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Abstract Xiii

Abstract

The seafood industry is of considerable importance to both tveZaland and global
economies and therefore tissue preservation technologieadfedise product quality
and/or prolong shelf life have the potential to add significantevallechnologies for
maintaining the viability of isolated tissues also havade range of other medical and
industrial applications. This thesis examines the relatiprsstiween metabolic function,
oxidation and cell death and the resulting stability ofnibie-viable tissues during long
term storage in chinook salmo@ricorhynchus tshawytscheed and white skeletal muscle
tissue. This research also looks at the role of the acaraiesthetic AQUI-Y', in which
the active ingredient is isoeugenol (a lipid soluble antioxidant) other antioxidant
compounds in preserving metabolic function in viable tissues sswktistability in non-
viable tissues.

Perfusion of salmon tails at 15°C over 5 or 10 hours with oxygenasedl saline
resulted in significant increases in protein and lipid oxatefprotein carbonyl and
TBARS concentrations respectively) in the red musclenbtuithe white muscle. The
introduction of ascorbic acid and uric acid into the salinendideduce the oxidation in
the red muscle despite significantly increasing their i@smeconcentrations in the tissue.
This indicates the difficulties associated with attangpto extend tissue viability by
delivering free oxygen to the tissue and also highlights fifereince in susceptibility of
the two muscle types to oxidation.

Tail fillets from salmon harvested in both rested and exbdyshysiological states
using AQUI-SM, and fillets from exhausted salmon harvested without AQY|-were
exposed to air at 15°C for up to 96 hours. Protein carbonyksased in a roughly linear
fashion over the entire 96 hours in all three groups. Bpith fieroxides (TBARS) and
uric acid concentrations began to increase in the exhausted @teupOahours. In
contrast, no significant increases in lipid peroxides oragid was seen in the fillets from
either group harvested using AQUIYS Vitamin E concentrations reduced slowly but did
not change significantly despite the oxidation that was evideheitissue. These
processes also occurred in salmon tail fillets during stoaa@°C.

The measurement of ATP related compounds provides an effeatizator of
both the metabolic state of the tissue post-harvest and thiy qUde breakdown of these
compounds is also associated with the production of ammonia and hygegxide.

Fresh rested salmon fillets had high concentrations of @dPcreatine phosphate, which
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were both depleted after 12 hours storage at 15°C. This ieslitit cell viability lasted a
number of hours following harvesting. These metabolites weretdelgh exhausted
fillets and metabolic potential appeared to be immediatatypcomised. The
concentration of the taste enhancing compound IMP was significadiliged in fresh
rested tissue, but increased during storage, and was sagtlifibigher than in exhausted
tissues following 12 hours of storage at 15°C. This indichtgssbme properties of rested
tissues may improve with limited storage times. The mectation of uric acid — the
metabolic end point for ATP related compounds - was also significreduced in rested
tissue and increases in K-value were slowed.

AQUI-S™ showed an ability to preserve tissue function throughméssthetic
action allowing tissue to be harvested in a rested, stateto reduce late stage lipid
oxidation in stored salmon tail fillets. The antioxidant@tf isoeugenol in salmon
fillets may be mediated through its ability to chelatmsition metals released during
tissue degradation.

This research shows that during reperfusion and during filedge there is a
significant level of oxidative stress, which needs to i@mzed while maintaining basic
tissue metabolism to prolong tissue and cellular viabilltge development of future
technologies to preserve tissue viability may depend on tredagenent of a synthetic
oxygen carrying compound with properties similar to red blood.c@lhis may allow
more control over oxygen delivery, potentially reducing the oxidatiress associated
with high concentrations of free oxygen in solution. Howevesgrkeng cell viability
will also require the maintenance of endogenous antioxidant furantidthere is also the
potential to use iron chelating compounds including plant derivedrftads to preserve

non-viable tissues. Future research in these areasassaay.



1 - Introduction 1

1 - Introduction

The seafood industry in New Zealand is well established artdlmated $1 351 million to
export earnings in 2006, with $28 million coming directly from fadehinook salmon
(Oncorhynchus tshawytsch@he New Zealand Seafood Industry Council Ltd. website
2007). Although New Zealand’s production of salmon (7000 tonnes in 2085sll
component of worldwide production (approximately 1.4 million tonnes aryjuehinook
salmon fill a niche high quality market due to their attvactiesh colour and high oil
content (NIWA website 2007). Therefore technologies and knowledgadtatalue, not
only to the salmon farming industry but to the seafood industrydmke have the
potential to be of great benefit to the New Zealand economy.

Two important factors contributing to the value of théamhindustry are
product quality and shelf life, which are linked and heavilyetielent on the natural
physiology and biochemistry of the animal. In the case ohalsithat are farmed
specifically for human consumption there are a number adri®atnany of which are
human influenced, that contribute to the quality of themoduct. These include water
quality, diet and environmental factors that influence behaviBarironmental factors
that cause stress have been shown to negatively impadhgrod immune function
(Wendelaar Bonga 1997; Einarsdottir et al. 2000; Ashley 2007). Cthe afajor stress
causing events in aguaculture is human handling associatednaitial husbandry
practices and harvesting (Davis and Schreck 1997; SigholtE1%; Ashley 2007).
During harvesting, the biochemical and physiological changes indadkd muscle tissue
by the exhaustive struggling associated with the crowdingjradhaad air exposure
inherent in many harvesting procedures are carried through iniodheroduct, which
has been shown to affect quality (Sigholt et al. 1997; Baghi 20@7; Bosworth et al.
2007; Ribas et al. 2007). The development of anaesthetics s@H-S™ for use in
the aquaculture industry has allowed the stressful events assbaiith human handling
to be much better managed and many of the negative isngigoificantly reduced. It has
also allowed characterization of some of the physiologindlbiochemical properties of
rested fish tissues, both fresh and during storage and has 8taivimey are significantly
different from exhausted tissues (Jerrett and Holland 1998;tJetredt 2000; Black 2002;
Bosworth et al. 2007). In particular the preservation of lgugmtities of energy carrying
metabolites in the white muscle tissue such as ATP i@adice phosphate, and the

associated low levels of metabolic byproducts such as lantatm that the cells in the
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white muscle tissue can remain viable for a consideraliedoef time post-mortem.
Previous work has shown that this period of cell viability lsarextended through
manipulating the storage conditions of the ischemic tisswekB002), or through
perfusion (Janssen 2003). Both techniques aim to help mamethifar homeostasis and
deliver compounds such as oxygen that are essential for norirfainogion. Although
these techniques proved successful for a period of time,iabllity was still eventually
lost. As oxygen is linked to the production of free radicalsudjin the mitochondrial
electron transport chain (Halliwell and Gutteridge 1999; @Gadeind Davies 2000;
Sachdev and Davies 2008), oxidative damage to important celargronents was put
forward as a potential explanation for this loss of cell itghiBlack 2002; Janssen 2003).
This thesis explores the relationship between metabolicastdtexidative damage in
salmon skeletal muscle and examines the potential for extendingabdity and/or

preserving harvested tissue using compounds that have antioxidpetty@s.

1.1 Storage techniques for viable and non-viable ti  ssues

1.1.1 Temperature

Chilling of tissues is the most widely used preservationriggie. When used
appropriately, chilling can extend cell viability, as imsplant organs (Vigues et al. 1993;
Stoica et al. 2001), or can be used to prevent spoilage and éx¢esitelf life of food
products. Ice storage in particular is widely used duringgssing and storage of seafood
to preserve harvested tissues (Undeland et al. 1999; Eap@04; Kiessling et al. 2004;
Aubourg et al. 2005; Aubourg et al. 2005a).

The effectiveness of reduced temperatures for tissue st age to the reduced
thermal kinetic energy of the molecules in the tissue. dlbiss reaction rates by reducing
the number of chemical interactions that exceed the activahergy required for
reactions to proceed (Withers 1992). This prevents many normalniocal reactions
from occurring in viable tissues. As the storage of viiblies generally involves
ischemia (Stoica et al. 2001), the requirements of thaetiase not met for normal tissue
function and without metabolic suppression this will rapidly leacetl death. Storage
techniques for viable tissues remain limited, with the s&fhemic period for transplant

hearts remaining at 4 hours (Stoica et al. 2001).
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Refrigeration is effective in prolonging the shelf life 068 products, reducing the
rate of undesirable chemical reactions, such as thoseimgsultipid oxidation (Orlien et
al. 2006). This is particularly important for products likkrem fillets as they contain
high proportions of unsaturated lipids that are susceptible to mad@ennedy et al.
2005; Kiessling et al. 2005; Nanton et al. 2007). Refrigerasiatso effective in
inhibiting the growth of bacteria, which is also associat#h te spoilage of seafood
(Lyhs et al. 2001; Rasmussen et al. 2002; Robson et al. 2007).

1.1.2 Perfusion

Perfusion of isolated tissues as a scientific techniquedes Wtilized for a number of
decades (Satchell 1964; Shuttleworth 1972; Moen et al. 1981; Drig¢d#icl®82; Part et
al. 1982; Rothwell and Forster 2005). The isolation of tissuegptinteractions with
other tissues such as internal organs, allowing betteriengre@l control. This allows
tissue specific properties and/or the interaction of compoundsesést with specific
tissues to be more accurately investigated (Moen &08Ll; Plin et al. 2005; Rothwell and
Forster 2005). For this to be effective the perfusion must enaitite normal behaviour of
the tissue to the greatest extent possible. There arg different variations of
physiological saline, however most firstly address colloid ognpoéssure and ionic
balance (Skrzypiec-Spring et al. 2007). Preparations ¢maaion complete physiological
structures must deliver the saline by pumping it though thetiméesculature. In this case
maintaining an appropriate hydrostatic pressure is important éguate perfusion of the
tissue and to avoid the accumulation of interstitial fluiithwn as oedema.

Practical uses for perfusion outside of research arentlyrrestricted to medical
tissue preservation, although these preparations generally domtii maintain the
normal metabolic function of the organ. In fact the low oxycgmying capacity of
salines may prevent them from doing so, or lead to abnorimghyperfusion rates
(Skrzypiec-Spring et al. 2007). Instead the aim is to stahifie tissue and prevent cold
and reperfusion damage (Xu et al. 2005; Bessems et al. 2085z Bs et al. 2005b;
Bessems et al. 2006; Rauen et al. 2007). The closest apliodperfusion principles to
seafood products so far has been the washing or soaking tsfifillater both with and
without compounds that may improve fillet quality such as ascocc(Richards et al.
1998; Chaijan et al. 2005).
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1.1.3 Hypometabolism

Although the induction of a sustainable hypometabolic state is metntiyrpossible for
the long term storage of viable tissues, it is of consideriaterest due to its common use
in estivating and anoxia tolerant animals (Storey 2002; MiltonRaadtice 2007). The
processes allowing for a hypometabolic state are complex dnily tiggulated. The
animal must firstly cope with the initial transition to gbynetabolic state that typically
involves decreasing the demand for ATP to between 10 andB@&smal resting
metabolic rate. This involves strategies such as reducinga&age across membranes
and arresting ion channels (Milton and Prentice 2007). A praienged hypometabolic
state must then be maintained during which energy supply arahdeane closely
matched to maintain ATP levels. Finally there isrtdmvery phase during which the
metabolism is elevated back to resting (Milton and Peer®D07). Recovery has been
shown to be associated with the over production of damagengausigen centred
radicals, and may require adaptation of the endogenous antioxydters to prevent
tissue damage (Ramos-Vasconcelos and Hermes-Lima 2003).

Developments in inducing and maintaining a hypometabolic staigsues would
greatly contribute to fields such as organ transplantafidrese principles may also prove
useful in improving the quality and prolonging the shelf lifenagfat and seafood products.
However it remains to be seen whether the cellular ansigbgical processes required
for hypometabolism can be initiated in tissues that do not noregtlerience these

events.

1.2 Skeletal muscle physiology of teleost fish

Fish muscle, much like other vertebrates, is composed ofactitgrproteins, lipids (from
cell membranes, adipocytes and intracellular lipid dropéetd)connective tissue, all of
which affect the properties of the meat. Unlike higherel@etes however, the fibre types
in fish muscle are highly compartmentalized and 90-95% obtia¢rmass is glycolytic
anaerobic white muscle (Kiessling et al. 2006). Although thesenw overlap in the use
of the red and white muscle fibres, the white muscleas psimarily for high speed burst
swimming associated with prey capture and escape respoftsesvhite muscle is poorly
vascularized and functions as an almost closed system dunisgexercise (Weber and

Haman 1996). The fibres are dominated by myofibrils and cofgaimitochondria and
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relatively small amounts of glycogen (Kiessling et al. 20061tbiaet al. 2007). Unlike
many other fish species, salmonid white muscle containgisant amounts of lipid,
predominantly found as triacylglycerol in adipocytes (fat gfereells) in the myosepta
(Zhou et al. 1996; Nanton et al. 2007). The myosepta appear dmpdeof connective
tissue running through the muscle. Smaller quantities of ligidissociated with the cell
membranes and mitochondria (Nanton et al. 2007). Lipids provias aource for
aerobic respiration, however, given the paucity of mitochondddaw blood flow to
white muscle tissue it is unlikely that aerobic metabolismtributes much to the energy
demands of burst exercise. Instead, its contribution is Ithebye predominantly for the
maintenance of cellular homeostasis and recovery from sgerbdlost of the energy
required for burst exercise is supplied by the anaerobic breakdaylycogen (glycolysis)
and intracellular stores of creatine phosphate and ATP (Millidg®6; Kieffer 2000).
These stores are limited and exhaustion generally occurs wifein minutes and
complete recovery can take a number of hours (Milligan 1996).eTisenarked
heterogeneity in size and metabolic potential in white neudates, with smaller fibres
containing far more glycogen and greater aerobic potentialgliigset al. 1990). This
may allow more efficient recycling of lactate produced duringtoexercise and/or allow
the recruitment of smaller white fibres during aerobic @ger(Kiessling et al. 2004,
Kiessling et al. 2006). Recent work has shown certain filpestyithin a working muscle

can be preferentially utilized in higher vertebrates (éliak et al. 2006).

,."-J 4—\‘~—-|~—~ White muscle
f \H—‘,— Pink muscle

| ? — e #—I— Red muscle

o

Figure 1.1 Cross section of a teleost fish showing the locadf red (highly aerobic, slow
twitch), pink (highly aerobic, highly glycolyticast twitch) and white (anaerobic, highly
glycolytic, fast twitch) muscle fibres. (from K&gg et al. 2006a)

Red muscle in teleost fish is located in wedge shaped baials the lateral line.

It generally makes up 10% or less of the total skeleteslale mass and is used for low
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velocity sustained swimming. The fibres are small anditer (25-45 pm) and very well
vascularized (Kiessling et al. 2006), receiving approximatelyf the blood flow to the
skeletal muscle in a resting chinook salmon (Janssen 2003).aféegnsely packed with
mitochondria, lipid droplets, glycogen and myoglobin and their masha$ almost
entirely aerobic, with lipids being the primary fuel sounsd aarbohydrates secondary
(Kiessling et al. 2006).

Pink fibres are found in many teleost species as a narmgvdegoarating the red
and white muscle. Their function and biochemistry appeded|tbetween that of the red
and white muscle. Salmonids however do not have this partiduia type (Martinez et
al. 1993; Kiessling et al. 1995; Kiessling et al. 2006).

1.3 Aerobic and anaerobic energy production

Energy production is essential for life. In skeletal muss&ue it is required for the
maintenance of cellular homeostasis and the contractile piegptrat allow locomotion.
Cellular viability and functionality are therefore infaitely linked to the general well being
of the energy production pathways within the cell.

The energy produced in working muscles is ultimately derivaad the protein,
lipid and polysaccharides consumed as food, which are broken dowg dig#&stion and
transported to the cells where they are used to produce er@irgple sugars such as
glucose are converted to pyruvate via glycolysis in tHes @ytoplasm. This produces a
net gain of two molecules of ATP per molecule of glucoses pitocess is particularly
important in anaerobic tissues such as teleost white masdellows the generation of
energy in the absence of oxygen (Alberts et al. 1994). Dunagrabic metabolism the
pyruvate is converted to lactate by lactate dehydrogdh&d4) allowing the coupled
regeneration of NAD which is essential for glycolysis to be able to contifweéhers
1992). Following exercise the lactate can then be conveai®dto pyruvate either in situ
or following transport to aerobic tissues. In teleost Bsheuch of the lactate produced

during burst exercise is reprocessed in situ (Milligan 1996).
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Figure 1.3 Schematic pathway for glycolysis in animal cetl®wing the individual
reactions, Gibbs free energy changeS{; kJ mol¢'), chemical structures, and overall
energetics for glucose and glucosyl subunits. (fWithers 1992)
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In the presence of oxygen, amino acids, sugars and fattyaaeittsoken down
completely to form C@and HO in the mitochondrion. Itis the final stages of oxidative
phosphorylation that produce the majority of the metabolic ensoyge of which is
captured and the rest released as heat. During this pfé&&d4 and FADH transfer the
electrons they are carrying from the oxidation of food moledol€», producing HO.

This transfer of electrons occurs on the inner membrane aifitbehondrion. The energy
state of the electrons is reduced in a stepwise mannet diines the transfer of protons
across the inner membrane creating an electrochemical gn@dient. This gradient
drives the protons through an enzyme complex and causes ATP sytothdsea
phosphate group to ADP (Withers 1992; Alberts et al. 1994). Th#ingsATP is then
transferred to the cytoplasm where it is used predominemtyive processes important
for the maintenance of cellular homeostasis, including driviagkN pumps, protein
synthesis and protein degradation (Hochachka et al. 1996).

The relative contributions of these two energy generagistems are tissue
specific. Teleost white muscle shows a much greater @naguotential and a limited
aerobic potential compared to red muscle (Kiessling €086). However there is
considerable overlap between the two systems both wittinidual cells and the animal
as a whole. For example, during rest and recovery, telduts muscle must function
almost entirely aerobically (although at a rate far belowabhievable by red muscle) to
maintain or regain homeostasis. If oxygen is available durirgj buercise, aerobic
metabolism will continue in the tissue despite the dominahaaaerobic energy
production. In the whole animal, there is also overlap ingbruitment of the two fibre

types during exercise (Kiessling et al. 2006).

1.4 ATP related compounds and storage properties in skeletal
fish muscle

ATP and its related metabolites can be used to providedaration of the metabolic state
of a viable tissue and the freshness of a non-viable tissugyditarage. Generally, the
breakdown of ATP related compounds takes place in the order ARBDP  AMP
inosine monophosphate (IMP) inosine  hypoxanthine xanthine uric acid (Luong
et al. 1989; Carsol et al. 1997; Vazquez-Ortiz et al. 1997). Taué of a tissue is
expressed as a percentage and represents the ratioAdiRH&reakdown products

hypoxanthine and inosine to the total pool of ATP related compouraito € al. 1959;
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Ryder 1985). It has been shown to reliably indicate the freslohassifood and removes
many of the issues associated with using a single melRlder 1985; Vazquez-Ortiz
et al. 1997; Dondero et al. 2004; Aubourg et al. 2005a; Aubourg et al.. 200F7)
concentrations in particular have taste and quality impdieatas IMP is known to
contribute to the umami-taste of fish products (Kawai €2G@02; Kuda et al. 2007).

The loss of tissue ATP is also involved in the onset afrsigortis, which has
guality and processing implications for fish products and is teffielcy pre-harvest stress
and exhaustion (Sigholt et al. 1997; Jerrett and Holland 1998;eRath2006). However,
K-values are not able to resolve the onset of rigor-moriisramains close to zero until
late stage breakdown products of ATP are generated. Indivitktabolite measurements
may prove more useful for this purpose.

The cycling of NAD and NADH are redox reactions and this cycle has many
biological functions including aspects of both aerobic and anaemdtiabolism (Alberts
et al. 1994; Halliwell and Gutteridge 1999). The ratio betwheriwo metabolites is a
potential indicator of metabolic state and intracellular redoxpialgLin and Guarente
2003). Therefore NADconcentrations are likely to be relevant during cell viagbitiss
and to contribute to K-value calculations in the non-viabkués

Measurements of these metabolites is achieved by HPL@ hasays that,
although useful, are time consuming and expensive and thereéar@umarily for

research purposes (Ryder 1985; Furst and Hallstrom 1992).

1.5 Free radical production and oxidative damage in skeletal
fish muscle

Aerobic metabolism, despite its efficiency, is known to prodigkly reactive free
radicals predominantly through leakage of electrons froneldatron transport chain and
the subsequent reduction of molecular oxygen to form superoxidg §6d HO, (Nohl

and Hegner 1978; Cadenas and Davies 2000; Kudin et al. 2088).céh then be cleaved
by transition metals through Fenton chemistry to produce the hiigimhaging hydroxyl
radical (OH) (Halliwell and Gutteridge 1999; Sachdev and Davies 2008hoAgh a
number of processes contribute to the total cellular pool of suplerard HO,, during
normal metabolic processes mitochondrial generation is quamtiyathe biggest
contributor. It is generally thought that in the resting mitochor(dt&e 4), between 1 and

4% of total oxygen consumption will result in the generatiosugieroxide (Jackson 1994;
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Cadenas and Davies 2000; Sachdev and Davies 2008). As sugbdtig increased flux
of electrons through the mitochondria during exercise could leagteased superoxide
production. However, the transition of the mitochondria to tteerespiratory state
(state 3) during exercise reduces superoxide production considerably, the anoxic
state 5 there is no superoxide production (Cadenas and Rades

A secondary source of free radicals is xanthine oxidase isTaismodified form of
xanthine dehydrogenase produced during periods of ischemia and/or hypoxia. It
metabolizes hypoxanthine generated by the breakdown of adenosine mahapdos
(AMP) to xanthine and eventually uric acid. This process, uthiEused by xanthine
dehydrogenase, utilizes oxygen as an electron acceptor, gegeraithine and
superoxide (Chambers et al. 1985; McCord 1988; Jackson 1994; Sachdeavaesl D
2008). As oxygen is required for this pathway, it is most pertivwaen oxygen is
available to the tissue such as during reperfusion or starageaxygen rich environment.

A loss of calcium homeostasis can lead to the relddseeofatty acids and
disruption of membranes through the activation of phospholipasqw@iedlytic enzymes
(Jackson 1994). The release of iron from haemoglobin and myoglédwirs d to catalyze
the Haber-Weiss and Fenton reactions and is a known source addieals (Halliwell
and Gutteridge 1999). This type of tissue damage has been shtake place following
spinal cord impact injuries (Liu et al. 2003) and is likelptour following the damage of
any iron rich tissue. Iron catalyzed oxidation has also bbeewn to be an important
factor in fish and other meat products (Richards et al. 2002; BwiduKorkmaz 2007).

Nitric oxide (NO) has been shown to play an important rotbéregulation of
vascular tone in mammals (Torreilles 2001). It also inflasmroteolytic enzyme activity
and is involved in calcium homeostasis (Michetti et al. 19%6£t2003; Warner et al.
2005). NO is a free radical compound and reacts extremetjlyrapith superoxide to
form ONOGQG, which can subsequently be protonated to form HOONO and theocdited
to NO, and OH (Khanna et al. 2005). Therefore its productiomivo can contribute to
the redox environment. It has been shown to influence titketeess of certain types of
meat (Warner et al. 2005) and play a role in reperfusion injusikeéletal muscle (Khanna
et al. 2005). Although the role of NO in fish is more ungéer@@ddy 2005), NO donors
have been shown to vasodilate, and NO inhibitors vasoconsinbbw trout coronary
systems (Mustafa et al. 1997). This indicates that NO dagsapiole in regulating
vascular tone in salmonids and may therefore also be involv@ddative processes in

fish tissues.
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Although during normal metabolic processes mitochondrial superoxideajene
is the dominant process for free radical production, the velatintributions of each of
these free radical generating pathways will be dependenhomber of factors. In meat
products in particular the onset of ischemia during harvestingh@nslibsequent processes
leading to cell death are likely to cause factors @natnot normally associated with
oxidative processes in viable tissues to become major cootisbatthe non-viable tissue
(Morrissey et al. 1998).

Figure 1.4 Schematic illustration of the lipid autoxidatiprocess including some of the
native inhibitors and pro-oxidants found in fisksties. LH = fatty acid, X= initiator, L =
alkyl radical, LOO = peroxyl radical, LOOH = hydroperoxide, SOD = stgxide
dismutase, GSH-px= glutathione peroxidase. (framdéland 2001)

When considering likely sources of free radical production the prep®f the
tissue in question must also be established. In theofaskeost red muscle the tissue is
packed with mitochondria and contains large quantities ofcelitdar myoglobin and

lipid (Kiessling et al. 2006). This provides for a large sewtmitochondrially generated

free radicals if oxygen is present in the viable tissuevidsility is lost the release of iron
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from the intracellular myoglobin and any haemoglobin from blood resaheesliso able to
contribute to free radical production. The large quantitiesie&turated intracellular
lipids are particularly susceptible to oxidation. The combinaiicthese factors makes
teleost red muscle tissue particularly susceptible to tmidaeactions that produce
unfavourable characteristics in the tissue (Undeland 2001). &@atiyely, the white
muscle has relatively few mitochondria and smaller quanbfiéipid (Kiessling et al.
2006) and very small quantities of myoglobin (Richards and Hultin 20@Ring it
generally more resistant to these processes. However, apatdgoroduction of tertiary
lipid oxidation products has been shown in teleost white muscldrthateost red muscle
(Undeland 2001). The relative susceptibilities of differett fissue types to oxidation
have been shown in herring fillets (Undeland et al. 1998; Und&2801).

Free radicals that are not neutralized by endogenous antioxiderhsysan
damage important cellular components. The primary products @fipiaoid lipid
oxidation are protein and lipid hydroperoxides (ROOH). Thesedwoarless and tasteless
compounds and are relatively short lived, being rapidly oxidizeg¢¢ondary products
(Undeland 2001). The secondary products of lipid oxidation includelecdddehydes
and ketones that are responsible for some of the fishyawdyancid odours and flavours
found in stored fish (Undeland 2001). The further oxidation of préwgdroperoxides
produces carbonylated proteins, which are associated witlr@dgaotein function and
increased protein carbonyl concentrations are found in a numbeseafdipathologies
(Shacter 2000). Carbonylated proteins have also been shovandase during the storage
of fish fillets (Kjaersgard et al. 2006).

Detection of free radical damage is predominantly achieveddasuring the
products of oxidative processes. Protein and lipid hydroperoxiddseceeduced with
ferrous ions, and the resulting ferric ions chelated withnollerange to form a complex
detectable by spectroscopy at 560 nm (Gay et al. 1999; Gay arckiGzé2; Gay and
Gebicki 2003). Protein carbonyls can be detected by derivatizaiibor2,4-dinitrophenyl-
hydrazine (DNPH) (Quinlan et al. 1994; Shacter 2000) and malondjaldéMDA), a
secondary product of lipid oxidation, can be detected by dindtiain with thiobarbituric
acid (TBA) (Wong et al. 1987; Agarwal and Chase 2002). Thessome of the most
general and widely used techniques. However, due to thepeaifis nature, the wide
range of products produced through the oxidative modification of praathEpids and
the relative instability of some of these compounds, thessunements are only partially

indicative of oxidative damage. Attempts have been nadeetite an assay that measures
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the total antioxidant potential of a tissue homogenate (Arnab 2001), however the
generation of antioxidant compounds such as uric acid during thadadgign of fish
products mean that the results produced by these techniques woely lbéficult to
interpret and of limited use. Unfortunately there isingle technique that allows the
accurate measurement of all of the products of oxidative esés biological tissues and
therefore a combination of techniques is often utilized (Walliand Gutteridge 1999).

1.6 Endogenous antioxidants in skeletal fish muscle

The general definition now used to define the term ‘antamids ‘any substance that,

when present at low concentrations compared to those of anait@lgubstrate,

significantly delays or prevents oxidation of that substratalliiMell et al. 1995; Halliwell

and Gutteridge 1999)in vivoand in food products made up of animal tissues the substrate
comprises almost all components of the tissue. Endogenous aaitsxidclude

antioxidant compounds and systems that occur naturally, either theodiggenous
manufacture and regulation and/or dietary sources, and are amipfmit normal metabolic
function in living tissues. The metabolic function and poténtatribution of

endogenous antioxidants to the oxidative stability of seafood produtitcussed below.

1.6.1 Antioxidant enzymes

The production of free radicals through normal metabolic procesgases cells to have
efficient and adaptable endogenous antioxidant systems to mdiotaeostasis.
Generally there is a very good match between the antioxidpacity of a tissue or animal
and its environment, with red muscle fibres showing highevitiet of these antioxidant
enzymes than white muscle fibres (Ji 2008). A number of aelduitioxidant defenses
consist of antioxidant enzymes. The superoxide dismutasessjSDdmetal-containing
enzymes that catalyze the conversion of superoxide@ &hd Q (Halliwell and
Gutteridge 1999). CuzZnSOD is found predominantly in the cytosol of eudstryotic
cells, with smaller quantities in the nucleus, lysosomesatwleen the inner and outer
mitochondrial membranes. MnSOD is almost entirely locateéte mitochondria
(Halliwell and Gutteridge 1999). The relative activitee®l locations of SODs are species
and tissue specific. Over expression of CuZnSODrosophilaand mice increases

resistance to oxygen toxicity (Huang et al. 1992; Le Bourg 2001)e wihide lacking
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MnSOD suffer acute and fatal pathologies consistent with mafochondrial damage
(Williams et al. 1998; Huang et al. 2001). This indicates ihgdortance, particularly of
MnSOD, in maintaining redox homeostasis and mitochondrial function.

Catalase is a haem-containing enzyme that catalyzestiversion of HO, to H,O
and Q. Aerobic cells generally contain some catalase actwiity liver, and to a lesser
extent erythrocytes, showing high activities (Halliwell &hatteridge 1999). As 4, is
relatively stable and diffuses easily, erythrocytes adp to protect other tissues. The
catalase activity in animal cells is mainly found inggsomes, which contain a number of
H,O, generating enzymes such as those involved in-thv@dation of fatty acids.
Mitochondria do not contain significant amounts of catalasaning it is not involved in
the removal of KO, in the mitochondria (Halliwell and Gutteridge 1999). Mutations
resulting in catalase deficiency do cause obvious diseaselq@gies (Goth 2001) and over
expression provides extra protection against specific streg8oest al. 1999). Therefore
catalase is an important component of, but not vital for aenobiabolism.

Glutathione peroxidase (GSH-px) is a selenium containing enZyahedtalyzes
the reaction of KD, and reduced glutathione (GSH) to forsHand glutathione
disulphide (GSSG). GSSG is then reduced back to GSH throegixitiation of NADPH
(Halliwell and Gutteridge 1999). GSH-px is found in many anitisalies and is also able
to act on fatty acid peroxides, reducing them to an aldétadliwell and Gutteridge 1999).
GSH-px activity in coho salmon can be increased throughisaiesupplementation
(Felton et al. 1996) and is the only antioxidant enzyme whosatacian be influenced by
diet.

Environmental factors however, can contribute to the relativeitiesi of
antioxidant enzymes. Up regulation of the antioxidant enzynmebd®n shown in
response to exercise, hypoxia and temperature stress (SalalaB000; Lushchak et al.
2005; Pinho et al. 2006; Gomez-Cabrera et al. 2007; Lambertuac€07). In rainbow
trout GSH-px and catalase activities in the blood wereeasad by temperature, handling
and low water stress (Ozmen et al. 2007). This indich&esrtportance and flexibility of
these endogenous systems in maintaining homeostasis in respohaading
environmental factors.

The role these enzymes play during the storage of meat praslieds clear.

There are a number of technical difficulties associateld applying antioxidant enzymes
in food technology and therefore they have no current practicatapphs (Meyer and

Isaksen 1995). Changes in the activities of these enzymedban documented during
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the storage of meat products (Hernandez et al. 2002; Haa2€06) and it is likely they
play a role in maintaining the oxidative stability of theahas long as their activity is
retained. The relevance of these observations to a tisgua low aerobic capacity such
as teleost white muscle is uncertain. However, reducett@Sactivity has been shown to

correlate with the onset of lipid oxidation in herring tdléUndeland et al. 1999).

1.6.2 Glutathione

GSH is involved in a number of important processes distiaot fts action as a cofactor
for GSH-px. These include acting as a cofactor in othgmeatic pathways, ascorbic acid
metabolism, preventing oxidation and subsequent cross linking ofrptbiel groups,
repair of oxidized sites, protein folding and degradation afens containing disulphide
bonds (Halliwell and Gutteridge 1999). It has also been showeatt directly with a
number of free radicals and, given its relatively high intfalee concentrations, these
reactions are likely to occium vivo. GSH can be manufactured enzymatically from
cysteine and is in a constant state of turnover due toatsvedy short half life. Deficient
organisms show general sensitivity to toxins and radiationdsaiceated pathologies are
not fatal (Halliwell and Gutteridge 1999). GSH concentratiorisinhave been shown to
change in response to temperature (Leggatt et al. 2007) andsidation of GSH directly
has been shown to alter the status of some antioxidant def@tsest(al. 1997)
indicating that GSH metabolism is flexible. Given its ratlacavenging ability, GSH

present in meat products is likely to contribute to oxidatiabilty.

1.6.3 Vitamin C

Vitamin C (ascorbate) is synthesized in plants and ititBeof a number of animals from
glucose using the enzyme gulonolactone oxidase. This reacmnesbults in production
of H,O, meaning that, although ascorbate functions as an antioxidantehéis of
production could result in oxidative stress (Halliwell and éidge 1999). Plant based
food sources contribute significantly to many animads/ivo vitamin C pools and is the
only source for animals that can not manufacture it. Ascorbadguired as a cofactor for
a number of enzymes, two of which are involved in collagen sgistheeaning deficiency
results in structurally weakened tissues and blood ve@dsalbwvell and Gutteridge 1999).
The ability of ascorbate to act as a reducing agent isdeelimented and it has been

shown to act as an efficient antioxidant in meat products (Ferknet al. 2003; Mielnik et
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al. 2003; Mitsumoto et al. 2005; Banon et al. 2007). However hiligyaf ascorbate to
reduce transition metals means that under some circumstpadgsylarly at low
concentrations, it can have a pro-oxidant action (Buettnerwakitwicz 1996). This is
also a property of other reducing agents such as GSH.

The donation of an electron from ascorbate produces an ascorbyl thdids
relatively stable, which provides the basis for its antiaxigmoperties (Halliwell and
Gutteridge 1999). This can be further oxidized to form dehydroageqiDBA). In a
number of cells including skeletal muscle, both ascorbate adddéiactively
transported into the cell where DHA can be enzymaticaltycled back to ascorbate with
the subsequent loss of GSH (Savini et al. 2005). The abilityti dietary ascorbate to
elevate vitamin E concentrations in the liver of yelloavgh (Lee and Dabrowski 2003)
indicates that it not only acts as an antioxidantivo, but also that it interacts with and
recycles other antioxidants as shown by Buettner (1993).

Adequate dietary intake of ascorbate also improves growthabéegiacultured
fish (Li et al. 2007), but its relatively low concentratiam$eleost white muscle tissue
mean that it may not play a significant role in the quatfillets (Espe et al. 2002; Ruff et
al. 2003). Morrisey et al. (1998) commented that ascorbate sugpmiation appears to
have little effect on meat stability. Prolonged adminisiradf ascorbate and vitamin E in
the diet has been shown to improve the oxidative stability ofiexhand fish (Schaefer
et al. 1995; Ruff et al. 2003), but this may be primarilytesldo the elevated vitamin E

concentrations in the respective tissues.

1.6.4 Vitamin E

Vitamin E (RRR-—tocopherol) is the most biologically effective form of a figrof eight
tocopherols, which are lipid soluble substances that inhibit piprdxidation. The
hydrophobic tail anchors the molecules into the mitochondrial andarethembranes
leaving the —OH group responsible for its antioxidant action ahdrmabrane interface
(Halliwell and Gutteridge 1999). Tocopherols inhibit lipid perokimtathrough the rapid
scavenging of lipid peroxyl radicals (LQ generating a tocopherol radical in the process,
which can then be recycled back to its reduced statecoylase (Buettner 1993). The
role of vitamin Ein vivoappears to be predominantly as an antioxidant. There are few
symptoms of deficiency other than a general susceptibilipxygen toxicity and evidence

of increased lipid peroxidation in some tissues. Howekiernhay be due to the prolonged
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period of dietary deficiency required to reduce tissue vitdinconcentrations, particularly
in the brain, where chronic deficiency eventually resultgeurological damage (Halliwell
and Gutteridge 1999). More recently the nature of thisinoleso has been questioned by
work showing that vitamin E has other important cellular funct{&zgi et al. 2004,

Zingg and Azzi 2004). Other researchers maintain that treseediated via its
antioxidant function and comments by Brigelius-Flohe and Davies (20 out that
there is much to be done to advance understanding of the ratarafn Ein vivo.

The inclusion of vitamin E in the feed of farmed ansras been shown to reduce
signs of lipid peroxidation in tissues such as the liverasao to improve the oxidative
stability of the post-mortem tissue (Schaefer et al. 1995;id4ay et al. 1998; Lee and
Dabrowski 2003; Ruff et al. 2003; Huang et al. 2004). In trout fitistsie vitamin E
concentrations have been shown to affect the oxidative $gaffilihe tissue during storage

(Jensen et al. 1998). This is likely to also be of relegao salmon fillets during storage.

1.6.5 Carotenoids

Carotenoids are a family of lipid soluble compounds that ses\@ecursors to vitamin A,
which is essential for cell growth and differentiation (Hedll and Gutteridge 1999).
They are characterized by the red yellow and orange huesréh@dmmon in nature
including many sea foods (Shahidi et al. 1998). These colours piajoarole in
determining the acceptability of food products (Shahidi et388). Many play key
antioxidant roles in plants and-carotene has been shown to protect model systems from
lipid peroxidationin vitro at low G concentrations. Generally, carotenoids are good
quenchers of singlet oxyget,), however the relevance of these reactionsvois still
somewhat uncertain (Halliwell and Gutteridge 1999). Recenk wdicates —carotene
from an algal source was able to confer protection againdhtxe stress and that this
included supporting the activities of endogenous antioxidant enzywhethy et al. 2005).
In salmon, the carotenoid astaxanthin is primarily responfibkbe appealing
pink colour of the flesh. Although it has not been shown to impsstttii on the
taste/texture aspects of fresh salmon fillets, sensarglpahow a preference for
pigmented flesh (Sigurgisladottir et al. 1994). The relatignsatween tissue astaxanthin
concentrations and lipid peroxidation in salmonid tissue during g@agears to be
dependent on species and storage conditions. However, tieerddace that astaxanthin

contributes to the oxidative stability of the lipid fractioinsalmonid tissues during storage
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(Andersen et al. 1990; Bjerkeng and Johnsen 1995; Jensen et al. 1988rgtetoal.
2005).

1.6.6 Coenzyme Q

Coenzyme Q (ubiquinol) is predominantly involved in the mitochondt&dtron transport
chain. It aids in the prevention of lipid oxidation in the inm&ochondrial membrane,
ferries electrons through the electron transport chain and ishargrsource of
intracellular superoxide (Sohal et al. 2006). It is also gpoont of cell membranes and
lipoproteins, but its function is not well defined in these laceti Coenzyme Q can
inhibit lipid peroxidation through the scavenging of peroxyl radiaals regenerate

—tocopherol from its radical form, which is likely to be x&lst to its functionn vivo
(Stoyanovsky et al. 1995; Halliwell and Gutteridge 1999; James20@4). Due to its
important role in aerobic metabolism it has been suggestethdasurements of
coenzyme Q concentrations are indicative of mitochondrial funetioiredox status
(Miles et al. 2005a; Miles et al. 2005b). Coenzyme Q defigieast are sensitive to
damage by oxidized PUFA products (Poon et al. 1997) and deficieatdi® as embryos
(Nakai et al. 2001) indicating its important role in aerobicaielism.

Both forms of coenzyme Q (Q9 and Q10) are found in rainbow ribiit
coenzyme Q10 being the predominant form (Mattila and Kumpulainen 200&)role it
plays during the storage of fish fillets is somewhat uager However, its radical
scavenging ability and interaction witktocopherol mean that it is likely to play a role in

protecting the lipid fraction of the tissue from oxidation dusitgrage.

1.6.7 Histidine containing dipeptides

Many tissues including the skeletal muscle of teleostdislatain histidine containing
amino acid dipeptides such as carnosine and anserine. Angeparticular has been
shown to be a component of salmonid white muscle (Abe 1983; Sualkilé90; Chan
and Decker 1994). These compounds are weak inhibitors of lipid @tdatvitro but
their rolein vivois uncertain. They do not exhibit the pro-oxidant activity diidiise and
may allow a safe means of accumulating histidine, while@ets an intracellular pH
buffer (Halliwell and Gutteridge 1999). Dietary supplementatias unsuccessful at

elevating tissue carnosine concentrations in mice (Chaln 8994), but post-mortem
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carnosine addition has been suggested as a means of imprevimmd stability of meat

products (Morrissey et al. 1998).

1.7 Exogenous antioxidants

There is some overlap between what can be defined@sgenous antioxidant and an
endogenous antioxidant. For our purposes an exogenous antioxidant i®sidamitithat
is not important for normal metabolic function in animalues or in circumstances
relating to the processing and storage of meat and seafood fgrauantioxidant that is
introduced into the tissue during harvesting or processing vemirer slow the oxidative
degradation of that tissue. An obvious example of a compoundahdte described as
both an endogenous and exogenous antioxidant is ascorbate, whickssatiaé
component of normal metabolic function and can also be usedex®genous antioxidant

for the stabilization of processed meat products (Mielnikk &03; Banon et al. 2007).

1.7.1 Phenols

Phenolic compounds contain one or more benzene rings with either v attached
—OH groups (Halliwell and Gutteridge 1999). Many phenols have a sardgigxidant
actionin vitro and inhibit lipid peroxidation via peroxyl radical scavengibg\cheva et
al. 1995; Cuvelier et al. 2003). Some phenols contain transi@al chelating structures
that prevent or reduce the ability of the bound transitionIn@taontribute to redox
reactions (Halliwell and Gutteridge 1999). Phenols are founahimy plants and can
function as precursors in biosynthetic pathways or absorb ulteavadiation. They often
contribute greatly to the colour and taste of plant matsudeth as the rich red/blue of the
anthocyanins found in berries and the well known flavouring compoumtiiiva Herbs
and spices containing phenols have been used to preserve foousfoof recorded
human history (Lindberg Madsen and Bertelsen 1995). Many phehgilaint extracts
have been shown to inhibit lipid peroxidation and have shown pdtengeeserving and
prolonging the shelf life of fish and meat products (Tozer 200hpB&t al. 2007,
Raghavan and Richards 2007). Phenols have also been shown va$eaetive
properties (Packer et al. 1999; Deliorman et al. 2000; Ddilta@l. 2004; Ghayur et al.

2005) and to interact with endogenous antioxidants (Kadoma et al. Z2@D8)esefore
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may be useful in preserving tissue function in perfusion prepasatia their antioxidant
function and their potential to improve vascular tone.

The phenolic compound isoeugenol (the active ingredient in the agnagsthetic
AQUI-S™) is now used in the aquaculture industry as an anaesthetiditce stress and
exhaustion in the fish during normal animal husbandry and harvestingdures (Wagner
et al. 2002; Iversen et al. 2003; Bosworth et al. 2007). Isoeugasdieen shown to enter
the bloodstream and tissues of anaesthetized fish (Kildda2£104; Meinertz et al. 2006)
and to have vasoactive and antioxidant properties (Davchel/dl88§&; Uchida et al.
1996; Guha and Priyadarsini 2000; Ito et al. 2005; Rothwell and Fafx16).

Although isoeugenol has been shown to be cytotoxic at concentgdtetween 100
and 300 pM in human cell culture studies (Burkey et al. 2000; Atsuat. 2005), it is
rapidly removed from fish tissues following exposure (Kilded.e2@04; Meinertz et al.
2006). Isoeugeno has a half life in rats following intravenous astration of
approximately 12 minutes (Badger et al. 2002). It can alsoh&umed by rats in
quantities up to 250 mg/Kg/day with no adverse effects (Gezirge 2001; Badger et al.
2002).

The antioxidant property of isoeugenol, like other phenolic compounugdgated
by an —OH group on the benzene ring. The benzene ring contaimssao$&onjugated
double bonds, which in the case of isoeugenol extend onto the propershaine This
allows electron delocalization through the conjugated double bondasitogehe stability
of the phenoxyl radical (Rajakumar and Rao 1993; Brandwilliarak #095; Davcheva et
al. 1995). Isoeugenol has also shown antioxidant activity initi@nsnetal induced
oxidation systems (Rajakumar and Rao 1993; Uchida et al. 1994;dt02005).
Isoeugenol has both metal reducing and metal chelating propaetiésg the exact
mechanism of its action difficult to determimevivo (Ito et al. 2005; Nenadis et al. 2007).

Isoeugenol may have a number of potentially important effedtarvested fish
tissues due to the rested metabolic state of the @swlithe potential for antioxidant
function within the tissue. These will be addressed indsaed tissues from chinook

salmon in subsequent chapters of this thesis.

1.7.2 Synthetic antioxidants

The chemical structures that provide for antioxidant actiorbeautilized to formulate

synthetic antioxidants that can act as radical scavengefsraransition metal chelators
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(Halliwell and Gutteridge 1999). Examples of synthetic antiamnts include butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT), trolox and prgaate. BHA
and BHT have been added to foodstuffs to inhibit lipid oxidationea@duccessful in
doing so (Verhagen et al. 1991; Lindberg Madsen and Bertelsen 198&kver, high
doses of BHA have been implicated in the formation of foreath cancer in rats, but
there is no evidence that doses received by humans in foodsiuésnedical implications
(Botterweck et al. 2000). However, these suggestions meati¢hadidition of synthetic
antioxidants to foodstuffs is beginning to be unacceptable tagwrs and much recent
work has focused on replacing them with naturally derived compaureldracts
(McArthy et al. 2001; Raghavan and Richards 2007). The additisyntfietic
antioxidants during processing has proved successful for inhibitinigdipdation in meat
(McArthy et al. 2001; Mielnik et al. 2003). Dietary intakesghthetic antioxidants by fish
however, did not improve the oxidative stability of the tissbiatlfn et al. 1992). This was
likely due to the antioxidants being rapidly metabolizedexateted. Although it is likely
that synthetic antioxidants added post harvest would contribute tixitlative stability of

seafood products, the acceptability of such products to consigmgrsstionable.

1.8 Research aims for this thesis

As discussed above, this thesis focuses on aspects of nwefabotion in teleost skeletal
muscle and its relationship to oxidative processes and antibxstidns. In particular we
aim to further develop the chinook salmon tail perfusion maee¢loped by Janssen
(2003) and look for ways to improve oxygen delivery to the tigstiethe ultimate aim of
inducing and maintaining a hypometabolic state. This goal imeettto a number of
practical applications including preserving animal tissued&smistuffs and the storage
of tissues for transplantation. Of particular importance togdhbal is to examine the
oxidative processes occurring in the red and white skeletstlmtissues during the post-
harvest period in which cell death occurs and determimddative damage and/or the loss
of key antioxidants such as vitamins C and E plays a rolehaA&sted tissue is ischemic
and deprived of oxygen there is also the potential that thesegzes may occur at a later
stage during storage and be more related to the degrapaitesses that occur in animal
tissues that lead to spoilage and rancidity. The dominatatmiec pathway (i.e. aerobic

versus anaerobic) of a specific tissue may play a detigmgiole.
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We also wish to examine the effect of antioxidants inradiitig oxidation in the
perfusion model and stabilizing and prolonging the shelf lifean¥ested tissue. Of
particular interest are both the physiological and biocheraitatts on post-harvest
metabolism and long term storage properties in tissues hahfeste fish in a rested state
using the aquatic anaesthetic AQUIS As the active ingredient of AQUI'Y is a lipid
soluble compound (isoeugenol) with antioxidant properties, thetaese of tissues

harvested from rested fish to oxidation will also be ofrage
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2 - Materials and Methods

This chapter describes all the equipment, suppliers arttbo@bgy used throughout this
work. More specific information on methods is containedhwisubsequent chapters.
Also included are descriptions of method development and eéxalsaf their suitability

for use in this work.

2.1 Experimental animals

Female chinook salmo®fcorhyncus tsawytschaere supplied by Isaac Salmon Farm
(McLeans Island, Christchurch, New Zealand) and were growart@st weight on a diet
of fortified fish meal in outdoor concrete raceways. A cardus flow of freshwater at a
temperature of approximately A2 is supplied from a bore hole in the Canterbury plains.

Because ground water is used there is little seasonal tetuggevariation.

2.1.1 Exhausted harvesting

Fish were sampled directly from the farm’s harvesting mioees. Generally, fish were
separated in the raceway using a fine mesh divider. Traswaed along the raceway

until the fish were crowded into one end. The divider welkdd in place, a large net was
lowered into the water and a number of fish were removed fiSthevere then placed in a
large crate filled with water and gassed with,@@til they ceased struggling. They were
then removed one by one and were killed and bled. For our puffigise&re removed

from the net and not subjected to Cihaesthesia. They were killed by cranial impact and

transported back to the University of Canterbury on ice fiet fireparation.

2.1.2 Rested harvesting

A small number of fish were transferred from the opeeways to an indoor holding
facility on the premises. They were placed in circulaksacovered with shade cloth with
a diameter of 1.9 m and a water depth of approximately 630 Natural lighting and a
flow of clean fresh bore water was maintained to the tahkf times. The fish were kept

under these conditions for 5-7 days before being used for expeaimeank.
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To achieve a rested harvest, the freshwater feed twttang tank was shut off
and the water was kept circulating and aerated by stangaadiam water and aeration
pumps. A stock solution of 25 ml of AQUI™S (AQUI-S New Zealand Ltd., Lower Hutt)
was made up in approximately 7 litres of water. This plased in a bucket with a slow
gravity fed drain into the holding tank. This brought the comagiah of AQUI-S™ up to
approximately 15 ppm over 20 minutes. This allowed the slow ohseaesthesia and a
minimization of the discomfort and stress associated witldesn exposures to high
concentrations of AQUI-S'. After monitoring the behaviour of the fish, the concerirati
of the AQUI-S™ in the tank was raised to 17-19 ppm over 5 minutes usingreefus ml
of AQUI-S™. Generally, the fish had lost equilibrium, were no lorsygmming,
ventilation rates were approximatély of normal resting rates and were unresponsive to
handling. If any responses to handling were noted that individusahataused for
experimental work. Fish were either transported live ifesgalastic bags on ice
containing approximately 10 litres of water with 17 ppm AQUY-&nd 10 litres of

medical grade &) or were killed and transported on ice to the Universit@afterbury.

2.2 Perfused whole tails

NaCl 8 L-glutamic acid 0.051
KCI 0.157 L-glutamine 0.059
CacCl (2H,0) 0.171 L-aspartic acid 0.003
MgCl, (6H;0) 0.204 DL-carnitine 0.01
NaHCQO; 1.092 BSA (Fraction V) 20
BES 0.213 PVP (MW 40 000) 30
Glucose 1.802

Table 2.1 Contents and masses for freshwater teleost qahodified Rees-Simpson
saline). Saline was made up in distilled watejistéd to pH 7.4 with 10 M NaOH and
filtered through a double layer of filter paper! wlues expressed as ¢.L

Live rested anaesthetized fish were transported to tineeksity of Canterbury. They were
then pithed (brain and spinal cord ablation) with a traditidapbnese ike-jimi tool and 1
ml of heparinized saline was injected into the dorsal dbrtaugh the roof of the mouth.
Perfusions were carried out using the technique of Janssen (BO&8) thesis, University
of Canterbury, Christchurch). Two lateral incisions weeglendown through the dorsal
surface of the fish, one through the centre of the dorsalnfil the second immediately

posterior to the dorsal fin until contact with the spinal columas made. These incisions



2 - Materials and Methods 27

were continued around the entire circumference of the af@aahg the spinal column
intact. The soft tissue between the two incisions wasptetely trimmed away leaving the
spinal column exposed. The spinal column was then severtesl atterior end of the
exposed section. The tail preparation was weighed and plaegénmperature controlled
bin at 15+ 0.5°C. 1.5-3 mm diameter silicon cannulas (Microtubeusikins, North
Rocks, NSW), size depending, were inserted into the dorsal awdtthe caudal vein and
were sealed with two firm ties around the exposed spinal ecollfmneshwater teleost
saline, made up as shown in table 2.1 and continuously bubblethedtical grade
oxygen, was pumped into the tail preparation through the dorsalusantaa Gilson
Minipuls 3 peristaltic pump (Gilson Inc., Middleton, WI) atatier of 2.5 ml/min/100g tail
weight (shown in Figure 2.2). A pressure transducer connectedtyiaction to the flow
line continuously monitored and recorded perfusion backpressure thr&mtealab 4SP

data recorder (ADInstruments Pty Ltd., Bella Vista, NSW3sue sampling and pH

A
=

A
N

Figure 2.2 Photograph of a cannulated and perfused salnilonltaCable ties used to seal
blood vessels around the inserted cannulas. 2(ated caudal vein. 3 Flow of saline
from the peristaltic pump into the cannulated dicasgta. 4 Static fluid filled line
connected to the pressure transducer.

measurements were carried out as specified in Janssen.(2Z008)L5 mm thick
transverse slices of the trunk were cut from the postemigo&the remaining head section.
The second of these slices was taken and its cut surfacaghheasured using a
Radiometer PHM 84 (Radiometer Pacific Ltd., Takapuna, Aucklandpped with a
Sensorex 450C pH probe (Sensorex, Garden Grove, CA) by taking theohma
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concurrent measurements. Samples from the lateral band wiuscle and the white
muscle approximately 15 mm lateral to the spinal columnlgbk were extracted,
immediately freeze clamped and stored at@Q@Jpon completion of the perfusion the tail
was removed from the temperature controlled bin, weighedhensbimpling procedure
repeated by taking two 15 mm slices from the anterior etitediail preparation. The

unexposed slice was used for sampling.

2.3 Tall fillets stored in air

2.3.1 Oxidation products and loss of tissue antioxi dants

Rested, exhausted and exhausted salmon that had subsequenpytiibeough the rested
harvesting procedures were killed by a blow to the head ansgpiorted back to the
University of Canterbury on ice. Fillets were cut runnirapfrthe dorsal fin to the tail and
cut surface pHs were taken using a Radiometer PHM 84 equigtied Sensorex 450C
pH probe as a mean of six concurrent measurements, 3 eachi tsidespine from the
anterior end of the fillet spaced at approximately 10 mm iatervA sample was then cut
from the fillet and freeze clamped. The fillets wergcpld in a temperature controlled bin
at 15+ 0.5°C. pH measurements and surface tissue sampleghiedinblocks of tissue at
undisturbed locations were taken after 6, 12, 24, 30, 36, 480542 and 96 hours
storage. The muscle from the posterior third of the fil@s not sampled. Samples were

stored at -88C for analysis.

2.3.2 Creatine compounds, nucleosides, nucleotides and related bases

Rested and exhausted salmon were treated as describedmdhaveasurements taken at
the 0, 3, 6, 12, 24, 30 and 36 hour time points. Two samplestalan at 30 hours, one
from the surface of the fillet and one immediately below frbenunexposed centre of the
fillet.
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2.4 Biochemical methodology

2.4.1 Reagents

All reagents were of analytical grade or better and ursteged otherwise were made up in
deionized and ultrafiltered water from a Milli-Q filtrati@ystem. All HPLC mobile
phases containing salts were vacuum filtered through 0.45 jemrfigmbranes and
degassed by sonication.

—tocopherol Sigma Chemical Co; St Louis, MGAU
-Nicotinamide adenine dinucleotide (NAD Sigma Chemical Co.
1,1,3,3-tetramethoxypropane (malonaldehyde) Sighemical Co.
2,2-azobis (2-amidinopropane) dihydrochloride (AAPH)  rcés; NJ, USA
2,4-dinitrophenyl hydrazine (DNPH) Sigma ChemiCal
2-mercaptoethanol Sigma Chemical Co.
2-thiobarbituric acid (TBA) Sigma Chemical Co.
Acetic acid J.T. Baker; NJ, USA
Acetonitrile BDH Chemicals Ltd; Palmerston North, NZ
Merck Ltd; Poole, England
Adenosine diphosphate (ADP) Sigma Chemical Co.
Adenosine monophosphate (AMP) Sigma Chemical Co.
Adenosine triphosphate (ATP) Sigma Chemical Co.
Ascorbic acid BDH Chemicals Ltd.
Sigma Chemical Co.
AQUI-S™ AQUI-S NZ Ltd; Lower Hutt, NZ
Bovine serum albumin (BSA) Invitrogen; AucklamtiZ
Butylated Hydroxytoluene (BHT) Sigma Chemical. Co
Calcium chloride BDH Chemicals Ltd.
Chloroform Asia Pacific Chemicals Ltd; AuckthrNZ
Merck Ltd.
Creatine Sigma Chemical Co.
Creatine Phosphate Sigma Chemical Co.
Creatinine Sigma Chemical Co.
D-glucose Biolab Ltd; Vic, Australia
DL-carnitine Sigma Chemical Co.
Dodecyltrimethylammonium chloride Sigma Chemical
Ethanol BDH Chemicals Ltd.
Ethyl acetate BDH Chemicals Ltd.
Ethylendiaminetetraacetic acid (EDTA) BDH Chensdatd.
Glutathione (GSH) Sigma Chemical Co.
Guanidine Hydrochloride Sigma Chemical Co.
Heparin Sigma Chemical Co.
Hydrochloric acid (HCI) Merck Ltd.
Hypoxanthine Sigma Chemical Co.
Inosine Sigma Chemical Co.
Inosine monophosphate (IMP) Sigma Chemical Co.
L-aspartic acid Sigma Chemical Co.
L-glutamic acid Sigma Chemical Co.
L-glutamine Sigma Chemical Co.
Magnesium chloride BDH Chemicals Ltd.
Methanol BDH Chemical Ltd.
Merck Ltd.

Sharlau Chemie SA; Gato Perez, Spain
Monobromobimane (MBB) Sigma Chemical Co.
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N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic ®ig Chemical Co.
acid (BES)

n-hexane Asia Pacific Chemicals Ltd.

Nitrogen Gas BOC Gasses

O-phthaldialdehyde (OPA) Sigma Chemical Co.

Orthophosphoric acid (85%) BDH Chemicals Ltd.

Perchloric acid (PCA) BDH Chemicals Ltd.

Polyvinylpyrrolidone MW 40 000 (PVP) Sigma Chedli€o.

Potassium carbonate Merck Ltd.

Potassium chloride Merck Ltd.

Sodium acetate Merck Ltd.

Sodium chloride BDH Chemicals Ltd.

Sodium dihydrogen phosphate Sharlau Chemie SA

Sodium hydrogen carbonate BDH Chemicals Ltd.

Sodium hydroxide Merck Ltd.

Sulphuric acid BDH Chemicals Ltd.

Tetrabutylammonium bisulfate Sigma Chemical Co.

Trichloroacetic acid (TCA) Merck Ltd.

Uric acid Sigma Chemical Co.

Xylenol orange Sigma Chemical Co.

2.4.2 Muscle tissue homogenization procedure for oxi dation products and
loss of tissue antioxidants

Samples were ground to a fine powder in a mortar and pestle liqude nitrogen and
weighed into 1.8 ml Nunc cryotubes. 1.5 ml of ice colan KCI and 20 ul/ml each of
10 mg/ml EDTA and 20 mg/ml BHT in methanol were addedhéotaibe. The solution was
homogenized on medium high speed by a Heidolph DIAX 900 and theveéedensed in
a small volume of KCI, which was pooled with the tissue hamate and made up to a

total volume of 1.8 ml. This was stored at>@0

2.4.3 Muscle tissue homogenization procedure for cre  atine compounds,
nucleosides, nucleotides and related bases (PCA ext  raction)

Samples were ground and weighed as above. 1.5 ml of ic8.dd\d perchloric acid
(PCA) was added to the ground tissue and the solution was homediefine blade was
rinsed in a small volume of PCA, pooled with the sampleth@dolume made up to
1.8 ml. This was centrifuged at 500 rpm for 5 minutes. 50ff {He supernatant was
removed, neutralized to pH 7.0 with 55 pl of 2 MJO; and stored at -8C.

2.4.4 Spectroscopic measurement of protein carbonyl concentrations

Protein carbonyls were derivatised with 2,4-dinitrophenyl hydea@®NPH) and
measured by spectroscopy using the technique of Quinlan et al..(1884)100 pl

aliquots of sample were taken and placed in glass screwltep. 1 ml of 10 mM DNPH
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in 2 M HCl was added to the first and 1 ml of 2 M HCkvealded to the second making an
individual control for each sample. These were then incubatadyemtle mixing at 31T
for 90 minutes. After incubation, 1 ml of 28% trichloroaceticl € CA) was added to
each tube, which was then placed on ice for 5 minuteseamtdfaged at 4000 rpm for

10 minutes. The supernatant was discarded and the proteinvped washed in 5 ml of
50% ethanol 50% ethyl acetate and centrifuged at 4000 rpm for 5 mifites
supernatant was discarded and the washing step repeatetlb&severe left upside down
for 5 minutes to drain before the protein pellet was disdaivd ml of 6 M guanidine
hydrochloride in 2 M HCI. This was left in the dark for a lfigrt 60 minutes to allow
colour development. Absorbencies at 360 nm were measured uswid601PC
spectrophotometer supplied by Shimadzu NZ Ltd. Protein carbonylrdosittens were
calculated by subtracting the paired control tubes from the Dd#?idatized tubes and
dividing by an extinction coefficient of 21 000 I'Memi* for the protein carbonyl-DNPH

complex.

2.4.5 Fluorescence detection of isoeugenol concentr  ations

Isoeugenol was solubilized into ethanol and quantified by fluores¢aassen
unpublished). 100 pl of tissue homogenate was mixed with 900 ul oéttwdol and
vortexed for 30 seconds. This was placed on ice for 15 minutebemdentrifuged at

10 000 rpm at 4C for 10 minutes. 500 pul of the supernatant was placed iBtmiOquartz
cuvettes and measured in a Cary Eclipse fluorescencegpemtometer (Varian Inc., Palo
Alto, CA) with an excitation wavelength of 266 nm and anssion wavelength of 340
nm. Isoeugenol concentrations were determined by comparistenidards of known

concentration.

2.4.6 HPLC analysis of TBARS concentrations

TBARS were derivatized with 2-thiobarbituric acid (TBAgparated by high performance
liquid chromatography (HPLC) and quantified with fluorescencectiete(Agarwal and
Chase 2002). 100 pl of thawed tissue homogenate was mixed witro6Q50 mM
phosphoric acid, 50 ul of 42 mM TBA and 10 pl 20 mg/ml BHT inhagol and

incubated at 9% for 30 minutes with gentle mixing to allow formation of theAFBIDA
complex. The samples were cooled on ice and centrifuged0Lgpm at 4C for

10 minutes. 50 pl of the supernatant was removed and mixe@@@ pl of ice cold
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methanol. This was placed on ice for 5 minutes and therifogett a second time. 10 pl
of supernatant was injected onto the HPLC.

The HPLC was a Shimadzu SIL-10A system supplied by ShimadaudNZThe
column was a reversed phase 5 pm C18 150 x 4.6 mm colunwesnaotected with a
C18 SecurityGuard guard column. Both were supplied by Phenomenébhim column
was maintained at 3€. The mobile phase was isocratic and consisted of 55% 50 mM
NaH,PO, adjusted to pH 6.8 with 10 M NaOH and 45% methanol pumpedndirin.
Fluorescence detection with an excitation wavelength of 52&nthan emission
wavelength of 550 nm was used to detect the TBA-MDA compReak areas were
calculated using a Shimadzu software package and sample catioestwere determined

by comparison to standards of known concentration.

2.4.7 HPLC analysis of ascorbic acid and uric acid concentrations

Ascorbic acid and uric acid were separated by ion-pair liquidnsatography on a
Shimadzu SIL-10A HPLC system and quantified with electrodtendetection (Levine et
al. 1999). The column was a reversed phase 5 um C18 250mo#dlumn protected
with a C18 SecurityGuard guard column both supplied by Phenomenekhia column
was maintained at 30°C. The mobile phase consisted of 40auiMng acetate, 0.54 mM
EDTA, 0.5 mM dodecyltrimethylammonium chloride and 7.5% methadjosted to
pH 4.8 with glacial acetic acid. This was run isocrati@ ml/min and the column was
allowed to equilibrate in mobile phase for 16 hours before tcallyvork began.
Samples were centrifuged at 10 000 rpm and 50 pl of supermatariaken and
mixed with 200 pl of 90% methanol 10% 10 mM EDTA. This waseadaan ice for 5
minutes to allow protein precipitation and then centrifugeDa00 rpm. 20 ul of the
supernatant was injected onto the HPLC. Electrochemicedtitmt at +0.6 V was used to
guantify ascorbic and uric acids. Peak areas were caldwigtte a Shimadzu software

package and compared to standards of known concentration.

2.4.8 HPLC analysis of vitamin E concentrations

Vitamin E (RRR-—tocopherol) was extracted into hexane, dried under oxygen free
nitrogen and dissolved in methanol, separated by HPLC andfipémtith fluorescence
detection (Teissier et al. 1996). 100 pl of sample wasedilwith 400 pl of water in screw
top glass tubes. 10 ul of 100 mg/ml EDTA, 25 ul, 20 mg/ml Biiinethanol, 500 ul of
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ice cold ethanol and 1 ml of cold hexane was added to tkes aurid the tubes vortexed for
60 seconds. They were then centrifuged at 4 000 rpm for 5 miouwteparate the phases.
600 pl of the upper hexane layer was transferred into tapetéan glass tubes and dried
under oxygen free nitrogen in a warm water bath. The residhere dissolved in 100 pl of
cold methanol and 20 pl was injected onto the HPLC.

The HPLC was a SIL-10A system supplied by Shimadzu NZ Lt cblumn was
a reversed phase 5 um C18 125 x 4 mm column supplied by Alssgdtiates Inc. and
was maintained at 35°C. The mobile phase consisted of 100% BRHE methanol
pumped at a rate of 1 ml/min. Detection was carried outunydscence with excitation at
292 nm and emission at 335 nm. Peak areas were calculatea 8liimadzu software

package and compared to standards of known vitamin E conoamtrati

2.4.9 HPLC analysis of glutathione concentrations

Glutathione was derivatized with the fluorescent dye monobromobi(vBiB), separated
by HPLC and quantified with fluorescence detection (Cotgreasidvildeus 1986).
100 pl of supernatant from the PCA extracted muscle tissag@laaed in an Eppendorf
tube. 5 pl of 0.1 M NaOH was added to give a pH of approxiyat0 followed by 5 pl
of 40 mM MBB dissolved in acetonitrile. This was mixed &fdin the dark at room
temperature for 20 minutes. After the incubation periodfubes were centrifuged at
10 000 rpm for 5 minutes and 10 pl of the supernatant was idjente the HPLC.

The HPLC was a SIL-10A system supplied by Shimadzu NZ Ltee ¢blumn was
a reversed phase 5 um C18 150 x 4.6 mm column maintai8@d@tand protected with a
C18 SecurityGuard guard column both supplied by Phenomenex Inandkiile phases
consisted of 0.25% acetic acid (phase A) and 100% HPLC gcatlenitrile (phase B).
These were run at 1.5 ml/min for 10 minutes at 90% phase AG#dphase B, followed
by a 1 minute gradient to 100% phase B. This was maintainedfiother 4 minutes
before the initial conditions were restored with a 1 minugelignt back to 90% phase A
and 10% phase B. The column was allowed to equilibrate fondt@s before the next
injection, giving a total run time of 20 minutes. Deiettof the glutathione-MBB
derivative was carried out by fluorescence with an excitatavelength of 394 nm and an
emission wavelength of 480 nm. Peak areas were calcwited Shimadzu software

package and compared to standards of known glutathione conicentrat
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2.4.10 HPLC analysis of creatine compounds, nucleos ides, nucleotides and
related bases

Creatine compounds, nucleosides, nucleotides and related basespa&rated by ion-pair
liquid chromatography and quantified by UV-Vis detection (Fursttdaltstrom 1992).
The PCA extracted and neutralized muscle tissue samplesogntrifuged at 10 000 rpm
and 20 ul was injected onto the HPLC.

The HPLC was a SIL-10A system supplied by Shimadzu NZ Ttee column was
a reversed phase 5 um ODS (C18) 250 x 4.6mm column proteithea @18
SecurityGuard guard column both supplied by Phenomenex Inc. Tharcolas
maintained at 30°C. Buffer A consisted of 0.05 M Ma&, and 2 g/l
tetrabutylammonium bisulfate adjusted to pH 5.5 with 10 M Na®uffer B was a
mixture of 75% buffer A and 25% HPLC grade acetonitrile. Hséesn was run at
1 ml/min in 100% buffer A for 5 minutes followed by a 20 minutadient to 70% buffer
B. This was held for 3 minutes followed by a 2 minute gratdiack to 100% buffer A.
The column was equilibrated in 100% buffer A for a furthen®@utes, giving a total run
time of 50 minutes. Dual wavelength UV-Vis detectiorswarried out at 214 and 254nm
to allow accurate quantification of creatine compounds and avoitighgbance in base
line caused by the solvent gradient. Peak areas wierdatad with a Shimadzu software

package and compared to standards of known concentrations.

2.5 Statistical analysis

Data was entered and managed using Microsoft Excel 2003o0@ditrCorporation,
Redmond, WA). Unless otherwise stated all concentratiorsxaressed as nmol/g wet
weight of tissue. Graphs and statistical analysis weyduced using GraphPad Prism
v4.03 (GraphPad Software Inc., San Diego, CA). All dathsglayed as the mean * the
standard error of the mean (SEM). Data from the perfudsdmuas tested using paired
students t-tests. As two samples were collected froim ga@paration samples were
therefore not independent, and a paired students t-test wasshpowerful and
appropriate statistical test (McClave et al. 1997). Data fillets stored at 15°C was
tested using repeated measures two-way ANOVA with Bomfepost-tests. This allowed
simple analysis of the effects of both time and harygst on each factor measured in

these experiments (McClave et al. 1997). Significant iotienas in the data sets indicate
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that the trends observed during storage were modified by thedtiag procedures used.
Data from fillets stored at 6°C was tested using oneAN@VA with Dunnett’s post-
tests comparing storage means to the pre-storage ribarthreshold for statistical

significance in each experiment was p<0.05.

2.6 Method evaluation and development

2.6.1 Rested harvesting procedures

The chinook salmon used for this work were consistently verytsensd visible or
audible movement. This would produce a very strong escape respoosgst all the
animals in a tank and generally lasted 30-60 seconds. Vésetgef this response would
destroy any attempt to harvest properly rested fish. H®re¢ason the fish were moved
from the open hatchery raceways into covered large airtaihks where our movement
within the room could be hidden from them.

The concentration of AQUI'S' and its delivery into the tank was also problematic.
Younger, smaller fish (0.9-1.3 kg) responded well to concentratibAQUI-S™ up to
25 ppm and were generally much easier to work with. Trssyracovered from
anaesthesia rapidly and we had no fatalities during regovsrger harvest weight
animals (2.5-3.5 kg) were very sensitive and would show siiggistoess during the onset
of anaesthesia, particularly above an AQUI'8oncentration of 18 ppm. The individuals
showing distinct signs of distress, especially during therlatages of anaesthesia, needed
to be promptly removed from the tank. Fatalities eithéhénlate stages of anaesthesia or
during recovery were not uncommon in these individuals. Adequategwf the tank
water was also required at all times. Fish that weeedeep state of anaesthesia and could
be handled without response, still showed strong sensitivityhtding high concentrations
of AQUI-S™ responding with a strong escape response.

For these reasons a degree of control and discretion was cetquirarvest fish in
a rested state. The tank was brought up to an initial &Y concentration of
14-15 ppm over 20 minutes. The behaviour of the fish was notetti@redncentration
increased to 17-19 ppm depending on behaviour. Fish that showed sifigtsess such
as periodic escape responses were removed from the tdrkasaesthesia progressed.

Only individuals that had shown no signs of distress during anaestieere unresponsive
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to handling, and had ventilation rates approximalglgf normal were used for

experimental work on any particular day.

2.6.2 Protein hydroperoxides

Protein hydroperoxides can be reduced b feproduce F&, which can then be reacted
with xylenol orange to form a complex and measured with sppy at 560 nm. This
technique was first developed for the measurement ofHigidoperoxides by Wolff
(1994) and later adapted for protein hydroperoxides (Gay et al. 189%r@ Gebicki
2002). | evaluated this method for use on muscle tissue homogandtpsrfusion saline
samples. Samples assayed using both the PCA #1d, Mersions of this technique
showed very high variability of up to 50% and low reproducibilitywas later found that
the brand of chloroform used during this assay was importarggooducibility, although
this knowledge still did not resolve these issues to arptadge level. | was unable to
produce a reliable concentration curve by assaying varying qeartfttissue
homogenate. | was able to increase protein hydroperoxide conaerdriatihe perfusion
saline used to perfuse salmon tails incubated with the taplioarator 2,2azobis (2-
amidinopropane) dihydrochloride (AAPH) at 37°C for 16 hours. The satin@ined
bovine serum albumin (BSA), which was oxidized by the AAPHtiment to produce the
protein hydroperoxides. However, this remained the only sucteggfication of this
technique and was not useful as far as future work was cwtitas that would
predominantly involve homogenized tissue samples. At thisitimas also discovered
that assaying protein carbonyl concentrations in muscle tissuegemaites produced
reliable and reproducible data. The reasons why the hydroperegitd@due did not
function under these circumstances is not entirely clear. i#mweis likely that the
process of producing a tissue homogenate and the complexity and unedmiatiire of
the chemistry in such a solution mean that the relgtivestable protein hydroperoxides
were not effectively preserved. Also, a number of contamsnaomally present in
biological samples can interfere with the chemistry ofatb®ay procedure itself. A
number of these problems are discussed in Gay and Gebicki (2@D8)eér methodology
is shown to effectively minimize interference. Afterstieixperience we felt that
persevering with and troubleshooting this technique was unlikddg teeneficial for this

research considering the much higher quality data being @allécim other techniques.
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Given the data shown by Gay and Gebicki (2003), | still consigerssible to utilize and

adapt this technique for use with tissue homogenates if required

2.6.3 TBARS

The TBARS assay has been used in many different formsnaasure of lipid
peroxidation and its applications, reliability and shortcomingsacussed in detail in Del
Rio et al. (2005). Despite much criticism these measursnhane repeatedly been shown
to be important indicators in the onset of a number of pathologictammslsuch as
atherosclerosis and cancer (Del Rio et al. 2005) and alsodoegsed products in the meat
industry (Raharjo and Sofos 1993).

The method used in our laboratory involved the reaction of samjile3BA in an
acidic environment at 95°C and quantification with an HPL@tassay with fluorimetric
detection. The mobile phase originally contained 70% 0.1 MR&, pH 6.8 and 30%
methanol. The quantity of phosphate in this buffer regularigtedephosphate buildup
around the plumbing connections and in the detector cell of our HFbGry to reduce
this problem | experimented with mobile phases with a rangha@dphate concentrations
from O through to 0.1 M. It was found that reducing the phosplatzeatration to 0.05 M
and increasing the methanol content to 45% gave the best bafarkean reproducible
chromatography while substantially reducing the phosphate running througiachae.
This method was most similar to that outlined by Agarwal@hadse (2002). This
reduction noticeably reduced the rate of phosphate precipitatitbe HPLC.

Because the proteins in our sample material were not pegegbprior to the TBA
reaction, this method included MDA that was covalently bounddteims. Although this
method has been criticized because TBA may react with otimepounds in the sample
during the TBA reaction, and that the high derivatization tmaipre may induce further
oxidation and/or the breakdown of hydroperoxides to MDA (Del Rio &08)5), much of
the MDA was likely to be protein bound and therefore it mexsessary to include it in the
TBA reaction. The addition of BHT prior to the TBA reactiarour method inhibits
further oxidation from occurring, but may not have prevented aremte from other
compounds. This decision however created problems with proteisncioting the
analytical column. Although the guard columns provided good protectidhg@olumn
itself they would rapidly block over the course of a dag. tife MDA released by lipid

peroxide breakdown is highly reactive and many lipids are prossiocated, we wished
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to include the protein matrix in the TBA reaction. Therefwe decided that any attempts
to purify the sample should therefore take place after the réBction. | attempted to
precipitate the proteins with both PCA and TCA. Although tiesgments did not
interfere with the chromatography of the standard solutions theMBA adduct was no
longer present on the chromatograms of tissue homogenates dtttmpted to use C18
solid phase extraction (Phenomenex Strata-X SPE) to rethey®oteins from the sample
material. Again, this procedure worked for standard solutionhbuEBA-MDA complex
in tissue homogenates moved through the C18 cartridge too slobéyrexovered in a
known and reproducible volume of solvent. At this stage | notlwaidstandard solutions
dissolved in methanol produced slightly larger and cleandssperor this reason | tried
mixing 50 pl of tissue homogenate with 200 pl of ice coldhaeol. This was placed on
ice for 5 minutes and centrifuged at 10 000 rpm at 4°C foribQtes. Although many
proteins are soluble in methanol, some precipitation from theleangierial was evident.
10 pl of the supernatant was injected onto the HPLC. Alththigldid not completely
eliminate the slow rise in pressure caused by protein comadion it did reduce the rate
significantly. This solution, although requiring regular changifiithe guard column, was
found to offer the best balance of sample preparation timeastid This method of
sample preparation was later found to be similar to trest bg Wong et al. (1987). Many
of these issues are discussed in Agarwal and Chase (2002ecdmmended am

butanol liquid extraction of the TBA-MDA complex to avoid piateontamination of the
analytical column. This technique may be worth utilizinthim future if blocking of the
guard column begins to take place at unacceptable ratesfuting developments for the

measurement of MDA in biological samples should be closely mexditor

2.6.4 Creatine compounds, nucleosides, nucleotides and related bases

For simultaneous measurement of ATP related compounds thdveoavéien utilized
HPLC based techniques. The most frequently used technigeafood and meat industry
research was developed by Ryder (1985). Although this techsidast iand simple it
only yields information on the ATP related compounds used fouleting K-values and
does not allow the measurement of other important compounds involuagscle
metabolism such as phosphocreatine and other related oxidaigucts such as uric acid.
Although more time consuming and complex we decided to usedti®ddeveloped by

Furst and Hallstrom (1992), which allowed simultaneous detetimmaf all related
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compounds. Initial attempts to replicate their methodology faiguoduce reliable and
reproducible chromatography and phantom peaks began to appear durinjeletions.
We examined the quality of the chemicals we were usingdemtified the ion-pairing
reagent 97% tetrabutylammonium bisulfate supplied by Sigma-Aldnhak a likely
source of contamination. We sourced a higher purity reagent loydeleka but supplied
by Sigma-Aldrich Inc. specifically for ion-pair chromatograpfis immediately
resolved the issue. To limit the precipitation risks pdsethe original 0.1 M NapPO,
buffer we reduced the buffer concentration to 0.05 M. The chiography remained
reproducible following this change.

The original work by Furst and Hallstrom (1992) monitored absorbar2®&4 nm.
Although this allowed detection of all the compounds of intehesbaseline was
significantly disturbed by the solvent gradient. Monitoring at 254awmaided this
disturbance, but did not allow detection of creatine, cre&tiaimd creatine phosphate.
Therefore dual wavelength monitoring at both 214 nm and 254 nm eds us
Chromatograms showing the clean separation and successfticheté@ll creatine
compounds, nucleosides, nucleotides and related bases inaedtexhausted white

muscle tissue are shown in Figures 5.2 and 5.3.

2.6.5 Valine hydroperoxides

We attempted to use the method of Fu et al. (1995) to sepacguantify valine
hydroperoxides by HPLC with the addition of a post column reactiosecAndary mobile
phase containing 0.1 M Na0;, 17.1 mM 2-mercaptoethanol and 18.6 mM
O-phthaldialdehyde (OPA) was pumped into the post column flow an@ irgaction coil
maintained at 30°C at a rate of 0.5 ml/min. Althoughtkinee derivatized valine
hydroperoxides shown in Fu et al. (1995) could be easily detectedflusirescence in

1 mM valine standards previously expose&@o, they could not be sufficiently separated
from the background noise in hydrolyzed BSA following the same terdtrBecause
purification of the samples would be required for this techniqueork it did not offer any
additional benefits over the technique used by Fu et al.(1995gn@$s time consuming
nature and the uncertainty that it could be successfully applimuscle tissue
homogenates it was decided to continue with better chamedeand less time consuming

techniques to measure protein oxidation.
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3 - Oxidation occurs in the red muscle, but not the
white muscle of in vitro perfused chinook salmon
tails.

3.1 Introduction

Recently, the extension of muscle cell viability in fisbgwcts through supporting
metabolism has been examined as a means of preservirg (@ack 2002; Janssen
2003). These studies have shown the ability to partially maiat@ements of tissue
physiology and biochemistry in teleost white muscle. Howeaxam with intervention,
once removed from the animal the tissue eventually losabiliy to maintain cellular
homeostasis resulting in the loss of cellular viability relonset of autolysis. It has been
suggested that supporting metabolism through the delivery of oxygentisstie may
result in oxidative damage, particularly to the mitochondnantually resulting in cell
death (Black 2002; Janssen 2003). The aim of this work v&ily fio determine if
oxidative damage was occurring in the red and white muscle pktifiiesed chinook
salmon tail preparation. Cut surface pH has been widelyassad indicator of tissue
quality and metabolic state in fish (Sigholt et al. 1997e#ieand Holland 1998; Jerrett et
al. 2000; Kiessling et al. 2004, Olsen et al. 2006; Bosworth 20@lf) and was used in
this work to allow comparison. Tissue TBARS concentrations geava measure of lipid
oxidation and protein carbonyl concentrations a measure of proteirtiorid&econdly,
we aimed to determine if oxidation is directly relatediosses of the key tissue
antioxidants ascorbic acid and vitamin E, and thirdly to detegnfiiaddition of the cheap
and readily available antioxidants ascorbic acid and uric adletperfusion saline can be

used to control oxidation within the perfused tissue.

3.2 Materials and Methods

Detailed methodology for this work is included in ChapteFRie groups of rested
chinook salmon were used for these experiments. They were triaus|peg to the
University of Canterbury, where they were pithed and then df iméparinized saline was
injected into the dorsal aorta through the roof of the mouth.taihsection of the fish

immediately posterior to the dorsal fin was dissected dway the body leaving a 20 mm
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section of exposed spinal column protruding from the preparatibe.tail was weighed
and placed in a temperature controlled bin at 15 + 0.54hn@as were inserted into the
dorsal aorta and the caudal vein. Standard oxygenated fresksl@bst saline (Table 2.1)
was pumped into the tail through the dorsal aorta at a ¥&t& enl miri* 100 ¢" tail

weight.

A control group (n=4) with a mean weight of 1331 + 78 g was prdae
described for the perfused preparations and was placeaenmpgrature controlled bin at
15 + 0.5°C but was not perfused. Two groups (both n=4) were peffiuse total of 5
hours, one with oxygenated freshwater teleost saline anddbedswith oxygenated
freshwater teleost saline that contained 400 uM uricawid100 puM ascorbic acid. These
groups had mean weights of 989 + 55 g and 966 + 26 g respectiwetyfurther groups
were both perfused with standard teleost saline for hdbi® hours. One of these groups
was stimulated for 30 seconds with 2 mA currents administaradrequency of
1 Hz every 30 minutes of perfusion time. The current wasetelivthrough the spinal
column by placing a 24 gauge hypodermic needle into the spinal cédomrthe anterior
end of the preparation and an alligator clip in the middéa@fcaudal fin. These were
attached to a current generator (model CS200, J.P TradirfgysAdenmark). The
control group (n=4) had a mean weight of 815 + 1@8djthe stimulated group (n=3) had
a mean weight of 857 + 279 g.

Samples were taken from the red and white muscle tissaeeland after perfusion
from undisturbed locations as specified in Janssen (2003). Tdreyinvmediately freeze
clamped and stored at -80°C for extraction.

Tissue samples were ground to a fine powder under liquid nitrageghed and
homogenized in 10 mM KCI with 20 pl/ml each of 10 mg/ml EDa#d 20 mg/ml BHT in
methanol. They were made up to a final volume of 1.8nallstiored at -80°C for analysis.

TBARS were measured by derivatization with thiobarbiturid,aseparation by
reverse phase HPLC (Shimadzu SIL-10A system) and quantfichyi fluorescence
(Agarwal and Chase 2002). Samples were diluted 1:5 ioolcemethanol and centrifuged
at 10 000 rpm before injection. Protein carbonyls were der@datvith 2,4-DNPH and
measured using spectroscopy (Quinlan et al. 1994). Ascorbiaratidric acid were
separated with ion pair reverse phase HPLC and quantiftacelectrochemical detection
(Levine et al. 1999). Vitamin E was extracted into hexdnied under nitrogen and
dissolved in methanol. This was separated by reverse piige and vitamin E detected

by fluorescence (Teissier et al. 1996).
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3.3 Results

3.3.1 The effects of added antioxidants on protein and lipid oxidation
occurring in in vitro perfused salmon tails.

As cut surface pH is indicative of metabolic state, i$ waed in this section to indicate
perfusion performance. Cut surface pHs (Figure 3.1) frorhraétgroups of tails reduced
from around 7.6 to 7.3 over the 5 hour time period. This teduwas statistically
significant (p<0.01) for the unperfused tails and the tails pedfwith standard freshwater
teleost saline. The difference between pre and post perfast surface pHs in the tails
perfused with freshwater teleost saline containing the adaoxs uric acid and ascorbic
acid was not statistically significant, potentially infeg improved performance. Closer
examination of the data shows that the standard error vgges far this group and all three
groups had small n values (n=4).

Pre treatment TBARS concentrations were 10-15 nmdiigher in the lipid rich
red muscle than the white muscle. A statistically $icgnt rise in TBARS concentrations
of 10 and 13 nmol §respectively was shown in the red muscle of both tailsipedf with
standard saline and tails perfused with saline containingxdaidints (Figure 3.2). TBARS
concentrations did not change in the red muscle of the unperfilsedrtae white muscle
tissue did not show any changes in response to the treatmeyuise (8i3).

Due to experimentation with analytical techniques during this wantein
carbonyls, ascorbic acid and uric acid measurements werenadky on the perfused
groups. Vitamin E measurements were only made on the grows@eriith freshwater
teleost saline containing ascorbic and uric acids.

Protein carbonyls increased significantly in the red musfcéalmon tails perfused
with oxygenated saline (Figure 3.4). The increase walstislismaller in the red muscle of
tails perfused with oxygenated saline containing ascorbic andceids and this change
was marginally outside of statistical significance (p=0.034)ger n-values would likely
produce a statistically significant difference for this grotpe treatment protein carbonyl
concentrations were almost two fold higher in white muscle ifaed muscle, but did not
change significantly (Figure 3.5).

Pre-perfusion ascorbic acid concentrations in the white musecke approximately
54 nmol g compared to 18 nmol'gn the red muscle. Perfusion with standard teleost
saline had no effect on ascorbic acid concentrationghiarehe red or the white muscle

(Figures 3.6 and 3.7). Perfusion with saline containing becacid resulted in a



44 3 - Oxidation occurs in the red musclermtitro perfused salmon tails.

significant mean increase in ascorbic acid concentratiotigeired muscle (p<0.05). No
changes were seen in the white muscle, indicating thaiettiesion of the red muscle is
far better than the white.

Very little or no uric acid was detectable in eittie red or the white muscle tissue
of the pre-perfusion salmon tails. The red muscle perfusidsadine containing uric acid
showed a very significant (p<0.001) mean increase of 57 rifaeVigle uric acid
remained undetectable in the red muscle following standafdgion (Figure 3.8). A very
small amount of uric acid was found in the white muscle fatigwperfusion with uric acid
but this change was not significant (Figure 3.9). This provigiesdr evidence that the
perfusion of the red muscle was much better than thatofvhite.

Mean pre-perfusion vitamin E concentrations were far high#e lipid rich red
muscle than in the white (Figures 3.10 and 3.11). There me@significant changes in
vitamin E concentration in either the red or white musdier glerfusion with saline

containing ascorbic and uric acids.
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Figure 3.1 Mean cut surface pHs (n=4) from the white musé€lsalmon tails before and
after treatment. The three groups contained unped salmon tails (black), salmon tails
perfused with oxygenated freshwater teleost sgliméte) and salmon tails perfused with
oxygenated freshwater teleost saline containingldGscorbic acid and 400 uM uric acid
(crossed). Error bars indicate SEM. The reslilfsaoed t-tests comparing pre and post
treatment means are indicated (** p<0.01).
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Figure 3.2 Mean TBARS concentrations from the red musclgatrihon tails before and
after treatment. The three groups contained unpedf salmon tails (black, n=2), salmon
tails perfused with oxygenated freshwater teleaksts (white, n=4) and salmon tails
perfused with oxygenated freshwater teleost saimgaining 100 pM ascorbic acid and
400 puM uric acid (crossed, n=4). Error bars indicBEM. The results of paired t-tests
comparing pre and post treatment means are indi¢ap<0.05, ** p<0.01).
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Figure 3.3 Mean TBARS concentrations (n=4) from the whitesoie of salmon tails before
and after treatment. The three groups containpénfursed salmon tails (black), salmon tails
perfused with oxygenated freshwater teleost sglimgte) and salmon tails perfused with
oxygenated freshwater teleost saline containingiM®scorbic acid and 400 uM uric acid
(crossed). Error bars indicate SEM. Paired stestnparing pre and post treatment means
were performed on these data and no significaferéifices were found.
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Figure 3.4 Mean protein carbonyl concentrations (n=4) frtwe ted muscle of salmon tails
before and after perfusion with oxygenated fresbwigleost saline (white) and before and
after perfusion with oxygenated freshwater telsasine containing 100 pM ascorbic acid
and 400 uM uric acid (crossed). Error bars in@icsEM. The results of paired t-tests
comparing pre and post treatment means are indi¢age<0.05).
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Figure 3.5 Mean protein carbonyl concentrations (n=4) frts@ white muscle of salmon
tails before and after perfusion with oxygenateslfitvater teleost saline (white) and before
and after perfusion with oxygenated freshwateiolsaline containing 100 puM ascorbic
acid and 400 pM uric acid (crossed). Error badécaie SEM. Paired t-tests comparing pre
and post treatment means were performed on thésedd no significant differences were
found.
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Figure 3.6 Mean ascorbic acid concentrations (n=4) fromréiemuscle of salmon tails
before and after perfusion with oxygenated fresbwigleost saline (white) and before and
after perfusion with oxygenated freshwater telsafine containing 100 pM ascorbic acid
and 400 uM uric acid (crossed). Error bars in@i¢csEM. The results of paired t-tests
comparing pre and post treatment means are indi¢age<0.05).
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Figure 3.7 Mean ascorbic acid concentrations (n=4) fromvthée muscle of salmon tails
before and after perfusion with oxygenated fresbwigleost saline (white) and before and
after perfusion with oxygenated freshwater telsafihe containing 100 puM ascorbic acid
and 400 puM uric acid (crossed). Error bars in&iGEM. Paired t-tests comparing pre and
post treatment means were performed on these ddtacasignificant differences were

found.
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Figure 3.8 Mean uric acid concentrations (n=4) from themagscle of salmon tails before
and after perfusion with oxygenated freshwateiotlsaline (white) and before and after
perfusion with oxygenated freshwater teleost satm@aining 100 pM ascorbic acid and
400 uM uric acid (crossed). Error bars indicatdISH he results of paired t-tests
comparing pre and post treatment means are indi¢step<0.001).
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Figure 3.9 Mean uric acid concentrations (n=4) from the wituscle of salmon tails
before and after perfusion with oxygenated fresbwileost saline (white) and before and
after perfusion with oxygenated freshwater telsatine containing 100 uM ascorbic acid
and 400 uM uric acid (crossed). Error bars in@dicsEM. Paired t-tests comparing pre and
post treatment means were performed on these ddtaasignificant differences were
found.
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Figure 3.10 Mean vitamin E concentrations (n=4) from the magscle of salmon tails
before and after perfusion with oxygenated fresbwigleost saline containing 100 uM
ascorbic acid and 400 uM uric acid. Error barsdai SEM. Paired t-tests comparing pre
and post treatment means were performed on thésedd no significant differences were
found.

50+
——
[ ] [
0 .ﬁ I T |
0 5

Vitamin E conc. (nmol/g tissue)
)
o
[

Time (hours)

Figure 3.11 Mean vitamin E concentrations (n=4) from the winitiescle of salmon tails
before and after perfusion with oxygenated fresbwileost saline containing 100 uM
ascorbic acid and 400 uM uric acid. Error barsdai SEM. Paired t-tests comparing pre
and post treatment means were performed on thésedd no significant differences were
found.
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3.3.2 The effects of electrical stimulation on lipi ~ d and protein oxidation in
in vitro perfused salmon tails

As there was the potential for contracting muscles in thereggparation to aid perfusion of
the white muscle tissue, this experiment aimed to deterifnimereased perfusion of the
white muscle tissue with oxygen saturated saline was sritito induce oxidation. Cut
surface pH (Figure 3.12) reduced significantly in both the dnged salmon tails and
those perfused with oxygenated freshwater teleost salid®foours. The tails that were
perfused and received electrical stimulation showed a Iligimaller reduction than the
other groups that was not significantly different from the prédup®n mean.

The change in TBARS concentrations in the red muscle fallptvie three
treatments was too small to attain statistical sigaifee (Figure 3.13). TBARS
concentrations reduced slightly in the white muscle of aletigreups, but the changes
were once again not statistically significant (Figure 3.14).

Protein carbonyl concentrations in the red muscle of both perfusagds showed
similar sized increases following perfusion (Figure 3.IR)e increase from the perfused
group was statistically significant (p<0.05), but the eleatly stimulated group returned a
p-value of 0.07. There were no changes in protein carbonyl mvatien in the white
muscle (Figure 3.16).
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Figure 3.12 Mean cut surface pHs from the white muscle of salitails before and after
treatment. The three groups contained unperfusatbs tails (black, n=4), salmon tails
perfused with oxygenated freshwater teleost sglimgte, n=4) and salmon tails perfused
with oxygenated freshwater teleost saline and détad with a 2 mA current at a frequency
of 1 Hz for 30 seconds every 30 minutes (crossed).nError bars indicate SEM. The
results of paired t-tests comparing pre and pestitient means are indicated (** p<0.01).
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Figure 3.13 Mean TBARS concentrations from the red musclgatfhon tails before and
after treatment. The three groups contained uaped salmon tails (black, n=2), salmon
tails perfused with oxygenated freshwater teleaksts (white, n=4) and salmon tails
perfused with oxygenated freshwater teleost saitestimulated with a 2 mA current at a
frequency of 1 Hz for 30 seconds every 30 minutess§ed, n=3). Error bars indicate SEM.
Paired t-tests comparing pre and post treatmenhsn@are performed on these data and no
significant differences were found.
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Figure 3.14 Mean TBARS concentrations from the white muscleatmon tails before and
after treatment. The three groups contained uaped salmon tails (black, n=4), salmon
tails perfused with oxygenated freshwater teleakts (white, n=4) and salmon tails
perfused with oxygenated freshwater teleost salimestimulated with a 2 mA current at a
frequency of 1 Hz for 30 seconds every 30 minutess§ed, n=3). Error bars indicate SEM.
Paired t-tests comparing pre and post treatmenhsn@are performed on these data and no
significant differences were found.
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Figure 3.15 Mean protein carbonyl concentrations from themetcle of salmon tails
before and after perfusion with oxygenated fresbwileost saline (white, n=4) and before
and after perfusion with oxygenated freshwateiotlsaline and stimulation with a 2 mA
current at a frequency of 1 Hz for 30 seconds e86rgninutes (crossed, n=3). Error bars
indicate SEM. The results of paired t-tests conmgppre and post treatment means are
indicated (* p<0.05).
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Figure 3.16 Mean protein carbonyl concentrations from thetevhiuscle of salmon tails
before and after perfusion with oxygenated fresbwileost saline (white, n=4) and before
and after perfusion with oxygenated freshwateiolsaline and stimulation with a 2 mA
current at a frequency of 1 Hz for 30 seconds e86rgninutes (crossed, n=3). Error bars
indicate SEM. Paired t-tests comparing pre and fpeatment means were performed on
these data and no significant differences weredoun
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3.4 Discussion

Acidification of white muscle in fish has been shown isp@nse to stressful harvesting
techniques (Sigholt et al. 1997; Jerrett et al. 2000; Kiessliag 2004; Olsen et al. 2006;
Bosworth et al. 2007) and progresses as harvested fille{8eg& 2002). As the white
muscle functions predominantly through anaerobic glycolysis, cucipgH
measurements also correlate well to lactic acid ahdodcentrations within the tissue
(Black 2002; Janssen 2003) and can therefore be used as aromalicaetabolic state.
The retention or maintenance of high cut surface pHs in gitro preparation can indicate
the performance of that preparation in supporting either a nammatiuced metabolic
(hypometabolic) state. In the 5 hour perfusion periods undertakbis work, cut surface
pHs were taken only from the white muscle as the cros®seaxf the red muscle was too
small to sample with the pH probe. Figure 3.1 showscihaparable decreased cut
surface pHs were seen in all of the tail preparatipegused and unperfused, and although
the statistical analysis suggest a slight improvement itaitseperfused with added
ascorbic acid and uric acid, the improvement is very snidle cut surface pHs of the
white muscle tissue of perfused tails were not as effggtpreserved as was shown by
Janssen (2003). The higher perfusion temperature used indtthigonncrease reaction
rates in the tissue and promote oxidative processes mayduouaed the effectiveness of
the perfusion in preserving high cut surface pHs. Any improvesssm by adding
antioxidants to the perfusion saline was small and its phys$iallogjgnificance uncertain.

There were notable differences between the red and theminitele tissue. None
of the measurements taken in this work changed in the mitisele during perfusion. The
inability to deliver the antioxidants to the white muscle ¢atis that the white muscle is
poorly perfused compared to normal blood flow distribution in thelevanimal (Janssen
2003) and therefore our ability to manipulate its properties throudspen is also poor.
A significant improvement will be required before the eleaf perfusion and increased
tissue antioxidants in this tissue can be properly examined.

In Figures 3.2 and 3.4, our markers of lipid (TBARS) andgimabxidation (protein
carbonyls) increased in the red muscle in response to perfugfonxygenated saline, but
not in unperfused tails. The increase in TBARS indicategliealow of oxygen saturated
saline through the red muscle is causing oxidation that wouldthetwise occur.
Increases in oxidation products within tissues has been shawspaonse to stressful

conditions in marine animals (Heise et al. 2006) and are indkoaita number of disease
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pathologies in medicine (Shacter 2000; Del Rio et al. 2005) eTdrerfurther
investigation into the nature of the metabolic statea@réd muscle during perfusion
would be required to determine whether metabolism is being apgelgrsupported, as
there is a danger that the oxidative stress placed distlve may outweigh any benefits
gained from supporting metabolism.

There were noticeable differences in the red muscle ket 5 hour perfusions
and the 10 hour perfusions shown in Figures 3.13 and 3.15. Rogigation of the red
muscle at 10 hours was comparable to that at 5 hours angdimgidation at 10 hours
was less than that at 5 hours. This indicates that thedagts are labile and it is likely
that they are being flushed out of the preparation by the panfaaline. However any
labile oxidation products in the perfusion saline had undergorieddarge a dilution to
be measurable.

We attempted to control the oxidation occurring within the redchausy adding
ascorbic acid and uric acid to the perfusion saline. déussion was made for two
reasons. Firstly, they are both inexpensive and readiijadme antioxidants, and
secondly, ascorbic acid has been shown to inhibit potential pdasaxeffects of uric acid
(Abuja 1999). There was a slight reduction in protein oxidaftogu¢e 3.4), but not lipid
oxidation (Figure 3.2) seen in the tails perfused witmeatbntaining added antioxidants.
The physiological significance of this reduction is likedybe small however, especially
given the high concentrations of the respective antioxidantsrshmtlie red muscle
following perfusion (Figures 3.6 and 3.8). This raises qouiestiegarding the suitability of
simple antioxidant solutions to provide complex tissues with gtiote from oxidation
above that already provided by their own endogenous antioxidant syst&imssnay not
be entirely unexpected considering that within normal biologigstems, antioxidant
systems function as complex interacting oxidation and remtuoiactions, with
antioxidant compounds being continually recycled (Buettner 1998gPatal. 1999). A
number of studies have examined using both simple antioxidaniossl such as ascorbic
acid (Richards et al. 1998; Hamre et al. 2003) and more criplalat extracts (Tozer
2001; Goulas and Kontominas 2007) to inhibit oxidation in seafood prodretiuced
levels of oxidation were shown in some of these treatmentsinilkeé the current work
these changes occurred outside the period in which normabatietarocesses would
have been occurring due to the treatment types and/or thérmnframes. Although the
current work does not conclusively show that simple antioxidaatisos do little to

inhibit oxidation and support metabolism in the perfused salnlomaael, because the



3 - Oxidation occurs in the red muscleim¥itro perfused salmon tails. 55

effect of varied antioxidant concentrations was not investijat seems unlikely that this
approach would yield significant improvements. The use of plardagthas the potential
to deliver improvements in the perfusion due to the comgioxidant systems this
would introduce into the perfusion saline. As some plant estraote vasoactive
properties (Packer et al. 1999; Ghayur et al. 2005; Padglla 2005) and have been
shown to reduce oxidation in seafood products (Tozer 2001) therepetthdial for
improved perfusion and oxidative stability.

This work shows average tissue concentrations and does not provae fur
information regarding the location of the oxidized proteins giddior the antioxidants
introduced into the tissue. Determining whether the oxidadientracellular, caused by
the high oxygen partial pressures introduced by the perfusioe safivhether it is
intracellular and connected to metabolic processes, piartic within the mitochondria
which have been shown to generate reactive oxygen speciesafidbHegner 1978),
would aid our understanding of the effectiveness of the perfyseparation in supporting
metabolism. The inability of uric acid to provide protectiomi oxidation may be at least
partially caused by being unable to efficiently cross celinioranes, potentially isolating it
from a major source of reactive oxygen species. For trs®mndgid soluble antioxidants
may prove a better choice. In rat livers, resveratroshasvn the ability not only to act as
an efficient antioxidant but also to act directly on the mitochiartdrpreserve function
(Plin et al. 2005). Compounds with modes of action other thiah fstinction as an
antioxidant have potential to further improve the performanceeofail preparation.

Comparison of TBARS concentrations in the red muscle measutieid work to
that from other researchers is made difficult for two reaséinstly, spectroscopic
TBARS measurements cannot be directly compared to the mecdis HPLC based
measurements remain widespread in the literature, anddigadhe white muscle is of
primary interest and oxidation of the red muscle is therefeldom reported. However
Undeland (2001) showed that general markers of lipid oxidatiorierated in dark
muscle compared to light muscle, which is in agreeméhttive data shown in Figures 3.2
and 3.3.

Despite the level of lipid oxidation observed in the red mubeee was no
decrease in tissue vitamin E concentrations (Figure 3.10pugih it must be noted that
these measurements were only taken in the perfusions suppleméhtadtioxidants.
Vitamin E has been shown to have both pro and antioxidanttpg¢ithhomas et al. 1995;

Kontush et al. 1996; Neuzil et al. 1997) and to interact withntimddants such as
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ascorbic acid (Lee and Dabrowski 2003). This makes determirermvtérall contribution
of vitamin E to the oxidative stability of the red musditticult. Also, the anaesthetic
used to prepare and transport the fish contains the lipid sadnkibxidant isoeugenol.
There is the possibility that this contributed to the Igtlble fraction of the tissue
antioxidants and affected vitamin E concentrations: howea€ebHa et al. (2006) showed
that although eugenol has an ability to regenerate vitaniso&ygenol does not. It would
seem that despite these confounding factors, lipid oxidation cam iocthe tissue without
necessarily depleting or reducing vitamin E concentratiosis fifhe ability of vitamin E

to act as an antioxidant has dominated much of the literatdore recently however a
number of cellular functions that are independent of its antioxalatities have been
reported (Azzi et al. 2004; Zingg and Azzi 2004). The currenkwoggests that the
primary functions of vitamin E in salmon skeletal muscle mat be strictly related to its
antioxidant function. There have been many studies showing thatietgvitamin E
concentrations reduces lipid oxidation bitlvivo and in tissues post-mortem (Schaefer et
al. 1995; Jensen et al. 1998; Flader et al. 2003). Howevanirita concentrations did not
change in response to measurable lipid oxidation in the rederafdhis preparation and
therefore further elevating tissue vitamin E concentraither through pre-harvest diet
or in an emulsion with the perfusion saline seems unlikeigcrease the resistance of the
red muscle to oxidation during perfusion.

This work clearly shows that the introduction of oxygen intoréiemuscle tissue
of post-mortem salmon tails causes both protein and lipid oxidiatithe tissue. We have
not been able to link this oxidation to tissue antioxidant losandttempts to control it
by adding the antioxidants ascorbic acid and uric acid to tifiespen saline had little
protective effect. Introducing oxygen into post-mortem tissugshawe the ability to
temporarily support normal metabolic processes but clearly saviik it a risk of
increased oxidative damage to the tissue that may reddily controlled.

Electrical stimulation to the spinal column has been shovimprove blood flow
through fish tails (Satchell 1964; Janssen 2003). The stimulattbmereased perfusion
time was an attempt firstly to improve perfusion of thetevmuscle, and secondly to
allow more time for tissue properties to change. The @atturrents caused strong
contractions through the preparations at the beginning of the perpesioa and reduced
in their intensity until they were barely visible at 10 houtgjain, there were no
significant changes in lipid or protein oxidation in the whitgsole (Figures 3.14 and

3.16). Although we had no direct means of measuring perfusithe efhite muscle, any
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increase was still insufficient to cause oxidation withie tissue. In the red muscle
(Figures 3.13 and 3.15), instead of increasing tissue oxidatoa were no significant
changes in TBARS concentrations and, although protein oxidatioewigent, the
changes were comparable to the 5 hour perfusions. Thisnaiagte that the preparation
spends some time reaching a relatively static metabalie during perfusion given that
the suitability of the sampling times chosen for this work is unknolvwould be very
beneficial to generate a time course for the oxidation ofetienuscle tissue in this
perfusion model. However, this would be very time consuminbeapreparation is
destroyed in the process of sampling. Although the strengtle abthtractions in the
stimulated preparation indicated exhaustion, the cut suptdasf the muscle shown in
Figure 3.12 was relatively high. Given the correlation shoviwwd®n muscle cut surface
pH and muscle lactate concentrations (Black 2002; Janssen 200 ®)dicates that
lactate buildup was not a problem for the white muscle. likesy that much of the lactate
was flushed from the tissue by the perfusion saline andh@atxhaustion was related
more to the inability of the muscle to supply enough energgdntraction than contractile
inhibition caused by lactate buildup and intracellular acidifan. Given the data, it is
difficult to reach any firm conclusions, although the electritmhulation treatment does
not improve oxygen delivery enough to initiate oxidation withinthée muscle. The
relatively high cut surface pHs measured despite sevegliced contractile ability
indicate likely removal of metabolic waste products andefloee the perfusion is helping
to preserve some aspects of tissue function.

Although nitric oxide (NO) has been shown to play an importletin the
regulation of vascular tone in mammals (Torreilles 2001)pltsin fish is less certain
(Eddy 2005). As it reacts with superoxide to form ONQO productiorin vivo
contributes to the redox environment, has been shown to infltieatenderness of certain
types of meat (Warner et al. 2005) and plays a role in repanfiurgury in skeletal muscle
(Khanna et al. 2005). NO donors have been shown to vasodilate, aimthiNi@®rs
vasoconstrict rainbow trout coronary systems (Mustafa et al. 1®@icating that it does
play a role in regulating vascular tone in salmonids. Atterhave been made in our
laboratory to use the NO donator sodium nitroprusside to improyeethesion of the
white muscle in our perfused salmon tails, but these werecessful (Janssen
unpublished). Improved control of factors regulating vascular tolh&eviequired to

allow adequate perfusion of the white muscle in thispifusion model.
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3.4.1 Summary

These data question our understanding of the metabolism and cherhtbe red muscle
of the salmon tail preparation. A great deal of furthetkwasuld be required to
understand the metabolic processes and the progression of oxdlatiamperfusion.
Controlling oxidation and maintaining the redox balance of the tzlikely to be
important for long term maintenance of cell viability in perfmsmodels. However, it
seems unlikely that adding simple commercially availabteaidants can contribute
greatly. Itis clear however that the white muscle lstireely stable in relation to the
measurements that we have taken and that our ability tpubate its properties through
perfusion is limited. The white muscle is of primary intpace commercially and
therefore investigating its properties in relation to tissxidation and antioxidant

depletion further using another experimental model seems appeopriat
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4 - Rested harvesting with AQUI-S ™ inhibits lipid
oxidation in chinook salmon tail fillets.

4.1 Introduction

The aim of this chapter was to create a profile of theepr@nd lipid oxidation and the
loss of the key antioxidants vitamins C and E in chinook salmotewiiscle tissue
during storage. This was primarily to address the conceisedren Chapter 3 that there
were no measurable increases in oxidation products or losgssuef antioxidants in the
white muscle tissue during perfusion of the tail. Therefletermining the time frames in
which oxidation and the loss of tissue antioxidants were takaag@nd their relation to
post harvest metabolic state and cell death was imporfaettissue properties measured
are the same as those measured in Chapter 3 and include pan®nyls as a measure of
protein oxidation, TBARS as a measure of lipid oxidation,wiwacid, vitamin C and

vitamin E as indicators of tissue antioxidant status.

4.2 Materials and Methods

Detailed methodology for this section can be found in Ch&ptdtree groups of harvest
weight chinook salmon were used to determine the effecestdd harvesting on tissue
oxidation and determine any tissue properties related to isnebigxposure and not to
rested tissue. The first group (n=4) was harvested usstegdréarvesting procedures and
had a mean weight of 3195 + 190 g. The second group (n=4) was exhdwishg Isaac
Salmon’s normal harvesting procedures (mean weight of 3133 + 40@Idghe third (n=4)
was exhausted and then placed through the rested harvesiteglynres (mean weight of
2170 + 141 g). The fish were killed by cranial impact, bledteax@sported on ice to the
University of Canterbury for fillet preparation.

Fillets were prepared from the left side of the fispibring at the dorsal fin and
running to the tail. The cut surface pH of the fillet wiasen as the mean of six concurrent
measurements from the D block, three each side of the sgjmaimgy 10 mm from the
anterior end of the fillet. Samples were taken from tl®dok and freeze clamped and
stored at -80°C for extraction. The fillets were placed temperature controlled bin at

15 + 0.5°C. Repeated pH measurements and samples fronudmelisiocations not
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including the posterior third of the fillet were taken ai B, 24, 30, 36, 48, 54, 60, 72 and
96 hour time points.

Samples were taken from both the exposed surface tissueeamaetkposed tissue
from the centre of the fillet for the exhausted group exposessted harvesting
techniques. This was to determine the influence of air expas protein oxidation.

A further group of exhausted fish was used to determineftéets of temperature
on the fillet preparations. This group (mean weight 2170 + 1fdag)harvested and
prepared as specified above but was placed in a tempetahirelled bin at 6 £ 0.5°C
and sampled at 2 day intervals for a total of 8 days.

Tissue samples were ground to a fine powder under liquid nitrageghed and
homogenized in 10 mM KCI with 20 pl/ml each of 10 mg/ml EDai#d 20 mg/ml BHT in
methanol. The homogenates were made up to a final volufn8 ofl and stored at -80°C
for analysis.

TBARS were measured by derivatization with thiobarbiturid,aseparation by
reverse phase HPLC (Shimadzu SIL-10A system) and quanbfichyi fluorescence
(Agarwal and Chase 2002). Samples were diluted 1:5 ioolcemethanol and centrifuged
at 10 000 rpm before injection. Protein carbonyls were der@dtvith 2,4-DNPH and
measured using spectroscopy (Quinlan et al. 1994). Ascorbiaratidric acid were
separated with ion pair reverse phase HPLC and quantiftbcelectrochemical detection
(Levine et al. 1999). Vitamin E was extracted into hexdried under nitrogen and
dissolved in methanol. This was separated by reverse pldge and vitamin E detected

by fluorescence (Teissier et al. 1996).

4.3 Results

4.3.1 The effects of harvesting procedures on oxida  tion of the white muscle

As rested harvesting procedures produce salmon filletsasted physiological state that
contain the lipid soluble antioxidant isoeugenol, our aim wasamine the progression of
oxidative processes in rested tissues and compare thedeatosted tissues that are similar
to those produced in the salmon farming industry. Three hargdsthniques were used
to separate any potential antioxidant effects of isoeugenoldffatts related to the rested

metabolic state of the tissue.



4 - Rested harvesting inhibits lipid oxidation in salmon {&dts. 61

Cut surface pHs from the rested harvest group began aafdd®duced to 6.6
over 36 hours (Figure 4.1). The exhausted group and the exhausteti@neegied with
rested harvesting techniques had pre-storage mean cut quifacé 6.5 and 6.6
respectively, indicating their exhausted state. These redligatly to 6.4 over 36 hours.
All 3 groups had inflection points at around 36 hours where theudaice pH began to
rise again, which appeared to coincide with the onset ofdiéyindicated by a noticeable
odour. Two-way ANOVA showed that there was a significamtratttion between these
data (p<0.001) indicating that cut surface pH trends are depesrléarvesting technique.

White muscle TBARS concentrations in the exhausted group begese &t about
36 hours and continued to rise until 96 hours (Figure 4.2). No ases@en in either of the
other two groups. There was no significant interaction betwesse tdata, but both time
(p<0.01) and harvesting technique (p<0.001) were significant sodreagation.
Although TBARS concentrations in the exhausted group began tak i@&ehours,
Bonferroni post-tests showed statistically significant difiees occurred only at 72 and
96 hours.

Protein carbonyl concentrations rose consistently in all three grappoximately
doubling over 96 hours (Figure 4.3). No significant differenceif@und between any of
the groups and time was the only significant source of varighic®.001).

Tissue vitamin C concentrations showed a high degreeriabilay in all three
data sets (Figure 4.4). In both groups harvested with AQW)JaBtamin C concentrations
were high at the beginning of the experiment and were rdiastable for the first 24
hours before decreasing steadily approaching undetectabledé@&dours. The
exhausted group had very low levels of vitamin C that irse@aver the first 6 hours
before following a similar trend to the other two groupsndivas the only significant
source of variation in these data (p<0.001) and the pre-storeae in the exhausted
group harvested with AQUI'E was the only data point that was significantly different
from the exhausted group.

Uric acid was undetectable in almost all samples téien the two groups
harvested using AQUI'E (Figure 4.5). The exhausted group accumulated uric acid from
36 hours finishing with a mean concentration of over 200 niholTdere was significant
interaction in these data (p<0.001) indicating that tissueagitcconcentrations are

dependent on harvesting technique.



62 4 - Rested harvesting inhibits lipid oxidation in salmonfiiéts.

Vitamin E concentrations did not change significantly deshaenbtable lipid
oxidation that occurred in the tissue and there were naeliffes between the rested and

the exhausted groups (Figure 4.6).
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Figure 4.1 Mean cut surface pH (n=4) from the white musdlsadmon tail fillets stored at
15°C in air from rested (triangle), exhausted (sguand exhausted fish harvested using
rested harvesting techniques (open circle). Hraos indicate SEM. Two-way repeated
measures ANOVA showed significant interaction iesd data (p<0.001). Results from
Bonferroni post-tests comparing treatments to stethdxhausted harvesting are indicated
(** p<0.01, *** p<0.001).
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Figure 4.2 Mean TBARS concentrations (n=4) from the whitesgle of salmon tail fillets
stored at 15°C in air from rested (triangle), exdiad (square) and exhausted fish harvested
using rested harvesting techniques (open ciréor bars indicate SEM. Two-way
repeated measures ANOVA was performed on these &asults from Bonferroni post-
tests comparing treatments to standard exhausteddiizg are indicated

(* p<0.05, *** p<0.001).
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Figure 4.3 Mean protein carbonyl concentrations (n=4) frtwe white muscle of salmon

tail fillets stored at 15°C in air from rested &mpgle), exhausted (square) and exhausted fish
harvested using rested harvesting techniques (@pga). Error bars indicate SEM. Two-
way repeated measures ANOVA showed no significéfgrdnces between treatments.
Time was a significant source of variation (p<0)001
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Figure 4.4 Mean vitamin C concentrations (n=4) from the whituscle of salmon tail
fillets stored at 15°C in air from rested (triangkexhausted (square) and exhausted fish
harvested using rested harvesting techniques (@©p&a). Error bars indicate SEM. Two-
way repeated measures ANOVA was performed on thetse Results from Bonferroni
post-tests comparing treatments to standard extabstrvesting are indicated (** p<0.01).
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Figure 4.5 Mean uric acid concentrations (n=4) from the emmtuscle of salmon tail fillets
stored at 15°C in air from rested (triangle), exdtad (square) and exhausted fish harvested
using rested harvesting techniques (open ciréejor bars indicate SEM. Two-way
repeated measures ANOVA showed significant intesacdh these data (p<0.001). Results
from Bonferroni post-tests comparing treatmentstémdard exhausted harvesting are
indicated (* p<0.05, *** p<0.001).
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Figure 4.6 Mean vitamin E concentrations (n=4) from the whituscle of salmon tail fillets
stored at 15°C in air from rested (triangle) andaassted (square) salmon. Error bars
indicate SEM. Two-way repeated measures ANOVA gtbno significant differences
between treatments or sources of variation.

4.3.2 Protein oxidation does not occur in tissue is olated from exposure to
air

As the surface of the fillets was exposed to oxygen frorsuh®unding air, the role this
played in the progression of oxidation was of interest.aBse the tissue in the centre of
the fillets was isolated from the air by the surroundingiéssomparisons of the protein
oxidation that occurred in tissue sampled from the fillefeser to that in the fillet centre
allowed characterization of the role that air exposure ptagfge progression of protein
oxidation.

Unlike surface samples, samples from the centre of reffiezd fid not show
increased levels of protein oxidation (Figure 4.7). Two-walOVA showed that
sampling location was a very significant source of variatiet®(001) and Bonferroni
post-tests showed significantly higher levels of protein okiddh surface samples at 36,
72 and 96 hours.
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Figure 4.7 Mean protein carbonyl concentrations (n=4) fréwa $urface (open circle) and
centre (circle) from the white muscle of salmonfilets from exhausted fish harvested
using rested harvesting techniques and stored°@t ibsair. Error bars indicate SEM. Two-
way repeated measures ANOVA showed sampling latgfig0.001) and time (p<0.05) to
be significant sources of variation. Results fidanferroni post-tests comparing sampling

locations are indicated (* p<0.05, ** p<0.01, **«p.001).

4.3.3 Tissue isoeugenol concentrations do not decre  ase in response to
tissue oxidation

Determining the concentrations of isoeugenol in the fitletsng storage allowed more
specific inferences on its behaviour in the tissue to beemagbarticular whether it was
functioning as a chain breaking antioxidant. Isoeugenol concentr&tionsurface
samples of white muscle increased consistently with timepappately doubling over 96
hours (Figure 4.8). Linear regression showed this trend signifycdeviated from 0
(p<0.001) and this may be indicative of surface tissue desiocarid/or that isoeugenol
extraction from the tissue prior to analysis was chanigimgsponse to tissue degradation.
However, despite these uncertainties, there was no iraicgatt isoeugenol was broken

down by oxidative processes in the tissue during storage.
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Figure 4.8 Mean isoeugenol concentrations from the whiteateusf rested salmon tail
fillets stored at 15°C for 96 hours. Linear regies showed that the slope deviated
significantly from 0 (¥ 0.39, p<0.001).

4.3.4 Oxidative processes and antioxidant lossine  xhausted salmon tail
fillets also occurs during storage at 6C

The 15°C storage temperature used in this work was not re@teeinf normal fish fillet
storage practices. Therefore further experimental work esred at lower temperatures
to ensure that the degradative processes we had measLs@ atere not fundamentally
altered by factors such as temperature related reaeties1 and tissue gas permeabilities.
Because the storage times for the two data sets diiteddta are not conducive to
comparative statistical testing and therefore the data the 15°C storage experiments are
included in Figures 4.9 through 4.13 to allow visual comparison.

Cut surface pHs do not change significantly during 14 days steits6fC,
although a rise is notable at the final measurement (Figye #he lower temperature
limited TBARS formation over the first 4 days (Figure 4.1Blowever, rapid TBARS
formation occurred between days 4 and 8 and the mean TBAR®ntration of the tissue
had significantly increased after 8 days storage at 6°Cfx0Protein carbonyls began
to accumulate immediately during storage at 6°C (Figure 4ridlhad significantly
increased after 6, 8 and 14 days (p<0.05, 0.01 and 0.0Lktigspg. Vitamin C
concentrations followed a similar trend to that seen duringgg@fl5°C, but the pre-
storage mean was much higher and also the initialnrisencentrations was small (Figure

4.12). However, the high degree of variance means that Dunpest-¢ests did not show
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any significant change from the pre-storage mean. Althoughaaid did began to
accumulate after 8 days storage at 6°C, the change wastmsitcally significant (Figure

4.13).
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Figure 4.9 Mean cut surface pH (n=4) from the white musd¢lsadmon tail fillets stored at
15°C (squares) and 6°C (open squares) in air fedmawested fish. Error bars indicate SEM.
One-way ANOVA was performed on the 6°C data andvglibno significant differences.
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Figure 4.10 Mean TBARS concentration (n=4) from the white ple®f salmon tail fillets
stored at 15°C (squares) and 6°C (open squared) from exhausted fish. Error bars
indicate SEM. One-way ANOVA was performed on th€ @ata and showed significant
differences between the means (p<0.01). Reswolts Bunnett’s post-tests comparing
means to the pre-storage mean are indicated (**qi30
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Figure 4.11 Mean protein carbonyl concentration (n=4) from thite muscle of salmon
tail fillets stored at 15°C (squares) and 6°C (opgumares) in air from exhausted fish. Error
bars indicate SEM. One-way ANOVA was performedlon&°C data and showed
significant differences between the means (p<0.0&Bsults from Dunnett’s post-tests
comparing means to the pre-storage mean are iedi¢ap<0.05, ** p<0.01).
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Figure 4.12 Mean vitamin C concentrations (n=4) from the whituscle of salmon tail
fillets stored at 15°C (squares) and 6°C (openrsg)an air from exhausted fish. Error bars
indicate SEM. One-way ANOVA was performed on th€ @ata and showed significant
differences between the means (p<0.05). Resuwits Bunnett’s post-tests comparing
means to the pre-storage mean showed no signifitéi@tences.
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Figure 4.13 Mean uric acid concentrations (n=4) from the wmtuscle of salmon tail
fillets stored at 15°C (squares) and 6°C (openrsg)an air from exhausted fish. Error bars
indicate SEM. One-way ANOVA was performed on th€ @ata and showed no significant

differences.
4.3.5 Isoeugenol does not interfere with TBARS deri  vatization

As there was some risk that isoeugenol could interfere MB#hRS derivatization, it was
necessary to determine if this was an issue. Dezatadn of the TBA-MDA adduct was
not affected by the presence of 145 uM isoeugenol in solutimrear regression of the

two sets of standards showédialues of 0.98 and 0.97 with and without isoeugenol

respectively.
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Figure 4.14 HPLC peak areas of known concentrations of MDAwddized with TBA
(square) and derivatized with TBA with 145 puM isgenol in solution (circle).
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4.4 Discussion

The aim of this section was to provide profiles of the oxidadioth loss of key antioxidants
in chinook salmon white muscle as it transitioned from a vieb&non-viable state and
then to the onset of autolysis and rancidity. Although theme mbsolute time point at
which these transitions take place, the complete loss oboietduel within tissue stored
at 15°C is shown in Chapter 5 to occur between 12 and 24 houtlsisifidely represents
the loss of tissue viability. The inflection point in sutface pH at 36 hours is a likely
indicator of the onset of rancidity as it coincided with theetlgpment of a noticeable
odour (Figure 4.1). These tissue states and the time pointscht they occur are
particularly relevant to the following discussion.

High or increasing cut surface pHs are indicative of fish prsdiat are showing
signs of rancidity (Bagni et al. 2007; Mugica et al. 2008). Wik (Figure 4.1) shows
cut surface pH profiles typical of both rested and exhausteeé whitscle (Black 2002;
Bosworth et al. 2007). Rested tissue showed high cut surfacénaitieclined slowly
over 36 hours, while exhausted tissue showed low pHs that rehraiagévely stable over
36 hours. Particularly notable in these data is the pion& at which pHs began to rise. In
all three groups this happened around the 36 hour time point. hbvis shat despite the
improved metabolic state of the tissue immediately postelsrthe ensuing metabolic
rundown does not delay or provide any protection from the onset of aufmigtiesses.
Two main factors contributing to fillet spoilage are autolptiocesses and microbial
colonization (Aubourg et al. 2005; Aubourg et al. 2007; Mugica et al. 20@&yobial
colonization has been shown to occur relatively suddenly duringgst@adeland et al.
1999; Aubourg et al. 2007) and is likely it was a contributing faotilet properties in
this work at the later time points and potentially played airolee common cut surface
pH inflection points at 36 hours. Measurements of microbial cdtion were not
possible without removing the fillets from the temperature corttdlins and therefore
would have jeopardized the storage protocol. Also, this dayahave shown aspects of
tissue chemistry were generally related to microbiavisgt but would not have provided
specific details of the chemistry involved. Howevesilikely that microbial colonization
was a contributing factor to tissue chemistry in this work.

Lipid oxidation has been shown to be an important factor isgh#age of many
seafood products and TBARS are often utilized as a means efirageent (Lee and
Toledo 1977; Tichivangana and Morrissey 1982; Undeland et al. 1999; Un@éldihd
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Hamre et al. 2003). Figure 4.2 shows significant lipid oxidaticeurred in exhausted
fillets towards the end of the storage period. The useIAS™ during the harvesting
procedures, regardless of the metabolic state of tkeg &liminated the late stage lipid
oxidation. This indicates that isoeugenol, the active ingnedieAQUI-S™, helps to
stabilize the lipid fraction of the tissue and inhibit oxidia. This observation is limited to
the lipid fraction however as no inhibition of protein oxidation s@esn. The mechanism
in which this takes place is not clear; however isoeugena hasnber of properties that
may contribute. Firstly, both eugenol and isoeugenol have beemdo have antioxidant
properties (Davcheva et al. 1995; Uchida et al. 1996) and stabiliin water emulsions
(Cuvelier et al. 2003). There is also the possibility timey interact with endogenous
antioxidants (Fujisawa and Kadoma 2006). Although, like a numbettiokalants,
isoeugenol has also been shown to function as a prooxidant (Fugsalw2002; Atsumi
et al. 2005) and therefore its contribution to redox chemistnpeaconsidered to be
dependent on its environment. Given that eugenol and isoeugerstiwatural isomers
and their radical scavenging ability is very similar, obsgona that isoeugenol is a more
potent antioxidant than eugenol require explanation (Davcheval&od; Ito et al. 2005).
Ito et al. (2005) suggested that the configuration of isoeugdioals it to more strongly
bind FE* and maintain it in its reduced state. The preventidfedt released
predominantly from the myoglobin found in fish muscle (Baron and rsete2002;
Chaijan et al. 2005), from contributing to the redox environmetdiogr has the potential
to have a large influence on the susceptibility of storafbsel products to oxidation.
Isoeugenol has also shown antimicrobial activity (Mansour &986), although the tissue
concentrations found in this work may be too low for this to b&jar contributing factor
and work by Bosworth et al. (2007) showed no reduction in microbiaits on channel
catfish fillets following rested harvesting.

The slow and continual rise of isoeugenol concentrations in riéésishown in
Figure 4.8 may be characteristic of desiccation ofigsei¢ surface, although the
extraction procedure used in this work was simple and itsteeess is unknown. Also,
the purine nucleotide data displayed in Chapter 5 suggesisotieatial dessication of the
surface tissue was not as great as indicated by the iswd@geumulation shown in
Figure 4.8. Despite potential inaccuracies in the tegknit remains very likely that it
was adequate to show large changes and/or depletion ofiiesugenol concentrations.
A stronger solvent to extract the lipid soluble compounds from¢kedimay improve this

technique and further work may be required to optimize it.
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Although it has been reported that the tissue antioxidantsiwit@rand vitamin E
can reduce oxidized isoeugenol (Priyadarsini et al. 1999), théhtdissue isoeugenol
concentrations do not begin to decrease as tissue vitamin hoatices approach zero
and that rested harvesting does not alter tissue vitanussEates indicates that there was
little interaction in the fillet. This, and the fabtiat isoeugenol is not lost through oxidative
processes, mean that inhibition of lipid oxidation in salmitetsimay be predominantly
due to its ability to bind and maintain iron in its reducedes(lto et al. 2005). As
isoeugenol is lipid soluble it is also likely that the isoeug@nesent in the fillets is
associated with the lipid fraction of the tissue amsdstzown in this work, would therefore
not provide protection from oxidation for the protein fraction.

Measurement of protein oxidation in fish products has only begatively
recently (Kjaersgard and Jessen 2004; Kjaersgard et al. 200@)iven the high protein
content of fish muscle (Kiessling et al. 2004), protein oxidasidikely to be an important
indicator of tissue oxidation. Measurements of protein oxidatewlificult due to the
wide range of products produced and therefore the most frequerdlyeasmiques rely on
general markers of protein oxidation such as protein carbonyt®uh increases in
protein carbonyl concentration were seen in all of thestdi(Figure 4.3), desiccation
may have been more pronounced than anticipated and therefordeprazonfounding
factor. However, the accumulation of protein oxidation in filéts during storage
(Kjaersgard and Jessen 2004; Kjaersgard et al. 2006) and dtraag in eelpouts (Heise
et al. 2006) means that protein oxidation should not be overlookedeastbpments in
analytical techniques should be monitored.

The lack of protein oxidation in samples taken from the easftfillets (Figure 4.7)
indicates that atmospheric oxygen and/or cellular disruption afuthsurface are playing
primary roles in initiating oxidation on the surface of thidiets. High oxygen
concentrations in stored meat products have been linked to oxidBferkeng and
Johnsen 1995; Martinez et al. 2006). The processes initiating oxidiatihe presence of
oxygen are not certain but are likely to involve the Fenton rea(figh reacting with
H,0,to produce alkoxyl and peroxyl radicals) and/or the Haber-Weisstion (F& reacts
with O," and forms a hydroxyl radical) (Halliwell and Gutteridge 1999%)e iBolation of
tissue from air may limit the formation o8, and Q, significantly slowing tissue
oxidation. Although limited measurements were taken in thikfwom internal tissues
and desiccation may have been a confounding factor, it is likatythe removal of oxygen

and/or iron from the tissue will reduce or eliminate oxidatidhis is supported by the



76 4 - Rested harvesting inhibits lipid oxidation in salmonfiiéts.

successful application of modified atmosphere packaging t@fctucts (Fagan et al.
2004; Goulas and Kontominas 2007).

Measurements of tissue vitamin C concentrations (Figdjecénsistently showed
high degrees of variance among the fillets. High degreear@nce have been shown in
the blood plasma of some fish species (Gieseg et al. 200Qjiwex the high degree of
specificity and reproducibility of the assay procedure emplayéis work (Levine et al.
1999), it is likely that this is reflective of the propert@ghe tissue and/or the population.
Rapid changes in vitamin C were seen over the first 24 ldsterage, although the large
SEMs prevented many of these differences from achievatigtatal significance. The
increase in concentrations seen between some time pa@atsnexpected. However,
vitamin C can be readily cycled between its oxidized seduced states in skeletal muscle
(Savini et al. 2005) and contributes not only to redox chemistnslaiso important in a
number of biological processes (Savini et al. 2005; Lall andd-&cCrea 2007). The
assay used for this work does not detect dehydroascorbate. Sivede ranging
contribution to tissue chemistry the fluctuations in concéotras tissue viability is lost is
perhaps indicative of its general importance. The time poinheth concentrations
stabilize possibly represents the point at which normal metatiwimistry was no longer
functional and vitamin C began functioning strictly as a redfinencing factor in the
non-viable tissue. As the tissue ages, vitamin C is conlynlost and approaches zero at
the end of the storage period. Interestingly, there isotioceable change in loss rate at
time points where increased lipid oxidation begins. This previdether evidence that the
lipid fraction and the water soluble fraction of non-viatidsues do not interact as much as
they do in viable tissues.

Uric acid is the end point of purine metabolism and the buitdus precursors
hypoxanthine, inosine and inosine monophosphate (IMP) has been linkedsatoolic
status in transplant organs (Vigues et al. 1993; Domanski20@) and has also been
used as a measure of freshness in stored fish (Ryder 1985 e&tiah 1989; Luong and
Male 1992; Carsol et al. 1997). Uric acid concentrations apéagiesd in Figure 4.5.
Accumulation of uric acid began in exhausted fillets from 36 $1@itime point at which
both cut surface pH and TBARS concentrations also begaretolNis associated rise was
seen in either group of fillets harvested using AQUY;Sndicating that anaesthesia and/or
isoeugenol exposure has altered conditions in such a way that pemeéstry in the
fillets was affected. As these changes were taking@asuch a late stage in the tissue,

following purine chemistry presented an opportunity to exarhiese changes upstream at
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time points which may be relevant more specifically todmath in fresh tissue. An
HPLC assay allowing measurement of purine nucleotides, nucscesid purine bases
(Furst and Hallstrom 1992) was adapted for our equipment armedtth look at the
purine chemistry of rested and exhausted fillets. Theseaddtdetailed discussion is
presented in Chapter 5 of this thesis.

The role of vitamin En vivois contentious. It has been shown to have both pro
and antioxidant activity (Thomas et al. 1995; Kontush et al. 1996ziN&t al. 1997) and it
has been suggested that it is involved in a number of cgbitdaesses that are
independent of its antioxidant function (Azzi et al. 2004; Zingg and 2024). Other
researchers maintain that these processes are sricthction of its antioxidant activity
(Traber and Atkinson 2007). This has prompted comment by Brigelil® and Davies
(2007) that there is a great deal of work left to be done to staahek the functions of
vitamin E. Despite the contentious nature of the literatheeresults of this work were not
difficult to interpret. Vitamin E concentrations (Figur@)in fresh tissue were slightly
lower, but comparable to other work (Johnston et al. 2006). Weee slight downward
trend over the storage period, but the changes were not sighdicd the rate of loss did
not change despite the rapid onset of lipid peroxidation. Il tiileds it is therefore not
possible to link tissue vitamin E concentrations to cellldedso, although vitamin E
concentrations have been linked to tissue stability (Schaeé. 1995; Jensen et al. 1998;
Huang et al. 2004), any connection to tissue lipid peroxidation ishwvidus from this
work.

The majority of this work has been carried out at 15°Cs Wais to allow rapid
profiling and assessment of the oxidative processes occunrgaimon muscle tissue and
the analytical techniques that we had chosen to monitor ¢thesges. Fillets stored at
15°C underwent the processes of cell death and the onset idlitsanell within the 96
hour experiment time, allowing us to generate a complete @raf°C was also below the
upper temperature limit at which chinook salmon can be tanled (Jerrett et al. 2000)
and therefore cell viability loss in the fillets due to paErature stress was very unlikely.
The data collected from fillets stored at 15°C indicatedttieapresence of AQUI'Y in
the fillets was inhibiting lipid oxidation, but care was requipedbre this could be
extrapolated to other storage temperatures. Therefoesinecessary to investigate
whether the white muscle of salmon fillets would undergo the sdramical processes in
a classical temperature dependent manner, or whether teampevais having a much

more fundamental impact on the chemical processes occurnpugirharvest tissue. We
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decided to use exhausted fillets stored at 6°C (the lowaistamable temperature that
could be achieved by our equipment) as that would allow us to m@B#RS, which had
not increased in rested fillets. Fillets stored fota@ days at 15°C were generally
comparable to fillets stored for up to 4 days at 6°C.heligut surface pHs (Figure 4.9)
from the fillets stored at 15°C were possibly a resuibhofeased microbial growth at a
more favorable temperature. Interestingly TBARS conceatrsi{Figure 4.10) took
longer to begin to rise, but then rose quickly at 6°C. wag show that despite inhibiting
oxidation during early storage, cold temperatures may stabikzproducts of lipid
oxidation when they do begin to form. Protein oxidation rategi(€ 4.11) were generally
comparable and although vitamin C concentrations (Figure 4.X2)higher in the fillets
stored at 6°C, the trend in concentrations over time watasiniihe differences in vitamin
C concentrations may be related to seasonal variatione dish were sampled at different
times of the year, and/or size differences betweerespgective groups. Uric acid
concentrations (Figure 4.13), despite rising, did not changeisaymify during storage at
6°C. Although these data do show temperature dependentasmsiatithe trends and
therefore that some care is required when making extrapolatooss storage
temperatures, they do show that the factors measurbib iwdrk are not fundamentally
altered by temperature and that tissue chemistry duremggst at 15°C is likely to be
similar to that at other storage temperatures. Furthet would be required to confirm
this, particularly for frozen storage.

Although it seemed very unlikely, and there was no obvious méeshahrough
which isoeugenol could affect the TBARS assay, it seematept to check. Isoeugenol
added to MDA standards at approximately twice the concemtrfiund in anaesthetized

fish tissue showed no signs of interference.

4.4.1 Summary

There were clear differences in the tissue chemisttigeofvhite muscle from rested and
exhausted chinook salmon. Some of these properties, sustiuged lipid oxidation and
altered purine chemistry, appear to be conferred not yhtysiological state of the tissue
during harvest, but by the presence of isoeugenol in the ti3$ue may be mediated by
the ability of isoeugenol to maintain iron in its reducedes The ability of isoeugenol to

inhibit lipid oxidation in salmon fillets is notable. Howevas lipid oxidation occurs
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relatively late in the tissue degradation process thismoabe relevant to commercial
processes.

The techniques used in this work do not indicate clear relaipmbetween
oxidative damage and the loss of tissue antioxidants witdeath. More sensitive
techniques to measure intracellular redox potential leading aipctaluring cell death may

be necessary to advance our understanding in this area.
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5 - ATP related compound profiles from the white
muscle of rested and exhausted chinook salmon
tail fillets during storage

5.1 Introduction

The aim of this chapter was to measure and follow the @ssgm of ATP related
compounds that result in uric acid accumulation in stored chisalokon fillets. In
Chapter 4, there was significantly reduced uric acid acatioalin rested fillets during
storage at 15°C than in exhausted fillets. These changegextcelatively late in the
storage period however and were therefore not useful for makergmnces on post
harvest metabolic state or associated quality factdiseinespective tissues. The similarity
in structure of these compounds lends them to separation andigatom with HPLC.

In this chapter we have utilized and modified an ion-pairify €l technique that allows
simultaneous determination of these compounds (Furst and Hallstrom G@08) of

which are directly indicative of metabolic state and ase aked as biochemical indicators
of quality in seafood products (Ryder 1985; Vazquez-Ortiz et al. I9®7dero et al.

2004; Aubourg et al. 2007; Sallam 2007). In this chapter, a depadtde of the effects

of rested harvesting on post harvest metabolism and cell @edthssociated biochemical
measures of quality from chinook salmon white muscle during g@ag5°C is

presented.

5.2 Materials and Methods

Detailed methodology for this section can be found in Ch&pt&iwo groups of chinook
salmon were used to determine profiles of creatine compoundspsiatd, nucleotides
and related bases in rested and exhausted white muscléirsTigeoup (n=4) was
harvested using rested harvesting techniques and had aveigdub of 1754 + 167g. The
second group (n=4) was exhausted by chasing during a simulatedtteand had a mean
weight of 1735 * 132g. This was necessary as no harvestingkiag place at Isaac’s
salmon farm and was carried out with animal ethics appfowmal the Animal Ethics
Committee (approval number 2006/24R). The fish were exposed torsdimguactivity

for a period of 2-3 minutes. A net was then placed inahlk &and moved in a circular
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motion for 60-90 seconds until locomotion was obviously impaifide fish were then
removed from the tank with the net, killed by cranial intphled and transported on ice to
the University of Canterbury for fillet preparation.

Fillets were prepared from the left side of the fishifeigg at the dorsal fin and
running to the tail. The cut surface pH of the fillet wasen as the mean of six concurrent
measurements from the D block, three each side of the spgnening 10mm from the
anterior end of the fillet. Samples were taken from th#dok and freeze clamped and
stored at -80°C for extraction. The fillets were placed temperature controlled bin at
15°C + 0.5°C. Repeated pH measurements and samples fromutbetisbcations not
including the posterior third of the fillet were taken a806, 12, 24, 30 and 36 hour time
points.

Tissue was sampled from both the exposed tissue and the unetipssedrom
the centre of the fillet after 30 hours storage. This waketermine if any differences,
particularly in ATP concentrations, were present in tisdkaewas not exposed to air.

Samples were ground to a fine powder under liquid nitrogen, weggieed
homogenized in 1.5ml of ice cold 0.4M PCA. The blade wesd in a small volume of
PCA, pooled with the sample and the volume made up to 1.8 . was centrifuged at
500 rpm for 5 minutes. 500 pl of the supernatant was removed, lrematri® pH 7.0 with
55 ul of 2 M KCO; and stored at -8C for analysis.

Creatine compounds, nucleosides, nucleotides and related baseseparated by
ion-pair liquid chromatography and quantified by UV-Vis detatti This technique was
modified from the one used by Furst and Hallstrom (1992). ThedéX@Acted and
neutralized muscle tissue samples were thawed and ceattitid.0 000rpm for 5 minutes
and 20ul of the supernatant was injected onto the HPLC. Compaenesgjuantified by
comparison to standard solutions of known concentration. K-valuescateulated with
the formula below as used by Saito (1959) and Aubourg (2007).

K-value (%) = [Ino] +[Hypoxanthing] -
[ATP] +[ ADP] +[ AMP] +[IMP] +[Ino] +[ Hypoxanthin€]

100

Glutathione was derivatized with the fluorescerg dyonobromobimane (MBB),
separated by HPLC and quantified with fluorescent¢ectien (Cotgreave and Moldeus
1986).
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5.3 Results

The purpose of collecting cut surface pHs was suenthe data in Chapters 4 and 5 were
comparable, and also to correlate this measurewiémtoncentrations of ATP related
compounds in the respective tissues. The profits® again typical of rested and
exhausted tissues. The rested tissue showed sagrilii higher cut surface pHs from 0
through to 12 hours (p<0.001). Of particular nbigher pH values were obtained from
freshly prepared rested fillets than was seen mp®@r 4. This is likely to be a result of
improved anaesthesia and animal handling technigsieéscussed in Chapter 2. Also, the
extra time point at 3 hours indicates a suddenifaz@don in fresh rested fillets followed
by a period of stability through to 6 hours. Thigygests that the metabolic rundown of the
tissue takes place in a stepwise manner as opposedontinuous rundown and that the
sampling time points used in this work may creat®aes artificial smoothing of the data.
The chromatograms showing the separation of creatbmpounds, nucleosides,
nucleotides and other bases from a rested andrerusted salmon (Figures 5.2 and 5.3)
clearly show the effectiveness of this HPLC techaigud its suitability for use with fish
tissue extracts. The depletion of ATP and cregihmesphate concentrations and the

increase in IMP concentrations in the exhaustedidiss notable.
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Figure 5.1 Mean cut surface pH (n=4) from the white musélsatmon tail fillets stored at
15°C in air from rested (triangle) and exhausteghdése) fish. Error bars indicate SEM.
Two-way repeated measures ANOVA showed signifigaeraction in these data (p<0.001).
Results from Bonferroni post-tests comparing tregits are indicated (*** p<0.001
inclusive of time points between those marked).
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Figure 5.z Simultaneously captured chromatograms at 2524dcm from the extracted
white muscle tissue of a chinook salmon followiegted harvesting.
Peaks at 254 nm (top left): 4 = hypoxanthine, 827 = NAD', 8 = AMP, 11 = ADP,
16 = ATP. Peaks at 214 nm (bottom right): 1 = &inea 2 = creatinine, 9 = creatine

phosphatt
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Figure 5.2 Simultaneously captured chromatograms at 2524dchm from the extracted
white muscle tissue of a chinook salmon followindaustive harvesting.
Peaks at 254 nm (top left): 3 = hypoxanthine, 2] 6 = NAD', 7 = AMP, 9 = ADP,
10 = ATP. Peaks at 214 nm (bottom right): 2 = ttnea 3 = creatinine.
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5.3.1 Creatinine, creatine and creatine phosphate p  rofiles

As creatine metabolism plays an important roldhrnetabolic function of skeletal

muscle cells, the relative concentrations of creqttreatine phosphate and creatinine and
their relationship to cell death are of intereSteatinine concentrations (Figure 5.4) in
rested fillets at 0 and 3 hours were significatudlyer than in exhausted fillets. There was
a rapid rise over the first three hours of storagested fillets followed by a continuous
rise through to 36 hours. No changes were seentlogdirst 6 hours of storage in
exhausted fillets indicating extra pooling of cnegie in exhausted tissues.

Although some statistical differences existedreatine concentrations (Figure 5.5)
between rested and exhausted fillets the trendtim droups was similar, particularly over
the first 6 hours during metabolic rundown in ttestie. Dehydration of the surface tissue
may be playing a role in generating the steadyeses in concentration of both creatinine
and creatine over the 36 hour storage period.

Creatine phosphate concentrations (Figure 5.8¥8h rested tissue were
approximately 8.3 pmoly This reduced rapidly over the first 3 hourstofage, then
continued to reduce at a slightly slower rate ansd depleted after 12 hours of storage. No

creatine phosphate was detectable in exhauste@.tissu
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Figure 5.4 Mean creatinine concentrations (n=4) from thé&evmuscle of salmon tail
fillets stored at 15°C in air from rested (trianged exhausted (square) fish. Error bars
indicate SEM. Two-way repeated measures ANOVA slibsignificant interaction in these
data (p<0.001). Results from Bonferroni post-testaparing treatments are indicated
(*** p<0.001 inclusive of time points between thasarked).
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Figure 5.5 Mean creatine concentrations (n=4) from the vhitiscle of salmon tail fillets
stored at 15°C in air from rested (triangle) andaested (square) fish. Error bars indicate
SEM. Two-way repeated measures ANOVA showed tire®.@01) and harvest type
(p<0.01) as significant sources of variation. Rssuom Bonferroni post-tests comparing
treatments are indicated (* p<0.05, *** p<0.001).
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Figure 5.6 Mean creatine phosphate concentrations (n=#) free white muscle of salmon
tail fillets stored at 15°C in air from rested &mgle) and exhausted (square) fish. Error bars
indicate SEM. Two-way repeated measures ANOVA slaosignificant interaction in these
data (p<0.001). Results from Bonferroni post-testaparing treatments are indicated

(** p<0.01, *** p<0.001).
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5.3.2 Uric acid, hypoxanthine, inosine and IMP prof iles

Measurements of uric acid, hypoxanthine, inosirg IMP are important because the
concentrations of these compounds are indicatitheofuality of fish tissues and they
may also contribute to oxidative processes. Thg kigh uric acid concentrations (Figure
5.7) that began to accumulate immediately in ts&ut contrasted with the lower values
shown in Chapter 4. Uric acid concentrations in@daonsistently in both groups.
However, there was a 6 hour lag phase before uritcaricentrations began to increase in
the rested group. After 6 hours the trends werg sienilar but the significant differences
in concentrations that the lag phase in the regtedp created remained throughout the
storage period. These differences were highlightethe significant interaction between
the two data sets (p<0.001).

Hypoxanthine concentrations (Figure 5.8) increadeckry similar rates in both
groups. The trends diverged after 24 hours staaagehe rested group showed
significantly higher hypoxanthine concentration8@tand 36 hours.

Inosine concentrations (Figure 5.9) rose and stiewved a slight lag phase in the
rested group. However the differences between thegtaups were very small and none
were statistically significant.

The trends in IMP concentrations (Figure 5.10)emeary different in these two
groups. IMP concentrations were significantly louethe rested group in fresh tissue and
increased rapidly over the first 3 hours, then nstogvly and peaked after 12 hours storage
before beginning a steady decrease. Exhaustetsfihowed high IMP concentrations in
fresh tissue that steadily decreased during 36shstorage. These two data sets also

showed significant interaction (p<0.001).
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Figure 5.7 Mean uric acid concentrations (n=4) from thete/hnuscle of salmon tail fillets
stored at 15°C in air from rested (triangle) andaassted (square) fish. Error bars indicate
SEM. Two-way repeated measures ANOVA showed sicanifi interaction in these data
(p<0.001). Results from Bonferroni post-tests carmy treatments are indicated

(** p<0.01, *** p<0.001 inclusive of time points bgeen those marked).
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Figure 5.8 Mean hypoxanthine concentrations (n=4) fromwhée muscle of salmon tail
fillets stored at 15°C in air from rested (triafgded exhausted (square) fish. Error bars
indicate SEM. Two-way repeated measures ANOVA shibsignificant interaction in these
data (p<0.001). Results from Bonferroni post-testaparing treatments are indicated

(** p<0.01 *** p<0.001).
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Figure 5.9 Mean inosine concentrations (n=4) from the whitescle of salmon tail fillets
stored at 15°C in air from rested (triangle) andaassted (square) fish. Error bars indicate

SEM. Two-way repeated measures ANOVA showed time significant source of variation
in these data (p<0.001).
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Figure 5.10 Mean IMP concentrations (n=4) from the white ole®f salmon tail fillets
stored at 15°C in air from rested (triangle) andaassted (square) fish. Error bars indicate
SEM. Two-way repeated measures ANOVA showed sicpriti interaction in these data
(p<0.001). Results from Bonferroni post-tests carmm treatments are indicated (* p<0.05
*** n<0.001 inclusive of time points between thasarked).
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5.3.3 NAD", AMP, ADP and ATP profiles

NAD®, AMP, ADP and ATP are vital for both aerobic and aohi& energy generation.
Therefore the way in which their concentrations gealeading up to and during cell death
may advance understanding of this process andaikisnallow development of
technologies that extend tissue viability post-katy Tissue NADconcentrations (Figure
5.11) in rested fillets show a rapid drop over tih& 8 hours of storage followed by 3
hours of stable concentrations and a more gradecling reaching near depletion after 24
hours. The period of stability is not presentxhausted fillets. They show an immediate
and rapid decline in NADconcentrations and reach near depletion after baliyours.
There was significant interaction between these skts (p<0.001).

AMP concentrations (Figure 5.12) in the two growgse significantly different in
fresh tissue. Rested tissue had significantly faveecentrations that increased over the
first 6 hours of storage. Exhausted tissue haldenidMP concentrations that reduced
over the first 6 hours of storage. However bottugsostabilized after 6 hours and no
further changes were seen. The difference in §reprén in the first 6 hours of storage
produced a significant interaction between thesa sets (p<0.01).

ADP concentrations (Figure 5.13) in rested tissueewtable for 6 hours before
beginning to decrease and reaching their lowesterdretion after 24 hours storage. The
period of stability was only 3 hours in exhaustedue and the decrease was very rapid,
reaching its lowest point after just 6 hours steraggain there was a significant
interaction between these data sets (p<0.001).

Tissue ATP concentrations (Figure 5.14) show vanjiar trends to both creatine
phosphate concentrations and cut surface pH. Resse shows high ATP
concentrations that reduce rapidly during the firbburs of storage. The rate of decline
reduces slightly after 3 hours and near deplesaeached after 24 hours. Exhausted
tissue showed very low concentrations of ATP arat depletion occurred after 6 hours

storage. These data sets also had significamagtten (p<0.001).
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Figure 5.11 Mean NAD concentrations (n=4) from the white muscle ofrgal tail fillets
stored at 15°C in air from rested (triangle) anbaested (square) fish. Error bars indicate
SEM. Two-way repeated measures ANOVA showed sicpnifii interaction in these data
(p<0.001). Results from Bonferroni post-tests cariy treatments are indicated (* p<0.05,
*** n<0.001 inclusive of time points between thasarked).
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Figure 5.12 Mean AMP concentrations (n=4) from the white ole®f salmon tail fillets
stored at 15°C in air from rested (triangle) andaassted (square) fish. Error bars indicate
SEM. Two-way repeated measures ANOVA showed sicgriti interaction in these data
(p<0.01). Results from Bonferroni post-tests cormggtreatments are indicated

(** p<0.01).
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Figure 5.13 Mean ADP concentrations (n=4) from the white ohei®f salmon tail fillets
stored at 15°C in air from rested (triangle) andaested (square) fish. Error bars indicate
SEM. Two-way repeated measures ANOVA showed sicanifi interaction in these data
(p<0.001). Results from Bonferroni post-tests carmy treatments are indicated

(*** p<0.001).
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Figure 5.14 Mean ATP concentrations (n=4) from the white ohei®f salmon tail fillets
stored at 15°C in air from rested (triangle) andaassted (square) fish. Error bars indicate
SEM. Two-way repeated measures ANOVA showed sicprifi interaction in these data
(p<0.001). Results from Bonferroni post-tests carmg treatments are indicated

(*** p<0.001 inclusive of time points between thasarked).
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5.3.4 ATP/ADP ratios, ATP/AMP ratios, ATP/IMP ratio s and K-values

The ATP/ADP and ATP/AMP ratios (Figures 5.15 and 5dr&)indicative of the

metabolic state of the tissue. Rested tissue shaskesar rundown in both of these ratios
over 24 hours, whereas exhausted tissue shows atmas$tange in ratio during the

storage period. There was significant interactietwieen the exhausted and rested groups
in both these data sets (p<0.001).

The ATP/IMP ratio (Figure 5.17) is also an indarabtf metabolic state. In rested
tissue it reduces very suddenly in the first 3 Baifrstorage and then more slowly,
reaching a low point after 12 hours. In exhaustsiie the ATP/IMP ratio is very low in
fresh tissue and remains low before starting tolelafter 24 hours storage. There was
also significant interaction between these data(pet3.01).

K-values (Figure 5.18) are more indicative of fiteshness of the tissue than the
metabolic state. However, after 12 hours storagétiralues in exhausted tissue began to
increase at a much faster rate than in restecetisEhere was significant interaction
(p<0.001) between these data sets.

The total tissue nucleotide pools (Figure 5.19nged slightly during storage but
remained comparable to concentrations in freshei$gsr the entire storage period. This
indicates that many of these compounds remainisrctiain of ATP related compounds

for the entire storage period.
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Figure 5.15 Mean ATP/ADP ratios (n=4) from the white muscfesalmon tail fillets stored
at 15°C in air from rested (triangle) and exhaugseghare) fish. Error bars indicate SEM.
Two-way repeated measures ANOVA showed signifigaetaction in these data (p<0.001).
Results from Bonferroni post-tests comparing tresiis are indicated (** p<0.01,

*** n<0.001).
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Figure 5.16 Mean ATP/AMP ratios (n=4) from the white muscfesalmon tail fillets stored
at 15°C in air from rested (triangle) and exhaugseghare) fish. Error bars indicate SEM.
Two-way repeated measures ANOVA showed signifigaeraction in these data (p<0.001).
Results from Bonferroni post-tests comparing tresis are indicated (*** p<0.001).
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Figure 5.17 Mean ATP/IMP ratio (n=4) from the white musclkesalmon tail fillets stored
at 15°C in air from rested (triangle) and exhaug¢segiare) fish. Error bars indicate SEM.
Two-way repeated measures ANOVA showed signifigateraction in these data (p<0.01).
Results from Bonferroni post-tests comparing tresis are indicated (*** p<0.001).
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Figure 5.18 Mean K-values (n=4) from the white muscle of satntail fillets stored at
15°C in air from rested (triangle) and exhaustegigse) fish. Error bars indicate SEM.
Two-way repeated measures ANOVA showed signifigaeraction in these data (p<0.01).
Results from Bonferroni post-tests comparing trestis are indicated (*** p<0.001
inclusive of time points between those marked).
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Figure 5.19 Mean total nucleotide pool (n=4) from the whitasuale of salmon tail fillets
stored at 15°C in air from rested (triangle) anbaested (square) fish. Error bars indicate
SEM.
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5.3.5 The predictive power of cut surface pH

Cut surface pH has been shown to be a useful imdtiodtmetabolic state in freshly
harvested fish (Black 2002; Janssen 2003). Offhmetabolite concentrations and ratios
measured in this chapter, only IMP and AMP weresmgtificantly correlated with cut
surface pH. The predictive power of these cormtativas variable wittf values ranging
from 0.1 to 0.67. However, there were highly sigrafit correlations (p<0.0001) and
relatively high f values relating cut surface pH and the metabatiteatine phosphate,
NAD®, ADP, ATP and the ATP/ADP ratiosz(values of 0.59, 0.51, 0.57, 0.67 and 0.63
respectively). These metabolites all play integoéds in metabolic function and, as
discussed above, are very good indicators of métastate and cell viability. Although
these correlations do not provide a precise quivit relationship, they do indicate that a
great deal can be inferred about the metabolie sfaharvested fish tissues from simple
cut surface pH measurements. These measuremenls sntinue to be taken in future
research and represent a powerful and relativelghaol for use in commercial

environments.

Metabolite Pearsonr P value r?

Creatine -0.70 <0.0001 0.49
Creatinine -0.81 <0.0001 0.66
Creatine phosphate 0.77 <0.0001 0.59
Hypoxanthine -0.41 0.0041 0.17
Uric acid -0.57 <0.0001 0.33
Inosine -0.38 0.0077 0.14
IMP -0.07 0.6255 0.01
NAD" 0.72 <0.0001 0.51
AMP -0.03 0.8322 0.00
ADP 0.76 <0.0001 0.57
ATP 0.82 <0.0001 0.67
ATP/ADP 0.79 <0.0001 0.63
ATP/AMP 0.68 <0.0001 0.46
ATP/IMP 0.53 0.0001 0.28
K-value -0.31 0.0295 0.10

Table 5.20 Descriptive statistics from Pearson correlatialcalations showing the
relationship between cut surface pH and ATP relatethbolite concentrations and ratios
from both rested and exhausted chinook salmofiltats during 30 hours storage at 15°C.
Statistics in each row were calculated using 4&heat XY pairs.
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5.3.6 Internal vs external fillet tissue properties after 30 hours storage

The air surrounding the fillets during storage rpagvide some oxygen to cells near the

fillet surface and therefore allow for some aeraobid®® generation to continue. Our aim

was to determine how significant this was to theamelism of the cells near the surface.

These measurements may also provide some indicagitmthe rate of water loss from the

fillets surface.
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Figure 5.21 Mean metabolite concentrations from white musiskue samples taken from
salmon fillet surfaces expressed as a percentagaimhed samples from the fillet centers
after 30 hours storage at 15°C in air from resteit€) and exhausted (black) fish. Results
from one-way ANOVA with Bonferroni multiple compadn post-tests comparing

treatments are indicated (* p<0.05).
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Metabolite concentrations after 30 hours of stofage both groups of fillets were
consistently higher in the tissue exposed to aintin the internal tissue (Figure 5.21),
although dehydration of the external tissue mayehaen a contributing factor, this data
indicates that it does not appear to be as greabasuggested by the accumulation of
isoeugenol shown in Chapter 4. The only statiiyicignificant difference between rested
and exhausted fillets was a greater differenc@intentrations of NADbetween the

internal and external tissues in rested fillets.

5.3.7 Measurement of tissue glutathione concentrati  ons

The relationship between metabolic state and ti&S$id concentrations may indicate the
role that antioxidants play during cell death amtherefore of great interest. Tissue GSH
concentrations (Figure 5.22) did not change sigaiftly during the storage period and
none of the time points showed significant diffeenbetween the two harvest types. The
0 and 3 hour time points for the exhausted grou st due to inaccurate pH buffering
prior to MBB derivatization. It is very likely thaechnical issues associated with this

technique have produced inaccurate data. Thiditliscussed in the following section.
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Figure 5.22 Mean glutathione concentrations (n=4) from thésvimuscle of salmon tail
fillets stored at 15°C in air from rested (triangad exhausted (square) fish. Error bars
indicate SEM.
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5.4 Discussion

The cut surface pH profiles were again typical ohbeisted and exhausted tissues and
correlated well with the concentrations and ratiba oumber of ATP related compounds
(Table 5.20). This clearly shows that cut surfadgopovides a good estimation of
metabolic state and, given the simplicity of takihgse measurements, should be used
routinely in future research. Notable in these dagathe slightly higher cut surface pHs
obtained in rested fish and the inclusion of a darggime point after 3 hours of storage.
The higher cut surface pHs reflect improvementsiimal handling techniques as
discussed in Chapter 2 and the extra time poiotvalimore accurate representation of the
metabolic rundown in the tissue. Generally, thedsan these data and those displayed in
Chapter 4 appear comparable. The improved resalatearly shows a period of stability
from 3 to 6 hours storage, indicating that the Grrsmmpling points used in Chapter 4
produced some artificial smoothing in the dataenstingly, this period of stability is also
present in the NADand to a lesser extent the ATP and creatine phtesphafiles.
Although further work with improved resolution waube required to confirm it, this is
evidence that metabolic rundown takes place ingpst& manner as the cells, deprived of
blood flow, adjust to new conditions to maximizewwal time. This hypothesis was put
forward and supported by profiles of white musclé membrane potentials (Janssen
unpublished).

Creatine metabolism plays an important role inetkémuscle cells. Creatine
phosphate provides a source of high energy phospbathe generation of ATP via the
creatine kinase pathway (CrP + ADP + H  Cr + ATP) (Wyss and Kaddurah-Daouk
2000; Brosnan et al. 2007). High concentrationsreétine phosphate are generated and
maintained by the mitochondria in resting musclesdeom intracellular creatine and
provide temporal buffering in energy supply frone gudden onset of exercise (Brosnan et
al. 2007). Recently, due to its high diffusivityews on the function of creatine phosphate
as an energy buffer have shifted to one of eneemstocation (Brosnan et al. 2007). Of
course these functions are not mutually exclusingethe importance of each is likely to be
tissue dependent. The flexibility of the creatmeatine phosphate system in different
tissues is highlighted in a review by Wyss and Kadtd-Daouk (2000). As mitochondrial
density is low (Black 2002; Tuckey 2003; Nantonle2807), cytosolic creatine kinases
are relatively abundant (Eppenberger et al. 197iylésand Skorkowski 2005) and cellular

energy demands can change very rapidly in telebgewnuscle, temporal energy
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buffering in this tissue may be the more importaite. The metabolic end point for
creatine metabolism is creatinine, which is fornmed non-enzymatic temperature and pH
dependent mannein vivoit no longer takes part in the creatine/creatinesphate cycle
and is excreted in the urine (Wyss and KaddurahaR2000).

The differences in creatine metabolism (displayeBigures 5.4, 5.5 and 5.6) were
clear between rested and exhausted chinook salmibe mbiscle. Rested tissue contained
large quantities of creatine phosphate that waketigpafter 12 hours storage. Exhausted
tissue showed no detectable creatine phosphatkiginer quantities of both creatine and
creatinine. This shows not only a greatly reduseergy store and associated loss of
energy buffering capacity in exhausted tissuesataat that the creatine cycle in general of
exhausted tissues had been shifted significantiatds its metabolic end point. In rested
white muscle, the rapid decrease in creatine phosmioacentrations and the rapid rise in
creatinine concentrations seen after 3 hours stashgws that this system is playing a role
in meeting the energy demands of post-mortem mgsato Of particular interest is the
simultaneous rundown of tissue ATP and creatine jgiete concentrations. In rested
tissues, there is no indication that tissue ATRceatrations were buffered by creatine
phosphate despite containing relatively high cotred¢ions. Exhausted tissues showed
complete depletion of creatine phosphate indicatiegmportant role it played during
exercisan vivo. Therefore the ATP buffering role typically dabed for creatine
phosphate in exercise physiology models may netritieely appropriate for applying to
ischemic tissue models. The creatine phosphateetdrations in this work were lower
than those reported in rainbow trout (McFarland.€2@01). This was likely caused by the
transport of the fish to the laboratory and theeaisged delay in sampling and will have
impacted both creatine phosphate and ATP conceogati

Uric acid is the end product in the breakdown of A&Rted compounds. This
breakdown takes place in the following order: ATPADP AMP IMP  inosine
hypoxanthine xanthine uric acid (Luong et al. 1989; Carsol et al. 199@zquez-

Ortiz et al. 1997). Other products related to tineecpss include hydrogen peroxide and
volatile nitrogenous compounds (Luong et al. 1988cquit et al. 2006). As a relatively
stable metabolic end point for ATP related compoutigsue uric acid concentrations may
be indicative of freshness. Figure 5.7 shows thiadested tissues began to accumulate
uric acid immediately and rapidly. Although restisdues also accumulated uric acid, it
took place much more slowly over the first 6 hourstorage before accelerating. Rested

tissue maintained significantly lower concentrasiar uric acid throughout the storage
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period. There were only minor differences in imesand hypoxanthine concentrations,
indicating that these relatively high storage terapees may favour the transition of these
substances through to uric acid.

It must be noted that the uric acid profiles showrehare markedly different to
those seen in Chapter 4. This resulted in exterdiecking of the location of the uric acid
peak on the HPLC traces by spiking samples with knguamtities of uric acid. For this
reason | am confident that these measurementsamnesde and that earlier measurements
may not be. The reasons behind the loss of uritfemm the samples in Chapter 4 are not
clear, but there are two potential causes. Firatig acid is not particularly soluble in
water and it may have been lost with the non-soltibseie fraction that was centrifuged
from the tissue homogenates prior to analysis. ,Alsgpite being buffered from further
oxidation with EDTA and BHT, the protein fractionstbe tissue homogenates used in
Chapter 4 were not removed or denatured. It isiptesthat some non-specific, unknown
interactions in the homogenates were able to napieijrade uric acid to allantoin during
the short period of time that the samples werdnoaen. Given that the primary enzymes
involved in uric acid metabolism are located inliker (Cleere et al. 1976; Kinsella et al.
1985; Rumsey et al. 1991), it is unlikely that apgcific enzymes were present in the
tissue homogenates.

The trends in tissue IMP concentrations in restetexhausted white muscle
shown in Figure 5.10 are very different. Exhausigslie shows high concentrations in
fresh tissue that decline continually during sterad@his trend has been shown in other
work (Ryder 1985; Aubourg et al. 2007). Fresh rksssue shows IMP concentrations
that are much lower, but rise rapidly over thetfd$iours, and then more slowly, peaking
at 12 hours. The rested tissue then maintaineufisigntly higher concentrations of IMP
for the remainder of the storage period. This hmaye implications for tissue quality as
IMP is known to contribute to the umami-taste shfproducts (Kawai et al. 2002; Kuda et
al. 2007). This also indicates that rested tistiaegested from fish may benefit from a
storage period creating the potential to delivghiguality fish products to customers close
to the point of peak IMP concentrations.

NADH and NADPH were not detectable in these sampleseelins unlikely that
concentrations of NADH would be below detection Isrand it has been noted during
laboratory work that both NADH and NADPH were very unktab standard solutions.
Since the collection of this data we have begurnradd pl/ml of 0.2 M /0.2 M

glutathione/EDTA prior to PCA extraction. This wagsessful in preserving previously
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undetectable NADPH in cell culture samples, but unfwately it introduced unacceptable
reagent peaks. Further work to determine an apiptemeducing agent could potentially
allow accurate quantification of NADH and NADPH. Thisuld improve our ability to
infer intracellular redox potential.

The cycling of NAD and NADH has a wide range of biological functionsAIN
functions as a coenzyme for hydride-transfer enzyamel as a substrate for NAD
consuming enzymes (Belenky et al. 2007). NADH iamier of easily transferable
electrons and is of fundamental importance to diygis (Alberts et al. 1994). As the
cycling of NAD" and NADH is a redox reaction their relative ratios iadicators of
metabolic state and intracellular redox potentia @nd Guarente 2003). The
extracellular breakdown products of NABave been shown to include ADP-ribose,
inosine and uric acid (Broetto-Biazon et al. 200B)seems likely that these processes will
also occur during the post-mortem breakdown of NADfish muscle. NAD
concentrations (Figure 5.11) during storage inegksissue follow similar trends to those
seen in creatine phosphate and ATP concentratidltBough there is a rapid reduction
during the first 3 hours storage, concentratioabikze between 3 and 6 hours. This
possibly provides enough NADor dependent cellular processes to function riedaced
metabolic state. This period of stability is noégent in the exhausted tissues indicating
that the post-mortem metabolism is immediately iareersibly compromised. This also
indicates that the intracellular redox potentiajdoe to change very rapidly after
harvesting. These changes were not shown by maskersdative damage such as
protein carbonyls and TBARS measured in Chaptérhls tends to suggest that oxidative
damage to structural components of the cells tplke at a much later stage than
modification of the intracellular redox potentialthey did however correspond to the
timeframes in which fluctuations in tissue vitan@rconcentrations were observed in
Chapter 4. Although, as vitamin C was not measurghis work, it is not possible to
infer a specific relationship and tissue vitamiodhcentrations still appear to be a poor
indicator of metabolic state.

Recent work has shown lifespan in yeast can be é&tbusing the NAD
precursor nicotinamide riboside, which functionstigh the elevation of NAD(Belenky
et al. 2007). It is very likely that maintainingtiacellular NAD concentrations would be
a requirement for extending cell viability and/be tmaintenance of a hypometabolic state

in an isolated tissue.
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The relationship between intracellular ATP, ADP andAM particularly
important for maintenance of cellular homeostast @daptation to changing energy
demands. Although ATP represents the primary soafenergy, ADP, AMP and
inorganic phosphate {jRare substrates that are not only required foegsion of ATP,
but are thought to play a key role in mitochondnmetabolic control (Hochachka and
McClelland 1997). AMP in particular, acting throutie AMP-activated protein kinase
(AMPK) cascade, has been implicated in the comtif@l number of factors important to
metabolic state and allosterically activates tlyealytic enzyme phosphofructokinase
(Hardie 2000; Miller et al. 2005; Lee et al. 2008herefore changes in tissue AMP
concentrations, although much smaller than othd¢abadites, may be most indicative of
alterations in metabolic state. The difference8MP concentrations shown in Figure
5.12 during the first 6 hours of storage are netalblluch higher concentrations are
present in exhausted tissues and these fluctutdesksabilizing after 6 hours. Although
AMP concentrations in rested tissues are loweraslif tissue they increase over 6 hours
before also stabilizing. Therefore there is theeptal that elevating AMP concentrations
in rested tissue immediately post harvest may steametabolic rundown of the tissue.
This is not certain however as Horman et al. (2008ckuded that AMPK did not
participate in the metabolic rate depression thatis during ground squirrel hibernation.
Changing trends were seen after 6 hours storagestad tissue in a number of key
metabolites including NAQ AMP, ADP and ATP. The combination of these trends
indicates that this may be very close to the endtd sustainable metabolic processes in
the post-mortem tissue.

The ATP/ADP, ATP/AMP and ATP/IMP ratios (shown in &igs 5.15, 5.16 and
5.17 respectively) are likely to be more indicatbfe¢he energy state of the tissue than the
concentration of any single metabolite. In resteslie all three ratios indicate a major
shift in cellular energy potential during the fiBshours of storage. The ATP/ADP and
ATP/AMP ratios indicate a slowed but continual afpafrom 3 to 12 hours. Expressing
the metabolites as ratios also removes the smadighef stability present during the 3to 6
hour storage period. This indicates that desmteods of stability in measurements such
as cut surface pH and cellular membrane poterflaisssen unpublished; Jerrett et al.
unpublished), the energy potentials of the celfseap to be in a continual state of change.
The stability seen in these measurements is prplokid to the ion pumps responsible for
the maintenance of these factors functioning atatively constant rate through a range of

ATP concentrations.
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K-values represent the ratio of hypoxanthine andiimeto the total pool of ATP
related compounds and have been shown to be alegllicator of freshness in seafood
products (Ryder 1985; Vazquez-Ortiz et al. 1997; Boacet al. 2004; Aubourg et al.
2005a; Aubourg et al. 2007). Due to the time consgmature and expense associated
with the measurement of K-values, they have beetiopneantly used for research
purposes and not in a commercial environment. Krealues calculated for both rested
and exhausted tissues are displayed in Figureamd&how that very fresh tissue has K-
values very close to zero. Published K-valuesastf commercially sourced tissue tend to
be in the range of 10-20 (Aubourg et al. 2007;e8alR007) indicating that many of the
breakdown pathways have significantly progressedrbefxperimental work began in
these studies. K-values have been shown to reachc@o salmon following 24 days of
chilled storage and needed to exceed approxima@hefore sensory degradation was
noticeable (Aubourg et al. 2007). These valuesigrefeantly higher than the maximum
values seen in this work. The K-values seen irecessue increased at a lower rate than
those measured in exhausted tissues, driven predaity by the relative difference in
IMP concentrations in the tissues. This also ssigghat rested tissues have quality and
shelf life benefits related to fundamental biocheahimeasurements over exhausted and
stressed tissues. The storage temperature charseisfwork appears to favour the
complete breakdown of ATP related compounds toagid. These processes are likely to
be altered by temperature as lower storage tempesawill slow these processes and
potentially promote extra pooling further up thedktdown pathway, therefore altering K-
values. Further work at temperatures more reprateatof normal processing and
storage conditions would be required to confirmpgbtential benefits of rested harvesting
on quality and shelf life.

The mean sum of all nucleotides measured in thises fduring storage is shown
in Figure 5.19. It remains within approximately 00@mol/g tissue of its starting point in
both groups. This indicates that, although themmmds measured in this procedure are
not completely contained within the breakdown chascussed above, most remained
within the chain for the duration of the storageiqukr This helps to validate this analytical
method as a reliable means of monitoring purinel®mistry in fish tissues during
storage.

The comparison between white muscle tissue froncéimre and from the surface
of the fillets was an attempt to identify edge effezaused by physical damage during

filleting and exposure to air. As sampling frone ttentre of the fillets involved causing
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some damage to the fillet this was done late irstbeage period. The fact that all the
metabolites were elevated in surface tissue indidhigt dehydration may have caused
most of these observed differences. However, thgdiation appears to be much less
than was suggested in Chapter 4 by the accumulatimoeugenol in the fillets. It also
indicates that edge effects are not particulamngdan non-viable tissue that has been
stored for a long period of time. However, thedeat$ are likely to be far more
pronounced in viable tissue as the surface cells hacess to atmospheric oxygen. To
accurately quantify the role of edge effects abdmdth occurs sampling would need to be
done repeatedly during the first 12 hours of steraigl5°C.

Measurements in this work showed no differencééreduced glutathione content
of the white muscle between the two harvest grodjpss is not consistent with much of
the literature relating to mammalian exercise pblggly (Inayama et al. 2002; Jammes et
al. 2004; Steinberg et al. 2004). Although caretrbagaking when using these results to
make inferences on fish physiology, it seems vatikealy that no changes in glutathione
concentrations would take place during storage gothar obvious signs of tissue
oxidation. Given the nature of the data it seekedylithat there are technical issues with
this particular technique. Recently work by Tanglef2003) showed that MBB
concentrations should be in excess of 200 timesotaéthiol content of the sample for
accurate quantification. MBB concentrations in ¢oerent work were approximately
1.8 mM during derivatization and ranged betweenr@DE0 times the measured GSH
concentration. As this may produce a significarttarastimate of tissue GSH
concentrations, reducing the relative sample canaton approximately 20 fold during
derivatization with MBB should maintain this ratmexcess of 200. Reliable
measurements of tissue glutathione concentratieomjunction with measurements of
metabolic state have the potential to further elaid the relationship between tissue redox

potential and cellular metabolic state.

5.4.1 Summary

This work has identified fundamental differenceh@ chemistry of chinook salmon white
muscle harvested using rested and exhaustive hiswy@sethods. These differences
continue to manifest themselves during storagéetissue and have an effect on widely
used biochemical indictors of quality. K-valuesrgased at a significantly reduced rate in

rested tissues, driven predominantly by signifisahigher IMP concentrations (a factor
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contributing to the umami-taste of meat producidetabolites essential for cellular
function such as NAQ ADP and ATP were maintained for up to 12 hours stee

tissues. These were compromised within 3 hourshaested tissues. The accumulation
of uric acid, the metabolic end point for manyloéde metabolites, was subject to a lag
phase in rested tissue and remained significaoiet for the entire storage period.
Manipulation of tissue AMP and NATxoncentrations may be useful in prolonging the
metabolic rundown of rested tissues. These measmtsmow need to be confirmed at
storage temperatures more relevant to industryjpbanekamined for their potential to create

an economic advantage in the supply of high quakgfood products.
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6 - Concluding Discussion

6.1 The oxygen delivery problem

The controlled delivery of oxygen to tissues dunagfusion has remained a limiting
factor in advancing perfusion technologies forgmicant period of time. The methods
used to deliver oxygen to teleost fish muscle &gsuhis work and that of Black (2002)
and Janssen (2003) involve the application of ligygen partial pressures, either through
oxygen saturated saline solutions or hyperbarigerytreatment. These techniques
showed some ability to support aerobic metabolisd) as discussed by Black (2002),
hyperbaric oxygen treatment may represent a mesatest the oxidative stability of
tissues. This induction of oxidative stress is pamble to the chemically induced
oxidative stresses that are commonly employedlircatture studies (Gieseg et al. 1998;
Duggan et al. 2002; Kappler et al. 2007). In relato maintaining tissue viability, these
treatments do not deliver oxygen in a manner thahalogous to the normal mechanisms
of oxygen deliveryn vivo.

The transport of oxygen both through the bloodstraad through the working cell
to the mitochondria is tightly regulated. In tHedd, oxygen is sequestered in red blood
cells in the form of oxyhaemoglobin, and in skdletascle cells it is sequestered in the
form of oxymyoglobin (Withers 1992). This preventany potentially damaging oxygen
based reactions from occurring and means thatwgtinthe oxygen carrying capacity of
the blood is high the amount of oxygen that is fregolution is very limited. Intracellular
myoglobin facilitates the transfer of oxygen thrbube cell, serves as a short term oxygen
store and buffers the release of free oxygen torib@chondria (Withers 1992). This
means the total concentration of oxygen free int&m in the intracellular fluid is also low
and maintained almost constant up to the maximwstagable aerobic metabolic rate
despite large changes in flux (Hochachka and Mc&hiell1997). As the relationship
between work and oxygen delivery is almost alwayddr. Aerobic metabolism,
Hochachka and McClelland (1997) have postulatedaxygen delivery plays a key role
in metabolic control.

In this light the finding that oxygen saturatedfpsion saline was causing
oxidative damage to aerobic skeletal muscle tigstiee perfused salmon tails (Figures 3.2

and 3.4) was perhaps not surprising. As damageswdent in the tissues it also raises the
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possibility that oxidative damage was also occarimthe vasculature. Any damage to
the vasculature would ultimately limit perfusion feemance and this may have played a
role in the poor perfusion of the white muscleues# the salmon tails. Many of the
laboratory grade chemicals used in the perfusibnesaontain trace quantities of

transition metals and it has been shown that theseantribute to tissue damage in
perfused isolated rat hearts (Powell and Wapnir L199%herefore there is the potential for
Fenton chemistry to contribute to and/or initiaxé@ative damage in both the tissue and
the vasculature of the salmon tails. Further itigatson of the redox potential of the
perfusion saline and comparison to teleost bloadmph may be warranted. Examining the
formation of protein carbonyls in the oxygen satedasaline during pre-perfusion storage
would help to address whether Fenton chemistryocanr in the isolated saline or whether
it is only an issue once inside the salmon taiparation. Although attempts were made to
measure oxidation in the perfusion saline in théyestages of this research, samples were
only taken as it exited the preparation, and TBAR® rotein hydroperoxide
concentrations were used to indicate oxidation. s€rsthowed no signs of increasing over
the perfusion period. In hindsight measuring protarbonyl concentrations, generated
through the oxidation of the BSA in the oxygen satted saline, over the course of the
perfusion period before it was pumped through tlepg@ration may have been more
appropriate. Regardless of the location of actie&,addition of transition metal chelating
compounds to perfusion salines has shown the atblityhibit iron mediated oxidation
(Rauen et al. 2007) and should significantly rediheeoxidative damage to future
perfusion preparations.

A controllable method of oxygen delivery that cesatonditions in the saline
comparable to those found in the blood will needdaised before major advances in
preserving isolated tissues with perfusion will badible. Maintaining endogenous
antioxidant function and intracellular redox potahtvill almost certainly be necessary to
allow the long term maintenance of metabolic funtiin isolated tissues, but at this time
an appropriate form of oxygen delivery is the isstiprimary importance. Addressing
this issue will provide two key benefits. Firstiywill allow a further mechanism of
control over metabolic rate, and secondly it withii any vascular and tissue damage
caused by high oxygen partial pressures. Thishweilh reduce the need to control
damaging oxidative reactions and allow the addigbantioxidant compounds that are
susceptible to oxidation to the perfusion salin&utther stabilize the tissue and support the

continued function of the endogenous antioxidasteayps. The use of red blood cells in
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the perfusion saline has been shown to improve oxgegévery in our laboratory (Forgan
unpublished), but it is somewhat inconvenient kegpire red blood cells in suspension
and the shelf life of the saline solution is linciteTherefore some obvious candidates
include the haemoglobin based oxygen carriers otiyrender development. The length
of time taken to develop these compounds refléetseérious technical challenges
involved. However, a recent review by Diesen andn&in(2007) discusses the promising
results ofS-nitrosolated polyethylene glycol modified haemdmgo(SNO-PEG-Hb). This
compound has showed effective function as an oxggdiery compoundh vivo while
mitigating the vasoconstrictive action of haemogiamnd allowing better regulation of
vascular tone. Although these compounds are beamgldped primarily for medical use
as blood transfusion substitutes they have thenfiatéo greatly contribute to tissue
preservation techniques and therefore future dewedmts should be closely monitored.

6.2 The limits of the antioxidant solution

Antioxidants, both synthetic and naturally deriviedye repeatedly been shown to offer
shelf life and product quality benefits in a numbémeat and seafood products (Halliwell
et al. 1995; Tozer 2001; Banon et al. 2007; Goutaskiontominas 2007). In this
particular application these compounds serve tegmieoxidative processes, particularly in
the lipid fraction, that can produce rancid odaamd flavours in the meat. This role,
although important for improving food processingl @torage technology, is not
necessarily relevant to maintaining the viabilifyttze cells within the tissue. Antioxidants
have also been included in saline solutions foaongreservation. Examples include the
University of Wisconsin buffer and the more receuidveloped Polysol (Bessems et al.
2005a; Bessems et al. 2005b). These applicatvadvie relatively large concentrations
of glutathione (which can be easily oxidized in sioln and therefore the quantity of
reduced glutathione that ultimately reaches tleiégnay be low) and allopurinol.
Although promising results have been gained in maaiimg rat and pig livers with Polysol
(Bessems et al. 2005a; Bessems et al. 2005b; Besteah 2006), the contribution of the
antioxidants in the saline to this success is uater However, perfusion of rat livers with
the mitochondrially targeted antioxidant MitoQ redd ischemia-reperfusion injury,
clearly indicating the importance of antioxidanaétion in maintaining both mitochondrial

function and cell viability during the storage fsues (Davies et al. 2002).
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These successful applications are contrasted by, werluding that discussed in
Chapter 3, that show certain antioxidant applicatida little to reduce oxidative damage
(Morrissey et al. 1998; Hamre et al. 2003; Ruf&le2003). As antioxidant compounds
have specific modes of action, these findings negde to inadequate matching between
the mode of oxidative damage and the antioxidaed.ug\lso, as a complex balance exists
in vivo between antioxidant and pro oxidant compoundsagpication of only one or two
antioxidant compounds may be inadequate to sugpoidgenous antioxidant function,
particularly in the case of viable tissues. Thisdduces a need for relatively complex
antioxidant solutions. The tissue preserving sotuPolysol contains high concentrations
of glutathione (3 mmol/L) and allopurinol (1.2 mmigl and lower concentrations of

-tocopherol and ascorbic acid (combined concenptnadf 0.15 mmol/L) (Bessems et al.
2005b; Bessems et al. 2006). This is likely tovfte relatively broad protection from a
range of oxidative processes. However, the ne@ttlode these particular concentrations
appears to show the evolutionary development ofgébfrom the earlier developed
University of Wisconsin buffer. More specific da&garding the stability and/or
interaction of these antioxidants with the presem&siie would be of interest.

A potentially promising solution to the need fontplex antioxidant solutions is to
use plant extracts as these contain many antiotédpatentially at functional relative
concentrations. This approach has shown poténtiahibiting oxidation in food products
(McArthy et al. 2001; Goulas and Kontominas 2003hme plant extracts have also been
shown to have vasoactive properties (Dell'Agli e2@D4; Runnie et al. 2004; Ghayur et
al. 2005). Very little work has been publishedtlo® contribution of plant extracts to
isolated tissue perfusion models, but certain mairtacts have shown hypotensive effects
in anaesthetized rats and perfused rat heartsi(@aal 2000; Consolini and Sarubbio
2002; Consolini and Migliori 2005). Examining tbffects of plant extracts in perfusion
models, particularly their potential to enhancefymaon performance and contribute to the
oxidative stability of the tissue and/or endogenanigoxidant function is a possible area of
future research. Although this holds potentialftmrd processing technologies, any
findings of interest may not be easily transfet@drgan preservation applications as there
is a need in this case for all the compounds ergéhe tissue to be known and strictly
controlled.

Working with whole tissues in perfusion modelsaaiinces some uncertainty as to
the relative locations of the antioxidants delivkte the tissue through the perfusion

saline. In particular there is the question of \Wkethey will cross cell membranes or
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remain in the blood vessels and interstitial spadesthe analytical techniques used in this
work to measure antioxidant compounds such as asaxidl measure extracted tissue
averages, they are not useful for determiningixgdocationsn vivo. In the case of
perfusion models the ability of ascorbic acid tteenhe cells is dependent on the
assumption that cell membrane transporters remaictibnal in the perfusion
environment. Also, as not all antioxidant compaihéve specific transporters on the cell
membrane, the effectiveness of water soluble aidkioms in a perfusion environment may
be limited by an inability to enter the cells. Fhnay partially explain the lack of
protection afforded to the red muscle of the saltadmperfusion discussed in Chapter 3
(Figures 3.2 and 3.4) despite high concentratidnsgio acid in the perfusion saline. This
lends favour to the concept of using small lipithbte antioxidant compounds such as
isoeugenol and/or other phenolic compounds asioie likely that they will be able to
cross cell membranes.

There is a great deal of future promise in thelfedl using antioxidant compounds
to preserve food products and the viability ofasetl tissues. However, there is also a
limit as to how effective they can be. For examplthough endogenous antioxidant
systems have been shown to be up regulated innmsspo oxidatively stressful events
such as exercise (Gomez-Cabrera et al. 2007; Ji 2@@Kson 2008; Ji 2008; Sachdev and
Davies 2008), exercise of extreme duration or intgmsin cause tissue damage
(Mastaloudis et al. 2001; La Gerche and Prior 200His indicates that the endogenous
antioxidant system cannot be infinitely scaled #rad even with appropriate support there
is a limit to the amount of oxidative stress that ©e endured in any biological system.
Therefore attempts to control oxidative stressarfysion models must focus on both
limiting the causes of oxidative stress and suppgrntioxidant function. In terms of the
salmon tail perfusion model used in this work tlgaia raises the issue of using

appropriate forms of oxygen delivery to minimizedative stress.

6.3 Model tissues for the study of hypometabolism

A number of animals have shown the ability to toletatpoxic conditions, and therefore
the physiology and biochemistry of the relevantdgeal mechanisms, both in the whole
animal and individual tissues is of great intesesentifically. However, these
mechanisms are complex, tissue specific and higdgulated (Hochachka et al. 1996;
Hochachka et al. 1997; Boutilier 2001; Hochachka lanmtd 2001; Storey 2002; Milton
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and Prentice 2007). Teleost white muscle tisssensewhat hypoxia tolerant due to its
high anaerobic potential (Kiessling et al. 2008y aot due to an ability to reduce energy
consumption and carefully match energy demandedittited supply during hypoxia.
This allows cell viability to be maintained for arpd of time, but without aerobic
recovery it is not able to sustain the tissue l@mm. A reliance on anaerobic energy
production during hypoxia also alters the acid-dzeslance of the cells and ultimately
serves to limit tolerance times (Jackson 2004)at&gies used by hypoxia tolerant animals
to control acid-base disturbances include sequegtkxctate, releasing bone minerals to
provide increased extracellular buffering capaaitg using alternative metabolic
pathways to produce ethanol instead of lactate $@ecR004). These strategies are not
available to hypoxia sensitive animals and/or gssu

The cellular processes responsible for the majofithe energy demand in
hypoxia tolerant turtle hepatocytes include prossinthesis, protein degradation, N&’
pumping, urea biosynthesis and glucose biosyntlielsishachka et al. 1997; Hochachka
and Lutz 2001). Apart from urea and glucose bidsgsis these energy consuming
processes are comparable to skeletal muscle. Daniogia in turtle hepatocytes, protein
turnover is reduced to approximately 10% of themmxic rate, urea and glucose
biosynthesis cease and N&" ATPase activity is reduced to approximately 25%hef
normoxic rate and becomes the major energy conguprcess in the cell (Hochachka
and Lutz 2001). This is accompanied by a simgaiuction in membrane permeability,
which, even during normoxia is relatively impermieatbompared to rat hepatocytes
(Hochachka and Lutz 2001). This allows normal tetetiemical gradients to be
maintained. This raises important concerns abdether inducing a hypometabolic state
in a tissue that does not normally experience sweltsn vivois feasible. The fact that
normal cellular conditions are maintained duringqes of hypoxia in hypoxia tolerant
animals means that care needs to be taken whessaggthe relative success of attempts
to prolong cell viability. Periods of stability some parameters of cellular condition
below what is generally regarded as normal may geogn opportunity to stabilize the
cells in that state, or it may simply be a trans@rd unsustainable phase that inevitably
leads to cell death. This is an issue that reguirgher investigation.

The specific properties of turtle hepatocytes,artipular the membrane
permeabilities and subsequent changes in membeaneepbility in response to hypoxia,
make applying knowledge gained from this exampléstues such as teleost skeletal

muscle difficult. This is further complicated betperformance uncertainties (e.g. oxygen
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delivery rates) inherent in the perfusion modelusethis work. Also, as salmon are
generally not particularly hypoxia tolerant (Walkdral. 1997), it may be inherently
difficult to induce a hypometabolic state in salntssues, particularly through perfusion.
The goal of inducing and maintaining a hypometabsitate in tissues that do not normally
experience such events is certainly a worthwhile anole but achieving measurable
success may firstly require some less ambitioussgdeuture work attempting to induce
hypometabolism through perfusion in a hypoxia ttérteleost (or other animal) may
provide a particularly useful model. This wouldallthe comparison of measurements of
metabolic state in tissues from whole animals duhiypgpxia to those taken during isolated
perfusion. This would provide a quantitative meaafrsuccess and also eliminate a
number of concerns over the feasibility of suchkvoFhe accurate characterization of
metabolic state during hypometabolism would alswiplean accurate goal for future
work in non-hypoxia tolerant tissues.

Signaling pathways for inducing hypometabolismlowing metabolic rate are
also of interest. The extracellular concentratiohsompounds such as adenosine have
been shown to increase significantly during hypaiturtles and it may play a role in
reducing protein turnover and membrane permealflitick 2004). Therefore adenosine
concentrations in the range of 20 uM in the pedusaline, similar to those found in the
intracerebral spaces in the turtle, may potentiadlip to improve the performance of
perfusion preparations. Hydrogen sulfide$iHhas shown a promising ability to reduce
oxygen consumption and body temperature in micadi@&tone et al. 2005) and may
therefore be a useful tool for controlling metaboéte. HS has also been shown to
inhibit hypochlorous-acid mediated oxidative damagkBuman cell lines (Whiteman et al.
2005). However, the significance of this in relatto maintaining cell viability and
preserving fish tissues is uncertain. Recent waskdiso shown that the reduction of
metabolic rate caused in mice byS3Hexposure does not occur in sedated sheep (Haouzi e
al. 2008). This highlights the need for cautiorewlapplying scientific findings across
species barriers.

The potential applications of studying tissues #ratknown to undergo
hypometabolic episodas vivo have long been recognized (Hochachka and Lutz;2001
Buck 2004). Although applying principles used lypbxia tolerant tissues to the
preservation of tissues that are normally hypogigsgive may prove challenging, this
approach may significantly contribute to practicabwledge and techniques in the field of

tissue preservation.
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6.4 Measuring metabolic state

This work, using both the perfused salmon tails thiedsolated tail fillets, was made
difficult because of an inability to accuratelyats the protein and lipid oxidation data to a
reliable measure of metabolic state in the respetissues. It was this issue and the
notable accumulation of uric acid (the metabolid point for a number of ATP related
compounds) in stored tail fillets that led to thiaptation and implementation of the HPLC
assay based on that published by Furst and Haiis{t®92). This allowed measurement
of all of the purine bases, nucleotides, nuclessatel creatine bases in the tissues. The
data collected from salmon tail fillets stored &t clearly showed a rapid metabolic
rundown in both rested and exhausted tissues. Widssndicated by the rapid decrease in
the concentrations of some key metabolic compoinadsding creatine phosphate, ATP,
ADP and NAD (Figures 5.6, 5.14, 5.13 and 5.11 respectiveAd the generation of ATP
via both aerobic and anaerobic pathways requireguate intracellular concentrations of
ADP and NAD, the depletion of one of these compounds couldtrasthe loss of
metabolic function despite the presence of adequateentrations of oxygen. The ability
to measure all of these compounds provided us whilgladegree of certainty in making
inferences about metabolic state.

Previous work by Black (2002) showed that aspectslebst muscle metabolism
were supported by hyperbaric oxygen treatmentihaitaspects of mitochondrial function
may have also been damaged. Black (2002) suggénsted combination of factors was
likely to have led to the loss of cell viabilityaluding the build up of metabolic waste
products and damage to the mitochondria by higlyemypartial pressures. Given that the
tissue was ischemic there is the strong possililiy the depletion of important metabolic
substrates may also have been a contributing fadtoe lack of information in Black’s
work regarding the relative concentrations of melalsubstrates such as ADP, AMP and
NAD™ in the respective tissues means that a clearrpicfithe relative metabolic states
was not obtained. This work, although completedennlifferent experimental conditions,
clearly shows that tissue NAnd ADP concentrations rapidly decline after 6 bair
storage at 15°C (Figures 5.11 and 5.13). Thigrdpcline may be indicative of an
important transition in the onset of cell deathhia tissue. Maintaining ADP and NAD
concentrations will be a likely requirement for nmtaining cell viability and the relative

success of attempts to do so therefore requireepealthat this has been achieved.
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The work presented here clearly shows that wasi@ugts from purine
metabolism, in particular uric acid and hypoxanghibegan accumulating in the tissue
immediately following ischemia (Figures 5.7 and)5.8his occurred before depletion of
metabolites such as ATP and is typical of stordd fii®ducts (Luong and Male 1992;
Carsol et al. 1997; Aubourg et al. 2007), but da#swrmally occuin vivo, even
following exhaustion. Although the ability to remoteese waste compounds through
perfusion has not been directly examined in thiskyvaducing or eliminating the
accumulation of uric acid and hypoxanthine is lkig be important for future
improvements in extending cell viability in isoldtgssues.

Although the measurement of absolute tissue corat@ris of metabolites does
not directly provide information on metabolite tauer rates, Hochachka and McClelland
(1997) have pointed out that when a tissue is indumtasis, the changes in concentration
of metabolically important compounds such as AT& axygen are very low. Therefore
significant changes in metabolite concentrationpmwide some information regarding
metabolite turnover. Inducing a state of stabl¢atmalite concentrations in a perfused
tissue would clearly indicate some success in atietopmaintain cell viability. Also,
rapid changes in metabolite concentrations coulddeel as an early sign of the onset of
processes leading to cell death. Robust meastirestabolic state and metabolite
turnover rates have the potential to contributetlyeo future research in tissue
preservation.

Although the HPLC assay used in this work to meaAii related compounds is
complex and the run time is long, the automatedreatf modern HPLC equipment means
that it is feasible for use in a number of reseaettings. The information generated is
directly relevant to the study of cell metabolisndaleath and can also be used to infer
product quality when applied to the processing dochge of meat and seafood. It has
also been shown to be useful in estimating the &§shoproducts (Vazquez-Ortiz et al.
1997). Even in circumstances where metabolic chegmisnot directly of interest,
knowledge of metabolic state could provide usefgkigeound information when
interpreting data. The use of this technique,tbers that provide similar data, is

important particularly in the field of tissue presstion.
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6.5 The role of AQUI-S ™ in preserving tissue

Isoeugenol, the active ingredient of AQUI¥S has a number of properties that are of
interest and may contribute to its ability to presetissue. The greatest contribution is
undoubtedly its anaesthetic properties, which althve harvesting of seafood in a rested
physiological state (Jerrett and Holland 1998; deeret al. 2003; Roth et al. 2006;
Bosworth et al. 2007). This action is mediatedtk@formation of a competitive blockade
of neuromuscular transmission (Ingvast-Larsson. &093). Also, eugenol has been
shown to alter membrane permeability in gram-negaiacteria (Gill and Holley 2006)
and this finding may have some significance regaydhe effects of isoeugenol on muscle
cells. Although the concentrations of eugenol useill and Holley (2006) are many
times higher than those achieved by isoeugenasted teleost white muscle, the
membrane properties of gram-negative bacteriaemgdifferent to those of muscle cells
and may require much higher concentrations fordffesct to be measurable. Also, due to
its lipophilic nature, the localized concentratiafissoeugenol in and around the cell
membranes of the muscle cells may be many timedegréhan the measured average
tissue concentrations suggest. This possibleraotiguires further investigation as
alterations in membrane permeability are heavilpived in tissues known to undergo
prolonged periods of hypometabolism (Hochachkaland 2001; Milton and Prentice
2007).

The physiological effects of AQUI'S include slowed ventilation rates and
reductions in heart rate, cardiac output, dorsel@pressure and stroke volume (Hill and
Forster 2004). Given these conditions it is likiblgt some tissues undergo hypoxia during
anaesthesia, and therefore repeated anaesthesiadnag a conditioning response.
Ischemic pre-conditioning has been shown to elipitesserving effect in a number of
tissues including pig skeletal muscle (Pang et@®5; Badhwar et al. 2004; Pasupathy and
Homer-Vanniasinkam 2005). Catalase was found toemtathis conditioning response in
cardiac muscle indicating the importance of reactixygen species as signaling agents
(Facundo et al. 2006). The potential for repeatemksthesia with AQUIS to elicit a
conditioning response may be important for two reasdirstly, this could be an easy
technique to condition animals for harvesting, po&dly maximizing the protective effects
induced by using AQUI-8'. However, this also means that caution may beatkadhen
making inferences about the effects of AQU % the tissues of laboratory animals that

are repeatedly anaesthetized may not be directhpeacable to those that undergo
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anaesthesia infrequently as is likely in an aquacellenvironment. This possible effect
will have been limited in this work as the animalsevgenerally anaesthetized only once.

The benefits of rested harvesting were clearly shov@hapter 5 by the slowed
depletion of metabolically important compounds #melreduced accumulation of waste
products from purine metabolism. Although the ager conditions were not typical of
those used in industry, there was clear evidendetradity and shelf life were improved
by rested harvesting procedures. In contrast,westhd tissues showed signs that cell
viability was compromised during harvesting by esoes stress and exhaustion and this
resulted in reduced fillet quality and shelf lif€his certainly suggests further research
using industry relevant storage conditions woul@ppropriate. In regards to tissue
preservation research, it also clearly indicates tte chances of successfully maintaining
cell viability are greatly increased by working witbsues that are removed from the
animal in a rested state.

The use of AQUI-8" during the harvesting procedures, regardlesseoirtétabolic
state of the tissue, significantly inhibited ligpdroxidation in the white muscle of tail
fillets stored in air at 15°C (Figure 4.2). Thasid the fact that lipid oxidation occurred at a
stage when the tissue was unlikely to be viablengty suggests that the chemical
properties of isoeugenol are responsible for tfieceand not the different respective
metabolic states of the tissues. Isoeugenoliopliilic compound that is known to have
antioxidant properties both through its action abain-breaking antioxidant and its ability
to chelate some transition metals (Brandwilliamale1995; Davcheva et al. 1995; Uchida
et al. 1996; Cuvelier et al. 2003; Ito et al. 200B)has also shown antimicrobial properties
(Mansour et al. 1996), but rested harvesting dideduce microbial counts in channel
catfish fillets (Bosworth et al. 2007) and therefthis is unlikely to be a relevant property
in terms of its tissue preserving potential. Aiggenol is lipophilic it is likely that it is
strongly associated with the lipid fraction of tiestie and the interaction between the
aqueous and lipid fractions of non-viable tissiggsrobably limited. This is supported by
the observation that isoeugenol did not reducespraixidation rates in stored salmon tail
fillets (Figure 4.3). The Fenton and Haber-Weisstiens are likely to play significant
roles in initiating oxidative processes in non-Veatissues due to the release of redox
available iron from intracellular myoglobin stor@orrissey et al. 1998; Baron and
Andersen 2002; Chaijan et al. 2005). Also, isoeugemiocentrations did not decrease in
the stored tissues (Figure 4.8) as would be expdcitadas functioning predominantly as

a chain-breaking antioxidant. This suggests tiantioxidant action of isoeugenol in the
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lipid fraction of teleost white muscle tissue maygredominantly mediated via its
transition metal chelating property.

In summary, the contribution of AQUI™S to preserving tissue viability is
primarily via its action as an anaesthetic allownagvesting of rested tissue. There is a
possibility that associated changes in membranagaility may be relevant to this
action, but it does not appear that its antioxigaoperties are. Repeated anaesthesia may
also induce a hypoxic conditioning response. Thimaidant action of AQUI-8" is
specific to the lipid fraction of the tissue andyntee primarily mediated through its
transition metal chelating activity. This serve®ffectively inhibit late stage lipid
oxidation in non-viable teleost white muscle. Fartivork is required to investigate any

further commercial relevance of these findings.

6.6 The use of preserving compounds during the harv ~ esting
and processing of seafood

The data from Chapters 4 and 5 of this thesis lylsaiow that the use of AQUI'S

during the harvesting of salmon has preservingcesfen the tissue, and that this is likely
to be relevant to a range of storage conditions@lfi@ezing. The ability to introduce
preserving compounds into seafood products throlughvater prior to and during
harvesting represents an important proof of prieciff he ease with which compounds can
be delivered to tissues in this way is likely torblted to the size and relative
hydrophobicity of the compound due to the requinentieat it crosses the gill epithelia.
However, it has been shown that the ascorbic acidertration of channel catfish fillets
could be elevated through exposure of the whole alrion0.3% sodium ascorbate in the
water pre-harvest (Thed and Erickson 1992). Tdgcates that a wide range of
compounds could potentially be delivered to musiskues in this manner. This approach
to introducing preserving compounds into harvesigmies has significant advantages,
particularly where the tissue is maintained in rigioal form (i.e. fish fillets or whole
shellfish as opposed to mince), as it uses theasinatural circulatory system to deliver
compounds throughout the tissue. Although endageaatioxidant concentrations in
tissues can be modified via the diet (Gatlin ef@B2; Sigurgisladottir et al. 1994; Jensen
et al. 1998), exogenous antioxidants administaregtis manner are not effective (Gatlin
et al. 1992) and may be rapidly broken dawwrivo. Most other attempts to manipulate

the oxidative stability of the tissue use post-battechniques such as soaking or rinsing
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with antioxidant solutions and/or modified atmosghpackaging (Richards et al. 1998;
Fagan et al. 2004; Goulas and Kontominas 2007; Siikr2007). Although some
success has been reported here the effects alsetbkiee predominantly on the tissue
surface.

Polyethylene glycol and the amino acid glycineehakown promise in preserving
tissues (Churchill et al. 1995; Arora et al. 1999cher et al. 2001; Badet et al. 2005; Ben
Mosbah et al. 2005; Baptiste and Fehlings 2006)naay be able to be delivered to tissues
through the water during harvest. These compowrdsthers with similar properties,
could potentially help to stabilize the tissue asduce cold damage during storage. Plant
extracts have also shown an ability to inhibit okimiain meat products (Mielnik et al.
2003; Banon et al. 2007; Raghavan and Richards)20@¥those containing high
concentrations of resveratrol or related compoumag offer other preservation benefits
(Plin et al. 2005). Using plant extracts in presey techniques is also attractive as it
likely to be an acceptable practice to consumen#esmany synthetic compounds
(Lindberg Madsen and Bertelsen 1995).

The delivery of preserving compounds to aquacuttseafood through the water
prior to or during harvesting is a promising avefarefuture research. Ultimately there is
the potential for products like AQUI'™S to be tailored specifically to particular

aquacultured species and/or the specific storaggreanents of the end product.

6.7 Concluding remarks

The field of tissue preservation has been, andreifain for the foreseeable future, a
challenging one. Despite this a great deal of eghas been made, motivated by the
many potential industrial and medical applicatiand the associated economic benefits.
In particular, this work has shown that the develeptof reliable oxygen carrying
compounds that mimic the function of red bloods&lan unavoidable requirement before
significant progress can be made. This will maskgaificant milestone and hopefully
allow further rapid progress to be made.

The important role of antioxidant compounds in saripg metabolic function is
undeniable. However, although their potential tahit oxidation in meat and seafood
products during storage has clearly been showantiaxidant containing solution
specifically to support metabolic function in vialilssues has not yet been designed. The

inability of antioxidants to provide protection fnooxidation in certain circumstances also
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highlights the need to tailor antioxidant solutis@aghe specific requirements of the
application. Improved analytical techniques forasi&ring specific and general oxidation
products and antioxidants, and also the developofebls to measure the redox
potentials of both the intra and extracellulardkiin viable tissues would greatly benefit
future research efforts.

AQUI-S™ has been shown to have some significant effecta@white muscle of
chinook salmon, both immediately post-harvest amihg storage. Some of these are
related to its antioxidant function, and more sfieally may be mediated by its ability to
chelate transition metals. These effects areyliteebe relevant to most other seafood and
meat products, but the commercial significancénese findings are unknown. AQUIPS
has proved to be a valuable research tool anchlegsotential to significantly contribute to
the aquaculture industry.

There is a great deal of potential for future agsle aiming to preserve tissues for
human consumption. In particular it would be valaab determine the relationship
between iron release and tissue oxidation and ttenpal to use iron chelators including
plant derived flavonoids as a means of preservasy¢. Other processes involved in
tissue degradation such as lysosome activatiomd@lsb potentially be influenced to help
maintain tissue integrity and structure. It istairthat research in the fields of physiology

and biochemistry will play a significant role invahcing tissue preservation technologies.
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