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Introduction

Low dissolved oxygen, or hypoxia, has become a major concern in aquatic habitats (Díaz and Rosenberg, 1995).  Fish respond to hypoxia via behavioral, physiological, and biochemical adjustments (Hochachka, 1980).  With regard to biochemical adjustments, previous studies with mammalian cell and tissues suggest that they respond to hypoxia by a coordinated increase in the capacity for anaerobic metabolism and a decrease in aerobic capacity (Webster, 2003).  However, less is known about the metabolic responses in organisms that encounter fluctuations in oxygen in their natural environment.  We used the Fundulus grandis to examine the effects of long-term hypoxic exposure on the activities of glycolytic and gluconeogenic enzymes.  These experiments test the hypothesis that this fish responds to aquatic hypoxia via a coordinated regulation of enzymes of carbohydrate metabolism.

Methods

Gulf Killifish, Fundulus grandis, were purchased in Pascagoula Mississippi, U.S.A., and kept at the Gulf Coast Research Lab, (University of Southern Mississippi) at Ocean Springs, Mississippi, U.S.A.  Fish were held under normoxia (>80% saturation) and hypoxia (about 15% saturation) for one month at 27ºC and ~15‰ salinity.  Photoperiod was 16 h light-8 h dark.

Fish were killed and liver, white skeletal muscle, heart and brain were dissected.  Hexokinase (HK), phosphoglucose isomerase (PGI), phosphofructokinase (PFK), aldolase (ALD), triosphosphate isomerase (TPI), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerokinase (PGK), phosphoglyceromutase (PGM), enolase (ENO), pyruvate kinase (PK), lactate dehydrogenase (LDH), malate dehydrogenase (MDH), pyruvate caboxylase (PC), phosphoenolpyruvate carboxykinase (PEPCK), fructose 1,6-bisphosphatase (FBPase), and glucose 6-phosphatase (GPase) were measured.  Protein was measured with the bicinchoninic acid assay.  Statistical analyses were performed with SYSTAT 10.

Results and Discussion

General Morphology.  Fish in the two groups had equal body masses at the beginning of the experiment (Table 1).  After one month, normoxic fish were significantly heavier than hypoxic fish, indicating a higher growth rate in normoxia.  The condition factor of normoxic fish was also significantly higher than hypoxic fish.  The effect of hypoxia was likely due to a decrease in food intake (Chabot and Dutil, 1999).
Table 1. Morphological characteristics of Fundulus grandis subjected hypoxia and normoxia for four weeks at 27 ºC.

Parameters
Hypoxia
Normoxia

Initial Standard length (mm)
80 ± 4.6
81 ± 6.7

Initial mass (g)
10.0 ± 2.3
10.8 ± 3.2

Initial Fulton Index

(mass * length -3)* 100
1.94 ± 0.2
1.97 ± 0.1

Final Standard Length (mm)
81 ± 5.3*
85 ± 6.9

Final mass (g)
11.7 ± 05**
15.2 ± 3.6

Final Fulton Index

(mass * length -3)* 100
2.19 ± 0.17**
2.46 ± 0.18

Number
22
19

Values are means ± S.D; * P < 0.05; ** P < 0.005.

Effects of Hypoxia on Enzyme Activities.  Webster (2003) suggested that all glycolytic enzymes increase in a coordinated fashion during low oxygen, whereas enzymes involved in aerobic processes decrease.  Our results do not support this view.  The effects of hypoxia upon enzymes of carbohydrate metabolism were tissue-specific and varied among enzymes (Table 2).

Liver showed the most changes during hypoxia.  Compared to normoxic controls, four enzyme activities were higher in hypoxia (PFK, GAPDH, PGK and LDH), while two were lower (HK and ALD).  In addition, three of five gluconeogenic enzymes were higher during hypoxia than during normoxia (MDH, PC, and FBPase; P < 0.005).  The increase in gluconeogenic enzymes may support the formation and export of glucose.  Our observations suggest that liver responds to hypoxia by increasing the capacity for both anaerobic and aerobic carbohydrate metabolism, rather than a coordinated up-regulation of one and down-regulation of the other.

Table 2. Summary of changes observed on the glycolytic enzymes activities in tissues of Fundulus grandis subjected to hypoxia.
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( Decreased relative to normoxia; ( Increased relative to normoxia, ( No change; n.d. not determined.

* P < 0.05; ** P < 0.005.

In white skeletal muscle, no glycolytic enzymes increased during hypoxia.  This tissue is endowed with high concentrations of glycolytic enzymes, and may not require further increases during low oxygen exposure.  In contrast, PGI and ALD decreased.  This decrease may be related to the lower growth of fish in hypoxia (see above).  In other fish, growth rate is positively correlated with levels of glycolytic enzymes in muscle (Martínez et al., 2003).

In heart, the activities of three enzymes increased during hypoxia (HK, TPI and PYK).  In brain, the activities of four enzymes increased (HK, TPI, PGK and LDH) and one enzyme decreased during hypoxia (PGM).  In both tissues, HK increased during hypoxia, which may reflect the reliance of these tissues on blood glucose.

In summary, rather than a coordinated regulation of all pathway enzymes, our results demonstrate enzyme-specific adjustments to environmental hypoxia.  Among the glycolytic enzymes that showed the most significant increases during hypoxia were some enzymes traditionally considered to be rate-limiting (HK, PFK, PYK).  These observations support the idea that increased glycolytic flux may occur via changes in only selected pathway enzymes.
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