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Hypoxia resulting from exposure to altitude [1, 2] or to
hypobaric experimental conditions [3] causes weight red-
uction in both healthy humans and experimental animals
[4, 5]. In patients with chronic obstructive pulmonary dis-
ease (COPD) with or without resting hypoxaemia, it has
been shown that there is an inadequate dietary intake for
energy expenditure [6]. Although the metabolic and cellu-
lar consequences of hypoxia are now better understood
(see [7, 8] for reviews), the relationship between weight
loss and hypoxia remains unclear. In patients suffering
from COPD, mortality may be related to weight loss inde-
pendent of alterations in ventilatory or mechanical param-
eters [9–11]. Furthermore, while a decrease in food intake
is almost always associated with chronic hypoxia [3, 6,
12, 13], it may not solely account for the extent of weight
loss reported [2–4, 12, 14]. In young rats exposed to chronic
hypoxia (inspiratory oxygen fraction (FI,O2) = 10%), an
initial weight loss amounting to approximately 15% was
reported after 3 days, followed by growth stunting with
continued exposure up to 21 days [4]. While the initial
decrease in weight may be related to a decrease in food
intake to nearly zero observed for the first 10 days of ex-
posure, this cannot account for the failure to grow after
normal food consumption was resumed.

Exposure to hypoxia has been shown to result in a
marked alteration of carbohydrate metabolism and more
specifically liver metabolism, as this is the main organ of
glucose homeostasis [15–17]. When comparing fasted
normoxic control rats to fasted animals exposed to hypoxic
conditions (FI,O2 = 10%) for 24 h, hypoxia has been
shown to result in an inhibition of liver gluconeogenesis
consecutive to a reduction in phosphoenolpyruvate car-
boxykinase (PEPCK) activity via a significant decrease
in PEPCK messenger ribonucleic acid (mRNA) [5]. This
may be explained by an impairment in the fasting-induced
enhancement of PEPCK gene transcription as was pro-
posed by KIETZMANN et al. [18] in an in vitro model of hy-
poxia, although the contribution of hormonal response in
vivo cannot be excluded. These observations thus suggest
that hypoxia per se, independent of food intake, could in-
duce metabolic adaptations that may contribute to the weight
loss of hypoxic exposure. The purpose of the present study
was to examine further the carbohydrate, lipid and protein
metabolic responses to acute hypoxia as well as the hor-
monal adaptations, using both normoxic controls and hypox-
ic experimental animals in the fasted state to standardize
for the marked hypophagia generally observed in response
to hypoxia.
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ABSTRACT: Hypoxia is well known to affect carbohydrate metabolism through its
action on liver function and thus on glucose homeostasis.

The aim of this study was to examine the carbohydrate, lipid and protein metabolic
responses to 48 h of hypoxia, as well as the hormonal adaptations using both nor-
moxic controls and hypoxic animals in the fasted state to standardize for the marked
hypophagia observed in response to hypoxia.

Hypoxia exposure (inspiratory oxygen fraction (FI,O2) = 0.1) resulted in a greater
weight loss (-23±3.6% versus -16±2% in controls, p<0.001). Hypoxia plus fasting led
to a significant increase in plasma glucose, lactate, insulin and catecholamine concen-
trations, while the increase in free fatty acid and β-hydroxybutyrate was abolished.
Changes in plasma amino acid patterns were not affected by hypoxia. Liver glycogen
depletion was significantly less pronounced in the hypoxic group, while phosphoe-
nolpyruvate carboxykinase (a key enzyme of liver gluconeogenesis) activity and tran-
scription enhancements were abolished by hypoxia.

Overall, hypoxic exposure in rats fasted for 48 h resulted in a unique pattern that
differed from responses to injury or fasting per se. Oxygen seems to play a central role
in the metabolic adaptation to fasting, from gene expression to weight loss. Since
hypoxaemia associated with fasting has detrimental effects on nutritional balance, the
present observations may be clinically relevant in the setting of acute exacerbation
with hypoxaemia for chronic respiratory disease.
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Methods

Experimental design

Starting at 08:00 h on day 1 of the experiment, fed rats
were fasted for 0–48 h in either hypoxic conditions or room
air. Eight to 10 rats from both control (C) and hypoxic (H)
groups were weighed, anaesthetized with sodium pento-
barbital i.p. (10 mg·100 g body mass-1) and one was killed
at 08:00 h and then one every 6 h thereafter for 24 h, and
another one after 48 h. After a thoracoabdominal incision,
5 mL of blood was drawn from the right atrium using a
heparinized syringe. The sample was centrifuged and plas-
ma was stored at -80°C for further analysis. Livers were
excised, freeze-clamped, cut into several pieces (250–450
mg) and stored at -80°C.

Hypoxic exposure

Two groups of male Wistar rats (mass 180±5 g), previ-
ously fed ad libitum, were fasted for 48 h and exposed to
either normoxic room air (C) or hypoxic conditions (H).
Hypoxic and control rats were kept in the same room with
a temperature standardized at 25°C. Normobaric hypoxic
exposure was achieved by a nitrogen generator (Nitrox,
Basildon, UK) providing nitrogen mixed with compressed
air in a mixing chamber prior to injection into the cage.
The gas content of the cage was continuously refreshed
using a 12 L·min-1 flow, while normobaric pressure was
maintained using a gas outlet. Nitrogen and air flow were
adjusted to obtain an  FI,O2 of 0.10, which was monitored
with an oxygen analyser (Mijnhardt, Odijk, The Nether-
lands) and recorded throughout the entire hypoxic expo-
sure as described previously [4, 5].

Plasma metabolite determinations

Plasma glucose and lactate concentrations were determin-
ed by enzymatic assays using a Ektachem 700 biochemi-
cal autoanalyser (Ortho Clinical Diagnostics, Roissy, France).
β-Hydroxybutyrate was determined by an enzymatic meth-
od [19]. Nonesterified fatty acids (NEFA) were determin-
ed using NEFA C Wako colorimetric enzymatic methods
(Wako Chemicals, Neuss, Germany). Deproteinized plasma
amino acids were determined by ion-exchange chroma-
tography using a 6300 Beckman autoanalyser (Beckman,
Palo Alto, CA, USA). Plasma insulin was assessed by
insulin-coated radioimmunoassay (Cis Bio International, Gyf-
sur-Yvette, France), while plasma adrenaline and
noradrenaline concentrations were determined using a
Cat-a-Kit (Amersham, Bucks., UK) radioenzymatic assay
[20, 21].

Glycogen assay

Hepatic glycogen content was determined from frozen
liver samples. Glycogen was extracted by dissolution in
40% w/v KOH (30 min at 100°C) then precipitated over-
night at 4°C with ethanol. After centrifugation (10,000×g
for 15 min) the pellet of glycogen was dissolved in HCl (2

N) and hydrolysed to glucose (100°C for 90 min). The
glucose content was then determined enzymatically as des-
cribed previously and the results were expressed in µmoles
of glucose·g wet tissue-1.

Phosphoenolpyruvate carboxykinase activity

This was determined in frozen liver samples obtained as
described above. Soluble proteins were extracted from tis-
sue homogenized in potassium phosphate buffer 0.1 M,
pH 7.0 (10 strokes in a Potter tube, Ika-Werk RW20DZM,
followed by two centrifugations at 2,000×g for 15 min
and 100,000×g for 60 min, respectively, in a 50 TI Beck-
man (Palo Alto, CA, USA) for the supernatant). PEPCK
activity was measured using a decarboxylation assay as
described by JOMAIN-BAUM et al. [22]. The formation of phos-
phoenolpyruvate was determined by an equilibrium dis-
placement generating oxaloacetate from malate by malate
dehydrogenase in a mixture containing 50 mM Tris, pH
8.0, 0.75 MnCl2, 1 mM oxidized nicotinamide-adenine
dinucleotide (NAD+), 6 U malate dehydrogenase, 1 mM
guanosine triphosphate and 10 mL cytosolic liver extract
for a 2 mL final volume. Oxaloacetate formation from 0–
14 mM malate by malate dehydrogenase was determined
using a spectrophotometer to measure reduced NAD (NADH)
formation.

Phosphoenolpyruvate carboxykinase

Ribonucleic acid (RNA) was purified according to the
method of CHOMCZYNSKI and SACCHI [23]. Twenty micrograms
of total RNA per lane was submitted to electrophoresis
and transferred to a nylon membrane (Stratagene, Paris,
France) then hybridized with probes labelled with (α-32 P)
deoxycytidine triphosphate (dCTP) by the random prim-
ing method of FEINBERG and VOGELSTEIN [24]. Probes used in
these experiments were the clone pPCK10 [25], corre-
sponding to a 2.6 kb rat PEPCK complementary deoxyri-
bonucleic acid (cDNA), and the clone pRSA13,
corresponding to a 1.1 kb rat serum albumin (RSA) cDNA
as the housekeeping gene for the relative quantification of
PEPCK mRNA. The 18S ribosomal probe was also used
for quantification of PEPCK mRNA on every blot used in
the Northern techniques. The level of mRNA was com-
pared to that from fasted control livers at 0, 6, 12, 18 and
24 h, the latter being arbitrarily attributed a value of 1.0.
The PEPCK and RSA mRNA spots were quantified by
densitometric scanning (National Institutes of Health Im-
age software, Bethesda, MD, USA).

Statistical analyses

Results are expressed as means±SEM. The main effects of
hypoxia and time of exposure were assessed through
mean comparisons of control and hypoxic fasted rats after
0, 6, 12, 18, 24 and 48 h of exposure using a 2×6 analysis
of variance (ANOVA) followed by Fisher's post hoc anal-
yses for the determination of specific group and time dif-
ferences. Statistical significance was set at p<0.05. All
analyses were carried out using a Statview version 4.5 sta-
tistical software package (Abacus, Berkeley, CA, USA).
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Results

Effects of hypoxia on body mass and plasma metabolite
concentrations

As shown in figure 1, fasting resulted in a progressive
decrease in body mass over the 48 h of observation, with a
significant decrease from initial values being observed as
early as 6 h into the experimental procedures. However,
exposure to hypoxia resulted in a significantly greater loss
in body mass. The difference between groups was statisti-
cally significant after 18 h of exposure, while body mass
values observed after 24 and 48 h of exposure were,
respectively, 85.1±0.9% and 77.4±1.3% of initial body
mass in hypoxic rats, compared with 89.6±1.2% and 84.3±
0.7% in normoxic rats. Figure 2 illustrates the effects of
fasting and hypoxia on plasma glucose, lactate, NEFA and
β-hydroxybutyrate. Plasma glucose kinetics (fig. 2a) in
control rats followed the classic behaviour in response to
fasting, showing decreases of 30 and 45%, respectively,
after 12 and 24 h of fasting (p<0.01). In contrast, in hy-
poxic rats, there was no significant change with time in
plasma glucose after 12 h of fasting and only a slight
decrease after 24 h. Overall, plasma glucose concentrations
were significantly higher in hypoxic rats than control ani-
mals (ANOVA, p=0.02). Plasma lactate kinetics are shown
in figure 2b. Overall, results indicate a significant fall in
plasma lactate with fasting in both groups (ANOVA, p<
0.0001). The fall in plasma lactate induced by fasting was
nearly parallel to that of glucose in control rats (45% de-
crease after 24 h) but a relatively minor effect was ob-
served in the hypoxic group (22% decrease after 24 h).
Plasma lactate concentrations up to 24 h of fasting were
significantly higher in hypoxic than in control rats (ANOVA,
p=0.04). However, between 24 and 48 h a significant fall
in plasma lactate was observed in hypoxic animals, as

opposed to unchanged plasma lactate concentrations in con-
trols. As expected, large, significant, time-dependent in-
creases in NEFA and β-hydroxybutyrate concentrations
were observed in fasted control rats (fig. 2c and d). Carbo-
hydrates, lipid and ketone bodies fasting-induced responses
were markedly impaired in hypoxic rats, with increases in
NEFA and β-hydroxybutyrate values at 24 h being res-
pectively, 3.5- and 4-fold of baseline values in controls
compared with 1.5- and 2.5-fold in hypoxic rats (ANOVA,
p=0.004). Table 1 shows changes in plasma amino acid
concentrations in fasted normoxic and hypoxic rats at 0,
12, 24 and 48 h of exposure. The results indicate a signifi-
cant increase in the total plasma amino acid content from
baseline (t0) after 12 h, followed by a progressive decline
after 24 and 48 h; values at 48 h, however, remained sig-
nificantly higher than baseline. In contrast to the observed
differences between hypoxic and normoxic fasted rats for
plasma lipids and carbohydrates, there was no apparent
specific effect of hypoxia on plasma amino acid concen-
trations. In contrast, irrespective of group, a substantial
effect of fasting on plasma amino acid content was ob-
served. For alanine (a major gluconeogenic precursor), no
change in plasma concentration was observed after 12 h of
fasting but significant decreases appeared after 24 and 48
h. Plasma glutamine concentrations increased by 40% (p<
0.01) after 12 h of fasting and declined thereafter, al-
though values remained higher than baseline after 24 and
48 of fasting. Tyrosine and phenylalanine, which are view-
ed as markers of muscle catabolism, increased significant-
ly with fasting, with statistical significance from baseline
being observed earlier for phenylalanine than for tyrosine.
Branched-chain amino acids, valine, leucine and isoleu-
cine, increased progressively throughout the experimental
period, with a statistically significant increase from base-
line being found after 48 h only. Finally, the two sulphur-
containing amino acids, methionine and cysteine, were not
affected by fasting.

Effects of hypoxia on liver glycogen

The kinetics of liver glycogen content during the first
24 h of the experiment are shown in figure 3. Although a
significant fall in liver glycogen was observed in both
groups, the magnitude of change at any given time was
significantly larger in the normoxic-fasted group than in
the hypoxic-fasted animals (58 versus 35.5% decrease
after 6 h; 91.3 versus 58.7% decrease after 12 h and 97.7
versus 87.7% after 18 h). Consequently, and as previously
reported [5], the liver glycogen content after 24 h of fast-
ing was significantly higher in hypoxic than in normoxic
animals.

Time course of hypoxia-induced effects on liver PEPCK
activity and transcription

Figure 4 illustrates the kinetics of liver PEPCK activity
(fig. 4a) and of PEPCK mRNA levels (fig. 4b) over the 48
h experimental period in fasted normoxic and hypoxic
animals. As shown in figure 4a, a time-dependent signifi-
cant three-fold increase in PEPCK activity (p<0.001) with
fasting duration was observed in the normoxic but not in
the hypoxic group, in which PEPCK activity remained
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Fig. 1.  –  Time-dependent changes in body mass expressed as per cent
of initial value throughout the experimental period in fasted normoxic
control rats (❏) and fasted hypoxic rats (●). Initial body mass was 180±6
g in control versus 185±6 g in hypoxic rats (nonsignificant). Two-way
factorial analysis of variance revealed significant main effects of fasting
duration (p<0.0001) and hypoxic exposure (p<0.0001) as well as a sig-
nificant duration × treatment (hypoxia) interaction (p=0.0017). At any
given time throughout the experimental protocol, a significant differ-
ence between fasted normoxic controls and fasted hypoxic animals is
indicated by *: p<0.05; **: p <0.01; ***: p<0.001.
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unchanged throughout the experimental period. In agree-
ment with these observations, an increase in the level of
PEPCK mRNA (fig. 4b), which was maximal after 6 h of
fasting, was observed in the normoxic but not in the hy-
poxic group, which concurs with the stable PEPCK activ-
ity in the latter group.

Effects of hypoxia on plasma noradrenaline, adrenaline
and insulin

Changes in plasma noradrenaline and adrenaline con-
centrations are shown in figure 5a and b. A significant in-
crease in noradrenaline concentration was observed after
48 h of fasting in both groups (ANOVA, p=0.003). How-
ever, significantly higher concentrations were observed in
fasted hypoxic than fasted normoxic animals (ANOVA, p<
0.05). Changes in plasma insulin concentrations througout
the experimental period are shown in figure 6a. A signifi-
cant progressive decline in plasma insulin from baseline
was observed in fasted normoxic rats, the decrease being
maximal (73%) and stabilizing after 24 h of fasting (p<
0.001). In contrast, fasted hypoxic animals exhibited a sig-
nificant increase in plasma insulin from baseline (80%,
p<0.01) throughout the first 18 h of exposure, followed by

a progressive fall thereafter, these values being similar to
controls after 48 h. Consequently, on the whole, plasma
insulin concentration was significantly higher in fasted ani-
mals exposed to hypoxia than in fasted animals exposed to
normoxic conditions (ANOVA, p<0.0001). Figure 6b illus-
trates the relationship between plasma insulin concentra-
tion and liver PEPCK flux. Results indicate a significant
logarithmic relationship between plasma insulin and PEPCK
flux such that PEPCK Vmax = 5.4-2.2 (log plasma insulin
(UI·mL-1)), p<0.01. The relationship was similar for both
normoxic and hypoxic animals.

Discussion

The main finding of this study is the impairment in the
adaptation of rats to fasting during hypoxic exposure. Spe-
cific features of the hypoxic stress in the fed state are a
greater weight loss, an insulin resistance (i.e. high glucose
and insulin levels) and a reduction in lipolysis despite high-
er circulating plasma catecholamines, but no specific effects
on protein catabolism. In addition, the results confirm pre-
vious observations of an inhibition of gluconeogenesis
through an inhibitory effect on PEPCK gene transcription
in response to acute exposure to hypoxia.

Fig. 2.  –  Kinetics of a) plasma glucose, b) lactate, c) nonesterified fatty acids (NEFA) and d) β-hydroxybutyrate concentrations throughout the exper-
imental period in fasted normoxic control rats (❏) and fasted hypoxic rats (●). Two-way factorial analysis of variance revealed significant main effects
of fasting duration (glucose: p=0.09; lactate: p<0.0001; NEFA: p<0.0001; β-hydroxybutyrate: p<0.0001) and hypoxic exposure (glucose: p=0.02; lac-
tate: p=0.04 up to 24 h; NEFA: p=0.004; β-hydroxybutyrate p<0.0001). At any given time throughout the experimental protocol, a significant differ-
ence between fasted normoxic controls and fasted hypoxic animals is indicated by *: p<0.05; **: p<0.01; n=10 for each point, except for 48 h where
n=8.
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The causes of weight loss related to hypoxia remain
unclear. There may be five potential explanations for the
weight loss observed in our hypoxaemic rats, according to
the review by KAYSER [26]. One of the main causes may be
anorexia with hypophagia which is almost always  associ-
ated with hypoxia, [2–4, 12–14, 26]. This factor was con-
trolled for by studying the effects of hypoxia in fasted rats.
Hence, it can be concluded that hypoxia per se exerts a

major influence on body mass in fasted rats. Impaired
absorption of nutrients from the gastrointestinal tract is
not considered in the present model since control and hy-
poxic rats were both fasted. Loss of water in hypoxic con-
ditions may also contribute to explain such large body
weight losses [1–3, 26]. However, contrary to the studies
at high altitude, the atmosphere in the hypoxic cage was
almost water saturated. Rats were allowed to drink ad libi-
tum but an increased water loss related to hyperventilation
cannot be completely ruled out. An increase in energy
expenditure is another possible mechanism which may be
due, at least in part, to hyperventilation. A two-fold in-
crease in minute ventilation was reported by MORTOLA et al.
[27] under similar experimental conditions. The actual
metabolic cost of this hyperventilation was small (1.37%)
and associated with a 10% decrease in total oxygen con-
sumption [25]. On the one hand, hypoxic rats hyperventi-
late but on the other hand, displacements within the cage
were severely reduced, which could counterbalance the
increased cost of ventilation. The mean increase in plasma
noradrenaline and adrenaline during hypoxia could also
play a role in the increased energy expenditure. The main
hypothesis, however, is that the higher energy expenditure
may be related to an increased flux through the glucose-
lactate cycle or Cori cycle between glycolytic tissues and
the liver [28, 29]. Gluconeogenesis is a highly energy-
demanding metabolic pathway since it costs 6 moles of
adenosine triphosphate (ATP) for each mole of newly syn-
thesized glucose [29]. The fact that PEPCK is inhibited by
hypoxia is not opposed to the fact that the flux through
this enzyme could be increased by a higher plasma lactate
concentration and recruitment of liver cells. In the end, a

Table 1.  –  Time course of plasma amino acid concentrations according to fasting and hypoxic exposure

t+0 h (t0) t+12 h t+24 h t+48 h
C H C H C H C H

Aspartate
Threonine
Serine
Asparagine
Glutamate
Glutamine
Proline
Glycine
Alanine
Citrulline
Valine
Cysteine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Ornithine
Lysine
Histidine
Arginine

14±2
194±18
178±15

55±4
139±12
500±30
275±4
274±1
523±4

89±4
136±8

14±1
48±2
68±4

101±5
60±3
48±2
43±1

163±4
70±2

104±3

18±2
174±18
160±7
42±2

177±8
605±62
150±16
269±14
420±22
72±12

128±6
15±2
43±3
69±6

107±10
57±5
55±1
38±2

210±14
69±1
89±1

18±1
166±12
191±8
51±2

174±8
909±28†

134±2†

362±6†

478±35
90±7

145±4
10±1
48±3
76±1

136±5†

46±2
72±4†

82±20†

312±18†

76±4
82±10

23±3
197±12
205±14
52±4

148±10
1030±45

168±10
317±17
482±18
94±2

133±8
10±3
55±6
62±4

107±11
61±1
75±8
90±26

284±30
76±3
88±12

21±1
231±20
176±20

53±1
161±7
774±4†‡

130±2
343±6†

426±22†‡

99±6
154±8

17±2‡

47±2
78±6

110±11
77±6‡

57±4
50±4‡

322±16†

70±16
110±2

18±2
199±29
151±18
48±6

125±18
879±63
83±6

290±15
286±53
66±6*

148±16
14±1
34±5
70±10

111±15
57±4
70±11
55±4

214±28
89±16
80±6

12±2†‡#

173±28
157±13

50±10
87±14†‡#

849±106†‡

89±11†‡

344±29
274±48†‡

96±7
227±42†‡#

17±2‡

46±4
120±14†‡#

174±24†‡#

75±7†‡#

70±8†

62±13‡

272±34†

73±8
91±13

12±2
181±20
190±13
60±8
79±8

686±68
108±8
365±24
380±51
75±6

222±20
20±3
48±2

113±9
157±13
84±10
74±10
52±7

297±13
81±3

110±9
Sum of AA
Branched chain AA
Aromatic AA
Sulphur AA

3098±86
305±16
108±1

62±2

2968±41
304±22
112±5
58±4

3656±62†

356±6
118±6
57±2

3757±182
302±24
136±8
66±4

3506±15‡

342±25
134±8

64±3

3085±284
329±41
127±14
48±6

3359±16†

522±74†‡#

144±12†‡

63±2#

3395±212
492±40
159±18
68±3

Results are shown in µM (mean±SEM). C: control; H: hypoxic exposure, n=4 for each condition; AA: plasma amino acid concentration.
Comparisons between C and H were carried out only in the case of significant results in the two-factor analysis of variance studying
the effects of fasting duration and type of exposure, C versus H. *: significant difference between control and hypoxia (p<0.05); †: sig-
nificant difference compared to t0 with Fisher's post hoc test (p<0.05); ‡: significant difference compared to t+12 (p<0.05); #: signifi-
cant difference compared to t+24 (p<0.05).
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Fig. 3.  –  Changes in liver glycogen content throughout the experimen-
tal period in fasted normoxic control rats (❏) and fasted hypoxic rats
(●). Values are expressed in µmoles of glucose equivalent per g of wet
tissue. n=10 for each point. Two-way factorial analysis of variance
revealed significant main effects of fasting duration (p<0.001) and
hypoxic exposure (p=0.0007). At any given time throughout the experi-
mental protocol, a significant difference between fasted normoxic con-
trols and fasted hypoxic animals is indicated by *: p<0.05; **: p<0.01.
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loss of muscle mass due to a lack of physical activity (as
observed in the cage) and direct effects of hypoxia on pro-
tein synthesis are likely to occur [26, 30].

In the present model, the metabolic effect of two dis-
tinct situations were compared: fasting versus fasting plus
hypoxia. Thus, if the differences found here are probably
explained by hypoxia, it must be kept in mind that the
conclusions drawn from this work concern only the asso-
ciation of 48 h fasting plus hypoxic exposure and not pure
hypoxia.

In the present study, hypoxic rats demonstrated striking
differences in their adaptation to fasting in terms of the
time course for plasma glucose, lactate, NEFA and β-hy-
droybutyrate. The main metabolic features of fasting are:
1) a decrease in plasma glucose and insulin, together with
enhanced hepatic glycogenolysis and gluconeogenesis; 2)
a large increase in plasma NEFA and ketone bodies; and
3) enhanced protein breakdown from muscle, leading to
an increased plasma amino acid concentration [29, 31].
Indeed, with the exception of amino acids, fasting resulted

in opposite metabolic changes in hypoxic fed rats and con-
trols. Plasma lactate was higher in the hypoxic group, but
decreased after 24 h, which may be related to pH changes.
Indeed, as reported by GUTIERREZ et al. [32] the net lactate
uptake by muscle during hypoxia is strongly related to pH:
plasma alkalosis leads to a net lactate release during hy-
poxia as opposed to the net lactate uptake at normal pH. It
may be assumed that the initial alkalosis related to the first
24 h of hyperventilation was progressively corrected, lead-
ing to a progressive increase in lactate consumption by
hypoxic skeletal muscle [32].

Plasma amino acid concentration reflects the metabolic
steady state between protein breakdown (mainly muscle)
and amino acid utilization (oxidation, protein synthesis or
gluconeogenesis). As already reported [28, 29, 31] fasting
increased the amino acid concentration after 12 h. A pro-
gressive decline was observed thereafter, but after 48 h the
amino acid sum was still significantly higher than in the
fed state (t0). Hence, in contrast to the result found for
carbohydrates and lipids, hypoxia does not interfere with
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the plasma amino acid response to fasting. In both groups
after 48 h of fasting the proportions of glutamine and
branched chain as well as aromatic amino acids were in-
creased compared with t0, while alanine decreased and
sulphur-containing amino acids were unaffected. The lack
of effect of hypoxia on amino acid adaptation to starvation
is quite an important feature since it indicates a clear dif-
ference with the metabolic changes observed in any kind
of hypercatabolic state [33]. It must be kept in mind that
plasma amino acid concentrations alone are not sufficient
to establish clearly the relative changes in proteolysis and/
or proteosynthesis during hypoxia, since they reflect only
the net balance between these two metabolic pathways.
Nevertheless, data obtained in hypoxaemic patients result-
ing from emphysema showed muscle wasting due to a de-
pressed protein synthesis, accompanied by an overall fall
in whole-body protein turnover [30]. On the basis of this
observation, it can nevertheless be suggested that proteo-
synthesis is depressed during hypoxaemia. The hypothesis
of depressed proteosynthesis rather than an increase in
proteolysis is further supported by the fact that no increase
was observed in plasma amino acid concentration in hy-
poxic rats compared with room air-exposed rats. Indeed,
the hypermetabolic response to injury is one of the main
pathophysiological processes impairing the response to fast-
ing, but the difference in the amino acid profile during
fasting compared with injury (decreased glutamine and bran-
ched-chain amino acids) and hypoxia (opposite changes)
suggest differences in stress responses between these two
kinds of stress. Although the comparison did not reach
statistical significance, plasma alanine at t+24 h appeared
depressed in hypoxia. Similar results were also found in
hypoxaemic emphysema patients, which were related to
the use of alanine as a gluconeogenic substrate [30, 31].
The changes in the opposite direction at 48 h between the
decreasing plasma lactate and the increasing concentra-
tions of plasma alanine in hypoxic rats could be related.
The role of alanine formation from pyruvate instead of the
formation of lactate from pyruvate is a possible explana-
tion [31]. In the absence of pH measurements, we cannot
ultimately comment on the net uptake of lactate by the

muscles and the conversion of pyruvate to alanine within
the muscles [31, 32].

High plasma glucose and insulin levels in hypoxia and
fasting are related to insulin resistance. Hormones and
cytokines are known to be modified in acute stress [34]
and therefore may be affected by hypoxia. The significant
increase in plasma catecholamines found in this work is
related to hypoxia [35] and may explain an insulin-resist-
ant state. With regard to cytokines, no significant changes
in plasma tumour necrosis factor (TNF), interleukin (IL)-1
and IL-6 levels were found in this work (data not shown),
while a recent study showed that lipopolysaccharide (LPS)-
induced release of TNF and IL-β was enhanced after
hypoxia exposure [36]. The lack of decrease in plasma
glucose in the absence of any exogenous intake in hypoxic
rats could be explained by an enhanced glucose produc-
tion. However, from the present results, it appears that gly-
cogen breakdown was probably not faster in the hypoxic
group, since liver glycogen was always significantly higher
in hypoxic rats than in controls. A higher breakdown
could always be overcompensated for by a larger increase
in glycogen synthesis from gluconeogenesis, but this con-
trasts with the reported inhibition of gluconeogenesis [5].
Moreover, this effect of hypoxia on PEPCK activity and
transcription was confirmed in the present study (see fig.
4): the main feature of hypoxia was to prevent any in-
crease in PEPCK activity and mRNA. The PEPCK pro-
motor is submitted to a large variety of effectors [37]. The
lack of effect of fasting during hypoxia may be explained
either by a change in insulin concentration or by an effect
linked to oxygen (direct or via some effectors). The in-
hibitory role of insulin on PEPCK synthesis is well doc-
umented [15–17, 37] and the observed insulin increase
may very well account for the lack of fasting on PEPCK
transcription during hypoxia. Direct effects of glucose on
PEPCK mRNA stability and transcription could also ex-
plain the inhibition of PEPCK. Indeed, it has been shown
that glucose per se has the unique property of decreasing
the stability and the transcription of PEPCK mRNA [37].
There is also evidence in favour of a direct effect of oxygen
tension on PEPCK gene transcription [18, 37]. Indeed, a
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number of reports has shown that oxygen is implicated in
the regulation of the gene expression of numerous en-
zymes involved in energy metabolism, which are either
upregulated or down regulated [38].

In conclusion, 48 h of hypoxia strongly impairs the
metabolic adaptation to fasting and may contribute to the
detrimental effect of oxygen deprivation on nutritional stat-
us. This may be clinically relevant in the setting of acute
exacerbation with hypoxaemia in chronic respiratory disease.

Acknowledgements: The authors are grateful to D.
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