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Abstract

Membrane composition, particularly of mitochondmauld be a critical factor by determining the
propagation of reactions involved in mitochondfizhction during periods of high oxidative stress
such as rapid growth and aging. Considering thaspholipids not only contribute to the structural
and physical properties of biological membraned,diso participate actively in cell signalling and
apoptosis, changes affecting either class or fattid compositions could affect phospholipid
properties and, thus, alter mitochondrial functaond cell viability. In the present study, heart and
brain mitochondrial membrane phospholipid composgiwere analysed in rainbow trout during the
four first years of life, a period characterized faypid growth and a sustained high metabolic rate.
Specifically, farmed fish of three ages (1-, 2- ahglears) were studied, and phospholipid class
compositions of heart and brain mitochondria, attyfacid compositions of individual phospholipid
classes were determined. Rainbow trout heart aaith lonitochondria showed different phospholipid
compositions (class and fatty acid), likely relatedissue-specific functions. Furthermore, chariges
phospholipid class and fatty acid compositions wdbe were also tissue-dependent. Heart
mitochondria had lower proportions of cardiolipinCL), phosphatidylserine (PS) and
phosphatidylinositol, and higher levels of phosjdtholine (PC) and phosphatidylethanolamine
(PE) with age. Heart mitochondrial membranes becanwe unsaturated with age, with a
significative increase of peroxidation index in GRS and sphingomyelin (SM). Therefore, heart
mitochondria became more susceptible to oxidatamale with age. In contrast, brain mitochondrial
PC and PS content decreased in 4-year-old anintale there was an increase in the proportion of
SM. The three main phospholipid classes in brai€, (PE and PS) showed decreased n-3
polyunsaturated fatty acids, docosahexaenoic awidparoxidation index, which indicate a different

response of brain mitochondrial lipids to rapidwgiio and maturation.
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1. Introduction
The combination of a high growth rate and the ragdichinment of a large body size have been
reported to produce several negative side-effecésimals and to have important repercussionsaver
species’ life-span (Innes and Metcalfe 2008). Theféects are linked to a sustained high metabolic
activity, which has been correlated with an inceglatevel of intracellular oxidative stress (Rollo
2002; Alonso-Alvarezt al. 2007), along with decreased repair machinery (Atimet al. 2010). In
these conditions, mitochondrial molecules have hegorted to suffer increasing deterioration that
eventually can lead to the impairment of cellulaebergetics function, increased oxidative stregk a
attenuation of the ability to respond to stressRarddieset al. 2011). For all these reasons,
mitochondria are considered the key organelle dmring to tissue deterioration during high
oxidative stress situations, including rapid groatid aging.
There are different theories for how mitochonddgsfunction develops and leads to cell and tissue
malfunction. It is known that all mitochondrial neclles are affected with age and that mitochondrial
gene expression, membrane fluidity and electromsprart chain (ETC) complexes are progressively
affected (Shigenagat al. 1994; Richter 1995). Although the cause-effecatiehship among the
observed alterations and, thus, the chain of edeatling to mitochondrial decay with age, remains
unclear, it could be suggested that mitochondriamiorane lipids may be the pacemakers of such
events, determining how they propagate. It has bbeerved in a wide number of animal species that
membrane composition, metabolic rate and lifesp@&nliaked. Increased polyunsaturation of cell
membranes results in altered physical propertidslafers, which can enhance the molecular activity
of membrane proteins that, in turn, increases tew@bolic activity of cells, tissues and consequentl
whole animals (Hulbert 2008). At the same time, femes that have different fatty acid composition
will differ dramatically in their susceptibility toxidative damage and this can affect their lifespa
(Hulbert 2005). Therefore, effects of rapid growthmetabolic rate and lifespan could be mediated by
lipid composition of membranes, particularly of atsihondria.
Mitochondrial membranes have a particular lipid position including characteristic phospholipid
species in the vicinity of ETC components, whicls bh@en suggested to be related with the role of
mitochondria in oxygen consumption (Hoch 1992).ides acylphosphoglycerols, major components

of all membranes, mitochondrial membranes unigeelytain cardiolipin (CL), a key molecule for
3
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mitochondrial function, and have small quantiti€sghingolipids (Paradiest al. 2011). Furthermore,
mitochondrial membrane phospholipid compositioniasramong tissues (Paradies al. 1992;
Zabelinskiiet al. 1999; Modiet al. 2008), likely contributing not only to the congidble differences

in physical and chemical characteristics of différdypes of membrane structures, but also
determining the functioning of tissue-specific cfjnalling systems.

Alterations in mitochondrial lipids have been foundaged mammals and humans, pointing to a key
role of mitochondrial membrane composition in saVeage-related diseases, especially in those
affecting to terminally differentiated non-prolifgive organs such as brain and heart (Castellwgcio
al. 1994; Chicco and Sparagna 2007; Pepe 2007; Paeidie 2011; Bazaret al. 2011; Ledesmat

al. 2012). In these tissues, an increase in the ptpualaf dysfunctional mitochondria has been
observed (Chaudharst al. 2011). This can trigger removal of damaged ceils apoptosis which
would be severely detrimental in these postmitdigsues by causing tissue degeneration or
dysfunction (Trifunovic and Larsson 2008). Aged ibrdbecomes increasingly susceptible to
neurodegenerative syndromes and decline of cogratind motor performance (Ledesatal. 2012),
while aged heart has a decreased ability to t@estagss (Chaudhaeyal. 2011).

Thus, our hypothesis is that mitochondrial roeane phospholipid composition is the pacemaker
of all the processes taking place inside the miadnia with age, and that eventually lead to
mitochondrial dysfunction. The primary aim of theegent study was to characterize changes in
rainbow trout heart and brain membrane phosphoiipitd rapid growth and maturation, focusing on
alterations to class composition and individual ggtwlipid fatty acid compositions that may be
critical in the modulation of mitochondria functiaturing periods of high oxidative stress. We
investigated rainbow trout in their first four yeaf life, a time during which this species reduodirt
adult size. Rainbow trout is the most common frestlewfish reared in Europe and thus it is a well-
known species that has been investigated previonstyudies of oxidative stress and mitochondrial

function (Otto and Moon 1996; Zabelinskiial. 1999; Kraffeet al. 2007; Ostbyet al. 2011).
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2. Materialsand methods

2.1.Experimental fish and sampling

The study was performed on stock rainbow tr@rcorhynchus mykiss) of three ages (1-, 2- and 4-
years), all with the same genetic origin and maieth on the same rearing and feeding conditions in
the freshwater aquarium facilities at the Institoté@quaculture, University of Stirling. Fish wekept
under natural photoperiod and water temperaturditons (7 + 1.5°C) and were sampled at the same
time of the year (March 2011). Fish were fed twacgayad libitum with commercial feed formulated
to contain 50% protein and 19% or 22% fat for yam@l-2 years) or older (4 year-old) fish,
respectively (Skretting, Northwich, UK). Feed fa#tgid compositions were essentially similar (Table
1). Fish were anesthetized in 10% benzocaine,dkiig a blow to the head, weight and length
measured (Table 2), and heart and brain disset#le hearts and brains were pooled and
homogenized by blender to produce triplicate samfde biochemical analysis. In order to obtain
sufficient mitochondrial material for all the reced analyses, 1- and 2-year old trout samples
consisted of hearts and brains pooled from 21 @spof 7) and 12 (3 pools of 4) fish, respectively.
Samples from 4-year old trout were hearts and braimm three individuals. Lipid extractions were
performed on fresh samples of mitochondrial prefpara. Fish were treated in accordance with
British national ethical requirements establishgdie UK Government Home Office and guidelines

determined by the Animals (Scientific Procedures)) 2086.

2.2.Mitochondria isolation

Approximately 2 g of brain and heart homogenateewarther homogenized in 8 ml ice-cold sucrose
buffer (0.4M phosphate buffer pH 7.4, 0.25M sucrdsd5M KCI, 40mM KF and 1mM N-acetyl-
cysteine) using a tissue disrupter (IKA® T25 diblttra-Turrax® Fisher Scientific, Loughborough,
U.K.). Sucrose buffer homogenates were centrifugie@00 xg for 6 min and the pellet discarded
(cell/nuclei debris). Supernatants were then detgteid at 6,800 x) for 10 min. This procedure was

sufficient to isolate mitochondria from trout heburit, for brain, further treatment was necessary in

5
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order to disrupt synaptosomal membranes and obitaimaximum vyield of mitochondria. With that
purpose, resulting brain pellets were resuspendesl ml ice-cold sucrose containing 0.02% (w/v)
digitonin and placed on ice for 10 min (adaptedrfigudinet al. 2004). Suspensions were centrifuged
at 600 xg for 6 min, the pellet discarded and supernataatdgrifuged at 6,800 g for 10 min. The
resulting pellet constituted the brain mitochonldffaction used for lipid extraction. To verify tha
pellets were highly enriched with mitochondria, @tn was fixed in 2.5% glutaraldehyde in 0.1M
cacodylate buffer overnight at 4°C, and then presg®s specified by Rajapaleeal. (2001) prior to
analysis by transmission electron microscopy (TE¢n@? Spirit BioTWIN, FEI Europe, Eindhoven,

The Netherlands) (Fig. 1).

2.3.Lipid extraction and phospholipid class composition

Total lipid was obtained from heart and brain mitoedria, and feeds, by extraction with
chloroform/methanol (2:1, v/v) containing 0.01% \@v/butylated hydroxytoluene (BHT) as
antioxidant, basically according to Folck&t al. (1957). Briefly, mitochondrial pellets were
homogenized in 5 ml of ice-cold chloroform/metha(all, by vol.) followed by addition of 1 ml of
0.88% (w/v) KCI, mixing and layers allowed to segaron ice for 1 h. The upper agueous layer was
aspirated and the lower organic layer was evapdrateler a stream of oxygen-free nitrogen. The
lipid content was determined gravimetrically aftieying overnight in a vacuum desiccator. All lipid

extracts were stored at -20 °C under,atdhosphere prior to analysis.

Phospholipid classes were separated by high-peafocenthin-layer chromatography (HPTLC) using
10 x 10 ocm silica gel plates (VWR, Lutterworth, Hagl) and methyl

acetate/isopropanol/chloroform/methanol/0.25% (W) (25:25:25:10:9, by vol.) as solvent system
(Olsen and Henderson 1989). The lipid classes wistmlized by charring at 160 °C for 15 min after
spraying with 3% (w/v) aqueous cupric acetate doirtg 8% (v/v) phosphoric acid and quantified by
densitometry using a CAMAG-3 TLC scanner (versiormiware 1.14.16) (Henderson and Tocher
1994). Scanned images were recorded automatically emalyzed by computer using winCATS

(Planar Chromatography Manager, version 1.2.0).

6



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

2.4.Phospholipid fatty acid composition

Individual phospholipid classes of heart and braitochondria were separated by preparative-TLC,
using silica gel plates (20 x 20 cm) (VWR) and slsévent system as above. Individual phospholipid
bands were identified by comparison with known dtads after spraying with 1% (w/v) 2", 7’-
dichlorofluorescein in 97% (v/v) methanol contamid.05% (w/v) BHT, and visualization under UV
light (UVGL-58 Minerallight® Lamp, Ultraviolet Pradnc., Calif., USA). Each phospholipid class
was scraped from the plate into a test tube angestgldl directly (on silica) to acid-catalyzed
transmethylation at 50°C overnight following adafitiof 2 ml of 1% (v/v) sulphuric acid in methanol
in order to obtain the fatty acid methyl esters M) (Christie 2003). Similarly, FAME were
produced by acid-catalyzed transmethylation of dashwf total lipid from feeds. FAME were
separated and quantified by gas-liquid chromatdgrd@arlo Erba Vega 8160, Milan, Italy) using a
30 m x 0.32 mm i.d. capillary column (CP Wax 52CEjyrompak, London, U.K.) and on-column
injection at 50 °C. Hydrogen was used as carrieraga temperature programming was from 50 °C to
150 °C at 40 °C mihand then to 230 °C at 2.0 °C ririndividual methyl esters were identified by
comparison with known standards and by referencputdished data (Ackman 1980; Tocher and

Harvie 1988). Data were collected and processetjushromcard for Windows (version 1.19).

2.5.Indexes and gtatistical analysis

Condition factor (K) was calculated using the fotaaK = [weight/(lengthj] x 100. For peroxidation
index (PIn) the formula was: PIn = 0.025 x (% mammes) +1 x (% dienoics) + 2 x (% trienoics) + 4

x (% tetraenoics) + 6 x (% pentaenoics) + 8 x (¥abkaoics) (Witting and Horwitt 1964). The LC-
PUFA index corresponded to the sum of long-chalgyrsaturated fatty acids (LC-PUFA, fatty acids
with 20 or more carbons and 2 or more double borRis$ults are presented as mean + SD (n = 3).
Data were checked for homogeneity of varianceshleylLievene’s test and, where necessary, arc-sin
transformed before further statistical analysiswa-way analysis of variance (ANOVA) was used to
assess the differences among groups based on géisdugge. Post hoc comparisons were made using

the Bonferroni t-test for multiple comparisonsAll statistical analyses were performed using SPSS

7
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Statistical Software System version 15.0 (SPSS @iicago, USA). Differences were regarded as

significant wherP < 0.05 (Zar 1999).

3. Results

3.1.Phospholipid class composition of heart and brain mitochondria

The phospholipid class compositions of heart aranbmitochondria from 1-, 2- and 4-year old

rainbow trout are shown in Fig.2. In both tissy#g®sphatidylethanolamine (PE) constituted the main
phospholipid class representing 37.4 and 42.9%otal phospholipids of 1-year old trout heart and
brain, respectively. The second phospholipid innalamnce was phosphatidylcholine (PC) which
represented around 30% of total phospholipids. Tthes sum of PE and PC constituted more than
65% of total in both heart and brain mitochondfiae next phospholipid in heart was cardiolipin (CL,
12.3%) followed by phosphatidylserine (PS, 7.4%)hogphatidylinositol (PI, 6.9%) and

sphingomyelin (SM, 4.8%), whereas in brain, thedtiphospholipid in abundance was PS (12.0%)

followed by Pl (5.9%), CL (4.4%) and SM (0.9%).

Several changes with age were found in mitochohgt@spholipid class compaosition from trout
heart. The proportions of total phospholipid insexh significantly (Fig. 2), with the percentages of
PC and PE significantly increased while those of €5 and PI decreased. Most of the observed
changes took place between 2- and 4-year old asirBaime differences with age were also found in
brain mitochondrial phospholipids, with decreasedpprtions of PC and PS, and an increased
percentage of SM. Changes in PS and SM occurrediyraétween 2- and 4-year old trout. Most of
the differences between tissues in 1-year old dsimare maintained in the older age groups, with
heart having higher levels of SM, PC and CL andnbinaving higher levels of PS and PE (except 4-
year-old). The effect of age on mitochondrial phagipid composition was tissue-dependent for all

classes except PS (Fig. 2).
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3.2 Fatty acid compositions of individual phospholipids of heart and brain mitochondria
Fatty acid compositions of individual phospholigidsses from heart and brain of 1-, 2- and 4- year
old rainbow trout are presented in Tables 3-8. hgadividual phospholipid class showed a distingtiv
composition. PC was characterized by high levelsadritic acid (16:0), eicosapentaenoic acid (EPA,
20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3bl@ 3), PE had high levels of EPA and,
particularly DHA, and was characterised by showdirgethyl acetal (DMA) derivatives (Table 4), CL
had high levels of 16:0 and linoleic acid (18:2n(Bable 5), PS contained high stearic acid (181@) a
DHA (Table 6), Pl was characterized by high lewvafsl8:0 and arachidonic acid (ARA, 20:4n-6)

(Table 7), and SM had a high proportion of 16:0 aadonic acid (24:1n-9) (Table 8).

Several differences were found between brain arzit hehen 1-year old animals were compared.
Brain had higher percentages of monounsaturatégd datds (MUFA) in most phospholipid classes.
Nervonic acid was generally higher in brain phodipias although it was significantly lower in brain

SM (8.2 vs. 31.9%) (Table 8). Brain total n-6 paigaturated fatty acids (PUFA) were lower than in
heart phospholipids, generally with lower perceatagf 18:2n-6 and ARA. Moreover, DHA, total n-3

PUFA and peroxidation index (PIn) were lower inibrRC, PE and CL when compared with heatrt.
Brain PS was the main exception to these differesagce it contained higher level of DHA (48.3 vs.
37.0%), n-3 PUFA (53.7 vs. 41.9) and PIn (422.1385.7) than heart (Table 6). Brain PE contained

higher levels of DMA derivatives than heart (7.4 4S8) (Table 4).

These differences in PC, PE and CL compositiorisyrar old fish were maintained in the older age
groups (Tables 3-5) but several differences wenaddn the other phospholipid classes. For instance
in 4-year-old trout, brain and heart PS DHA and wére similar, whereas PS n-3 PUFA levels were
lower in brain than in heart (Table 6). Also in day-old fish, brain and heart Pl had similar MUFA
and DHA values, but total n-3 PUFA and PIn werehbigin brain compared to heart (Table 7).
Finally in 2- and 4-year-old animals, SM nervondiddevels were similar in brain and heart and4-in

year-old fish, MUFA were higher and total n-3 PUBAd PIn lower in brain compared to heart (Table

8).
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The fatty acid composition of individual phosphdaliclasses from rainbow trout heart and brain
mitochondria showed significant changes with agehdart mitochondria, there was a decrease in the
proportions of total saturated fatty acids (SFA)D, PS, Pl and SM (Tables 5-8). Total n-6 PUFA
decreased in PC, PE and SM (Tables 3, 4 and 8)p&teentage of DHA in CL and SM increased
between 2- and 4-year-old trout, and PIn increaseaxiery phospholipid class (not significant in PE
and PI). In brain mitochondria, there was a gengearease in SFA and an increase in MUFA. Total
n-6 PUFA increased in PC, PE and Pl and n-3 PUF#edsed. The PIn decreased in the three major
phospholipids in brain (PC, PE and PS). Pl chamgeddifferent way to the other brain phospholipid
classes, as MUFA, n-3 PUFA and PIn significantlgréased with age (Table 7). Most of the
observed changes with age were tissue-dependehtPishowing lower interaction between age and

tissue compared to other phospholipid classes €5abB).

4. Discussion
Rainbow trout heart and brain mitochondria showadiffarent phospholipid compaosition. Although
mitochondrial membranes contained similar perceagta total phospholipid, they presented different
phospholipid proportions in each tissue. In 1-yaldranimals, heart was found to be richer in PC, CL
and SM, while brain had higher levels of PE and $¥®jlar to that observed in rats (Paradiesal.
1992; Modiet al. 2008). In a previous study, data on lipid composg of liver mitochondria of
rainbow trout were presented (Almaida-Pagtal. 2012). Liver also showed a different phospholipid
composition characterized by higher levels of tptabspholipid, PC and PI compared with heart and
brain mitochondria. Therefore, these data showsué-specific distribution of phospholipid clasises
trout mitochondrial membranes that would be likediated to the particular tissue-specific propsertie
and functions of the membranes.
The phospholipid class composition of the mitoch@dnembranes changed with age in both heart
and brain, although not in the same way. Heartchiadria showed a significant decrease in PI, CL
and PS, and an increase in PC and PE, while braieimondria had higher SM and lower PC and PS
with age. The different effects on mitochondrialmigane composition, also observed in rats (Modi

et al. 2008), may relate to differential responses of tihe tissues to a rapid growth period and
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maturation. For instance, changes in the propatimiindividual phospholipid classes may lead to
altered charge distribution across the membranembreme permeability properties, catalytic actigtie
of specific enzymes and ETC function (Daum 198Spdeially interesting was the CL loss observed
in heart, which was also reported in rats (Parastiak 1992; Leeet al. 2006). CL is considered a key
molecule for mitochondrial viability (Paradies al. 2011) whose proximity to the ETC and high
content of PUFA make it highly susceptible to oxiila damage. Changes in CL content with age
have been related to mitochondrial dysfunction bgnmting the apoptosis cascade (Chicco and
Sparagna 2007).

In addition, heart and brain mitochondrial membgashowed different phospholipid compositions
that evolved in different ways during the first foyears of rainbow trout life-cycle. Heart
phospholipids became more unsaturated with agechwmnould render them more susceptible to
peroxidation and, in turn, may promote their degtih and hydrolysis. Castellucced al. (1994)
showed that rat heart mitochondrial membranes wigrdficantly modified during the aging process,
showing an increase in PUFA up to 12 months of &glmwed by a subsequent decrease. Specially
marked was the increase in DHA with age in heartvid¥ a consequent increase in susceptibility to
oxidation. This was interesting as SM is known étard the lateral propagation of free radicals
through the membrane and to be an important medidtmitochondrial pathways including apoptosis
(Hannun and Obeid 1997; Cutler and Mattson 200hpther interesting result related to dimethyl
acetals (DMA) obtained from methylation of PE plasmgen, and so can be considered as indicators
of plasmalogen content. Plasmalogens are richnmesiissues such as heart and brain and have been
considered as endogenous antioxidants (BroschePkatd1998) and have been shown to decrease
with normal ageing in mammals tissues as we foartcout heart mitochondria in the present study.
The changes observed in brain indicate differemtiatification of mitochondrial membranes in that
tissue compared to heart. The three main phosptiofiorain mitochondria, PE, PC and PS, showed
decreased DHA and PIn, as observed previouslhoint tiver associated with oxidative lipid damage
(Almaida-Pagéret al. 2012). Similar changes were reported previouslgpnammals (Ledesmet al.
2012) and fish brain (total tissue) (Mourente amdher 1992). Changes were more marked in older
fish, which may reflect that age affects some patsvfor phospholipid synthesis in the central

nervous system and indicate the presence of comfmegsmechanisms to provide a pool of
11
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phospholipid for the maintenance of cellular membrdipid composition and/or functions during
maturation and aging (llincheta de Bosquetral. 2000). One of the most affected phospholipids in
brain mitochondrial membrane was PS which is kndwrbe very important for nervous tissue
function and has been associated with age-relaeaydand disease (Ulmastal. 2001; Mozziet al.
2003). DMA levels were higher in brain mitochontifigeparations than in heart mitochondria, but
this probably reflects PE plasmalogen content inelinyfragments associated with the brain
preparation rather than brain mitochondria.

In any case, both heart and brain showed changdbsage that affected mitochondrial membrane
phospholipid compositions. Membrane compositioreideines the bilayer physical properties which
affect membrane protein activity (Hulbert 2008). felopolyunsaturated membrane lipids are
correlated with faster turnover rates of individuaitochondrial membrane proteins (Hubettal.
2006). The observed changes in mitochondrial phagpt would affect membrane reactions, which
constitute a quantitatively important component adllular metabolism. Moreover, individual
phospholipids participate actively in cell signadli including apoptosis. An alteration of either
phospholipid proportions or individual phospholipfdtty acid compositions in mitochondrial
membrane could affect organelle function and tbhel,and tissue viability.

Rainbow trout experience a rapid increase in bazky during its early years. Rapid growth has been
related with an increase in ROS production by nhitoaria, and a diversion of resources into
anabolism and away from repairing oxidative dam&gecell molecules (Almrothet al. 2010).
Considering membrane and membrane components aghlpopacemakers of the main processes
taking place in mitochondria (Hulbert 2007; 200&)pspholipid and fatty acid changes could play a
central role by connecting the different processeslved in cumulative damage to cell molecules and
dysfunction during periods of high stress. It imoeivable that the primary cumulative damage is to
mitochondrial lipids, altering membrane fluidity danultimately causing defects in ETC and
respiration; as a result, the generation of ROS bwwaccelerated. Eventually, defence mechanisms
and repair systems are overwhelmed and damage tmchundrial DNA becomes permanent.
Therefore, by achieving its mature size rainbowttiauld be initiating its way into senescence.

In summary, the present study showed differencesmitochondrial membrane composition

(phospholipid class and fatty acid compositions)oag rainbow trout tissues that points to the
12



329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

importance of particular phospholipids for tisspefic functions. Significant changes in heart and
brain mitochondrial membranes during the first fg@ars of life in trout were observed. Brain
mitochondria had lower levels of DHA and PIn in thajor phospholipids while heart phospholipids
became more unsaturated, generally associatechigitier fluidity, but also with higher susceptikylit

to damage by high oxidative stress. Consideringrttportance of phospholipid fatty acid composition
and the role of specific phospholipid in mitochdatfunction and cell viability, these changes cbul
affect ETC efficiency, ROS production and signglisystems, and be mediators of the processes

involved in response to rapid growth and agingout
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Figurelegends

Fig. 1. Transmission electron micrograph showing@esentative preparation of rainbow trout heart

mitochondria. Bar=2 um.

Fig. 2. Phospholipid content (percentage of weightbtal lipid) and phospholipid class composition
(percentage of total phospholipids) of mitochonds@ated from heart and brain of 1-, 2- and 4-year
old rainbow trout. Results are means + S.D. (nB#fferent superscript letters represent difference
between age groups for each phospholipid claset&smined by two-way ANOVA (P<0.05). Table
representd values for interaction tissue and age for eachspholipid class (P<0.05). Asterisks
denote statistical differences between tissuegd&oh age group when compared using a Bonferroni
test (P<0.05). PL, phospholipid; CL, cardiolipin, CP phosphatidylcholine; PE,
phosphatidylethanolamine; PI, phosphatidylinositd?L, total phospholipids; PS, phosphatidylserine;

SM, sphingomyelin.
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Reviewer 1:

This manuscript investigates detailed mitochondrial membrane phospholipid compositions of heart and brain in
rainbow trout during the four first years of life. This represents an interesting important amount of data on
mitochondrial membrane lipid and FA compositions. The set of experiments seem to be well conducted and the
data obtained seem to have been carried out using reliable techniques (with some points that need to be
clarified: see below).

However, the scientific interest of the study is not obvious. Probably the amount of data deserves the scientific
question and interest, and we don’t see clearly and understand to which questions authors want to get with
this manuscript?

The aim of the present study was to characterize the changes in mitochondrial membrane
composition of two important tissues highly relevant to the ageing process. Our hypothesis is that
mitochondrial lipid membrane composition can be the pacemaker of all the processes taking place
inside the mitochondria with age and that eventually lead to mitochondrial dysfunction. Many
diseases, mainly affecting to terminally differentiated tissues, such as heart and brain, have already
been related with impairment in mitochondrial function, which has been related with several
processes including lipid peroxidation, protein and mtDNA damage. Lipid oxidation is known to be
guantitatively the most important process associated with oxidative stress and it produces several
highly reactive derivatives that act as propagators of the reaction. Moreover, mitochondrial
membrane lipid composition determines its susceptibility to damage by oxidative stress and
influences mitochondrial metabolic rate. Degradation of specific phospholipid classes, such as
cardiolipin, could partly explain the deterioration observed in mitochondria with age and has been
associated with mitochondrial-specific apoptosis. Therefore, by characterizing how the
mitochondrial membrane composition changes with age (phospholipid distribution and fatty acid
composition) we can contribute to the understanding of the processes which lead to mitochondrial
dysfunction associated with high oxidative stress situations and ageing. This has been further
emphasised in the Introduction and we have added a clear statement of our working hypothesis.

First example is for the introduction. All concept on importance and roles of membranes lipid composition in
mitochondria is focusing on mammals and humans, but nothing is introduced concerning the important
plasticity of mitochondria in trout while knowledge on this question is far from being unknown. One important
concern is for example about temperature effects on membrane lipid compositions in trout. As no precision was
given on temperature regime under which trout were maintained during the all duration of the experiment
(e.g. constant temperature or seasonal oscillating temperature), if trout were sampled at the same time of the
year and the same reproductive stage, this lead to ask if authors have considered these important questions
regarding membrane lipid compositions of mitochondria.

Temperature was controlled. All fish in the different age groups were maintained under identical
rearing conditions of temperature and photoperiod. We have added this information to Material and
Methods. We are well aware of the influence of external factors (such as temperature, diet
composition etc) and, indeed, those issues are in our research programme and are the focus of our
current work. For the reported study, we controlled these external factors so we could focus on
characterizing the effect of normal ageing on mitochondrial lipids, working in the most similar
conditions possible taking into account that 4-year-old animals were much larger and had to be
provided with a different pellet size. We are fully aware of the work on the effect of temperature on
trout membranes but this was not directly relevant to the results reported. In contrast, there are no



previous studies addressing the changes in mitochondrial membrane composition with age in fish.
We have used numerous references to build our hypothesis that mitochondrial phospholipid could
play a central role in mitochondrial dysfunction associated with high stress periods. The combined
data in previous work suggest that membranes may be the pacemakers of all the processes
associated with animal longevity leading the propagation of reactions involved in mtDNA and
protein damage, ETC impairment etc. We think that this could be a way to unify all the processes
involved in mitochondrial dysfunction during high oxidative stress situations and aging.

About reproductive stage, title of the manuscript speaks of effects of maturation while nothing within the
paper is said or specified about maturation stage? So why “maturation” in the title?

“Mis-discussion” and highly hypothetic suggestions based only on lipid compositions should be reconsidered.
The discussion should be drastically reduced and much less speculative. One example is on CL content (line 235)
while differences are only significative between 2 years and 4 years old trout but not different between 1 and 4
years old.

Another example is found in the conclusion where authors say line 303: “Brain mitochondria had lower levels of
DHA and PiIn in the main phospholipids while heart phospholipids became more unsaturated and thus, more
fluid, but also more prone to be damaged by high oxidative stress”. How authors can conclude this based on
the data presented?

These comments are welcome and have been taken fully into consideration. We have reworded the
Title and revised the Discussion at the points mentioned above in order to be clearer and, hopefully,
improve the manuscript.

Paragraph 243-254 are only repeating results.
This paragraph has been substantially revised and all repetition of results removed.
Paragraph 288-298: Nothing linked to the results

This is the last paragraph of the Discussion and, as such, attempts to put the present work into the
context of the overall hypothesis, and so does not refer to any particular result. Surely this is an
entirely normal approach!

Also it appears that one of the most important modification of FA composition within the different PL classes
analysed was found in sphingomyelin with 22:6n-3 changing from 3.9% in heart of mitochondria isolated from
one year old trout to 20% in 4 years old, with concomitant and compensatory modifications in total SAT and
24:1n-9. Nothing is discussed within the manuscript? Another example is about DMA (see below). This tends to
confirm that authors lost themselves in this large set of data, missing some important and interesting point to
discuss without being too speculative on other aspects of their results.

We were not lost in our dataset. While we acknowledge that we did not mention every single
change, this was deliberate, and rather we focussed on what we believed were the most important
points in the data set. However, we are more than happy to add mention of the points the reviewer
highlights. The reader can now judge their importance.

For a study on lipids focusing uniquely on compositions of mitochondria, | would be particularly concerned
about non-mitochondrial contamination. This may significantly effects on lipid profiles. That said, | would
expect non-mitochondrial contamination by membranes to be relatively minor, but values of 4.8-5.7 % of
sphigomyelin in heart mitochondrial preparations make me doubt about it. Indeed, sphingomyelin is known to
be at very low levels in mitochondria. Some additional info on the isolation method (e.g., how many washes of



the crude pellet) would be helpful. In addition, as brain and heart mitochondria were isolated using different
methods, and that brain mitochondria contain much less sphigomyelin (an therefore, maybe less
contaminants), why authors didn’t use the same techniques for both tissues?

In addition, authors specified in the Materials and Method section that mitochondrial fraction used for lipid
analysis were proceeded for analysis by transmission electron microscopy. No results are given about such
analysis which could give important information about any contamination on mitochondrial preparations.

We adapted the standard subcellular fractionation technique for each individual tissue. Heart was
generally conventional, but brain required modification likely due to the high content of
synaptic/myelin membranes. With the standard procedure we obtained a rather impure fraction
with few free mitochondria and so we required detergent treatment to break down the
contaminating membranes and release the mitochondria. We have clarified our procedures in the
Methods section and have included a representative ETM image (new Fig.1) that demonstrates the
purity (highly enriched in mitochondria) of the preparations analysed.

Even if data comparing mitochondrial composition between tissues can be interesting to show to the scientific
community, | did not find much in the way of novel results on a scientific question(s) concerning the role and
importance of mitochondrial membrane for mitochondrial functions during periods of high oxidative stress such
as rapid growth and aging (as stated by the authors in the abstract and the introduction). In addition, this
paper appears to be incremental to the paper recently published by the same authors, in the same journal, only
showing detailed compositions of mitochondria within two other tissues : “Changes in tissue and mitochondrial
membrane composition during rapid growth, maturation and aging in rainbow trout, Oncorhynchus mykiss” —
CBP Part B, vol 161, pp 404-412 (2012).

The reviewer suggests the paper is “incremental” to our recent publication. Do they suggest this as a
criticism? A more positive description, and the one we argue, is that this paper is complementary to
the previous work, advances our understanding and further tests our overall hypothesis as stated
above. In any case, the vast majority of scientific papers represent incremental advances. The

I”

important word is NOT “incremental” it is “advances” and the present study does advance our
hypothesis significantly. This study represents a part of a wider project focused on the
characterisation of mitochondrial processes related with ageing in fish. As a first step, it is important
to study the changes taking place in mitochondrial membrane lipids during normal ageing.

Ageing is related with impairment of cellular bioenergetics function and high oxidative stress and
progressive, cumulative and irreversible damage to all mitochondrial molecules with age has been
shown. This damage could be lead by lipid peroxidation as unsaturated fatty acids constituting
mitochondrial membrane are the first target of reactive species. By studying different tissues we can
have a wider picture of the ageing process and study how mitochondrial membrane composition

evolves in a tissue-dependent way so we can focus where the main changes are taking place.
Please find below some other comments/suggestions:

Abstract:

- Line 35: “Heart mitochondria had lower proportions of cardiolipin (CL), phosphatidylserine (PS) and
phosphatidylinositol, and higher levels of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) than
brain mitochondria” — in table 3, we can see that Heart mitochondria have higher proportions of cardiolipin
(CL) than brain mitochondria. PE is higher in brain. For P, differences are not obvious.

These lines referred to changes in heart mitochondria with age instead of differences between
tissues. We have rewritten them in order to clarify.



- Line 38: “Heart mitochondrial membranes became more unsaturated with age, with an increase in n-3
polyunsaturated fatty acids and peroxidation index in the main phospholipid classes (PC, PE, CL and PS)”: Not
obvious for PIn in PC.

The line has been revised.

Results:

In table 5: authors interestingly specified the presence of DMA in PE. Unfortunately, nothing is said in results,
nor discussed in the discussion on levels of DMA between tissues as well as between 1, 2 and 4 years old trout
while levels of DMA clearly changed with age (from 7.4% to 14.3% in brain) and show lower levels in heart
compare to brain.

See above, we now include discussion of DMA in the Results and Discussion.

Materials and methods:

One concern on the Material and Methods is about phospholipid fatty acid composition. It is specified that the
transmethylation was conducted on each phospholipid class by adding sulphuric acid in methanol at 50°C. No
time duration of the reaction is specified and if duration was the same for all phospholipid classes. This can be a
major concern when considering sphingomyelin due to the relative difficulty to split the amide bonds between
the fatty acids and the sphingosine-type bases.

Sorry, the duration of the transmethylation reaction has now been included. Transmethylation with
methanolic sulphuric acid is the most robust and consistent method and has been the Standard
Operating Procedure in our laboratory for over 25 years. The method requires incubation at 502C
overnight (16h). This efficiently transmethylates every phospholipid class, including sphingomyelin.

Table and Figure:
- Table 3: - Specify weight % of total lipids. How authors did measured phospholipid contents? Nothing is
specified in the Material and Methods section.

Units of phospholipid content and class composition are now clarified in legend to new Fig.2.
Phospholipid content was content and compositions were both determined by using high-resolution
TLC (HPTLC) followed by quantitative densitometry (Section 2.3). The phospholipid content is simply
the sum of all the individual phospholipid classes. This is described in the Materials and Methods.

- Several problems of formatting in Tables 4, 5, 6, 7, 8, 9 should be checked. Table 9 it is written 14:00
for 14:0, same for 16:0, 18:0 and 22:0.

Tables have been revised and corrected.



Reviewer 2:

This is a good and interesting study on the modifications of the fatty acid composition of heart and brain mitochondria
in rainbow trout over time. The study was implemented very well and the topic is quite innovative and clearly highly
interesting. Additionally the presentation is very elegant (in terms of both: the logical structure of the MS and text
readability. Some modifications are suggested:

My primary concern is for the definition of “rapid growth”. | do not believe this study was strutted in a way to assess
the effects of “rapid growth” and should be much more simply and appropriately refer to effects of “age”. By simply
rewording all sentences in which “rapid growth” was reported with “age” or “aging”, etc.. the problem is solved. My
concern is that the actual period of rapid growth in rainbow trout is normally happening between fish of ~100g up to
~700-800g. in this size class fish are really growing quickly, but in the present experimental design this size windows
was not assessed as fish of 1st, 2nd and 4th year were assessed. And given the size of these fish, the rapid growth
period would have likely happened between year 2 and year 3.

We agree. We have changed the title and revised the manuscript based on this criticism. We consider the
rapid growth of rainbow trout as an important period determining their life-span, but we are not
considering just that phase in the present paper.

Additionally (but much less importantly), | was a bit surprised by the relatively small size of fish of the 2 year class; in
fact, according to my personal experience a 2 year old trout should be much larger.

The experimental animals were stock fish maintained under the standard conditions in our own facilities. It
is likely that water temperature could explain the difference between these fish and the fish the reviewer is
familiar with. Water temperature in our facility is constant and does not increase in the summer as in, say,
trout farms.

My second concern (and | think this is the major point that needs to be addressed) is relative to the statistical test used
for data interpretation. Though | am not a statisticians, | believe that with this kind of data the most appropriate
statistical test to be used is the two-way ANOVA, assessing for fish class x tissue. Using the two-way ANOVA you will
also see if there is any interaction (greatly increasing the information achieved by this study). The use of simple ANOVA
and then a t-test is a sort of incomplete two-way ANOVA. (Also, | found it very strange and unjustified that the t-test
for comparing tissues was implemented only on 1 year old fish. Why not the others?.) Please take action, and run a
proper two-way ANOVA.

We agree. We have performed a two-way ANOVA and included the results in all Tables and Figures.

Last major concern is about the number of tables. However, | have no sensible suggestion as these tables are
important and it is not simple to find a way to reduce their number ...but if you could find a way to reduce the number
of tables, without negatively impacting on the quality of data presented, the MS will be improved.

We have changed Table 3 for a Figure but, like the reviewer, we could see no alternative for Tables 4-9.
These fatty acid data are all essential for the paper and are already truncated compositions showing only
the quantitatively most important 15 or so fatty acids (out of around 30 in total).

Other comments:

L105 Is it possible to report a sort of feeding history for the 4 year old class? Were they constantly feed the same diet?
When they were 1 and 2 year old, were they feed with the exact same diet used for the other two classes of fish
analysed for in this experiment? (I do not think so)

We have included further information about the rearing and feeding conditions of the fish used in this
study. They were all fed the same commercial feed twice a day ad libitum. As normal for salmonid feed, the



oil content for larger (older) fish was slightly higher than that for the 1- and 2-year-old fish, but the fatty
acid compositions were essentially identical.

L118 “ultra turrax” is a registered commercial name for the brand IKA. Please specify/clarify.
This has been clarified in the manuscript.
L136 (more a curiosity than a criticism): how could you quantify gravimetrically such a tiny little amount of lipid?

On average we obtained around 2 mg of lipid in the individual samples and this was quantified
gravimetrically. For interest, we simply weigh small glass vials (2 ml), add the chloroform/methanol lipid
extract, evaporate the solvent under oxygen free N, and finally dry the samples in vacuo overnight. We
reweigh the vials to 4 or 5 decimal places as required.

L167: the commonly accepted definition of LC-PUFA is 20 or more C, and 2 or more double bonds. This definition is
more similar to the, now no longer used, definition of HUFA. Basically the only difference is the inclusion or not of
20:2n-6... please revise.

We have changed this, but it doesn’t affect to our data since we only consider n-3 LC-PUFA.

L186-191: there is no mention relative to comparison between the two tissues.

This is now included.

L211 saturated fatty acid are commonly abbreviated as SFA (not SAFA)... but this is a matter of personal taste...
Agreed. We have revised the abbreviation to SFA.

L221: this is not true for the 4y group! This is a good example of why a two-way ANOVA would have been much more
informative, and appropriated with this experimental design.

This is been revised.
L261-269: this section is quite difficult to follow. Please re-write trying to simplify as much as you can.

This section has been revised to clarify.
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Abstract

Membrane composition, particularly of mitochondria, could baritical factor by determining the
propagation of reactions involved in mitochondrial function duringogsrof high oxidative stress
such as rapid growth and aging. Considering that phospholipids not only centdkthie structural
and physical properties of biological membranes, but also ipateécactively in cell signalling and
apoptosis, changes affecting either class or fatty acid esitgns could affect phospholipid
properties and, thus, alter mitochondrial function and cell vigbilit the present study, heart and
brain mitochondrial membrane phospholipid compositions were sethiy rainbow trout during the
four first years of life, a period characterized by rapid ¢gihoand a sustained high metabolic rate.
Specifically, farmed fish of three ages (1-, 2- and 4-yeaexe studied, and phospholipid class
compositions of heart and brain mitochondria, and fatty acid cdtigpesof individual phospholipid
classes were determined. Rainbow trout heart and brain mitochohdvied different phospholipid
compositions (class and fatty acid), likely related tsugsspecific functions. Furthermore, changes in
phospholipid class and fatty acid compositions with age wese #bsue-dependent. Heart
mitochondria had lower proportions of cardiolipin (CL), phosphaeiyhe (PS) and
phosphatidylinositol, and higher levels of phosphatidylcholine) (8@l phosphatidylethanolamine
(PE)-_with agethan-brain—mitochondrikleart mitochondrial membranes became more unsaturated
with age, with asignificativenincreaseofin n-3-pelyunsaturated-fatty-acids-aperoxidation index in
the—main—phospholipid-classes (PC K, —and PS and sphingomyelin $M)}. Therefore, heart

mitochondria became more susceptible to oxidative damage gétHracontrast, brain mitochondrial

PC and PS-P&ontent decreasedith-agein 4-year-old animalwhile there was an increase in the

proportiors of-RC-andsphingemyelinSM The three main phospholipid classes in brain (PC, PE and
PS) showed decreased n-3 polyunsaturated fatty acids, docasatiexacid and peroxidation index,

which indicate a different response of brain mitochondrial lipidspim growth and maturation.

Keywords:. Fish, Growth, Mitochondria, Phospholipid, Heart, Brain.
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1. Introduction
The combination of a high growth rate and the rapid attainment lafge body size have been
reported to produce several negative side-effects in animals and to Ipaveaimhrepercussions over a
species’ life-span (Innes and Metcalfe 2008). These effeettinked to a sustained high metabolic
activity, which has been correlated with an increased levéhtadcellular oxidative stress (Rollo
2002; Alonso-Alvarezt al. 2007), along with decreased repair machinery (Almebtil. 2010). In
these conditions, mitochondrial molecules have been reportedffer increasing deterioration that
eventually can lead to the impairment of cellular bioenergéitiostion, increased oxidative stress and
attenuation of the ability to respond to stresses (Paradies. 2011). For all these reasons,
mitochondria are considered the key organelle contributing smetigleterioration during high
oxidative stress situations, including rapid growth and aging.
There are different theories for how mitochondrial dysfunctioreldg@s and leads to cell and tissue
malfunction. It is known that all mitochondrial molecules @ffected with age and that mitochondrial
gene expression, membrane fluidity and electron transport cha®) @mplexes are progressively
affected (Shigenaget al. 1994; Richter 1995). Although the cause-effect relationship among the
observed alterations and, thus, the chain of events leadingdohaniidrial decay with age, remains
unclear, it could be suggested that mitochondrial membrane lipids mthye macemakers of such
events, determining how they propagate. It has been observedde awmber of animal species that
membrane composition, metabolic rate and lifespan are linkeckab®d polyunsaturation of cell
membranes results in altered physical properties of bilaygish can enhance the molecular activity
of membrane proteins that, in turn, increases the metabaltyacf cells, tissues and consequently
whole animals (Hulbert 2008). At the same time, membranes that haverdiffgtty acid composition
will differ dramatically in their susceptibility to oxideé damage and this can affect their lifespan
(Hulbert 2005). Therefore, effects of rapid growth on metabolic rate fasgdin could be mediated by
lipid composition of membranes, particularly of mitochondria.
Mitochondrial membranes have a particular lipid compositiotudiicg characteristic phospholipid

species in the vicinity of ETC components, which has been suggestedrelated with the role of
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mitochondria in oxygen consumption (Hoch 1992). Besides acylphosphog$yaeajbr components
of all membranes, mitochondrial membranes uniquely contain cg@ididiCL), a key molecule for
mitochondrial function, and have small quantities of sphingolipidsa(feset al. 2011). Furthermore,
mitochondrial membrane phospholipid composition varies amongetis§Paradiest al. 1992;
Zabelinskiiet al. 1999; Modiet al. 2008), likely contributing not only to the considerable differences
in physical and chemical characteristics of different typésmembrane structures, but also
determining the functioning of tissue-specific cell signalling systems

Alterations in mitochondrial lipids have been found in aged mamamaishumans, pointing to a key
role of mitochondrial membrane composition in several agaeeldiseases, especially in those
affecting to terminally differentiated non-proliferative angasuch as brain and heart (Castelluetio
al. 1994; Chicco and Sparagna 2007; Pepe 2007; Paeidie2011; Bazaret al. 2011; Ledesmat

al. 2012). In these tissues, an increase in the population of dyshaictitochondria has been
observed (Chaudhamt al. 2011). This can trigger removal of damaged cells via apopidsish
would be severely detrimental in these postmitotic tissues bginga tissue degeneration or
dysfunction (Trifunovic and Larsson 2008). Aged brain becomes increassuggeptible to
neurodegenerative syndromes and decline of cognitive and motor peréerithedesmat al. 2012),
while aged heart has a decreased ability to tolerate stress (ChagtdtiaPp11).

Thus, our hypothesis is that mitochondrial membrane phosghotypiposition is the pacemaker

of all the processes taking place inside the mitochondria &g and that eventually lead to

mitochondrial dysfunctionThe primary aim of the present study was to characterizagelkain

rainbow trout heart and brain membrane phospholipid with rapid growthgardaturationfocusing
on alterations to class composition and individual phospholipid #afty compositions that may be
critical in the modulation of mitochondria function during periatfshigh oxidative stress. We
investigated rainbow trout in their first four years of ldetime during which this speciesach their
adult sizeundergoesrapid-grewRainbow trout is the most common freshwater fish reared iopgur
and thus it is a well-known species that has been investigateysly in studies of oxidative stress
and mitochondrial function (Otto and Moon 1996; Zabelinakal. 1999; Kraffeet al. 2007; Ostbye

etal. 2011).
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2. Materials and methods

2.1.Experimental fish and sampling

The study was performed on stock rainbow tr@ricorhynchus mykiss) of three ages (1-, 2- and 4-
years), all with the same genetic origin and maintained on the szaring and feeding conditions in
the freshwater aquarium facilities at the Institute qtiaculture, University of Stirlingzish were kept

under natural photoperiod and water temperature conditions (7 + 1.5°@eemdampled at the same

time of the year (March 2011Fish were fedwice a dayad libitum with commercial feedwice-a-day

older (4 year-old) fish, respectively (Skretting, Northwith). Feed fatty acid compositions were
essentially similar (Table 1). Fish were anesthetized in 18%dzaine, killed by a blow to the head,
weight and length measured (Table 2), and heart and brain dissetteld. Mgarts and brains were
pooled and homogenized by blender to produce triplicate samples fbebimal analysis. In order to
obtain sufficient mitochondrial material for all the reqdi@nalyses, 1- and 2-year old trout samples
consisted of hearts and brains pooled from 21 (3 pools of 7) argl ddls of 4) fish, respectively.
Samples from 4-year old trout were hearts and brains from ifdéeduals. Lipid extractions were
performed on fresh samples of mitochondrial preparations. Wésk treated in accordance with
British national ethical requirements established by the WiKe@ment Home Office and guidelines

determined by the Animals (Scientific Procedures) Act 1986.

2.2.Mitochondria isolation
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Approximately 2 g of brain and heart homogenate were further homogdeni8eml ice-cold sucrose

buffer (0.4M phosphate buffer pH 7.4, 0.25M sucrose, 0.15M KCI, 40mM KF amd Nracetyl-

cysteine) usingralKA®-T25-digital- Ultra-Turraxd®tissue disruptedKA® T25 digital Ultra-Turrax®

Fisher Scientific, Loughborough, U.K.). Sucrose buffer homogenatesceertéfuged at 600 g for 6

min and the pellet discarded (cell/nuclei debris). Supernatanéstihven centrifuged at 6,800gxfor
10 min. This procedure was sufficient to isolate mitochondden ftrout heart but, for brain, further

treatment was necessanyorder to disrupt synaptosomal membranes and obtain the oragiivield

of tetal-mitochondria{adapted—from-Kudietal—2004) With that purpose,-ré&sulting brain pellets

were resuspended in 8 ml ice-cold sucrose containing 0.02% (w/tQrdigand placed on ice for 10

min_(adapted from Kudiret al. 2004) Suspensions were centrifuged at 60§ for 6 min, the pellet

discarded and supernatants centrifuged at 6,80ax 10 min. The resulting pellet constituted the
brain mitochondrial fraction used for lipid extraction. To vetlint pellets were highly enriched with
mitochondria, a portion was fixed in 2.5% glutaraldehyde in 0.1M caatdigliffer overnight at 4°C,
and then processed as specified by Rajapetkale (2001) prior to analysis by transmission electron

microscopy (Tecndl' G? Spirit BioTWIN, FEI Europe, Eindhoven, The Netherlan@8).ure 1).

2.3.Lipid extraction and phospholipid class composition

Total lipid was obtained from heart and brain mitochondria, and feegsextraction with
chloroform/methanol (2:1, v/v) containing 0.01% (w/v) butylateddrbyytoluene (BHT) as
antioxidant, basically according to Folckt al. (1957). Briefly, mitochondrial pellets were
homogenized in 5 ml of ice-cold chloroform/methanol (2:1, by vol.p¥edid by addition of 1 ml of
0.88% (w/v) KCI, mixing and layers allowed to separate onadcel th. The upper aqueous layer was
aspirated and the lower organic layer was evaporated underaen stfeoxygen-free nitrogen. The
lipid content was determined gravimetrically after drying oight in a vacuum desiccator. All lipid

extracts were stored at -20 °C unden,atdosphere prior to analysis.

Phospholipid classes were separated by high-performance thiretaypenatography (HPTLC) using

10 x 10 cm silica gel plates (VWR, Lutterworth, England) and nhethy

6
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acetate/isopropanol/chloroform/methanol/0.25% (w/v) KCI (25:25:25:10:9phyas solvent system
(Olsen and Henderson 1989). The lipid classes were visualized binghetrd 60 °C for 15 min after
spraying with 3% (w/v) aqueous cupric acetate containing 8% (v/v) phaspioat and quantified by
densitometry using a CAMAG-3 TLC scanner (version Firmware 1.14Héhderson and Tocher
1994). Scanned images were recorded automatically and analyzed pyteomsing winCATS

(Planar Chromatography Manager, version 1.2.0).

2.4.Phospholipid fatty acid composition

Individual phospholipid classes of heart and brain mitochondria separated by preparative-TLC,
using silica gel plates (20 x 20 cm) (VWR) and the solvent syste above. Individual phospholipid
bands were identified by comparison with known standards after sgrayth 1% (w/v) 2", 7°-
dichlorofluorescein in 97% (v/v) methanol containing 0.05% (w/v) BHI, @sualization under UV
light (UVGL-58 Minerallight® Lamp, Ultraviolet Prod. Inc., Calif., W% Each phospholipid class
was scraped from the plate into a test tube and subjectedlydifect silica) to acid-catalyzed
transmethylation at 50°Gvernightfollowing addition of 2 ml of 1% (v/v) sulphuric acid in methanol
in order to obtain the fatty acid methyl esters (FAME) (€&l 2003). Similarly, FAME were
produced by acid-catalyzed transmethylation of samples of lipidl from feeds. FAME were
separated and quantified by gas-liquid chromatography (Carlo Eijpa 8460, Milan, Italy) using a
30 m x 0.32 mm i.d. capillary column (CP Wax 52CB, Chrompak, LonddX,) dnd on-column
injection at 50 °C. Hydrogen was used as carrier gas and teorpgreagramming was from 50 °C to
150 °C at 40 °C mihand then to 230 °C at 2.0 °C rhinndividual methyl esters were identified by
comparison with known standards and by reference to published datagAd®80; Tocher and

Harvie 1988). Data were collected and processed using Chromcard for Wineosisr( 1.19).



189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

2.5.Indexes and statistical analysis

Condition factor (K) was calculated using the formula: K =iflé(lengthf] x 100. For peroxidation
index (PIn) the formula was: PIn = 0.025 x (% monoenoics) +1 x (%idgno2 x (% trienoics) + 4

x (% tetraenoics) + 6 x (% pentaenoics) + 8 x (% hexaen@isling and Horwitt 1964). The LC-
PUFA index corresponded to the sum of long-chain polyunsaturateddatty(C-PUFA, fatty acids

with 20 or more carbons ar&8 or more double bonds). Results are presented as mean = SD.(n = 3)
Data were checked for homogeneity of variances by the Levéest and, where necessary, arc-sin

transformed before further statistical analysistwo-way analysis of variance (ANOVA) was used to

assess the differences among groups based on tissue and abgecRashparisons were made using

the Bonferroni t-test for multiple comparisons—One-way—-AMOwas—performed—to—determine

trout. All statistical analyses were performed using SPSSs8tati Software System version 15.0

(SPSS Inc, Chicago, USA). Differences were regarded as signifibamtRw< 0.05 (Zar 1999).

3. Results

3.1.Phosphoalipid class composition of heart and brain mitochondria

Figure2Table-3-shewsT hghospholipid class compositioof heart and brain mitochondria from 1-,
2- and 4-year old rainbow troatre shown in Fig.2In both tissues, phosphatidylethanolamine (PE)
constituted the main phospholipid class representing 37.4 and 42.9%l gfhtmépholipids of 1-year
old trout heart and brain, respectively. The second phospholipid abundance was
phosphatidylcholine (PC) which represented around 30% of total phosgholijius, the sum of PE
and PC constituted more than 65% of total in both heart and brdochondria. The next

phospholipid in heart was cardiolipin (CL, 12.3%) followed by phosgyiatrine (PS, 7.4%),
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phosphatidylinositol (PI, 6.9%) and sphingomyelin (SM, 4.8%), whereadrain, the third

phospholipid in abundance was PS (12.0%) followed by PI (5.9%), CL (4.4%) and SM (0.9%).

Several changes with age were found in mitochondrial phospholiggs domposition from trout
heart. The proportions of total phospholipid increased significafilyure 2Fable—3, with the
percentages of PC and PE significantly increased while tfo€¢, PS and Pl decreasébable-3)
Most of the observed changes took place between 2- and 4-yearimllsa Some differences with
age were also found in brain mitochondrial phospholipids, with demtga®portions of PC and PS,
and an increased percentage of SM. Changes in PS and SM occurred mairéy Retared 4-year old

trout.

Most of the differenceseund-betweenbeth tissuesin 1-year old animalsvere maintained in the

differentolderage groupgFigure—2);,with heart having higher levels of SM, PC and CL and brain

having higher levels of PS and PE (exespfor4-year-oldtredt). The effect of age on mitochondrial

phospholipidcomposition wasissuedependenéftissuefor all PLclasses exceigig PS (Figure 2).

3.2 Fatty acid compositions of individual phospholipids of heart and brain mitochondria
Fatty acid compositions of individual phospholipid classes fromt laea brain of 1-, 2- and 4- year
old rainbow trout are presented in Tab&%89. Each individual phospholipid class showed a
distinctive composition. PC was characterized by high levgiglofitic acid (16:0), eicosapentaenoic
acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) (Bdpl®E had high levels of EPA

and—and particularly e-DHA, and i-was characterised Hyavingshowingdimethyl acetal (DMA)

derivatives(Table45), CL had high levels of 16:0 and linoleic acid (18:2n-6) (T&#)e PS contained
high stearic acid (18:0) and DHA (Tab&¥), Pl was characterized by high levels of 18:0 and
arachidonic acid (ARA, 20:4n-6) (Tabl&), and SM had a high proportion of 16:0 and nervonic acid

(24:1n-9) (Tables9).

Several differences were found between brain and heart wiyearlsld animals were compared.
Brain had higher percentages of monounsaturated fatty acidEAMIid most phospholipid classes.

Nervonic acid was generally higher in brain phospholipids althoughstsignificantly lower in brain
9



242 | SM (8.2 vs. 31.9%) (Tablg9). Brain total n-6 polyunsaturated fatty acids (PUFA) weveer than in
243  heart phospholipids, generally with lower percentages of 18:2n-6 and M&#&over, DHA, total n-3
244  PUFA and peroxidation index (PIn) were lower in brain PC, PE dna/i@n compared with heart.
245  Brain PS was the main exception to these differences isinortained higher level of DHA (48.3 vs.

246 | 37.0%), n-3 PUFA (53.7 vs. 41.9) and PIn (422.1 vs. 335.7) than heart GFabBrain PE contained

247 | higher levels of DMA derivatives thdwHeart (7.4 vs. 4.3) (Table 4).

248 | These differencein PC, PE and CL compositions in 1-year old fishre maintainedhroughout

249 | differentin the olderage groups (Tables 3-5¥er PC—PE and CL (TFables—3-F)ut several

250 | changesdifferencesere foundferin the remainingothemphospholipidPl classes{TFables3-5For

251 instance, in 4-year-old trout—b&n and hearPS DHA and PIn weraeot-statistically-differentsimilar

252 | to-thosefrom-heartin4-year-old-troahdwherea®Sn-3 PUFAlevels were—beeanlewerin brain

253 | than in heart (Table 6). Also in 4-year-old fish, BBin and heart PI had similar

254 | monounsaturatedMUFANd DHA valueghan-heart Plfor 4-year-oldanimatmdbutthe-total n-3

255 PUFA and PIn wersignificanthrhigherin brain compared to heditable 7).Finally in 2- and 4-year-

256 | old animals,—Regarding-braidM; nervonic acidevels were aet-statisticallysimilamdifferentto-that

257 | fremin brain and heartheartof 2—and-4-year-eld-trout and, ipad-9id fish —meoneunsaturated-fatty

258 | acidMUFA level-becamewerbigher and total n-3 PUFA and Pdeeamdower in brain compared to

259 heart(Table 8).

260 The fatty acid composition of individual phospholipid clasBesn rainbow trout heart and brain
261  mitochondria showed significant changes with age. In heart mitodaotigere was a decrease in the
262 | proportions of total saturated fatty acid&AFASFEA) in CL, PS, Pl and SM (Tabléss-89). Total n-6
263 | PUFA decreased ithe-two-major-phospholipid$C_-andPE) andin-SM (Tables34-and4 and 8.

264 | The percentage ddHA in CL andmailySM BHA-increasedetween 2- and 4-year-old treutin-CL

265 | and-SM and PIn increased-mmeostevery phospholipid clagsiot significanttive infor PE and Pl)In

266 | brain mitochondria, there was a general decreaS\PASFA and an increase in MUFA. Total n-6

267 PUFA increased in PC, PE and PI and n-3 PUFA decreased?lihdecreased in the three major
268  phospholipids in brain (PC, PE and PS). Pl changed in a differertiowthg other brain phospholipid

269 | classes, as MUFA, n-3 PUFA and PIn significantly increased with adpe(7%).

10



270 | Most of the observed changes with age were tisslependent with Pl beirg—the—PL—¢lass

271 | withshowinga lower interaction between age and tissempared to other phospholipid classes

272 (Tables 3-8).

273

274

275 4. Discussion
276  Rainbow trout heart and brain mitochondria showed a different phdsidhobmposition. Although

277 | mitochondrial membranes contained similar percentages of total ph@sgttoly presented different

278 phospholipid proportiongerin each tissueWhenln 1-year-old animabwere—comparecheart-was

279 | found to bericher in PC, CL and SM, while brain had higher levels of R& RS, similar to that
280 observed in rats (Paradies al. 1992; Modiet al. 2008). In a previous study, data on lipid
281  compositions of liver mitochondria of rainbow trout were préed (Almaida-Pagaset al. 2012).
282  Liver also showed a different phospholipid composition charaetérby higher levels of total
283  phospholipid, PC and Pl compared with heart and brain mitochondria.faiteerthese data show a
284 | tissue-specific distributianof phospholipid classes in trout mitochondrial membranes that vieuld
285 likely related to the particular tissue-specific properties and fumetf the membranes.

286  The phospholipid class composition of the mitochondrial membramasged with age in both heart
287 and brain, although not in the same way. Heart mitochondria shosigdificant decrease in PI, CL
288 | and PS, and an increase in_B@ PE while brain mitochondria had higher SM and lower PC and PS
289  with age. The different effects on mitochondrial membrane ositipn, also observed in rats (Modi
290 | et al. 2008), may relate to differential responses of the two tissuesapid growth period and

291 | maturation For instance, changes in the proportions of individual phospholipideslasay lead to

292  altered charge distribution across the membrane, membrane permeakpkstips; catalytic activities

293  of specific enzymes and ETC function (Daum 1985). Especiallyasting was the CL loss observed
294  in heart, which was also reported in rats (Paraetiak 1992; Leeet al. 2006). CL is considered a key
295  molecule for mitochondrial viability (Paradies al. 2011) whose proximity to the ETC and high

296  content of PUFA make it highly susceptible to oxidative damage. @sangCL content with age

11
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have been related to mitochondrial dysfunction by promoting the apmascade (Chicco and

Fhereforeheart and brain mitochondrial membranes showed different phosphmipigositions that

evolved in different ways during the first four years of rainliowt life-cycle. Heart phospholipids
became more unsaturated with age, which would render them more Hlsdepieroxidation and, in
turn, may promote their degradation and hydrolysis. Castell@t@b (1994) showed that rat heart
mitochondrial membranes were significantly modified during tfiagaprocess, showing an increase

in PUFA up to 12 months of age, followed by a subsequent decr®pseially marked was the

increase irMDHA with age inheart SMBHA-with-age—{from-3-9-t60-20-0%)ith athe consulsequent

increase irthe-+meleculesusceptibility tobe-oxidationized Thiswais interestingsireeasSM is known

to retard the lateral propagation of free radicals through the membrane e an important mediator

of mitochondrial pathways including apoptosis (Hannun and Obeid 1997; Cutleradtsdivi2001).

Another interesting resuittas—that-concerningrelatdd dimethyl acetasl (DMA) derivatives—related

imsmbtained as—artefacts—of from

methylation ofPE plasmalogermethylatiorand so can be considered as indicators of plasmalogen
12
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content. Plasmalogens are rich in some tissues such as hearaemdnd have been considered as

endogenous antioxidartefence$Brosche and Platt 199&nhd—Fhese-defenchave been shown to

decrease with normal ageing in mammals tissues as we foummduinheart mitochondridan the

present study-—4-3-t6-2.49%).

The changes observed in braippear-teindicate a—significantlydifferenialearlier modification of

mitochondrial membranes in that tissue compared to heart. The tta@ephospholipid in brain
mitochondria, PE, PC and PS, showed decreased DHA and PIn, asdlmeviously in trout liver
associated with oxidative lipid damage (Almaida-Pagaa. 2012). Similar changes were reported
previously in mammals (Ledesnsh al. 2012) and fish brain (total tissue) (Mourente and Tocher
1992). Changes were more marked in older fish, which may réflecage affects some pathways for
phospholipid synthesis in the central nervous system and indicatpréaeence of compensatory
mechanisms to provide a pool of phospholipid for the maintenancellofac membrane lipid
composition and/or functions durimgaturation angging (llincheta de Bosquer al. 2000).0One of

the most affected phospholipids in brain mitochondriesemmérane was PS which is known to be

very important for nervous tissue function and has been associditedgstrelated decay and disease

(Ulmannet al. 2001; Mozziet al. 2003).Brain- DMA levels were-PE-plasmalogen;significaifiigher

in _brain mitochondrial preparatiorisan in heart mitochondridut this -werefound-to-increase-with

age.probably reflects PE plasmalogen content in myelin fratgmassociated with the brain

preparation rather than brain mitochondria.
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In any case, both heart and brain showed changes with age @atea@ffnitochondrial membrane
phospholipid compositions. Membrane composition determines thebitdnysical properties which
affect membrane protein activity (Hulbert 2008). More polyunatédr membrane lipids are
correlated with faster turnover rates of individual mitochondmambrane proteins (Hubest al.
2006). The observed changes in mitochondrial phospholipid would affaobrane reactions, which
constitute a quantitatively important component of cellular nofidh. Moreover, individual
phospholipids participate actively in cell signalling including apsist An alteration of either
phospholipid proportions or individual phospholipid fatty acid compositionsmitochondrial
membrane could affect organelle function and thus, cell and tissue viability.

Rainbow trout experience a rapid increase in body size duringriisyears. Rapid growth has been
related with an increase in ROS production by mitochondria, andreasiin of resources into
anabolism and away from repairing oxidative damage to cell aulele (Almrothet al. 2010).
Considering membrane and membrane components as possible paceshakersnain processes
taking place in mitochondria (Hulbert 2007; 2008), phospholipid and dattlychanges could play a
central role by connecting the different processes involved in cumutietimage to cell molecules and
dysfunction during periods of high stress. It is conceivable thgprihary cumulative damage is to
mitochondrial lipids, altering membrane fluidity and ultimatelyusiag defects in ETC and
respiration; as a result, the generation of ROS may belexated. Eventually, defence mechanisms
and repair systems are overwhelmed and damage to mitochobd\i&al becomes permanent.
Therefore, by achieving its mature size rainbow trout could be initiaingay into senescence.

In summary, the present study showed differences in mitochondwahbrane composition
(phospholipid class and fatty acid compositions) among rainbow tresues that points to the
importance of particular phospholipids for tissue-specific fonsti Significant changes in heart and
brain mitochondrial membranes during the first four yearsifefih trout were observed. Brain
mitochondria had lower levels of DHA and PIn in the joria phospholipids while heart

phospholipids became more unsaturated—thus generally -this—being—relatedassociatedh —a

highermerefluidity, but alsowith a-higher susceptibility-ere-profe bedamaged by high oxidative

stress. Considering the importance of phospholipid fatty acid citiggoand the role of specific

phospholipid in mitochondrial function and cell viability, these chargmild affect ETC efficiency,
14
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ROS production and signalling systems, and be mediators of the paesdged in response to

rapid growth and aging in trout.
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501 | Figue 1. Transmission electron micrograph showing a representativergtiepaof rainbow trout

502 | tissuehearmitochondria. Bar=2 um.

503 Fig.ure 2. Phospholipid content (percentage weight of total lipid) and phospholipid class

504 | composition (percentage of total phospholipids) of mitochondrlateshfrom heart anebrain of 1-,

505 | 2-and 4-year old rainbow trout. Results are means + S.D. (n=3). Diffearssript letters represent

506 | differences between age groups for eBiphospholipidclass as determined by two-way ANOVA

507 | (P<0.05). Table represerfsvalues for interactiotFissue andAge for ereryachphospholipid class f{Formatted: Font: Ttalic

508 | (P<0.05). Asterisks denote statistical differences betweesnets for geryach age group when

509 | compared using a Bonferroni test (P<0.05). PL, phospholipid; CL, &pmdjo PC,

510 | phosphatidylcholine; PE, phosphatidylethanolamine; Pl, phosphatidyihdsPL, total ghospheelar

511 | lipids; PS, phosphatidylserine; SM, sphingomyelin.
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Table 1. Fatty acid composition
(percentage of total fatty acids) of 1-2
and 4 year-old rainbow trout diets.

Feeds

Fatty acid 1-2 4

14:0 6.9 7.6
16:0 19.0 19.0
18:0 37 5.4
Y saturated? 305 334

16:1n-7 8.0 8.2
18:1n-7 31 35
18:1n-9 10.7 8.9
24:1n-9 0.9 0.6
> monounsaturated” 25.8 23.3

18:2n-6 6.6 43
20:4n-6 0.9 1.0
>n-6 PUFA® 8.4 6.1
18:3n-3 0.9 1.0
18:4n-3 2.2 2.3
20:4n-3 0.6 0.6
20:5n-3 15.3 16.3
22:5n-3 1.9 2.0
22:6n-3 9.9 9.6
yn-3 PUFA¢ 30.8 31.9
yn-3 LC-PUFA 27.7 28.6

LC-PUFA, long-chain PUFA; PUFA,
polyunsaturated fatty acids.
& Totasinclude 15:0, 20:0 and 22:0.
® Totals include 16:1n-9, 20:1n-9, 20:1n-7,
22:1n-9 and 22:1n-9.
¢ Totas include 18:3n-6, 20:2n-6, 20:3n-6.
22:4n-6 and 22:5n-6.
4Totals include 20:3n-3 and 22:4n-3.



Table 2. Biometric data of rainbow trout age groups

Age groups

1vyear (n=21) 2 years(n=12) 4 years (n=3)

Weight (g) 37.9£12.9 115.339.6 2986.3135.9
Length (cm)  14.3t1.9 20.6:2.4 60.Gt5.0
K 1.3:0.2 1.3t0.5 1.40.3

Data expressed as mean + SD. n, number of indildKa condition factor.



Table 3. Fatty acid composition (percentage ofl tfattly acids) of phosphatidylcholine of mitochoiadisolated from
heart and brain of 1-, 2- and 4-year-old rainbcwtr

Heart Brain P
Fatty acid 1year 2 years 4 years 1year 2 years 4 years Tissue*Age
14:0 3.140.2°  2.6+0.6®  2.1+0.3° 0.60.1° 0.5+0.1°  0.6+0.0° 0.037
16:0 31.24¢0.2  31.0£0.9  30.8+1.2 28.4+1.6"  27.3%¥15" 24.130.3° o014
18:0 2.440.2 2.6+0.2 2.8+0.4 3.3#0.4°  4.0£0.2” 3.9+0.2" 0232
Ssaturated® 37.2403  36.6¢1.1  36.1+0.7 32.7#1.3°  32.1#1.5" 28.8t0.4" 0043
16:1n-7 2.840.1° 2.240.4° 2.0+0.0° 9.0+1.4° 8.5+0.9° 7.5+1.5 0.677
18:1n-7 1.640.1° 1.440.2° 2.0£0.2° 4.9+1.2" 5.4+1.2° 5.3%15 0.660
18:1n-9 8.240.4° 6.3+0.5°  6.940.7° 13.9+1.9  17.7+1.8” 20.9+1.0° <001
20:1n-9 0.240.0 0.240.1 0.310.1 0.6+0.2"  0.8+0.2" 1.2+0.1 0015
24:1n-9 0.4+0.2 0.4+0.1 0.4+0.1 7.440.3°°  7.3#0.6° 9.0+0.2" <001
Smonounsaturated®  13.1+0.7°  10.6+1.0° 11.8+1.1%° 36.142.5"°  40.24#2.7" 44.8+0.9°°  <0.01
18:2n-6 0.7+0.0 0.5+0.0 0.740.0 0.240.0° 0.1#0.0° 0.2+0.0° 0.507
20:4n-6 1.8+0.1° 2.640.2° 1.5+0.1° 0.5+0.0°  0.6%0.0° 1.0¢0.2°° <001
Sn-6 PUFA® 3.440.2° 4.140.2°  2.940.1° 1.1+0.2°®  1.0¢0.1° 1.5%0.4° <001
20:5n-3 12.140.5  13.6+0.5  12.9+1.4 4.340.5" 3.840.7° 3.840.6 0.051
22:5n-3 1.540.1° 1.740.2° 3.440.3° 1.340.2 1.1#0.2°  1.2#0.1° <0.01
22:6n-3 31.5¢0.3  32.5#1.0  32.0£0.9 242425  21.6+1.3"" 19.5¢1.4° <001
Sn-3 PUFA® 45.8+0.6°  48.4+15°  49.0+1.0° 29.9+1.9  26.6+1.2% 24.7+0.6° <001
SPUFA 49.6+0.8° 52.9+1.8° 52.1+0.9" 31.241.9°  27.841.3" 26.4+0.5 <001
Sn-3 LC-PUFA 45.4+0.6°  48.0+15°  48.7+0.9" 29.9+1.9  26.6+1.2" 24.7+0.6°  <0.01
n-3/n-6 13.4+0.7°  11.8#0.5°  17.2#0.8° 27.5¢5.1°  26.6+2.5” 16.8+4.0°  <0.01
Pin 349.5+4.7° 370.0£12.1° 365.9+6.4%° 233.3+16.5"" 207.849.5" 193.526.3""  <0.01

Data expressed as mean + S.D. (n = 3). Differapeiscript letters within a row and for each santpfe (heart or brain) represent significant
differences between age groups as determined byvayoANOVA (P<0.05). Asterisks denote statistical differencesvieen tissues for 1-, 2- or 4-
year-old trout when compared using a Bonferroni @s0.05). Right column represents significatiofuga for the interaction between Tissue and
Age (P<0.05). LC-PUFA, long-chain polyunsaturatetiyfacids; PIn, peroxidation index; PUFA, polyunsated fatty acids.

#Totals include 15:0, 20:0 and 22:0 present up &ew.



P Totals include 20:1n-7, 22:1n-11 and 22:1n-9 presp to 0.6%.
¢ Totals include 18:3n-6, 20:2n-6, 20:3n-6, 22:4an@l 22:5n-6 present up to 0.7%.
d Totals include 18:3n-3, 18:4n-3, 20:3n-3, 20:4an8 22:4n-3 present up to 0.3%.



Table 4. Fatty acid composition (percentage ofl tiatiy acids) of phosphatidylethanolamine of miiondria isolated
from heart and brain of 1-, 2- and 4-year-old raimlrout.

Heart Brain P
Fatty acid 1year 2 years 4 years 1year 2 years 4 years Tissue*Age
16:0 DMA 1.5+0.0°  2.50.2° 1.1+0.2° 1.1+0.2° 1.5+0.5" 2.0+0.3" <0.01
16:0 11.3+0.7 12.3#09  11.5%0.7 10.6+0.8" 10.0+1.0°" 7.24¢0.1% <0.01
18:0 DMA 0.4#0.1  0.3+0.1 0.1#0.1 2.940.6" 3.641.3" 4.74¢0.3 0.049
18:0 7.240.2°  8.20.5° 6.940.3° 8.10.4° 11.2+¢1.2" 6.620.5° <0.01
Ssaturated® 21.3+0.7° 24.1#1.4°  20.10.3° 23.6+0.4" 26.8+0.6°  20.9+0.4° 0.119
16:1n-7 1.1¥0.1*  1.3+0.4° 0.6+0.1° 2.140.3" 1.9+0.4% 2.940.2" <0.01
18:1n-9 DMA 1.8¢0.1° 1.7+0.1° 1.0+0.3° 1.7+0.3° 2.540.7" 4.320.2" <0.01
18:1n-7 DMA 0.6£0.0  0.6+0.0 0.240.1 1.74¢0.3* 2.040.6" 3.340.5” <0.01
18:1n-7 5.4+0.3°  4.10.3° 4.6%0.5° 4.8+0.2" 3.240.2% 3.540.2" 0.353
18:1n-9 5.4+0.4°  4.7+0.3° 6.1+0.4° 13.0+2.0° 12.74¢3.6° 17.7¢1.0° 0.141
20:1n-9 0.8t0.0  0.9+0.0 1.0+0.2 1.1+0.2* 1.0+0.3° 1.6+0.2" 0.082
24:1n-9 0.8#0.0  0.9+0.0 1.0+0.2 0.4#0.1 0.340.1 0.8+0.2 0.154
Smonounsaturated®  15.7+1.0 14.3+1.1 14.0£1.5 25.1+3.5 23.845.9°  34.6+2.3" <001
18:2n-6 1.840.1°  1.1#0.2° 1.5+0.0° 0.6+0.1" 0.240.0" 0.540.0° 0.016
20:4n-6 2.240.0  2.2#0.1 2.0+0.2 0.940.1" 0.940.1% 2.0£0.2° <0.01
Sn-6 PUFA® 5.7+0.2°  4.8+0.4° 4.7+0.3° 2.0+0.3% 1.4+0.3" 3.440.2" <0.01
20:5n-3 5.940.1°  4.9+0.5° 7.8+0.8° 5.740.2° 3.840.17 5.540.4" <0.01
22:5n-3 3.940.1° 4.60.2° 6.840.3¢ 3.1+0.1° 2.840.2° 3.1£0.1° <0.01
22:6n-3 45.8+0.7 45.842.0 452405 39.1+3.4" 40.5#5.6"  31.6#2.0° 0059
Sn-3 PUFA® 56.6+1.0° 56.1+2.3°  60.9+1.6° 48.5+3.1" 47657  41.0+2.2% <0.01
SPUFA 63.0£0.9° 61.6£2.5°  66.0+1.4° 51.3+3.4" 49.445.7°"  44.6%+2.2" 0028
Sn-3 LC-PUFA 56.3+1.0° 55.842.2°  60.5+1.6° 48.1+3.1" 47357 40.7+2.2%" <0.01
n-3/n-6 9.840.4° 11.7#0.7°  12.9#1.1° 24.7+2.1" 34.0+6.7" 12.3#1.2° <0.01




PIn 446.3+7.3 443.6+18.1 467.09.9 374.926.4°  371.3%45.3" 319.2¢17.0°  0.023
Data expressed as mean + S.D. (n = 3). Differepesscript letters within a row and for each santppe (heart or brain) represent significant
differences between age groups as determined byvayoANOVA (P<0.05). Asterisks denote statistical differencesvben tissues for 1-, 2- or
4-year-old trout when compared using a Bonferrosii (<0.05). Right column represents significatiafues for the interaction between Tissue
and Age (P<0.05). DMA, dimethyl acetal; LC-PUFAntpchain polyunsaturated fatty acids; PIn, percigtaindex; PUFA, polyunsaturated
fatty acids.

&Totals include 15:0, 20:0 and 22:0 present up&é®

® Totals include 20:1n-7 and 22:1n-9 present up264

¢ Totals include 18:3n-6, 20:2n-6, 20:3n-6, 22:4aR@ 22:5n-6 present up to 0.6%.

4 Totals include 18:3n-3, 18:4n-3, 20:3n-3, 20:4aR8 22:4n-3 present up to 0.7%.




Table 5. Fatty acid composition (percentage ofl tiastthy acids) of cardiolipin of mitochondria istdal from heart and

brain of 1-, 2- and 4-year-old rainbow trout.

Heart
Fatty acid 1year 2 years 4 years
14:0 1.640.1°  3.240.4° 0.840.1°
15:0 0.740.1 0.6%0.2 0.240.0
16:0 17.6+1.1°  9.0+0.6°  14.4%0.7°
18:0 3.940.2°  2.440.3° 2.840.3°
Ssaturated® 23.8+1.4°  15.4+0.2° 18.2+1.0°
16:1n-7 2.6£0.1°  7.0+1.0° 1.640.1°
18:1n-7 6.4+0.4°  3.540.3° 8.7+0.1°
18:1n-9 10.0¢1.2°  13.242.0°  9.620.9°
20:1n-9 0.4+0.0° 0.8+0.1° 0.7+0.1°
24:1n-9 0.70.3 1.0+0.6 0.70.4
Smonounsaturated® 20.2+1.3%  25.9+1.2°  21.8+1.4°
18:2n-6 5.4%0.5 5.4%1.0 4.240.3
20:4n-6 1.0£0.1®  1.320.2° 1.0£0.1°
Sn-6 PUFA® 8.240.5" 8.7+1.0 7.4+0.4
18:3n-3 1.340.1° 2.140.1° 1.640.1°
20:4n-3 0.840.0° 1.0£0.0° 1.1#0.1°
20:5n-3 2.5+0.2 2.9+0.5 2.540.3
22:5n-3 2.0£0.2°  1.6%0.1° 2.440.2°
22:6n-3 39.9+0.6°  40.242.2°  43.8+1.4°
Sn-3 PUFA® 46.8+0.6° 48.3+2.3" 52.1+1.3°
SPUFA 56.0+0.3° 58.7+1.4°  60.0+0.9"
Sn-3 LC-PUFA 45.240.5° 45.8+2.4° 50.1#1.3°
n-3/n-6 5.7+0.4°  5.640.9° 7.040.6"
PIn 370.3+3.7° 378.3#17.2° 404.1+9.9"

Brain P
1year 2 years 4 years Tissue*Age
1.7¢0.5°  1.04+0.27 0.7£0.0°  <0.01
1.1+0.3" 0.4%0.1 0.3+0.1 <0.01
22.840.1°"  16.9+0.7"  16.3+0.1°  <0.01
9.3+2.8"  7.1#1.1 6.6£0.4° 0328
35.54¢2.4”  25.6+1.7%  24.1+0.4* <01
44407  3.9+1.0°" 2302 <01
6.6%0.3 7.241.1° 8.1+0.6 <0.01
10.1+0.4° 18.3#2.7" 17.2¢03” <01
0.9+0.3°  1.24¢0.5®"  1.8+0.3"  (o0ss
3.44#19°  5.0+2.3 6.40.6° 0172
25.842.5°  36.3+2.1°"  37.0+0.6°  <0.01
1.3+0.0°  0.9+0.3 1.0¢0.1°  0.104
1.8+1.0 1.7+0.5 2.7¢0.4° 0029
49+13" 36403 4.940.6  <0.01
0.3+0.1"  0.2#0.1" 0.3#0.00  <0.01
0.2¢0.0°  0.3+0.0° 0.3¥0.0°  0.099
6.840.5°  6.8+1.7 7.2403° 0670
2.6¢0.1°  2.3+0.4 2.50.1 0.096
21.9+1.6° 23.9+3.6°  22.8+0.5  0.149
32.7#0.9° 33.842.0°  33.330.7  0.040
38.7#0.1° 38.1+¥1.9°  38.9:0.6* 0028
31.7¢1.1°  33.4+2.1° 33.040.7  0.049
6.942.0 9.61.1° 6.9+1.0 <0.01
253.843.8° 261.3¥17.4° 260.5+4.2°  0.118




Data expressed as mean = S.D. (n = 3). Differepeiscript letters within a row and for each santpte (heart or brain) represent significant
differences between age groups as determined byvayoANOVA (P<0.05). Asterisks denote statistical differencesvben tissues for 1-, 2- or
4-year-old trout when compared using a Bonferrosii (<0.05). Right column represents significatiafues for the interaction between Tissue
and Age (P<0.05). LC-PUFA, long-chain polyunsatutdégty acids; PIn, peroxidation index; PUFA, paigaturated fatty acids.

& Totals include 20:0 and 22:0 present up to 0.4%.

® Totals include 20:1n-7, 22:1n-11 and 22:1n-9 presp to 0.7%.

¢ Totals include 18:3n-6, 20:2n-6, 20:3n-6, 22:4m@ed 22:5n-6 present up to 0.9%.

9 Totals include 18:4n-3, 20:3n-3 and 22:4n-3 presprto 0.7%.



Table 6. Fatty acid composition (percentage ofl tiatthy acids) of phosphatidylserine of mitochomdi$olated from heart

and brain of 1-, 2- and 4-year-old rainbow trout.

Heart
Fatty acid 1year 2 years 4 years
14:0 1.440.6 1.1+0.4 0.70.1
16:0 16.8+2.0 14.8+2.4  13.240.6
18:0 20.9+0.3°  24.8#1.5° 16.4+1.0°
20:0 1.0£0.0° 0.740.1°  0.6%0.0°
Ssaturated® 41.3+2.6°  42.3+3.2° 31.2#1.1°
16:1n-7 1.540.3% 1.840.7°  0.740.2°
18:1n-7 4.3+0.3° 2.540.1°  3.5%0.1°
18:1n-9 4.3+0.8 5.1%1.2 5.120.5
20:1n-9 1.040.1° 0.9+0.1°  1.7¢0.2°
24:1n-9 1.040.3 0.840.5 1.0+0.4
Zmonounsaturatedb 12.7£1.3 11.4+1.5 12.8+0.2
18:2n-6 0.740.1 0.90.5 0.840.1
20:4n-6 0.620.0 0.720.1 0.90.3
Sn-6 PUFAS 3.120.3 3.240.2 2.9+0.4
20:5n-3 1.440.0° 1.5#0.5°  3.20.3
22:5n-3 2.840.1° 2.740.3°  6.1#0.1°
22:6n-3 37.0+4.1 37.3#3.8  42.940.2
Sn-3 PUFA° 41.94#3.9°  42.4+#4.0° 52.8+0.6°
SPUFA 46.0+3.8°  46.3+3.9° 56.1+1.0°
Sn-3 LC-PUFA 41.244.0°  42.0#4.1° 52.4%0.5°
n-3/n-6 13.7¢1.9°  13.44#2.0° 18.3+2.4°

Brain P
1year 2 years 4 years Tissue*Age
0.540.1" 0.3+0.0" 0.240.1 0.433
10.8+2.0°°  57#0.4° 54401 (285
16.4+1.5"  20.5+0.2>  17.3+0.4° <001
n.d. n.d. n.d.
28.143.4%  26.7+0.3*"  23.2+03" (o031
2.0+0.4 1.3+0.3 1.5+0.1* 0.038
2.640.1" 1.8+1.2° 5.2+0.4" <0.01
7.140.4" 9.0£0.5°"  13.4+0.8° <01
0.4+0.1* 0.4+0.1""  0.9%0.1" 0037
4.3+0.9" 56403  5.9+0.0° 0017
16.8+1.8°°  18.5+0.9”  27.4+#15" 01
0.3+0.0° 0.10.1% 0.3+0.0”" 0.447
0.240.0° 0.240.0° 0.7+0.2" 0.135
1.0£0.0" 0.5+0.3 1.24¢0.2" 0.023
1.440.2° 1.340.1° 2.240.1" 0.028
3.7¢0.3°°  4.6204™  51:03” o0
48.3+0.9"  47.9+0.7°  40.4#15° o1
53.7+¢1.5°  53.9+0.8""  48.0+1.2 <01
55.1+1.6°  54.8+1.2°  49.4+1.2" o0
53.5+¢1.4°°  53.9+0.7°  48.0+1.2 <01
51.4+0.1°  159.5+98.6° 39.8+8.2° 0035



PIn 335.7+31.8° 340.4+32.6° 410.245.2° 422.1+10.8"" 421.7+6.3" 373.4+9.9° <0.01

Data expressed as mean + S.D. (n = 3). Differapescript letters within a row and for each santgfge (heart or brain) represent significant
differences between age groups as determined byvayoANOVA (P<0.05). Asterisks denote statistical differenceswien tissues for 1-, 2- or 4-
year-old trout when compared using a Bonferroni @s0.05). Right column represents significatioruealfor the interaction between Tissue and Age
(P<0.05). LC-PUFA, long-chain polyunsaturated faityds; PIn, peroxidation index; PUFA, polyunsatedafatty acids; n.d., non-detectable.

& Totals include 15:0 and 22:0 present up to 0.9%.

® Totals include 20:1n-7 and 22:1n-9 present up%e0
¢ Totals include 18:3n-6, 20:2n-6, 22:3n-6, 22:4ardl 22:5n-6 present up to 0.79%otals include 18:3n-3, 18:4n-3, 20:3n-3, 20:4ardl 22:4n-3

present up to 0.5%.



Table 7. Fatty acid composition (percentage ofl fiatidy acids) of phosphatidylinositol of mitochatalisolated from
heart and brain of 1-, 2- and 4-year-old rainbcawatr

Heart Brain P
Fatty acid 1 year 2 years 4 years 1 year 2 years 4 years Tissue*Age
14:0 1.6¢0.2°  1.24#0.5*° 0.720.0° 1.340.8 0.840.2 0.720.2 0.518
16:0 15.6+0.7° 14.5+2.3° 11.1#0.5° 19.5+4.8°" 16.1#1.4°°  10.7+0.8° 0.220
18:0 24.9+1.1  25.14#2.3  24.7+0.7 17.121.2°°  23.9+#1.2°  23.0+1.4° <0.01
Ssaturated® 43.7+¢1.0° 41.8+1.1° 36.940.5° 40.2+43.8  41.4+24 347424 0.427
16:1n-7 2.0£0.3 1.9+1.0  0.90.1 5.641.7°  1.6+0.4° 1.3+0.2° <0.01
18:1n-7 5.0+1.7 1.4+0.8  3.5%0.2 4.1+0.7°  2.5#0.3° 2.340.0° 0.085
18:1n-9 4.740.4 7.642.5  7.540.6 10.4+0.5”°  9.2+¢1.5®°  7.040.1° <0.01
24:1n-9 1.8+0.6 1.0+0.4  1.5+0.8 2.7403°  1.4+0.2° 1.240.3° 0.142
Zmonounsaturatedb 13.9+1.0 12.7+2.9 14.8+1.1 23.8+0.9°  16.0+1.6" 12.9+0.1° <0.01
18:2n-6 0.840.2 0.940.4  0.940.1 0.9+0.6 0.440.1" 0.6£0.1 0.158
20:4n-6 14.5+1.0  18.1#¥3.3 18.3+15 6.3+1.0°  8.0+0.7°  11.5#1.2" 0313
Sn-6 PUFA® 17.5¢1.7  20.5#2.9 20.1#1.3 8.140.4°°  9.2¢0.9"  13.2+1.5” 0.129
20:5n-3 4.140.2°  3.6%0.1° 6.2+1.1° 14.8+2.8°" 18.1+0.9"" 19.0+0.6" 0.040
22:5n-3 2.240.4%°  1.6%0.3°  2.9+0.2° 1.3+0.5° 1.640.2 1.840.3" 0.061
22:6n-3 15.5¢4.5  17.4#15 17.1%0.9 9.6+1.6°  12.241.4°  17.1#3.0° 0.200
$n-3 PUFA® 22.943.8 23614 27.542.0 26.8+4.8° 32.6+0.8" 38.4+3.0" 0.152
SPUFA 41.9+1.4° 455+4.0" 48.3+1.1° 36.1+4.7°  42.6+1.6°  52.3+2.4" 0.029
Sn-3 LC-PUFA 22.243.7  22.8#1.6 27.1#19 26.3+5.1° 32.1+0.8°®" 38.1+3.1" 0.164
n-3/n-6 1.3+0.4 1.240.1  1.440.2 3.3+0.4" 3.640.3" 2.9+0.5° 0.124
PIn 232.5+27.6 255.8+23.1 277.049.2 208.2434.5° 255.3+9.4° 3157+21.5" 0090

Data expressed as mean * S.D. (n = 3). Differepescript letters within a row and for each santpbe (heart or brain) represent significant
differences between age groups as determined byvayoANOVA (P<0.05). Asterisks denote statistical differencesvien tissues for 1-, 2-
or 4-year-old trout when compared using a Bonfertest (P<0.05). Right column represents signifaatvalues for the interaction between
Tissue and Age (P<0.05). LC-PUFA, long-chain pobatarated fatty acids; Pln, peroxidation index; RUBolyunsaturated fatty acids.

& Totals include 15:0, 20:0 and 22:0 present up 28.

® Totals include 20:1n-7, 20:1n-9 and 22:1n-9 presprto 0.9%.

¢ Totals include 18:3n-6, 20:2n-6, 22:3n-6, 22:4aR@ 22:5n-6 present up to 0.6%.

4 Totals include 18:3n-3, 18:4n-3, 20:3n-3, 20:4ak8 22:4n-3 present up to 0.7%.



Table 8. Fatty acid composition (percentage ofl tiatitly acids) of sphingomyelin of mitochondria lsted from heart
and brain of 1-, 2- and 4-year-old rainbow trout.

Heart Brain P
Fatty acid 1year 2 years 4 years 1year 2 years 4 years Tissue*Age
14:0 9.3+1.6° 13.242.0°  4.6%0.5° 3.040.8°°  1.4#0.2°°  2.520.2" <01
15:0 1.840.4  1.5+0.2 0.6+0.1 1.8+0.9 0.8+0.6 0.740.1 0.350
16:0 23.742.8° 36.1#1.9° 18.843.6° 33.4+1.9 28.1+1.4>  20.0¢1.9° <001
18:0 7.241.2°  4.3+0.4°  6.520.7° 8.642.1  7.9+25 6.320.9 0.171
22:0 1.0+0.3° 0.6£0.2**  0.4+0.1° 0.4+0.3 0.1+0.0 0.2+0.1 0.762
Ssaturated® 43.1+3.8° 55.9+2.7° 30.9+2.9° 47.5+4.0° 38.3+4.6"  29.7+2.8° <0.01
16:1n-7 2.940.8° 5.2+0.3°  2.1+0.5° 11.04#0.9°  9.6+2.5 6.61.1" 0.033
18:1n-7 2.0£1.3°  2.0+0.2°  1.1#0.2° 2.840.5  8.0+3.6 3.940.3 0.068
18:1n-9 5.2+41.2° 12.6+2.9° 8.443.3% 14.2+¢1.4°  23.748.0  13.6+4.8 0.511
20:1n-9 0.2+0.3  0.3+0.1 0.440.0 0.9+0.3" 1.2¢0.5®  1.8+0.3° 0114
24:1n-9 31.943.7° 13.6+4.5° 24.0+6.8% 8.240.5°  10.8#2.3°  24.3%8.2° <001
Smonounsaturated® 42.1+1.8° 34.3+1.3° 37.4+3.6° 36.54¢2.0°° 52.849.3"" 49.4+12.1%™ <01
18:2n-6 0.940.3  1.1x0.8 1.0+0.1 1.7+0.3 0.6+0.6 1.6+0.8 0.090
18:3n-6 1.040.2°  0.4#0.1°  0.2+0.0° 0.4+0.0°°  0.2¢0.0°  0.10.0° 0.101
Sn-6 PUFAC 4.7+1.4° 3.6+0.8°  2.840.1° 2.8t0.3°  1.2#0.2° 3.9+1.3 0.017
18:4n-3 1.5¢0.2° 0.6+0.1°  0.240.2° n.d. n.d. 0.5%0.1 <0.01
20:5n-3 1.4+0.9° 1.7+1.6°  6.4+0.9° 1.9+1.6 0.7+0.5 0.840.7" <0.01
22:5n-3 0.6£0.5°  0.5%0.2°  1.6+0.2° 0.440.4 0.1#0.2 0.9%0.5 0.415
22:6n-3 3.941.3°  1.9+0.8° 20.0+1.2° 8.843.5°  4.742.5 10.746.2° <0.01
sn-3 PUFA® 7.943.1°  5.1#2.7°  28.4+2.0° 11.4451  6.1#3.4 14.9¢8.8" 0012
SPUFA 14.8+4.2° 9.8+3.4°  31.8+2.1° 16.04.6  8.945.1 20.9¢9.3°  0.120
$n-3 LC-PUFA 6.442.8°  4.4+2.7°  28.0+1.9" 10.7¢8.8  5.6%3.0 143487  <0.01
n-3/n-6 13.4+0.7° 11.8#0.5° 17.2+0.8" 32411  5.3%2.9 3.74#1.0° <0.01

Pln 69.3+21.7° 47.2419.2° 219.0+14.8° 97.6+3.8  49.4+27.0 112.9#49.8° <001




Data expressed as mean * S.D. (n = 3). Differepescript letters within a row and for each santppe (heart or brain) represent significant
differences between age groups as determined byvayoANOVA (P<0.05). Asterisks denote statistical differencesvben tissues for 1-, 2- or
4-year-old trout when compared using a Bonferrosii (<0.05). Right column represents significatiafues for the interaction between Tissue
and Age (P<0.05). LC-PUFA, long-chain polyunsatedafatty acids; PlIn, peroxidation index; PUFA, poigaturated fatty acids; n.d., non-
detectable.

aTotals include 20:0 present up to 0.2%.

P Totals include 20:1n-7, 22:1n-9 and 22:1n-11 presp to 0.7%.

¢ Totals include 20:2n-6, 20:3n-6, 22:3n-6, 20:412%4n-6 and 22:5n-6 present up to 0.9%.

4 Totals include 18:3n-3, 20:3n-3, 20:4n-3 and 2B4esent up to 0.5%.



