
&p.1:Abstract Exposure to high altitude causes loss of body
mass and alterations in metabolic processes, especially
carbohydrate and protein metabolism. The present study
was conducted to elucidate the role of glutamine synthe-
tase, glutaminase and glycogen synthetase under condi-
tions of chronic intermittent hypoxia. Four groups, each
consisting of 12 male albino rats (Wistar strain), were
exposed to a simulated altitude of 7620 m in a hypobaric
chamber for 6 h per day for 1, 7, 14 and 21 days, respec-
tively. Blood haemoglobin, blood glucose, protein levels
in the liver, muscle and plasma, glycogen content, and
glutaminase, glutamine synthetase and glycogen synthe-
tase activities in liver and muscle were determined in all
groups of exposed and in a group of unexposed animals.
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 to
controls, with a corresponding decrease in food intake.
There was rise in blood haemoglobin and plasma protein
in response to acclimatisation. Over a three-fold increase
in liver glycogen content was observed following 1 day
of hypoxic exposure (4.76±0.78 mg·g−1 wet tissue in
normal unexposed rats; 15.82±2.30 mg·g−1 wet tissue in
rats exposed to hypoxia for 1 day). This returned to nor-
mal in later stages of exposure. However, there was no
change in glycogen synthetase activity except for a de-
crease in the 21-days hypoxia-exposed group. There was
a slight increase in muscle glycogen content in the 1-day
exposed group which declined significantly by 56.5, 50.6
and 42% following 7, 14, and 21 days of exposure, re-
spectively. Muscle glycogen synthetase activity was also
decreased following 21 days of exposure. There was an
increase in glutaminase activity in the liver and muscle
in the 7-, 14- and 21-day exposed groups. Glutamine
synthetase activity was higher in the liver in 7- and 14-
day exposed groups; this returned to normal following
21 days of exposure. Glutamine synthetase activity in

muscle was significantly higher in the 14-day exposed
group (4.32 µmol γ-glutamyl hydroxamate formed·g pro-
tein−1·min−1) in comparison to normal (1.53 µmol γ-glu-
tamyl hydroxamate formed·g protein−1·min−1); this pa-
rameter had decreased by 40% following 21 days of ex-
posure. These results suggest that since no dramatic
changes in the levels of protein were observed in the
muscle and liver, there is an alteration in glutaminase
and glutamine synthetase activity in order to maintain ni-
trogen metabolism in the initial phase of hypoxic expo-
sure.
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Introduction

Hypoxic stress at high altitude leads to changes in meta-
bolic processes, especially in carbohydrate and protein
metabolism, and changes in the endocrine system
(Forbes 1936; Picon-Reategui et al. 1970; Brahmachari
et al. 1973; Srivastava et al. 1975; Williams 1975). A re-
duced work capacity and increased creatine phosphoki-
nase activity has been reported to occur in sea-level resi-
dents after a prolonged stay at high altitude (Knuttgen
and Saltin 1973). Long-term exposure to high altitude re-
sults in body mass loss in man (Boyer and Blume 1984;
Butterfield et al. 1992; Kayser 1994). Drastic reductions
in lean body mass are observed in sea-level residents
during their stay at a terrestrial height of 5000 m and
above (Guilland and Klepping 1985). In addition, a di-
minished growth rate is seen in animals subjected to hyp-
oxic stress, suggesting that changes in protein metabo-
lism occur under such conditions (Klain and Hannon
1970; Schnakenberg et al. 1971; Purshottam et al. 1977).
However, the causes for these changes are still not clear.
Glutamine synthetase (EC 6.3.1.2), glutaminase (EC
3.5.1.2) and glycogen synthetase (EC 2.4.1.11) play sig-
nificant roles in protein synthesis and energy metabolism
(Smith et al. 1984; Jepson et al. 1988; Hoppeler and
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Table 2 Blood haemoglobin and glucose levels in hypoxia-exposed (1, 7, 14 or 21 days) and unexposed rats (n=12 rats per group)&/tbl.c:&tbl.b:

Variable Unexposed group Hypoxia-exposed groups

1 day 7 days 14 days 21 days

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Blood haemoglobin 13.55 0.19 14.94* 0.13 15.11* 0.14 16.22* 0.12 17.01* 0.38
(g · dl−1)
Blood glucose 66.58 0.97 98.33* 1.47 84.67* 1.34 85.15* 1.92 77.97* 1.48
(mg · dl−1)

* Significantly different compared to unexposed group; P<0.001&/tbl.b:

Table 1 Changes in body mass (g) of the rats (n=12 rats per group) during exposure to hypoxic conditions for either 1, 7, 14 or 21 days&/tbl.c:&tbl.b:

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 1.5 195.7*** 1.6 183.2**# 1.6 168.0**# 1.7 174.6**# 1.5

Desplanches 1992). There is some controversy regarding
the effects of hypoxia on carbohydrate metabolism, some
pointing to hypoglycaemia and some indicating hyper-
glycaemia with increased levels of circulating insulin
(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 of
glutamine synthetase, glutaminase and glycogen synthe-
tase under hypoxic conditions using an animal model, as
markers with which to follow the effects of hypoxia on
protein metabolism.

Materials and methods

Studies were conducted on male albino rats (Wistar strain) weigh-
ing ≈200 g. The animals were maintained in the Institute’s Animal
House at a temperature of 22±2° C and with a 12-h light and dark
cycle. Rats were fed ad libitum on a standard rat pellet diet sup-
plied by Hindustan Lever (India). Groups of animals consisting of
12 rats each were exposed to hypoxia at a simulated altitude of
7620 m in a hypobaric chamber. Altitude was attained in 20 min at
a uniform rate of ascent. Temperature was maintained at 22±2° C.
To study the effects of hypoxia, animals were exposed to hypoxia
for either 1, 7, 14 or 21 days (for 6 h daily). Before the last day of
exposure the rats were fasted overnight. Animals were sacrificed
after 6 h of exposure, as were unexposed animals, using ether ana-
esthesia. Blood was drawn from the heart, and the liver and thigh
muscles were removed and processed for different biochemical as-
says. Another two groups of animals, one exposed to hypoxia for
21 days and the other, a normal group, were monitored for food
intake and changes in body mass. Blood haemoglobin was esti-
mated colorimetrically by the method of Dacie and Lewis (1984).
Blood glucose levels and total protein levels in the plasma, liver
and thigh muscles were estimated by the methods of Nelson
(1957) and Lowry et al. (1951), respectively. The glycogen content
of the liver and muscles was assayed by the method of Montgom-

ery (1957). The activities of glutamine synthetase, glutaminase
and glycogen synthetase in the liver and muscle homogenates
were assayed using standard methods (Elliott 1955; Leloir and
Goldenberg 1962; Kvamme et al. 1985). Statistical analysis was
carried out using Student’s t-test.

Results

Changes in the body mass of rats exposed to hypoxia for
different lengths of time (1, 7, 14 or 21 days), along with
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-
crease over their initial weights was observed throughout
the study period. The weight loss in the hypoxia-exposed
groups was always significant in comparison to that of
the normal group irrespective of the time spent under
hypoxic conditions. There was a 16.5, 28.9 and 30.6%
decrease in the mean body mass of the exposed groups
following 7, 14 and 21 days of exposure, respectively, as
compared with the unexposed group on the same day.
The 1-, 7- and 14-day exposed groups showed a decrease
(≈36.3%) in food intake, and following 14 and 21-days
of exposure the reduction was only around 25%, thereby
indicating an improvement.

A comparison of blood haemoglobin and blood glu-
cose levels of the various groups is given in Table 2.
Blood haemoglobin exhibited a gradual increase from
the normal levels. Blood sugar levels were significantly
higher in all hypoxia-exposed groups as compared to the
unexposed group. The highest level of blood glucose was
seen in the 1-day hypoxia-exposed group (47.6% in-
crease over the unexposed control). There was no signifi-
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* Significantly different from initial body weight; P<0.05
** Significantly different from initial body weight; P<0.001

*** Significantly different from the corresponding control; P<0.05
# Significantly different from the corresponding control; P<0.001&/tbl.b:



Table 5 Enzyme activity levels in the liver of hypoxia-exposed (1, 7, 14 or 21 days) and unexposed rats (n=12 rats per group)&/tbl.c:&tbl.b:

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 4.51 0.29 4.71* 0.41
(µmol NADH
oxidised · min−1 · 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
(µmol γ-glutamyl
hydroxamate formed ·
min−1 · g protein−1)
Glycogen synthetase 63.28 5.69 61.12 5.83 69.21 6.91 58.40 5.40 28.22* 1.24
(µmol UDP formed ·
min−1 · mg protein−1)

* Significantly different compared to the unexposed group; P<0.001&/tbl.b:

Table 4 Liver and muscle glycogen levels in hypoxia-exposed (1, 7, 14 or 21 days) and unexposed rats (n=12 rats per group)&/tbl.c:&tbl.b:

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 tissue−1)
Muscle glycogen 6.71 0.87 7.96 0.95 2.92** 0.29 3.31** 0.30 3.88* 0.68
(mg · g tissue−1)

* Significantly different compared to the unexposed group; P<0.05
** Significantly different compared to the unexposed group; P<0.001&/tbl.b:

Table 3 Plasma and tissue protein levels in hypoxia-exposed (1, 7, 14 or 21 days) and unexposed rats (n=12 rats per group)&/tbl.c:&tbl.b:

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 · dl−1)
Liver protein 19.77 0.33 20.00 0.48 19.40 0.79 20.12 0.32 20.21 0.44
(g · 100 g−1)
Muscle protein 17.17 0.53 17.15 0.49 17.11 0.62 17.40 0.48 18.04 0.79
(g · 100 g−1)

Significantly different compared to unexposed group; P<0.001&/tbl.b:
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cant difference in blood glucose levels between the 7-day
and 14-day exposed groups, whereas the 21-day hypox-
ia-exposed group showed a decreasing trend, but the val-
ues were still higher than those of the unexposed group.

There was a continuous increase in plasma proteins in
the hypoxia-exposed groups. Protein levels in the liver
and muscle of the unexposed control group and all hyp-
oxia-exposed groups were similar (Table 3).

A comparison of the muscle and liver glycogen con-
tents of the hypoxia-exposed groups and the unexposed

group are given in Table 4. There was more than a three-
fold increase in liver glycogen in the 1-day hypoxia-ex-
posed group; the levels returned to near-normal levels on
day 7 and there was a slight decrease in glycogen content
on day 21. Muscle glycogen levels also increased 13%)
although not significantly, following 1 day of exposure.
There was, however, a significant reduction of 56.5, 50.6
and 42.0% in 7-, 14- and 21-day hypoxia-exposed
groups, respectively, in comparison with the unexposed
group.



There was an increase in liver glutaminase activity in
7-, 14- and 21-day hypoxia-exposed rats, although there
was an initial decrease in the 1-day exposed group over
the unexposed group. Glutaminase activity in muscle
also followed a similar trend, however the intensity of
this increase was more pronounced (Tables 5 and 6). Liv-
er glutamine synthetase activity was higher in the 1-day,
7-day and 14-day hypoxia-exposed groups, and reduced
in the 21-day exposed group in comparison with the un-
exposed group. Muscle glutamine synthetase activity
was significantly higher in the 7-day exposed group
(182%), and reduced (40.5%) in the 21-day exposed
group (Tables 5 and 6). There was almost no change in
glycogen synthetase activity in the liver and muscle, ex-
cept in the 21-day exposed group where a decrease of
55.4 and 51.8%, respectively, was observed (Tables 5
and 6).

Discussion

The weight loss that was observed following exposure to
hypoxia in the present study is due to decreased food in-
take and is in agreement with the results of an earlier
study by Singh et al. (1996). It is well-known that an-
orexia occurs at high altitude during the initial stages of
acclimatisation, and this causes a drastic reduction in
lean body mass (Guilland and Klepping 1985; Butter-
field et al. 1992; Kayser 1994). A decreased growth rate
in animals subjected to high altitude exposure in compar-
ison to sea level exposure is also well documented (Klain
and Hannon 1970).

The increase in blood haemoglobin and plasma pro-
tein observed during high altitude exposure may be at-
tributed to changes in haematocrit and haemoconcentra-
tion that are a result of acclimatisation to altitude stress
(Picon-Reategui et al. 1970). In the present study on
acute exposure to altitude there is a highly significant in-
crease in blood glucose levels, but these tended to recov-
er to normal values following longer-term exposure (e.g.

our 21-day exposed group). This is in agreement with the
findings of Forbes (1936). The alteration in fasting glu-
cose levels could be due to altered glucocorticoid levels
as a result of hypoxic stress. Similar changes in glucose
tolerance at altitude in humans has been reported by
Srivastava et al. (1975). There was a significant increase
in liver and muscle glycogen following 1 day of hypoxic
exposure. In the liver, glycogen levels returned to normal
in the later phase, whereas in muscle glycogen levels
were significantly decreased in the later stages of hypox-
ia exposure. Van Liere and Stickney (1963) have report-
ed a marked elevation in the liver glycogen of fasted ani-
mals exposed to acute hypoxia over unexposed fasted
rats, raising the possibility of increased interconversion
of either protein or fat to carbohydrate in excess of oxi-
dative requirements. Increased levels of blood sugar and
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-
spectively. In our present study, glycogen synthetase ac-
tivity remained unchanged in 1-day, 7-day and 14-day
exposed rats, but decreased in the 21-day exposed group,
indicating decreased glycogen synthesis in the later stag-
es. The basis for an increase in glycogen content can not
yet be explained and requires detailed investigations on
glycogen turnover and glycogen phosphorylase activity
during exposure to hypoxia.

In the present study the protein content of the liver and
muscle remained unchanged during hypoxic exposure, al-
though increase in the catabolism of protein during an
acute (2 days) exposure to hypoxia has been reported to
occur by Klain and Hannon (1970). The 6 h of exposure
instigated in the present study may not have been suffi-
cient to produce changes in the protein content of the
muscle and liver. The enzymes glutaminase and gluta-
mine synthetase, which regulate glutamine levels, were
studied because they are key enzymes in the process of
protein metabolism. Glutamine also acts as a respiratory
substrate since it is substantially oxidised to provide ener-
gy (the end products of its metabolism are CO2, gluta-
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Table 6 Enzyme activity levels in the muscles of hypoxia-exposed (1, 7, 14 and 21 days) and unexposed rats (n=12 rats per group)&/tbl.c:&tbl.b:

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
(µmol NADH oxidised ·
min−1 · mg protein−1)
Glutamine synthetase 1.53 0.28 1.58 0.11 4.32* 0.50 1.23 0.13 0.91 0.09
(µmol γ-glutamyl
hydroxamate formed ·
min−1 · g protein−1)
Glycogen synthetase 115.2 12.2 100.5 6.1 104.5 6.2 104.7 8.3 55.5* 2.9
(µmol UDPformed ·
min−1 · mg protein−1)

* Significantly different compared to the unexposed group; P<0.001
&/tbl.b:



mate and aspartate). Wagenmakers (1992) has reported
that the rate of glutamine synthesis is reduced during a
long-term stay at altitude, with alterations in energy me-
tabolism and reduced muscle glycogen levels. The chang-
es in glutamine synthetase and glutaminase activity ob-
served in the present study are similar to those achieved
in the above-mentioned study. Pettersen et al. (1986) have
shown, using human cell lines, a reduction in protein syn-
thesis during hypoxia, along with increased catabolism.
In the present study, no change in glutaminase and glu-
taminase synthetase activity was observed, thereby point-
ing initially, to no change in protein metabolism. Howev-
er, these two studies are not comparable due to differ-
ences in the experimental conditions used (i.e. in the
present study whole organisms were investigated). The
increase in glutamine synthetase activity observed in liver
and muscle following up to 7 days of exposure to hypoxia
is similar to the findings of Dao et al. (1991) who have
demonstrated increased enzyme activity in the cerebellar
tissue of children who died of acute or chronic hypoxic
ischaemic insult. From the changes seen in the enzyme
activity in the present study, it may be stated that there is
an alteration in glutaminase and glutamine synthetase ac-
tivity. In order to maintain the nitrogen balance during the
initial stages of hypoxic exposure, without dramatic
changes in the levels of protein in muscle and liver.
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