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Fish muscle energy metabolism measured during hypoxia 
and recovery: an in vivo 31P-NMR study 

VINCENT VAN GINNEKEN, GUIDO VAN DEN THILLART, 
ALBERT ADDINK, AND CEES ERKELENS 
Animal Physiology, Department of Biology, and Organic Chemistry, Department of Chemistry, 
Gorlaeus Laboratories, 2300 RA Leiden, The Netherlands 

Ginneken, Vincent van, Guido van den Thillart, 
Albert Addink, and Cees Erkelens. Fish muscle energy 
metabolism measured during hypoxia and recovery: an in vivo 
31P-NMR study. Am. J. PhysioZ. 268 (Regulatory Integrative 
Comp. PhysioZ. 37): R1178-R1187, 1995.-Three fish species 
were exposed to graded hypoxia levels and allowed to recover. 
Levels of high-energy phosphate compounds in epaxial white 
muscle were monitored by in vivo 31P nuclear magnetic 
resonance (NMR) spectroscopy. Furthermore, O2 consump- 
tion of the animals was measured. With increasing hypoxia 
load, metabolic parameters started to change in the following 
order: phosphocreatine (PCr)-to-Pi ratio (decrease>, 02 con- 
sumption (decrease>, [PCr] (decrease), intracellular pH (pHii 
decrease), Pi (increase), free ADP concentration ( [ADPJfree; 
increase), [ATPJ (decrease). PCr levels fell with the PO,. After 
each increment, the LPCrl reached a stable plateau value 
while, in some cases, a recovery was observed. This recovery 
could be explained because the balance between anaerobic and 
aerobic metabolism is continuously fluctuating during hypoxia 
as a consequence of changes in the activity of the fish. 
Consequently the [ADP]free are fluctuating, resulting in an 
activation of the creatine kinase reaction and the anaerobic 
glycolysis. In all three species, anaerobic glycolysis was acti- 
vated, but in contrast to anoxia exposure, metabolic suppres- 
sion was absent. The changes of [ADP]free and [H+] (which 
influences the position of the creatine kinase equilibrium) are 
species dependent. Species differences observed in the other 
parameters were small. It is concluded that the pattern of the 
activation of anaerobic metabolism under deep hypoxia is 
different from that under anoxia. 

intracellular pH; creatine kinase; fish muscle 

ENVIRONMENTAL HYPOXIA is a frequently occurring phe- 
nomenon in the aquatic environment. In contrast to 
terrestrial organisms, most aquatic animals tolerate 
hypoxia. Fish are therefore interesting organisms in 
which to study the adaptation mechanisms to environ- 
mental hypoxia. In this study, we used three fish species, 
carp (Cyprinus carpio), tilapia (Sarotherodon mossambi- 
cus), and goldfish (Carassius auratus), which are hy- 
poxia tolerant. The three selected fish species use differ- 
ent strategies to cope with anoxic conditions. Common 
carp try to meet the anaerobic OZ demand by converting 
glycogen to lactic acid, tilapias combine a classical 
glycolysis with metabolic suppression (11, 22), and 
goldfish convert glucose to ethanol, which is lost by 
diffusion (21, 25). The same species have been used for 
anoxia exposure studies (28, 30). Under hypoxic condi- 
tions, the oxidative phosphorylation is active because 
the chosen species are able to extract OZ to low PO, 
levels. At a certain (critical) level, the capacity of oxida- 
tive phosphorylation is not sufficient to keep up with the 

energy consumption, at which point anaerobic processes 
are activated. In contrast to anoxia, there will be no clear 
transition from aerobic to anaerobic processes, and the 
regulation of the anaerobic processes will be more 
subtle. Control of the oxidative phosphorylation is rather 
complex; yet free ADP concentration ([ADP]f& appears 
to be the major regulation parameter (6, 7). As for 
glycolysis, [AMP] and [Pi] are the most important 
factors (22a). Because under hypoxia the mitochondria 
will continue to produce ATP, the [ADPlfree is likely to 
remain lower than under anoxic conditions. Also we may 
expect that the contribution of anaerobic processes will 
fluctuate significantly during the exposure, depending 
on the activity level (energy consumption) of the fish. 

The creatine kinase (CK) reaction is very important 
for stabilization and replenishment of the ATP pool at 
the expense of phosphocreatine (PCr) (for review see 
Ref. 32). Under conditions of low 02, PCr indeed fulfills 
the role of a buffer stabilizing the ATP pool in fish 
muscle (for review see Ref. 27). Because of some activity 
of the mitochondria, the flux will be lower during 
hypoxia than during anoxia. Under anoxic situations, 
the PCr flux will be high and the PCr stores may be 
totally depleted. 

The aim of this study is to describe the O2 consump- 
tion of whole animals and the biochemical changes in 
white muscle of three fish species after exposure to 
controlled levels of hypoxia. With in vivo 31P nuclear 
magnetic resonance (NMR), we measured the levels of 
phosphorylated compounds and intracellular pH (pHi) 
in white muscle. The in vivo NMR technique has several 
advantages: 1) because the technique is noninvasive and 
nondestructive, artifacts of the tissue-sampling and 
extraction procedure can be eliminated, and 2) because 
each animal serves as its own control, the effects of the 
different experimental situations (normoxia, hypoxia, 
and recovery) can be studied in the same experimental 
animal, which narrows the variability and enables us to 
minimize the size of the experimental group. 

Because the 31P-NMR parameters are indicative pri- 
marily for the activation of anaerobic metabolism, we 
can find the critical [O,] for activation of anaerobic 
metabolism. O2 consumption measurements are indica- 
tive of total energy consumption and indicate whether 
the metabolic rate is above or below the standard 
metabolic rate. If the metabolic rate is below the stan- 
dard metabolic rate and anaerobic metabolism is inacti- 
vated, a metabolic suppression occurs. 

The individual responses of PCr depletion and pHi 
changes in white muscle were observed in relation to the 
hypoxia load. There appears to be a major difference 
between hypoxia and anoxia exposure. At each level of 

R1178 0363-6119/95 $3.00 Copyright o 1995 the American Physiological Society 

 on June 2, 2010 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org


FISH ENERGY METABOLISM DURING HYPOXIA R1179 

hypoxia, transient changes of energy status are often 
followed by recovery. In contrast to anoxia exposure, we 
found a large individual variation of the metabolic 
parameters and no indication of metabolic depression. 

MATERLALS AND METHODS 

Animals and Handling 

Goldfish (C. auratus) were purchased from a commercial 
fish dealer (Boon, Hardinxveld, The Netherlands); tilapia (S. 
mossambicus) were obtained from the Catholic University 
(Nijmegen, The Netherlands) and carp (C. carpio) from the 
Agricultural University (Wageningen, The Netherlands). 

Average weight of the animals was - 70 g. The fish were 
held in aquariums under the following conditions: 2O”C, 
normoxic OZ levels of 80-90s air saturation (AS), and 168-h 
light-dark cycle; they were fed Trouvit pellets (Trouw, Putten, 
The Netherlands) daily. Experimental fish were starved in a 
150-liter glass tank for 24 h on the day before the experiment. 
On the day of the experiment, the fish were slightly anesthe- 
tized in a solution of 3-aminobenzoate ethyl ester methanesul- 
fonate (MS-222, Sigma Chemical, St. Louis, MO) at a final 
concentration of 100 ppm. The animals were immobilized with 
an inflatable plastic bag filled with water and pressed with the 
left body side against the flat window of the Perspex flow- 
through cell that was fitted in a modified Bruker bioprobe (Fig. 
1 in Ref. 26). The gills were irrigated through a tube placed in 
the mouth of the fish with a constant water flow of 170 
ml/min. Temperature of the experimental setup was con- 
trolled by a water bath (2O”C, Fig. l), while the total setup was 
placed in a thermostated room. The animals were conscious 
within 5 min in the dark of the magnet and remained quiet, 
which could be deduced from the NMR data. 

Handling and anesthetizing the fish resulted in an initial 
slight increase in the Pi peak and a decline in pHi, which 
disappeared within 0.5 h of the subsequent normoxic period. 
NMR experiments were performed from June to August 1992. 
All animals recovered, and there was no subsequent mortality. 

NMR Measurements 

A 9.4-T Bruker MSL-400 NMR spectrometer was used. The 
signal was picked up with an 1%mm surface coil double tuned 
to the hydrogen (400 MHz) and phosphorus (162 MHz) 
frequencies. The coil was placed - 2 cm behind the operculum 
above the dorsal musculature and picked up a signal of the 
myotome through the window of the cell. The homogeneity of 
the stationary magnetic field (B,) was optimized by shimming 
on the lH signal of the intracellular water. The field homogene- 
ity was considered adequate when the width of the water peak 
was ~0.25 ppm or I 100 Hz. Under optimal conditions, 
shimming to 0.15 ppm was possible (60 Hz). 

The acquired “‘P-NMR spectra (8,192 data points) were 
accumulated over a period of 10 min and consisted of 136 
individual scans. A pulse width of 60” (in the sensitive volume), 
acquisition time of 0.4 s, and 4-s relaxation delay were used. 
Measurements of the longitudinal relaxation time (T1) values 
of the metabolites of interest (Pi, PCr, and ATP) demonstrated 
that the resonances are almost fully relaxed under these 
conditions lexp( -t/T,) < 0.11. Because the T1 values during 
anoxia are not significantly different from those during nor- 
moxia (28), we assumed that they were not changed by 
hypoxia. 

After baseline correction, the peak areas of the different 
high-energy compounds were determined. Changes in the 
steady-state concentrations of metabolites as a result of hy- 
poxia were then expressed as changes in their relative reso- 
nance intensities (RRI). The pattern of the [ATP] during the 
course of the experiment is determined from the peak areas of 
the P-phosphate resonance of ATP. 

02 Registration 

The OZ registration system consisted of a computer-driven 
automatically rotating valve (Burckert type 332-E-2-B-G’/4-220/ 
50-F-024), which alternately directed the water flow from 
before and after the flow cell along an O2 electrode (model 
E5046, with thermostated cell D616, Radiometer Copenha- 

0 0 

0 

,  ’ 1 

A 

I I I I 

- AIR 
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Fig. 1. Schematic drawing of apparatus 
used in in vivo 131P nuclear magnetic 
resonance (NMR) experiments. A: stor- 
age tank with aeration; B: Eheim pump; 
C: gas mixture pump (model 2M301/ 
a-F, Wiisthoff) to create hypoxic condi- 
tions; D: gas cylinders containing aera- 
tors; E: Masterflex pump (Cole Parmer 
Instrument) at a flow rate of 170 ml/ 
min; F: thermostated bath (model F3C, 
Haake) with heating and cooling unit 
and temperature regulation; G: flow cell, 
which holds animal; H: surface coil 
placed outside flow cell, which picks up 
signal via a thin plastic window; I: inflat- 
able bag immobilizing fish; J: automatic 
rotating 3-way valve controlled by com- 
puter M; K: 02 electrode (model E5046- 
0, Radiometer); L: digital 02 analyzer 
(model PHM 72, Radiometer) with a 
PO, module (model PHA 932) connected 
with an interface with computer M; M: 
personal computer (Laser 386 SXE). To 
avoid 02 diffusion, all tubes were made 
of butyl rubber and pipes were made of 
stainless steel. 
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gen). The O2 detection system consisted of a digital O2 analyzer 
(model PHM 72, Radiometer Denmark) with a PO, module 
(model PHA 932). The electrode was calibrated in a 10% 
sodium sulfite solution (zero) and at 100% AS water. Normoxic 
or hypoxic water from the gas equilibration cylinders (Fig. 1) 
flowed directly over the electrode (reference position) or passed 
through the flow cell (measurement position). The selected 
time intervals for the two valve positions were a lo-min 
reference position and a 70-min measurement position. 02 
consumption (VO,) was calculated as VO, = i’(C,,f - Cm,,,> (in 
mg 02/h), where v  is the flow through the probe (170 ml/min) 
and Cref and G-neas are the O2 concentrations of the water 
flowing into and out of the flow cell. Measured O2 consumption 
rates were corrected for a blank O2 consumption of 0.88 
kmol/h. O2 values were converted from analog to digital and 
registered on-line by a personal computer (Laser 386 SXE). 02 
data were read in a spreadsheet program (QPRO) and con- 
verted to O2 consumption data. 

Determination of pHi 

The pHi was estimated by observing the difference in 
chemical shift between PCr and Pi. The pH measurements 
were calibrated using several model solutions, as described 
previously (28). The pH was calculated as follows 

pH = 6.72 + log[(a - 3.27)/(5.69 - a>] 

where o is the chemical shift of Pi with respect to PCr. 

CaZcuZation of [ADPl~r,y and [PJ 

CAW free were calculated as follows (15) 

[ATP] l [creatine] 
L~P,,,l = 

[PCr] . [H’J s&q 

Values for [ATP] were determined previously (30), where 
[ATP] was measured enzymatically in freeze-clamped muscle 
tissue of carp, goldfish, and tilapia and the following concentra- 
tions were measured: 5.1 2 0.2, 5.5 t 0.3, and 5.5 t 1.1 
pmol/g wet wt, respectively. IPCr] and [Pi] were estimated 
from the ratio of the RRIs of PCr, Pi, and ATP, starting from a 
normoxic RR1 for ATP corresponding to a tissue concentration 
of 5.5 pmol/g wet wt. Creatine concentration is obtained by 
subtracting [PCr] from calorimetrically determined total cre- 
atine concentration. Total creatine concentrations in freeze- 
clamped dorsal white muscle of carp, goldfish, and tilapia were 
29.9 t 3.0, 25.6 2 4.9, and 28.7 t 3.9 pmol/g wet wt, 
respectively (30). [H+ J is derived from the pHi as follows: pH = 
-log [H+]. The LADP]free was converted from nanomoles per 
gram intracellular water to nanomoles per gram wet weight by 
dividing through the factor 0.566 on the basis of an intracellu- 
lar water content of 56.6% for teleosts (33a). The equilibrium 
constant (K,,) of the CK reaction is 1.47 x log at 2O”C, and 
[Mg2+] is 1 mM (30). 

Calculations and Statistics 

PCr/Pi was used as an index of the steady-state capability of 
the oxidative phosphorylation. The ratio is a reflection of the 
ADP control system of the CK equilibrium reaction (10). 
Relative values of PCr/Pi < 1 reflect instability of the ADP 
control system, which may lead to cellular death (6). 

Per species the mean values of the different hypoxic and 
recovery periods were compared with the mean value of the 
two normoxic interval periods (Tables l-3). Statistics were 
performed using a two-sample t-test. P 5 0.05 was considered 
statistically significant. 

Table 1. O2 consumption 

O2 Consumption 
Condition 

Goldfish Tilapia Carp 

Normoxia 
Nl 4.9 + 1.9 4.2 k 0.4 5.3 2 0.9 
N2 4.2 + 1.7 4.0 iI 0.7 4.9 + 0.6 

Hypoxia 
40%, 4.2 t 0.8 3.2 + 0.9 4.8 t 0.7 
30% 4.9 2 0.5 3.1 iI 0.5* 4.3 2 1.3 
20% 3.9 It 1.0 2.6 + 0.4* 3.5 2 0.5* 
10% 2.3 + 0.8 1.5 2 0.3* 2.4 + 0.2* 
5%1 1.12 0.2* 0.8 zt 0.2* 1.15 0.1* 
3% 0.5 2 0.3* 0.4*0.1* 

Recovery 
Rl 5.2 + 1.8 5.2 I!I 0.2 7.4 t 1.6* 
R2 4.5 f 1.5 4.9 iI 0.9 6.1 t 1.5 
R3 4.0 k 1.2 4.2 + 0.8 5.4 t 1.2 
R4 3.7 t 1.2 3.7 + 0.7 5.3 t 1.4 
R5 3.5 2 0.8 4.12 0.9 5.6k2.1 
R6 2.7 f 2.5 4.0 * 1.0 5.4 + 1.5 

Values are means t SD in pmol- h-l - g-l for 4 animals of each 
species. Animals were exposed to normoxia followed by a cumulative 
hypoxia load of 6 steps and recovery. Each interval corresponds to 80 
min. * Significantly different from normoxia, P 5 0.05. 

Per experiment the mean value over the corresponding 
interval was calculated. Subsequently, for each of the three 
fish species, the mean value per group (n = 4) was calculated. 

Protocol 

The experimental period was divided into 80-min intervals 
(Fig. 2). For 0 2 registration, the 80-min interval consisted of a 
lo-min reference and a ‘IO-min measurement position. During 
each interval, eight NMR spectra were calculated (1 every 10 
min). 

Animals were exposed to a normoxia period of two intervals. 
The succeeding hypoxia levels and normoxic recovery period 
are compared with the first two intervals. So, each animal 
served as its own control. 

Goldfish and tilapia were exposed to successive hypoxia 
levels of 40, 30, 20, 10, 5, and 3% AS. In preliminary 
experiments, carp did not recover from 3% AS, so 5% AS was 
taken as the lowest level for carp. Some experiments, where 
animals displayed obvious stress reactions (escape reaction), 
were discarded. 

Hypoxia levels were created by equilibrating the water in 
three glass cylinders with gas exchangers with a gas mixture of 
nitrogen and air created with a gas mixing pump (Fig. 1). 

RESULTS 

Individual Response for PCr and pHi During Hypoxia 

In Fig. 3, stacked plots of a typical experiment for each 
of the three species are shown. In all species, a signifi- 
cant decline of [PCr] with a concomitant increase of [Pi] 
occurred under severely hypoxic conditions. A marked 
increase of sugar phosphates was found in tilapia only. 
All animals showed a fast recovery, although it was not 
complete after 6 h when the experiments were termi- 
nated. No mortality occurred during or after the experi- 
ments. 

The individual response of a goldfish is depicted in 
Fig. 4 for PCr. From those and other (not depicted) 
results, it became clear that the PCr level of most 
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Table 2. PCr, ATP, and pHi 

PCr, 

Condition 5% of Normoxia 

Goldfish Tilapia Carp Goldfish 

ATP, 
CTC of Normoxia 

Tilapia Carp Goldfish 

PJ-k 

Tilapia Carp 

Normoxia 
Nl 
N2 

Hypoxia 
40% 
30% 
20% 
10% 
5% 
3% 

Recovery 
Rl 
R2 
R3 
R4 
R5 
R6 

100.6 * 2.5 101.5 IT 1.1 
98.8 k 3.7 99.3 iz 1.7 

99.3 f 1.1 
99.3 -+ 1.1 

100.2 t 1.9 
96.8 + 6.8 

99.5 + 0.7 101.4 + 4.0 7.37 It 0.08 
99.6 + 1.0 96.9 + 4.1 7.44 f 0.07 

7.39 2 0.03 
7.41 f 0.02 

7.30 + 0.03 
7.30 f 0.02 

96.7 + 3.3 95.6 + 2.5* 
94.6 + 8.9 91.2 + 5.1” 
77.8 + 14.8 78.2 + 12.3* 
59.9 2 13.3* 54.9 f 12.3* 
37.9 t 7.5* 38.0 2 11.9* 
20.3 + 15.6* 28.7 +: 9.9* 

97.4 * 6.8 
94.12 12.1 
78.9 + 20.2 
50.3 2 l&9* 
22.0 + 9.9* 

99.6 2 2.7 
97.6 + 7.6 
99.1 t 6.8 
98.1 * 7.3 
93.3 + 14.5 
66.2 2 22.1 

99.7 + 1.4 97.2 + 7.7 7.33 2 0.19 
98.8 f 4.0 95.7 + 4.2 7.39 t 0.08 
95.724.1 95.6 + 2.7 7.28 + 0.09* 
93.7 k 6.5 90.2 f 13.6 7.21 IL O.ll* 
87.4 2 8.4 80.3 2 17.7 7.13 k 0.15* 
82.3 + 6.3* 6.94 f 0.21* 

7.41+ 0.02 
7.37 k 0.06 
7.30 + 0.06* 
7.09 2 o.u3* 
6.88 k 0.12* 
6.76 k 0.09* 

7.28 + 0.08 
7.24kO.11 
7.19 + 0.14 
6.96 f 0.16* 
6.81+ 0.15* 

52.8 IL 23.5* 34.12 10.6* 
76.2 + 26.9 55.3 2 7.9* 
79.7 f 22.4 66.2 + 11.7* 
81.9 + 18.1 79.2 f 10.1* 
85.1 k 18.4 81.8 * 11.0* 
86.8 2 18.8 77.5 + 7.2* 

75.4 iI 13.0* 
98.9 + 13.5 

103.4 2 13.3 
105.3 2 9.6 
104.5 + 18.1 
105.7 + 20.6 

65.6 + 18.6* 
75.9 k 18.2* 
74.1 k 19.0 
78.7 + 7.6* 
81.8 + 10.9 
81.8 + 7.7’” 

66.2 + 5.1* 69.9 f 21.0 6.74 t O.lO* 
65.12 10.8* 82.3 ~fr 17.5 6.77 + 0.14* 
66.8 2 7.0* 92.6 + 8.2 6.99 + 0.30 
70.6 e 4.1* 96.8 + 6.1 7.14 f 0.37 
74.0 t 8.1* 98.0 5 12.9 7.17 + 0.39 
73.0 f 5.1” 97.1 f 12.7 7.17 t 0.41 

6.52 2 0.12’” 
6.69 + 0.37* 
7.03 + 0.46 
7.44 + 0.08 
7.37 2 0.09 
7.37 2 0.08 

6.64 f 0.18* 
6.97 t 0.44 
7.05 zt 0.36 
7.112 0.37 
7.26 k 0.15 
7.33 f 0.06 

Values are means + SD for 4 animals of each species. PCr, phosphocreatine. Animals were exposed to 2 periods of normoxia (a “period” 
corresponds to 80 min) followed by a cumulative hypoxia load of 6 steps and 6 periods of recovery. *Significantly different from normoxia, P I 
0.05. 

individuals fell stepwise with the PO,. In some cases (as tion was reduced to 85.7, 63.4, and 68.6% of the 
in Fig. 4), a recovery reaction was observed at different normoxic value for goldfish, tilapia, and carp, respec- 
levels of hypoxia. The individual responses of pHi (re- 
sults not shown) showed a gradual decline in some fishes 

tively. From a hypoxic level of 20 to 5% AS, there was a 

and in others a stepwise decline. Recovery such as that 
steep decline. At the lowest levels of hypoxia, the rate of 

observed with PCr did not occur. 
oxidative phosphorylation is 11.0, 9.8, and 21.6% of the 
normoxic rate for goldfish (3% AS hypoxia), tilapia (3% 

O2 Consumption AS hypoxia), and carp (5% AS hypoxia), respectively. 
Compared with normoxia, O2 consumption rates for 

The O2 consumption for each of the three species goldfish, tilapia, and carp during reoxygenation were 
during the normoxic, hypoxic, and recovery period is increased 14.3, 26.8, and 45.1%, respectively, during the 
given in Table 1. At the hypoxia levels of 40 and 30% AS, 1st h of recovery and 0.0,19.5, and 19.6% during the 2nd h. 
the O2 consumption declined slightly (carp and tilapia) Over the total recovery period (Table 1, Rl-R6, 8 h), 
or stabilized (goldfish) compared with the normoxic the mean OZ consumption for tilapia and carp was in- 
situation. At a hypoxia level of 20% AS, the O2 consump- creased by 6.1 and 15.0%, respectively, of the normoxic 

Table 3. [ADPI,,,,, [Pi], and Per/Pi 

Condition 

Goldfish 

~~PJh4?, 
nmol/g 

Tilapia Carp Goldfish 

[PA 
p.mol/g 

Tilapia Carp Goldfish 

PCrlP,, 
% of Normoxia 

Tilapia Carp 

Normoxia 
Nl 
N2 

Hypoxia 
40% 
30%1 
20% 
10% 
5% 
3% 

Recovery 
Rl 
R2 
R3 
R4 
R5 
R6 

80.0 Ii 33.9 
85.0 2 33.0 

71.6 + 34.1 
78.6 f 32.1 

76.0 2 18.0 1.3 t 0.44 
77.7 + 21.0 1.2 2 0.35 

2.4 zt 0.71 
2.12 0.69 

1.6 +: 0.63 
1.4 f 0.48 

94.3 + 15.4 
101.0 2 7.5 

96.4 k 5.8 
106.5 + 4.4 

103.7 + 10.0 
97.5 + 8.2 

69.8 + 34.1 
95.8 2 34.8 

129.5 * 29.0 
169.4 + 30.2 
318.2 + 32.0* 
372.6 * 35.1* 

83.2 t 34.0 
86.4 + 34.1 
98.2 IL 28.6 

124.0 + 30.4 
124.4 + 30.7 
128.6 + 28.2 

76.5 2 20.0 1.1 + 0.33 
85.5 f 23.0 1.3 2 0.87 
93.5 + 19.6 3.5 + 2.30 

112.5 + 18.1 5.7 + 1.61* 
229.2 + 29.2* 8.6 2 1.71* 

12.2 + 4.29* 

2.7 f 0.83 
3.4 k 1.16 
7.1 z?I 4.09 

13.4 + 8.18 
15.5 iI 7J39* 
16.8 + 8.93” 

2.6 + 1.68 
3.0 2 2.01 
5.9 + 4.89 

12.5 + 5.34” 
19.3 + 6.06* 

108.8 + 7.2” 
96.3 + 29.6 
40.12 25.6* 
12.7 + 2.7* 

5.7 2 2.1* 
2.4 IL 2.2* 

89.6 + 25.5 
72.5 2 15.V 
31.3 + 22.3* 
11.0 + 7.7* 

5.8 k 3. Vk 
4.1 + 2.5* 

74.2 + 35.0 
70.7 k 42.4 
48.3 f 59.2 

6.3 + 3.1” 
1.8 + 1.0* 

109.5 + 19.3 
56.7 + 18.2 
88.2 2 30.5 

115.2 AI 30.3 
88.3 + 26.1 
84.6 + 28.5 

56.4 k 18.1 
49.8 + 17.6 
70.8 -+ 32.8 
53.2 + 29.4 
79.9 f 24.2 
92.2 It 30.1 

28.4 2 9.4 6.9 t 4.06 
48.2 + 25.6 2.6 e 2.88 
50.0 + 25.8 1.8 + 0.76 
58.7 2 28.1 2.12 2.21 
77.9 k 42.0 1.4 + 0.67 
74.7 z!I 33.0 1.12 0.48 

13.0 t 6.05* 
3.8 + 2.30 
1.7+0.90 
1.9 k 0.73 
1.7 k 0.69 
2.0 * 0.75 

9.5 k 5.35 
2.2 + 1.63 
1.7 * 1.21 
2.0 2 1.22 
1.5 2 0.39 
1.4 + 0.36 

23.2 + 19.2” 
46.4 + 33.2* 
58.2 + 21.4* 
74.2 k 34.9 
76.3 + 24.5 
97.6 + 38.3 

13.6 + l&2* 
47.2 + 29.5* 
89.5 f 26.1 
96.2 + 30.5 

109.0 + 47.2 
86.8 t 26.9 

24.0 f 13.6* 
92.4 k 59.2 

105.4 + 41.9 
101.4 + 37.9 
109.7 + 42.1 
116.6 + 58.0 

Values are means + SD for 4 animals of each species. [ADP1,,,,, free [ADP]. Animals were exposed to 5 periods of normoxia (see Fig. 2) followed 
by a cumulative hypoxia load of 6 steps and 6 periods of recovery. *Significantly different from normoxia, P I 0.05. 
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0 2 4 6 8 10 12 14 16 18 20 22 24 

Time (h) 

Fig. 2. Exposure to cumulative hypoxia load. Fish were first exposed 
to 2 80-min periods of normoxia, then hypoxia was introduced at 40, 
30, 20, 10, 5, and 3% air saturation (AS). Hypoxia was followed by a 
recovery period of 2 6 periods. During 1 period, 02 electrode was in 
measurement position for 70 min (bottom) and in reference position 
for 10 min (top). 

value (Table 1, Nl and N2), which clearly shows an OZ 
debt. 

Changes of PCr, ATP, pHi, [ADP&,,, Pi, and Per/Pi 
During Hypoxia 

PCr. Depletion of PCr (Table 2) occurs progressively 
with falling Og levels. At severe hypoxia, the values 
decreased to 20.3, 28.7, and 22.0% of the normoxic 
situation for goldfish, tilapia, and carp, respectively. 
Hydrolysis of PCr was faster in carp than in the other 
two species. Also recovery was faster: a nearly complete 
restoration (98.9%) during the 2nd h of the recovery 
period was found in carp, whereas in tilapia and goldfish 
the PCr levels were still 70-80% of normoxic levels after 
8 h of recovery. 

ATP. The relative amounts of ATP during normoxia, 
hypoxia, and recovery are given in Table 2. ATP was 
stabilized at the higher levels of hypoxia by CK. At the 
lowest levels of hypoxia (5 and 3% AS) and at the first 
recovery interval, ATP depletion occurred. Clearly ATP 
started to fall when the PCr pool had been depleted 
by > 80%. ATP decreased to 65-70% of the normoxic 
values. Previous studies have shown that a complete 
depletion of PCr and a reduction of ATP to < 70% of 
normoxic levels are lethal (27, 30). 

pHi The pHi for the three species are given in Table 2. 
During normoxia, the value approximates 7.3-7.4. Until 
a hypoxia level of 20% AS, there was a slow acidification 
of -0.2 pH unit. From this level to the deep levels of 
hypoxia, there was a rapid drop to pH 6.9 for goldfish, 
pH 6.8 for tilapia, and pH 6.8 for carp. During the first 
period of recovery, there was a further decline of pHi 
bY - 0.2 unit, which can be ascribed to resynthesis of 
PCr. Thereafter all species responded with a rapid 
recovery. In goldfish, however, pHi at the end of the 
recovery period is still 0.2 unit lower than in normoxia. 

IADPJfrw. In Table 3 the changes of [ADP]free in fish 
muscle during hypoxia and recovery are presented, and 
in Fig. 5 the relative changes are given for the three 

species. The normoxic [ADP]free are 80, 72, and 76 
nmol/g in goldfish, tilapia, and carp white muscle, 
respectively. The highest levels during severe hypoxia 
were 373, 129, and 229 nmol/g in goldfish, tilapia, and 
carp, respectively. 

Pi. The calculated concentrations of Pi during nor- 
moxia, hypoxia, and recovery are given in Table 3. 
Duringnormoxia, [Pi] was 1.2-2.4 pmol/g. Maximal [Pi] 
values during severe hypoxia were 12.2, 16.8, and 19.3 
pmol/g for goldfish, tilapia, and carp, respectively. 

PCr/Pi. The relative PCr/Pi, a reflection of the energy 
status in the muscle, is given in Table 3. Stable values 
were maintained only at normoxia. For goldfish, tilapia, 
and carp, a severe significantly different decline was 
observed at 20, 30, and 10% AS. This ratio further 
declined with progressive hypoxia load. 

DISCUSSION 

O2 Consumption 

The normoxic OZ consumption rates of goldfish, tila- 
pia, and carp were 14.2, 12.8, and 15.9 mg OZ. 100 
g-l-h-l, res pectively. Literature data based on respiro- 
metric studies give a standard metabolic rate (SMR) of 
3.0 mg OZ. 100 g-’ l h-l for goldfish at 20°C (2>, 10.32 mg 
OZ. 100 g-l-h-l for tilapia at 26°C (3), and 7.0 mg 
02*100 g-l-h-l for c arp at 25°C (1). Thus in our study 
the measured O2 consumption of the fish in the NMR 
flow cell is 4.8, 0.8, and 2.3 times the SMR reported in 
the literature for goldfish, tilapia, and carp, respectively. 
The decline in OZ consumption due to hypoxia (Table 1) 
can be explained by a reduction in the activity level until 
SMR is reached, which is achieved at 5% AS for goldfish 
(3.44 mg OZ. 100 g-‘-h-l>, 40% AS for tilapia (10.0 mg 
Og=lOO g-l-h-‘), and 5% AS for carp (7.5 mg OZ. 100 
g-l-h-‘). A f ur th er reduction below the SMR will 
strongly activate anaerobic metabolism. 

Critical PO, 

With respect to the animal handling procedure, we 
may assume, on the basis of the initial very high PCr/Pi 
(> 25-40) and neutral tissue pH (7.3-7.4), that the 
steady-state situation during normoxia corresponds to a 
high energy status. 

From the individual plots (not depicted) of pHi vs. 
PO,, the point at which anaerobic metabolism is acti- 
vated can be estimated from the slope (when there is a 
rapid decline of pHi). For goldfish, we found a sudden 
decline at PO, of 20% AS (2 animals), 10% AS (1 animal), 
and 3% AS (1 animal). For tilapia, we found a critical 
PO, for pHi at 20% AS (3 animals) and at 10% AS (1 
animal). For carp, one animal activated anaerobic me- 
tabolism at 30% AS, two animals at 20% AS, and one 
animal at 10% AS. So rough estimates of the critical PO, 
with respect to pHi for goldfish, tilapia, and carp are 13, 
18, and 20% AS, respectively. 

For PCr depletion vs. PO,, a similar deduction results 
in a critical PO, for goldfish, tilapia, and carp of 30, 30, 
and 32.5% AS, respectively. 

An important result from this study is the observation 
that the [PCr] falls with decreasing levels of hypoxia 
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SP Pi PCr ATP 

a 

SP Pi PCr ATP 

SP Pi PCr ATP 

Fig. 3. Stacked plots of spectra of typical experiments for goldfish (A), tilapia (B), and carp (0. Each spectrum 
represents accumulation of 146 scans over a lo-min period. Normoxic (N) and hypoxic periods (H) and part of 
recovery period (R> are depicted. Peaks of sugar phosphates (SP), Pi, creatine phosphate (PCr), and y-, w, and 
p-phosphate atoms of ATP molecule are visible. 

 on June 2, 2010 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org


R1184 FISH ENERGY METABOLISM DURING HYPOXIA 

carp (373, 129, and 229 nmol/g, respectively), and they 
were higher than those calculated during normoxia 
(Table 3). In two former studies in our laboratory, an 
increase of [ADP]free was demonstrated during exposure 
to anoxia: 88, 106, and 221 nmol/g in goldfish, tilapia, 
and carp, respectively (30). In goldfish exposed to anoxia 
at two different temperatures, a maximal [ADP]free of 
141 nmol/g was reached after 2.5 h of anoxia, while at 
the lower temperature [ADPlfree reached -88 nmol/g 
after 18 h without O2 (29). We expected lower [ADP]free 
during hypoxia than during anoxia because of a partial 
activation of oxidative phosphorylation, resulting in a 
production of ATP by the mitochondria. This is valid for 

Fig. 4. Time course of an individual goldfish for PCr depletion. Nl and 
the higher levels of hypoxia. However, during severe 

N2, normoxia; 40,30,20,10,5, and 3, hypoxia levels of40,30,20,10,5 hypoxia, [ADPlfree do not differ from those in a former 
- - 

and 3% air saturation; Rl-R6, recovery period. Each period corre- 
sponds to 80 min of exposure. 

IO 

while, in some cases, a partial recovery occurs (Fig. 4). 9 

This recovery reaction can be explained in three ways. 1) g 8 
The animals are able to reduce their energy consump- f 7 
tion from routine metabolic rate toward SMR. 2) The 
animals are able to produce ATP via alternative path- 

8 6 
5 5 

ways. An alternative pathway, i.e., the conversion of 0 
lactate to ethanol + COa, is described for goldfish (21, p 4 
25). This mechanism is activated after several hours of g 3 
anoxia; however, no ethanol has been detected so far 
during hypoxia (25). 3) By metabolic depression, some 

f 2 

1 
animals are able to suppress their energy consumption 
below the SMR (11,22,33). Because the recovery occurs 

0 
0 Nl N2 40 30 20 IO 5 3 RlR2R3R4R5R6 0 

above the SMR, the first mechanism seems to be the 
most plausible for explaining the partial recovery reac- 
tion of PCr. 

With respect to the critical PO,, the sequence of the 
different changes in the parameters with decreasing 
hypoxia load is in the following order: PCr/Pi (decrease), 
02 consumption (decrease), [PC,] (decrease), pHi (de- 
crease), Pi (increase), [ADP]free (increase), [ATP] (de- 
crease). 

[NIP]. The normoxic [ADPlf,, in fish muscle esti- 
mated in this study are consistent with data from other 
NMR studies. On the basis of CK equilibrium calcula- 
tions, the following values were found: 18-20 FM in 
carp, tilapia, and goldfish muscle during normoxia (30), 
20 and 32 PM in goldfish muscle at 5 and 2O”C, 
respectively (29), 37 PM in rat muscle (31), and 20 FM in 
frog muscle (8). In contrast, higher values of [ADP]free of 
100-500 WM were detected with conventional methods. 
The higher [ADP]f,, measured by chemical analysis can 
be ascribed to breakdown of ATP during sampling and 
furthermore by extraction from the F-actin-bound ADP 
(for review see Ref. 32). Although the calculation of the 
[ADPlfree based on CK equilibrium is an elegant method, 
some objections can be made: 1) some of the ATP in the 
cell (the mitochondrial ATP pool) will not be detected by 
31P-NMR (18, 24), and 2) the K,g of CK under in vivo 
conditions does not always respond to the constant 
found from solution kinetics (16). The calculated [ADP]free 
during hypoxia were higher for goldfish, tilapia, and 

0 Nl N2 40 30 20 10 5 3 RI R2 R3 R4 R5 R6 0 

IO 

3 Nl N2 40 30 20 10 5 3 RlR2R3R4R5R6 0 

Fig. 5. Reflection of relative changes in free ADP concentration (A), 
H+ (o), and PCr (0) in muscle of goldfish (A>, tilapia (B), and carp CC> 
during hypoxia and recovery. Values are means + SE. 
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study in anoxia (30), which supports our observation 
that the oxidative phosphorylation is nearly not opera- 
tive (see O2 Consumption). 

pHi. A feature of the oxidative phosphorylation is that 
no net protons are formed (12, 20). Only during sub- 
strate level phosphorylation may proton release from 
carboxyl groups become involved (20). Consequently the 
acidosis observed in this study during hypoxia and the 
period of recovery is the net result of the following four 
processes: 1) the flux through the CK reaction, 2) ion 
exchange between intracellular and extracellular com- 
partments, 3) net hydrolysis of adenine nucleotides (12), 
and 4) glycogen/glucose-to-lactate conversion. Besides 
the advantages of the functional coupling of the acidotic 
glycolysis reaction with the alkaline CK reaction, which 
results in a better utilization of the CK equilibrium (27, 
30), there is some evidence that acidosis of adenine 
nucleotide-depleted cells has a function in the preven- 
tion of cell death (9, 19). 

When this hypoxia study is compared with an earlier 
study of anoxia (30), no differences were found with 
respect to minimal pHi values: 6.9, 6.7, and 6.8 (anoxia) 
and 6.9, 6.8, and 6.8 (hypoxia) in goldfish, tilapia, and 
carp, respectively. However, there was a large difference 
in recovery periods: after anoxia, pHi recovered within 
150 min in carp and goldfish and within 240 min in 
tilapia; in this hypoxia study, full recovery occurred 
after 320 min in tilapia and after 480 min in carp, and in 
goldfish recovery was incomplete even after 480 min. 
Clearly, more time is required for recovery of pHi after 
severe hypoxia than after anoxia exposure. 

CK Equilibrium Reaction 

Effect of MWfree and [H+/ on equilibrium position. 
As explained in the review of van den Thillart and van 
Waarde (27), the CK equilibrium reaction is mainly 
controlled by the product of [H+] and [ADPlfree. [ADP] is 
determined by the action of myokinase and AMP deami- 
nase, whereas [H+] is determined by the rate of anaero- 
bic glycolysis and the buffer capacity of the tissues. The 
pattern of changes in [H+], [ADP]f,,,, and [PC,] during 
hypoxia and recovery for all three fish species is depicted 
in Fig. 5. The shift of the CK equilibrium (and conse- 
quently the depletion of PCr) is determined by the 
product of the two regulation parameters [H+] and 
ww free* In all three fish species, an elevation of 
[ADPI free is followed by an increase of [H+], which 
reaches its maximal value during the 1st h of recovery. 
In goldfish, [ADPlfree rises more than fourfold during 
exposure to 3% AS and is followed by a factorial rise of 
the [H+] of more than fourfold during the 1st h of 
recovery. At the 3% AS level, the CK equilibrium in 
goldfish is shifted > 12-fold, resulting in 80% depletion 
of PCr levels. In tilapia and carp, the pattern for 
[~Pl free and [H+] is similar. First, there is an increase 
of ww free, which reaches a top level of more than 
twofold in tilapia and almost fourfold in carp. During 
the 1st h of recovery, [ADP]free returns to the control 
value in tilapia and drops even below the control level in 
carp. During severe hypoxia (3% AS for tilapia, 5% AS 
for carp) the [H+] * [ADP]free product increased > g-fold 

in tilapia and > 11-fold in carp compared with the 
control value, resulting in a depletion of the PCr pool of 
72% in tilapia and 78% in carp. The [H+] rises during 
recovery more strongly in tilapia than in carp, which can 
be explained by a higher lactate accumulation in this 
species or a lower buffer capacity of the tissues in tilapia 
than in carp. However, it is assumed that the buffering 
capacities of freshwater fish muscle tissue do not differ 
substantially (5>, so a higher lactate accumulation in 
tilapia is most probable. Interestingly, when this hy- 
poxia study is compared with the former anoxia study 
(27), there is large agreement in the patterns of the two 
regulation parameters of the CK equilibrium reaction, 
W+l and KWfr,,, for all three species. 

Role of Pi and [ADP&, as Regulators for Oxidative 
Phosphorylation 

The increased levels of Pi may fulfill certain regula- 
tory functions: 1) as a buffer, 2) as a substrate in 
glucogenolysis, and 3) as a metabolic regulator. A quali- 
fication for a metabolic regulator is that the concentra- 
tion of the compound must be in the range of the 
Michaelis-Menten constant (K,). In vitro measure- 
ments of Pi with isolated mitochondria have shown a K, 
*of 1 mM (6). In this study, observed [Pi] during nor- 
moxia (1.2-2.4 mM) is higher than the K, of 1 mM, 
which indicates that Pi does not function as a metabolic 
regulator. This observation corroborates that of the 
31P-NMR study of Chance et al. (6), in which isolated 
mitochondria (state 4) [Pi] were > 1 mM. Only in liver 
(where the CK equilibrium reaction is not present) is 
there some evidence that Pi is a regulator of the 
oxidative phosphorylation (23). 

In this study, we found [ADPlfree of 72-80 PM during 
normoxia, whereas at extreme hypoxia [ADP]free was 
129-273 PM. In all conditions, [ADP]free were higher 
than the K, of 20 FM (23), so apparently there is no role 
for NW free as a metabolic regulator, although concen- 
tration changes will have a significant effect. 

Data in the literature concerning the role for [ADP]free 
as a metabolic regulator are conflicting. In some studies, 
a direct correlation was observed between OZ consump- 
tion and [ADPlfree. A correlation was found between O2 
consumption and [ADPlfree in resting and working heart 
(4, 34) and sk 1 t 1 e e a muscle (6, 17). In other studies, 
under conditions of sufficient OZ, no regulator action of 
[~Pl free was found (14,17). The oxidative phosphoryla- 
tion is determined by the difference in the effective free 
energy of hydrolysis of ATP (AGA,,> between the cyto- 
plasmic and the mitochondrial compartments, which is 
a function of ATP, ADP, Pi, pH, and pMg (7, 17). 02 
consumption is most likely affected by all those param- 
eters. 

Anoxia vs. Hypoxia 

When this hypoxia study is compared with a previous 
anoxia study (30), some differences become clear. 1) The 
transition from aerobic to anaerobic processes is not 
fixed during hypoxia. This becomes clear from the 
observation that the critical PO, shows a large variance 
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among species with respect to the activation of the 
anaerobic metabolism (see CriticaL PO,). 2) We expected 
that NW free would be lower under conditions of hy- 
poxia than in anoxia. This is true for the moderate levels 
of hypoxia. However, during severe hypoxia, [ADP]free 
correspond to those measured during anoxia (30). 3) 
During hypoxia, the contribution of anaerobic processes 
will fluctuate during the exposure, depending on the 
activity level (energy consumption) of the fish. When the 
energy consumption declines, we see a recovery, and the 
contribution of anaerobic processes decreases. During 
hypoxia, we have two energy-producing processes: one 
of aerobic and one of anaerobic origin. Under anoxia, 
only the anaerobic process is active because of a com- 
plete electron transfer system arrest. 4) We expected 
that the flux of PCr depletion would be lower during 
hypoxia than with anoxia because of some activity of the 
mitochondria during hypoxia. This was not observed. 
From a previous anoxia study (30), the following fluxes 
were observed for PCr depletion (expressed in percent, 
on the basis of an initial PCr value of 100%). For 
goldfish, tilapia, and carp the fluxes were 4.8, 14.4, and 
52.8%/h, respectively, during anoxia and 167, 137, and 
217%/h, respectively, during hypoxia (30). The fast 
depletion of PCr during hypoxia and the drop in pHi 
indicate a high glycolytic activity. We can conclude (also 
on the basis of the patterns of acidosis) that the surviv- 
ing strategy of goldfish and tilapia of metabolic suppres- 
sion is not expressed during hypoxia. However, it seems 
that metabolic suppression is not characteristic of an- 
oxic conditions and may also occur under hypoxic condi- 
tions, as demonstrated in goldfish with direct calorim- 
etry (33). Nevertheless, in this hypoxia study, no 
metabolic suppression was observed. The mechanism 
for metabolic suppression is unclear, but most likely it is 
a behavioral strategy. 

3. 

4. 

5. 

6. 

7 . 

Becker, K., and D. Noffz. Estimation of the critical oxygen 
tension for, and recovery capabilities of, red tilapia (Oreochromis 
niloticus x oreochromis mossambicus) hybrids. Trop. Freshwat. 
BioL. 2: l-15, 1989. 
Bunger, R., R. T. Mallet, and D. A. Hartman. Pyruvate 
enhanced phosphorylation potential and inotropism in normoxic 
and post-ischemic isolated working heart. Eur. J. Biochem. 180: 
221-233,1989. 
Castellini, M. A., and G. N. Somero. Buffering capacity of 
vertebrate muscle: correlations with potentials for anaerobic 
function. J. Comp. Physiol. 143: 191-198, 1981. 
Chance, B., J. S. Leigh, B. J. Clark, J. Maris, J. Kent, 
S. Nioka, and D. Smith. Control of oxidative metabolism and 
oxygen delivery in human skeletal muscle: a steady-state analysis 
of the work/energy cost transfer function. Proc. Natl. Acad. Sci. 
USA 82: 8384-8388,1985. 
Chance, B., J. S. Leigh, J. Kent, K. McCully, S. Nioka, B. J. 
Clark, J. M. Maris, and T. Graham. Multiple controls of 
oxidative metabolism in living tissues as studied by phosphorus 
magnetic resonance. Proc. Natl. Acad. Sci. USA 83: 9458-9462, 
1986. 
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14. 

15. 

We have exposed three fish species to graded levels of 
hypoxia. Interesting differences were observed for PCr 
depletion and changes in pHi and [ADP]free in white 
muscle compared with the anoxic situation. In contrast 
to the anoxic situation where only an anaerobic system 
is active, we have two energy-producing systems: aero- 
bic and anaerobic. The balance between those two 
systems depends on the activity (energy consumption) of 
the fish. In contrast to the anoxic situation, we have no 
indication of metabolic depression during hypoxia. 
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