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Abstract

The present study was carried out to investigate whether the dietary histidine requirement to reduce cataract development is higher than

that for growth in Atlantic salmon smolts (Salmo salar L.) after seawater transfer and whether dietary vegetable oils contribute to cataracto-

genesis. Duplicate groups of salmon smolts were fed ten experimental diets with either fish oil (FO) or a vegetable oil (VO) mix replacing

70 % FO and histidine at five target levels (10, 12, 14, 16 and 18 g His/kg diet) for 13 weeks after seawater transfer. The VO diet-fed fish

exhibited somewhat inferior growth and feed intakes compared with the FO diet-fed fish, irrespective of the dietary histidine

concentration. Both cataract prevalence and severity were negatively correlated with the dietary histidine concentration, while lens

N-acetyl-histidine (NAH) concentrations were positively correlated with it. The fatty acid profiles of muscle, heart and lens reflected

that of the dietary oils to a descending degree and did not affect the observed cataract development. Muscle, heart and brain histidine

concentrations reflected dietary histidine concentrations, while the corresponding tissue imidazole (anserine, carnosine and NAH)

concentrations appeared to saturate differently with time. The expression level of liver histidase was not affected by the dietary histidine

concentration, while the liver antioxidant response was affected in the VO diet-fed fish on a transcriptional level. The lowest severity of

cataracts could be achieved by feeding 13·4 g His/kg feed, independently of the dietary lipid source. However, the present study also

suggests that the dietary histidine requirement to minimise the risk of cataract development is 14·4 g His/kg feed.
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In the intensive farming of Atlantic salmon (Salmo salar L.),

the occurrence of production-related disorders such as catar-

act poses a potential threat for fish welfare. Cataract is visible

as opacities of the lens caused by changes in the epithelial

tissues surrounding the lens fibres or the composition and

structure of the lens fibres(1). During cataractogenesis, irre-

versible opacification of the lens will gradually lead to the

loss of transparency and may result in blindness, depending on

severity. In farmed Atlantic salmon, cataract development is

considered to have a multifactorial aetiology and has been

reported to be linked to genetic predispositions and several

nutritional and environmental factors(1).

Nutrition-related cataracts have especially been observed

after the omission of blood meal in animal feeds due to a

potential risk of transmitting BSE(2,3). Blood meal is rich in

the essential amino acid histidine, and several studies have

emphasised the crucial role of dietary histidine as a preventive

measure against cataract(3–5). In addition to sustaining the

requirement for protein synthesis, histidine and histidine

derivatives are present in free forms in high concentrations

in salmonid tissues, performing important functions to main-

tain water balance, cell integrity and metabolic processes.

The cataract-mitigating ability of histidine has been attributed

to the occurrence of the histidine imidazole N-acetyl-histidine

(NAH) that is synthesised in the lens(4,6). NAH functions as an

osmolyte in the fish lens, thereby contributing to the

maintenance of water balance in the lens(7,8). This may be

especially important in the period after seawater transfer,

which is an osmotically challenging period for Atlantic

salmon smolts(4,9). In the human lens, the histidine imidazole

N-acetylcarnosine has been shown to inhibit oxidative

damages and thus reduce the risk of cataract development(10).

Carnosine has not been detected in the Atlantic salmon lens,

and NAH has been suggested to function as the imidazole
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antioxidant analogue in the salmon lens(11). NAH has also

been detected in the heart and brain of salmonids(12), while

the histidine dipeptide anserine has been identified as an

important buffer component in the fish muscle(13–15). Excess

histidine is degraded by the enzyme histidase (histidine

ammonia lyase (HAL), EC 4.3.1.3), and an imbalanced amino

acid composition in the diet may result in an increased

catabolism(16). Histidine has the ability to bind to and modu-

late the absorption of Zn, Cu and Fe(17) and may therefore

affect the distribution and excretion of elements in the fish.

Consequently, one has to be aware that supplementation of

surplus crystalline histidine in the feed may affect the tissue

distribution of elements.

Previous studies have shown that the replacement of dietary

fish oil with vegetable oil blends may result in a higher preva-

lence of cataracts(18,19), while this could not be confirmed in

several later experiments(11,20). Partial replacement of marine

raw materials with alternative raw materials, many of plant

origin, has become a normal practice in the intensive farming

of Atlantic salmon (Salmo salar L.), as an expanding aquacul-

ture industry results in an increased need for sustainable fish

feeds(21). Vegetable oils, in general, contain high amounts of

the C18 fatty acids (both n-6 and n-3), while fish oil are rich

in long-chain unsaturated n-3 fatty acids(21). The salmon lens

has been shown to be relatively conservative in the incor-

poration of fatty acids compared with other tissues(11,20);

however, the dietary lipid source has been found to affect

the osmoregulatory abilities of Atlantic salmon lenses(20).

The innate antioxidant system in the salmon lens has also been

shown to be influenced by both the dietary lipid source and

histidine enrichment on a transcriptional level ex vivo (11).

Recent feeding experiments in Atlantic salmon have shown

that the histidine requirement to reduce the risk of cataract

development is higher than that for growth during both the

first(4) and second years in seawater(5); however, the

requirement has not been estimated previously. The current

estimated dietary histidine requirement for growth is 8 g

His/kg DM(22), but based on previous feeding experiments,

we hypothesised that the histidine requirement would be

above 11·7 g His/kg feed in the period after seawater trans-

fer(4,6). Furthermore, the inclusion of vegetable oil in fish

feeds, which has become a common practice in fish farming,

may increase the risk of cataract development in farmed Atlan-

tic salmon. Thus, the main objective of the present study was

to define the histidine requirement of Atlantic salmon smolts

to reduce the risk of cataract development after seawater

transfer in relation to dietary lipid source.

Materials and methods

The experiment complied with the guidelines of the Norwe-

gian Regulation on Animal Experimentation and EC Directive

86/609/EEC, and the protocol was approved by the National

Animal Research Authority.

Experimental design

The feeding study was carried out at Lerang Research Station

from 11 November 2008 to 9 February 2009. Atlantic salmon

underyearling (0þ) smolts with an initial mean body

weight of 71·4 (SD 1·1) g (n 51 per tank) were reared in

twenty tanks (1 m3) supplied with fresh water and exposed

to continuous light. After the initial sampling, the water was

replaced with seawater (salinity 35 g/l) with a mean tempera-

ture of 128C for 13 weeks. Duplicate groups of salmon were

randomly fed ten experimental diets delivered as extruded

pellets containing either fish oil (FO) or a vegetable oil (VO)

mix (linseed oil:palm oil:rapeseed oil 15:30:55) replacing

70 % FO and histidine at five target levels (10, 12, 14, 16 and

18 g His/kg). To achieve the target levels, histidine was

added as His-HCl. Feed containing the histidine target level

of 14 g His/kg feed (analysed values: 13·2 g His/kg feed in

VO and 13·6 g His/kg feed in FO) was considered to be the

control feed, as this level is above that required to reduce

the risk of cataract development in adult Atlantic salmon(5).

Feed ingredients and proximate feed composition, analysed

dietary histidine concentrations and dietary fatty acid compo-

sition are summarised in Tables 1–3, respectively. Before the

start of the experiment, the fish were fed common commercial

first-feeding and parr feeds with histidine concentrations in

the range of 8–10 g His/kg feed. These feeds are not sup-

plemented with histidine as the high level of fishmeal used

in these feeds covers the requirement for optimal growth

during the freshwater stage, a stage where normally no or

low-grade cataract is observed(4). A temperature fluctuation

Table 2. Analysed dietary histidine concen-
trations (g/kg) in the respective histidine
groups

Dietary groups FO diet VO diet

10 9·9 10·3
12 12·0 12·1
14 13·6 13·2
16 14·8 15·2
18 17·3 16·8

FO, fish oil; VO, vegetable oil.

Table 1. Feed ingredients and proximate feed composition of the
experimental diets (g/kg)

FO diet VO diet

Feed ingredients
Fishmeal (Welcon AS) 250 250
Soyabean concentrate (IMCOPA) (g/kg) 181 181
Wheat gluten (Cerestar Scandinavia AS) 189 189
Wheat (Statkorn) 134 134
FO (Holtermann ANS) 218 59
Rapeseed oil (Emmelev AS) 0 86
Palm oil (Denofa) 0 49
Linseed oil (Elbe Fetthandel GmbH) 0 24
Mineral premix (Trouw Nutrition) 11 11
Vitamin premix (Trouw Nutrition) 2·5 2·5
DL-Met (Evonik) 4 4
L-Lys-HCl (Ajinomoto Eurolysine SAS) 8 8
Proximate feed composition

Protein 450 450
Lipid 270 270
DM 930 930

FO, fish oil; VO, vegetable oil.
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was induced after week 5 by lowering the temperature to

8·78C over 2 d followed by an increase to 148C for 3 d before

returning to 128C, as our experience has shown that tempera-

ture fluctuation is a suitable environmental measure to induce

cataract development(5,23).

Samplings

During each sampling, fish were anaesthetised (metacaine);

their weight and length were recorded, and cataract assess-

ment was carried out in twenty fish from each tank using

a Kowa SL-15 slit-lamp biomicroscope (Kowa Company

Limited)(24). Each lens was given a score of 0–4, indicating the

degree of opacification, resulting in a total score of 0–8 per

fish. Sampled fish were then killed by a single blow to the

head; blood was collected and organs were carefully dissected

for analysis. The first sampling was conducted before transfer

to seawater (week 0) and then after 5, 9 and 13 weeks on the

experimental diets. Initially, twelve fish were sampled for the

determination of blood Hb concentrations, liver trace element

concentrations and oxidative status (thiobarbituric acid-

reactive substances (TBARS)), as well as transcriptional

levels of antioxidant enzymes and histidase. White muscle

tissue was sampled for the determination of free basic

amino acid concentrations; lens and heart were sampled for

the determination of histidine and NAH concentrations. In

the following samplings, six fish were sampled from each of

the twenty tanks 5 h postprandially. Individual samples were

collected for blood Hb and liver mRNA analyses (n 6 for each

tank). Pooled samples per tank were collected for the determi-

nation of TBARS and trace element concentrations in the liver,

free basic amino acid concentrations in the muscle (weeks 5

and 9), total free amino acid concentrations in the muscle

(week 13), fatty acid composition in the muscle (week 13),

free basic amino acid concentrations in the heart (week 5)

and NAH concentrations in the heart (weeks 5 and 13), lipid

class and fatty acid composition in the heart (week 9), histidine

and NAH concentrations in the lens (weeks 5, 9 and 13), fatty

acid and lipid class composition in the lens (week 13), and

histidine and NAH concentrations in the brain (week 13).

Feed production and analysis

The ten experimental diets were produced by the Skretting

Aquaculture Research Centre (ARC) for the whole feeding

period in one production phase using commercially available

feed ingredients. Vitamins and minerals were supplemented as

a premix fulfilling the requirements for salmonids specified

by the NRC (1993). Feed histidine concentrations were

determined at the Skretting ARC according to an accredited

European Union standard method(25). Feed total lipid and

fatty acid concentrations were determined using an accredited

GC method(26) at the Skretting ARC.

Determination of histidine and histidine imidazole
concentrations

Brain, lens and heart NAH concentrations were determined

by reversed-phase HPLC (Waters Corporation), based on the

method described by O’Dowd et al.(27) and slightly modified

by Breck et al.(4). Free basic amino acid and total free amino

acid concentrations were determined by ninhydrin detection

with Biochrom 20 plus (Biochrom Limited), using the amino

analyser ninhydrin method (Amersham Pharmacia Biotech)(4).

Determination of lipid class composition

Lens and heart lipid class composition was determined by

high-performance TLC(28).

Determination of fatty acid composition

Muscle, lens and heart total lipid fatty acid composition was

determined by GLC(29).

Determination of blood Hb concentrations

Blood Hb concentrations were determined spectrophoto-

metrically using the cyanmethaemoglobin method(30).

Determination of thiobarbituric acid-reactive substance
concentrations

Liver oxidation product concentrations were determined

spectrophotometrically bymeasuringTBARS concentrations(31).

Table 3. Dietary fatty acid composition (%)

(Mean values and standard deviations)

FO VO

Fatty acids Mean SD Mean SD

14 : 0 7·5 0·1 3·1 0·1
16 : 0 17·1 0·3 17·4 0·3
18 : 0 2·8 0·1 2·3 0·1
Not listed 0·7 – 0·5 0·1
SSaturated 28·1 0·2 23·3 0·3

16 : 1n-7 7·6 0·5 3·0 0·1
18 : 1n-9 11·0 1·1 29·0 0·3
18 : 1n-7 3·1 1·6 3·0 0·7
S20 : 1 2·0 0·4 1·6 0·2
S22 : 1 2·0 0·2 1·2 0·1
24 : 1n-9 0·3 0·0 0·2 –
Not listed 0·2 0·1 0·1 0·1
SMonoenes 26·2 0·3 38·0 0·6

16 : 2n-6 1·1 0·1 0·4 –
18 : 2n-6 4·7 0·2 13·3 0·3
18 : 3n-3 1·1 0·1 9·5 0·3
18 : 4n-3 2·3 0·1 0·8 –
20 : 4n-6 0·8 0·1 0·3 –
20 : 4n-3 0·7 – 0·3 –
20 : 5n-3 15·8 0·1 6·0 0·2
22 : 5n-3 1·7 0·0 0·7 0·1
22 : 6n-3 7·8 0·1 3·7 0·1
n-3 not listed 0·7 – 0·3 0·1
n-6 not listed 0·7 0·1 0·3 –

Sn-3 30·1 0·2 21·3 0·5
Sn-6 7·4 0·2 14·3 0·3
n-3:n-6 4·1 0·1 1·5 0·0

Rest of the fatty acids 5·2 0·3 1·9 0·3

FO, fish oil; VO, vegetable oil.
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Multi-element analysis

Liver trace element concentrations were determined using an

inductively coupled plasma mass spectrophotometer(32). The

samples were digested by microwave-assisted acid decompo-

sition. Liver Fe concentrations were determined by flame atom

absorption spectroscopy(33).

Transcriptional analysis

The transcriptional levels of selected markers of oxidative

stress and histidine metabolism were determined using liver

samples obtained from six dietary groups (10, 14 and 18 g

His/kg, FO and VO), with n 6 for each treatment, at weeks

5 and 9, before and after temperature fluctuation. RNA

was extracted as described by Olsvik et al.(34) using the

BioRobot EZ1 and RNA Universal Tissue Kit (Qiagen). The

quantity and quality of RNA were assessed using the Nano-

Dropw ND-1000 UV–Vis Spectrophotometer (NanoDrop

Technologies) and the Agilent 2100 Bioanalyser (Agilent

Technologies). PCR primer sequences used for the quantifi-

cation of the transcriptional levels of the target genes HAL,

glutathione peroxidase 3 (GPx3), catalase (CAT), glutathione

reductase (GR), heat shock protein 70 (HSP70) and Mn super-

oxide dismutase (MnSOD) are listed in Table 4. A two-step

real-time quantitative RT-PCR protocol was used to measure

the transcriptional levels of the target genes in the liver, as

described in detail by Olsvik et al.(34). Target gene mean

normalised expression was determined using a normalisation

factor calculated using the geNorm software based on the

three selected reference genes(35). All reference genes were

stably expressed with M values ,0·5.

Calculations and statistical analysis

Specific growth rate (SGR) was calculated as follows:

SGR ð%=dÞ ¼ 100 £ ½ ln ðw2Þ2 ln ðw1Þ�ðt2 2 t1Þ;

where w1 and w2 are body weights at the start time (t1) and

end time (t2) in days, respectively. Feed intake was calculated

as the percentage of biomass. Feed conversion ratio was

calculated as (feed eaten (g)/weight gain (g)).

Statistical analysis was carried out using the Statistica

software (StatSoft, Inc.). Data are presented as means with

their standard errors. Levene’s test was carried out to test

for the homogeneity of variances. For all the tests, 95 % CI

was used, giving a probability level of 0·05. A two-way

ANOVA was carried out to investigate the effects of dietary

histidine v. dietary lipid source. When no interaction

effects were present, a one-way ANOVA was carried out

to investigate the effect of either dietary histidine or

dietary lipid source. Tukey’s honestly significant difference

post hoc test was carried out when the ANOVA values were

significant (P,0·05).

GraphPad prism version 6.0 (q 2012 GraphPad Software,

Inc.) was used to conduct regression analysis. Regression

analysis was used to test whether there was a linear or

non-linear relationship between the dietary histidine

concentrations and the analysed tissue concentrations at each

sampling point. The best-fit regression lines are shown in the

figures, indicated by the R 2 value, and the best-fit equations

are given in their legends. The dotted lines represent the

95 % CI. The slopes of FO and VO were compared and

combined when one curve adequately fit both the datasets

(extra sum-of-squares F test). The dietary histidine requirement

to reduce the risk of cataract development was estimated based

on the cataract score of the fish given the control level of

histidine (13·2 g His/kg feed in the VO-based feed and 13·6 g

His/kg feed in the FO-based feed).

Results

Fish performance

During the experiment, the body weight of the fish increased

approximately 4-fold. The VO diet-fed fish had a lower growth

rate (SGR) than the FO diet-fed fish, resulting in a lower mean

body weight in the VO diet-fed fish at weeks 9 and 13

(Fig. 1(A) and (B)). Daily feed intake in the VO diet-fed fish

was lower (mean 1·46 (SEM 0·02) %) than that in the FO diet-fed

fish (mean 1·56 (SEM 0·02) %) (P,0·05, n 10). No differences

were detected in the feed conversion ratio between the

experimental groups (mean 0·78 (SEM 0·02)). There was no

mortality during the experiment.

Table 4. Gene names, accession numbers, primer sequences, amplicon sizes and PCR efficiencies for the selected reference and target genes

Genes Accession no. Forward primer Reverse primer
Amplicon size

(bp) PCR efficiency

Reference genes
b-Actin BG933897 CCAAAGCCAACAGGGAGAA AGGGACAACACTGCCTGGAT 92 2·03
EF1AB AF321836 TGCCCCTCCAGGATGTCTAC CACGGCCCACAGGTACTG 59 2·03
HSP90AB BQ035751 CTCTGGGATGAGCTCCTCACA CCTTTGACCTCTTTGAGAACAAGAA 98 1·84

Target genes
HAL GE780688 CAGTGGACTCCCTGTCCACAA AGGCAGCTAGCAGCTCGATT 129 1·99
MnSOD DY718412 GTTTCTCTCCAGCCTGCTCTAAG CCGCTCTCCTTGTCGAAGC 209 1·91
CAT BG935638 GGGCAACTGGGACCTTACTG GCATGGCGTCCCTGATAAA 59 1·89
GPx3 BE518588 GATTCGTTCCAAACTTCCTGCTA GCTCCCAGAACAGCCTGTTG 141 2·06
GR BG934480 CCAGTGATGGCTTTTTTGAACTT CCGGCCCCCACTATGAC 61 2·05
HSP70 BG933934 CCCCTGTCCCTGGGTATTG CACCAGGCTGGTTGTCTGAGT 121 1·99

EF1, elongation factor 1; HSP, heat shock protein; HAL, histidine ammonia lyase; MnSOD, Mn superoxide dismutase; CAT, catalase; GPx3, glutathione peroxidase 3;
GR, glutathione reductase.
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Tissue lipid class and fatty acid composition

The fatty acid profile of the muscle and heart largely reflected

that of the feed, while only minor differences were observed

in the fatty acid composition of the lens. Tissue total lipid

fatty acid compositions are given in Table S1 (available

online). The lens lipid class composition was not affected

by the dietary histidine concentration or lipid source, and

therefore the data were combined. Lipid classes detected

in the salmon smolt lenses were phosphatidylethanolamine,

cholesterol, phosphatidylcholine, phosphatidylserine (PS),

NEFA, TAG and phosphatidylinositol. The quantitative distri-

bution was phosphatidylethanolamine (29%) . cholesterol

(24%) . phosphatidylcholine (22%) . PS (14%) . NEFA

(5%) . TAG (4%) . phosphatidylinositol . (2%). Lysopho-

sphatidylcholine, cardiolipin, diacylglycerol cholesteryl ester

and sphingomyelin were not detected in the lens. The heart

lipid class composition was affected by the dietary lipid

source, but not by the dietary histidine concentration. The

VO diet-fed fish had higher concentrations of TAG and

lower concentrations of sphingomyelin and PS than the FO

diet-fed fish. The quantitative distribution of lipid classes

in the FO diet-fed fish was phosphatidylcholine (34 %) .

phosphatidylethanolamine (24 %) . TAG (15 %) . cardiolipin

(6%) . phosphatidylinositol ¼ cholesterol (5%) . PS ¼ NEFA

(3%) . lysophosphatidylcholine ¼ sphingomyelin (2%) . diacyl

glycerol (1%). The quantitative distribution in the VO diet-fed

fish was phosphatidylcholine (32%) . phosphatidylethanolamine

(22%) . TAG (21%) . cardiolipin (6%) . cholesterol (5%) .

phosphatidylinositol (4%) . PS (3%) . NEFA ¼ diacylglycerol ¼

sphingomyelin (2 %) . lysophosphatidylcholine (1 %).

Cataract prevalence and severity

The dietary lipid source did not affect the observed cataract

development in the present study, and therefore the data

were combined for the respective dietary histidine groups.

At the start of the experiment, before seawater transfer, none

of the examined fish had cataract. During the first 5 weeks,

fish in all the groups developed cataract. Cataract prevalence

was significantly higher in the 10 g His/kg feed groups than

in all the other groups at week 5 and remained higher for

the duration of the experiment (P,0·05, n 4; Fig. 2(A)). At

week 13, cataract prevalence was significantly higher in the

12 g His/kg feed groups than in the 14, 16 and 18 g His/kg

feed groups and was no longer lower than that in the 10 g

His/kg feed groups. The cataract prevalence of 35 % in fish

fed the control feed (mean of both FO and VO) represented

the background level of cataract, cataract prevalence that

could not be alleviated by additional dietary histidine

supplementation.

The mean cataract score was significantly higher in the 10 g

His/kg feed groups than in all the other groups at week 5

(Fig. 2(B)), and cataract severity became more pronounced

at weeks 9 and 13, during which the mean cataract score of

the 10 g His/kg feed groups was significantly higher than

that of all the other groups (P,0·05, n 4). The mean cataract

score of the groups given the control level of dietary histidine

of 0·5 represented the lowest severity of cataracts that could

be accomplished by dietary histidine supplementation.

Regression analysis revealed that there was a non-linear

relationship between dietary histidine concentrations and cat-

aract prevalence at the end of the experiment and the risk of

cataract development was significantly reduced by increasing

dietary histidine concentrations (Fig. 3(A)). The best-fit line

could be expressed by a second-degree polynomial equation

describing the following relationship:

Cataract prevalence ð%Þ ¼ 1·93x 2 2 61·4xþ 519 ðR 2 0·81Þ;

where x is the dietary histidine concentration. The equation

was solved using the mean cataract prevalence in the control

feed group (35 % affected). Thus, the occurrence of histidine

deficiency-associated cataract could be minimised by feeding

14·4 g His/kg feed.

The cataract score was significantly negatively correlated

with dietary histidine concentrations (r 20·76). Regression

analysis revealed that there was a non-linear relationship

between dietary histidine concentrations and cataract scores;

0
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Fig. 1. Mean weight of the experimental fish at each sampling time point during

the 13-week feeding study. Values are means (n 10), with their standard errors

represented by vertical bars. (A) Dietary histidine concentration did not affect

the weight increase, and therefore the data were combined for the respective

dietary lipid sources. a,b Mean values with unlike letters were significantly

different (P,0·05). (B) Specific growth rate (SGR) of each dietary histidine

group during the 13-week experiment in relation to the analysed dietary histidine

concentrations. SGR could be expressed by two different equations; however,

the slope was not different from 0 (fish oil : y ¼ 0·00 046x þ 1·85, R 2 0·001;

vegetable oil : y ¼ 0·013x þ 1·59, R 2 0·36).
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thus, dietary histidine concentrations could also reduce catar-

act severity (Fig. 3(B)). The best-fit lines could be expressed

by a second-degree polynomial equation, describing the

following relationship:

Cataract score ¼ 0·11x 2 2 3·5xþ 26 ðR 2 0·87Þ;

where x is the dietary histidine concentration. The equation

was solved using the mean cataract score of the groups

given the control feed containing the dietary histidine level

of 0·5. From this, the dietary concentration of histidine

required to minimise cataract severity was estimated to be

13·4 g His/kg feed.

Lens free histidine and N-acetyl-histidine concentrations

Dietary lipid source did not affect the lens histidine and NAH

concentrations, while both were significantly affected by the

dietary histidine concentration (Fig. 4(A) and (B)). The mean

lens NAH concentration before seawater transfer (at the start

of sampling) was 3·9mmol/g. In both the dietary lipid

groups, lens NAH concentration in the 10 g His/kg feed

groups was reduced to approximately a quarter of the initial

concentration during the first 5 weeks. The concentration

remained low throughout the experiment and was significantly

lower than that in all the other groups at weeks 9 and 13

(P,0·05, n 4). The 12 g His/kg groups maintained their initial

lens NAH concentrations during the experiment and had sig-

nificantly higher concentrations than the 10 g His/kg groups

and lower concentrations than the 14, 16 and 18 g His/kg

groups at weeks 9 and 13, (P,0·05, n 4). Regression analysis

revealed that there was a linear relationship between dietary

histidine concentrations and the concentrations of both free

histidine and NAH in the lens at all sampling points, exemplified

at week 13 (Fig. 5(A) and (B)). The relationship between

dietary histidine and lens free histidine concentrations at

week 13 could be expressed by a common straight line:

Lens free His ¼ 0·15x 2 1·1 ðR 2 0·70Þ:

The relationship between dietary histidine and lens NAH

concentrations at week 13 could be expressed by a common

straight line:

Lens NAH ¼ 2·0x 2 18·5 ðR 2 0·90Þ;

where x is the dietary histidine concentration. From this, it was

calculated that the dietary histidine concentration required to

100

50

(A)

a a
a

a

b
b bb,c

b,c
c

a

a

a

b
bb

Experimental period

C
at

ar
ac

t 
p

re
va

le
n

ce
 (

%
)

0
Start Week 5 Week 9 Week 13

Experimental period

Start Week 5 Week 9 Week 13

4

3

2

1

(B)

C
at

ar
ac

t 
sc

o
re

0

Fig. 2. Cataract prevalence (A) and mean cataract score (B) at each

sampling time point during the 13-week feeding study. Dietary lipid source

did not affect cataract development, and therefore the data were combined

for the respective dietary histidine concentrations (10 , 12 , 14 ,

16 and 18 g His/kg feed). Values are means (n 4), with their standard

errors represented by vertical bars. a,b,c,d Mean values with unlike letters

were significantly different (P,0·05).

120

100

80

60

40

20

0
10 11

(A)

12 13

Dietary His (g/kg)

C
at

ar
ac

t 
p

re
va

le
n

ce
 (

%
)

14 15 16 17 18

5

2

3

4

1

0

–1
10 11

(B)

12 13

Dietary His (g/kg)

C
at

ar
ac

t 
sc

o
re

14 15 16 17 18

Fig. 3. Cataract prevalence (A) and mean cataract score (B) in relation to the

analysed dietary histidine concentrations at week 13. Values are means (n 2),

with their standard errors represented by vertical bars. 95 % CI, . Dietary

lipid source did not affect cataract prevalence or cataract score, and there-

fore the relationship with dietary histidine concentrations could be expressed

by a common equation for both dietary lipid groups: cataract prevalence (%),

y ¼ 1·93x 2 2 61·4x þ 519 (R 2 0·81); cataract score, y ¼ 0·11x 2 2 3·5x þ 26

(R 2 0·87). , Fish oil; , vegetable oil.

S. C. Remø et al.1764

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114513004418  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114513004418


reduce cataract prevalence and severity corresponded to

10·8mmol NAH/g lens and 8·8mmol NAH/g lens, respectively.

At week 13, the cataract score was significantly negatively

correlated with both lens NAH and lens free histidine con-

centrations (r 20·68 and r 20·76, respectively). The strong

relationship between dietary histidine and lens NAH concen-

trations and the significantly negative correlation between

lens NAH concentrations and cataract scores suggest that the

lens NAH concentration can be used as a marker to assess

the risk of cataract development in farmed Atlantic salmon.

White muscle, heart and brain free histidine and
histidine imidazole concentrations

White muscle tissue free histidine concentrations in the 10

and 12 g His/kg groups were significantly lower than those

in the 14, 16 and 18 g His/kg groups during all sampling

points (P,0·05, n 4; Fig. 6(A)). Muscle anserine concen-

trations increased during the first 5 weeks in the 14, 16 and

18 g His/kg groups and decreased in the 10 and 12 g His/kg

groups (Fig. 6(B)). Muscle anserine concentrations were

significantly higher than those in the 10 and 12 g His/kg

groups throughout the experiment (P,0·05, n 4). At week

13, dietary histidine and muscle free histidine concentrations

were significantly positively correlated (r 0·96), and regression

analysis revealed that the relationship between dietary histi-

dine and free muscle histidine concentrations could be

expressed by a common straight line for both dietary lipid

groups (Fig. 7(A)):

Free muscle His ¼ 0·6x 2 6·4 ðR 2 94Þ:

Muscle anserine and carnosine concentrations were signifi-

cantly positively correlated with the dietary histidine concen-

tration (r 0·85 and r 0·83, respectively), and muscle b-alanine

concentration was significantly negatively correlated with it

(r 20·90). The relationship between dietary histidine and

muscle anserine, carnosine and b-alanine concentrations

could be expressed as a common second-degree polynomial

equation for both dietary lipid groups (Fig. 7(B)–(D)). The con-

centration of 1-methyl-histidine was below the quantification

limit of the method (,0·08mmol/g).

At week 13, muscle anserine and lens NAH concentrations

were significantly positively correlated (r 0·83) and muscle

anserine concentrations and cataract scores were significantly

negatively correlated (r 20·79). The relationship between
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muscle anserine and dietary histidine concentrations could be

expressed by the following equation:

Muscle anserine ¼ 20·12x 2þ 3·9x 2 18 ðR 2 0·94Þ;

where x is the dietary histidine concentration. From this, it was

calculated that the dietary histidine requirement of 14·4 g

His/kg feed to reduce the risk of cataract development and the

requirement of 13·4 g His/kg feed for minimising the severity

of cataracts correspond to muscle anserine concentrations of

13·3 and 12·7mmol Ans/g muscle tissue, respectively.

At both weeks 5 and 13, heart free histidine concen-

trations were significantly affected by the dietary histidine

concentration (Fig. 8(A)). Heart NAH concentrations were

significantly higher in the 14, 16 and 18 g His/kg groups

than in the 10 and 12 g His/kg groups at week 5

(P,0·05, n 4), while no differences were observed at week

13 (Fig. 8(B)). At week 13, heart NAH concentrations were

similar in all the groups, with a mean concentration of 2·7

(SEM 0·1)mmol/g. Heart free histidine concentrations were

significantly correlated with the dietary histidine concentration

at both weeks 5 and 13 (r 0·96 and r 0·82, respectively), while

heart NAH concentrations were significantly correlated with

the dietary histidine concentration only at week 5 (r 0·92).

Regression analysis revealed that the relationship between

dietary histidine and heart free histidine concentrations

could be expressed by a common straight line for both dietary

lipid groups (Fig. 9). The slope of heart NAH was not signifi-

cantly different from 0. Anserine and carnosine were not

detected in the heart (determined at week 5). Of other basic

amino acids in the heart, 1-methyl-histidine and arginine

were present at concentrations below the quantification limit

of the method (,0·08mmol/g). Lysine concentrations were

significantly reduced with increasing dietary histidine concen-

trations (R 2 0·54), in the range 0·2–0·3mmol/g.

Brain histidine concentrations (determined at week 13)

were significantly correlated with the dietary histidine concen-

tration (r 0·83), while brain NAH concentrations were similar

between all the groups (P,0·05, n 4), with a mean concen-

tration of 0·28 (SEM 0·04)mmol/g. Regression analysis revealed

that the relationship between histidine and brain free histidine

concentrations could be expressed by a common straight line

for both dietary lipid groups (Fig. 10). The slope of brain NAH

was not significantly different from 0.

Transcriptional analysis

Dietary lipid composition affected the liver mRNA expression

levels of HSP70, GR and MnSOD, with higher expression

levels being observed in the VO diet-fed fish than in the FO

diet-fed fish at week 5 (Fig. 11). The dietary histidine con-

centration had no effect on the transcriptional levels of any

of the target genes in the FO diet-fed fish, while in the VO

diet-fed fish, the expression of GR, CAT and MnSOD decreased

with increasing dietary histidine concentrations and was

significantly lower in the 18 g His/kg groups than in the 10 g

His/kg groups at week 5. No differences were detected in

the expression levels of HAL and GPx3 at week 5, and no

differences were observed in the mRNA expression levels of

any of the target genes at week 9 (data not shown).

Liver elements, oxidative status and blood Hb
concentrations

The dietary histidine concentration did not affect liver trace

element concentrations or oxidative status measured as

TBARS concentrations, and therefore the data for the respect-

ive dietary histidine groups were combined (n 10 per group).

At the end of the 13-week feeding study, liver Cu and

Mn concentrations were significantly higher in the FO diet-

fed fish (Cu: 135 (SEM 5) mg/kg; Mn: 1·80 (SEM 0·06) mg/kg)

than in the VO diet-fed fish (Cu: 112 (SEM 5) mg/kg; Mn: 1·59

(SEM 0·04) mg/kg) (P,0·05, n 10). No differences were obser-

ved in the concentrations of liver Se (1·33 (SEM0·04) mg/kg),

Zn (26 (SEM 1) mg/kg), Fe (46 (SEM 5) mg/kg), Mo (0·32 (SEM

0·08) mg/kg) or Co (30 (SEM 1)mg/kg).

No differences were detected in blood Hb concentrations

between the dietary groups and at any sampling time point

(mean range 86–98 g/l). Liver TBARS concentrations were sig-

nificantly higher in the FO diet-fed fish (4·6 (SEM 0·2) nmol/g
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wetweight) than in the VO diet-fed fish (3·8 (SEM 0·2)nmol/g ww)

at the end of the experiment (P,0·05, n 10).

Discussion

The effects of replacing marine raw materials in fin-fish diets

have been thoroughly reviewed with emphasis on their

suitability for use in fish feeds and impacts on growth rates,

nutrient digestibility and mortality rates(21,36–38). In the present

study, the VO diet-fed groups had a lower growth rate, and

this is explained by a lower feed intake in these groups com-

pared with that in the FO diet-fed groups. The replacement of

dietary fish oil with vegetable oil, resulting in an altered fatty

acid composition in the feed, has been shown to affect the

fatty acid composition of several tissues in Atlantic

salmon(21,34,39–43), while in comparison the lens is rather

conservative in the incorporation of fatty acids(11,20). This is

confirmed by the present study, as the fatty acid compositions

of the muscle and heart largely reflected the dietary fatty acid

composition, while that of the lens was affected to a lesser

degree. Thus, the present experiment confirms that the

inclusion of a 70 % vegetable oil blend, and the coherent

differences in fatty acid composition, does not affect the risk

of cataract development in Atlantic salmon at the time of

seawater transfer.

Cataract is considered to be a deficiency symptom that,

depending on the severity, may be evident before growth

reduction in fish, and thus it can be regarded as a marker

of suboptimal nutrition. Commercial salmon feed contains

nutrients in excess of the requirements, many defined by

the NRC(22); however, the current estimated dietary histidine

requirement of 8 g His/kg DM for growth does not support

optimal ocular health(22). In the present study, the dietary

histidine concentration did not affect the growth. However,

the groups fed 10 g His/kg feed did develop severe cataracts,

and thus the histidine requirement to reduce the risk of

cataract development was confirmed to be higher than that

for growth.

Several studies have shown that dietary histidine sup-

plementation has a positive effect on the severity of cataracts

in farmed Atlantic salmon(3–5). In the present study, it was

demonstrated that increasing the dietary histidine concen-

trations significantly reduced both the prevalence of cataracts

and the severity of the opacification, as indicated by the catar-

act scores as assessed by slit-lamp biomicroscope inspection.

Based on this, it was concluded that the lowest severity of

cataracts could be achieved by feeding 13·4 g His/kg feed,

while the dietary histidine concentration required to minimise

the risk of cataract development was 14·4 g His/kg feed.

Feeding high-histidine diets before seawater transfer does

not result in an increased NAH pool in the lens; thus, the

potential to strengthen the lens by dietary histidine

supplementation during the freshwater stage appears to be

limited(4). NAH synthesis and turnover are higher in seawater

than in freshwater; however, it has not been examined

whether this is due to a pre-adaptation to seawater as a part

of the physiological parr–smolt transformation processes or

directly initiated by the exposure to seawater itself(4). The

period after seawater transfer involves major osmotic chal-

lenges for salmon smolts, including an increase in osmolality
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Fig. 7. Muscle free histidine (His) (A), anserine (B), carnosine (C) and b-alanine (D) concentrations in relation to the analysed dietary His concentrations at the end of

the 13-week feeding study. Values are means (n 2), with their standard errors represented by vertical bars. 95 % CI, . Dietary lipid source did not affect the concen-
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in the aqueous humour of the lens(4). Ex vivo culture studies

have demonstrated the importance of NAH as an osmolyte

in the lens, where NAH is released rapidly for maintaining

water homoeostasis and prevents damages or even rupture(8).

Lens free histidine and NAH concentrations were significantly

correlated with the dietary histidine concentration at all

sampling points, and lens NAH concentrations remained at a

constant level in relation to the dietary histidine concentration

throughout the experiment. Thus, the present results empha-

sise the need for a continuous supply of dietary histidine to

maintain a stable lens NAH concentration and thus reduce

the risk of cataract development after seawater transfer, poss-

ibly by strengthening the osmoregulatory ability of the lens.

Furthermore, the correlation between cataract scores and

lens NAH concentrations suggests that NAH may be used as

a marker to assess both the risk of cataract development and

the severity of cataracts that can be caused by suboptimal his-

tidine nutrition. From the present results, it is concluded that

in the period after seawater transfer, a lens NAH concentration

of 8·8mmol/g is required to reduce the severity of cataracts

and a concentration of 10·8mmol/g indicates a low risk of

histidine-associated cataract development.

However, dietary histidine supplementation did not com-

pletely reduce the risk of cataract development in the present

study, whereas approximately 35 % of the fish still developed

low-grade cataracts, indicating a background level of cataracts

that is not caused by suboptimal histidine nutrition. Previous

studies have identified several environmental factors that

may have increased the prevalence of cataracts in all the

groups in the present study, including fluctuating water tem-

peratures(23), elevated water temperatures(5) and rapid

growth rates(9). In the present experiment, the temporary tem-

perature fluctuation that was induced at week 6 may have

contributed to the increase in cataract development observed

in the 10 g His/kg groups at week 9; however, it cannot be

excluded that this was caused by the low dietary histidine con-

centration alone. Waagbø et al.(5), who investigated the effect

of dietary histidine supplementation in adult Atlantic salmon

in seawater, concluded that 12·8 g His/kg feed was sufficient

to prevent a severe cataract outbreak following a natural sea-

sonal increase in the seawater temperature (12–18·58C). The

corresponding lens NAH concentration was 10·9mmol/g(5),

thus supporting the present results regarding cataract-

preventive concentrations of lens NAH.

Muscle free histidine was almost depleted in the 10 and 12g

His/kg groups throughout the experiment, indicating that the

available histidine in these groups was used either in protein

synthesis and prioritised tissue imidazole synthesis or as energy.

At week 13, muscle anserine and carnosine concentrations

increased with increasing dietary histidine concentrations,

while b-alanine, which is an intermediate in both the synthesis

and breakdown of anserine, had an opposite response, with

higher concentrations at low dietary histidine concentrations.

Thus, muscle free histidine concentrations appear to be the

limiting factor for the muscle anserine synthesis, and this is

highly dependent on the dietary histidine concentration. Muscle

anserine is especially important for supporting buffering capacity

needed during burst swimming activity after seawater
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transfer(13,14,44) and therefore also influences the performance of

the fish during the first period in sea.

Tissue anserine concentrations appeared to reach a plateau

at the dietary histidine concentration required to minimise the

severity of cataracts, and there was a significant negative

correlation between cataract scores and muscle anserine

concentrations. Thus, cataract development may be regarded

as a symptom of a systemic deficiency of histidine, as the

dietary histidine concentration required to minimise cataract

severity coincides with the concentration to sustain optimal

anserine synthesis.

During the first 5 weeks of the experiment, heart NAH con-

centrations increased in fish in all the dietary groups, and

heart NAH concentrations reflected the dietary histidine con-

centration. This suggests that the synthesis of heart NAH

increases after seawater transfer. However, at the end of

the experiment, no differences were detected between the

groups, indicating a saturation of heart NAH concentrations in

all the groups. Heart histidine concentrations were correlated
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y ¼ 0·035x þ 0·49 (R 2 0·69); NAH, y ¼ 0·016x þ 0·064 (R 2 0·06). , NAH

fish oil (FO); , NAH vegetable oil (VO); , His FO; , His VO.
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with the dietary histidine concentration at both sampling time

points. The occurrence of heart disorders in farmed fish is

usually attributed to infectious diseases(45), but it has also

been reported to be associated with the replacement of fish

oil with vegetable oil in fish feed(46). Histidine and histidine

derivatives, on the other hand, have been found to have pro-

tective mechanisms in rodent and mammalian hearts through

the regulation of intracellular pH(47) and protection against

oxidative damages(17). While anserine and carnosine were

not detected in the heart of Atlantic salmon in the present

study, NAH was found at concentrations comparable to

those found in other salmonids(12). The synthesis and elimin-

ation of heart NAH in goldfish (Carassius auratus) after histi-

dine administration through injections are suggested to occur

in a cycle similar to that occurring in the lens(48). Thus, NAH

may be important for maintaining water homeostasis in the

heart, as demonstrated in the lens. NAH has also been

shown to be effective for myocardial protection during heart

transplants(49) and may therefore in a similar way act as

important buffer and antioxidant in vivo in the heart of

salmons. From the present data, it can be concluded that

heart NAH concentrations are influenced by the dietary

histidine concentration, but are over time saturated by the

lowest dietary concentration and thus do no reflect require-

ments beyond concentrations supporting growth. A similar

response was found in the brain, where NAH concentrations

appeared to be saturated in all the groups at week 13. In con-

trast to that observed in the lens and heart, the concentration

of free histidine was higher than that of NAH in the brain.

In all the analysed tissues, free histidine concentrations

were positively correlated with the dietary histidine concen-

tration and did not saturate. The transcriptional level of liver

histidase HAL, the enzyme that degrades histidine to urocanic

acid and NH3, was not influenced by the dietary histidine con-

centration in the present experiment. A study on rainbow trout

(Oncorhynchus mykiss) has shown that increasing the dietary

protein levels leads to an increase in liver histidase activity(50),

whereas in the present study the protein levels were similar in

all the diets. Furthermore, a study on rats fed increasing levels

of dietary histidine has shown that the dietary protein level

and not the dietary histidine concentration affects liver histi-

dase activity(51), while another study has suggested that an

imbalanced dietary amino acid composition may result in an

increased catabolism of single amino acids(16). Based on the

results of the present study, it is concluded that dietary histi-

dine concentrations used were not high enough to induce

increased liver histidine catabolism in Atlantic salmon.

The chelating properties of histidine may lead to effects on

the uptake and excretion of elements(52–55); however, in the

present study, no impact on the metabolism of essential

elements was detected in the liver. However, liver Cu and

Mn concentrations were higher in fish fed the FO-based diet

than in those fed the VO-based diet, for unknown reasons.

The concentrations of oxidation products in the liver,

measured as TBARS concentrations, were significantly higher

in the FO diet-fed fish than in the VO diet-fed fish at the

end of the experiment, and this may be explained by a

higher susceptibility to the oxidation of marine PUFA(34) or

a higher concentration of naturally occurring antioxidants

(especially g-tocopherol) in vegetable oils(56). Furthermore,

the VO-based diets probably contained higher dietary

concentrations of vitamin E forms (both tocopherol and

tocotrienol)(21), and this may have directly influenced the

expression levels of HSP70, GR and MnSOD, resulting in a

general up-regulation of these genes in the VO diet-fed fish

compared with the FO diet-fed fish at week 5(57,58). The

expression levels of GR, CAT and MnSOD in fish fed the VO

diet containing 18 g His/kg feed were lower than those in

fish fed the VO diet containing 10 g His/kg feed, suggesting

that histidine concentrations in the diet may influence the anti-

oxidant response in the liver of salmons. The underlying

mechanisms for this response should be further elucidated.

Conclusion

The dietary histidine requirement to reduce the risk of cataract

development associated with suboptimal dietary histidine con-

centrations after seawater transfer was estimated to be 14·4 g

His/kg feed, while the lowest severity of cataracts could be

achieved by feeding 13·4 g His/kg feed. These estimates

exceed the requirement for maintaining protein synthesis

and growth and are based on free histidine and histidine

imidazole requirements to account for novel roles to support

tissue buffering, antioxidation and osmoregulation. The 70 %

replacement of fish oil with a vegetable oil blend in the

present study did not affect the risk of cataract development

or severity of cataracts.
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1. Bjerkås E, Breck O & Waagbø R (2006) The role of nutrition

in cataract formation in farmed fish. CAB Rev 1, 1–16.
2. Wall AE (1998) Cataracts in farmed Atlantic salmon (Salmo

salar) in Ireland, Norway and Scotland from 1995 to 1997.

Vet Rec 142, 626–631.
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