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Abstract 
 

Sea urchins were used as a model organism to investigate oxidative damage with age as they 

are readily available in both temperate and Antarctic environments and growth data is known. 

The free radical theory of aging was first proposed in the 1950’s by Denham Harman and is 

one of the most popular explanations for how ageing occurs at the molecular level. Oxidative 

damage is believed to be due to an imbalance between oxidants and antioxidants, in favour of 

the oxidants, resulting in a progressive loss of functional cellular processes. Environmental 

conditions such as a decrease in sea temperature causes an increase in oxygen solubility, 

which is expected to cause an increase in oxidative stress, suggesting latitude may influence 

levels of oxidative stress experienced by an organism. The common Antarctic sea urchin 

Sterechinus neumayeri was collected from Cape Evans, Ross Island, Antarctica 

(77°38'5.15"S, 166°24'37.21"E) and the common New Zealand sea urchin Evechinus 

chloroticus from Blanket Bay, Fiordland (45°18'3.35"S, 166°58'43.73"E).  To assess 

oxidative stress with age, assays of common antioxidants, lipid peroxides and protein 

carbonyls were carried out of the gut and gonad tissues. Upon analysing the results of S. 

neumayeri it was discovered that sex was potentially a key variable and therefore was 

included as a factor in the analysis of E. chloroticus. Results showed that oxidative stress is 

increasing with age in the gonad tissue but not the gut. Interestingly, the glutathione 

metabolism in the gonad decreased once a certain size/age had been reached, consistent with a 

decrease in reproductive potential. Greater levels of antioxidants and oxidative stress 

measures were observed in female gonad tissue suggesting that females may have a higher 

metabolic rate within the gonads. The results found suggest that the accumulation of oxidative 

damage is tissue specific, the first such example from within a single organism. 
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Chapter 1 - General Introduction 

1.1	  Ecology	  and	  Biology	  
Sea urchins are a member of the Phylum Echinodermata (Class: Echinoidea) and are found 

worldwide in multiple habitats. Most sea urchins are broadcast spawners, spending a larval 

stage floating free in the water column. During the larval stage of a sea urchins life the 

organism develops through a pluteus larval stage and  increases complexity; after fertilization 

a blastula is formed which then begins to cleave and undergo gastrulation (McEdward and 

Miner, 2007). The larvae  develops skeletal structures during the 2, 4 and 8 arm pluteus stages 

before settling on a substrate and metamorphosing into a juvenile (Cameron and Hinegardner, 

1978). Sea urchins are grazers feeding predominantly on algae but some species are also 

opportunistic (James, 2000; Lamare and Mladenov, 2000; McClintock, 1994); Sea urchins are 

known to also eat diatoms, foraminiferans, sponges, bryozoans, hydrozoans, polychaetes and 

amphipods. Known predators of sea urchins include certain species of crabs, lobster, sea stars, 

fish, birds and humans (commercial fisheries). Sea urchins are a very diverse group of 

echinoids as they are able to live in a range of environmental conditions, from the polar 

regions of the Antarctic and high arctic fiords to the tropics (Blicher et al., 2007; Brey, 1991; 

McClanahan, 1998). Growth rate and size of a particular species of sea urchins are greatly 

affected by niche selection.  

1.2	  Physical	  structure	  and	  Tissues	  
The body of an adult sea urchin consists of a spherical endoskeleton made of calcareous plates 

with basic pentamerous symmetry and movable spines. Motility is achieved by 5 rows of 

exterior tube feet which are connected to an interior water vascular system (Brusca and 

Brusca, 2003; Campbell and Reece, 2005). The interior of the adult sea urchin consists of 3 

predominant tissues (gonad, gut and a water vascular system to control the external tube feet) 

and a calcareous central feeding structure called the Aristotle’s lantern (Figure 1). 
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A)   B)  

Figure 1: An example of Evechinus chloroticus (A) which has been cut around its circumference to highlight the 
gut which undulates around the interior circumference and (B) shows the location of the central Aristotle’s 
lantern, the yellow gonad tissue and the internal pentamerous symmetry (Photos by Dr. M. Barker)  

1.3	  Study	  Species	  
Sterechinus neumayeri (Meissner, 1900) (Family: Echinometridae) (Figure 2A) are found 

around Antarctica in relatively shallow water and are subjected to freezing temperatures (-

1.9oC), high oxygen saturation, seasonal food availability (McClintock, 1994) and are found 

living on a substrate of small cobbles and silt (Smale, 2008). As a result of these abiotic 

factors annual growth is minimal with an approximate maximum size of only 7cm achieved 

after an estimated 40 years (Bosch et al., 1987; Brey et al., 1995). 

Evechinus chloroticus (Valenciennes, 1846) (Family: Echinometridae) (Figure 2B) are 

distributed around the coastline of the three main islands of New Zealand and also the 

Chatham Islands (Barker and Lawrence, 2007). Evechinus chloroticus are typically found in 

areas of less than 12m depth on hard rocky substrates and have been found in densities as 

high as 40 per m2 (Choat and Schiel, 1982).  Studies have shown that E. chloroticus grows at 

a fast rate then plateaus to a very slow annual growth increase (Dix, 1977; Lamare and 

Mladenov, 2000). A typical large specimen of this species can be approximately 130-140mm 

but in highly productive and nutrient rich areas specimens as large as 180mm can be found 

(Dr. M.D. Lamare, personal communication, 20 March, 2010).  
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A)  

B)  

Figure 2: Examples of the study species (A) Sterechinus neumayeri approximately 45mm in diameter (photo by 
M. Rauschert) and (B) Evechinus chloroticus approximately 120mm in diameter 

1.4	  Growth	  and	  Ageing	  	  
The growth rates of numerous species of sea urchins around the world have been studied and 

growth curves are known (Brey et al., 1995; Ebert and Russell, 1993; Kirby et al., 2006; 

Lamare and Mladenov, 2000). Most age studies have used the method of tag and recapture 

which involves injecting several sea urchins with a chemical tag such as tetracycline or 

calcein and then collecting the urchins after a period of time, typically a year. The urchins are 

dissected and a cleaned demi-pyramid from the Aristotle’s lantern is placed under an 

ultraviolet (UV) light and the chemical tag and subsequent growth is observed (Figure 3A). 

By combining this data with diameter measurement of the sea urchins, a growth model can be 

constructed (Lamare and Mladenov, 2000). Sea urchins also create annual growth checks on 

their demi-pyramids and these can be counted to determine age and also as a means of  testing 

the accuracy of growth models using the tag and recapture method (Figure 3B) (Brey et al., 

1995). It can be hard to visualise these growth checks in older specimens due to the closeness 

of the growth checks and this increases the potential for error.   
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A)  B)  

Figure 3: Demi-pyramids from studies of Evechinus chloroticus showing different ageing methods; (A) A 
fluorescent tag glowing under ultraviolet light following an injection of calcein a year earlier showing 
subsequent growth (Photo taken by Dr. M. Lamare); (B) Annual age lines that have been exposed by heating and 
soaking in olive oil to increase contrast. 

1.2 Age Theories  

1.2.1 Free Radical Theory 

The free radical theory of aging was first proposed in the 1950’s by Denham Harman and is 

one of the most popular explanations for how ageing occurs at the molecular level (Bokov et 

al., 2004; Harman, 1956). Oxidative damage is believed to be due to an imbalance between 

oxidants and antioxidants, in favour of the oxidants, resulting in a progressive loss of 

functional cellular processes. Harman suggested that oxygen radicals generated in cells result 

in cumulative damage over time that result in ageing (Harman, 1956).  

Past research has provided support for the free radical theory of ageing. Firstly, studies have 

shown an age related increase in oxidative damage, oxidised lipids and damage to proteins 

and deoxyribonucleic acid (DNA) in organisms ranging from invertebrates to humans (Bokov 

et al., 2004). Secondly, species that live longer exhibit a reduced rate of oxidative damage 

(Bokov et al., 2004). Thirdly, manipulation of lifespan experiments in invertebrates and 

rodents have been related to a resistance to oxidative stress or a decrease in oxidative damage, 

to increase longevity, supporting the free radical theory of ageing (Finkel and Holbrook, 

2000; Holzenberger et al., 2003). 
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1.2.2 Histochemical Age Markers 

As organisms age, non-degradable substances can accumulate in cells which can be used as 

age markers; one such age marker is called lipofuscin which forms in the lysosomes. 

Lipofuscin was first reported in 1842 by Hannover and the term is now accepted to describe a 

particular type of in-situ cellular age related yellow pigment granule (Yin, 1996). Due to the 

non-degradable nature of lipofuscin it has been used as an indicator of age in studies where 

there is no permanent skeletal structure such as crustaceans (Bluhm et al., 2001). Lipofuscin 

has also been shown to be present in multiple species of sea urchins (Bachmann et al., 1980; 

Schäfer and Köhler, 2009; Vaschenko et al., 2001) and that the rate of its production can be 

altered due to an increase of oxidative stress (Schäfer and Köhler, 2009). 

1.3 Oxidative Stress 

1.3.1 Reactive oxygen species 
A free radical is defined as any atom or molecule that possesses an unpaired electron (Lesser, 

2006; Punchard and Kelly, 1996). In biology a key molecule related to function is oxygen and 

free radical species of oxygen are referred to as reactive oxygen species (ROS). ROS are 

created in normal aerobic cellular respiration but can also have elevated rates of production 

when an organism is under stress (Sies, 1997). Ground state oxygen (dioxygen) is unusual as 

it is an oxidant but is relatively unreactive. By the step-wise addition of single electrons 

(reduction) to molecular oxygen a series of ROS are created (summarised in Table 1). The 

accumulation of ROS can cause oxidative damage to an organism. If ROS species levels are 

not controlled by antioxidants produced by the organism they can cause an increase in the 

production of lipid peroxides and protein carbonyls which can affect cellular function and 

cause apoptosis (Chandra et al., 2000; Halliwell and Gutteridge, 1999; Lesser, 2006). The 

combined effect of the accumulation of ROS and increase in negative cellular products is 

referred to as oxidative stress and is defined as the accumulation of intracellular ROS at such 

a level that they are able to overcome antioxidant defences (Chandra et al., 2000). Oxidative 

stress can result in the damage of not only lipids and proteins, but also DNA. 
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Table 1: Common reactive oxygen species with a brief description. Adapted from (Sies, 1985). 

Reactive Oxygen Species Description 

•O2- 

superoxide anion 

One-electron reduction state of O2, formed in many autoxidation 

reactions and by the electron transport chain. Rather unreactive 

but can release Fe2+ from iron-sulfur proteins and ferritin. 

Undergoes dismutation to form H2O2 spontaneously or by 

enzymatic catalysis and is a precursor for metal-catalyzed •OH 

formation. 

H2O2 

hydrogen peroxide 

Two-electron reduction state, formed by dismutation of •O2- or 

by direct reduction of O2. Lipid soluble and thus able to diffuse 

across membranes. 

•OH 

hydroxyl radical 

Three-electron reduction state, formed by Fenton reaction and 

decomposition of peroxynitrite. Extremely reactive, will attack 

most cellular components 

RO• & ROO•, 

alkoxy & peroxy radicals 

Oxygen centred organic radicals. Lipid forms participate in lipid 

peroxidation reactions. Produced in the presence of oxygen by 

radical addition to double bonds or hydrogen abstraction. 

HOCl 

hypochlorous acid 

Formed from H2O2 by myeloperoxidase. Lipid soluble and 

highly reactive. Will readily oxidize protein constituents, 

including thiol groups, amino groups and methionine. 

ROOH 

organic hydroperoxide 

Formed by radical reactions with cellular components such as 

lipids and nucleobases. 

ONOO- 

peroxynitrite 

Formed in a rapid reaction between •O2- and NO•. Lipid soluble 

and similar in reactivity to hypochlorous acid. Protonation forms 

peroxynitrous acid, which can undergo homolytic cleavage to 

form hydroxyl radical and nitrogen dioxide. 
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1.3.2 Lipid Damage 

Lipid peroxidation usually affects polyunsaturated fatty acids because they contain groups 

which have reactive hydrogen bonds and is initiated by the presence of hydroxyl radicals. The 

process creates a lipid radical which can easily react with oxygen to form a lipid peroxyl 

radical which can then easily react with another polyunsaturated fatty acid to form lipid 

peroxide (Figure 4). This reaction will continue due to the production of another lipid radical 

during the formation of lipid peroxides. A chain reaction will occur until two radicals react to 

form a non-radical species (this happens only when the concentration of radical species is 

high enough for there to be a high probability of two radicals actually colliding) or due to 

antioxidant chain termination. An increase in lipid peroxides in a cell can effect enzyme 

activity and ATP production as well as initiate apoptosis (Halliwell and Gutteridge, 1999; 

Lesser, 2006).  

 

Figure 4: The Pathway of Lipid Peroxidation. Adapted from Young & McEneny (2001) 

1.3.3 Protein Damage 
The addition of a ROS to a protein chain results in protein oxidation and the formation of 

protein carbonyl groups (such as ketones and aldehydes) (Dalle-Donne et al., 2003). 

Oxidative damage to proteins can affect the function of receptors, enzymes and transport 

proteins (Halliwell, 1978) and can contribute to secondary damage to other biomolecules such 

as DNA repair enzymes. Protein carbonyls are widely used as an indication of oxidative 

damage due to the products of protein side chain modification being relatively stable and 

sensitive assays are available for their detection (Dalle-Donne et al., 2003). 
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1.3.4 DNA Damage 

Oxidative damage can cause numerous modifications to DNA including DNA cross-links to 

proteins, deletions, mutations, base and sugar lesions and single strand breakage (Evans and 

Cooke, 2004; Imlay and Linn, 1988; Lesser, 2006). Repair enzymes are present in prokaryotes 

and eukaryotes and it is the balance between damage and repair that determines the fate of a 

oxidatively damaged cell (Lesser, 2006). An example of the potential damage of oxidative 

damage to DNA is Alzheimer’s disease in humans. Gabbita and Lovell (1998) have identified 

multiple lines of evidence indicating DNA may play a role in both normal aging and 

neurodegenerative diseases, including Alzheimer’s disease. DNA oxidation has the potential 

to change gene expression and therefore needs to be understood and measured accurately. 

1.4 Antioxidant defences  
An antioxidant is a molecule that is capable of slowing or stopping the oxidation of other 

molecules. Organisms naturally produce antioxidants to reduce the production and flux of 

ROS and to repair damage to lipids, proteins and DNA. Antioxidants are dependent on 

micronutrients entering the body. For example, the elements zinc and selenium are essential 

for the functioning of superoxide dismutase and glutathione peroxidise respectively. This 

infers that diet may control the production of some antioxidants and therefore their ability to 

control or alleviate oxidative damage (Halliwell and Gutteridge, 1999). The primary targets of 

antioxidants are  •O2
- and H2O2 as their reduction can stop the formation of HO•, the most 

damaging of the ROS (Lesser, 2006).   

1.4.2 Non-Enzymatic Antioxidants  

1.4.2.1 Glutathione 

Glutathione is a tripeptide (Glu-Cys-Gly) that is commonly found in animals and plants 

(Figure 5). Glutathione exists in reduced (GSH) and oxidized (GSSG) states. In the reduced 

state, the thiol group of cysteine is able to donate an electron to other unstable molecules, 

such as reactive oxygen species. In donating an electron, glutathione itself becomes reactive, 

but readily reacts with another reactive glutathione to form glutathione disulfide (GSSG). The 

ratio of GSH:GSSG is often used as an indicator of oxidative stress and cell health (Halliwell 

and Gutteridge, 1999; Lesser, 2006). GSH also acts as an essential substrate for glutathione 

peroxidase (GPX) to remove the ROS H2O2 and also reactivate some enzymes that have been 

inhibited due to exposure from high oxygen concentrations (Ahmad, 1995; Halliwell and 

Gutteridge, 1999).  
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Figure 5: Structural diagram of glutathione 

	  

1.4.2.2	  Ascorbate	  and	  Vitamin	  E	  
Ascorbate and Vitamin E are also known to assist in the breakdown of ROS. 

1.4.1 Enzymatic antioxidants 
Enzymatic antioxidants assist in the breakdown of reactive oxygen species. 

1.4.1.1 Superoxide Dismutase  

Superoxide dismutase (SOD) primarily serves to protect cells by catalyzing the dismutation of 

the •O2
- radical (Equation 1). 

(Equation 1)   2•O2
- + 2H+ ⎯⎯→⎯SOD  O2 + H2O2 

There are three distinct families of SOD; manganese containing SOD which occur in 

prokaryote and eukaryote mitochondria, iron containing SODs which occur in prokaryotes 

and some plants, and copper/zinc SODs which are found in the cytosol of eukaryotes and  

some bacteria (Fridovich, 1989; Liou et al., 1993). Previous studies of SOD in invertebrates 

have shown a wider range of SOD activity compared to vertebrates and are generally lower 

quantities (Ahmad, 1995). 

1.4.1.2 Catalase  
A product of SOD activity is H2O2, this reactive species can be broken down in animals by 

either of two types of enzymes, catalase or peroxidases (Lesser, 2006). Catalase catalyses the 

reaction of H2O2 to H2O and ground state oxygen (O2) (Equation 2) (Lesser, 2006). 

(Equation 2)   2H2O2 ⎯⎯⎯ →⎯Catalase  2H2O + O2 

The amount of catalase present varies greatly in different tissues and even in different regions 

of the same tissue (Halliwell and Gutteridge, 1999). Catalase activity can also be reduced by a 

decrease in the rate of protein turnover which can be caused by osmotic stress, cold or hot 

shock (Lesser, 2006). 
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1.4.1.3 Peroxidases 
 Peroxidases catalyse the reduction of H2O2 (produced by SOD dismutation) by using it to 

oxidise another substrate (Equation 3) (Lesser, 2006). 

(Equation 3)   SH2 + H2O2 ⎯⎯⎯ →⎯Peroxidase  S + 2H2O 

(S refers to the substrate being oxidised) 

Several peroxidases are known, but one that is specific to the breakdown of H2O2 is 

glutathione peroxidase (GPX) which oxidises reduced glutathione (GSH) to produce 

glutathione disulfide (GSSG) and water (Equation 4). 

(Equation 4)   2GSH + H2O2 ⎯⎯→⎯GPX  GSSG + 2H20 

1.4.1.3 Glutathione Reductase 

Glutathione reductase (GR) is a fundamental enzymatic antioxidant as it catalyses the 

reduction of GSSG (Equation 4) back into GSH completing the peroxidase/glutathione cycle 

(Equation 5) (Halliwell and Gutteridge, 1999). 

(Equation 5)   GSSG + NADPH + H+ ⎯→⎯GR  2GSH + NADP+ 

A high GSH to GSSG ratio is extremely important in maintaining the proper redox conditions 

in virtually all cells and as a result GR is widely distributed (Ahmad, 1995). 
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Summary of Reactive Oxygen Species and Oxidative Stress 
Normal cellular respiration which occurs in mitochondria results in the formation of ROS 

(Figure 6). If ROS are not broken down by antioxidants they are able to create an oxidant 

heavy ratio which can result in oxidative damage to lipids, proteins and DNA (Halliwell and 

Gutteridge, 1999). According to Harman’s (1956) free radical theory of ageing, accumulation 

of ROS results in oxidative damage which causes ageing. In order to reduce oxidative 

damage, antioxidants breakdown the ROS formed into by-products such as water. 

 

Figure 6: Schematic summary of the production and breakdown of ROS resulting in ageing/by-product 
formation. Adapted from Buffenstein et al. (2008). 
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1.5 Lipofuscin 
Lipofuscin is formed as an end product of multiple reactions which occur as a result of normal 

oxygen respiration. During normal oxygen respiration, H2O2 forms as a by-product due to the 

dismutation of •O2
- by SOD. H2O2 is largely eliminated by antioxidant defences, but the small 

amount that remains can diffuse through lysosomal membranes. As a result of the degradation 

of iron containing metallo-proteins such as ferritin and cytochromes inside lysosomes, low 

molecular weight iron is released causing a Fenton type reaction to occur if H2O2 is present, 

resulting in the extremely reactive hydroxyl radical (HO•) (Equation 6). 

(Equation 6)   Fe2+ + H2O2 ⎯→⎯  Fe3+ + OH- + HO•    

Due to the half life of HO• being on the order of 10-9 seconds once formed, any reaction that 

occurs is site specific. If HO• is formed near a unsaturated fatty acid a chain reaction occurs 

ultimately resulting in the production of various aldehyde groups (Equations 7-10) (Terman 

and Brunk, 2004). 

(Equation 7)   LH + HO• ⎯→⎯  L• + H20 

(Equation 8)   L• + O2 ⎯→⎯  LOO• 

(Equation 9)   LOO• + LH ⎯→⎯  LOOH + L• 

(Equation 10)   LOOH ⎯→⎯  Various Aldehydes 

The produced aldehydes react with amino groups within protein residues, which undergo 

intra-molecular rearrangements resulting in a plastic-like compound called lipofuscin 

(Halliwell and Gutteridge, 1999). The principles of lipofuscin formation are shown in a 

schematic drawing in Figure 7.  

Lipofuscin is recognised as an age marker due to its undegradable nature and has been used in 

many studies of vertebrate and invertebrate ageing (Bluhm et al., 2001; Lomovasky et al., 

2002; Mann et al., 1978). Lipofuscin-like granules have been reported in sea urchins but have 

never been quantified with relation to age (Bachmann et al., 1980; Schäfer and Köhler, 2009; 

Vaschenko et al., 2001). Due to H2O2 being required for lipofuscin to form it is possible that 

an increase in lipofuscin present may also correlate with an increase of reactive oxygen 

species and oxidative damage. 
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Figure 7: A schematic showing the breakdown if hydrogen peroxide in lysosomes and removal of low molecular 
weight compounds by autophagy and hetrophagy and the resulting formation of the undegradable substance 
lipofuscin. Adapted from Terman and Brunk (2004). 
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1.6 Species-Specific Differences 
Sample species from different latitudinal zones, polar and temperate, have been chosen for 

this study as it is possible that different levels of oxidative stress may be experienced by sea 

urchins living in different temperatures and niches. Solubility of O2 increases in sea water 

with a decrease in water temperature. Therefore, S. neumayeri is exposed to high oxygen 

saturated water (-1.8oC) compared to E. chloroticus from Fiordland which is exposed to water 

approximately 12oC. Exposure to high oxygen saturated water can cause increased oxidant 

pressure which can lean the equilibrium with antioxidants towards oxidants resulting in 

potential oxidative damage (Lesser, 2006; Sies, 1997).   

1.7 Induced oxidative stress in sea urchins 
Due to a lack of information in literature regarding oxidative damage in sea urchins a pilot 

study was set up to investigate if sea urchins are affected by different levels of oxidative 

stress. By exposing multiple specimens of E. chloroticus of the same diameter in aquaria to a 

known environmental contaminant, phenanthrene, it was possible to show that various levels 

of oxidative damage can occur. The study was carried out using 4 groups of sea urchins each 

dosed with increasing concentrations of phenanthrene and exposed for a period of 24 or 48 

hours. Oxidative damage was assessed by assaying the above mentioned antioxidants and 

indicators of oxidative damage (Beaumont et al., In Preparation). 

1.8 Aims  
The free radical theory of ageing suggests that over time a cumulative effect of oxygen free 

radicals will be detrimental to an organism (Harman, 1956). Sea urchins are known to be a 

relatively long-lived invertebrate that are capable of being oxidatively damaged but this has 

never been investigated with age (Beaumont et al., In Preparation). Oxidative damage can be 

produced via multiple pathways which are related in a series of reactions. By studying the 

levels of common antioxidants and known oxidative damage indicators it may be possible to 

understand the relationship between oxidative damage and age in sea urchins. Sea urchins in 

different latitudinal zones are subjected to different environmental pressures that may result in 

variations in antioxidant levels or increased levels of oxidative damage (Lesser, 2006). The 

accumulation of lipofuscin which is a known age marker and oxidative stress was 

investigated.  
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This thesis aims to address the following: 

Aim 1: To investigate the relationship between oxidative stress and age in S. neumayeri and 

E. chloroticus in gut and gonad tissues. 

Aim 2: To investigate the relationship between lipofuscin and age in S. neumayeri and E. 

chloroticus in the gonad tissues. 
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Chapter 2 - Antarctica 

2.1 Introduction 
The Antarctic is a challenging environment for a marine organism to live in due to the 

extreme seasonality in food availability, light levels, ice cover, and the extremely cold sea 

water temperature (-1.9oC). Also, as water temperature decreases the solubility of oxygen 

increases resulting in increased oxygen levels; Antarctic water (-1.9oC) contains 40% more 

oxygen than temperate water (≈12oC) (Abele and Puntarulo, 2004). An increase in oxygen 

could potentially cause oxidative stress in Antarctic marine organisms due to increased 

oxidant pressure and an increased metabolic cost due to the production of antioxidant 

defences (Lesser, 2006). For example, the Antarctic scallop Adamussium colbecki, has higher 

levels of SOD when compared to a Mediterranean species, Pecten  jacobaeus (Viarengo et al., 

1995). Therefore, due to living in oxygen saturated conditions, Antarctic invertebrates are 

predisposed to oxidative stress, but may also have high levels of antioxidants to cope with an 

increase in oxidants.  

The hydroxyl radical (HO•), as mentioned in section 1.3, is potentially damaging to cells and 

can initiate the process of lipid peroxidation which can cause a chain reaction of oxidative 

damage (Halliwell and Gutteridge, 1999). Polyunsaturated fatty acids are very sensitive to 

lipid peroxidation and cold adapted animals often have high levels of polyunsaturated fatty 

acids and lipid reserves than those not adapted to cold, increasing the potential for high levels 

of lipid peroxidation (Abele and Puntarulo, 2004). Estevez et al. (2002) investigated lipid 

radical formation in the digestive gland of two species of clam, Laternula elliptica, the 

common polar clam and Mya arenaria, a temperate mud clam. Higher rates of lipid 

hydroperoxide formation were found in the polar bivalve, supporting the hypothesis that 

higher levels of storage lipids (such as polyunsaturated fatty acids) contribute to higher levels 

of lipid peroxidation in polar invertebrates. 

Sterechinus neumayeri (Meissner, 1900) (Family: Echinometridae) is a species that is 

abundant in the Ross Sea area of Antarctica and lives in a habitat of great seasonal variations. 

Sterechinus neumayeri is known to graze continuously in summer and in the winter months 

the gut tissue reduces significantly in order to maintain energy levels (Brockington et al., 

2001). Due to S. neumayeri living in an environment consisting of increased oxygen 

saturation and multiple environmental stressors it is a species that has the potential to display 

high levels of oxidative stress with age. 
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 Previous studies of S. neumayeri have focussed on understanding age and growth (Brey et al., 

1995) or oxidative damage in larvae due to UV damage (Lister et al., 2010) but no studies 

have examined the relationship between age and oxidative stress. 

The present chapter aims to understand the relationship between oxidative stress and age in 

the gut and gonad tissues of the Antarctic sea urchin S. neumayeri. This will be achieved by 

measuring known indictors of oxidative stress such as lipid peroxides, protein carbonyls, 

levels of H2O2 and associated ROS scavenging antioxidants. Lipofuscin accumulation will 

also be investigated with regard to age. 
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2.2 Methods 

2.2.1 Study Sites 
Samples used to investigate the relationship between oxidative stress and age were collected 

on the 30th of October 2009 from Cape Evans on Ross Island, Antarctica (77°38'5.15"S, 

166°24'37.21"E). Samples to be tested for lipofuscin accumulation with age were collected 

from Little Razorback Island (77°40'6.61"S, 166°31'40.03"E) near Cape Evans on the 10th 

November 2008.  

 

2.2.2 Target Sample Groups 
A Richard’s function growth model for S. neumayeri (Brey et al., 1995) (test diameter vs. age) 

(see below) which was based on a tetracycline tagging study at Cape Evans was used to 

determine approximate age based on diameter. The aim was to collect 5 age groups (each with 

a 5 year spread) with 5 samples in each group from Cape Evans (Table 2) and approximately 

30 samples of varying size from Little Razorback Island. 

Test  Diameter = 66.49  ×    1−
1

−0.446 ×  e!!.!"# !"#!!.!"#
!!.!!"

 

Table 2: The age groups of the Antarctic sea urchin Sterechinus neumayeri collected from Cape Evans with the 
size (mm) limits for each age group based on Brey’s (1995) Richards growth function 

Age 

(Years) 

Test 

Diameter 

(mm) 

5 - 9. 41.3 - 45.6 

10-14. 45.6 - 49.6 

15-19. 49.6 - 53.2 

20-24. 53.2 - 56.3 

25+ 56.3+ 

 

2.2.3 Collection and Dissection of Samples 

2.2.3.1 Cape Evans 
Operating inside an Antarctica New Zealand dive hut, a remote operated vehicle (ROV) was 

deployed through a pre drilled dive hole with an aquarium net (15x20cm) attached. The ROV 

was piloted down to the sea floor, approximately 16 metres depth, in order to search for S. 

neumayeri. Once a sea urchin was identified on the monitor it was retrieved using the ROV. 
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Once at the surface, the urchins were measured with digital callipers to see which 

approximate age group they belonged to. Due to time constraints and the uncertainty of ROV 

collections only 3 urchins per age group were able to be collected resulting in a total sample 

size of 15 urchins. The urchins were placed in chilly bins of ambient temperature sea water (-

1.9oC) and transported to Scott Base. Collected samples were kept in fresh sea water (-1.9oC) 

until the moment of dissection in order to minimize the potential of inducing stress. The 

diameter of each urchin was recorded (mm) before they were dissected by cutting around the 

circumference using a dive knife to make the initial incision and then cut carefully with blunt 

tip dissecting scissors. The gonad and gut were carefully removed and placed on ice (once the 

gut was removed it was also washed in a bath of -1.9oC sea water in an attempt to remove any 

faecal matter or food in the gut tract).  Seven 1.5ml centrifuge tubes of each tissue type were 

then weighed out (50mg gut and 200mg of gonad) and immediately crash cooled by pouring a 

small amount of liquid nitrogen into the bottom of the freezer box full of samples. The 

samples were then placed in a -20oC freezer. Samples were returned to New Zealand on dry 

ice and placed in a -70oC freezer upon reaching their destination. 

2.2.3.2 Little Razorback Island 
Samples were collected by a dive team working at a depth of approximately 15 metres out of 

an Antarctica New Zealand dive hut with a surface support team. The team managed to easily 

gather S. neumayeri by hand and achieved the target number of samples by collecting 31 

specimens varying in size from 30-59mm. The samples were dissected as per the above 

protocol but were placed in labelled specimen jars with 10% buffered formalin to await 

histological analysis. 

2.3 Measuring Indicators of Oxidative Stress 

2.3.1 Preparation of Samples 
Tissue was ground to a power by putting each weighed sample into separate ice cold metal 

tubes with 4 small chromium beads. The tubes were then placed into an aluminium block 

(pre-cooled in liquid nitrogen) which was placed in a bead beater for 3 minutes to grind the 

samples. Each sample was then transferred to a new 1.5ml centrifuge tube and stored in a -

70oC freezer. 

2.3.2 Extractions 
The following extractions were carried out in 1 1.5ml centrifuge tube containing a known 

amount of gut or gonad tissues from each S. neumayeri collected. Following each extraction, 

the subsequent extracts were immediately placed in a -70oC freezer: 
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2.3.2.1 Enzymes, Protein & Protein Carbonyls 
1000µL for the gonad samples and 500µL for the gut samples of 100mM potassium 

phosphate buffer (pH 7.0) containing 0.1mM Na2 EDTA, 1% PVP-40, 1mM PMSF and 0.5% 

TritonX-100 was added to 200mg gonad or 50mg of gut tissue, vortexed and centrifuged at 

10,000RPM for 15 minutes at 4oC. Eight aliquots (50µL) of supernatant were removed and 

placed in 1.5ml tubes and stored at -70oC were then extracted. 

2.3.2.2 Hydrogen Peroxide extraction  
1000µL for the gonad samples and 250µL for the gut samples of 100 mM ice-cold potassium 

phosphate buffer  (pH 6.4) (3 mL/g FW), containing 5 mM KCN and the catalase inhibitor 

hydroxylamine (0.5 mM) was added to 200mg gonad or 50mg of gut tissue, vortexed and 

centrifuged at 10,000RPM for 15 minutes at 4oC. Eight aliquots (50µL) of supernatant were 

removed and placed in 1.5ml tubes and stored at -70oC were then extracted. 

2.3.2.3 Lipid  Peroxide extraction  
 200mg powdered gonad tissue was homogenized in 0.6 mL of methanol:chloroform (2:1 v/v) 

(50mg for gut in 0.3mL)  and left 1 minute. 0.4 mL of chloroform was added to the gonad 

tissue and 0.2mL to the gut tissue then mixed for 30 seconds. 0.4 mL of deionised water was 

added to the gonad sample (0.2mL to gut) and mixed for 30 seconds. The phases were then 

allowed to separate and the (lower) chloroform phase transferred to a new tube.   

2.3.2.4 Glutathione extraction 
200mg for gonad samples and 50mg for gonad samples was placed in 1 mL and 0.5ml 

respectively of ice-cold 5% (w/v) sulfosalicylic acid and then centrifuged at 10,000 RPM for 

15 min at 4oC. Eight aliquots (50µL) of supernatant were removed and placed in 1.5ml tubes 

and stored at -70oC were then extracted. 

2.3.3 Conditions for Assays 
All assays described below were carried out as per Lister et al. (2010), using a PerkinElmer 

(Wallac) 1420 multilabel counter (Perkin Elmer, California, U.S.A) fitted with a temperature 

control cell set to 25oC and an auto dispenser. The instrument was controlled by a PC and data 

were acquired and processed using the WorkOut 2.0 software package (Perkin Elmer, 

California, U.S.A.).  

2.3.3.1 Protein Assay 
The soluble protein content of the extracts was calculated using a Lowry protein assay as per 

Fryer et al. (1986) which uses bovine serum albumin (BSA, also known as “Fraction V”) as a 

standard. Total Protein from this assay was used to calculate values in other assays with 

reference to the total protein of the sample. 
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2.3.3.2 Superoxide Dismutase (SOD) (EC 1.15.1.1) 
Superoxide dismutase was assayed using a microplate assay described by Banowetz et al. 

(2004) with some minor modifications. The assay was carried out using 50µL of extract or 

standard which was then mixed with 125µL of freshly prepared reaction solution containing 

piperazine-1,4-bis (2-ethanesulfonic acid) (pipes) buffer, pH 7.8, 0.4mM o-dinisidine, 0.5mM 

diethylenetriaminepentaacetic acid (DTPA) and 26µM riboflavin. The standard solution was 

prepared from bovine SOD (Sigma-Aldrich, Missouri, U.S.A.), where one unit of SOD 

corresponded to the amount of enzyme that inhibited the reduction of cytochrome c by 50% in 

a coupled system with xanthine oxidase at ph 7.8 and 25oC. The absorbance at 450nm (A450) 

was measured immediately and samples were then illuminated with an 18W fluorescent light. 

A regression analysis was used to prepare a standard line relating to SOD activity to the 

change in A450. SOD activities in the extracts were calculated with reference to the standard 

line and were expressed as units SOD per milligram of total protein. 

2.3.3.3 Catalase (CAT) (EC 1.11.1.6) 
The chemiluminescent method of Maral et al. (1977), as adapted by Janssens et al. (2000) for 

96-well microplates was used to calculate catalase (CAT) activity. Briefly, 50µL of extract, 

diluted extract or a standard of purified bovine liver CAT (Sigma-Aldrich, Missouri, U.S.A.) 

was mixed with 100µL of 100mM phosphate buffer (pH 7.0) containing 100mM NaEDTA 

and 10-6M H2O2. Samples were then incubated at 25oC for 30 minutes after which 50µL of a 

solution containing 20mM luminal and 11.6 units ml-1 of horseradish peroxidise (Sigma-

Aldrich, Missouri, U.S.A.) was injected into each well. The intensity of the light emission, 

which was proportional to the amount of H2O2 remaining in the mixture, was then measured. 

A regression analysis was used to prepare a standard line relating CAT activity to the intensity 

of light emission. CAT activity in the extracts was calculated with reference to the standard 

line and expressed as µM of H202 consumed per milligram of total protein. 

2.3.3.4 Glutathione Reductase (GR) (EC 1.6.4.2) 
Glutathione reductase (GR) was assayed using the method of Cribb et al. (1989) with minor 

modifications. Briefly 50µL of extract, diluted extract or a standard (which contained GR 

from wheat germ in a homogenized buffer) (Sigma-Aldrich, Missouri, U.S.A.) was mixed 

with 150µL of 100mM sodium phosphate buffer (pH 7.6) containing 0.1mM 5,5’-dithiobis(2-

nitrobenzoic acid) (DTNB) and 10µL of NADPH (10mg/ml; 12mM). The reaction was 

initialised by the injection of 10µL of oxidised glutathione (GSSG) (1mg/ml; 3.25mM). The 

absorbance at 412nm (A415) was measured every 30 seconds for 3 minutes, with the plate 



22	  
	  

shaken automatically before each reading. The rate of increase of A415 was calculated and a 

regression analysis was used to prepare a standard line relating standard GR activity to change 

in A415. GR activity in the extracts was calculated with reference to the standard line and 

expressed as nM of oxidised glutathione reduced per min per milligram of total protein. 

2.3.3.5 Glutathione Peroxidase (GPX) (EC 1.11.1.9) 
Glutathione peroxidise (GPX) activity was measured according to the spectrophotometric 

method of Paglia and Valentine (1967) with modifications for use with a microplate reader. 

Briefly, 20µL of extract, diluted extract or standard (GPX from bovine erythrocytes in 

extraction buffer) (Sigma-Aldrich, Missouri, U.S.A.) was mixed with 170µL of assay buffer 

containing 50mM Tris-HCI buffer (pH 7.6), 5mM EDTA, 0.14mM NADPH, 1mM GSH and 

3 units/ml glutathione reductase (from wheat germ) (Sigma-Aldrich, Missouri, U.S.A.; EC 

1.6.4.2). The reaction was initiated by the addition of 20µL of t-butyl hydroperoxide to give a 

final concentration of 0.2mM. NADPH consumption was monitored at 340nm (A340) every 30 

seconds for 3 minutes, with the plate shaken automatically before each reading. GPX activity 

in the extracts was calculated with reference to a standard line constructed with GPX purified 

from bovine erythrocytes. Data are expressed as µmoles or nM per min per milligram of total 

protein. 

2.3.3.6 Lipid Hydroperoxides 
Lipid hydroperoxides were determined using the ferric thiocyanate method (Mihaljevic et al. 

1996) adapted for measurement in a microplate reader. Levels of lipid peroxides were 

determined by measuring the absorbance at 480nm (A480). A calibration curve with t-butyl 

hydroperoxide was used and the lipid hydroperoxide content calculated as nM lipid peroxide 

per gram of fresh weight. 

2.3.3.7 Protein Carbonyls 
Protein carbonyls were determined via reaction with 2.4-dinitrophenylhydrazine (DNPH) 

(Reznick and Packer 1994) adapted for measurement in a microplate reader. Levels of protein 

carbonyls were determined by measuring the absorbance at 370nm (A370). Protein content 

(nmol) was determined using the extinction coefficient of DNPH at A370 (0.022/µM/cm), 

corrected for the calculated path-length of the solution (0.6cm). The protein carbonyl content 

was expressed as nM protein carbonyl per milligram of total protein. 

2.3.3.8 Glutathione  
Reduced and total glutathione levels were measured using the enzymatic recycling method 

using the microtitre plate assay described by Rahman et al. (2007). 
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2.3.3.9 Hydrogen Peroxide 
Hydrogen peroxide (H2O2) levels were determined using the colorimetric method as described 

by Cheeseman (2006). Briefly, 50µL of extract was mixed with a solution containing 250µM 

ferrous ammonium sulphate, 100µM sorbitol, 100µM xylenol orange in 25mM H2SO4 and 

1% ethanol. Absorbance was measured at 550 and 800nm (A550 and A800) and the difference 

in absorbance between the two values was calculated. A standard curve was generated using 

standards prepared from 30% H2O2 (Merck). The concentration of H2O2 in the standards was 

checked by measuring the absorbance at 240nm (A240) and calculating the actual 

concentration using an extinction coefficient of 43.6M-1cm-1 

2.4 Histology 
Samples from Little Razorback Island were placed in 10% buffered formalin and after two 

weeks in 70% alcohol. The gonad tissue was then processed through a series of alcohol and 

xylene steps, finishing in a liquid wax bath. The samples were left to set in wax cubes before 

being sectioned to 4µm and placed on slides using a water bath. The sections were stained 

using a protocol adapted from Schäfer and Köhler (2009). Sections were hydrated by placing 

in water for 5 minutes then placed for 15 minutes in a staining solution consisting of 0.5% 

Iron (III) chloride and 0.5% potassium ferricyanide in distilled H20. The sections were then 

washed in 1% acetic acid for 2 minutes and rinsed for 10 minutes under running water prior to 

drying and mounting using DPX (BDH, Poole, England). Images of the sections were 

obtained using a computer linked digital camera mounted on a compound microscope set to 

20x magnification. Lipofuscin was quantified using a percentage coverage macro written for 

Image J image analysis software (Version 1.42q - US Govt. National Institute of Health). 

2.5 Statistical Analysis 
Statistically significant differences in enzyme activities, lipid peroxides, glutathione, protein 

carbonyls and hydrogen peroxides between age groups were tested using 1-way ANOVA’s. A 

Tukey’s HSD post hoc test was also performed to test significance between age groups. A 

regression test was used to test the significance of relationship between lipofuscin abundance 

and diameter. The assumptions of homogeneity of variances and normality were tested by 

visually inspecting the residuals and the level of significance of p≤0.05 was used for all tests. 

The data was not transformed prior to analysis. Statistical analyses were carried out using 

SPSS for Windows 16.0 (SPSS Inc.). 
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2.6 Results 

2.6.1 Lipofuscin Accumulation 
Staining for lipofuscin was successful as the target substance was coloured but the section 

proved to be too thick and a single focal plane was unable to be achieved (Figure 8). Upon 

combined-sex regression analysis of the lipofuscin present in the gonad of S. neumayeri 

versus respective test diameter no significant relationship between the 2 variables was found 

(F1,29 = 0.256, p > 0.05) (Figure 9). 

 

Figure 8: A micrograph showing the presence of lipofuscin in gonad tissue of Sterechinus neumayeri which has 
been stained with ferricyanide-Iron chloride under 20x magnification. Lipofuscin is observed as small spherical 
blue objects on the micrograph. Scale Bar = 100µm. 

 

Figure 9: The percent of lipofuscin coverage on a standardized micrograph of ferricyanide-iron(III)chloride 
stained gonad tissue sections (4µ) under 20x magnification plotted against the test diameter of the respective 
Sterechinus neumayeri 
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2.6.2 Oxidative Damage 
Oxidative damage to lipids and proteins increased significantly with age in the gonad tissue of 

S. neumayeri (F4,14=21.786, p < 0.001; F4,45=10.228, p ≤ 0.001 respectively) (Figures 10A and 

11A). The gut tissue showed no significant difference between ages (F4,14=0.486, p > 0.05; 

F4,14=3.057, P > 0.05 respectively) (Figures 10B and 11B). Post hoc analysis showed that lipid 

peroxides in the gonad tissue the 25+ year age group were significantly different from the two 

youngest age groups sampled (≈5-9 and ≈10-14 years) (Figure 10A).  
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A - Gonad 

 

B - Gut 

 

Figure 10: Mean Lipid Peroxides ± standard error in the gonad (A) and gut (B) tissues of the Antarctic sea 
urchin Sterechinus neumayeri (age groups: 5-9, 10-14, 15-19, 20-24 & 25+ years), n= 3. Statistical significance 
was calculated using a 1-way ANOVA with a Tukey’s post hoc test. Within each graph columns sharing the 
same letter are not significantly different at a significance level of p ≤ 0.05 
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A - Gonad 

 

B - Gut 

 

 

Figure 11: Mean protein carbonyls ± standard error in the gonad (A) and gut (B) tissues of the Antarctic sea 
urchin Sterechinus neumayeri (age groups: 5-9, 10-14, 15-19, 20-24 & 25+ years), n= 3. Statistical significance 
was calculated using a 1-way ANOVA with a Tukey’s post hoc test. Within each graph columns sharing the 
same letter are not significantly different at a significance level of p ≤ 0.05  
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2.6.3 Enzymatic antioxidant activities 
A significant decrease in the activities of the antioxidants GR and GPX is observed with age 

in the gonad tissue (F4,14=62.273, p ≤ 0.001; F4,14=18.969, p < 0.001 respectively) (Figures 

12A and 13A). GR and GPX levels in the gut tissue were found to have no significant change 

between age groups (F4,14=0.317, p > 0.05, F4,14=0.70, p > 0.05 respectively) (Figures 12B 

and 13B). An approximate 50% drop in the activity of GR in gonad tissue was observed 

between the ages of ≈5-9/≈10-14 years and the oldest ages group sampled (≈25+ years). The 

level of catalase activity was found to have no significant change between age groups in both 

the gonad and gut tissues (F4,14=1.132, p > 0.05, F4,14=1.260, p > 0.05 respectively) (Figure 

14). SOD activity in the gonad tissue was significantly different between the age groups 

tested (F4,14=6.498, p ≤ 0.05) and appears to be normally distributed with age (Figure 15A). 

SOD activity in the gut tissue was not significantly different between age groups (F4,14=1.119, 

p > 0.05) (Figure 15B). The level of H2O2 activity in gonad tissue was found to significantly 

increase with age (F4,14=12.033, p < 0.05) and a lack of significance was found between age 

groups in gut tissue (F4,14=1.314, p > 0.05) (Figure 16). 
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A - Gonad 

 

B - Gut 

 

 

Figure 12: Mean glutathione reductase ± standard error in the gonad (A) and gut (B) tissues of the Antarctic sea 
urchin Sterechinus neumayeri (age groups: 5-9, 10-14, 15-19, 20-24 & 25+ years), n= 3. Statistical significance 
was calculated using a 1-way ANOVA with a Tukey’s post hoc test. Within each graph columns sharing the 
same letter are not significantly different at a significance level of p ≤ 0.05  
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A - Gonad 

 

B - Gut 

 

 

 

Figure 13: Mean glutathione peroxidase ± standard error in the gonad (A) and gut (B) tissues of the Antarctic 
sea urchin Sterechinus neumayeri (age groups: 5-9, 10-14, 15-19, 20-24 & 25+ years), n= 3. Statistical 
significance was calculated using a 1-way ANOVA with a Tukey’s post hoc test. Within each graph columns 
sharing the same letter are not significantly different at a significance level of p ≤ 0.05 
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A - Gonad 

 

B - Gut 

 

 

Figure 14: Mean catalase activity ± standard error in the gonad (A) and gut (B) tissues of the Antarctic sea 
urchin Sterechinus neumayeri (age groups: 5-9, 10-14, 15-19, 20-24 & 25+ years), n= 3. Statistical significance 
was calculated using a 1-way ANOVA with a Tukey’s post hoc test. Within each graph columns sharing the 
same letter are not significantly different at a significance level of p ≤ 0.05 
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A - Gonad 

 

B - Gut 

 

 

Figure 15: Mean superoxide dismutase activity ± standard error in the gonad (A) and gut (B) tissues of the 
Antarctic sea urchin Sterechinus neumayeri (age groups: 5-9, 10-14, 15-19, 20-24 & 25+ years), n= 3. Statistical 
significance was calculated using a 1-way ANOVA with a Tukey’s post hoc test. Within each graph columns 
sharing the same letter are not significantly different at a significance level of p ≤ 0.05  
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A - Gonad 

 

B - Gut 

 

 

Figure 16: Mean hydrogen peroxide ± standard error in the gonad (A) and gut (B) tissues of the Antarctic sea 
urchin Sterechinus neumayeri (age groups: 5-9, 10-14, 15-19, 20-24 & 25+ years), n= 3. Statistical significance 
was calculated using a 1-way ANOVA with a Tukey’s post hoc test. Within each graph columns sharing the 
same letter are not significantly different at a significance level of p ≤ 0.05  
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2.6.4 Non-enzymatic antioxidant activities 
The amount of total glutathione (GSH + GSSG) and the relative percentage of GSH was 

shown to significantly decrease with age in gonad tissue (F4,15=18.871, p < 0.001; 

F4,15=13.063, p ≤ 0.001 respectively) (Figure 17A). Average total glutathione levels in gonad 

tissue in the oldest age group sampled (≈25+ years of age) were less than half of the youngest 

age group sampled (≈5-9 years of age) and a decrease in the ratio of GSH to GSSG was 

observed. Neither the amount of total glutathione present nor the relative percentage of GSH 

in the gut tissue was found to be significant between age groups (F4,15=0.586, p > 0.05; 

F4,15=0.267, p > 0.05 respectively) (Figure 17B). 

A - Gonad 

 

B - Gut 

 

Figure 17:  Mean total glutathione ± standard error in the gonad (A) and gut (B) tissues of the Antarctic sea 
urchin Sterechinus neumayeri (age groups: 5-9, 10-14, 15-19, 20-24 & 25+ years), n= 3. The columns are 
divided into reduced (GSH) (bottom segment) and oxidised forms (GSSG) (top segment) of glutathione. 
Statistical significance of total and reduced glutathione was calculated using separate 1-way ANOVAs with  
Tukey’s post hoc tests. Within each graph columns and lower segments sharing the same letter are not 
significantly different at a significance level of p ≤ 0.05 
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2.7 Discussion 

2.7.1 Overview 
Sterechinus neumayeri is a species that lives in the coldest marine environment on earth and is 

surrounded by high levels of oxygen, potentially making the species more susceptible to 

oxidative damage. Results presented in this chapter indicate that oxidative stress does increase 

with age in gonad tissues but not gut. Glutathione metabolism in gonad tissue decreases with 

age and both tissue types appear to use different primary strategies for controlling reactive 

oxygen species. 

2.7.2 Lipofuscin 
The results of the current study do not suggest that lipofuscin accumulation will increase with 

age. The observed results may be misleading due to problems discovered during method 

development. The recorded data was acquired using a 4µm sectioned paraffin wax embedding 

technique in which the stain took to the tissue well. The sections were too thick and upon 

microscopy background staining of lipofuscin beyond focus could be seen, possibly affecting 

the results. In order to eliminate the lipofuscin beyond the focal plane more tissue was 

embedded in glycol methacrylate resin (Technovit 7100, Heraeus Kulzer GmbH) and 

sectioned to 2µm and stained according to Schäfer and Köhler (2009). The stain did not take 

and no lipofuscin was able to be quantified so the original paraffin wax method was included 

in the current study. Due to the possible inaccuracy of the present results and potentially bias, 

lipofuscin accumulation will not be investigated further in the present study. 

2.7.3 Oxidative stress and antioxidant responses 
The increase in lipid peroxides and protein carbonyls, indicators of oxidative stress, in the 

gonad tissue of S. neumayeri shows that oxidative stress increases with age as a significant 

difference is observed. Interestingly the only age groups that are significantly different from 

each other in both the level of protein carbonyls and lipid peroxides are the youngest and 

oldest age groups sampled. Due to the 25 years and older group being open ended with regard 

to age (unlike the other groups which were all increments of 5 years) potential bias for greater 

age effects may be observed. As sea urchins grow older their growth slows resulting in the 

potential for incorrect age identification which may have caused a larger age spread in the 

oldest groups sampled. The results therefore do show a relationship between age and lipid 

peroxides and protein carbonyls in the gonad tissue but in order to understand this relationship 

further the current study would need to be repeated with more specificity with regard to age 

groups by means of not having open ended age groups. 
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The level of protein carbonyls and lipid peroxides in the gut does not show any evidence of 

the free radical theory of ageing. The non-significance observed in the data from the gut tissue 

may be caused by a masking effect as the result of foreign particulates that were unable to be 

washed out prior to sampling. This may be a contributing fact, but is unlikely due to the small 

size of the error bars for each age groups sampled. Another potential explanation is that gut is 

constantly renewing interior cells due to the food particles sloughing cells of the gut wall 

resulting in the gut tissue sampled from each age group to have similar levels of the oxidative 

stress indicators measured. 

The oxidative damage that is observed with age in the gonad tissue of S. neumayeri cannot be 

directly linked as a cause of ageing as the current study merely shows a relationship. Further 

tests such as a study of DNA fragmentation and strand breakages occurring with age would 

strengthen the findings of the current study and could be used to imply that oxidative damage 

is caused by ageing but would still not show a definitive causal link.  

2.7.4 Glutathione vs. Catalase 
Gonad tissue of S. neumayeri appears to use glutathione metabolism as a primary system for 

the control of ROS, whereas gut tissue appears to use a catalase based system. Gut tissue in 

the current study exhibits approximately three-fold as much catalase activity for any given age 

group when compared to gonad. Interestingly, based on whole tissue samples, vertebrate 

tissues utilize a glutathione based system of dismutation of H2O2 while catalase is much 

lower, but the opposite is observed in invertebrates with catalase activity being up to 2 orders 

of magnitude higher (Table 3) (Livingstone et al., 1992). If the current study was analysed 

based on a whole tissue (gut and gonad samples homogenized) the results would show a 

dominance in the catalase based dismutation which would support the findings of Livingstone 

et al.’s (1992) review. 

Table 3: Ranges of specific activities of antioxidant enzymes in invertebrates and vertebrates. Adapted from 
Livingstone et al. (1992) 

Animal 
Group 

Catalase 
(umol/min/mg 

protein) 

Glutathione 
Peroxidase 

(nmol/min/mg 
protein) 

Invertebrates 163-1690 0-24 
Vertebrates 139-740 32-920 

 

One reason that is put forward by Weydert and Cullen (2009) as to why catalase activity 

could be present in higher levels than glutathione is that no co-factors are required in order to 
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dismutase H2O2 whereas in a glutathione  based system, glutathione does not actively act on 

ROS directly but enables GPX to function. In a previous study of marine bivalves the activity 

of catalase in the gut tissue showed a significant decrease with age which is not seen in the 

current study (Viarengo et al., 1991). 

Glutathione levels appear to be much higher in gonad tissue than gut tissue but why does the 

gonad tissue appear to use a glutathione metabolism based system in order to stop the 

accumulation of H2O2 rather than catalase? Glutathione is known to be present in the gonads 

of marine invertebrates at high levels and is very important for the control of oxidative 

damage during fertilization and development, and to control stress due to exposure to heavy 

metals (Ringwood and Conners, 2000; Viarengo and Nott, 1993). It has also been found that 

the glutathione concentration found in the gonads of marine invertebrates is higher than any 

other tissues tested particularly during reproductive periods, supporting a link between 

glutathione concentration and the protection of gamete viability, and also reproductive 

success (Ringwood and Conners, 2000).  

Glutathione is known to protect damage to DNA and other macromolecules caused by ROS 

and reduce DNA fragmentation. Within a cell nucleus glutathione plays a very important role 

with regard to maintaining the integrity of DNA and cell health. Studies have been conducted 

which have found that exhaustion of 50-60% of nuclear glutathione causes DNA 

fragmentation and apoptosis suggesting the glutathione has a critical protection role of DNA 

functional integrity (Morales et al., 1998). If the level of glutathione within gonad tissue were 

to decrease, the level of DNA fragmentation and stand breakages could increase, resulting in a 

decrease in the reproductive potential of males and females. The high levels of glutathione 

found in the gonad tissues of S. neumayeri compared to the gut tissue could be required to 

protect the developing gametes. A glutathione based system of H2O2 breakdown could be 

dominant in gonad tissues as a consequence.  

2.7.5 Glutathione metabolism and reproductive potential 
In early stages of embryonic development in mammals, glutathione is involved in gamete 

protection against oxidative damage. More specifically, glutathione maintains the morphology 

of the oocyte meiotic spindle and after fertilization it plays an active role in the nucleus 

formation in males and is known to positively aid development in the blastocyte stage. During 

meiotic maturation the level of glutathione is regulated by gonadatropins in females while the 

level of glutathione decreases in males after spermatogenesis suggesting a potential difference 

in total glutathione between sexes (Luberda, 2005).   
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It was observed that as S. neumayeri ages glutathione metabolism decreases in gonad tissue, 

leading to an increase of the accumulation of H2O2 (catalase activity remained unchanged 

across the age groups sampled). The observed decrease in glutathione metabolism may be 

associated with reproductive potential of S. neumayeri. In a study by McShane and Anderson 

(1997) it was observed that in the sea urchin Evechinus chloroticus gonad size decreased upon 

reaching a certain size believed to be due to energy demands for maintenance of body size 

limiting energy available for reproduction. Glutathione is associated with the production of 

gametes, particularly the formation of eggs (Agarwal et al., 2005; Wu and Chu, 2010) and 

therefore a reduction in reproductive potential may be observed by using glutathione as a 

proxy. Due to fact that the current study pooled male and females together it was unable to be 

determined if male or female reproduction potential declines or just one sex and to what level.  

 A manipulation experiment by Ringwood and Conners (2000) found that by exposing oysters 

(Crassostrea virginica) to buthionine sulfoximine in order to reduce gonadal glutathione that 

reproductive potential was decreased and the potential for metal toxicity of fertilized embryos 

was increased; this supports the findings of the current study that a reduction on glutathione 

may indicate a decline in reproductive potential.  

In order to understand the disparities in glutathione metabolism between sexes in sea urchins 

a similar experiment to the current study could be carried out with the sex as a variable. This 

type of experiment has not been conducted in published literature and may present some 

interesting insight to the potential differences in glutathione metabolism between sexes 

Summary 
 

• Measures of oxidative stress were found to increase with age in the gonad tissues but 
not the gut. 
 
• Levels of antioxidants associated with the glutathione metabolism in gonad tissue 
were found to be higher at all ages compared to the gut tissue which had much higher levels 
of catalase suggesting different primary strategies for controlling ROS. 
 
• Total glutathione level, which is known to be associated with reproduction, were 
found to decrease with age suggesting decrease in reproductive potential. 
 
• Lipofuscin was not found to have any relationship with age but this is likely due to 
histological sections being cut too thick allowing for inaccurate data. 
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Chapter 3 - New Zealand 

3.1 Introduction 
Oxidative stress is expected to occur in higher levels in polar latitudes than temperate due to 

the high saturation of oxygen (Viarengo, 1998). In order to investigate this assumption and 

put the results of the previous chapter into perspective, Evechinus chloroticus from New 

Zealand were collected and levels of oxidative stress analysed for later comparison. 

Evechinus chloroticus (Valenciennes, 1846) (Family: Echinometridae) is a common 

temperate sea urchin that is found around the coastline of New Zealand. E. chloroticus is a 

very successful species due to its high reproductive rate and the availability of nutrients in its 

environment. The species is predated by rock lobsters and predatory fish but their population 

numbers are not significantly affected by predation and as a result they are relatively abundant 

(Andrew, 1988). The absence of a dominant predator differs from other echinoid communities 

globally. 

Evechinus chloroticus is an economic species in New Zealand with an annual total allowable 

catch of 1,147 tonnes of which only approximately 800 tonnes has been harvested each year 

for the last five years (New Zealand Ministry of Fisheries, 2010). This is a fishery that is not 

currently under high pressure but the potential for greater annual harvests is available. 

Decreasing numbers of E. chloroticus may have a negative effect on other organisms in the 

ecosystem because sea urchins are often the dominant grazer in communities (Barker, 2007) 

acting as a keystone species and therefore changes in their survival or growth may affect other 

species (Babcock et al., 1999; Clark et al., 2009).  

It is known from the previous chapter that oxidative stress is accumulating with age in the 

gonad of Antarctic sea urchins and that the glutathione metabolism mirrors potential 

reproductive success. Knowing that glutathione is important in the formation of gametes, 

particularly of eggs (Agarwal et al., 2005), the decision was made to analyse sexes separately 

in order in observe differences between sexes. This is the first study in which oxidative stress 

as a function of age has been analysed with sex as a variable. 

Previous studies examining this species have outlined the high reproductive success (Lamare 

and Stewart, 1998) and growth rates (Lamare and Mladenov, 2000) in multiple locations but 

have not investigated oxidative stress with age. Only one study has investigated oxidative 

stress in E. chloroticus, Beaumont et al (In preparation). The study showed that increasing 
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levels of oxidative stress correlated with increasing concentrations of the known stressor 

phenanthrene by exposing E. chloroticus to various levels of the contaminant. 

The present chapter examines oxidative stress with age and between sexes in Evechinus 

chloroticus using antioxidant assays in order to later compare with the Antarctic sea urchin 

Sterechinus neumayeri to understand differences across a latitudinal gradient.  
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3.2 Methods 

3.2.1 Study Site 
Samples were collected from Blanket Bay, Doubtful Sound (45°18'3.35"S, 166°58'43.73"E), 

Fiordland, New Zealand.  

3.2.2 Calcein Tagging and Recapture 
On the 17th December 2008 an attempt was made to chemically tag every sea urchin on the 

small island situated in Blanket Bay, Fiordland. Scuba divers injected sea urchins with calcein 

through the peristomal membrane into the body cavity using auto-reloading drench guns fitted 

with hypodermic needles; each urchin received approximately 1ml with large sea urchins 

(>100mm) receiving 2 ml each.  

One year later on the 17th December 2009, 200 sea urchins were collected from the study site 

in order to analyse growth since tagging. For each animal collected test diameter and weight 

were recorded and the Aristotle’s lantern removed. The Aristotle’s lantern was placed in 5% 

sodium hypochlorite overnight in order to dissolve tissue. Once clean of tissue the Aristotle’s 

Lantern was separated into demi-pyramids, dried overnight and the length of the demi-

pyramids measured. The length was measured from the oral tip to the epiphysis junction 

(Figure 18). Each demi-pyramid was examined under a dissecting microscope with a camera 

lucida and an external ultraviolet light source. If a fluorescent tag was observed the distance 

between the tag and the oral tip (Jt) was drawn on a piece of paper (via camera lucida) and the 

ratio of the image drawn to the actual demi-pyramid used to calculate actual growth since 

tagging. 
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Figure 18: A demi-pryamid of a sea urchin showing the calcein tag, size at tagging (Jt), growth since tagging 
(Δt) and total size after collection (Jt + Δt) from epiphysis junction to oral tip (Lamare and Mladenov, 2000). 

Of the 200 urchins collected only 5 had visible tags (under UV light). A previous growth 

study had been carried out at a nearby location called Espinosa Point, approximately 3 

kilometres away by Lamare and Mladenov (2000); assuming the growth rate is the same at 

both sites the Espinosa Point growth curve could be used to calculate age of E. chloroticus at 

Blanket Bay.  This assumption was tested by plotting test diameter and demi-pyramid length 

of the 200 urchins collected from Blanket Bay with the raw data from Espinosa Point study 

(supplied by Dr M. Lamare) and the data retrieved from the 5 tagged demi-pyramids from the 

current study were also compared using a Walford plot.  

3.2.3 Collection of Samples 

On the 28th of January 2009, divers collected eight E. chloroticus of each size/age group seen 

in Table 4 between the depths of 6-10 metres from Blanket Bay, Fiordland. The urchins were 

transported to Dunedin the following day in fresh seawater. Once at the laboratory, the 

urchins were placed in a flow-through aquarium until dissection. 
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Table 4: The age groups of the common New Zealand sea urchin Evechinus chloroticus collected with the size 
(mm) limits for each age group based on Lamare and Mladenov’s (2000) [12][12][13][12] Richards growth 
function 

Age 

(Years) 

Test 

Diameter 

(mm) 

< 4 > 50 

4 - 7. 50 - 80 

7 - 10. 80 - 95 

10 - 13. 95 - 100 

13+ 100+ 

 

3.2.4 Dissection of Samples 

The urchins were cut in half around the circumference using a dive knife to make the initial 

incision and then continuing the cut carefully with blunt tip dissecting scissors. The gonad 

and gut were carefully removed, placed on ice (once the gut was removed it was also washed 

in a bath of sea water in an attempt to remove any faecal matter or food in the gut tract) and 

the sex of each urchin recorded. Of the eight sea urchins collected for each age group at least 

three of each sex were found; this therefore became the sample size in order to have a 

balanced statistical design.  

Seven, 1.5ml centrifuge tubes of each tissue type were weighed out (50mg gut and 200mg of 

gonad) and immediately placed on ice. Once enough samples had been processed to fill a 

freezer box it was crash cooled by pouring a small amount of liquid nitrogen into the bottom 

of the box and then placed in a -70oC freezer.  

3.2.5 Preparation of Samples 
Samples were prepared for extractions as per Section 2.3.1. 

3.2.6 Extractions 

Extractions of enzymes, total protein, protein carbonyls, hydrogen peroxide, lipid peroxide 

and glutathione were conducted as per Section 2.3.2. 

3.3 Assays 
All assays were conducted according to the methods described in Section 2.3.3. 
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3.4 Statistical Analysis 
Statistically significant differences between age group and sex were tested using 2-way 

ANOVAs. 1-way ANOVAs with a Tukey’s post hoc test were used to determine significance 

between age groups of each sex within each assay run and a Student’s t-test was used to 

measure significance of sex in each individual age group of each assay carried out. The 

assumptions of homogeneity of variances and normality were tested by visually inspecting the 

residuals and the level of significance was p ≤ 0.05 for all tests. Data was not transformed 

prior to analysis except the comparison of data from Espinosa Point and Blanket Bay to be 

certain of linearity. Statistical analyses were carried out using SPSS for Windows 16.0 (SPSS 

Inc.) 
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3.5 Results 

Validation for using Lamare and Mladenov’s (2000) Richard’s growth function 

By plotting test diameter and demi-pyramid data from the current study site at Blanket Bay 

with measurements for E. chloroticus previously collected from Espinosa Point (Lamare and 

Mladenov, 2000) it was shown that the two data sets were very similar (Figure 19). The 

equation for each trendline was very similar and combined with the high R2 values from each 

data set (R2=0.9513 and R2=0.9163) it was confirmed that the two sites have very similar 

growth parameters. Conventional statistical test were unable to be used on this data set due to 

the clustered distribution of data from the Blanket Bay site. Growth data from the five calcein 

tagged demi-pyramids from Blanket Bay also support the two sites as having very similar 

growth parameters as the growth in one year for a given size between an initial test diameter 

of 13-16mm is comparable to that of Lamare and Mladenov’s study at Espinosa Point (Figure 

20). Due to the similarity of the collection sites the following growth model equation from 

Lamare and Mladenov’s (2000) study of Espinosa Point was used at Blanket Bay: 

Test  Diameter = 103.867×  1− 0.905  ×  e!!.!"#  ×  !"#  !.!"# 

 

Figure 19: Scatter plot of log transformed Test diameter and log transformed demi-pyramid length of the 
common New Zealand sea urchin, Evechinus chloroticus, from Espinosa Point and Blanket Bay with linear 
trendlines, R2 value and trendline equations added. Raw Espinosa Point data from Lamare and Mladenov (2000).  
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Figure 20: Walford plot of demi-pyramid changes over a 1-year period for calcein tagged Evechinus chloroticus 
from Blanket Bay and Espinosa Point. The dotted line indicates zero growth. Raw Espinosa Point data from 
Lamare and Mladenov (2000).  

 

3.5.1 Oxidative Damage 
Oxidative damage to lipids and proteins in gonad tissue increased significantly with age 

(F3,23=6.192, p < 0.05; F3,23=16.410, p < 0.001 respectively) and was found to be highly 

significantly different between sexes (F1,16=31.469, p < 0.001; F1,16=48.942, p < 0.001 

respectively) (Figures 21A and 22A) (Table 5).  It was also found that lipid peroxides and 

protein carbonyls in male gonads were not significantly different between age groups and that 

within the age groups ≈7-10 and ≈10-13 years the level of protein carbonyls was significantly 

different between sexes within each age group. No interaction effect was found between sex 

and age. 

In the gut tissue, oxidative damage to lipids and proteins was not found to have a significant 

relationship with age (F3,16=0.136, p > 0.05; F3,16=0.867, p  < 0.05 respectively) and no 

significant difference between sexes was observed (F1,16=0.011, p < 0.05; F1,16=0.875, p < 

0.05) (Figures 21B and 22B) (Table 6). 
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A - Gonad 

 

B - Gut 

 

Figure 21: Mean Lipid Peroxides ± standard error as a function of sex and age (≈4-7, ≈7-10, ≈10-13 & 13+ 
years) in the gonad (A) and gut (B) tissues of the common New Zealand sea urchin, Evechinus chloroticus, n= 3. 
Statistical significance within each sex was calculated using a 1-way ANOVA with a Tukey’s post hoc test. 
Within each graph columns sharing the same letter are not significantly different at a significance level of 
p≤0.05. If significance between sexes within each age group was found it is indicated with an asterisk above the 
middle of the bars for each age group. 
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A - Gonad 

 

B - Gut 

 

Figure 22: Mean protein carbonyls ± standard error as a function of sex and age (≈4-7, ≈7-10, ≈10-13 & 13+ 
years) in the gonad (A) and gut (B) tissues of the common New Zealand sea urchin, Evechinus chloroticus, n= 3. 
Statistical significance within each sex was calculated using a 1-way ANOVA with a Tukey’s post hoc test. 
Within each graph columns sharing the same letter are not significantly different at a significance level of 
p≤0.05. If significance between sexes within each age group was found it is indicated with an asterisk above the 
middle of the bars for each age group. 
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3.5.2 Hydrogen peroxide activity 

The level of H2O2 in the gonad tissue was found to significantly increase with age 

(F3,16=3.352, p < 0.05) (Figure 23A) and be significantly different between sexes 

(F1,16=11.589, p < 0.05) (Table 5). However, in the gut tissue H2O2 was found to have no 

significant difference between the age groups sampled (F3,16=0.125, p > 0.05) (Table 5).  

3.5.3 Enzymatic antioxidant activities 
A significant decrease in the activity of the antioxidants GPX and SOD was observed in the 

gonad tissue E. chloroticus with age (F3,16=46.847, p < 0.001 and F3,16=6.182, p < 0.05 

respectively) (Figures 25A and 27A) (Table 5). Catalase in the gonad tissue was not 

significantly different across the age groups sampled (F3,16=0.475, p > 0.05) (Figure 26A) 

(Table 5). An interaction effect between sex and age was found to occur in the levels of GR in 

the gonad tissue (F3,16=5.268, p < 0.05) (Figure 24). All enzymatic antioxidants measured 

(GR, GPX, catalase, SOD) in the gut tissue were found to have no significant difference 

between the age groups sampled (F3,16=1.631, p > 0.05; F3,16=0.489, p > 0.05; F3,16=1.040, p > 

0.05 and F3,16=0.979, p > 0.05 and respectively) (Figures 24B, 25B, 26B, 27B) (Table 6). 

A significant difference was observed in the activity of the antioxidants GR, GPX and SOD in 

the gonad tissue of E. chloroticus between sexes (F1,16=161.394, p < 0.001; F1,16=37.538, p < 

0.001 and F1,16=23.936, p < 0.001 respectively) (Figures 24A, 25A and 27A) (Table 5). In the 

gut tissue, the activity of the antioxidants GPX and SOD were found to have a significant 

difference between sexes (F1,16=4.480, p < 0.05 and F1,16=5.939, p < 0.05 respectively) 

(Figures 25B and 27B) (Table 6). Catalase activity was found to have no significant 

difference in both gut and gonad tissue between sexes (F1,16=0.080, p > 0.05 and F1,16=9.664, 

p > 0.05 respectively) (Figure 26) (Tables 5 and 6).  

The Student’s T-test analysed the differences between sexes at each age group of each 

antioxidant assayed. Antioxidant activities were found to be significantly different between 

sexes in gonad tissue (p < 0.05) for the age groups of ≈4-7 years (GPX and SOD) and ≈7-10 

years (GPX and GR). The only significant difference found between sexes at a particular age 

in gut tissue was in the ≈4-7 year age group in GPX activity. 
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A - Gonad 

 

B - Gut 

 

Figure 23: Mean hydrogen peroxides ± standard error as a function of sex and age (≈4-7, ≈7-10, ≈10-13 & 13+ 
years) in the gonad (A) and gut (B) tissues of the common New Zealand sea urchin, Evechinus chloroticus, n= 3. 
Statistical significance within each sex was calculated using a 1-way ANOVA with a Tukey’s post hoc test. 
Within each graph columns sharing the same letter are not significantly different at a significance level of 
p≤0.05. If significance between sexes within each age group was found it is indicated with an asterisk above the 
middle of the bars for each age group. 
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A - Gonad 

 

B - Gut 

 

Figure 24: Mean glutathione reductase ± standard error as a function of sex and age (≈4-7, ≈7-10, ≈10-13 & 13+ 
years) in the gonad (A) and gut (B) tissues of the common New Zealand sea urchin, Evechinus chloroticus, n= 3. 
Statistical significance within each sex was calculated using a 1-way ANOVA with a Tukey’s post hoc test. 
Within each graph columns sharing the same letter are not significantly different at a significance level of 
p≤0.05. If significance between sexes within each age group was found it is indicated with an asterisk above the 
middle of the bars for each age group. 
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A - Gonad 

 

B - Gut 

 

Figure 25: Mean glutathione peroxidase ± standard error as a function of sex and age (≈4-7, ≈7-10, ≈10-13 & 
13+ years) in the gonad (A) and gut (B) tissues of the common New Zealand sea urchin, Evechinus chloroticus, 
n= 3. Statistical significance within each sex was calculated using a 1-way ANOVA with a Tukey’s post hoc 
test. Within each graph columns sharing the same letter are not significantly different at a significance level of 
p≤0.05. If significance between sexes within each age group was found it is indicated with an asterisk above the 
middle of the bars for each age group. 

  

a 
ab 

b 

c 

A 
A 

A 

B 

0 

10 

20 

30 

40 

50 

60 

70 

≈ 4-7 ≈ 7-10 ≈ 10-13 ≈ 13+ 

G
lu

ta
th

io
ne

 P
er

ox
id

as
e 

 
(u

m
ol

/m
in

/m
g 

pr
ot

ei
n)

 ±
 S

.E
. 

Estimated Age Class (Years) 

Male 

Female 

*

0 

5 

10 

15 

20 

25 

30 

35 

≈ 4-7 ≈ 7-10 ≈ 10-13 ≈ 13+ 

G
lu

ta
th

io
ne

 P
er

ox
id

as
e 

 
(u

m
ol

/m
in

/m
g 

pr
ot

ei
n)

 ±
 S

.E
. 

Estimated Age Class (Years) 

Male 

Female 

*



53	  
	  

A - Gonad 

 

B - Gut 

 

Figure 26: Mean catalase ± standard error as a function of sex and age (≈4-7, ≈7-10, ≈10-13 & 13+ years) in the 
gonad (A) and gut (B) tissues of the common New Zealand sea urchin, Evechinus chloroticus, n= 3. Statistical 
significance within each sex was calculated using a 1-way ANOVA with a Tukey’s post hoc test. Within each 
graph columns sharing the same letter are not significantly different at a significance level of p≤0.05. If 
significance between sexes within each age group was found it is indicated with an asterisk above the middle of 
the bars for each age group. 
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A - Gonad 

 

B - Gut 

 

Figure 27: Mean superoxide dismutase± standard error as a function of sex and age (≈4-7, ≈7-10, ≈10-13 & 13+ 
years) in the gonad (A) and gut (B) tissues of the common New Zealand sea urchin, Evechinus chloroticus, n= 3. 
Statistical significance within each sex was calculated using a 1-way ANOVA with a Tukey’s post hoc test. 
Within each graph columns sharing the same letter are not significantly different at a significance level of 
p≤0.05. If significance between sexes within each age group was found it is indicated with an asterisk above the 
middle of the bars for each age group. 
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3.5.4 Non-enzymatic antioxidant activities 
The amount of total glutathione (GSH + GSSG) and the relative percentage of GSH was 

significantly different with age in the gonad tissue of E. chloroticus (F3,23= 8.621, p < 0.001 

and F3,23=11.474, p < 0.001 respectively) (Figure 28A) and that 7-10 years has the highest 

alues (Table 5). Total glutathione was also significantly different between sexes in the gonad 

tissue (F1,23=161.394, p < 0.001) with female tissue exhibiting twice the amount at each age 

group sampled; this difference between sexes was found to be significant (p < 0.05) within 

each age group sampled by multiple student’s T-tests.  

The amount of total glutathione and relative percentage of GSH was not significantly 

different between age groups (F3,23=0.104, p > 0.05 and F3,23=0.929, p > 0.05 respectively) or 

sexes (F1,23=0.159, p > 0.05 and F1,23= 3.956 P>0.05 respectively) in the gut tissue sampled 

(Figure 28B) (Table 6). Though a significant difference (P < 0.05) in total glutathione 

between sexes in the ≈10-13years age groups was observed.  
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A - Gonad 

 

B - Gut 

 

Figure 28: Mean total glutathione ± standard error as a function of sex and age (≈4-7, ≈7-10, ≈10-13 & 13+ 
years) in the gonad (A) and gut (B) tissues of the common New Zealand sea urchin, Evechinus chloroticus, n= 3. 
The columns are divided into reduced (GSH) (bottom segment) and oxidised forms (GSSG) (top segment) of 
glutathione. Statistical significance of total and reduced glutathione was calculated using separate 1-way 
ANOVAs with Tukey’s post hoc tests. Within each graph, columns and lower segments sharing the same letter 
are not significantly different at a significance level of p≤0.05. If a significant difference in total glutathione was 
observed between sexes within each age group it is indicated with an asterisk above the middle of the bars for 
each age group. 
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Table 5: Results of multiple 2-way ANOVAs of the gonad tissue of the common New Zealand sea urchin, 
Evechinus chloroticus, collected from Blanket Bay, Fiordland, New Zealand, analysing sex and age groups of 
oxidative stress indicators and antioxidants associated with reactive oxygen species.  

 
    

Sum of 
Squares 

df Mean 
Squares 

F p - value 

         
Lipid Peroxides Age 15.495 3 5.165 6.192 0.005 
  Sex 26.250 1 26.250 31.469 0.000 
  Age * Sex 5.578 3 1.859 2.229 0.124 
  Error 13.347 16 0.834    
  Total 326.670 23     
              
Protein Carbonyls Age 0.485 3 0.162 16.410 0.000 
  Sex 0.482 1 0.482 48.942 0.000 
  Age * Sex 0.024 3 0.008 0.803 0.510 
  Error 0.157 16 0.010    
  Total 27.440 23     
              
Glutathione Reductase Age 8.726 3 2.909 47.522 0.000 
  Sex 2.100 1 2.100 34.316 0.000 
  Age * Sex 0.967 3 0.322 5.268 0.010 
  Error 0.979 16 0.061    
  Total 105.915 23     
              
Glutathione Peroxidase Age 3279.857 3 1093.286 46.847 0.000 
  Sex 876.042 1 876.042 37.538 0.000 
  Age * Sex 122.202 3 40.734 1.745 0.198 
  Error 373.400 16 23.338    
  Total 48205.740 23     
              
Catalase Age 201.458 3 67.153 0.475 0.704 
  Sex 1365.042 1 1365.042 9.664 0.007 
  Age * Sex 286.125 3 95.375 0.675 0.580 
  Error 2260.000 16 141.250    
  Total 153423.000 23     
              
Superoxide Dismutase Age 1906.458 3 635.486 6.182 0.005 
  Sex 2460.375 1 2460.375 23.936 0.000 
  Age * Sex 715.458 3 238.486 2.320 0.114 
  Error 1644.667 16 102.792    
  Total 114329.000 23     
              
Hydrogen Peroxides Age 6107.458 3 2035.819 3.352 0.045 
  Sex 7038.375 1 7038.375 11.589 0.004 
  Age * Sex 895.458 3 298.486 0.491 0.693 
  Error 9717.333 16 607.333    
  Total 434837.000 23     
              
Total Glutathione Age 3836.500 3 1278.833 8.621 0.001 
  Sex 23940.167 1 23940.167 161.394 0.000 
  Age * Sex 713.833 3 237.944 1.604 0.228 
  Error 2373.333 16 148.330    
  Total 182868.000 23     
              
Glutathione Reduced Age 1811.500 3 603.833 11.474 0.000 
  Sex 88.167 1 88.167 1.675 0.214 
  Age * Sex 96.833 3 32.278 0.613 0.616 
  Error 842.000 16 52.625    
  Total 97340.000 23       
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Table 6: Results of multiple 2-way ANOVAs of the gut tissue of the common New Zealand sea urchin, 
Evechinus chloroticus, collected from Blanket Bay, Fiordland, New Zealand, analysing sex and age groups of 
oxidative stress indicators and antioxidants associated with reactive oxygen species. 

    
Sum of 
Squares df Mean 

Squares F p - value 

              
Lipid Peroxides Age 2.937 3 0.979 0.136 0.937 
  Sex 0.082 1 0.082 0.011 0.916 
  Age * Sex 21.548 3 7.183 1.001 0.418 
  Error 114.813 16 7.176    
  Total 3341.040 23       
              
Protein Carbonyls Age 0.213 3 0.071 0.897 0.464 
  Sex 0.069 1 0.069 0.875 0.364 
  Age * Sex 1.373 3 0.458 5.775 0.007 
  Error 1.268 16 0.079    
  Total 99.605 23       
              
Glutathione Reductase Age 0.171 3 0.057 1.631 0.222 
  Sex 0.113 1 0.113 3.243 0.091 
  Age * Sex 0.081 3 0.027 0.772 0.527 
  Error 0.560 16 0.035    
  Total 24.468 23       
              
Glutathione Peroxidase Age 29.275 3 9.758 0.489 0.695 
  Sex 89.320 1 89.320 4.480 0.050 
  Age * Sex 74.448 3 24.816 1.250 0.326 
  Error 319.027 16 19.939    
  Total 14533.570 23     
              
Catalase Age 1105.000 3 368.333 1.040 0.402 
  Sex 28.167 1 28.167 0.080 0.782 
  Age * Sex 521.500 3 173.833 0.491 0.694 
  Error 5665.333 16 354.083    
  Total 1030734.000 23       
              
Superoxide Dismutase Age 857.667 3 285.889 0.979 0.427 
  Sex 1734.000 1 1734.000 5.939 0.027 
  Age * Sex 683.000 3 227.667 0.780 0.522 
  Error 4671.333 16 291.958    
  Total 150242.000 23       
              
Hydrogen Peroxides Age 342.833 3 114.278 0.125 0.944 
  Sex 1441.500 1 1441.500 1.570 0.228 
  Age * Sex 1531.500 3 510.500 0.556 0.651 
  Error 14686.000 16 917.875    
  Total 199310.000 23       
              
Total Glutathione Age 18.458 3 6.153 0.104 0.956 
  Sex 9.375 1 9.375 0.159 0.696 
  Age * Sex 129.458 3 43.153 0.730 0.549 
  Error 945.333 16 59.083    
  Total 20087.000 23       
              
Glutathione Reduced Age 156.458 3 52.153 0.929 0.449 
  Sex 222.042 1 222.042 3.956 0.064 
  Age * Sex 206.458 3 68.819 1.226 0.333 
  Error 898.000 16 56.125    
  Total 115609.000 23       
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3.6 Discussion 

3.6.1 Overview 
Evechinus chloroticus is a species that lives in temperate waters around New Zealand with a 

reletively constant supply of food available. Previous studies of induced oxidative stress in E. 

chloroticus have indicated that different levels of oxidative stress are able to occur upon 

exposure to different concentrations of a known oxidative stressor, phenanthrene (Beaumont 

et al., In Preparation). Oxidative stress of sea urchins has not been investigated in a wild 

population or in relation to age and sex. Results from the current chapter indicate that 

oxidative stress occurs in the gonad tissue but not the gut, that the level of antioxidant activity 

in females is higher than males and that antioxidant activity in the gonad tissue decreases with 

age. 

3.6.2 Oxidative stress and antioxidant response 
The significant increase in lipid peroxidation and protein carbonyls in the gonad tissue of E. 

chloroticus shows a positive relationship between oxidative stress and age. The results 

suggest that the free radical theory of ageing may be applicable to the gonad tissue due to the 

increase of oxidative stress markers with age.  However, this is highly debated with studies 

providing evidence supporting and contradicting the theory (Lapointe and Hekimi, 2010; 

Phillips et al., 2000). The strictest interpretation of Harman’s (1956) free radical theory of 

ageing suggests that a reduction in oxidative stress by either decreasing the abundance of 

ROS, increasing antioxidant defences, or a combination of both, should increase life span 

(Salmon et al., 2010). The gonad data presented indirectly supports Harman’s theory.  Within 

the age range sampled, oxidative stress does increase with age, but there is no definitive 

evidence to show a causal link between oxidative stress and ageing or life span. Studies 

conducted on some invertebrate species appear to support the theory in its strictest form by 

the addition or subtraction of antioxidants, increasing or decreasing maximum life span 

(Salmon et al., 2010). The fruit fly, Drosophila melanogaster, is a model organism. When 

CuZnSOD, the major dismutase isozyme found in cells within the mitochondria (Pérez et al., 

2009) was removed completely the life expectancy decreased ≈80% and levels of oxidative 

stress increased (Phillips et al., 2000; Reveillaud et al., 1994). When CuZnSOD was 

overexpressed, maximum life expectancy was increased (Parkes et al., 1998; Phillips et al., 

2000; Sohal et al., 1995). Studies conducted on a number of different species have attempted 

to find direct causal evidence supporting the free radical theory, but mixed results have been 

found (Chen et al., 2003; Elchuri et al., 2004; Sohal et al., 1995). The round worm 

Caenorhabditis elegans does not follow the theory as its life span does not increase when 
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CuZnSOD is removed, though higher levels of oxidative stress are observed. When C. 

elegans is overexposed to CuZnSOD no extension was observed in maximum life span 

(Doonan et al., 2008; Yang et al., 2007). This suggests that free radical theory may not apply 

to all invertebrates.  

Unfortunately due to the long lifespan of E. chloroticus (greater than 10 - 25 years depending 

on geographic location (Barker and Lawrence, 2007)) an absence/overexposure experiment of 

different antioxidants in order to determine whether oxidative stress is causing aging is 

virtually impossible. Such an experiment could identify if the oxidative stress that is seen in 

the current study is merely occurring with age or causing ageing. Should such an experiment 

be conducted and a decrease in maximum life expectancy observed with age it would be 

difficult to prove as a causal factor as additional variables may be unaccounted for, such as 

the onset of disease. Based on the inconsistent invertebrate data and results from knockout 

mice with certain antioxidants individually removed or levels halved they provide results not 

supporting the theory of ageing. It is proposed by Salmon et al. (2010) that oxidative stress 

plays a key role in health span, but not life span and therefore ageing. Research on mice has 

found that the removal of antioxidants increased the level of oxidative stress but had no affect 

on lifespan. Those with overexpression of antioxidants experienced less oxidative stress, but 

once again maximum life expectancy was unchanged (Lapointe and Hekimi, 2010; Pérez et 

al., 2009; Salmon et al., 2010). Although life expectancy did not change, mice with increased 

oxidative stress levels exhibited illnesses and early disease onset such as hypertension, insulin 

resistance, cataract formation and loss of dopamine. Whereas mice with less oxidative stress 

exhibited fewer ailments (Hoehn et al., 2009; Jung et al., 2007; Olofsson et al., 2009; 

Thiruchelvam et al., 2005). Hence, Salmon et al. (2010) suggests that by examining both 

health and life spans of an organism raised in an optimal environment with healthy 

conditions, chronic stress or disease states, a better understanding of the relationship between 

oxidative stress and ageing may be found. This suggests that the health span of the gonads in 

the present study may be affected by oxidative stress. 

The difference observed in lipid peroxidation between sexes is likely due to the disparity of 

lipid concentration in male and female gametes. Lipids in female gametes (eggs) of E. 

chloroticus are comprised of over 30% triglycerides, which is a type of lipid derived from 

glycerol and three unsaturated fatty acid chains (Sewell, 2005). Triglycerides are a type of 

storage lipid that is used for growth and development of an embryo. Eggs carry most of the 

nutrients required for growth and development post-fertilization prior to the ability to feed 

(Hinegardner, 1969; Mourente and Vázquez, 1996). It is therefore not surprising to find that 



61	  
	  

male gametes (sperm) have no triglycerides (Kozhina et al., 1978). Due to the structure of 

triglycerides consisting of three chains of unsaturated fatty acids, which can easily be attacked 

by ROS (Abele and Puntarulo, 2004), the susceptibility of female gametes to lipid 

peroxidation may be higher than males. The sea urchins used in the current study were 

collected immediately prior to spawning and as a result the gonads were large and contained 

many gametes. Therefore due to the high volume of gametes to tissue ratio, the susceptibility 

of gametes to lipid peroxidation could easily influence the whole gonad tissue level of lipid 

peroxidation. 

The levels of lipid peroxides and protein carbonyls in the gut tissue of E. chloroticus show no 

support for the free radical theory of ageing and no difference between sexes were observed. 

As mentioned in the previous chapter, the results from the gut tissue are likely to either be 

affected by foreign material that was unable to be washed away prior to assays being carried 

out or as a result of the constant renewal of the cells lining the gut tract due to constant 

sloughing off by food particles. This type of cell renewal is known to occur in the vertebrate 

gut tract (Madara, 1990) and has been suggested to occur in some types of invertebrates 

including echinoids (Shinn, 1981) and crustaceans (Caceci et al., 1988). Alternatively, the gut 

tissue may not follow the oxidative theory of ageing, suggesting that the theory does not apply 

to all tissue types or species (Lapointe and Hekimi, 2010). The gut tissue is critical for 

survival; it is required for the uptake of nutrients which an organism cannot survive without. 

No change in oxidative stress is observed in the gut tissue in relation to age. This suggests that 

antioxidants may be able to control ROS in such a way that levels of protein carbonyls and 

lipid peroxides are unable to accumulate with age. 

3.6.3 Males versus females 
Antioxidant assays of the female gonad appear to display higher values of any given age 

group compared to males. This suggests that the metabolism in female gonad tissue is higher 

than that of the male and that the female gonads may be more susceptible to oxidative stress. 

Similar behaviour has been observed in the brown trout, Salmo trutta, where recorded 

evidence shows energy investment to the female gonads is much higher than the relative male 

investment (Jonsson and Jonsson, 1997). This may result in higher metabolic rates causing 

oxidative stress. The male gamete’s primary function is to act as a messenger of DNA to an 

egg in which the genetic information is combined via fertilization. The egg acts a repository 

for DNA and as a nutrient storage. These nutrients, in the form of lipids, are used for growth 

and development (Campbell and Reece, 2005). A high level of investment from the female is 
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required to produce nutrients such as lipid stores (Mourente and Vázquez, 1996). This may 

explain the difference in glutathione metabolism in male and female gonads.  

In the current study females exhibit approximately twice the amount of total glutathione and 

reduced glutathione than males. This may be caused by the vast size disparity in the gametes 

of males and females, each requiring different levels of investment for production, hence 

higher levels of glutathione in females. At spawning, egg size is ≈120µm (Brewin et al., 

2000) and sperm ≈5µm (Pers. comm. Dr. M. Lamare). This is congruent with the time of 

sampling, which occurred immediately prior to spawning season. Taking into account the size 

of gametes, the time of sampling and the known decrease in gonad index in non-reproductive 

months (Lamare et al., 2002), it can be assumed that the majority of gonad tissue sampled are 

gametes. Therefore, the results most likely display antioxidant levels in the gametes and not 

solely the somatic tissue of the gonads. 

3.6.4 Glutathione Cycle –Oxidative stress in the gonads? 
A decrease in total glutathione (GSH + GSSG) and reduced glutathione (GSH) is observed in 

the gonad tissue in relation to age. This is supported by a decrease in GPX and GR, the 

enzymes required to maintain the glutathione metabolism. As mentioned in the previous 

chapter, glutathione is known to be associated with the production of gametes, particularly the 

formation of eggs (Agarwal et al., 2005; Wu and Chu, 2010). In mammals, glutathione is 

present in the oocyte and tubal fluid and has a role in protecting the development of the 

zygote beyond the 2-cell block to the blastocyst stage (Agarwal et al., 2005). It is suggested 

that the decline in reproductive potential that is evident with age and increased birth defects in 

humans is related to an increase in ROS and subsequent decrease in glutathione (Agarwal et 

al., 2005). There is evidence to suggest glutathione can have a strong effect on fertility in 

humans, and so glutathione supplements are given to males as a treatment for infertility 

(Irvine, 1996). 

The gonad tissue is not an essential for the survival of an individual. The oxidative stress 

observed in the gonad tissue of E. chloroticus in the present study may be a result of another 

physiological process and not be related directly to ageing.  Should the gonad experience 

oxidative stress to a level at which it is unable to reproduce this would not affect the life span 

of the organism. The changes in the level of the glutathione metabolism shown with age, 

could be due to other physiological changes which occur with age in most species, such as a 

rise and fall in reproductive potential (Irvine, 1996; Ruder et al., 2008). Firstly, the rise and 

fall of total glutathione with age in the present study shows the same trend as decreasing 

glutathione with age in humans as discussed in Agarwal et al. (2005). Secondly, GSH is 
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important to gamete viability and therefore a high ratio of GSH to GSSG needs to be 

maintained (Kaneko et al., 2001). In the present study the ratio decreases, suggesting poor 

gamete viability with age. Thirdly, the bell shaped curve of total glutathione with age is 

similar to that of the gonad index of E. chloroticus from Dusky Sound in McShane and 

Anderson (1997). The gonad index is a relative measure of gonad weight to the total wet 

weight and is used as a proxy for the reproductive potential of sea urchins (Gonor, 1972). 

Finally, reduction of the glutathione metabolism correlates with an increase in ROS and as 

such, an increase is related to a decrease in fertility, supporting a reduction in reproductive 

potential (Ruder et al., 2008).  

McShane and Anderson (1997) suggested that the observed decrease in gonad index may be 

as a result of reproductive investment decreasing once the body size is too large and that 

resources may be put into maintenance of self, rather than reproduction. This suggests that as 

an individual organism ages it changes priorities from the benefit of the species to the benefit 

of the individual. It is also possible that continual oxidative damage to the somatic tissue due 

to high investment in reproduction may cause such a change in energy and nutrient 

investment. Such damage could cause DNA damage to gametes resulting in gametes of less 

value being released into the gene pool if reproduction was continued. It is shown in several 

studies of vertebrates and invertebrates that as a result of increased reproductive investment 

the somatic tissues of the organism are more susceptible to elevated levels of oxidative stress 

(Alonso-Alvarez et al., 2010; Wang et al., 2001; Wiersma et al., 2004). Such an example is 

shown in Wiersma et al. (2004), in which birds with a higher number of eggs exhibited 

decreased antioxidants in muscle tissue compared to birds with less eggs. It is hypothesised 

that such a change is due to an increased investment in reproduction and decreased levels of 

antioxidants results in higher relative levels of oxidative stress as a cost of reproduction 

(Alonso-Alvarez et al., 2004). This life history trade off between reproductive success and the 

potential for an organism’s long term health suggests that the benefit of the population is 

primary to the individual. Wang et al. (2001), support this point by stating that the damaging 

results of oxygen radicals which correlate which oxidative stress suggests a causal 

relationship between reproduction and decreased life span. The reduction of potential 

reproductive capacity in E. chloroticus suggests that the trade off of oxidative damage to the 

somatic tissue and reproductive potential has reached such an extent that nutrient investment 

has been allocated back to vital somatic tissues rather than gamete formation. This is 

supported by a review by Monaghan et al. (2009) which suggests that an increase is ROS is 
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accompanied by an increase in antioxidants which causes a reduced reproductive potential 

due to reallocation of nutrient investments. 

 The glutathione metabolism observed in the gonad tissue supports a reduction in reproductive 

potential after approximately 13 years. This decrease follows the highest values in McShane 

and Anderson’s (1997) gonad index of the same species. The current study is limited to 

particular age groups and does not start at 0 years; neither does it have many upper age 

groups. This is due to a limited availability of samples within certain sizes classes, or due to a 

lack of gonad tissue available in smaller urchins. Should ages beyond the scope of the current 

study be included, it is possible that greater inferences about reproductive potential could be 

made.  

3.6.5 Glutathione vs. Catalase 
As previously discussed in Chapter 2, there was much higher glutathione activity compared to 

catalase in the gonad tissue.  This suggests glutathione metabolism is the primary system used 

to breakdown ROS in the gonads. There was approximately three times the amount of total 

glutathione in the female gonads, compared to that of the respective catalase level for a given 

age group. These results are not unexpected, as glutathione is used in egg production 

(Agarwal et al., 2005; Wu and Chu, 2010). Within the female gonads the high level of 

glutathione fulfils two roles, defence of ROS and embryonic development. It is therefore an 

unnecessary investment of resources to produce high levels of catalase in addition. Due to the 

lower relative ratio of catalase to glutathione in male gonads it is possible that catalase plays a 

more important role in the breakdown of ROS compared with female gonads. It is therefore 

possible that as reproductive potential decreases, as per McShane and Anderson (1997),  male 

and female glutathione levels may decrease to a large enough extent that catalase may become 

the primary system used to breakdown ROS, surpassing glutathione. Should there be a 

reduction in nutrient investment to the gonads; the level of catalase may decrease in 

combination with glutathione. This trend may be observed in older sea urchins as it is no 

longer necessary for the organism to invest in the production of catalase.  This may be due to 

the tissue becoming a vestigial organ once glutathione levels decrease beyond a certain level.  

3.6.6	  Do	  both	  tissue	  types	  support	  the	  free	  radical	  theory	  of	  ageing?	  
The present study observes differing relationships between that of the gut and gonad tissues 

and oxidative stress. It appears that the gonad tissue may support the free radical theory of 

ageing, but the study shows unchanged results regarding age in gut tissue, refuting Harman’s 

(1956) theory. The results show that with age in a single species there is evidence of oxidative 
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stress in the gonad, but not in the gut, within the age range sampled. This demonstrates the 

possibility that oxidative stress can be tissue specific within the same organism.  

Studies have been conducted which induce oxidative stress using various pesticides and 

pollutants in order to measure the potential effect on different tissues within a single 

organism/species (Oruç et al., 2004; Oruç and Usta, 2007; Walker et al., 2000). Few studies 

have been conducted investigating oxidative stress with age compared to those which induce 

oxidative stress.  

Sohal et al. (1994) conducted a study of oxidative stress in the muscle, brain, heart, liver and 

kidney of mice as a function of age using the level of 8-hydroxydeoxyguanosine, a product of 

DNA oxidation, as an indicator of oxidative stress. The results showed that oxidative stress 

increased in all tissues sampled with age. Similar results were found in a study of oxidative 

stress with age in the brain and liver of Brown Trout using protein carbonyls as a measure of 

oxidative stress (Carney Almroth et al., 2010). Interestingly, neither of these studies showed 

tissues which exhibit no oxidative stress with age, contrasting what has been found in the gut 

tissue of the present study. The results of the present study may be the first indication of both 

support and rebuttal for the free radical theory of ageing in the same species. However due to 

the limited age groups sampled, inferences can only be made about oxidative stress between 

certain approximate ages. 

It cannot be assumed that beyond the ranges sampled the trend observed of no oxidative stress 

accumulating in the gut tissue will continue. It is possible that the decrease in investment to 

the gonads with age, as per McShane and Anderson (1997), may allow for an increase in 

investment of nutrients to the gut tissue. Such an increase in investment may mask any 

potential reduction in antioxidant levels and increase in oxidative stress with age, which may 

have otherwise been observed.  
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Summary 
 

• Measures of oxidative stress were found to increase with age in the gonad tissue but 
not the gut  
 
• In the gonad tissue the antioxidant activity level in females was higher in all assays 
and age groups than males 
 
• Change in total glutathione metabolism with age supports a decrease in reproductive 
potential with age due to a possible change in energy investment 
 
• Higher levels of glutathione in the gonad tissue compared to the gut are believed to be 
associated with the production of gametes, in particular eggs. 
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Chapter 4 - General Discussion 

4.1 Overview 
Oxidative stress is a biological process known to occur in many species. By comparing this 

process in two species of sea urchin, one from polar and one from temperate latitudinal zones, 

an insight into possible physiological adaptations dependent on habitat can be achieved.  

Analysis of measures of oxidative stress and antioxidants showed a difference between the 

two latitudinal zones. After an analysis of the Antarctica results it became apparent that by 

analysing each sex separately it may be possible to gain a greater understanding of oxidative 

processes. Therefore the results of the subsequent chapter, temperate latitudinal zone, sexes 

were analysed separately.  

4.1.1 Oxidative Stress 
It was not possible to directly compare the level of oxidative stress and antioxidants measured 

in each species due to E. chloroticus being analysed by sex and the sex of the S. neumayeri 

samples being unknown. Furthermore the age groups and age span of each species sampled 

are somewhat different. Assuming S. neumayeri were a 50:50 ratio of males and females, a 

visual comparison of the pooled male and female results for both species is shown in Table 7. 

The level of both lipids and protein carbonyls in the gonad tissue of both species indicated an 

increase in oxidative stress with age (Table 7), but upon analysis of sex in E. chloroticus no 

trend was found. The level of oxidative stress is also very similar in the ages that were 

sampled in both species despite living in different niches and latitudes, while antioxidant 

activity appears to be generally higher in E. chloroticus. These results may be related to 

differences in metabolism and niche (Table 8). The increase of oxidative stress observed in 

the gonad tissue is supported by a decrease in enzymatic antioxidant activity, and an increase 

in H2O2 with age in the gonads of both species. However, the data does not suggest that age is 

causing oxidative stress. The data collected as mentioned earlier suggests a relationship exists 

between oxidative stress and age and does not suggest that one causes the other.  

The fact that increased oxidative stress is observed with age in the gonad tissue and not the 

gut is worthy of further investigation. Prior studies of multiple tissues within a single species 

show that if oxidative stress is exhibited with age it occurs in all tissue samples (Carney 

Almroth et al., 2010; Sohal et al., 1994). The findings of the present study suggest that tissue 

specific oxidative stress occurs in sea urchins within the age groups used, and that this may be 

the first such example. Unfortunately there are only two dominant tissues within sea urchins, 
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both of which have been analysed in the current study. Therefore no other tissue type is 

available for further comparison.  

The results of prior oxidative stress investigations in various species, vertebrate and 

invertebrate, have provided several results supporting and negating Harman’s (1956) theory 

of ageing (Parkes et al., 1998; Pérez et al., 2009; Yang et al., 2007). One of the most recent 

theories proposed, based on the increasing publication of literature reputing Harman (1956), 

suggests that oxidative stress does not affect life span but instead health span (Salmon et al., 

2010). Longevity studies appear to be the common means of testing the strictest interpretation 

of Harman’s (1956) free radical theory of ageing.  These studies show that maximum life span 

should increase or decrease with the addition or removal of antioxidants involved in the 

breakdown of ROS. It is not possible to use this method in the study of sea urchins, due to the 

long life span and the continual maintenance of optimal living conditions throughout the 

experiment.  
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Table 7: A summary of pooled data (male and female) of age groups of Sterechinus neumayeri and Evechinus 
chloroticus from assays of antioxidants, ROS and measures of oxidative stress. 

 Sterechinus neumayeri Evechinus chloroticus 
   Gonad Gut   Gonad Gut 

Lipid Peroxides 
(nmol/gFW) 

Age Average 
Standard 

Error Average 
Standard 

Error Age Average 
Standard 

Error Average 
Standard 

Error 
≈ 5-9 3.40 0.15 9.73 0.29 ≈ 4-7 2.73 0.23 11.36 0.50 
≈ 10-14 3.43 0.17 10.37 0.61 ≈ 7-10 2.93 0.61 11.63 0.93 
≈ 15-19 4.27 0.33 11.27 0.45 ≈ 10-13 2.90 0.61 11.83 2.16 
≈ 20-24 5.03 0.12 10.93 0.20 13+ 4.53 1.30 11.06 1.35 

25+ 6.03 0.34 11.47 0.35           

Protein Carbonyls 
(µmol/min/mg 

protein) 

Age Average 
Standard 

Error Average 
Standard 

Error Age Average 
Standard 

Error Average 
Standard 

Error 
≈ 5-9 1.17 0.04 2.32 0.08 ≈ 4-7 0.90 0.05 2.03 0.07 
≈ 10-14 1.15 0.06 2.29 0.08 ≈ 7-10 0.99 0.10 2.19 0.18 
≈ 15-19 1.17 0.09 2.30 0.08 ≈ 10-13 1.03 0.07 1.87 0.33 
≈ 20-24 1.33 0.02 2.19 0.02 13+ 1.29 0.11 1.99 0.08 

25+ 1.74 0.13 2.23 0.10           

Hydrogen Peroxide 
(nmol/gFW) 

Age Average 
Standard 

Error Average 
Standard 

Error Age Average 
Standard 

Error Average 
Standard 

Error 
≈ 5-9 105.00 2.08 70.33 4.98 ≈ 4-7 111.50 6.57 84.50 3.97 
≈ 10-14 98.00 2.31 62.67 1.86 ≈ 7-10 122.25 12.19 80.75 10.88 
≈ 15-19 115.67 6.33 71.67 1.45 ≈ 10-13 132.38 12.61 83.88 13.74 
≈ 20-24 120.33 1.76 68.00 1.73 13+ 163.75 32.13 94.75 22.96 

25+ 136.00 6.03 67.33 3.48           

Glutathione 
Reductase 

(µmol/min/mg 
protein) 

Age Average 
Standard 

Error Average 
Standard 

Error Age Average 
Standard 

Error Average 
Standard 

Error 
≈ 5-9 2.19 0.03 1.01 0.01 ≈ 4-7 2.35 0.14 1.06 0.05 
≈ 10-14 2.32 0.07 0.94 0.05 ≈ 7-10 2.65 0.37 0.95 0.21 
≈ 15-19 1.87 0.06 0.95 0.03 ≈ 10-13 1.61 0.17 0.90 0.16 
≈ 20-24 1.81 0.09 0.97 0.07 13+ 1.20 0.15 0.93 0.07 

25+ 1.05 0.05 0.96 0.05           

Glutathione 
Peroxidase 

(µmol/min/mg 
protein) 

Age Average 
Standard 

Error Average 
Standard 

Error Age Average 
Standard 

Error Average 
Standard 

Error 
≈ 5-9 44.30 1.45 18.30 0.47 ≈ 4-7 49.59 3.18 24.01 1.26 
≈ 10-14 48.57 1.73 18.30 0.72 ≈ 7-10 52.08 6.91 24.34 2.18 
≈ 15-19 43.20 3.41 18.57 0.38 ≈ 10-13 40.66 4.26 24.00 3.09 
≈ 20-24 32.00 1.47 18.20 0.15 13+ 24.53 2.81 22.99 2.86 

25+ 26.50 1.91 18.27 0.70           

Catalase        
(µmol/min/mg 

protein) 

Age Average 
Standard 

Error Average 
Standard 

Error Age Average 
Standard 

Error Average 
Standard 

Error 
≈ 5-9 51.33 1.45 143.00 5.20 ≈ 4-7 75.50 3.48 213.13 6.22 
≈ 10-14 56.67 3.71 147.33 4.91 ≈ 7-10 78.00 9.65 196.25 13.74 
≈ 15-19 63.00 4.73 155.33 13.32 ≈ 10-13 79.00 7.47 205.75 7.08 
≈ 20-24 62.33 2.96 163.67 2.60 13+ 73.38 13.19 203.75 8.11 

25+ 58.00 7.21 163.67 10.68           

Superoxide 
Dismutase (U/mg 

protein) 

Age Average 
Standard 

Error Average 
Standard 

Error Age Average 
Standard 

Error Average 
Standard 

Error 
≈ 5-9 52.33 0.88 46.67 2.60 ≈ 4-7 74.25 4.59 77.88 4.02 
≈ 10-14 64.67 1.45 49.33 6.74 ≈ 7-10 73.75 10.05 69.25 8.67 
≈ 15-19 63.00 3.06 43.33 2.33 ≈ 10-13 66.88 7.38 74.00 15.79 
≈ 20-24 62.33 3.28 42.33 2.33 13+ 54.63 15.63 82.50 7.57 

25+ 44.00 6.11 39.67 0.88           

Total Glutathione    
(µg/mg protein) 

Age Average 
Standard 

Error Average 
Standard 

Error Age Average 
Standard 

Error Average 
Standard 

Error 
≈ 5-9 45.00 1.53 21.33 1.76 ≈ 4-7 63.50 11.52 24.88 2.26 
≈ 10-14 45.67 2.73 24.00 2.31 ≈ 7-10 96.88 24.36 30.13 5.80 
≈ 15-19 38.67 3.76 22.67 1.20 ≈ 10-13 81.00 19.91 29.38 5.02 
≈ 20-24 32.67 1.20 23.33 1.20 13+ 63.63 15.82 33.88 6.27 

25+ 20.00 2.08 23.00 1.15           

Reduced 
Glutathione   (%) 

Age Average 
Standard 

Error Average 
Standard 

Error Age Average 
Standard 

Error Average 
Standard 

Error 
≈ 5-9 77.33 2.91 67.00 1.53 ≈ 4-7 71.38 2.63 71.50 1.70 
≈ 10-14 71.33 3.71 67.00 2.65 ≈ 7-10 69.88 4.89 67.13 3.67 
≈ 15-19 63.67 1.45 68.00 2.65 ≈ 10-13 63.13 4.85 66.63 5.99 
≈ 20-24 59.67 1.45 69.00 0.58 13+ 48.00 3.66 69.25 4.21 

25+ 55.00 2.08 65.67 3.53           
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4.1.2 Lipid Peroxides 
The levels of lipid peroxides in both species are similar across the ages sampled at each site 

(Table 7). This suggests that although S. neumayeri lives in an environment which is highly 

saturated with oxygen (compared to E. chloroticus), which potentially increases levels of lipid 

peroxidation (Abele and Puntarulo, 2004),  they do not experience a higher level of oxidative 

stress with age. A possible reason of the similarity in results is due to a decrease in the rate at 

which oxygen diffuses through the tissues of S. neumayeri. As water temperature decreases 

the rate of oxygen diffusion across tissues in polar fish substantially decreases compared with 

temperate species. This may result in lower oxygen uptake, which can affect cellular 

respiration and ultimately the accumulation of ROS (Sidell, 1998); such a decrease in oxygen 

may be experienced by sea urchins, decreasing their level of ROS. 

Typically, polar invertebrates have a lower respiration rate than their temperate and tropical 

counterparts. Brockington and Peck (2001) demonstrate that S. neumayeri has a very low 

respiration rate compared to other species of sea urchins found in warmer waters. This study 

included 11 species from across a latitudinal gradient from polar to tropical and found that the 

higher the environmental temperature, the higher the respiration rate. Taking in to account 

that respiration and metabolism are closely linked (Finkel and Holbrook, 2000), it is possible 

that the similar levels of oxidative stress seen in the present study result from S. neumayeri 

living in a high oxygen environment with a low respiration rate due to a low metabolism and 

E. chloroticus living in a lower oxygen environment with a higher respiration rate due to a 

higher metabolism (Table 8). 

	  

 

Table 8: Respiration rates of Sterechinus neumayeri and Evechinus chloroticus and the respective dissolved 
oxygen concentration from the surrounding water (Brockington and Peck, 2001). 

 

Respiration Rate 
(µmol h-1) 

Dissolved Oxygen 
concentration 

(mg/l) 
Sterechinus neumayeri 0.8 ≈13 
Evechinus chloroticus 1.5 ≈8 
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The assays that were carried out to measure antioxidants and ROS were run at a standard 

temperature for both of the study species and as a result the absolute values may not be 

comparable. If the antioxidant enzymes in S. neumayeri are cold adapted, the optimal 

temperature at which to conduct assays may be lower that the temperature used in the current 

study, which may affect the results.  

 

4.1.3 Reproductive Potential and Glutathione 
The initial aim of the study was to investigate oxidative stress with age in sea urchins. 

However upon analysing the results it became apparent that glutathione metabolism changed 

with age, mirroring a typical reproductive potential curve, and that total glutathione levels 

showed high disparity between sexes. Total glutathione in E. chloroticus appears to increase 

with age and then decrease once a certain age/size has been reached. This observed trend is 

similar to the gonad index over time of E. chloroticus as described by McShane and Anderson 

(1997) (Figure 29). Glutathione is known to be associated with the formation of gametes and 

DNA protection within the gametes (Agarwal et al., 2005; Wu and Chu, 2010). It is therefore 

assumed that the total glutathione curve is related to reproductive potential. The glutathione 

levels of S. neumayeri do not show a curve-like shape with age (Figure 31). This is likely due 

to not sampling urchins young enough to display this trend.  

It is proposed that reproductive potential may decrease due to the reallocation of resources to 

somatic tissues as a consequence of continual investment in reproduction, which has resulted 

in oxidative damage (Ruder et al., 2008). In the sea urchin the major somatic tissue is the gut, 

which is essential for survival. A downturn in reproductive potential, shown as a decrease in 

glutathione metabolism, suggests that a trade off between reproductive output and potential 

harm to vital tissues has reached such a level that nutrients have been allocated back to 

somatic tissue, rather than gamete protection (Monaghan et al., 2009; Wang et al., 2001).   
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A 

 

B 

 

C 

 

Figure 29: Plots of total glutathione versus size from the current study, (A) Evechinus chloroticus (Pink = 
female, Blue = male), (B) Sterechinus neumayeri and (C) gonad index versus size of Evechinus chloroticus from 
Dusky Sound, Fiordland (McShane and Anderson, 1997)  
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4.1.4 Future Research 
By comparing the oxidative stress data collected in the current study with results from a 

similar study in the Antarctic Peninsula, inferences can be made about the effect of climate 

change on the S. neumayeri species in the years to come. The current data can also be used as 

a baseline study for the Cape Evans area. If the study was repeated in future years, the current 

results could be used as a reference to the level of oxidative stress.  It would therefore show if 

oxidative stress is increasing, pending the effects of climate change, or if the species is able 

tolerate change in conditions and potential niche parameters. 

Research into the optimal temperature range of enzymes activity for E. chloroticus and S. 

neumayeri would provide a better understanding of possible result discrepancy shown in the 

current study. In running assays at a temperature which may be within the optimal range for 

only one of the species, a full understanding of the species’ examined is not possible. Such 

research would provide further insight to whether the antioxidant enzymes in S. neumayeri are 

indeed cold adapted as suggested in Abele and Puntarulo (2004). 

As discussed above the relationship between total glutathione and age was found to be similar 

to a possible reproductive potential curve. The glutathione metabolism may be measured over 

the period of a year, using same sized urchins, in order to investigate whether glutathione 

levels decrease throughout the year. This type of study may show a decrease in glutathione 

during non-reproductive months, which would therefore support the link between glutathione 

and reproduction in sea urchins. 

Conclusion 
The results acquired from the present study show that the gonads of both E. chloroticus and S. 

neumayeri accumulate oxidative damage with age. However, no oxidative damage is shown 

with age in the gut tissue which suggests that the results acquired may be the first reported 

case of tissue specific oxidative stress within an organism.  

The glutathione metabolism of sea urchins appears to reduce once a certain age/size has been 

achieved which may be related to reproductive potential. Glutathione is known to be 

associated with gamete formation, particularly in eggs which may explain the higher 

glutathione level in females compared to males at all ages sampled.  Since glutathione is 

present in the gonads as a result of gamete formation catalase levels are lower due to the 

possible wasted investment of having two competing systems of the breakdown of ROS 
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within a single tissue type. Whilst within the gut tissue catalase is the primary antioxidant 

involved in the breakdown of ROS. 

Harman’s (1956) free radical theory of ageing is highly debated because some species appear 

to support it while others negate it. The findings of the current study provide a new train of 

thought to the debate. The theory has only been shown to apply or not apply to certain 

organisms while results of the present study suggest both can occur concurrently. The present 

study may provoke more research into oxidative stress in multiple tissues with age within the 

same organism.  
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Appendix 1 – Publications from the Present Study 
 

Scientific Poster: The Stress of Growing Old In The Cold 

 

Abstract: The free radical theory of ageing suggests that as organisms age their cells 

accumulate free radical damage. Sea urchins are a group of animals that are known to live for 

a relatively long time and in the right conditions certain species are known to live for at least 

one hundred years. A range of sizes of the Antarctic sea urchin Sterechinus neumayeri were 

collected from Cape Evans (Ross Island, Antarctica) and grouped into age categories of equal 

size, using diameter as a proxy of age via Brey’s (1995) growth model. Levels of common 

antioxidants and indicators of free radical induced oxidative damage were determined in gut 

and gonad tissues isolated from sea urchins in different age categories. The results show that 

age did not influence the levels of antioxidants or oxidative damage in gut tissues, but in 

gonad tissues the level of the antioxidant glutathione and associated enzymes declined with 

age. These changes may be related to age dependant differences in the allocation of resources 

between reproductive and somatic tissues. 

 

Presented at:  New Zealand Marine Science Society Conference 2010, Wellington NZ 

  Antarctica NZ Annual Conference 2010, Christchurch NZ 

 

Awards: The New Zealand Marine Science Society Prize for Best Student Poster Paper 

 



• Oxidative stress is the accumulation of intracellular reactive oxygen
species at such levels that they cannot be mitigated by antioxidant
processes and defences

• The Free Radical theory of ageing suggests that oxygen radicals are
generated in cells and result in a pattern of cumulative damage over time
(Harman, 1956)

• Reactive oxygen species accumulation can cause damage to lipids,
proteins and DNA, which can result in cell death

• Superoxide dismutase, catalase and glutathione peroxidase are key
enzymes that help control cellular levels of reactive oxygen species
(Figure 1)

• We examined aging in the sea urchin Sterechinus neumayeri, a
relatively long-lived species, that lives in conditions that may increase
oxidative stress such as cold temperatures and high levels of seasonality
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Figure1: An overview of reactive oxygen species metabolism investigated in this 
study

To understand the relationship between oxidative stress/damage 
and age in the Antarctic sea urchin Sterechinus neumayeri

• Five age groups of Sterechinus neumayeri (5-9, 10-14, 15-19, 20-24 & 25+
years; based on (1995) growth model) were collected from Cape Evans,
Antarctica in late October 2009 using a remote operated vehicle

• The sea urchins were dissected and the activity of several antioxidants and
oxidative damage measures were quantified using methods described by
Lister et al. (2010) using gut and gonad tissue

• An increase in lipid peroxides and protein carbonyls in the
gonad tissue occurs with increased age

• Wu & Chu (2010) suggested that glutathione is important for
gamete development. A decrease in glutathione metabolism in
gonad tissue was observed with age in the present study. This
decrease may be associated with the reduction in
reproductive potential known to occur in other species of
echinoids (McShane & Anderson,1997)

• The gut tissue is not significantly affected by age with
regard to any of the assays carried out, but this may be due to
foreign material present or due to the continual production of
new cells inside the walls of the gut

• The gut tissue has significantly lower levels of glutathione
peroxidase (p<0.05) and higher levels of catalase activity
(unpublished data) inferring that the two tissues types use
different primary strategies for controlling reactive oxygen
species

• By comparing this data with results from a similar study in
the Antarctic Peninsula inferences could be made about the
effect of climate change on the S.neumayeri species in the
years to come
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• Glutathione metabolism is key to the regulation of reactive
oxygen species in gonad tissues and glutathione levels
might mirror reproductive potential.

• Studies of oxidative stress and age in other areas of
Antarctica could provide an insight to the potential impact of
climate change on oxidative stress
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