophy and the loss of peak force and power (Thompson, 2002, Vogt et al.,
2001). Similarly sarcopenia is the physiological age-related reduction of muscle mass
and strength. The multifactorial etiology underlying this process involves changes in
muscle metabolism and endocrine system, alteration of nutritional, mitochondrial
and genetic factors (Mishra and Misra, 2003) as well as a decrease in the number of
motor neurons (Doherty, 2003).

In general, age-related changes of muscle mass and functional properties are
a result of cellular adaptive responses. During aging, reactive oxygen species (ROS) are
generated and these oxidants result in a detrimental effect on structural and functional
components of membranes. ROS are generated under hypoxic conditions and the
accumulation of free radicals during life reduces the ability of tissues to remove ROS.
In fact, total antioxidant capacity is correlated to a fine balance between production
and removal of ROS (Lu and Finkel, 2008). The loss of muscle mass that occurs with
aging is associated with a decline in muscle protein content, mitochondrial protein
synthesis and mitochondrial enzyme activity, and in a reduction of oxidative capacity
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(D’Antona etal., 2003). Our data indicate that prevention of hypoxia and preservation of
muscle mass through physical activity may help prevent sarcopenia and the associated
decreases in metabolism. Tissue hypoxia, a physiological situation in aging, is related
to the reduction of O, flow from the lungs to peripheral tissues and the resulting low
cellular pO, leads to overproduction of reactive O, species capable of causing oxidative
damage to proteins, nucleic acids, and lipids. The blood pO, decreases with age, and the
reduction of blood flow to muscles causes atrophy, ROS formation and morphological
muscle changes (Gunnarson et al., 1996, Muller et al., 2007, Porter et al., 1995)

The ventilatory response to hypoxia is characterized by an increase of volume
and ventilatory frequency, related to the degree of hypoxia. This response is attenuated
with aging (Fukuda, 1992) and the changes are correlated with age-dependent
structural and functional modifications (Guenard, 1998). The basal reduction of
oxygen requirements is manifested through geometrical adaptation in tissue, leading
to increased diffusion distances and decreased oxygen supply to mitochondria
(Gunnarsson et al., 1996, Sohal et al., 1986).

The literature shows that obstructive sleep apnea (OSA), the most common
form of sleep-disordered breathing. It is characterized by recurrent episodes of
intermittent hypoxia and intermittent hypoxia affects gene expression (Hoffmann et al,,
2007). During aging there is an increase of recurrent OSA, which is similar to chronic
intermittent hypoxia (Janssens et al., 2000), and patients with chronic intermittent
hypoxia caused by recurrent apnea exhibit muscle atrophy (Agusti et al., 2002).
Hypoxia combined with hypercapnia is the result of systemic consequences of lung
disease such as COPD (chronic obstructive pulmonary diseases) or cardiovascular
diseases, and arteriosclerosis itself causes hypoxia through reduction of blood flow
and oxygen supply to tissues. Patients with chronic heart failure or COPD lose skeletal
muscle mass during the course of their disease (Gosker et al., 2000), contributing to
their observable weight loss, exercise limitations and decrease of the quality of life.

There seems to be a tight correlation between the structural and functional
changes observed during hypoxia and aging. For example, in sea level-dwelling animals
or humans exposed to high altitudes for several weeks, hypoxia leads to weight loss
through decrease in protein content, similar to the effects seen in patients suffering
from chronic hypoxia that accompanies cardio-pulmonary diseases. At high altitude,
protein depletion is caused by an inadequate intake of calories and protein, similar to
the effects seen during aging and in patients with COPD. However, the physiological
response to hypoxia differs with respect to the level and length of hypoxic exposure.
Moreover, maximum oxygen consumption (VO, max) decreases progressively with
increasing altitude, showing a profile similar to the decrease in VO, max during aging.

Anemic patients with a decreased oxygen supply show a reduction in muscle
strength (Penninx et al., 2004). If the antioxidant capacity is decreased during hypoxia,
free radical production is likely to affect the mitochondria, as seen in sarcopenia.
Thus, blood gas analysis and tissue pO, measures become important for diagnosis
and treatment of several pathologies. VO, max is reduced by 3.2% for each 1000 ft
increase in altitude. The reduction of mitochondrial oxidative capacity contributes



RAKSTU KRAJUMS / PROCEEDINGS 7

to the reduction of VO2 max with aging (Babcock, et al., 1992, Hepple et al., 2002,
Wallace, 1995).

Here, mitochondrial volume densities were determined by histochemical and
morphometric analyses of muscle biopsies from the tibialis anterior muscles of rats
exposed to chronic intermittent hypoxia for 12 hour per day. We found that during
both aging and hypoxia, the oxidative capacity decreased along with a decrease in total
muscle mitochondrial volume.

The low mitochondrial density observed during aging and hypoxia could
mean that muscles experiencing hypoxic conditions do not need as many mitochondria
due to decreased levels of oxygen supply. During aging and hypoxia, the oxidative
capacity decreases in parallel with the decrease of mitochondrial density. The total
loss of muscle mitochondrial volume was close to 30% in rats exposed to intermittent
hypoxia for two weeks. We also found a reduction of VO2 max in rats during exercise
and aging, as previously shown for humans under hypoxic conditions (Ferretti, 1990).
In addition, we observed an increase in Hypoxic Inducible Factor (HIF-1a) in skeletal
muscles-from aged rats, similar to the increased HIF-1a levels found in young rats
exposed to hypoxia. ROS formation can interfere with HIF-1 and with oxygen sensors
in mitochondria, leading to age-related declines in mitochondrial function (Zhang
et al,, 2008). This cellular mechanism underlying the morphological changes that
occur with aging is consistent with those observed in rats exposed to chronic hypoxia.
The volume density of total mitochondria (Vv) in young control sedentary ¥ats was
6.73+0.2, while that for trained rats was 10.37+1.2, and the post-hypoxia values were

3.99+0.17 and 5.51£0.19, respectively. In contrast, the Vv for aged rats were 4.91+0.25
for sedentary rats and 6.20+0.11 for trained rats, and the post-hypoxia values were
3.91+0.30 and 4.96+0.17, respectively.

If the crucial mechanism of aging is the cumulative result of oxidative damage,
long-term hypoxia models could help us understand the correlation between aging
and ROS accumulation. Tissue growth, differentiation and regeneration are oxygen-
dependent processes mediated by the release of factors such as VEGF, NOS and HIF.
Here, the observed decrease of the total mitochondrial numerical density supports the
hypothesis that oxidative damage is a major contributor to the aging processes, and
provides evidence that the mitochondria act as oxygen sensors via modulation of ROS
formation.

The loss of muscle mass and mitochondrial content would explain the
decline in aerobic work capacity seen under conditions of both altitude and aging.
This possibility is supported by observations that residents of the Himalayas show
accumulation of lipofuscin (a result of mitochondrial degradation in the presence of
increased ROS) and structural signs of aging, as well as decreases in mitochondrial
content of muscle fibers (Amicarelli et al., 1999, Hoppeler et al., 2003, Martinelli et al,,
1990).

Aging could be correlated with decreased oxygen supply to cells, increased
oxygen diffusion distance to tissues, and decreased tissue oxygen demand. Therefore,
hypoxia and aging seem to share some common pathwavs, allowing hvpoxic models to
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be used for the study of some aging processes. Prevention of oxygen desaturation and
reducing the causes of hypoxemia are important factors in reducing the incidence of
sarcopenia in the elderly population. Aerobic exercise training may attenuate the age-
related decline in protein synthesis; exercise appears to help stabilize HIF-1a levels,
further preventing some aging effects (Vogt et al., 2001).

In conclusion, it appears as though hypoxia can cause sarcopenia, meaning
that prevention of hypoxia could decrease the incidence of sarcopenia in the elderly.
Additional research will be required to fully elucidate the correlations among
aging, sarcopenia and hypoxia, but these findings provide a starting point for such
investigations.

REFERENCES

Agusti, A.G,, Sauleda, J., Miralles, C., Gomez, C., Togores, B., Sala et al. (2002) Skeletal muscle
apoptosis and weight loss in chronic obstructive pulmonary disease. Am J Respir Crit
Care Med 166: 485-9.

Amicarelli, E, Ragnelli, A.M., Aimola, P, Bonfigli, A., Colafarina, S., Di Ilio, C. et al. (1999) Age-
dependent ultrastructural alterations and biochemical response of rat skeletal muscle
after hypoxic or hyperoxic treatments. Biochim Biophys Acta 1453: 105-14.

Babcock, M.A., Paterson, D. H., Cunningham, D. A. (1992) Influence of ageing on aerobic
parameters determined from a ramp test. Eur ] Appl Physiol Occup Physiol 65: 138-43.

D’Antona, G., Pellegrino, M. A., Adami, C., Carlizzi, C. N., Canepari, M., Saltin, B., Bottinelli,
R. (2001) The effect of aging and immobilization on structure and function of human
skeletal muscle fibres. J Physiol 552: 499-511.

Doherty, T. J. (2003) Aging and sarcopenia. ] Appl Physiol 95: 1717-27.

Ferretti, G. (1990) On maximal oxygen consumption in hypoxic humans. Experientia 46: 1188-
94.

Fukuda, Y. (1992) Changes in ventilatory response to hypoxia in the rat during growth and
aging. Pflugers Arch 421: 200-3.

Gelfi, C., Vigano, A., Ripamonti, M., Pontoglio, A., Begum, S., Pellegrino, M.A., Grassi, B.,
Bottinelli, R., Wait, R., Cerretelli, P. (2006) The human muscle proteome in aging. J. of
Proteome Research 5: 1344-13.

Gosker, H. R., Wbuters, E. E, van der Vusse, G. |, Schols, A. M. (2000) Skeletal muscle
dysfunction in chronic obstructive pulmonary disease and chronic heart failure:
underlying mechanisms and therapy perspectives. Am J Clin Nutr 71:1033-47.

Guenard, H. (1998) Respiration and aging. Rev Mal Respir 15: 713-21.

Gunnarsson, L., Tokics, L., Brismar, B., Hedenstierna, G. (1996) Influence of age on circulation
and arterial blood gases in man. Acta Anaesthesiol Scand 40: 237-43.

Hepple, R.T, Hagen, J. L., Krause, D. J. (2002) Oxidative capacity interacts with oxygen delivery
to determine maximal O(2) uptake in rat skeletal muscles in situ. J Physiol 541: 1003-

12

Hoffmann, M. S, Singh, P, Wolk, R., Romero-Corral, A, Raghavakaimal, S., Somers, V. K.
(2007) Microarray studies of genomic oxidative stress and cell cycle responses in
obstructive sleep apnea. Antioxid Redox Signal 9: 661-9.



RAKSTU KRAJUMS / PROCEEDINGS 9

Hoppeler, H., Vogt, M., Weibel, E.R,, Fliick, M. (2003) Response of skeletal muscle mitochondria
to hypoxia. Exp Physiol 88: 109-19.

Janssens, J. P, Pautex, S., Hilleret, H., Michel, J. P. (2000) Respiratory sleep disorders in the
elderly. Rev Med Suisse Romande 120: 869-79.

Lu, T,, Finkel, T. (2008) Free radicals and senescence. Exp Cell Res 314: 1918-22.

Martinelli, M., Winterhalder, R., Cerretelli, P, Howald, H., Hoppeler, H (1990) Musc.lc
lipofuscin content and satellite cell volume is increased after high altitude exposure in

humans. Experientia 46: 672-6.
Mishra, S. K., Misra, V. (2003) Muscle sarcopenia: an overview. Acta Myol 22: 43-7.

Muller, E. L., Song, W, Jang, Y. C,, Liu, Y., Sabia, M., Richardson, A. (2007) Denervation-indu-ced
skeletal muscle atrophy is associated with increased mitochondrial ROS production.

Am ] Physiol Regul Integr Comp Physiol 293: 1159-68.

Penninx, B. W.,, Pahor, M., Cesari, M., Corsi, A. M., Woodman, R.C., Bandinelli, S. (2004)
Anemia is associated with disability and decreased physical performance and muscle
strength in the elderly. ] Am Geriatr Soc 52: 719-24.

Porter, M. M., Vandervoort, A. A., Lexell, J. (1995) Aging of human muscle: structure, function
“and adaptability. Scand ] Med Sci Sports 5: 129-42.

Sohal, R. S., Toy, P. L., Allen, R. G. (1986) Relationship between life expectancy, endogenous
antioxidants and products of oxygen free radical reactions in the housefly, Musca
domestica. Mech Ageing Dev 36: 71-7.

Thompson, L. V. (2002) Skeletal muscle adaptations with age, inactivity, and therapeutic exercise.
J Orthop Sports Phys Ther 32: 44-57. .

Vogt, M., Puntschart, A., Geiser, ., Zuleger, C., Billeter, R., Hoppeler, H. (2001) Molecular
adaptations in human skeletal muscle to endurance training under simulated hypoxic
conditions. ] Appl Physiol 91: 173-82.

Wallace, D. C. (1995) Mitochondrial DNA variation in human evolution, degenerative disease,
and aging. Am ] Hum Genet 57: 201-23.

Zhang, H., Bosch-Marce, M., Shimoda, L., SunTan, Y., Wesley, B.]., Gonzalez, EJ., Semenza, G.
(2008) Mitochondrial autophagy is an HIF-1-dependent adaptive metabolic response
to hypoxia. J Biol Chem 283: 10892-903.

Correspondence:

Prof. Camillo Di Giulio, MD
University “G. dAnnunzio”
Via dei Vestini 31,

66100 Chieti, Italy

Tel: +39 0871 355 4044.

Fax: +39 0871 355 4045.
e-mail: digiulio@unich.it



