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Abstract Exposure to high altitude causes loss of bodyuscle was significantly higher in the 14-day exposed
mass and alterations in metabolic processes, especigiyup (4.32 pumoy-glutamyl hydroxamate formed-g pro-
carbohydrate and protein metabolism. The present stteiyr?-mint) in comparison to normal (1.53 pmgblu-
was conducted to elucidate the role of glutamine synthamyl hydroxamate formed-g proteirminr?); this pa-
tase, glutaminase and glycogen synthetase under coralineter had decreased by 40% following 21 days of ex-
tions of chronic intermittent hypoxia. Four groups, eagosure. These results suggest that since no dramatic
consisting of 12 male albino rats (Wistar strain), weohanges in the levels of protein were observed in the
exposed to a simulated altitude of 7620 m in a hypobameiscle and liver, there is an alteration in glutaminase
chamber for 6 h per day for 1, 7, 14 and 21 days, respaed glutamine synthetase activity in order to maintain ni-
tively. Blood haemoglobin, blood glucose, protein levetsogen metabolism in the initial phase of hypoxic expo-
in the liver, muscle and plasma, glycogen content, asute.
glutaminase, glutamine synthetase and glycogen synthe-
tase activities in liver and muscle were determined in Ky words Hypoxia - Glutaminase - Glutamine
groups of exposed and in a group of unexposed animaisthetase - Glycogen synthetase - Glyc::gen
Food intake and changes in body mass were also moni-
tored. There was a significant reduction in body mass
(28-30%) in hypoxia-exposed groups as compared Indroduction
controls, with a corresponding decrease in food intake.
There was rise in blood haemoglobin and plasma proteigipoxic stress at high altitude leads to changes in meta-
in response to acclimatisation. Over a three-fold incredsslic processes, especially in carbohydrate and protein
in liver glycogen content was observed following 1 dayietabolism, and changes in the endocrine system
of hypoxic exposure (4.76+0.78 mgtgwet tissue in (Forbes 1936; Picon-Reategui et al. 1970; Brahmachari
normal unexposed rats; 15.82+2.30 méget tissue in et al. 1973; Srivastava et al. 1975; Williams 1975). A re-
rats exposed to hypoxia for 1 day). This returned to naliiced work capacity and increased creatine phosphoki-
mal in later stages of exposure. However, there was e activity has been reported to occur in sea-level resi-
change in glycogen synthetase activity except for a dients after a prolonged stay at high altitude (Knuttgen
crease in the 21-days hypoxia-exposed group. There wad Saltin 1973). Long-term exposure to high altitude re-
a slight increase in muscle glycogen content in the 1-daylts in body mass loss in man (Boyer and Blume 1984;
exposed group which declined significantly by 56.5, 50Butterfield et al. 1992; Kayser 1994). Drastic reductions
and 42% following 7, 14, and 21 days of exposure, lié-lean body mass are observed in sea-level residents
spectively. Muscle glycogen synthetase activity was algaring their stay at a terrestrial height of 5000 m and
decreased following 21 days of exposure. There wasabove (Guilland and Klepping 1985). In addition, a di-
increase in glutaminase activity in the liver and musaiginished growth rate is seen in animals subjected to hyp-
in the 7-, 14- and 21-day exposed groups. Glutamipgic stress, suggesting that changes in protein metabo-
synthetase activity was higher in the liver in 7- and 1#sm occur under such conditions (Klain and Hannon
day exposed groups; this returned to normal followin®70; Schnakenberg et al. 1971; Purshottam et al. 1977).
21 days of exposure. Glutamine synthetase activity However, the causes for these changes are still not clear.
, , , Glutamine synthetase (EC 6.3.1.2), glutaminase (EC
g'_}}/_aé_speﬁi:(_'g”&‘gﬁgﬁ;hyﬁMk'gﬁ’é‘;]g?@)s(“' Singh 3.5.1.2) and glycogen synthetase (EC 2.4.1.11) play sig-
Defence Institute of Physiology and Allied Sciences, nificant roles in protein synthesis and energy metabolism
Lucknow Road, Timarpur, Delhi 110054, Inia (Smith etal. 1984; Jepson etal. 1988; Hoppeler and
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Table 1 Changes in body mass (g) of the rats12 rats per group) during exposure to hypoxic conditions for either 1, 7, 14 or ©'1 days

Group Initial weight Weight on days
1 7 14 21
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Unexposed group 203.0 4.0 205.5 3.9 219.5* 3.8 236.5* 3.9 251.7** 4.0
Hypoxia-exposed 199.8 15 195.7*** 1.6 183.2**1.6 168.0** 1.7 174.6*% 1.5
* Significantly different from initial body weigh®<0.05 *** Significantly different from the corresponding control; P<0.05
** Significantly different from initial body weight<0.001 # Significantly different from the corresponding control; P<0 701

Table 2 Blood haemoglobin and glucose levels in hypoxia-exposed (1, 7, 14 or 21 days) and unexpasetlreass(per grou;:)

Variable Unexposed group Hypoxia-exposed groups
1 day 7 days 14 days 21 days
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Bloocgirlhaemoglobin 13.55 0.19 14.94*  0.13 15.11* 0.14 16.22*  0.12 17.01* 0.38
iBgIOOd(?)fllLicose 66.58 0.97 98.33*  1.47 84.67* 1.34 85.15* 1.92 77.97* 1.48
mg -

* Significantly different compared to unexposed groRg0.00]

Desplanches 1992). There is some controversy regarding(1957). The activities of glutamine synthetase, glutaminase
the effcts of hypoxia on carbohycrate metabolism, sof¥ uecder, syuiease n e ey, and musce romogenes
pointing .to h_ypo_glycaemla and some .mdlca.tmg.hypqv’.;vbldenberg 1962; Kvamme et al. 1985). Statistical a’nalysis was
glycaemia with increased levels of circulating insuligarried out using Studentsest.
(Blume and Pace 1967; Johnson et al. 1974; Sawhney et
al. 1986). Therefore, the present study was undertaken to
elucidate the effects of hypoxia on the activity levels Results
glutamine synthetase, glutaminase and glycogen synthe-
tase under hypoxic conditions using an animal model,@sanges in the body mass of rats exposed to hypoxia for
markers with which to follow the effects of hypoxia odlifferent lengths of time (1, 7, 14 or 21 days), along with
protein metabolism. that of the control group are given in Table 1. Animals
exposed to hypoxia were unable to maintain their initial
body mass, whereas in the control group a gradual in-
Materials and methods crease over their initial weights was observed throughout
the study period. The weight loss in the hypoxia-exposed
Studies were conducted on male albino rats (Wistar strain) weigitoups was always significant in comparison to that of
e e e St et normal group iespective of the fime spent under
cycle. Rats werFe) fed ad libitum on a standard rat peﬁet diet SQ%DOX'C and'tlons' There was a 16.5, 28.9 and 30.6%
plied by Hindustan Lever (India). Groups of animals consisting §€crease in the mean body mass of the exposed groups
12 rats each were exposed to hypoxia at a simulated altituddalfowing 7, 14 and 21 days of exposure, respectively, as
7620 m in a hypobaric chamber. Altitude was attained in 20 mirl(ﬁjmpared with the unexposed group on the same day.
a uniform rate of ascent. Temperature was maintained at 22+2%4 o 1-, 7- and 14-day exposed groups showed a decrease

To study the effects of hypoxia, animals were exposed to hypoxic . . .
for either 1, 7, 14 or 21 days (for 6 h daily). Before the last dayéf%ae’%) in food intake, and following 14 and 21-days

exposure the rats were fasted overnight. Animals were sacrifi@fdexposure the reduction was only around 25%, thereby
after 6 h of exposure, as were unexposed animals, using ether imaaicating an improvement_

esthelsia. Blood was dorlawréI from the gefart,d;aﬁnd thebl_iverr1 and ttlwighA comparison of blood haemoglobin and blood glu-
muscles were removed and processed for different biochemical gs- . . . :

says. Another two groups of animals, one exposed to hypoxia e levels of th(—?‘ various groups Is given In Table 2.
21 days and the other, a normal group, were monitored for fd3pod haemoglobin exhibited a gradual increase from
intake and changes in body mass. Blood haemoglobin was d$te normal levels. Blood sugar levels were significantly

mated colorimetrically by the method of Dacie and Lewis (198'1}}§h6r in all hypoxia-exposed groups as compared to the

Blood glucose levels and total protein levels in the plasma, liv :
and thigh muscles were estimated by the methods of Nel exposed group. The highest level of blood glucose was

(1957) and Lowry et al. (1951), respectively. The glycogen cont&¥f€n in the 1-day hypoxia-exposed group (47-6% ir_1—_
of the liver and muscles was assayed by the method of Montg@rease over the unexposed control). There was no signifi-
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Table 3 Plasma and tissue protein levels in hypoxia-exposed (1, 7, 14 or 21 days) and unexpasetlraass(per grou;:)

Variable Unexposed group Hypoxia-exposed groups
1 day 7 days 14 days 21 days

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Plasma protein 6.99 1.04 7.29 0.99 8.58* 0.86 8.87*  0.80 9.20* 0.58
(g - dr)
Liver protein 19.77 0.33 20.00 0.48 19.40 0.79 20.12 0.32 20.21 0.44
(9-100g"
Muscle protein 17.17 0.53 17.15 0.49 17.11 0.62 17.40 0.48 18.04 0.79
(g - 100gY

Significantly different compared to unexposed grdes).00]

Table 4 Liver and muscle glycogen levels in hypoxia-exposed (1, 7, 14 or 21 days) and unexposed 2ataté per grou;:)

Variable Unexposed group Hypoxia exposed group
1 day 7 days 14 days 21 days
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Liver glycogen 4.76 0.78 15.82** 2.30 4.96 0.69 4.98 0.81 3.55 0.26
(mg - g tissug)
Muscle glycogen 6.71 0.87 7.96 0.95 2.92**  0.29 3.31**  0.30 3.88* 0.68
(mg - g tissud)

* Significantly different compared to the unexposed grd.05
** Significantly different compared to the unexposed grdeg.003

Table 5 Enzyme activity levels in the liver of hypoxia-exposed (1, 7, 14 or 21 days) and unexposedlfat&(s per grou;:)

Variable Unexposed group Hypoxia exposed groups
1 day 7 days 14 days 21 days

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Glutaminase 3.06 0.16 2.75 0.15 4.47 0.33 451 0.29 4.71* 041
(umol NADH
oxidised - min! - mg
protein-1)
Glutamine synthetase 1.69 0.33 1.95 0.14 3.23* 0.25 1.90 0.09 1.57 0.13

(umoly-glutamyl

hydroxamate formed -

min-1. g protein?)

Glycogen synthetase 63.28 5.69 61.12 5.83 69.21 6.91 58.40 5.40 28.22* 1.24
(umol UDP formed -

min-1 - mg proteint)

* Significantly different compared to the unexposed grdf0.003

cant difference in blood glucose levels between the 7-dgpup are given in Table 4. There was more than a three-
and 14-day exposed groups, whereas the 21-day hypdoid increase in liver glycogen in the 1-day hypoxia-ex-
ia-exposed group showed a decreasing trend, but the paked group; the levels returned to near-normal levels on
ues were still higher than those of the unexposed grouday 7 and there was a slight decrease in glycogen content

There was a continuous increase in plasma protein®imday 21. Muscle glycogen levels also increased 13%)
the hypoxia-exposed groups. Protein levels in the livathough not significantly, following 1 day of exposure.
and muscle of the unexposed control group and all hylfirere was, however, a significant reduction of 56.5, 50.6
oxia-exposed groups were similar (Table 3). and 42.0% in 7-, 14- and 21-day hypoxia-exposed

A comparison of the muscle and liver glycogen cogroups, respectively, in comparison with the unexposed
tents of the hypoxia-exposed groups and the unexpogealp.
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Table 6 Enzyme activity levels in the muscles of hypoxia-exposed (1, 7, 14 and 21 days) and unexposetraass(per grou;:)

Variable Unexposed group Hypoxia exposed groups
1 day 7 days 14 days 21 days
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Glutaminase 0.38 0.05 0.34 0.03 0.89* 0.12 0.78* 0.05 2.17* 0.38

(umol NADH oxidised -

min-1. mg proteint)

Glutamine synthetase 1.53 0.28 158 0.11 4.32* 0.50 1.23 0.13 0.91 0.09
(umoly-glutamyl

hydroxamate formed -

min-1. g protein?)

Glycogen synthetase 115.2 12.2 100.5 6.1 104.5 6.2 104.7 8.3 55.5*% 2.9
(umol UDPformed -

min~1 . mg proteint)

* Significantly different compared to the unexposed grd).001

There was an increase in liver glutaminase activity aqur 21-day exposed group). This is in agreement with the
7-, 14- and 21-day hypoxia-exposed rats, although th&relings of Forbes (1936). The alteration in fasting glu-
was an initial decrease in the 1-day exposed group ovese levels could be due to altered glucocorticoid levels
the unexposed group. Glutaminase activity in mus@s a result of hypoxic stress. Similar changes in glucose
also followed a similar trend, however the intensity eblerance at altitude in humans has been reported by
this increase was more pronounced (Tables 5 and 6). lSvivastava et al. (1975). There was a significant increase
er glutamine synthetase activity was higher in the 1-day,liver and muscle glycogen following 1 day of hypoxic
7-day and 14-day hypoxia-exposed groups, and redueggosure. In the liver, glycogen levels returned to normal
in the 21-day exposed group in comparison with the tn-the later phase, whereas in muscle glycogen levels
exposed group. Muscle glutamine synthetase actiwtgre significantly decreased in the later stages of hypox-
was significantly higher in the 7-day exposed groua exposure. Van Liere and Stickney (1963) have report-
(182%), and reduced (40.5%) in the 21-day exposed a marked elevation in the liver glycogen of fasted ani-
group (Tables 5 and 6). There was almost no changenals exposed to acute hypoxia over unexposed fasted
glycogen synthetase activity in the liver and muscle, erts, raising the possibility of increased interconversion
cept in the 21-day exposed group where a decreasefadither protein or fat to carbohydrate in excess of oxi-
55.4 and 51.8%, respectively, was observed (TablesldBive requirements. Increased levels of blood sugar and
and 6). liver glycogen during the initial days of hypoxic expo-
sure may be due to increased interconversion from fats
and a decrease in glycogen breakdown in the liver, re-
Discussion spectively. In our present study, glycogen synthetase ac-

tivity remained unchanged in 1-day, 7-day and 14-day
The weight loss that was observed following exposuredrposed rats, but decreased in the 21-day exposed group,
hypoxia in the present study is due to decreased foodindicating decreased glycogen synthesis in the later stag-
take and is in agreement with the results of an earles. The basis for an increase in glycogen content can not
study by Singh etal. (1996). It is well-known that aryet be explained and requires detailed investigations on
orexia occurs at high altitude during the initial stages gliycogen turnover and glycogen phosphorylase activity
acclimatisation, and this causes a drastic reductionduring exposure to hypoxia.
lean body mass (Guilland and Klepping 1985; Butter- In the present study the protein content of the liver and
field et al. 1992; Kayser 1994). A decreased growth rateiscle remained unchanged during hypoxic exposure, al-
in animals subjected to high altitude exposure in comp#reugh increase in the catabolism of protein during an
ison to sea level exposure is also well documented (Klaicute (2 days) exposure to hypoxia has been reported to
and Hannon 1970). occur by Klain and Hannon (1970). The 6 h of exposure

The increase in blood haemoglobin and plasma prostigated in the present study may not have been suffi-
tein observed during high altitude exposure may be eient to produce changes in the protein content of the
tributed to changes in haematocrit and haemoconcentraiscle and liver. The enzymes glutaminase and gluta-
tion that are a result of acclimatisation to altitude stressne synthetase, which regulate glutamine levels, were
(Picon-Reategui etal. 1970). In the present study studied because they are key enzymes in the process of
acute exposure to altitude there is a highly significant ijprotein metabolism. Glutamine also acts as a respiratory
crease in blood glucose levels, but these tended to resmbstrate since it is substantially oxidised to provide ener-
er to normal values following longer-term exposure (egy (the end products of its metabolism are,Cg@luta-
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mate and aspartate). Wagenmakers (1992) has repo®eitiand JC, Klepping J (1985) Nutritional alterations at high alti-
that the rate of glutamine synthesis is reduced during, atude in man. Eur J Appl Physiol 54:517-523

- : . . oppeler H, Desplanches D (1992) Muscle structural modifica-
long-term stay at altitude, with alterations in energy me-"; - hypoxia. Int J Sports Med 13 [Suppl]1:S 166-168

tabolism and reduced muscle glycogen levels. The chamgsson MM, Bates PC, Broadbent P, Pell JM, Millward DJ (1988)
es in glutamine synthetase and glutaminase activity ob-Relationship between glutamine concentration and proteins
served in the present study are similar to those achievedynthesis in rat skeletal muscle. Am J Physiol 225:166-172

: _ : son HL, Consolazio CF, Burk RF, Daws TA (1974) Glucose
in the aboye mentioned St.Udy' Pettersen Et.al' (198.6) h\‘]’R)qm:-UL metabolism in man after abrupt altitude exposure at
shown, using human cell lines, a reduction in protein Syn- 4300 m. Aerosp Med 45:849-854

thesis during hypoxia, along with increased catabolisrayser B (1994) Nutrition of Energetics of exercise at altitude.
In the present study, no change in glutaminase and glu-Theory and possible practical implications. Sports Med 17:

; . int.309-323

f[am!nfa_se synthetase aCt'V.'ty was_observed,_thereby poméin GJ, Hannon JP (1970) High altitude and protein metabolism
ing initially, to no change in protein metabolism. Howev-""5, the rat. Proc Soc Exp Biol Med 134:1000—1004

er, these two studies are not comparable due to diffiefuttgen HG, Saltin B (1973) Oxygen uptake, muscle high energy

ences in the experimental conditions used (i.e. in thephosphates and lactate in exercise under acute hypoxic condi-
present study whole organisms were investigated). Thetions in man. Acta Physiol Scand 87:368-376

: . . .. <. Kvamme E, Torgner I1AA, Svenneby G (1985) Glutaminase from
increase in glutamine synthetase activity observed in livefymoie = 02! o S oA (e(d) Me)thods in enzymolo-

and muscle following up to 7 days of exposure to hypoxia gy, vol 113. Academic Press, New York, pp 241-244
is similar to the findings of Dao et al. (1991) who haueeloir LF, Goldenberg SH (1962) Glycogen synthetase from rat
demonstrated increased enzyme activity in the cerebelladiver. In: Colowick SP, Kaplan NO (eds) Methods in enzymol-

; ; ; ; i~ 0gy, vol V. Academic Press, New York, pp 145-146
tissue of children who died of acute or chronic hypoxjg > Rosebrough NJ. Farr AL, Randal RJ (1951) Protein
ischaemic insult. From the changes seen in the enzyMe&yeasurement with the Folin phenol reagent. J Biol Chem

activity in the present study, it may be stated that there is193:265-275 o .
an alteration in glutaminase and glutamine synthetase Mentgomery R (1957) Determination of glycogen. Arch Biochem
tivity. In order to maintain the nitrogen balance during til?elB")phys 67:378-386

initial fh . ith d son N (1957) Colorimetric analysis of sugars. In: Colowick SP,
Initial stages of hypoxic exposure, without dramatiC” kapjan NO (eds) Methods in enzymology, vol Iil. Academic

changes in the levels of protein in muscle and liver. Press, New York, pp 85-86
Pettersen EO, Juul NO, Ronning OW (1986) Regulation of protein
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