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Abstract 

Goldfish subjected to an intermittent short-term aerobic exercise training regime prior to acute 

hypoxic exposure demonstrated a shift in hypoxia response.  Intermittent aerobic training 

enhanced the aerobic potential of goldfish in the red muscle by increasing maximal activity of 

citrate synthase by 72% and reduced pyruvate kinase activity by 21% in white muscle.  Across 

red and white muscle tissue, aerobic training caused a decrease in glycogen storage by 19% and 

32%, respectively.  Liver glycogen stores remained unchanged by training during normoxia. 

Subsequent hypoxic exposure demonstrated a significant training effect with a77% glycogen 

depletion in the liver of trained fish compared to a 53% depletion in untrained fish.  Hypoxia 

caused glycogen depletion, glucose mobilization, and ATP depletion in trained and untrained fish 

muscle tissue.  Meanwhile, the liver of trained recovered ATP slower than untrained fish and both 

liver and plasma had greater lactate accumulation by 1 h hypoxic recovery in trained fish.  

Alcohol dehydrogenase maximal activity of trained fish responded to hypoxia with a 50% 

reduction and trained white muscle significantly reduced alcohol dehydrogenase activity during 

hypoxic recovery.  Ethanol was produced with and without training preconditioning in response 

to hypoxia in red muscle; however, trained fish white muscle showed an ethanol accumulation 

trend following training and 12 h hypoxia that was significantly cleared during recovery.  Ethanol 

accumulation in white muscle of trained fish may reveal greater perturbation caused by training 

and hypoxia and/or some developed mechanism for ethanol retention.  In effect, this training 

regime created a very different metabolic profile in goldfish such that during environmental 

oxygen limitation, trained fish may experience an enhanced metabolic perturbation and greater 

glycogen depletion which may compromise hypoxic tolerance. 
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Chapter 1 

Introduction & Literature Review 

1.1 Overview 

The current study aims to improve the aerobic phenotype of a hypoxia tolerant species to 

determine whether an already hypoxic tolerant system can be enhanced by improving its aerobic 

potential.  This literature review will discuss an overview of both exercise and hypoxia, 

metabolism during both these physiological challenges, provide a direct comparison between 

exercise and hypoxic metabolic response with a predominant focus on fish, and cyprinids 

specifically.  Next, this review aims to validate the study species used to answer the research 

question in addition to, background for the metabolic measurements conducted.  The review will 

conclude with the hypotheses of the experiment. 

1.2 Exercise Overview and Metabolic Scope 

Exercise studies have historically been mammal-centric providing insight on many medical and 

athletic issues and implications (Short et al., 2003).  However, an increasing body of work has 

looked at exercise training in teleosts, specifically, athletic salmonid species (Davison 1997; 

Kieffer 2000).  One of the considerations when using a mammalian model is that as 

homeotherms, their scope for aerobic activity is greater than that of poikilotherms.  Homeotherms 

have higher aerobic scopes and resting metabolic rates than poikilotherms because of increased 

capacity for oxygen transport and heat transfer (Ultsch 1973).  Water contains 1/30th the amount 

of oxygen as air and this oxygen diffuses out of water at a rate of 1/10 000th relative to air.  

Furthermore, while locomotor costs appear to be comparable for fish relative to terrestrial 
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mammals of a given mass, mammalian oxygen consumption increases linearly with speed 

whereas, fish increase oxygen consumption exponentially with speed.   Therefore mammals have 

a more extensive capacity for sustained aerobically supported activity (Bennett 1978).  In fact, 

fish have a high dependence on anaerobic metabolism during activity indicated by their 

musculature design: the bulk of fish muscles 80-95% are white muscle fibers and there is a large 

anaerobic component to their energy budget during sustained swimming, upwards of 80% 

(Johnston and Moon 1980a; Smit et al., 1971).   However, the scope for activity in poikilotherms 

is enhanced because of their large anaerobic potential (Bennett and Ruben 1979). Fish have a 

larger anaerobic capacity in addition to a slower post-exercise recovery process when compared 

to mammals (Kieffer 2000).  The exercise response in aquatic poikilotherms may have an 

increased reliance on anaerobic metabolism and substrates relative to terrestrial mammals; 

however, oxidative metabolism is a more efficient means of energy production.  The framework 

for oxygen metabolism during aerobic exercise aims to adjust oxygen flux from the environment 

to sites of demand in order to keep the supply and demand balance by (i) oxygen uptake via gill 

ventilation, (ii) convective oxygen transport from gills to blood, (iii) diffusive oxygen transport to 

tissues via blood circulation, (iv) diffusion of oxygen from blood to tissue mitochondria, and (v) 

metabolic use of oxygen for ATP generation by oxidative phosphorylation.  

1.3 Hypoxia Overview 

Fish typically have inherently lower metabolic rates because water holds considerably less 

oxygen than air in the terrestrial environment as aforementioned, and this enables a greater 

tolerance to low environmental oxygen levels. Aquatic species face an oxygen-limited 

environment that may quickly fluctuate such that it may become necessary to employ extreme 
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acclimatory processes over short time spans.  This is a function of the dynamic flux in oxygen 

levels that arise naturally in an aquatic environment causing an already oxygen limited 

environment to become hypoxic and even anoxic over time and space.  Often fluctuations in 

oxygen levels are caused by tidal variation, seasonal changes, and pollution (Holopainen et al., 

1997; Love and Rees 2002).  With a focus on ecological variation here, fish species inhabiting 

these environments have adapted by developing a range of behavioral responses, which 

encompass avoidance strategies, morphological and physiological strategies to acquire more 

oxygen or reduce the overall demand for oxygen (Bickler and Buck 2007; Hochachka 1986; Scott 

et al., 2008; Sollid et al., 2005).  Surface air breathing and oxygen seeking behavior are 

behavioral adaptations demonstrated by many species in response to falling oxygen tensions 

(Love and Rees 2002; Sloman et al., 2006).  However, when all behavioral strategies have 

become exhausted morphological and physiological acclimation enables longer-term oxygen 

tolerance in many fish species.   

A lower minimum metabolic scope has therefore, been adapted for in vertebrates of aquatic 

habitats in order to sustain metabolic functions.  A commonly used measure to indicate a fish’s 

lowest aerobic scope is the partial pressure of oxygen (PO2) whereby, the metabolic oxygen 

consumption transitions from oxyregulation, maintaining oxygen consumption despite falling 

partial pressure of oxygen in the environment, to oxyconformation, decreasing oxygen 

consumption as partial pressure of oxygen drops in the environment (Pcrit) (Speers-Roesch et al., 

2011).  However, recent findings suggest this may not be the best indicator for hypoxia tolerance 

and loss of equilibrium (LOE) may be a better indicator (personal communication Richards 

2011).  LOE represents the partial pressure of oxygen where the fish’s ability to maintain balance 
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is compromised.  In contrast, for terrestrial mammals, a suite of adaptations have facilitated the 

evolution of higher aerobic metabolic scopes and increased their dependence on oxygen.   

Environmental hypoxia represents oxygen limitation in the environment.  Consequently, the 

hypoxic acclimation response involves increasing acquisition of oxygen that is available and/or 

increasing the efficiency of how the limited amount of oxygen is used.  Systemic parameters 

demonstrate increased oxygen acquisition in fish responding to environmental hypoxia.  Goldfish 

have demonstrated an increase in gill surface area for enhanced oxygen acquisition during low 

oxygen tensions (Fu et al., 2011; Sollid and Nilsson 2006).  Blood oxygen binding affinity is also 

increased in fish responding to hypoxia (Fu et al., 2011; Wood and Johansen 1972).  A series of 

oxygen-sensing signaling factors are activated, such as HIF-1α, to increase the transcription of 

necessary genes during hypoxia ().  Furthermore, metabolic depression is coordinated to reduce 

the energy requirements of the system as seen in cardiorespiratory tissues of the hypoxia-tolerant 

species, tilapia (Speers-Roesch et al., 2011). 

Functional hypoxia occurs during burst muscle work when the oxidative capacity of tissues 

becomes limited.  Consequently, there is an imbalance in oxidation and reduction reactions that 

lead to anaerobic end-product accumulation.  In mammals, the origin of oxygen limitation during 

exhaustive exercise has been extensively studied.  The measurement of intracellular PO2 during 

graded incremental exercise in humans was maintained despite a linear decrease in intracellular 

pH and linear rise in muscle lactate efflux (Richardson et al., 1998).  Therefore, systemic oxygen 

does not appear to be the limiting factor for sustained exercise in mammals; instead, it is the 

cellular oxidation state derived from an imbalance between product accumulation and utilization 

(Jobsis and Stainsby 1968; Putman et al., 1995).  In rainbow trout subjected to sustained exercise 

training there were no improvements in any blood acquisition parameters suggesting that 
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systemic oxygen availability is not limiting (Davie et al., 1986).  More recent study on rainbow 

trout subject to 45 min sustained swimming found increases in both hematocrit and hemoglobin 

concentration (Wilson and Egginton 1994).   Systemic oxygen limitation in fish, rainbow trout 

specifically, may demonstrate a time sensitive response.  Additionally, metabolic demands during 

functional hypoxia are elevated which, leads to the disequilibrium in cellular oxidation state.  As 

such, there is a transition from aerobic to anaerobic fuel substrates for metabolism and elevated 

accumulation and turnover of metabolic intermediates to fuel the energy demands of locomotion. 

1.4 Swim Performance 

Exercise training regimes for fish are classified into three main categories, which reflect different 

metabolic rates: sustained, prolonged and burst.  Sustained swimming can be maintained for long 

periods (> 240 min) (Beamish 1966) and reflect respiratory and circulatory adjustments that meet 

increased energy demand aerobically.  Prolonged swimming is also fuelled aerobically, but for a 

shorter duration 20-200 min (Beamish 1978) and ends in fatigue.  Finally, burst swimming is the 

highest speed a fish can attain, is fueled anaerobically, and typically lasts for less than 20 seconds 

(Brett 1964).  Exercise training responses and more generally, fish swimming capacities, are most 

commonly evaluated using critical swimming speed (Ucrit) (Brett 1964) is calculated using 

incremental velocity increases over prescribed periods of time until exhaustion.  The ecological 

relevance of these tests is discussed elsewhere (Plaut 2001).  However, Ucrit is assumed to indicate 

the maximum aerobic swimming capacity of a fish.  Perhaps more importantly, Ucrit tests enable 

some degree of standardization across swim performance tests that allow crude comparison 

across species and studies.  Furthermore, such tests provide a general measure of the metabolic 
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pathway that dominates, aerobic or anaerobic, during swim performance that may be useful when 

developing swim training regimes. 

The aerobic scope of fish can be enhanced by exercise training, especially, amongst salmonid 

species but even in the more sluggish goldfish along swim performance, systemic transport, and 

tissue specific metabolic parameters (Farrell et al., 1990; Fu et al., 2011; McClelland et al., 

2006). The maximum aerobic capacity of locomotory muscles of cyprinid species is determined 

by the volume and density of mitochondria, the activity and number of respiratory chains proteins 

on the inner mitochondrial membrane, and the capacity of capillaries to deliver oxygen and 

substrates (Johnston and Bernard 1984).  The effect of aerobic exercise training relates to 

increasing the work output per energy input of an organism and for fish this is often measured by 

swim performance such as Ucrit.  In rainbow trout exercise trained for 28-52 days, fish became 

13% larger and 12% faster in aerobic swimming tests (Farrell et al., 1990) while, the sluggish 

goldfish showed improvement in aerobic swimming tests after 48 h of aerobic exercise training 

(Fu et al., 2011).  Aerobic exercise training has the capacity to shift the metabolic profile of both 

athletic and sluggish fish species such that swimming performance is enhanced. 

1.5 Exercise Metabolism  

Fuel selection is an important component to energy production during exercise training; oxidative 

fuels are more energy efficient, produce more ATP per unit substrate at a slower rate, while 

anaerobic fuels are high-flux but less energy efficient.  Brooks and Mercier, (1994) developed the 

crossover concept whereby at greater power output intensities carbohydrate derived energy 

predominates over energy from lipids.  Furthermore, substrate use will depend on the interaction 

between exercise intensity-induced responses and endurance training-induced responses, which 
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increase carbohydrate use and lipid oxidation, respectively. Similar shifts in substrate use, due to 

intensity-induced responses and recovery, have been documented in rainbow trout muscle (Lauff 

and Wood 1997; Wang et al., 1994).  During recovery from glycogen depletion, lipid metabolism 

becomes recruited once again and hence, fuel selection is derived from the oxidative potential of 

the system.  Carbohydrate and lipid metabolism preference is dependent on substrate availability.  

Increased fat availability may increase NADH and buffer the fall in cellular energy charge 

causing a reduced glycogenolysis and PDH activation (Spriet and Watt 2003).  Increasing 

evidence suggests that increasing carbohydrate availability can decrease fat oxidation by 

increasing hormones that decrease fat availability in addition to impairing the transfer of fatty 

acids via carnitine-mediated transfer of fatty acids into the mitochondria (Spriet and Watt 2003; 

Zammit et al., 1978).  Meanwhile, an increase in relative lipid oxidation will spare carbohydrates 

and improve endurance during prolonged exercise; coordination between these two pathways, 

likely involves high-energy phosphates and oxygen availability (Sahlin 2009).  In vivo, fatty acid 

oxidation by liver simultaneously increased the intramitochondrial concentration of acetyl CoA, 

ATP and NADH/NAD+ ratio diverting the flux of pyruvate away from the tricarboxylic acid 

cycle (TCA) cycle (via pyruvate dehydrogenase (PDH)) and into the gluconeogenic pathway via 

(pyruvate carboxylase (PC)) (Suarez and Mommsen 1987).  During anaerobic swimming, 

carbohydrate metabolism becomes the sole energy source and locomotory muscles operate as 

almost “closed” systems; high performance species may have increased capacity for glucose 

mobilization relative to sedentary counterparts by the up regulation of gluconeogenesis, increased 

density of glucose transporters or increased rate of reaction (Vmax) of individual transporters in the 

muscle tissue (Smith and Heath 1980; Weber and Haman 1996).  A similar increase in glucose 

transporters in response to aerobic training was reported in the mammalian literature (Gomes et 
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al., 2009; Short et al., 2003).  While reciprocal regulation exists, there is overlap between aerobic 

and anaerobic processes during human exercise whereby, creatine (Cr) and phosphocreatine  

(PCr) become essential regulators of mitochondrial ATP production in muscle and limit ADP 

fluctuation in order to delay muscle fatigue and increase endurance (Tonkonogi and Sahlin 2002).  

Rainbow trout have demonstrated similar overlap in fatty acid and carbohydrate use in response 

to exhaustive burst exercise; whereby, recruitment of both anaerobic and aerobic fuels and tissues 

persist (Wang et al., 1994). Tonkonogi and Sahlin, (2002) discussed how higher mitochondrial 

density in trained white muscle increased ADP sensitivity for a more closely coupled 

maintenance of ATP concentration via oxidative phosphorylation. Consequently, fuel use and 

high energy phosphates coordinate between anaerobic and aerobic metabolic pathways to 

improve energetic output during swimming and this dynamic profile will be coordinated by 

mitochondrial ATP and ADP sensitivity.  See figure 1 for glycolytic pathway map. 

“Waste” product metabolism is another key parameter to sustained exercise and is 

different between mammals and fish.  The typical exercise response in mammals involves the 

Cori cycle, anaerobic production of lactate at the muscle is exported to the liver for conversion to 

glucose i.e. the cross-coordination between tissues for oxidation of “waste” products at aerobic 

tissues as they are produced (Brooks et al., 1986; Brooks 1998; Brooks et al., 1999; Sahlin et al., 

2002).  Similar tissue coordination has been suggested in carp such that non-circulatory product 

transfer occurs between red and white muscle tissue (Wittenberger 1973; Wittenberger et al., 

1975).  Winter flounder and rainbow trout retain accumulated lactate within white muscle for in 

situ oxidative metabolism and glyconeogenesis (Girard and Milligan 1992; Milligan and Girard 

1993).  An enhanced cross-tissue metabolic coordination of fuel substrates during aerobic 

exercise improves exercise efficiency in mammals but in fish in situ tissue metabolism of 



 

 

9 

 

substrates during exercise may be more predominant.  In effect, the metabolic end-product 

accumulation, particularly after intense exercise, in fish is greater than that of mammals and may 

be more limiting to sustained exercise (Kieffer 2000). 

Generally, more sluggish species, such as goldfish, have an increased dependence on 

carbohydrate metabolism when subject to swim training (Weber and Haman 1996; Davison and 

Goldspink 1978).  Fish typical of the carp family found in still or slowly moving water did not 

adapt well to flowing water at any swimming speed (Davison and Goldspink 1978). During 

sustained swimming in goldfish, even with excessive feeding, the feed conversion efficiency was 

often low and excess food was not being stored as glycogen, which was the major fuel for 

swimming at all speeds (Davison and Goldspink 1978).  Furthermore, 48 h of aerobic exercise at 

70% critical swimming speed (Ucrit) significantly reduced white muscle glycogen by 73% in 

goldfish (Fu et al., 2011).  A similar dependence on glycogen use from red muscle is documented 

in the coalfish (Johnston and Goldspink 1973b).  This carbohydrate dependent fuel mobilization 

pattern may reflect the fish’s mode of swimming.  In the Danube bleak, which exhibits a burst-

like swimming activity during aerobic exercise training, white muscle was recruited preferentially 

to red muscle and increased its aerobic glycolytic capacity (Hinterleitner et al., 1992; Sanger and 

Potscher 2000).  Typical sedentary or less athletic species appear to have a different fuel 

recruitment regime from the more athletic salmonids, which may reflect an enhanced dependence 

on glycolytic pathways in the muscle of these sluggish species. 

The characters of white and red muscle correlate well with each tissue’s respective 

recruitment during exercise.  Red fibres have well-developed blood supply, low myofibrillar 

ATPase activity, numerous mitochondria, high electron transport chain (ETC) and TCA cycle 

enzyme activities, and high myoglobin concentration.  White fibres constitute a larger mass, have 
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higher myofibrillar ATPase activity, fewer mitochondria, much lower capillary density, and lower 

myoglobin concentrations (Johnston et al., 1977; Crabtree and Newsholme, 1972).  

Consequently, white fibres are more dependent on anaerobic glycogenolysis to fuel their 

metabolism (Patterson and Goldspink 1972; Johnston et al., 1977; Moose 1978).  These 

distinctions hold in cyprinid species whereby, myoglobin content was greatest in red muscle>pink 

muscle>white muscle; myofibrillar ATPase activities occurred in a 4:2:1 ratio for white, pink and 

red fibres, respectively, and hexokinase (HK), malate dehydrogenase (MDH), succinic 

dehydrogenase (SDH), and cytochrome oxidase (COX) activities were 4-8 times higher in red 

muscle than white muscle of carp (Johnston et al., 1977).  . In the white muscle of brook trout CS 

and COX activities were 65-75% less than red muscle; meanwhile, HK, phosphorylase and PFK 

activities were 2, 4, and 2 times higher in white compared to red muscle (Johnston and Moon, 

1980b).  Here, red muscle demonstrated a greater aerobic capacity; meanwhile, white muscle 

demonstrated enhanced access to glucose fuel stores, which parallels the perfusion patterns of 

these tissues (Davie et al., 1986; Johnston and Bernard 1984).  Hence, red muscle has a greater 

aerobic potential than white muscle and white muscle has a greater anaerobic potential than red.   

White and red muscle tissues are recruited during aerobic exercise, demonstrate the 

potential for between tissue coordination and increase their aerobic efficiency in response to 

aerobic exercise training.  Biochemical analysis has shown that the threshold speed for 

recruitment of fast (white) fibres is only 0.5-2.1 BL/s in carp (Johnston et al., 1977) hence, both 

red and white muscle fibre are used simultaneously over a wide range of swimming speeds in 

cyprinids.  Electromyography corroborates that both red and white muscles are recruited for 

sustained swimming and in brook trout the threshold swimming speed for recruitment of white 

fibres is around 1.8 BL/s, well below their maximum swim capacity (Johnston and Moon, 1980b).  
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With distinct metabolic profiles and spatial separation in cyprinids, the interaction and 

glucose/lactate circulation between these two fiber types may be coordinated (Wittenberger 1973; 

Wittenberger et al., 1975).  The metabolic flux between these two fibres is an intriguing area for 

investigation during exercise. In two cyprinid species a significant increase in red fibre diameter, 

fibre zone area and capillary supply was documented during sustained swim exercise; however, 

white muscle fibre was unchanged in response to sustained swim exercise (Sanger 1992).  In 

goldfish, Davison and Goldspink (1978) reported an increase in red fibre number after 28 days of 

low intensity swimming speeds while white fibre size increased in response to a range of 

sustained swimming speeds after 28 days.  Scope for oxidative metabolism is enhanced in trained 

salmonid species: these fish significantly increase citrate synthase (CS), hydroxyacylCoA 

dehydrogenase (HOAD) and HK activity in compact and spongy myocardium in response to 

sustained exercise (Farrell et al., 1990).  Meanwhile, aerobic exercise training (30% Ucrit) over 3 

weeks in zebrafish increased CS activity in muscle but had no effect on HOAD or PK activities 

(McClelland et al., 2006).  Even anaerobic tissues such as white muscle respond to training with 

improved aerobic potential (Hinterleitner et al., 1992; Sanger and Potscher 2000).  Carp aerobic 

capacity can be increased at several levels: by increasing aerobic tissue mass, mitochondrial 

volume density, cristae surface density, and mitochondrial specific activity (Moyes et al., 1992).  

An exercise-training regime will likely shape a new profile for the locomotory machinery of the 

fish and for goldfish, this will likely involve shifts in its aerobic in the aerobic capacity of both 

white and red muscle. 
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1.6 Metabolism during Hypoxia 

Fish responding to hypoxia may be classified as regulators, species that maintain metabolic rate 

in spite of falling oxygen, or as conformers, species that lower metabolic rate in parallel with 

oxygen decline.  Hypoxia tolerant cyprinid species are typically classified as the later. Goldfish 

are able to decrease their oxygen consumption by 85.7% of their normoxic values in response to 

20% air saturation hypoxia (Van Ginneken et al., 1995).  There is an important role for regulation 

and sensing of the metabolic perturbation caused by low environmental PO2, which leads to 

temporally different responses during the metabolic challenge. For example, many species 

demonstrate an initial emergency response with high glycolytic ATP production and 

consumption, and a second long-term accommodation reducing the rate of ATP consumption as 

seen in the common sole, gulf killifish, and goldfish (Dalla Via et al., 1997; Jibb and Richards 

2008; Richards et al., 2008; Van Ginneken et al., 1995; Van Waversveld et al., 1989).  Goldfish 

are well documented for their initial drops in ATP to a new lower steady state that reflects 

reduced metabolic turnover during oxygen limitation (Jibb and Richards 2008; Van Waversveld 

et al., 1989).  Successful hypoxic strategies are clearly reliant upon successful entry and exit from 

the hypoxic stress and involve high-energy phosphate regulatory mechanisms for coordination 

(Hochachka et al., 1996; Bickler and Buck 2007).  Cyclic adenosine monophosphate (cAMP) 

accumulates during oxygen lack and is involved in the coordination of decreased ATP turnover.  

cAMP operates by direct allosteric activation of adenosine monophosphate-activated protein 

kinase (AMPK) and protecting a catalytic subunit of AMPK from dephosphorylation (Jibb and 

Richards 2008; Sanders et al., 2007).  In mammalian muscle, AMPK allows insulin-independent 

regulation of glucose transport and is an obligate intermediate in the pathway leading from 

hypoxia to accelerated glucose uptake in mammalian muscle (loss of active enzyme obliterates 
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response) (Mu et al., 2001).  In goldfish, tissue specific regulation of this enzyme is important 

during hypoxia as well.  AMPK was activated in the liver but not the muscle, heart, or gills of 

goldfish during 12 h severe hypoxia exposure suggesting a tissue-specific regulation of AMPK 

possibly related to changes in cellular [AMP(free)/[ATP] (Jibb and Richards 2008).  Moreover, 

cAMP is involved in the hypoxic response of carp red blood cells (Salama and Nikinmaa 1990). 

During hypoxic insult, maintained tissue activity is necessary in some tissues but complete down-

regulation is necessary in others and this tissue-specific response represents coordination that 

involves AMPK. 

Morphological changes represent a longer-term acclimation response to hypoxia.  In crucian 

carp muscle capillary density was unchanged following hypoxia acclimation; however, slow fiber 

mitochondrial density increased by 67% in order to increase oxygen extraction by the muscles 

and transfer across the gills as PO2 decreased (Johnston and Bernard 1984).  Additionally, carp 

and goldfish demonstrate gill morphological changes to increase surface area for oxygen 

extraction via apoptosis in the interlamellar cell mass (ILCM); however, this is energetically 

expensive and is best-suited for longer term hypoxic response (Sollid and Nilsson 2006). A 

reduced ILCM also represents an osmoregulatory compromise.  Following 24 hr exposure to 

hypoxia goldfish showed a significant decrease (10-15%) in both plasma [Na+] and [Cl-] levels 

and significant increase in plasma [K+] (Mandic et al., 2008). Hence, an increased gill surface 

area may contribute to the increased allocation of the energy budget to ion pumping of this fish 

during hypoxia. Morphological shifts in muscle and gills take place to enhance oxygen extraction 

from the environment and diffusion to tissues during low oxygen periods. 
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1.7 Hypoxic Metabolic Response in Cyprinids 

Goldfish hypoxic tolerance relies on metabolic rate depression, large glycogen stores, and the 

production of alternative, excretable end-products e.g. ethanol.  Initial onset of hypoxia breaks 

down ATP into ADP which activates creatine kinase (CK) for continued ATP production (Van 

Ginneken et al., 1995). A subsequent decrease in PCr to Pi ratio activates anaerobic glycolysis for 

substrate level ATP phosphorylation (Van Ginneken et al., 1995).In effect, carbohydrates have an 

essential role in sustaining energy production under hypoxia because carbohydrates are able to 

fuel anaerobic pathways for ATP production. See figure 1. Goldfish subject to anoxia and 

hypoxia at 20oC used carbohydrate and protein as energetic substrates and produced carbon 

dioxide, ethanol and fat as end products (Van Waversveld et al., 1989; Van Raaij et al., 1994); 

representing, the enhanced anaerobic contribution to metabolism that is largely derived from 

glycolysis.   

 Liver glycogen is the essential fuel store managing the goldfish hypoxic response.  Both 

goldfish and crucian carp have large liver glycogen stores used for overwintering in hypoxic 

ponds (Van den Thillart and Van Waarde 1985; Walker and Johansen 1977) and depletion of 

these large glycogen stores is deemed responsible for hypoxic mortality (Nilsson 1990).  As such, 

goldfish allocate large glycogen stores to their liver, which makes up approximately 50-80% of 

the goldfish glycogen store (Nilsson 1990; Vornanen et al., 2011).  During the course of low-

temperature anaerobiosis there was a rise in blood glucose and lactate, a decline in liver glycogen 

concentration, and an increase in liver water content; however, liver size remained constant 

(Walker and Johansen 1977).  Liver glycogen becomes the principal source of blood glucose in 

goldfish, subject to hypoxia, and was accessed using glycogen phosphorylase, which cleaves the 

glycogen complex converting it to G6P (Van den Thillart and Smit, 1984).  Goldfish increase 
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their activity of glucose-6 phosphatase in the liver during anaerobic conditions, representative of 

the liver’s glycogenolytic function (Walker and Johansen 1977).  Hence, hypoxia tolerance in the 

liver involves large initial stores of glycogen in combination with a reduced ATP turnover rate. 

In comparison, white muscle glycogen stores are usually conserved; however, recent 

literature suggests white muscle too, may be used during severe hypoxia (Mandic et al., 2008).  

During 1 h hypoxia, the adenylate energy charge remained constant in white and muscle, whereas 

it declined in liver tissue moreover, 12 h anoxia paralleled this energy charge profile in goldfish 

(Van den Thillart et al., 1980).  This may indicate the more active role of liver supplying energy 

to basic metabolism during oxygen limitation whereas; the unchanged energy charge in white 

muscle indicates this tissue has not lost its contractile ability. Maintained energy charge in muscle 

may be necessary for rapid return to a mobile state during reoxygenation which has an ecological 

significance for foraging and predator avoidance. 

Tissue prioritization is an essential hypoxic response.  After an initial acclimation to hypoxic 

condition heart rate, stroke volume, and cardiac output were maintained in crucian carp and a 

reduction in peripheral vascular resistance in combination with conserved autonomic control 

likely permitted the rapid distribution of glucose from the liver to metabolically active tissues, 

waste lactate to the muscle for ethanol production and ethanol to the gills for excretion (Stecyk et 

al., 2004).  In addition to sustained heart function, maintained brain function is also conserved 

across many species (Smith et al., 1996; Martinez et al., 2006).  Liver function too becomes 

prioritized in many different species responding to hypoxia.  In the liver and heart of Gillichthys 

mirabilis, few genes were down-regulated compared with skeletal muscle and this reflects the 

critical biochemical transformation that must be maintained (Gracey et al., 2001).  Similarly, in 

the gulf killifish enzymes of glycolysis were strongly suppressed in white muscle and remained 
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relatively intact in the liver representing an increased capacity for carbohydrate metabolism; 

moreover, these hypoxia-induced changes were much smaller in magnitude in the brain and heart 

(Martinez et al., 2006).    Hypoxic response strategies clearly require up-regulation of glycoytic 

activity in energy-supply tissues; maintenance in tissues such as the heart, brain and liver; and 

down-regulation in tissues such as muscle to reduce energy demands.  Hence, the physiological 

response to hypoxia prioritizes energetic supply in order to maintain essential functions.  Goldfish 

are already documented as having inherently low glycolytic flux (Van den Thillart and Smit, 

1984).  During anoxia goldfish decreased G6P activity in liver, gills, spleen and heart but 

increased activity in brain representative of metabolic down-regulation during oxygen-void 

conditions and maintenance of brain activity (Storey 1987). The same study found an increase in 

F26BP in the brain and heart, representing a switch from lipid to carbohydrate catabolism (Storey 

1987).  This tissue prioritization pattern has been observed earlier by Gracey et al., 2001 in 

Gillichthys mirabilis during hypoxia: phosphofructokinase-2 (PFK2)/ fructose bisphosphate-2, 

which modulates fructose-2,6 bisphosphate (F26BP), gene expression was upregulated in both 

liver and muscle, suggesting that this transcriptional activation may increase the capacity for 

allosteric regulation of glycolysis during hypoxia. Chronic hypoxic exposure on gulf killifish 

showed that enzymes related to glycolysis and glycogen metabolism too were suppressed in white 

muscle while they were enhanced in the liver (Martinez et al., 2006).  Tissue specific enzyme 

regulation is clearly important in the hypoxic response and emphasizes the importance of 

glycolytic metabolism in cyprinids amongst other hypoxia tolerant models. 

The glycolytic flux that is activated in goldfish sets in motion a unique metabolic pathway.  

Glycogen breakdown causes lactate accumulation which prevents further reduction of pyruvate to 

lactate and leads to metabolic acidosis.  However, maximal goldfish lactate accumulation is very 
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low and it is speculated that pyruvate carboxylase present in the red and white muscle has an 

important role in pyruvate catabolism by producing oxaloacetate and thus, stimulating pyruvate 

oxidation to prevent early lactate accumulation (Van den Thillart and Smit 1984; Dean and 

Goodnight, 1964).  Recent studies on lactate flux in rainbow trout subject to hypoxia indicates 

that under this duress there is an enhanced rate of lactate disappearance; although, not enough to 

compensate for the rate of appearance and consequently, lactate accumulates (Omlin and Weber 

2010).  However, in goldfish when pyruvate accumulates muscle the ethanol pathway involving 

ADH is implemented and avoids self-pollution by glycolytic end products.   

1.8 Goldfish as a Study Species 

The common goldfish, Carassius auratus, is a longstanding model for hypoxia and even anoxia 

tolerance, exhibiting a suite of adaptations under hypoxic insult that facilitate continued 

metabolic function (Shoubridge and Hochachka 1980; Sollid and Nilsson 2006; Van den Thillart 

and Van Waarde 1985).  These adaptations evolved from their environmental niche: the annual 

overwintering hypoxia that occurs during the freeze over of ponds.  As such, many of these 

adaptations are cold-induced oxygen acquisition strategies; gill morphology remodeling (Sollid 

and Nilsson 2006) and increased oxidative capacity i.e. mitochondrial density, are both employed 

during cold acclimation and enhance oxygen metabolism (Gudderley 1990).  In goldfish and 

crucian carp, an increased oxidative capacity during environmental hypoxia and cold acclimation 

may facilitate the diffusion of oxygen to mitochondria.  Parallel responses may be observed in 

seemingly different physiological stresses,  in the related warm water cyprinid, zebrafish, exercise 

and cold acclimation both increased the aerobic phenotype of fish via increased oxidative enzyme 

activities but represent very different transcriptional regulation (McClelland et al., 2006).  In 
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goldfish, the coordinated response of cold acclimation and hypoxia directly illustrate the niche-

driven evolution that enables activity during low seasonal oxygen tensions. 

Studies of aerobic exercise training in goldfish are limited.  However, aerobic training 

regimes have induced an increase in aerobic capacity in red muscle (Johnston et al., 1977) as 

well, as enhanced swim performance and morphological oxygen acquisition parameters at the 

expense of white muscle glycogen (Davison and Goldspink 1978; Fu et al., 2011; Smit et al., 

1971).  Aerobic exercise and hypoxia are very different physiological challenges.  Hypoxic 

response requires a reduced metabolic demand supplied predominately by carbohydrate substrates 

(Bickler and Buck 2007).  In comparison, aerobic exercise in goldfish fuelled sustained exercise 

with predominately anaerobic pathways at an elevated metabolic rate (Smit et al., 1971).  The 

goldfish phenotype has an inherently low glycolytic flux rate and large carbohydrate stores that 

are useful for prolonged hypoxic survival (Van den Thillart and Smit 1984).  Goldfish represent 

an interesting model to investigate the effect of aerobic exercise training, which is predicted to 

improve oxygen metabolic efficiency, on hypoxia tolerance, a condition that requires efficient use 

of available, albeit limited, oxygen. 

1.9 Exercise and Hypoxia 

A recent body of research has looked at the effect of aerobic exercise pre-conditioning on 

subsequent hypoxic response. In larval zebrafish, endurance training resulted in a significant 

decrease in energy expenditure during swimming which appeared to enhance survival under 

extreme hypoxia (Pelster et al., 2003).  A study conducted by Mandic et al., (2008) looked at the 

metabolic response to hypoxia vs. anaerobic exercise and analyzed how the fish recovered from 

each physiological stress.  Liver glycogen stores showed contrasting strategies in their recovery 
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response from hypoxia compared to exhaustive exercise in goldfish; meanwhile, ethanol was a 

ubiquitous metabolic end-product when tissue lactate levels were elevated by either physiological 

state (Mandic et al., 2008).  Fu et al., (2011) demonstrated that goldfish acclimated to hypoxia 

perform better during swim performance trials, in addition, a swim period of 48 h was sufficient 

to improve swim performance at the expense of glycogen stores in the white muscle.  This same 

study, showed that a 48 h exercise regime was enough to induce gill morphological changes, such 

that, gill surface area was increased to improve oxygen acquisition a similar acclimation as seen 

during the hypoxic response (Sollid and Nilsson 2006; Fu et al., 2011). Pairing multiple 

physiological stressors and/ or testing how acclimation to various stressors influence subsequent 

physiological responses provides insight on metabolic prioritization. 

Both acute exercise and hypoxia are characterized by increased lactate production and 

creatine phosphate (PCr) hydrolysis (Wang et al., 1994; Van Ginneken et al., 1995).  These 

physiological stresses modify energy production in response to changes in ADP, inorganic 

phosphate (Pi), intracellular pH (pHi), NAD/NADH (redox state) and PCr (Jibb and Richards 

2008).  .  Functional hypoxia occurs when oxygen becomes limited at the cellular tissue level.  In 

mammals, during maximal and submaximal exercise oxygen limitation is observed in 

mitochondrial oxidation state (Katz and Sahlin 1988).  Thus pyruvate accumulates because it is 

not reduced.  In effect, the LDH equilibrium triggers the production of lactate from accumulated 

pyruvate, H+ and NADH.  During exercise, the PDH complex, which oxidizes pyruvate, is still 

activated in coordination with these events for continued oxidative energy production (Putman et 

al., 1995).  Under these conditions, oxygen limitation for mammals may start at the mitochondria 

(Jobsis and Stainsby 1968).  Hence, the oxidation-reduction level of intracellular NAD+ is a 

sensitive indicator of oxygen availability in mitochondria.  As discussed, during environmental 
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hypoxia, tissue redox state was maintained in hypoxic goldfish to prolong energy production by 

initiating the production of an alternative end-product ethanol (Shoubridge and Hochachka, 1980) 

a pathway also activated during exhaustive exercise (Mandic et al., 2008).  The maintenance of 

redox states contributes to hypoxic and exercise response in order to sustain energy production. 

Environmental hypoxia has some distinct differences from oxygen limitation induced by 

exercise.  First, oxygen limitation is derived environmentally, not by metabolic imbalance, which 

represents the very different metabolic demands of the two physiological stresses.  As such, 

metabolic processes are often suppressed during hypoxia (Bickler and Buck 2007). For example 

after 3 h of severe hypoxia in the gulf killifish, PDH activity in the muscle was depressed by 50% 

in addition to an overall depression of ATP (Richards et al., 2008).   Tissue demands and 

recruitment are likely very different during exercise and hypoxia; whereby, hypoxia is more 

reliant on sustained liver function whereas; exercise clearly is more reliant on muscle (Gracey et 

al., 2001; Mandic et al, 2008; Nilsson 1990; Smit et al., 1971).  Although both perturbations, 

exercise and oxygen limitation, initiate lactate production in response to pyruvate accumulation, 

the environmental hypoxia response strategy aims to depress metabolism whereas, exercise aims 

to enhance metabolic turnover to fuel locomotive processes leading to contrasting tissue 

recruitment preparing for obviously different physiological functions (Bickler and Buck 2007; 

Richards et al., 2002b). 

1.10 Enzymes of Research Focus 

Pyruvate kinase (PK) converts phosphoenolpyruvate and ADP into pyruvate and ATP.  It is a 

rate-limiting enzyme that may be used to represent the maximum capacity for glycolytic flux.  

Activation of PK was important in the coordinated regulation of glycolysis in hypoxia and 
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anaerobic conditions when the change in glycolytic flux during transition from rest to activity 

needs to be large enough to provide sufficient energy for contractile activity (Zammit et al., 

1978).  Additionally, PK is under tight metabolic control: allosterically inhibited by ATP and 

alanine and activated by fructose 1,6-bisphophate (F16BP) and (PEP) enabled tight control of PK 

activity between anaerobic and aerobic metabolism (Johnston 1975).  Moreover, gluconeogenic 

activation by glucagon is accompanied by a profound inhibition of PK activity whereas; 

gluconeogenic inhibition by insulin is accompanied by increased PK activity in rainbow trout 

hepatocytes (Petersen et al., 1987).  During exhaustive exercise there was an increase in glucose 

6-phosphate (G6P), fructose 6-phosphate (F6P) and F16BP, which activate both PFK and PK in 

carp white muscle to enhance glycolytic flux (Driedzic and Hochachka 1976).  In contrast, 

exercise training on zebrafish at 30% of their Ucrit had no effect on muscle PK after 3 weeks 

(McClelland et al., 2006).  The PK activity in goldfish white muscle was lower than that of most 

other teleosts (Zammit et al., 1978); which reflects the low glycolytic flux of this fish (Thillart 

and Smit 1984).  With the large anaerobic dependence for sustained swimming in goldfish (Smit 

et al., 1971) in addition, to the frequent transitions from anaerobic to aerobic metabolism during 

environmental hypoxia, there is likely a fine-tuned regulation of this enzyme in goldfish. 

Lactate dehydrogenase (LDH) is a reversible enzyme that catalyzes the following reaction: 

pyruvate + NADH ↔ lactate + NAD+ + H+ and operates in the forward direction in response to 

pyruvate accumulation, in order to retain redox state for continued energy production. In the 

cytosol of working rat muscle, the large negative change in standard free energy for LDH and the 

accumulation of pyruvate, H+ and NADH favor lactate formation (Brooks et al., 1999).   

However, dependent on the substrates that are available and the LDH isozyme, the direction of 

the reaction may shift.  As outlined by Somero (1973) two main fish isozymes of LDH exist: H4 
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has a high affinity for pyruvate which inhibits this isozyme resulting in a limited ability to convert 

pyruvate to lactate and is found in more aerobic tissues and M4 has a much lower affinity for 

pyruvate, lesser sensitivity to pyruvate inhibition and therefore, under high pyruvate 

concentration produces lactate to support high flux through anaerobic glycolysis such that is 

required by more anaerobic tissues.  The LDH H4 (LDH-B4) exists mainly in aerobic tissues, 

such as heart tissue, to metabolize lactate to pyruvate particularly during aerobic recovery 

(Almeida-Val et al., 2011).  Goldfish have a unique liver-specific LDH that is kinetically, 

physically and immunochemically much more closely related to LDH H4 than LDH M4 (Wilson 

et al., 1973); furthermore, both LDH M4 (WM anaerobic) and H4 (heart/RM aerobic) subunits 

are synthesized in skeletal muscle and are randomly assembled to form all 5 tetrameric isozymes.  

Goldfish LDH isozyme patterns for cardiac and red muscles were almost identical (Wilson et al., 

1973) and reflects these tissues’ aerobic nature. Meanwhile, goldfish liver LDH isozymes showed 

reaction rates independent of pyruvate concentration while white muscle LDH isozymes did not 

which, may also represent liver’s aerobic/ oxidative contribution to metabolism (Hochachka 

1965).   LDH isozyme plasticity has been documented in rainbow trout swum continuously at 

sustained speeds whereby, the LDH isozyme became better able to scavenge lactate such that 

more pyruvate would be channeled into the TCA cycle (Davie et al., 1986).  Furthermore, LDH 

M4 (LDH-A4) gene expression increased in response to anoxia and acute hypoxia in skeletal and 

cardiac muscle of the Amazonian Oscar but decreased in response to graded hypoxia (Almeida-

Val et al., 2011).  The LDH enzyme is very robust and ubiquitously expressed in living 

organisms.  Its activity profile in carp red muscle acclimated to 12oC was 756 U (g tissue)-1 and in 

white muscle 1050 U (g tissue)-1 when assayed at 20oC (Moyes et al., 1989).  In comparison, 

goldfish, closely related to carp, had a white muscle activity of 260 U (g tissue) -1 that is lower 
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than its red muscle activity of 400 U (g tissue) -1 and liver showed intermediate activity at 310 U 

(g tissue) -1 when fish were acclimated to 15oC (Van den Thillart and Smit 1984).  The lower 

LDH activity of goldfish may contribute to a greater hypoxia tolerance.   

Alcohol dehydrogenase (ADH) activity in the muscle tissue of goldfish converts acetaldehyde 

and NADH to ethanol and NAD+ which consumes protons and maintains the redox potential for 

continued anaerobic glycolysis (Mourik et al., 1982; Shoubridge and Hochachka 1980).  Goldfish 

have a unique PDH complex that forms in the mitochondrial matrix of muscle tissues and 

converts pyruvate to acetaldehyde, which is subsequently, released into the cytosol and converted 

to ethanol by ADH (Shoubridge and Hochachka 1980; Van Waarde et al., 1991). A high ADH 

activity is found in the red muscle, four times that of white muscle, and associates ethanol 

production with these tissues (Mourik et al., 1982).  The capacity for ethanol production 

facilitates the maintenance of redox potential by generating NAD+ for the anaerobic glycolytic 

pathway to continue to generate ATP under oxygen limiting conditions.  During severe hypoxia, 

half of goldfish muscle glycogen breakdown is accounted for by ethanol production and loss, 

emphasizing the limited recovery of this carbon substrate (Mandic et al., 2008).  Meanwhile, 

ALDH which can oxidize acetaldehyde, in addition to a variety of other aldehydes to their 

corresponding acids, is spatially separated from ADH in crucian carp tissues and showed greatest 

activity in the gills and kidney (Nilsson 1988).  This spatial separation of ADH and ALDH, 

especially in muscle tissue, is unique to cyprinids and important for ethanol production because 

ALDH oxidizes acetaldehyde.  However, liver tissue, which had low ADH activity and does not 

produce ethanol, does show ethanol accumulation, and this may posit a potential role for 

oxidative metabolism of ethanol and retention of the carbon substrate (Dorigatti et al., 1997; 

Mandic et al., 2008). 
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Citrate synthase (CS) operates under aerobic conditions to convert acetyl CoA, produced by 

PDH from pyruvate, into citrate for oxidation concomitant with the formation of reducing 

equivalents (NADH, FADH2) in the tricarboxylic acid (TCA) cycle.  These reducing equivalents 

carry energy from the oxidized substrates in the TCA cycle to the ETC for oxidative 

phosphorylation and the production of ATP.  Expression of CS, 5’adenosine monophosphate 

activated protein kinase (AMPK), peroxisome proliferator-activated receptor gamma coactivator 

1 alpha (PGC-1α) and  nuclear respiratory factor-1 (NRF-1) activation, are used as indicators of 

mitochondrial biogenesis, increase in response to exercise in mammals (Wright et al., 2007; 

Bergeron et al., 2001) and reflect the aerobic potential of tissues.  CS increased its activity in 

response to aerobic swim training regimes in the heart and muscle tissues of fish (Farrell et al., 

1990, McClelland et al., 2006) demonstrating the capacity for aerobic potential to be increased by 

sustained swimming.   

1.11 Hypotheses 

The aim of this study was to determine the effect of an intermittent aerobic exercise training 

regime on carbohydrate metabolism during subsequent hypoxic exposure and recovery by 

measuring a) enzymes representative of glycolytic and oxidative pathways; b) key metabolic 

substrates and “waste” products along the carbohydrate pathway; and c) across a range of 

important carbohydrate storage tissues. 

Hypothesis 1:  aerobic exercise training should increase the oxidative potential of the tissues 

measured, particularly in red muscle and heart tissue. 
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Hypothesis 2: an enhanced aerobic metabolic capacity will reduce anaerobic flux in trained fish 

subject to hypoxia and therefore, glycogen will be more conserved, lactate accumulation will be 

reduced, and ATP levels will be maintained. 

Hypothesis 3:  ethanol accumulation will be reduced in trained fish along with reduced lactate 

accumulation.  In addition, ADH levels will also be suppressed in the trained group responding to 

hypoxia. 

Hypothesis 4: the recovery from any metabolic disturbance caused by hypoxia will be removed 

faster in fish preconditioned with aerobic exercise training 
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Figure 1. This is a schematic of anaerobic and aerobic glycolysis, specifically pyruvate 
metabolism and includes key metabolites, and enzymes in bold capitals. The enzymes measured 
in this study are circled in bold.  The redox reactions from pyruvate to lactate, acetaldehyde to 
ethanol and acetaldehyde to acetyl CoA are provided.  Substrate level phosphorylation occurs 
between glycogen to pyruvate however, is only depicted here between PEP and PYR.  The 
glyceraldehyde dehydrogenase steps are not included.   
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Chapter 2 

The effect of short-term intermittent aerobic exercise training on the 

carbohydrate metabolism of goldfish (Carassius auratus) subject to 

environmental hypoxia 

2.1 Introduction 

The availability of oxygen alters the metabolic response of aquatic species particularly when 

limited.  Oxygen limitation is a frequented physiological challenge in aquatic environments, as a 

result of tidal and seasonal variation, and results in environmental hypoxia (Love and Rees 2002; 

Vornanen 1994; Scott et al., 2008; Sloman et al., 2006).  In addition, oxygen limitation may also 

occur at the tissue interface under environmentally well-oxygenated conditions in response to 

strenuous swimming whereby, a functional hypoxia, or functional anaerobiosis, is created and 

oxygen supply no longer meets tissue demands (Mandic et al., 2008).  Studies show that 

environmental hypoxia tolerance is improved with acclimation to environmental hypoxia (Fu et 

al., 2011; Pelster et al., 2003).  Furthermore, exercise training can improve parameters of aerobic 

metabolism of muscle and heart tissue in fish (Farrell et al., 1990; Gallaugher et al., 2001) 

therefore, improving exercise capacity and presumably, delaying the onset of functional hypoxia.  

Improvements in swim performance and hypoxia tolerance in response to acclimation to short-

term aerobic exercise training and hypoxia respectively have been recently documented for 

goldfish (Fu et al., 2011).  The current study aims to determine whether preconditioning goldfish, 

a hypoxia tolerant species, with an intermittent longer-term aerobic exercise training regime 
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could change and/or improve how the fish responds to hypoxia with specific focus on cross-tissue 

carbohydrate metabolism. 

Goldfish, as part of the cyprinid family, are not considered an athletic species because of their 

environmental niche and studies to date show a mixed response to aerobic exercise training 

regimes (Davison and Goldspink 1978; Fu et al., 2011; Smit et al., 1971).  However, aerobic 

exercise training has been shown to increase the efficiency of oxygen delivery, metabolism, and 

increase overall, energetic turnover in many teleost species (Farrell et al., 1990; Hinterleitner et 

al., 1992; Pelster et al., 2003; Sanger 1992).  Recent studies by Fu et al., 2011 demonstrate that 

aerobic training will induce gill morphological changes within 48 h of aerobic swimming at 70% 

Ucrit.  Hence, a functional hypoxia at the tissue level produced during aerobic training, increased 

oxygen demands enough to trigger a similar morphological response as seen during hypoxia 

(Sollid and Nilsson 2006).  In fact, changes caused by hypoxic acclimation improved the Ucrit of 

goldfish (Fu et al., 2011).  Circulatory modulation is documented in other teleost species to 

enhance oxygen extraction from the environment by increasing oxygen hemoglobin affinity in the 

blood and tissue capillarization (Burggren 1982; Sanger 1992; Wood and Johansen 1972).  At the 

tissue level, aerobic capacity is enhanced by increasing the overall muscle mass of aerobic tissues 

such as the heart for improved pumping output, increased fibre number and diameter in muscle 

tissues, increased mitochondrial density, greater surface area of cristae within the mitochondria 

and increasing the capacity of key aerobic enzymes such as citrate synthase and HOAD (Johnston 

and Bernard 1984; Pelster et al., 2003; McClelland et al., 2006; Moyes et al., 1992).  Hence, 

typically exercise training regimes and exhaustive exercise recovery shift to a more lipid 

dominated fuel source for optimum energy output with a decreased dependence on protein 

catabolism in salmonid species (Lauff and Wood 1997; Wang et al., 1994).  However, fuel 
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selection and subsequent metabolic outcomes occurring during exercise is complex in teleost 

species and are specific to the species, swim speeds of exercise and total swim duration (Davison 

1997; Davison and Goldspink, 1977).  Carassius shows a reliance on glycogen for energy 

production during sustained swimming across a broad range of swim speeds (Davison and 

Goldspink 1984; Driedzic and Hochachka 1976; Johnston and Goldspink 1973; Smit et al., 

1971).  In corroboration, during high speed sustainable swimming goldfish derive almost 80% of 

their energy requirements anaerobically and survive well at these high speeds due to the ability to 

metabolize glycogen anaerobically without lactic acid accumulation (Davison and Goldspink 

1978; Smit et al., 1971).  A reduced accumulation of lactate in some species after exercise 

training may result from oxidation of waste products (lactate), produced anaerobically, by aerobic 

tissues such as red muscle, liver, and heart (Brooks 1998; Driedzic and Hochachka 1976; Girard 

and Milligan 1992; Milligan and Girard 1993; Sanger 1992; Wittenberger 1973).  It is posited that 

goldfish successfully swim at high sustainable swim speeds because they are able to metabolize 

glycogen anaerobically without concomitant lactate accumulation via export to red muscle for 

metabolizing and/or production of alternative end-products (Davison and Goldspink 1978; 

Wittenberger et al., 1975).  These acclimations enable the metabolic scope of the fish to increase 

by coordinating across tissues, supply and demand, such that waste-products are regulated in 

order to maximize energy acquisition for an enhanced overall energy output. 

In contrast, the goldfish response to environmental hypoxia aims to reduce energy output by 

decreasing metabolic demand via lowering metabolic rate (Hochachka 1985; Richards et al., 

2008). Cyprinids are well adapted to hypoxic insult having a suite of adaptational responses that 

enhance oxygen extraction from the environment and enable functional aerobic metabolism to 

operate at low critical oxygen thresholds (Van den Thillart and Van Waarde, 1985; Sollid and 
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Nilsson 2006).  Circulatory responses to hypoxia parallel the same demand for increased oxygen 

diffusion to tissues as seen in aerobic exercise training regimes and include modulation in blood 

oxygen carrying parameters and capillarization (Wood and Johansen 1972; Sanger 1992; 

Burggren 1982; Johnston and Goldspink 1973a).  Morphological responses increase gill surface 

area for oxygen extraction from the environment (Sollid and Nilsson 2006).  Tissue prioritization 

is an important component to the hypoxic strategy: maintaining key tissue functions in the brain 

and the heart while, reducing the function of other tissues such as white muscle contributes to the 

survival strategy of many fish (Martinez et al., 2006; Ngan and Wang 2009; Stecyk et al., 2004).  

During hypoxic insult fish compensate for reduced aerobic metabolism by increasing their 

proportion of anaerobic metabolism shifting to carbohydrate substrates for energy production 

(Mandic et al., 2008; Nilsson 1990; Walker and Johansen 1977) in addition to this, crucian carp 

and goldfish elongate fatty acids, an energy sink for the slow spinning TCA cycle, during hypoxia 

(Van Raaij et al., 1994; Van Waarde et al., 1991) and use alternative anaerobic end-products i.e. 

ethanol to avoid lactate accumulation (Mourik et al., 1982; Shoubridge and Hochachka, 1980). 

Carbohydrate metabolism is an essential component to the goldfish hypoxic response (Van 

den Thillart and van Waarde 1985; Walker and Johansen 1977) and is also recruited during 

sustained aerobic training to support metabolic demands (Davison and Goldspink 1978; Smit et 

al., 1971).  The large liver glycogen stores of goldfish fuel anaerobic metabolism when oxygen is 

unavailable to support metabolism albeit at a much-reduced metabolic rate during hypoxia (Jibb 

and Richards 2008; Van den Thillart and Smit 1984; Walker and Johansen 1977) and 

conceivably, a much higher rate during exercise.  Anaerobic metabolism results in the catabolism 

of carbon substrates, glucose and glycogen, for ATP production. Concomitantly, protons are 

formed by ATP hydrolysis and substrate level phosphorylation, which causes a subsequent 
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acidification.  The anaerobic end-product, lactate, is produced which maintains redox potential 

for continued glycolytic flux and alleviates metabolic acidosis by consuming a proton.  Lactate 

may be exported out of tissues; however, is retained within the system.  Anaerobic end-product 

accumulation is prevented in goldfish and crucian carp by a unique pyruvate dehydrogenase 

(PDH) complex in the mitochondria of red and white muscle tissue that is able to decarboxylate 

pyruvate to form acetaldehyde under anaerobic conditions (Mourik et al., 1982), acetaldehyde is 

subsequently reduced to ethanol in the cytoplasm by alcohol dehydrogenase (ADH) where it can 

easily diffuse out of the tissue and across the gills into the environment (Shoubridge and 

Hochachka 1980).  Ethanol production sustains redox potential and alleviates proton 

accumulation at the expense of carbon substrate losses during sustained anaerobic challenges 

(Mandic et al., 2008; Shoubridge and Hochachka 1980).   

Exercise and hypoxia represent similar goals in terms of oxygen acquisition; however, very 

different metabolic demands (Mandic et al., 2008).  Hypoxia is shutting down non-essential 

functions where it is often important to reduce metabolic flux; whereas, exercise is up-regulating 

systems, increasing metabolic flux and integrating energetic supply and demand between 

compartments for whole system regulation.  The two physiological challenges represent some 

parallel strategies for oxygen acquisition and metabolic regulation (Fu et al., 2011; Mandic et al., 

2008).  However, exercise and hypoxia exposure also result in very different tissue responses 

(Mandic et al., 2008).  The question becomes: Will preconditioning with short-term intermittent 

aerobic exercise training enhance hypoxia tolerance?  We aim to investigate this by measuring 

metabolic and enzymatic parameters of carbohydrate metabolism in goldfish. 

With the measurement of carbohydrate metabolites in the main storage tissues of the fish in 

combination with the maximum capacities of key metabolic enzymes we hope to elucidate a 
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semi-quantitative estimate of the maximum metabolic flux through the glycolytic pathway 

(Newsholme et al., 1978).  We will attempt to elucidate the effect of any shifts in carbohydrate 

metabolism that may influence the effect of a preconditioning aerobic exercise-training regime on 

hypoxia tolerance in goldfish. 

2.2 Materials and Methods 

2.2.1 Experimental Animals 

Common goldfish (Carassius auratus) (n=62, 21.5-39.5 g) were purchased from DAP 

International (Mississauga, Ontario) in the late fall one month before experimentation.  Fish were 

acclimated held in 400 L fiberglass holding tanks supplied with well-aerated and dechlorinated 

Kingston tap water prior to use.  All fish were acclimated to laboratory conditions for one month 

in the holding system that was kept at 20.0 ± 2oC and the oxygen content maintained above 8 

mg/L. Fish were then transferred to a recirculation aquarium system and randomly allocated to a 

separate critical swim speed (Ucrit ) determination group (N = 16), normoxic trained (T, N=8), 

normoxic untrained (UT, N=8), hypoxic trained (HT, N=8), hypoxic untrained (HUT, N=8), 

hypoxic trained recovery (HTR, N = 7), and hypoxic untrained recovery (HUTR, N = 7) 

treatments.  In the recirculation system, fish were acclimated for one week prior to the start of 

their respective experiments.  Water quality controls were kept consistent with the flow through 

system.  Fish were fed daily to satiation with a combination of commercial fish pellets and flake 

food (NutraFin).  All animal procedures were approved by an institutional animal care committee 

and followed the guideline of Canadian Council on Animal Care. 

2.2.2 Experimental Design 
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Three experimental series were carried out to investigate the effect of aerobic swimming training 

on the response of goldfish to short-term hypoxic exposure and their recovery from hypoxic 

exposure. All experimental series compared the response of respective fish under normoxic 

condition with or without training. There was no significant difference across treatments in the 

average condition factor (CF), a measure of the robustness or general well-being of the fish, 

calculated at the end of the experiment (UT, 3.35 ± 0.14; T, 3.09 ± 0.10; HUT, 3.24 ± 0.09; HT, 

3.09 ± 0.18, HUTR, 3.15 ± 0.09, HTR, 3.41 ± 0.09; P < 0.05). 

CF = (mass x length-3) x 100 

The CF is calculated using mass measured in g and length measured in cm. 

Using a Blaska-style swim tunnel fish Ucrit was determined (N = 16).  Fish swam against pre-

set increasing current velocity increments (uii) until exhaustion, defined as when the fish rested 

against the back grid of the swim tunnel and was unable to remove itself for 10 seconds. Ucrit was 

calculated using the formula developed by Brett 1964. 

Ucrit = ui + (ti/tii x uii) 

A predetermined velocity of increase is selected (uii ~ 0.7 BL/sec) and a set time interval (tii = 30 

min) over which the fish must complete each incremental velocity increase was selected. Using 

the final velocity that the fish was able to swim at and complete the entire time interval (ui) and 

the amount of time the fish was able to swim at the final swim velocity reached (ti) Ucrit speeds 

were determined in (cm/sec).  Using individual fish forklength (cm) Ucrit was standardized to 

individual fish bodylength (BL/sec). Fish that were unable to swim during Ucrit or over the time-

course of the training regime were removed from the experiment.  The remaining fish used in the 

experiment has been selected to represent a more aerobic phenotype.  Water quality parameters 
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were kept as consistent as possible to holding conditions: temperatures maintained at 20oC ± 2, 

oxygen did not drop below 7.0 mg/L, and ammonia never accumulated to toxic levels.  

The final average Ucrit was calculated to be 5.1 ± 0.25 BL/sec.  Following Ucrit calculation, 

fish were swum at 50% Ucrit for 10 hours over 2 days to acclimate the fish to the tunnel 

environment.  Thereafter, fish were trained at 70% Ucrit 10 h a day for 7 days.  Over this period, 

holding conditions were consistent with the acclimation period.  After each daily training bout 

fish were transferred from the swim tunnel to a recirculation holding aquarium and fed to 

satiation.  Associating feeding with handling has been shown to reduce handling stress in goldfish 

(Rush and Umminger, 1978). 

Following this training protocol fish were netted and transferred into 4 L glass jars with water 

recirculation and left overnight (12 h).  Normoxic fish were left an additional 12 h before terminal 

tissue sampling.  Hypoxic exposed fish were introduced to static hypoxia, after 12 h recovery 

from final exercise bout, by covering the jars surface with the water gassed with a mixture of 

nitrogen and air (GF-3/MP Gas Mixing Flowmeter; Cameron Instrument, Matey et al., 2008).  

Oxygen levels were gradually dropped over the first 2 h from 9 mg L-1 to 0.70 mg L-1 and were 

maintained at this level for the entire hypoxic exposure (12 h).  After 12 h hypoxia fish were 

terminally sampled for tissue.  Every 2 h a 50% water exchange with fresh hypoxic water was 

conducted in the experimental chamber to minimize toxic effects caused by nitrogenous and other 

waste accumulation.  Total ammonia levels in water were measured and never exceeded 0.25 mg 

L-1 well below toxic levels for goldfish.  The hypoxic recovery treatment fish (HTR/HUTR) 

underwent the same 12 h recovery from training, followed by 12 h hypoxia, followed by 1 h of 

aeration of the experimental chamber before terminal sampling.  
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2.2.3 Dissection Protocol 

Fish were lethally anesthetized in MS-222 (0.80 g MS-222 and 2.0 g NaHCO3 per liter of water).  

Blood was drawn using 1ml syringe (heparinised with 50 U mL-1) via caudal puncture.  Blood 

plasma was obtained through centrifugation at 7,500g for 2 min and separated plasma was stored 

on ice until transfer to the –80 oC freezer.  White muscle, red muscle, heart and liver were excised 

and flash frozen in liquid nitrogen until transfer to the –80 oC freezer.  White muscle was 

dissected dorsal to the lateral line and red muscle was dissected from the lateral line. 

2.2.4 Analytical Measurements 

Metabolites 

Tissues were homogenized in ice-cold 6% perchloric acid (PCA) using a motorized tissue mixer 

(PowerGen 125, Fisher Scientific).  The ratio of fresh weight tissue (FW) to PCA was 1:8 (50 mg 

FW to 350 µL 6% PCA).  Homogenates were divided into aliquots for glycogen, glucose, lactate 

and ATP measurements and neutralized with 2.5 M K2CO3.  All NAD+-coupled reactions were 

measured on the spectrophotometer at a wavelength of 340 nm.  Metabolites measured were run 

parallel with a known standard curve and all assays were modified from Bergmeyer (1986) 

described in brief below.  Metabolite units are expressed in mmol (kg wet wt tissue)-1 (mmol kg-1) 

except for plasma metabolites that are expressed as mmol (L fluid)-1 (mmol L-1).  All metabolites 

were measured using a SpectraMax microplate reader (Molecular Devices, Sunnyvale, California, 

USA). 

Glycogen and Glucose. The addition of 0.2 M acetate-NaOH (pH 4.8) was added to each sample.  

Aliquots for glucose and glycogen were taken for separate measurement. Glycogen was digested 

into glucose with excess amyloglucosidase (1.2 UL-1) over a 3 h incubation period at 40 oC with 

intermittent vortexing to ensure full digestion. Following incubation, the reaction was terminated 
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with the addition of 4 M Tris-HCl (pH 7).  The aliquots for glucose and glycogen were 

centrifuged for 10 min at 10 000 g  and the supernatants and standards were assayed in 10 mM 

ATP, 2.5 mM NAD+,  and 0.3 M triethanolamine (TEA) buffer with excess glucose-6 phosphate 

dehydrogenase (G6PDH) (pH 7.5).  A background reading, absorbance 1 (A1) was taken prior to 

a 15 min of incubation with excess hexokinase (HK) and a second subsequent absorbance reading 

(A2).  Glycogen and glucose values were derived from subtracting A1 from A2 and applying the 

known standard curve.   

Lactate. Aliquots were centrifuged for 10 min at 10 000 g.  Supernatants and standards were 

assayed in glycine buffer (0.6 M glycine, 0.2 M hydrazine buffer), 2.5 mM NAD+, and excess 

lactate dehydrogenase (LDH) (pH 9.2).  The assay was incubated for 60 min at 40 oC before 

reading absorbance on the spectrophotometer.   

ATP. Directly following homogenization, samples were neutralized and centrifuged for 10 min at 

10 000 g and 4 oC.  Supernatants and standards were assayed in 0.1 M TEA buffer, 0.5 mM 

NAD+, 1 mM D-glucose, and excess G6PDH (pH 7.5).  An absorbance reading (A1) was taken 

before 20 min incubation with excess HK at room temperature and a second absorbance reading 

(A2) was taken thereafter. Subtracting the background absorbance A1 from A2 and applying the 

known standard curve determined ATP values.     

Ethanol. Powdered tissue was homogenized using a motorized tissue mixer (PowerGen 125, 

Fisher Scientific) in 6% PCA and neutralized in 2 M KOH before centrifugation for 2 min at 12 

000 g and 4 oC.  Supernatants and standards were assayed in 114 mM K4P2O7, 1.86 mM NAD+, 

15 UL-1 ALDH and left to incubate at room temperature for 15 min before taking the initial 

background absorbance reading (A1) at 340 nm.  Next, 1800 UL-1 ADH was added to each well 

and left to incubate for 60 min at room temperature before taking a second absorbance reading 
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(A2) at 340 nm.  Subtracting the background absorbance A1 from A2 and applying the known 

standard curve was used to determine ethanol concentration of samples.     

Enzymes 

Tissue Homogenization. For LDH, CS and PK enzyme activity assays, tissue samples were first 

pulverized in liquid nitrogen with mortar and pestle and then homogenized with a glass 

homogenizer in ice-cold 50 mM HEPES NaOH (pH 7.0) with 5 mM EDTA, and 0.1% Triton-X 

100.  ADH measurements were conducted using powdered tissue samples homogenized with the 

PowerGen 125 (Fisher Scientific) in ice cold 20 mM K2HPO4, 10 mM HEPES, 0.5 mM EDTA, 1 

mM DTT and 1 mM PMSF (pH 7.0). Following extraction, cytosolic ADH homogenates were 

centrifuged at 6400 g for 20 min at 4 oC.   

The reaction conditions for enzyme activity measurements were modified from (Bergmeyer 

1986), and for each tissue and enzyme measured conditions were optimized with respect to 

substrate concentration, cofactors and linking enzymes to obtain maximal activity.  Reactions 

were initiated with the addition of enzyme specific substrates.  For all enzymes measured, assays 

were performed on a SpectraMax microplate reader (Molecular Devices, Sunnyvale, California, 

USA) thermostated to 25 oC and all assay buffer solutions were also thermostated to 25 oC.   

Maximal enzyme activities were measured in triplicate biological replicates.  The enzyme activity 

was determined using the linear portion of the reaction in the first minute and measured in U (g 

wet wt tissue)-1.  Tissue homogenates or clarified extracts were kept on ice.  The final reaction 

conditions are provided below alongside enzyme specific measurement protocols.  All 

biochemicals and coupling enzymes were purchased from Sigma Aldrich (Oakville, ON), Roche 

Canada (Mississauga, ON), or Bioshop Canada (Burlington, ON). 
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Lactate Dehydrogenase:  A 0.2 mM NADH and 2 mM pyruvate in 50 mM HEPES (pH 7.4) 

reaction buffer was used.   The rate of absorbance change was taken at 340 nm on the day of 

homogenization. 

Citrate Synthase: After homogenization tissues were stored in the –20 oC freezer and after one 

freeze-thaw cycle to lyse mitochondria and achieve maximum enzyme activity measurements. 

The buffer consisted of the following: 0.2 mM acetyl-CoA and 0.1 mM DTNB in 50 mM Tris-

HCl (pH 8.1).  The reaction was initiated with the addition of 0.5 mM oxaloacetate.  Background 

thiolase activity was corrected for using a reference without oxaloacetate. The rate of absorbance 

change was measured at 412 nm.   

Pyruvate Kinase:  A 0.2 mM NADH, 5 mM phosphoenolpyruvate (PEP), 5 mM ADP, 0.05 mM 

fructose-1,6-bisphosphate (F16BP), and excess LDH in 50 mM HEPES, 100 mM KCl and 10 

mM MgCl2.6H2O (pH 7.4) reaction buffer was used. The rate of absorbance change was taken on 

the day of homogenization at 340 nm.  

Alcohol Dehydrogenase.  The assay buffer contained 100mM K2HPO4, 1 mM glutathione, and 

0.2 mM NADH (pH 8.0).  The assay was initiated by the addition of 8.9 mM acetaldehyde. 

Assays were completed on fresh homogenates.  Blank reactions (before acetaldehyde addition) 

were subtracted for calculation of enzyme activities.  The rate of absorbance change was taken at 

340 nm. 

2.2.5 Statistical Analysis 

Data values are presented as means (±S.E.M.) whereby n represents the number of fish used in 

each treatment group.  Statistical analyses were performed using SAS.  In order to specifically 

test for a training effect across treatments and account for additive differences that might occur, a 
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Generalized Linear Model was selected.  Differences were deemed significant when the p-value < 

0.05. 

2.3 Results 

2.3.1 Metabolites 

ATP. There was no training effect on [ATP] in white muscle, red muscle and liver under 

normoxic condition (Figure 2A, 2B, 2C). In white muscle there were significant ~50% decreases 

in ATP concentration in both trained and untrained treatments during hypoxia (Fig 2A, P< 

0.0001) and a significant ~70% depletion of [ATP] was observed in red muscle tissue (Figure 2B, 

P< 0.0001).  Similarly, during recovery both trained and untrained treatments responded with 

partial [ATP] recovery in white muscle (70%) and red muscle (60%) (P < 0.0001).  In liver tissue, 

hypoxia caused significant ~80-90% decreases in [ATP] regardless of training (Figure 2C, P < 

0.0001).  A significant training effect was observed on liver [ATP] concentration during hypoxic 

recovery causing a delayed recovery, 1.6 fold increase in trained fish compared to a 4-fold 

increase from hypoxic levels in untrained fish (Figure 2C, P = 0.0081).  

Glycogen. The glycogen levels of fish muscle were significantly changed after training as 

indicated by a reduction of 32% in white muscle (P = 0.0001) and 19% in red muscle (P = 

0.0012); however, liver glycogen was unchanged in response to training under normoxic 

condition (Fig 3A, 3B, 3C).  No training effect was observed in muscle responding to 12 h 

hypoxia.  Hypoxia caused significant glycogen depletion in white muscle by 56% in trained fish 

and only 3% in untrained fish (Fig 3A, P = 0.0314).  Similarly, in red muscle glycogen level was 

significantly depleted during 12 h hypoxia by 69% and 21% in trained and untrained fish, 

respectively (Fig 3B, P = 0.0005).  There was a significant recovery response from hypoxia that 
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increased glycogen, in white and red muscle without any training effect (Fig 3A, 3B, P< 0.0001).  

In contrast, there was a training effect in liver glycogen concentration during hypoxic exposure 

(Fig 3C, P = 0.0092); whereby, glycogen stores were depleted significantly to 23% of normoxic 

concentrations in trained fish while, untrained fish liver glycogen concentrations were only 

reduced to 47% of their respective normoxic concentrations.  Hypoxic recovery partially 

replenished liver glycogen stores in both trained (to ~ 60%) and untrained fish (to 80%, Fig 3C, P 

= 0.0015). 

Glucose. There was no training effect on [glucose] in white muscle, red muscle, liver, and plasma 

under normoxic condition (Fig 4A, 4B, 4C, 4D). In white muscle there was significant 8-9 fold 

increases of [glucose] (P = 0.0001) to ~4 mmol kg-1 after 12 h hypoxia and in red muscle 

approximate 11-fold increases to ~7.5 mmol kg-1 (Fig 4A, 4B, P = 0.0005).  No recovery from 

hypoxia was observed in white muscle; however, there was a hypoxic recovery response in red 

muscle that significantly increased glucose to ~10 mmol kg-1 by ~1.5-fold over the respective 

hypoxic level in both trained and untrained fish (Figure 4A, 4B, P =0.0479). There were 

significant increases in liver glucose 6-fold to ~25-30 mmol kg-1 after 12 h hypoxia in both 

trained and untrained fish (Fig 4C, P = 0.0005).   Correspondingly, plasma glucose levels were 

significantly elevated by almost 7-fold to ~15-20 mmol L-1 with 12 h hypoxia in both trained and 

untrained fish (Fig 4D, P = 0.0002).  A significant training effect was observed on liver [glucose] 

during hypoxic recovery that increased glucose to ~36 mmol kg-1 in trained and ~22 mmol kg-1 in 

untrained fish (Figure 4C, P = 0.0431).  A significant training effect was also observed on plasma 

[glucose] during hypoxic recovery; untrained fish plasma glucose was sustained  at ~20 mmol L-1 

while, trained fish plasma glucose almost doubled  to ~25 mmol L-1 from the respective  hypoxic 

level of ~ 15 mmol L-1 (Figure 4D, P = 0.0467). 
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Lactate. The [lactate] of goldfish was unchanged by training in white muscle, red muscle, and 

liver during normoxia (Figure 5A, 5B, 5C).  Training increased the plasma [lactate] by 15% to 1.0 

mmol kg-1 (Figure 5D, P = 0.0015).  Lactate significantly increased to ~15 mmol kg-1 in white 

muscle, ~24 mmol kg-1 in red muscle, ~30 mmol kg-1 in liver and ~ 6 mmol L-1 in plasma during 

12 h hypoxia in trained and untrained fish (P < 0.0001).  There was a significant 1.8 fold increase 

to ~26 mmol kg-1 in white muscle lactate during hypoxic recovery in both trained and untrained 

fish (Figure 5A, P < 0.0001).  Meanwhile, red muscle lactate levels were unchanged relative to 12 

h hypoxia after the hypoxic recovery period (Figure 5B). There was a training effect on liver 

lactate during recovery whereby, trained fish lactate loads were unchanged from previous 

hypoxic accumulation at 33 mmol kg-1 and untrained fish reduced liver lactate loads by 80% of 

their previous hypoxic load to 26 mmol kg-1 (Figure 5C, P = 0.0035). A significant training effect 

was also observed in plasma lactate during hypoxic recovery whereby, trained fish increased 

plasma lactate by 23% from previous hypoxia to ~7 mmol L-1 and untrained fish reduced lactate 

by 9% to mmol L-1 (Figure 5D, P = 0.0052).  

Ethanol. No training effect was observed in red and white muscle ethanol accumulation under 

normoxic condition, and white muscle had ~10-15 fold higher ethanol accumulation compared to 

red muscle (Figure 6A, 6B).   There was no significant ethanol accumulation in white muscle 

during12 h hypoxia in trained or untrained fish.  There was a training effect on white muscle 

ethanol recovery from hypoxia that caused a 12.5-fold decrease in trained white muscle ethanol 

concentration (Figure 6A, P = 0.0020).  In contrast, non-trained white muscle had less ethanol 

accumulate over the physiological challenge of hypoxia, and ethanol levels decreased only 1.8-

fold from previous hypoxic levels during recovery (Figure 5A) whereas there was more than 4-

fold decrease in trained fish.  During 12 h hypoxia red muscle significantly accumulated ethanol 
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by more than ~7 to 25-fold (P < 0.0001) and during hypoxic recovery ethanol was significantly 

reduced by ~50% in both trained and untrained fish without training effect (Figure 6B, P < 

0.001).  

2.3.2 Enzymes 

Maximal activities of some key glycolytic enzymes were measured in tissues of C. auratus to 

determine the effect of intermittent aerobic exercise training and its effect on the acute hypoxic 

response.  Enzyme activities expressed as units per gram are provided in Table 1 except for ADH 

activities, which are included in Figure 7.  Consistent with previous studies by others our 

measurements in liver had a higher standard error relative to other tissues measured (Van den 

Thillart and Smit, 1984).  All enzyme activities are discussed as % shifts in maximal activity 

whereby, activity was measured under optimal in vitro conditions at 25 oC. 

PK. Training decreased PK activity in white muscle by 21% under normoxic condition (P = 

0.0061).  PK activity was unchanged by training in red muscle, liver, and heart tissue under 

normoxic condition.  There was a hypoxic response in heart PK activity that caused a significant 

increase by 20-30% in trained and untrained fish, respectively (P=0.0032).  No differences in PK 

activity occurred in white muscle, red muscle, or liver in trained or untrained fish responding to 

12 h hypoxia. 

CS. Training increased CS activity by 72% in normoxic red muscle (P=0.0004).  No training 

effect was observed in white muscle, liver, or heart tissue during normoxic condition.  A hypoxic 

effect was observed in heart CS activity (P = 0.04), activity decreased by 24% in trained and 5% 

in untrained fish, respectively. No differences in CS activity occurred in white muscle, red 

muscle, or liver in response to 12 h hypoxia in trained and untrained fish.   
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LDH. There was no training effect on LDH activity in white muscle, red muscle, liver or heart 

during normoxic condition.  There was a 12 h hypoxia effect on red muscle LDH activity that 

caused a 15-20% reduction in both trained and untrained fish (P = 0.0048).  In addition, training 

significantly changed the hypoxic response of liver LDH activity that caused trained fish to 

maintain LDH activity; meanwhile, untrained fish decreased liver LDH activity by 26% (P = 

0.0399). LDH activity did not change in response to 12 h hypoxia or trained fish responding to 12 

h hypoxia in white muscle and heart (Table 1).   

ADH. There was no training effect observed in ADH activity of white or red muscle under 

normoxic condition (Figure 7A, 7B).  There was a training effect on ADH activity in liver tissue 

that increased trained fish ADH activity 1.6-fold (Figure 7C, P = 0.04). A training effect occurred 

after 12 h hypoxia in white muscle that reduced ADH activity by ~35% in trained and untrained 

fish (Figure 7A, P < 0.0001).   A significant training effect occurred in red muscle tissue that 

decreased ADH activity by ~50%  during 12 h hypoxia in trained fish while, untrained fish red 

muscle ADH activity was unchanged (Figure 7B, P = 0.0007).   There was no effect in liver tissue 

of trained or untrained fish in response to 12 h hypoxia (Figure 7C).  A training effect was 

observed in white muscle ADH activity that caused trained fish to increase ADH activity 1.3 

times its previous hypoxic levels; meanwhile, untrained white muscle increased ADH activity 

significantly more, by 2-fold previous hypoxic activities (Figure 7A, P < 0.001).  There was also 

a hypoxic recovery response in red muscle ADH activity elevating activity ~1.4 times in trained 

and untrained fish from 12 h hypoxic activities (Figure 7B, P < 0.0001).    In addition, liver ADH 

activity had a training effect in response to hypoxic recovery that significantly reduced ADH 

activity relative to previous hypoxia by 32% in trained fish; meanwhile, untrained fish liver ADH 

activity was unchanged (Figure 7C, P < 0.05). 



 

 

44 

 

2.4 Discussion 

2.4.1 Metabolic Profile Shift during Exercise 

Aerobic exercise training altered the carbohydrate metabolic profile of goldfish predominantly in 

muscle tissue. Glycogen storage patterns were similar to previous studies on cyprinids superficial 

red muscle had a glycogen concentration two times that of the white muscle in carp (Johnston 

1975). A decrease in both red and white muscle glycogen stores shaped a leaner fish and 

indicated that stores were accessed to fuel swimming without subsequent restoration after 24 h 

recovery (Figure 3).  Carbohydrate use by goldfish during aerobic swimming has been 

demonstrated previously (Davison and Goldspink 1978; Fu et al., 2011).  However, it is 

important to consider the exercise regime, sampling and feeding protocol of these studies.  Fu et 

al., (2011) looked at one bout of 48 h exercise and withheld feeding an additional 49 h post 

exercise before terminal sampling for metabolite measurements.  Meanwhile, Davison and 

Goldspink (1978) used a 28 days sustained swimming protocol with morning feed to satiation and 

terminal sampling following the 28th day of exercise.  In comparison, the current study’s aerobic 

exercise regime used an intermittent, repeat exercise regime requiring daily recovery, included 

daily feeding to satiation and allowed for feed and recovery (24 h) before terminal sampling. In 

effect, glycogen restoration after 24 h recovery does not appear to be prioritized.  The ability to 

restore an approximate 65% of glycogen depletion by 4 h recovery has been documented in white 

muscle of goldfish after severe hypoxia exposure (Mandic et al., 2008).  In red muscle after 200 

min of sustained swimming (~ 50% fatigue level), goldfish recovered glycogen stores in 30 min 

(Johnston and Goldspink 1973a).  This suggests that the capacity for white and red muscle 

glycogen recovery after 24 h after sustained exercise exists.  A less “bulky” fuel storage profile 
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may be beneficial for goldfish subjected to the exercise regime of this present study.  During 

submaximal aerobic exercise i.e., 70% Ucrit swimming, anaerobic glycolytic energy production 

fuelled a large proportion of metabolism in coalfish and goldfish (Johnston and Moon 1980; Smit 

et al., 1971). The trained goldfish of this study depleted muscle glycogen in response to 

swimming and these stores remained depleted following 24 h recovery (Figure 3). In humans 

exercise induced depletion of slow-twitch fibre glycogen lead to faster recruitment of fast-twitch 

fibre recruitment and elevated oxygen utilization during subsequent dynamic exercise (Krustrup 

et al., 2004).   Potentially, trained goldfish muscle glycogen depletion may also cause faster faster 

white muscle recruitment and greater oxygen use during metabolic demand.  Lactate produced in 

cyprinids may be transported to aerobic tissues, such as red muscle, for oxidation (Hinterleitner et 

al., 1992; Wittenberger et al., 1975; Milligan and Girard 1993). At the cellular level lactate may 

be transported to mitochondria of tissues for in situ oxidation as documented in mammals 

(Brooks 2002; Sahlin et al., 2002).  In parallel lactate can enter the glycogenesis pathway in situ 

and/or in other oxidative tissues, such as red muscle and liver, to maintain metabolic fuel balance 

(Dalla Via et al., 1997; Milligan and Girard 1993).  In situ glycogenesis after metabolic 

disturbances causing lactate accumulation occurs in salmonid species and the benthic species, 

common sole; however, the role of in situ glycogenesis in goldfish is less defined.  Anaerobic 

metabolism fuelled 80% of energy demand during sustained swimming in goldfish.  Moreover, 

carbohydrate substrates likely were preferred fuel for sustained swimming in rainbow trout and 

coal fish suggested by the increased glycolytic enzyme activities in red muscle (Johnston and 

Moon 1980a; Johnston and Moon 1980b). Potentially, better access and more aerobic use of 

glycogen in muscle, in combination with more effective end-product metabolism may enable a 

leaner fish to be more energetically efficient during aerobic exercise (Weber and Haman 1996).  
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Availability of glycogen did not limit burst exercise endurance in juvenile rainbow trout or 

aerobic exercise in mice (McFarlane and McDonald 2002; Gomez et al., 2009). 

The glycogenolytic function of liver is well established by other studies and is activated 

rapidly during anaerobic demand (Jansssens and Lowry 1987; Jibb and Richards 2008; Walker 

and Johansen 1977).  It seems reasonable that liver may be involved in goldfish carbohydrate 

metabolism during aerobic training given that goldfish fuel sustained swimming predominantly 

using anaerobic pathways (Smit et al., 1971).  Coalfish used white muscle glycogen stores during 

sustained swimming, and mobilized liver glycogen to support swimming musculature as exercise 

intensity increased (Johnston and Goldspink 1973b).  In rainbow trout, in situ white muscle 

lactate recovery was improved when the liver was removed from circulation in vivo, hepatocyzed 

(Milligan and Girard 1993). The liver glycogen stores were unchanged by intermittent aerobic 

exercise training in goldfish (Figure 3).  Liver glycogen stores are either not being used by 

goldfish during the aerobic exercise or fully recovered, preferentially to muscle glycogen, by 24 h 

recovery.  

Training enhanced the oxidative capacity of red muscle in goldfish as illustrated by increased 

maximal activity of CS but no change in CS activity occurred in white muscle (Table 1).  Given 

the aerobic nature of the swimming regime employed in this study an enhanced oxidative 

potential would improve the efficiency of energy production.  No change in CS activity in white 

muscle tissue may indicate that the duration of aerobic training used was not long enough to 

change CS activity.  A similar increase in muscle CS activity and transcription levels was 

documented in zebrafish after aerobic exercise training at 30% Ucrit over 3 weeks (McClelland et 

al., 2006).  Meanwhile, training decreased PK activity in white muscle, which may indicate a 

reduced flux through glycolysis in white muscle or increased glyconeogensis in this tissue.  
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Reduced PK activity considered together with the reduced glycogen storage profile of muscle 

may support a down-regulation or reduced capacity for glycolysis in this tissue (McClelland et 

al., 2006; Reichmann et al., 1985).  Despite a relatively low ADH activity in goldfish liver, 

training caused a relative increase in activity, which may indicate increased oxidative capacity 

(Figure 7). 

Recovery from repeat bouts of exercise becomes an important aspect to the exercise training 

regime used in this study. The intermittent repetitive nature of the aerobic training regime and 

reduced glycogen store in muscle tissue of trained goldfish may potentiate the possibility that 

lipid substrates may become preferred during exercise and subsequent recovery.  Rainbow trout 

responded to sustained aerobic exercise swimming and recovered from metabolic disturbances 

caused by exhaustive exercise by recruiting lipid metabolism (Richards et al., 2002a; Richards et 

al., 2002b).  In goldfish fatty acid elongation during hypoxia and anoxia serves as a sink for the 

slow cycling of the TCA cycle and this substrate may subsequently fuel metabolism during 

reoxygenation (Van den Thillart and Van Waarde 1985; Van Raaij et al., 1994; Van Waversveld 

et al., 1989).  It seems feasible, with the capacity for lipid metabolism as an effective fuel 

substrate during hypoxic recovery in goldfish that similar to rainbow trout, it may also be used 

during and following sustained swimming (Richards et al., 2002b).  There was a reduced 

glycogen store across muscle tissue of trained goldfish which may suggest an alternative fuel 

substrate is supplementing energy supply during aerobic swimming (Figure 3). 

Successful hypoxic response requires a depressed metabolic state to conserve anaerobic fuel 

stores; whereas, exercise represents an elevated metabolic state demonstrated from rapid fuel 

depletion and enzyme activation to fuel muscle contraction for swimming (Richards et al., 2002a; 

Richards et al., 2002b).  One of the hallmarks to the goldfish hypoxic response is ethanol 
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production (Mourik et al., 1982; Shoubridge and Hochachka 1980) however; this represents loss 

of carbon substrates to the environment during hypoxia/ anoxia.  Carbon substrate loss is 

minimized by the reduced metabolic state during hypoxia and anoxia (Jibb and Richards 2008; 

Mandic et al., 2008).  However, if this pathway was activated during exercise, representative of 

an elevated metabolic state, carbon loss may become a significant detriment of the system.  ADH 

activity was present in both normoxic red and white muscle tissue (Figure 7).  It is interesting to 

speculate that if these tissues or the system becomes metabolically perturbed, such as during 

high-intensity aerobic exercise, there is the potential for activation of the ethanol production 

pathway.  In effect, carbon losses via ethanol diffusion across the gills could occur, as 

demonstrated during hypoxic perturbation and exhaustive exercise (Mandic et al., 2008; 

Shoubridge and Hochachka 1980).  Further study on the regulation of ADH activity is required to 

substantiate this idea.  However, in the current study daily feeding to saturation after training 

should provide the energetic substrate for glycogen recovery despite any losses that may occur 

via ethanol excretion.   

2.4.2 The Hypoxic Response and Recovery: Is There a Training Effect? 

Goldfish employ an array of physiological responses to cope with hypoxic episodes.  Goldfish 

decrease metabolic turnover which may be inherent (Van den Thillart and Smit 1984) or activated 

by low oxygen levels (Van Waversveld et al., 1989; Jibb and Richards 2008; Bickler and Buck 

2007), maintain or enhance fermentable fuel stores (Dean and Goodnight 1964; Nilsson 1990; 

Walker and Johansen 1977), and maintain redox potential for metabolic processes by producing 

ethanol (Mourik et al., 1982; Shoubridge and Hochachka 1980).  These strategies come with 
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compromise; the benefit is much redeemed under low oxygen conditions in so much as to make 

goldfish a model species for dealing with hypoxic and anoxic episodes.   

Across all tissues considered, ATP was significantly depleted by 12 h hypoxia (Figure 2) 

typically, ATP depletion is part of the goldfish anoxic response, a new-steady state level is 

reached in coordination with a lower metabolic rate for reduced turnover (Van Ginneken et al., 

1995; Van Waversveld et al., 1989).  Clearly, the hypoxic episode used in the current study is 

producing a significant metabolic challenge and subsequent response.  We did not measure PCr 

stores,in goldfish this substrate is preferentially used to fuel metabolism prior to ATP depletion 

(Van Ginneken et al., 1995) and therefore, it is reasonable to assume that the PCr stores have 

been depleted as well. ATP depletion signifies energetic disturbance and that a new lower steady-

state is largely being maintained by glycolytic metabolism.  During maximal exercise, ATP levels 

were important to the sustained high level of glycolysis in carp white muscle (Driedzic and 

Hochachka 1976).  During severe hypoxia in goldfish, the shifting ratio of high energy adenylates 

coordinated a decreased ATP concentration to enable a reduced metabolic rate (Jibb and Richards 

2008).  A hypoxic recovery response in ATP is observed in red and white muscle regardless of 

training such that ATP was partially restored. A training response was demonstrated in liver 

tissue hypoxic recovery whereby, trained fish liver recovered ATP slower than that of untrained 

fish.  A slower rate of ATP recovery may imply that a greater energetic disturbance and greater 

glycolytic activation when trained fish were subjected to hypoxia. 

Correspondingly, glycogen depletion during hypoxia indicated that glycogen continued to 

serve as a major metabolic substrate for both white and red muscle and was depleted regardless of 

previous exercise training.  A similar recruitment of glycogen as the metabolic fuel from white 

muscle has been documented in goldfish under severe hypoxia however, liver glycogen stores in 
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the fish remained intact (Mandic et al., 2008).  In carp the depletion of glycogen stores in white 

muscle only occurred when subjected to the lowest environmental hypoxia level studied at < 10 

mmHg (Johnston 1975) in contrast, trout almost completely depleted white muscle glycogen in 

response to moderate hypoxia (Heath and Pritchard, 1965).  White myotomal muscle mass 

constituted 95% of the total muscle mass in crucian carp and had a 2% concentration of glycogen 

(Voranen et al., 2011).  These authors found glucose 6-phosphatase (G6Pase) activity in white 

muscle that is 1.7% of the activity of liver, which indicates the capacity for white muscle glucose 

release into the blood.  Furthermore, Shieh et al., (2004) found that mice muscle expresses 

glucose-6-phosphatase-B and G6P transporter that may couple to form a G6P complex for use of 

interprandial glucose.  In our current study, in addition to muscle glycogen, liver glycogen was 

also significantly depleted and a trained fish had greater liver glycogen depletion over the 12 h 

hypoxic episode.  Liver glycogen in crucian carp constitutes a large proportion of whole system 

glycogen stores varying from 29.1-68% of the fish depending on fish size (Vornanen et al., 

2011).  Use of liver glycogen to support metabolism is correlated with goldfish hypoxic survival 

(Nilsson 1990); consequently, greater depletion of this substrate at an enhanced rate implies that 

preconditioning with training may decrease hypoxia tolerance in goldfish.  An enhanced turnover 

of the hypoxic preferred fuel substrate indirectly suggests that glycolytic flux in the liver is 

enhanced by training and interferes with the ability for goldfish to effectively depress their 

metabolism in response to the onset of hypoxia (Jibb and Richards 2008; Van den Thillart and 

Smit 1984).  Consequently, trained goldfish may compromise their ability to reduce metabolism 

during hypoxia, enhance their ability to access fuel substrates and subsequently, reduce their 

hypoxia tolerance by depleting more carbohydrate fuel stores faster.  Years of evolution that 
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created the goldfish hypoxic tolerance may be compromised with aerobic training 

preconditioning. 

Consistent with other hypoxic studies, glucose was mobilized in response to hypoxia across 

tissues in cyprinids, including bitterling and goldfish (Mandic et al., 2008; Wissing and Zebe 

1988).  This is not surprising, as glucose is a readily mobile fuel that may be transported across 

tissues and enter anaerobic glycolysis for ATP production.  The goldfish liver had the greatest 

glucose concentration, followed by plasma, red muscle and white muscle (Figure 4).  Liver 

glycogen breakdown into mobile substrates such as glucose may be exported into the plasma for 

delivery to tissues of energetic demand (Vornanen et al., 2011). During hypoxic recovery, white 

muscle glucose was unchanged from hypoxic levels; meanwhile, red muscle glucose 

demonstrated a significant increase from previous hypoxic levels.  Increased glucose 

concentration in red muscle may reflect its role in gluconeogensis after hypoxia (Hinterleitner 

1992; Milligan and Girard 1993; Wittenberger et al., 1975).  A training effect was observed in 

hypoxic recovery of liver and plasma glucose.  Trained liver hypoxic recovery response elevated 

glucose concentration levels above those seen after 12 h hypoxia while; non-trained glucose 

concentration remained similarly elevated to hypoxic levels (Figure 4).  This suggests that the 

scope of glucose mobilization in liver may be greater in trained fish.  During sustained training in 

mice there was increased glucose transporter-4 (GLUT4) expression (Gomes et al., 2009); 

moreover, rainbow trout responded to sustained exercise with increased glucose transporters at 

the membrane and increased transporter Vmax (Weber and Haman 1996).  Preconditioned exercise 

training in goldfish may enhance glucose transporters for increased glucose uptake between 

tissues.  The hypoxic response of the relatively hypoxia intolerant Atlantic cod increased 

expression levels of GLUTs (1,2,4) and HK by 1-6 days of moderate hypoxia (Hall et al., 2009).  
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Aerobic training in goldfish prior to hypoxic exposure may enhance glycolytic flux capacity 

between tissues.  Similarly to the liver, plasma glucose concentration of trained fish was elevated 

relative to untrained fish during hypoxic recovery indicating that training may have enhanced the 

scope, access and/or mobility of glucose substrates in this tissue.  

Lactate, a metabolic end-product of anaerobic glycolysis, accumulated across all tissues 

measured in response to hypoxia (Figure 5). Lactate had no recovery response in red muscle 

while white muscle elevated lactate in response to hypoxic recovery.  Systemic lactate may be 

directed to white muscle for oxidation and or glyconeogenesis during recovery from the 

metabolic disturbance (Dalla Via et al., 1997; Girard and Milligan 1992; Milligan and Girard 

1993).  Red muscle lactate accumulation during hypoxia is likely still being oxidized and/ or 

metabolized by this aerobic tissue (Johnston and Bernard 1984); hence, during immediate 

recovery lactate export to red muscle may match clearance rates.  Consequently, the flux of 

lactate could indicate matched clearance, via oxidation and gluconeogenesis and acceptance rates, 

via export from other tissues and therefore, no change in lactate load is observed.  Flux rates have 

recently been measured in rainbow trout white muscle and indicate that there are limitations to 

measuring absolute levels in metabolite accumulation (Omlin and Weber 2010).  In contrast, 

trained liver lactate during hypoxic recovery accumulated lactate while, in non-trained fish lactate 

concentrations decreased (Figure 5C).  Hypoxia may therefore, have caused a greater metabolic 

disturbance in trained fish; such that, the depletion of glycogen is more significant and 

subsequently, a larger lactate load requires clearance.  Lactate recovery in plasma paralleled the 

training effect seen in liver.  Here, lactate was reduced in untrained fish and comparably elevated 

in trained fish.  Lactate is a metabolic intermediate that may be used for glyconeogensis following 

metabolic disturbance (Girard and Milligan 1992; Milligan and Girard 1993).  Trained fish appear 
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to have enhanced lactate mobilization in plasma during recovery (Figure 5C, 5D), which suggests 

increased cross-tissue metabolism of the substrate and/or greater metabolic disturbance in fish 

preconditioned with training.  Reduced glycogen in parallel with increased lactate in trained fish 

indicates a greater demand for metabolite recovery. 

Training had no effect on red muscle ethanol accumulation (Figure 6B).  However, ethanol 

accumulated in response to hypoxia and was reduced during recovery.  Hence, the ethanol 

production pathway was activated in the red muscle to maintain energy flux (Mourik et al., 1982) 

and end-product clearance was initiated upon reoxygenation as seen in white muscle from 

previous studies on goldfish (Mandic et al., 2008).  Therefore, training did not affect the fate of 

ethanol in red muscle. 

Ethanol in white muscle showed a tendency toward accumulation in trained fish before and 

during hypoxia but this was not significant (Figure 6A). However, there was a training effect on 

ethanol during recovery whereby, any ethanol load accumulated over training and/or hypoxia was 

cleared. In contrast, non-trained fish showed no initiation or modulation of ethanol production in 

response to hypoxia or subsequent recovery.  Trained fish white muscle ethanol accumulation 

further supports that an enhanced metabolic imbalance is created in trained fish such that 

energetic flux and metabolic waste product accumulation was increased. There was a tendency 

for trained fish to retain ethanol 24 h after the last bout of training; however, any ethanol 

accumulation was cleared in response to hypoxic recovery.  Clearly, aerobic exercise training in 

white muscle modulated the ethanol-producing pathway of goldfish and it is conceivable, that this 

would function to reduce carbon losses during swimming.  However, recovery from hypoxia may 

prioritize clearance in order to regain motility in parallel with the hypoxic adenylate profile 
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strategy in goldfish (Van den Thillart et al., 1980), reflecting the conflicting demands of the two 

physiological conditions and rapid ethanol clearance during hypoxic recovery.  

2.4.3 Enzyme Response 

LDH activity was depressed in hypoxic red muscle.    A similar reduction was seen in ADH 

activity of white muscle responding to hypoxia, indicating a reduced capacity for flux through the 

ethanol-producing pathway.  This response pattern was paralleled in ADH activity of trained red 

muscle tissue whereby, activity decreases in response to hypoxia; while, non-trained tissue 

remains relatively unchanged. 

ADH activity was highest in goldfish red muscle followed by white muscle and had low 

activity in liver, which was consistent with previous studies on goldfish and crucian carp (Mourik 

et al., 1982; Nilsson 1988). Hypoxia and anoxia represent very different physiological stresses.  It 

may be advantageous to reduce ADH activity under conditions where limited oxygen is still 

available in order to suppress ethanol production and carbon loss.  Meanwhile, during anoxia 

ADH activity increase may be necessary to ensure an adequate rescue mechanism from metabolic 

acidosis (Van Waarde et al., 1991).   Increased ADH activity observed in muscle tissues during 

metabolic recovery from hypoxia may prioritize locomotive function over carbon substrate 

retention. In contrast, trained white muscle ADH activity remained reduced during hypoxic 

recovery, while non-trained fish significantly increased their ADH activity (Figure 7A). White 

muscle constitutes 50-60% of total fish mass.  However, red muscle is more perfused than white 

muscle in crucian carp; 67% and 25% of red and white muscle respectively were in direct 

capillary contact (Johnston and Bernard 1984).  Crucian carp responded to hypoxia by increasing 

capillary density in slow fibers (red muscle) however, fast fibers (white muscle) were unchanged 
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(Johnston and Bernard 1984).  In comparison, rainbow trout subjected to sustained long-term 

exercise increased capillary density in white muscle by 95% and in red muscle by 27% (Davie et 

al., 1986).  Suppressed ADH activity may suggest that the pathway for ethanol production 

becomes reduced in white muscle after the training regime and this may be related to capillary 

perfusion; given the limited perfusion and bulk of white muscle there may be the potential and 

necessity for ethanol retention. 

Trained liver increased ADH activity (Figure 7C).  The liver ADH profile in the closely 

related crucian carp, shows similarly low activity levels of ADH as in our study, in addition to, 

intermediate levels of ALDH when compared to rainbow trout and even mammals (Nilsson 

1988).  Nilsson’s study shows that ADH and ALDH are spatially separated in carp tissues 

whereby, a high ADH and low ALDH activity occurred in muscle tissue and the reciprocal 

pattern occurred in excretory tissues (gill and kidney).  There has been a longstanding belief that 

ethanol produced by goldfish muscle is excreted into the environment during hypoxia at the 

expense of carbon loss (Shoubridge and Hochachka 1980). It is tempting to suggest that the 

profile of ADH and ALDH enzyme activities in hypoxia tolerant cyprinids may coordinate the 

reduction of pyruvate in the muscles and the oxidation of ethanol at excretory tissues such as the 

gills and kidney.  The oxidative role of liver ADH is speculative at best; however, the regulatory 

capacity and scope for activity was clearly enhanced by training and it is intriguing to speculate, 

that a within tissue oxidative potential may be enhanced by training in order to retain carbon 

substrate. Ethanol production was not involved in the anaerobic energy budget of goldfish 

hepatocytes; however, accumulation of ethanol was observed in this tissue and therefore, was 

likely taken up from the bloodstream (Dorigatti et al., 1997).  Similarly, exhaustively exercised 

goldfish excreted ethanol during recovery and were found to subsequently, remove ethanol that 
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was excreted into the environment (Mandic et al., 2008).  While ethanol uptake from the ambient 

water may not have a valid eco-physiological role, it is logical to conclude that goldfish may be 

able to oxidize ethanol produced during hypoxia in order to salvage carbon substrates not yet 

excreted.  It is important to note that both liver and gills oxidize lactate at high rates through 

oxidative decarboxylation of pyruvate (Bilinski and Jonas 1972).  Similarly, the ethanol pathway 

appears to be regulated at its rate-limiting step, the pyruvate decarboxylase reaction, which takes 

place in the mitochondria and is probably catalyzed by PDH (Mourik et al., 1982; Mandic et al., 

2008).  The role of ALDH across goldfish tissues was not investigated in this study but warrants 

further study.   

Heart function is prioritized during hypoxia.  Cardiac output, stroke volume, and heart rate 

were maintained in crucian carp subjected to anoxia (Stecyk et al., 2004).  Zebrafish responded to 

short-term hypoxia (48 h) by increasing its glycolytic and oxidative capacity (Ngan and Wang 

2009).  Hypoxia increased PK activity in the heart (Table 1).  An increased activity may signify 

greater glycolytic flux operative in this tissue when oxygen levels are reduced (Driedzic and 

Hochachka 1976).  Storey (1987) found that enzyme activation in heart tissue during anoxia 

demonstrated a shift from lipid to carbohydrate metabolism in this tissue.  PK activity and 

regulation is tightly coupled to respond to transitions between aerobic and anaerobic metabolism 

(Zammit et al., 1978).  In comparison, heart LDH activity was found to be seasonally robust in 

crucian carp, intermediate between pure cardiac and muscle type LDH, with a low Km for 

pyruvate and only moderate inhibition by pyruvate (Vornanen 1994).  There was no change in 

heart LDH activity of goldfish during exercise training or subsequent hypoxia (Table 1), which 

supports this enzyme’s robust nature. 
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Liver LDH demonstrated a training effect in its response to hypoxia.  Trained fish sustained 

liver LDH activity during 12 h hypoxia; meanwhile, non-trained fish reduced liver LDH maximal 

activity.  It is logical to expect a reduced LDH activity may coincide with the metabolic 

depression and reduced metabolic flux that occurs in goldfish during hypoxia (Van den Thillart 

and Smit 1984).  Maintained LDH activity in trained fish indicated greater anaerobic capacity, 

which may exacerbate anaerobic fuel depletion through this pathway during hypoxia.  A high 

LDH activity during exercise induced perturbation may be beneficial to maintain energetic flux 

and/or demonstrate LDH isozyme differences.  The goldfish liver LDH isozyme is more similar 

to H4 demonstrating the more aerobic potential of this tissue and its reaction rate is independent 

of pyruvate concentration (Hochachka 1965; Wilson et al., 1973).  Continued function despite 

pyruvate substrate accumulation is important for energy flux during hypoxia particularly because 

ethanol is not produced by liver tissue (Dorigatti et al., 1997).  Preconditioning with training may 

promote an enhanced glycolytic flux and substrate turnover in response to metabolic disturbance, 

such that may be required during exercise, but during hypoxic compromises the goldfish’s 

strategy for metabolic down-regulation.   

As such, aerobic training in goldfish altered their physiological strategy when subject to 

hypoxia.  Shifts in fuel use pathways and mobilization that enhanced access during training may 

become detrimental under hypoxia and lead to a more disrupted metabolic state.  With training, 

the fish was primed to acquire oxygen from an available source to sustain enhanced metabolic 

flux and output.  Meanwhile, under hypoxia fish down regulate metabolic flux in order to sustain 

long-term turnover and output.  Hypoxia requires down-regulation of tissues such as muscle, 

maintained function of tissues such as heart, brain and liver for continued energy supply (Gracey 

et al., 2006; Ngan and Wang, 2009; Stecyk et al., 2004).  Meanwhile, exercise represents an 
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across tissue metabolic up-regulation, especially in muscle and heart, to support locomotory 

tissue function.  In killifish tissues response to chronic hypoxia was heterogeneous, and reflected 

the interplay between energetic demands, metabolic role, and the oxygen supply of the tissue 

(Martinez et al., 2006). Exercise represents interplay between energy and oxygen demand that is 

enhanced.  Aerobic exercise training in goldfish did not appear to improve hypoxia tolerance, 

according to traditional goldfish hypoxia response trademarks, because it compromised the 

hypoxic coordination of energetic demands and roles of tissues by causing rapid depletion of 

glycogen fuel stores.  The metabolic states of exercise, elevated metabolism, and hypoxia, 

reduced metabolism, suggest that training preconditions fish towards elevated metabolic turnover 

and this may compromise metabolic depression required to cope with hypoxia. 
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Table 1. Maximal enzyme activities of CS, LDH and PK expressed in (units g-1 wet wt tissue) in 

normoxia untrained (UT: N=7), normoxia trained (T: N=6), hypoxia untrained (HUT: N=8) and 

hypoxia trained (HT: N=7) fish for white muscle, red muscle, liver and heart tissue. Values 

expressed as mean ± SEM. Parentheses represent significant differences (TR = training effect; 

HY = hypoxia effect, Generalized Linear Model P<0.05). 

 

 
TREATMENT 

 

   

 Normoxia 
Untrained 

Normoxia 
Trained

Hypoxia  
Untrained 

Hypoxia  
Trained 

WHITE 
MUSCLE 

    

CS 3.1 ± 0.2 3.0 ± 0.2 2.7 ± 0.2 3.0 ± 0.3 
LDH 128.0 ± 10.3 119.9 ± 9.1 110.4 ± 5.9 107.3 ± 14.2 
PK 46.8 ± 2.6 37.0 ± 3.9 (TR) 44.0 ± 3.7 33.4 ± 3.2 (TR) 
 
RED  
MUSCLE 

    

CS 22.6 ± 2.3 38.7 ± 4.4 (TR) 26.7 ± 1.4 34.3 ± 3.0 (TR) 
LDH 310.2 ± 18.6 299.2 ± 16.7 263.3 ± 9.3 (HY) 239.1 ± 22.7 (HY) 
PK 36.0 ± 1.3 35.2 ± 3.7 33.8 ± 2.3 31.4 ± 3.1 
 
LIVER 

    

CS 3.7 ± 0.6 2.7 ± 0.2 3.0 ± 0.3 2.8 ± 0.1 
LDH 705.3 ± 42.2 643.5 ± 38.1 524.3 ± 56.6 680.9 ± 53.9 (HY + TR) 
PK 14.5 ± 5.4 16.9 ± 4.7 6.8 ± 2.3 13.2 ± 5.9 
 
HEART 

    

CS 37.5 ± 2.3 38.0 ± 1.7 39.4 ± 3.1 47.0 ± 2.5 
LDH 310.2 ± 18.6 290.2 ± 40.3 269.9 ± 24.2 250.0 ± 8.8 
PK 85.5 ± 5.9 102.0 ± 8.8 113.4 ± 7.3 (HY) 123.8 ± 8.6 (HY) 
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Figure 2. The ATP concentration in mmol (kg wet wt)-1 of white muscle (A), red muscle (B), and 
liver (C) of normoxia untrained and trained (UT: N=7, T N=6), hypoxia untrained and trained 
(HUT: N=8, HT: N=7), and hypoxia recovery untrained and trained (HUTR: N=7, HTR: N=7).  
Values expressed as mean ± SEM.  Superscripts represent significant differences (P< 0.05) (TR = 
training effect; HY = hypoxia effect; RE = recovery effect). 
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Figure 3. The glycogen content of white muscle (A), red muscle (b),and liver (C) measured in 
mmol (kg wet wt)-1 for normoxia untrained and trained (UT: N=7, T N=6), hypoxia untrained and 
trained (HUT: N=8, HT: N=7), and hypoxia recovery untrained and trained (HUTR: N=7, HTR: 
N=7).  Values expressed as mean ± SEM.  Superscripts represent significant difference (P< 0.05) 
(TR = training effect; HY = hypoxia effect; RE = recovery effect). 
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Figure 4. The glucose concentration of white muscle (A), red muscle (B), liver (C) measured in 
mmol (kg wet wt)-1 and plasma (D) measured in mmolL-1  for normoxia untrained and trained 
(UT: N=7, T N=6), hypoxia untrained and trained (HUT: N=8, HT: N=7), and hypoxia recovery 
untrained and trained (HUTR: N=7, HTR: N=7).  Values expressed as mean ± SEM.  
Superscripts represent significant difference (P< 0.05) (TR = training effect; HY = hypoxia 
effect; RE = recovery effect). 
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Figure 5. The lactate concentration of white muscle (A), red muscle (B),liver (C) measured in in 
mmol (kg wet wt)-1 and plasma (D) measured in mmolL-1 for normoxia untrained and trained 
(UT: N=7, T N=6), hypoxia untrained and trained (HUT: N=8, HT: N=7), and hypoxia recovery 
untrained and trained (HUTR: N=7,HTR: N=7).  Values expressed as mean ± SEM.  Superscripts 
represent significant difference (P< 0.05) (TR = training effect; HY = hypoxia effect; RE = 
recovery effect). 
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Figure 6. The ethanol concentration for normoxia untrained and trained measured in mmol (kg 
wet wt)-1 of untrained and trained (UT: N=7, T N=6), hypoxia untrained and trained (HUT: N=8, 
HT: N=7), and hypoxia recovery untrained and trained (HUTR: N=7, HTR: N=7) in white (A) 
and red muscle (B).Values expressed as mean ± SEM.  Superscripts represent significant 
differences (P< 0.05) (TR = training effect; HY = hypoxia effect; RE = recovery effect). 
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Figure 7. The alcohol dehydrogenase (ADH) activity expressed in (units/ (g wet wt tissue)) of 
normoxia untrained and trained (UT: N=7, T: N=6), hypoxia untrained and trained (HUT: N=8, 
HT: N=7), and hypoxia recovery non-trained and trained (HUR: N=7, HTR: N=7) for white 
muscle (A), red muscle (B), and liver tissue (C).  Values expressed as mean ± SEM.  Superscripts 
represent significant differences (P< 0.05) (TR = training effect; HY = hypoxia effect; RE = 
recovery effect). 
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Chapter 3 

General Discussion 

3.1 Overview 

This study examined the effect of an intermittent aerobic exercise-training regime on goldfish 

(Carassius auratus) hypoxic response and recovery.  Measurement of the maximal activities of 

enzymes representative of anaerobic, aerobic, and glycolytic pathways elucidate the importance 

of carbohydrate metabolism and respective, pathway flux potential between tissues.  In addition, 

the measurement of carbohydrate fuel stores, mobile intermediates, and a high-energy phosphate 

across liver, white and red muscle tissues established exercise-induced shifts in the carbohydrate 

profile of goldfish when subject to hypoxic insult. 

3.2 Exercise Effect and Muscle 

Preconditioning goldfish with aerobic exercise training compromised their hypoxic response.  

Training caused an enhanced glycolytic flux and depletion of glycogen fuel stores across tissues 

prior to and during hypoxia thus compromising their inherently low glycolytic flux (Dean and 

Goodnight 1964; Van den Thillart and Smit 1984).  The glycogen profile of muscle was reduced 

by training and produced a leaner fish; however, it is unclear from the current study whether there 

was enhanced access to the remaining glycogen stores that has been shown to improve swimming 

in fish (Sanger 1992; Weber and Haman 1996). 

Trained white muscle PK activity decreased and supports that reduced glycolytic flux 

occurred in this tissue; meanwhile, red muscle of trained fish increased CS activity indicating an 

enhanced aerobic capacity.  Anaerobic metabolism fuels a large proportion of sustained aerobic 
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goldfish swimming (Davison and Goldspink 1978; Fu et al., 2011; Smit et al., 1971).  However, 

the shifts in enzyme maximal activity profiles from the current study may suggest a transition 

between carbohydrates to lipid recruitment during exercise recovery.  Lipid synthesis occurs in 

goldfish during the onset of hypoxia (Van Raaij et al., 1994; Van Waversveld et al., 1989).  

Oxidative tissues transition from lipid to carbohydrate during the oxygen limitation (Storey 1987) 

and it seems feasible that lipids are involved in exercise recovery (Lauff and Wood 1997).  

Trained fish may have an enhanced rate of hypoxic recovery that is not apparent over the time-

course for recovery used in the present study and is worthy of further investigation. 

3.3 Hypoxic Effect and Recovery 

The role of liver tissue has long been correlated to hypoxic survival in goldfish and cyprinid 

species related to the large glycogen stores that fuel anaerobic metabolism when oxygen is 

limited (Nilsson 1990; Walker and Johanssen 1977; Vornanen et al., 2011).  Liver contribution to 

hypoxic metabolism is clear across trained and non-trained groups; however, a greater depletion 

of glycogen occurs in fish preconditioned with training.  Moreover, trained liver tissue 

demonstrates the greatest modulation in it hypoxic metabolic profile across tissues measured.  

Liver tissue supports the gluconeogenic metabolism of goldfish and is able to fuel many tissues 

through glycogen breakdown and glucose export (Walker and Johansen 1977; Vornanen et al., 

2011).  Greater glycogen depletion may represent increased energy demands across goldfish 

tissues during hypoxia and compromise reduced metabolism for entry into a lowered oxygen state 

(Dalla Via et al., 1997; Dean and Goodnight 1964; Richards et al., 2008; Van Ginneken et al., 

1995).  The lactate load in liver recovering from hypoxia in trained fish increased and may 

represent greater metabolic recovery required, this is corroborated, by the reduced ATP recovery 
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of liver when compared to untrained fish and trained fish increased plasma lactate.  Liver 

continued to be a key tissue for the hypoxic response, regardless of training; however, training 

appeared to increase energy turnover and sustain greater metabolic disturbance over the hypoxic 

insult. 

Training changed maximal enzyme activity response to 12 h hypoxia.  Liver LDH responded 

differently in trained fish during hypoxia; whereby, LDH was maintained at normoxic levels 

while, non-trained fish suppressed LDH activity during hypoxia.  A hypoxia-specific response 

was observed in red muscle LDH that decreased maximal activity.  It may be beneficial to reduce 

flux capacity in order to slow flux through the glycolytic pathway in parallel with reduced 

metabolic turnover.  Meanwhile, heart PK increased activity during hypoxia in both training 

groups indicating greater glycolytic flux here.  This may suggest a transition from lipid to 

carbohydrate fuel recruitment to support heart metabolism during oxygen limitation (Storey 

1987) and demonstrated the prioritization for sustained metabolism of this tissue and 

heterogeneity of hypoxic tissue response (Gracey et al., 2001; Martinez et al., 2006; Ngan and 

Wang 2008). 

Training had no effect on ethanol accumulation in red muscle; however, white muscle 

showed a tendency towards enhanced ethanol accumulation after exercise and hypoxia.  Mourik 

et al., 1982 have documented ethanol accumulation at approximately equal levels in red and 

white muscle during anaerobic metabolism.  It is interesting to speculate that there may be some 

sort of retention mechanism developed during aerobic exercise training to prevent carbon losses 

in the white muscle.  Unfortunately, liver tissue was limited in the present study and ethanol 

could not be measured there.   
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Training altered the ADH profile and caused a greater reduction in activity during hypoxia in 

red muscle and greater reduction in white muscle during recovery from hypoxia.  However, ADH 

enzyme activity profile corresponds well with previous cross-tissue profiles (Mourik et al., 1982) 

and corroborates ethanol production at these tissues.  A reduced capacity for ethanol production, 

via reduced ADH activity, was created by intermittent aerobic exercise training in hypoxic trained 

hypoxic red muscle and trained white muscle responding to the reintroduction of oxygen 

following hypoxia.  Meanwhile, ADH increased in the liver of trained fish.  Dorigatti et al., 1997 

demonstrated that hepatocytes do not produce ethanol; however, ethanol does accumulate in liver 

tissue.  In fact, liver ADH appears to be of a different type from muscle ADH and has a higher 

affinity to ethanol (Mourik et al., 1982). Furthermore, Nilsson 1988 looked at cross species and 

tissue ADH and ALDH activities and found that crucian carp have spatially separated these two 

enzymes, with reduced liver ADH activity compared to rainbow trout, common carp, and rats.  

The potential for ethanol oxidation in the liver is an interesting avenue to consider and it is 

feasible, that this would be important during intermittent exercise; whereby metabolic recovery is 

needed and reduced carbon-substrate losses would be advantageous.  However, this too, may 

compromise the low oxygen strategy of goldfish when it is necessary to activate ethanol 

production to retain redox potential. 

3.3.1 Energy state   

ATP provides a crude indication of energy status; however, previous studies have found no 

change in total cellular ATP concentration but impacted cellular energy status via large decrease 

in [ATP]/[ADPfree] and [ATP]/[AMPfree] (Richards et al., 2008).  Moreover, adenylate energy 

charge recovers much faster than ATP concentration in rainbow trout (Shulte et al., 1992).  
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Hence, energy charge may be a more sensitive measure and provide insight into the stimulation of 

mitochondrial respiration and glycolysis across tissues during exercise and hypoxia (Katz and 

Sahlin 1988; Putman et al., 1995) and under physiological duress indicate energy demand and 

potential of the system (Johnston and Goldspink 1973).   

3.3.2 AMPK  

In exercise-trained mammals, aerobic exercise has been shown to increase Glut-4 translocation to 

the cell surface and HK activity (Gomes et al., 2009).  AMPK is the cellular energy gauge of the 

cell because of its critical role in maintaining cellular energy balance and rapid activation.  

AMPK activation occurred in the hypoxic liver of goldfish but not in white muscle during 12 h 

hypoxic exposure and parallels adenylate energy charge changes documented previously in 

goldfish responding to hypoxia (Jibb and Richards 2008; Van den Thillart et al., 1980).  In 

corroboration with these results, the current study showed that untrained goldfish depleted their 

liver glycogen but no significant depletion occurred in any other tissues measured after 12 h 

hypoxia. In effect, exercise training prior to hypoxic exposure may have stimulated cascade down 

effects of AMPK activation leading to the enhanced access and mobility of carbohydrate fuel 

stores across storage tissues when the whole-animal is subject to energetic duress.   

3.3.3 Swim Performance and Metabolic Scopes   

Basal metabolic rate (BMR) measurements would help substantiate evidence for a higher 

metabolic turnover caused by training.  Paired physiological stresses may demonstrate conflicting 

metabolic demands between the two physiological challenges (Jourdain-Pineau et al.,2010), and 

sustained energy status for locomotion may be prioritized in fish preconditioned to training as 

opposed to metabolic depression required during oxygen challenge (Richards et al., 2008).  As 
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such, it would be of interest to measure Ucrit to determine whether the exercise regime is 

improving the aerobic scope of goldfish, which has been documented prior in response to 48 h of 

aerobic exercise training (Fu et al., 2011).  Measuring the lower metabolic scope, Pcrit, would 

elucidate whether there is any strategy shifts in hypoxic acclimation whereby, trained fish may 

take on a more regulating strategy to falling oxygen levels as would be expected during an 

exercise challenge.   Changes in scope may provide insight as to where metabolite disturbances 

and enzyme activity shifts arise and what trade-offs are facilitating this new metabolic profile in 

goldfish. 

3.4 Conclusions 

Aerobic exercise and hypoxia represent very different metabolic states.  Trained goldfish 

enhanced their aerobic capacity and decreased ADH activity in muscle tissue during hypoxic 

response.  However, training did not reduce lactate or ethanol accumulation nor conserve 

carbohydrate fuel stores.  Moreover, trained goldfish recovery from hypoxia was not improved.  

Goldfish are a model for hypoxia demonstrating a great range of adaptations that facilitate 

survival; however, their ability for sustained swimming may be limited by some of the very 

strategies that make them hypoxia tolerant; moreover, exercise training may compromise hypoxic 

tolerance by enhancing fuel turnover during metabolic duress.    
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