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Abstract

Periods of high or fluctuating seawater temperatures result in several physiological chal-
lenges for farmed salmonids, including an increased prevalence and severity of cataracts.
The aim of the present study was to compare cataractogenesis in Atlantic salmon (Salmo
salarL.) and rainbow trout (Oncorhynchus mykiss) reared at two temperatures, and investi-
gate whether temperature influences lens metabolism and cataract development. Atlantic
salmon (1012 g) and rainbow trout (12513 g) were reared in seawater at either 13°C (opti-
mum for growth) or 19°C during the 35 days experiment (n = 4 tanks for each treatment). At
the end of the experiment, the prevalence of cataracts was nearly 100% for Atlantic salmon
compared to ~50% for rainbow trout, irrespective of temperature. The severity of the cata-
racts, as evaluated by slit-lamp inspection of the lens, was almost three fold higher in Atlan-
tic salmon compared to rainbow trout. The global metabolic profile revealed differences in
lens composition and metabolism between the two species, which may explain the observed
differences in cataract susceptibility between the species. The largest differences were
seen in the metabolism of amino acids, especially the histidine metabolism, and this was
confirmed by a separate quantitative analysis. The global metabolic profile showed temper-
ature dependent differences in the lens carbohydrate metabolism, osmoregulation and
redox homeostasis. The results from the present study give new insight in cataractogenesis
in Atlantic salmon and rainbow trout reared at high temperature, in addition to identifying
metabolic markers for cataract development.

Introduction

Cataract is characterized as the presence of opacities in the eye lens, which can be caused by
changes in the epithelial tissues surrounding the lens fibres, or the composition and structure
of the lens fibres, resulting in reduced vision [1]. The aetiology of cataract in farmed fish
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species is considered to be production related; caused by both sub-optimal environmental con-
ditions and nutritional deficiencies [1].

During the summer months, periods of naturally high or fluctuating sea water temperatures
may cause unfavourable conditions for farmed salmonids, resulting in several physiological and
fitness consequences [2,3,4,5,6]. In a study by Waagbeg et al. [7] a natural increase in seawater
temperatures (in the range 12-18.5°C) resulted in a higher prevalence of cataracts in adult Atlan-
tic salmon during the second year in sea. The underlying causes for the increased cataract devel-
opment at high temperature have not been established, however, increased oxidative pressure
and an alteration in nutrient requirement due to changes in the metabolism and growth rates
are hypothesized to promote cataract development [7]. Water temperature affects the growth
rate and metabolism of poikilotherm animals, and the growth of salmon post-smolt increases up
to the optimum temperature of 13°C [8]. Previous studies have identified that fluctuating water
temperatures, although at temperatures below the optimum for growth (range 2-8°C) increased
cataract development in smolting Atlantic salmon [9]. Also, several studies have shown a correla-
tion between rapid growth rates and cataract development [10, 11, 12]. At temperatures above
the optimum for growth, the metabolism and energy demand for maintenance increases [13].
Oxidative damage to proteins, lipids and DNA can result from high concentrations of free radi-
cals and their reactive non-radical derivatives that are produced by the normal metabolism [14].
The decreased protein turnover towards the lens native nucleus makes the lens tissue especially
vulnerable to increased ROS production in the epithelial cells [15]. Exposure to high tempera-
tures has been shown to result in a higher oxidative pressure and alterations in the integrated cel-
lular antioxidant defence system in goldfish (Carassius auratus) tissues [16, 17].

Historically, cataracts have been observed in both Atlantic salmon and rainbow trout, and
have been associated with sub-optimal levels of methionine, tryptophan, riboflavin, zinc and
manganese [1]. However, in recent years, a high prevalence of cataracts have especially been
reported in farmed Atlantic salmon, in relation to low dietary levels of the essential amino acid
histidine [7, 18, 19]. In periods when the fish is sensitive, such as after seawater transfer and in
periods with high or fluctuating water temperatures, the requirement for histidine to reduce the
risk of cataract development appears to be higher than the estimated requirement for growth in
Atlantic salmon [7, 19, 20]. Histidine is taken up by the lens and synthesized to N-acetylhistidine
(NAH), and the severity of cataracts is negatively correlated with the concentration of NAH in
the lens [7, 19, 20]. Lens NAH has been shown to have important roles as an osmolyte [21, 22],
buffer component [19] and possibly intracellular antioxidant [23], and is therefore essential in
maintaining the lens water balance and cell integrity. Oxidative stress plays an important role in
the development of cataracts in both animals and humans [24, 25], and a balanced pro- and anti-
oxidant level in the diet has been shown to reduce cataract prevalence in Atlantic salmon [26].

The aim of the present study was to compare cataract development in Atlantic salmon and
rainbow trout reared at optimal and high seawater temperature, and investigate whether rear-
ing temperature influence lens metabolism and cataract development. The global metabolic
profile was determined in individual lenses from both species with defined cataract scores, to
investigate whether the lens composition or metabolism could give further insight in the catar-
actogenesis in salmonids. Analysis of the metabolome has been shown to be a useful tool in
ophthalmological research [27, 28, 29], and to describe the effect of temperature on the metab-
olism of fish, in tissues [30] and plasma [6].

Material and methods

The experiment complied with the guidelines of the Norwegian Regulation on Animal
Experimentation and EC Directive 86/609/EEC, and the protocol was approved by the
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competent person at the laboratory unit at the Institute of Marine Research, Matre, Norway
(FOTS licence #110), and the National Animal Research Authority. At the time the experi-
ment was done, it was not necessary to obtain specific approval for animal experiments
where the fish were not subjected to un-physiological conditions, according to the Norwe-
gian legislation on experiments with animals (FOR-1996-01-15-23). The fish were reared

at two temperatures that are within the tolerable range for Atlantic salmon and rainbow
trout, and no pain and suffering was expected. Fish health and welfare was monitored dur-
ing the experiment, as well as environmental conditions and feed intake. The behaviour of
the fish was normal, and plasma cortisol (as an indication of stress) was not elevated. There
was no mortality during the experiment. According to the legislation, all the involved scien-
tists are licensed as FELASA (Federation of Laboratory Animal Science Associations) C
researcher.

Experimental fish

The experiment was carried out at Matre Aquaculture Research Station (Matredal, Norway),
from November 10™ to December 15, 2010. Atlantic salmon (autumn transfer post-smolt,
body weight 101+2 g) and rainbow trout (1253 g), were randomly distributed in 16 tanks (1
m>), eight tanks for each species (n = 80), with a continuous flow of seawater (salinity 35 g LY,
18:6 light regime and the addition of oxygenated water to keep the saturation at stable levels
above 90%. The fish was acclimatized for three weeks at 13°C before the experiment start, and
all groups were given the same experimental diet, prepared to be commercially relevant by
Skretting, Norway (Table 1). The amino acid composition met the amino acid requirement for
both species (NRC, 2011). The feed was fed in excess three times per day by the use of auto-
matic feeders (ARVO-TEC T Drum 2000, Arvotec, Huutokoski, Finland) and uneaten pellets
collected 15 min after each meal. During the first six days of the experiment the temperature
was raised to 19°C in eight of the 16 tanks (1°C day"), giving four tank replicates for each spe-
cies on each temperature and the fish was reared on 19°C or 13°C for the remainder of the 35
day experiment.

Table 1. Feed ingredients and analysed feed composition of the experimental diets.

Feed ingredients

Fish meal LT Scandinavian (Welcon AS) (g kg™") 150
Soya protein concentrate (IMCOPA International S/A) (g kg™") 139
Corn gluten (Cargill Nordic A/S) (g kg™') 150
Wheat gluten (Cargill Nordic A/S) (g kg™") 250
Wheat (Raffeissen Hauptgenossen Nord) (g kg™') 40
North Atlantic fish oil (Triple Nine Fish Protein Amba) (g kg™') 229
Vitamin and mineral premix (Trouw Nutrition, Putten, The Netherlands) (g kg™") 42
Astaxanthin 10% (Nutritional Ingredients BV) (g kg™) 0,5
Analysed feed composition

Protein (g kg™') 509
Lipid (g kg™") 280
Dry matter (g kg™") 950
Ash (gkg™) 50
Energy (MJ kg™") 25
Histidine (g kg™") 10
Vitamin C (mg kg™) 96

https://doi.org/10.1371/journal.pone.0175491.t001
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Sampling procedures

Tissue sampling and cataract evaluation was performed four hours post-prandially. At the
time of sampling, the fish were sedated by placing them in a solution of tricaine methanesulfo-
nate (70 mg L") in seawater, and killed with a single blow to the head before dissection. Cata-
ract assessment was performed on both lenses from each fish on day 0 (n = 30 fish for each
species) and day 35 (n = 4 tanks; each of 9 examined fish) of the experiment with a Kowa SL-
15 slit-lamp biomicroscope (Kowa, Tokyo, Japan) under darkened conditions. Each lens was
given a score of 0 to 4, indicating the degree of opacification, giving a total score of 0-8 per
fish, based on the method described by Wall and Bjerkés [31]. Cataracts are reported as preva-
lence (% of fish affected) and the mean cataract score for each experimental group. Lenses
were carefully dissected from six fish from each species at day 0 (n = 12) and from three fish
from each tank on day 5 and 35 (n = 6 from each tank, 24 lenses from each experimental
group). The lenses were gently rolled on soft paper to remove aqueous humour, put into sepa-
rate pre-tared tubes, immediately frozen on dry ice and stored at -80°C until determination of
NAH and total free amino acid concentration (n = 6 per experimental group), and the global
metabolic profile (n = 12 per experimental group).

Sample preparation and metabolic profiling

Metabolic profiling analysis was performed by Metabolon as previously described [32,33]. A
total of 48 lenses, 12 from each experimental group and each with a defined cataract score
were analyzed. Briefly, samples were prepared using the automated MicroLab STAR™ system
from Hamilton Company. A recovery standard was added prior to the first step in the extrac-
tion process for quality control (QC) purposes. Sample preparation was conducted using aque-
ous methanol extraction process to remove the protein fraction while allowing maximum
recovery of small molecules. The resulting extract was divided into four fractions: one for
analysis by UPLC/MS/MS (positive mode), one for UPLC/MS/MS (negative mode), one for
GC/MS, and one for backup. The LC/MS portion of the platform was based on a Waters
ACQUITY ultra-performance liquid chromatography (UPLC) and a Thermo-Finnigan linear
trap quadrupole (LTQ) mass spectrometer, which consisted of an electrospray ionization (ESI)
source and linear jon-trap (LIT) mass analyzer. The MS analysis alternated between MS and
data-dependent MS? scans using dynamic exclusion. The samples destined for GC/MS analysis
were re-dried under vacuum desiccation for a minimum of 24 hours prior to being derivatised
under dried nitrogen using bistrimethyl-silyl-triflouroacetamide (BSTFA). The GC column
was 5% phenyl and the temperature ramp was from 40° to 300°C in a 16 minute period. Sam-
ples were analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass
spectrometer using electron impact ionization. Raw data was extracted, peak-identified and
QC processed using Metabolon’s hardware and software. Metabolites were identified by auto-
mated comparison of the ion features in the experimental samples to a reference library of
chemical standard entries that included retention time, molecular weight (m/z), preferred
adducts, and in-source fragments as well as associated MS spectra [34].

Quantification of lens free amino acid and imidazole composition

N-acetylhistidine (NAH) in the lens was determined with reverse phase HPLC (Waters Corpo-
ration, Milford, MA, USA) [35], slightly modified [19]. From the same lens extract, total free
amino acid composition was determined by ninhydrin detection with Biochrom 20 plus (Bio-
chrom Ltd, Cambridge, UK), by applying the Amino analyzer ninhydrin method (Amersham
Pharmacia Biotech, Sweden) [19].
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Calculations and statistics

Statistical analysis was performed with Statistica software (Statsoft Inc., Tulsa, OK, USA) on
replicate tank level (n = 4 tanks per experimental group) in a factorial design consisting of two
species reared at two temperatures). Cataract prevalence, score and quantified analytical
results are presented as mean + SEM. Levene’s test was performed to test for homogeneity of
variances. A confidence level of 95% was used for all the tests, giving a probability level of 0.05.
A one-way ANOVA was performed to investigate the differences between species at the start
of the experiment. A two-way ANOVA was performed to investigate the effect of temperature
vs. species differences. Tukey’s HSD post hoc test was performed when the ANOVA results
were significant (p<0.05). Graphpad prism version 6.0 (GraphPad Software, Inc. La Jolla, CA,
USA) was used to create the figures.

For statistical analyses and data display purposes of the lens global metabolic profile, any
missing values were assumed to be below the limits of detection and these values were imputed
with the compound minimum (minimum value imputation). The raw data for each biochemi-
cal was re-scaled to have a median equal to 1. Statistical analysis of log-transformed data was
performed using “R” (http://cran.r-project.org/), which is a freely available, open-source soft-
ware package. A two-way ANOVA with contrasts was used to identify statistically significant
(p<0.05) species effects, temperature effects, and species by temperature interactions. A one-
way ANOVA was used to investigate the effects of cataract score on the global metabolic pro-
file of lenses for each species. Multiple comparisons were accounted for by estimating the false
discovery rate (FDR) using q-values. The metabolites are shown as mean (+) and median (-)
value, upper and lower quartiles, max and min of distributions (n = 12). Extreme data points
are indicated by a circle (o).

Results
Experimental fish

During the 35 days long experiment both species grew well, and there was no mortality [3].
The rainbow trout had a higher feed intake and growth rate compared to the Atlantic
salmon, however no differences were found within the species as a result of different temper-
atures. The mean end weight was 196 + 4 g (SD) for Atlantic salmon and 293 + 8 g for rain-
bow trout [3]

Cataract prevalence and severity

At the start of the experiment, the Atlantic salmon had a cataract prevalence of 70% and the
cataract score was low grade with mean 1.3 £ 0.2 (n = 30). At the end of the 35 days experiment
all of the Atlantic salmon reared at 13°C had developed cataracts (prevalence of 100%), and
the severity had increased to a mean cataract score of 3.2 + 0.3 (n = 4 tanks; each of 9 examined
fish) (Fig 1). The prevalence of cataracts in Atlantic salmon reared at 19°C was 97 + 2%, and
the mean cataract score was 4.0 £ 0.2 (n = 4 tanks; each of 9 examined fish). Rearing tempera-
ture had no effect on the final prevalence and severity of cataracts. The rainbow trout had a
cataract prevalence of 10% at the start of the experiment (n = 30), and the mean cataract score
was 0.10 £ 0.06. At the end of the experiment the prevalence of cataract was 53 + 5% and

67 * 4% in rainbow trout reared at 13°C and 19°C, respectively (p = 0.09, n = 4 tanks; each of 9
examined fish) (Fig 1). The mean cataract score was equal in the 13°C and 19°C groups, with
0.9 + 0.2 and 1.3 + 0.2, respectively (n = 4 tanks; each of 9 examined fish).
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Fig 1. Cataract prevalence and severity. (A) Cataract prevalence and (B) severity (evaluated as score 0—4
on each lens) in lenses from Atlantic salmon and rainbow trout reared at 13 or 19°C at the end of the 35d
experiment, as mean + SEM (n = 4). Significant differences between the species are denoted by an asterisk
(*) (p<0.05).

https://doi.org/10.1371/journal.pone.0175491.g001
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Lens biochemicals and metabolites

A total of 192 biochemicals were identified in the lenses (S1 Table). Of these, 125 were present
at significantly different levels in Atlantic salmon compared to rainbow trout. Elevated rearing
temperature affected the level of 75 of the identified biochemicals, and the changes were mostly
similar between the two species. A relation between increasing cataract score and changes in
the biochemical level was found for 15 biochemicals in Atlantic salmon lenses (S2 Table), and
five biochemicals in rainbow trout lenses (S3 Table).

The global metabolic profile showed that the metabolism of amino acids differed between
the species (S1 Table), whereas a major difference was in the histidine metabolism, with signif-
icantly higher levels of both histidine and NAH in rainbow trout lenses compared to Atlantic
salmon (Fig 2). A separate quantification of lens histidine and NAH levels showed that at the
start of the experiment (d0) the lens free histidine concentration was approx. three-fold higher
in rainbow trout compared to Atlantic salmon, with mean concentrations of 2.9 + 0.2 and
1.0 £ 0.1 umol g™, respectively. At the end of the experiment (d35) the lens free histidine con-
centration was reduced in both species, but was still significantly higher in rainbow trout com-
pared to Atlantic salmon, irrespective of rearing temperature, with mean concentrations of
1.9 +0.1 and 0.7 + 0.2 umol g™, respectively (Fig 3). Initially, the rainbow trout had approx.
nine-fold higher lens NAH concentration compared to Atlantic salmon, with a mean concen-
tration of 12.4 + 2.1 compared to 1.4 + 0.2 umol g"'. The NAH concentration remained at a
similar low concentration during the experiment in the Atlantic salmon lenses, irrespective of
rearing temperature. At the end of the experiment the lens NAH concentration was signifi-
cantly lower in rainbow trout reared at 19°C compared to 13°C, with mean concentrations of
11.9 + 1.4 and 15.8 + 0.5 umol g ', respectively (Fig 3).

The separate quantification of total free amino acids showed that Atlantic salmon lenses
had an abundance of leucine, phenylalanine, glutamine and tyrosine that contributed to
approx. 50% of the total free amino acid concentration, while NAH only contributed 5% of
the total free amino acids (54 Table). In rainbow trout lenses, NAH made up 32-40% of the
total free amino acid concentration. The sum of free amino acids inclusive NAH in the lens
was similar in both species and was not affected by temperature, with a mean value of 39
+1 umol g'. Rainbow trout had significantly higher levels of N-acetylaspartate (NAA)
compared to Atlantic salmon, however both species reared at 19°C had lower levels com-
pared to 13°C (Fig 4). The level of NAA was reduced with increasing cataract score in Atlan-
tic salmon.

Several precursors and intermediates in the glutathione (GSH) and ophtalmate metabolism
were present at significantly different levels in Atlantic salmon and rainbow trout lenses, and
many were affected by temperature (Fig 5). The level of reduced glutathione (GSH) was higher
in in rainbow trout reared at 19°C compared to 13°C, and a higher level in rainbow trout
reared at 19°C compared to Atlantic salmon reared at 19°C. The level of oxidized GSH
(GSSG) was significantly higher in trout reared at 19°C compared to 13°C. No differences
were found in the level of cysteine, however the precursor cystathionine was present at signifi-
cantly lower levels in both species reared at 19°C compared to 13°C, and higher in salmon
compared to trout lenses. The GSH precursor glutamate and the break-down intermediate
5-oxoproline was higher in Atlantic salmon compared to rainbow trout, and higher salmon
reared at 19°C than at 13°C. Salmon lenses had significantly higher levels of both ophtalmate
and 2-aminobutyrate compared to rainbow trout lenses, and both species had higher levels in
the fish reared at 19°C compared to 13°C.

Several intermediates in the transmethylation pathway of the 1-carbon metabolism were
present at different levels in rainbow trout and Atlantic salmon, and Atlantic salmon reared at
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Fig 2. Lens histidine and N-Acetylhistidine (NAH) levels. (A) Relative levels of histidine and (B) NAH in
lenses from Atlantic salmon and rainbow trout reared at 13 or 19°C at the end of the 35d experiment.
Significant differences between the species are denoted by an asterisk (*), significant differences between
temperatures and interaction effects are denoted by lower case letters (a, b) (p<0.05).

https://doi.org/10.1371/journal.pone.0175491.g002

19°C had significantly higher levels of S-adenosylmethionine (SAM) and S-adenosylhomocys-
teine (SAH) compared to salmon reared at 13°C (Fig 6).

A total of 26 peptides, 18 dipeptides and 8 gamma-glutamyl peptides, were present in the
lenses (S1 Table). Of these, 15 dipeptides were present at higher levels in Atlantic salmon lenses
compared to rainbow trout lenses, and the dipeptides that were affected by temperature were
all found in lower levels in fish reared at 19°C compared to 13°C. The level of all gamma-gluta-
myl peptides differed between the species.

Differences between the species were found for 24 of the 40 identified metabolites in the
lipid pathway (S1 Table). Atlantic salmon lenses had significantly higher levels of arachidonic
acid (ARA, 20:4n-6) compared to rainbow trout, and a significantly higher level of the ARA
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Fig 3. Lens histidine and N-Acetylhistidine (NAH) concentrations. (A) Lens histidine and (B) NAH
concentrations in lenses from Atlantic salmon and rainbow trout reared at 13 or 19°C at the end of the 35d
experiment, as mean + SEM (n = 4). Significant differences between the species are denoted by an asterisk
(*), significant differences between temperatures and interaction effects are denoted by lower case letters (a,
b) (p<0.05).

https://doi.org/10.1371/journal.pone.0175491.9003
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effects are denoted by lower case letters (a, b) (p<0.05).

https://doi.org/10.1371/journal.pone.0175491.9004

derived eicosanoid prostaglandin E, (Fig 7). Atlantic salmon had a fivefold higher level of
sphingosine compared to rainbow trout at both temperatures. Rainbow trout had higher levels
of both carnitine and acetylcarnitine compared to Atlantic salmon, where carnitine was influ-
enced by temperature for both species, while acetylcarnitine was only higher in salmon reared
at 19°C compared to 13°C. Rearing temperature also affected the inositol metabolism, with
higher levels of the inositol compounds, myo-, chiro- and scyllo-inositol in fish reared at 19°C
compared to 13°C in both species, and higher levels in Atlantic salmon compared to rainbow
trout at both temperatures (S1 Table).

The level of biochemicals in the carbohydrate metabolism differed between the species,
with lower levels of glucose-6-phosphate (G6P) and higher levels of glucose-1-phosphate and
lactate in Atlantic salmon compared to rainbow trout lenses (S1 Table). No differences were
seen in the level of lens glucose between the species or at either temperature (S1 Table). Atlan-
tic salmon lenses had a significantly higher level of sorbitol at 19°C compared to 13°C, and a
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https://doi.org/10.1371/journal.pone.0175491.9005

similar trend was found in rainbow trout (p = 0.12) (Fig 8). Atlantic salmon reared at 19°C
had a significantly higher lens fructose level compared to salmon reared at 13°C (Fig 8). A cat-
aract associated effect was found in rainbow trout, with increased levels of fructose, glycerate

and glucose in lenses from fish with cataracts compared to clear lenses (S3 Table).

All of the identified cofactors and vitamins differed between the species (S1 Table). Atlantic

salmon had significantly lower levels of nicotinamide adenine dinucleotide (NAD+) (Fig 8),

and both species had a lower level of NAD+ at 19°C compared to the respective fish reared at

13°C.

Discussion

In the present study, cataract development in Atlantic salmon and rainbow trout reared at
optimum and high temperature was investigated. The global metabolic profiles in lenses from
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Atlantic salmon and rainbow trout were characterized to investigate differences in lens
metabolism between the species and study metabolic changes in the lenses caused by water
temperature. In the present study, the cataract prevalence and the severity of cataracts were
significantly higher in Atlantic salmon compared to rainbow trout despite equal farming and
feeding conditions [3]. Both species had high growth rates at both temperatures, and this may
have increased the susceptibility to cataract development [10, 11, 12]. The lens metabolic pro-
file differed between the species, where several metabolites that are associated with cataract
development were present at different levels in Atlantic salmon and rainbow trout. While
these differences may be related to cataract severity, only a few of these were related to the cata-
ract scores. Thus, the lens metabolic profiles likely indicate differences in lens metabolism that
may explain or is the consequence of the higher susceptibility to cataracts for Atlantic salmon.
A major difference between the species was seen in the histidine metabolism, and indepen-
dent quantification of histidine and NAH with reverse phase HPLC confirmed a higher con-
centration of both histidine and NAH in the rainbow trout compared to Atlantic salmon
lenses. Sub-optimal levels of dietary histidine has been identified as a major risk factor for cata-
ract development in farmed Atlantic salmon, and cataracts can be mitigated by increasing the
dietary histidine concentration [7,19,20]. The cataract mitigating effect of dietary histidine has
been attributed to the synthesis and concentration of NAH in the lens [20, 36]. The concentra-
tion of NAH in Atlantic salmon lenses has been shown to reflect the dietary histidine concen-
tration, and a low level of NAH is therefore considered a marker for the risk for cataract
development. In the present study, both species were fed the same diet, designed to cover the
dietary amino acid requirements for growth for both species, with a dietary histidine concen-
tration of 10 g His kg'' feed. This concentration is however lower than the re-established
requirement of 13.4 g His kg™ feed to minimize the risk of cataract development for Atlantic
salmon smolt after seawater transfer [20], and this may explain both the severity of cataracts
and the almost depleted lens NAH concentration in Atlantic salmon in the present study. In

PLOS ONE | https://doi.org/10.1371/journal.pone.0175491  April 18,2017 12/21


https://doi.org/10.1371/journal.pone.0175491.g006
https://doi.org/10.1371/journal.pone.0175491

@° PLOS | ONE

Lens metabolome and cataract development in salmon and trout

A prostaglandin E2 B arachidonate (20:4n6)
3 2.5
251 — % T 2 1 T % L
27 5 15 i
1.5 - ; 1 I —_
1 . | == == | Y/ L
e 05 4 T == -
0 — = = — T 0 T r - :
13C 19C 13C 19C 13C 19C 13C 19C
Trout Trout Salmon Salmon Trout Trout Salmon Salmon
C carnitine acetylcarnitine
25 25 D
2 * T a 2 e
15 b - 15 - s b
| B, %= M|
L e - = | '] - : = ==
05 - == - 05 % o
0 T T T T 0 T T T T
13C 19C 13C 19C 13C 19C 13C 19C
Trout Trout Salmon Salmon Trout Trout Salmon Salmon
E sphingosine
10
4 - o
8 1 *
6 T
4 + :
2] =
ol === == == -
13C 19C 13C 19C
Trout Trout Salmon Salmon

Fig 7. Lens lipid metabolism. Relative levels of metabolites related to the lipid metabolism in lenses from
Atlantic salmon and rainbow trout reared at 13 or 19°C at the end of the 35d experiment: (A) prostaglandin E,,
(B) arachidonate (20:4n-6), (C) carnitine, (D) acetylcarnitine, (E) sphingosine. Significant differences between
species are denoted by an asterisk (*), significant differences between temperatures are denoted by lower
case letters (a, b) (p<0.05).

https://doi.org/10.1371/journal.pone.0175491.9007

comparison, the rainbow trout was able to maintain a higher lens NAH concentration, with
lens NAH constituting approx. one third of the free amino acid pool, when given the same die-
tary histidine concentration. This clearly indicates differences in the metabolism as well as pos-
sibly also requirements for histidine between the species. The dietary histidine concentration
was almost twice the estimated histidine requirement for growth for rainbow trout of 5-6 g
His kg™ dry matter [37], and this appeared to be sufficient to maintain a cataract preventive
concentration of lens NAH. Thus, the observed difference in cataract development between
the species may be explained by a different requirement or metabolism of histidine, with

levels resulting in a higher susceptibility to cataracts for Atlantic salmon, regardless of rearing
temperature.

NAH has been shown to function as an osmolyte in the fish lens thereby contributing to
maintaining the water balance and volume regulation in the lens [21, 22]. The osmolality of
the aqueous humour of the salmon eye appears to be coupled to the plasma level of ions, and
have been found to be between 310 to 314 mOsm kg ' in freshwater, and in the range 320 to
335 mOsm kg’1 in sea water [19]. Thus, the period after seawater transfer causes osmotic chal-
lenges for salmon smolts, and is considered to be a risk period for cataract development. The
present study was performed with Atlantic salmon smolts and rainbow trout in seawater, and
the depleted level of NAH in the salmon lens indicates that the lens’ ability to osmoregulate
was lowered, while the high concentrations in the rainbow trout suggest a stronger standing
defence against shifts in osmolality, and thus possibly a lower susceptibility to cataracts. The
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total concentration of free amino acids was similar in lenses from all groups, supporting the
hypothesis that Atlantic salmon compensates with other amino acids to maintain homeostasis
when there is not enough histidine available for NAH synthesis [19].

The Atlantic salmon lenses had significantly higher concentrations of the branched chain
amino acids leucine, isoleucine and valine, and phenylalanine compared to rainbow trout.
Branched amino acids are traditionally connected to oxidative metabolism and energy produc-
tion in muscle tissue [38]. Degradation of branched amino acids may provide acyl-CoA deriva-
tives [39] for the purpose of energy supply or substrate for acetylation reactions, especially in
the lens epithelial cell layers that are metabolically active with mitochondria. In human epide-
miological research using plasma metabolic profiling, branched and aromatic amino acids
were identified as highly significant predictors of future diabetes [40]. The consequences of a
high concentration of these branched amino acids in the salmon lens is unknown, however
intermediates in the metabolism of these amino acids may induce oxidative damage [41], thus
in itself increase the risk of cataract development. The global metabolic profile also indicated
differences in the levels of other acetylated amino acids than NAH between the species, which
may be explained by a species specific difference in the acetylation of amino acids, or reflect a
compensation mechanisms to trap other amino acids at low histidine and NAH levels in
Atlantic salmon lenses compared to rainbow trout lenses. The levels of dipeptides and gamma-
glutamyl amino acids support the indication of differences in lens protein and amino acid
metabolism between species and as a response to high temperature, and may indicate a higher
level of degraded proteins in the lenses and transportation of amino acids across the cell mem-
brane in fish reared at 19°C compared to 13°C.

The concentration of total lipids in Atlantic salmon lenses is approximately 5 mg g* wet
weight and the lipid class composition indicates that the main function of lens lipids are for
structural purposes and messengers, as opposed to energy, with an abundance of phospholip-
ids and cholesterol [23]. In the present study, Atlantic salmon lenses had a higher level of
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sphingosine, an intermediate in the ceramide synthesis, compared to rainbow trout, and this
may be related to the higher severity of cataracts in the salmon. Ceramide has many physiolog-
ical functions beyond being a component in the membrane structure, among others in signal-
ling, cell functions and apoptosis [42]. High levels of ceramide have been found in human
cataractous lenses [43], and have been suggested to be part of the aetiology of human age-
related cataracts [44].

The Atlantic salmon lenses had a higher level of non-esterified arachidonic acid (20:4n-6,
ARA) and prostaglandin E, (PGE,) compared to rainbow trout. This may be a result of the
more severe damage to the Atlantic salmon lenses, resulting in a release of ARA from the cell
membranes and thus a higher production of PGE,, as shown in cultured rabbit epithelial cells
damaged by UVB-radiation [45]. Prostaglandins are involved in several biological functions
that may influence cataract formation such as regulation of cell proliferation [45], inflamma-
tion processes in lens epithelial cells from cataract patients [46] and osmoregulation [47].
Thus, the higher levels in Atlantic salmon compared to rainbow trout may be related to the
higher severity of cataracts in salmon, however the exact mechanism or cause-effect relation-
ship is not known.

Cataract development is hypothesized to be related to elevated water temperatures, however
it is not clear whether this relates to cell growth or metabolic costs [7]. Since feed intake and
growth rate was not affected by the rearing temperature in the present study, the observed dif-
ferences in the metabolic profile in lenses from fish reared at 13 and 19°C are interpreted as
metabolic differences caused by the different rearing temperatures.

Osmotic cataracts in Atlantic salmon are usually associated with reduced osmoregulatory
abilities after seawater transfer and is characterised by a more permeable membrane, leading
to a rapid water uptake, swelling and ruptures in the lens basal membrane [1]. The level of N-
acetylaspartate (NAA), a suggested analogue osmolyte to NAH in the brain [48, 49] was pres-
ent at lower levels in both rainbow trout and Atlantic salmon reared at 19°C compared to
13°C. Together with the reduced concentration of NAH in the rainbow trout lenses reared at
high temperature this suggests an increased usage of osmolytes at high temperature. In addi-
tion, the Atlantic salmon lenses had lower levels of NAA in lenses with a high cataract score,
supporting a connection between the lens’ ability to osmoregulate and cataract formation.

Osmotic cataracts have also been associated with elevated plasma glucose concentrations in
Atlantic salmon [26]. In the present study, the plasma glucose concentration was significantly
higher in Atlantic salmon reared at 19°C compared to 13°C [3]. Although no differences were
observed in the lens glucose levels at the end of the experiment, differences observed in inter-
mediates in the glucose breakdown pathways suggest a temperature dependent dysfunction or
an overload of glycolysis in the Atlantic salmon lenses. The higher level of sorbitol in Atlantic
salmon lenses reared at 19°C may have resulted in osmotic stress and consequently contrib-
uted to cataract formation, as seen in hyperglycaemic animals and humans [50, 51]. The level
of fructose and glucose increased with increasing cataract score in rainbow trout lenses, sug-
gesting that alterations in the glucose metabolism may be related to the observed cataract
development in rainbow trout. Both species had increased levels of metabolites in the myo-
inositol biosynthetic pathway in the high temperature groups, indicating that temperatures
affect the carbohydrate metabolism in both species. Altogether, the results from the present
study suggest that temperature mediated alterations in the carbohydrate metabolism may be
associated with ongoing cataractogenesis in both species.

Due to the low degree of protein turnover, the lens is very susceptible to post-translational
modifications (like glycation) that results in an alteration of structural proteins. In the present
study, elevated water temperature resulted in a higher fructose level in the Atlantic salmon
lenses, which is consistent with a lower level of NAD, a cofactor for sorbitol dehydrogenase.
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Fructose is a potent glycation agent, thus contributing to the formation of advanced glycation
end-products (AGEs) [52] that cause conformational changes and increase cross-linking in
the lens [53]. Glycation has been shown to be involved in the cataractogenesis of hyperglyce-
mic and diabetic animals [54]. Rainbow trout may have stronger defence against cross-linking
compared to Atlantic salmon due to higher levels of acetylcarnitine that has been shown

to prevent glycation of crystallins, possibly through post-translational acetylation of the glyca-
tion sites [55] or through effects on apoptosis regulating genes [56]. The higher lens level of
histidine in rainbow trout may also be beneficial as histidine has been shown to exhibit anti-
cross linking activity [57], and inhibit the complications of glucose-induced oxidation and gly-
cation, as shown in diabetic mice [58]. Carnosine has been shown to delay the progression of
cataracts caused by glycation in diabetic rats [59], however, the proposed imidazole analogue
in salmonid lenses NAH does not have an anti-cross linking activity [57]. The higher levels of
metabolites in the 1-carbon metabolism in Atlantic salmon reared at 19°C may also have con-
sequences for the post-translational modification of proteins, whereas SAM can methylate lens
proteins [60]. The methylation of cysteine residues in crystallins has been suggested to protect
the lens from disulfide bonding and cross-linking [61], however, the changes may be age
related, as no differences in methylation level have been found between healthy and catarac-
tous lenses [60].

GSH is an important innate antioxidant in the lens, and a low concentration is associated
with cataract development in animals and humans [62, 63, 64, 65]. As a response to oxidative
stress, cellular GSH levels are expected to be lowered, as found in cataractous lenses, both in
vivo [28,66] and experimentally induced cataract [23,63,65]. During changes in temperature,
the cellular metabolism is reorganised in fish, and the activity of GSH dependent enzymes
have been shown to increase in gold fish tissues, along with higher levels of thiols such as GSH
[16]. This may explain the higher level of both reduced glutathione (GSH) and oxidized gluta-
thione disulfide (GSSG) in rainbow trout reared at 19°C compared to rainbow trout reared at
13°C, indicating that the rainbow trout were able to increase the defence against oxidative
stress in the lens and thereby possibly maintain the redox homeostasis in the lenses. In com-
parison, the Atlantic salmon lenses had large variations in the lens GSH level at both tempera-
tures; indicating large individual differences in the GSH metabolism and the ability to
regenerate GSH, resulting in a lower ability to withstand oxidative stress.

Ophtalmate, a structural analogue of GSH [67], was present at higher levels in both Atlantic
salmon and rainbow trout exposed to 19°C, and at higher levels in Atlantic salmon compared
to rainbow trout. Ophtalmate has been suggested to be a biomarker for hepatic GSH depletion
in humans, and thus a marker for oxidative stress [68]. Assuming that ophtalmate represents a
marker for GSH depletion in salmonid lenses, the present results indicate a higher oxidative
pressure in Atlantic salmon lenses compared to rainbow trout lenses, and that elevated tem-
peratures resulted in oxidative stress in lenses from both species. From the present results, it is
suggested that ophtalmate may be a useful marker to assess oxidative stress in lenses.

The differences in lens oxidative status between the species may also be due to the higher
lens concentration of NAH in rainbow trout compared to the Atlantic salmon. The histidine
containing imidazole carnosine appears to have an antioxidant function in the canine and
human lenses [66] and thus mitigate cataract development. These dipeptide imidazoles are not
found in the salmon lens [19], while lens NAH has been proposed to cover the analogue anti-
oxidant function in the salmon lens [23]. The latter ex vivo study on Atlantic salmon lenses
showed that enzymes in the GSH system are affected by additional histidine in the medium, by
up-regulating of genes encoding glutaredoxin and GPx4 [23], and histidine may therefore
directly affect the innate antioxidant system in salmon lenses. Thus, the reduction in lens
NAH concentration at high temperature seen in rainbow trout lenses may be because NAH
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was used as an antioxidant, in addition to the osmolyte function. For the same reason, the
higher level of free histidine found in rainbow trout lenses compared to Atlantic salmon lenses
may also have contributed to the antioxidant defence [69].

In summary, Atlantic salmon was more susceptible to cataract development than rainbow
trout under the given similar rearing conditions. The difference in histidine metabolism may
explain the apparent difference in cataract susceptibility between the species. However, almost
50% of the rainbow trout developed cataract at both temperatures, suggesting that other factors
may be involved in the aetiology of cataracts in rainbow trout, such as the observed effects in
the carbohydrate metabolism. Rearing temperature did not increase the cataract development
significantly in either species during the 35-day experiment; however, the metabolic profile
indicates that high temperature alters the osmoregulatory ability, carbohydrate metabolism
and redox regulation in the lenses, which may result in a higher risk for cataract development.

Supporting information

S1 Table. Lens biochemical heat map. Heat maps showing the identified biochemicals in
Atlantic salmon and rainbow trout lenses reared at 13 or 19°C. Red colour indicates a signifi-
cantly higher level and green colour indicates a significantly lower level of the metabolite (con-
trasts) (p<0.05).

(XLSX)

§2 Table. Atlantic salmon lens metabolites in relation to cataract scores. Biochemicals that
were significantly different in lenses with different cataract scores in Atlantic salmon lenses.
The data are presented as mean values of each metabolite per cataract score 1-3. Red colour
indicates a significantly higher level and green colour indicates a significantly lower level of the
metabolite (contrasts) (p<0.05).

(XLSX)

$3 Table. Rainbow trout lens metabolites in relation to cataract scores. Biochemicals that
were significantly different in lenses with different cataract scores in rainbow trout lenses. The
data are presented as mean values of each metabolite per cataract score 0-2. Red colour indi-
cates a significantly higher level and green colour indicates a significantly lower level of the
metabolite (contrasts) (p<0.05).

(XLSX)

S4 Table. Free amino acid concentration in Atlantic salmon and rainbow trout lenses. The

concentration of amino acids in lenses from Atlantic salmon and rainbow trout reared at 13 or
19°C at the end of the 35 days experiment. Significant differences are indicated by the p-values
in each column.

(XLSX)

Acknowledgments

The authors wish to thank Mrs. Anita Birkenes at NIFES for valuable technical assistance, and
Dr. Elizabeth Kensicki and Dr. Edward Karoly at Metabolon Inc., Durham, NC, USA, for sta-
tistical analysis and scientific input on the results.

Author Contributions
Conceptualization: EMH SCR RW.
Formal analysis: SCR RW.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175491  April 18,2017 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175491.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175491.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175491.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175491.s004
https://doi.org/10.1371/journal.pone.0175491

@° PLOS | ONE

Lens metabolome and cataract development in salmon and trout

Funding acquisition: EMH RW.

Investigation: SCR EMH RW OB PAO.

Methodology: EMH SCR RW.

Project administration: EMH RW SCR.

Supervision: SCR RW PAO EMH OB.

Validation: SCR EMH RW.

Visualization: SCR.

Writing - original draft: SCR RW PAO EMH OB.

Writing - review & editing: SCR RW PAO EMH OB.

References

1.

10.

11.

12

13.
14.

15.

16.

Bjerkas E, Breck O, Waagbg R. The role of nutrition in cataract formation in farmed fish. CAB Reviews:
Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources. 2006; 1.

Hevrey EM, Hunskar C, de Gelder S, Shimizu M, Waagbg R, Breck O, et al. GH—IGF system regula-
tion of attenuated muscle growth and lipolysis in Atlantic salmon reared at elevated sea temperatures. J
Comp Physiol B. 2013; 183: 243-259. https://doi.org/10.1007/s00360-012-0704-5 PMID: 22991175

Hevray EM, Tipsmark CK, Remg SC, Hansen T, Fukuda M, Torgersen T, et al. Role of the GH-IGF-1
system in Atlantic salmon and rainbow trout postsmolts at elevated water temperature. Comp Biochem
Phys A.2015; 188: 127-138.

Hevrgy EM, Waagbg R, Torstensen BE, Takle H, Stubhaug |, Jergensen SM, et al. Ghrelin is involved
in voluntary anorexia in Atlantic salmon raised at elevated sea temperatures. Gen Comp Endocr. 2012;
175: 118-134. https://doi.org/10.1016/j.ygcen.2011.10.007 PMID: 22036890

Jorgensen SM, Castro V, Krasnov A, Torgersen J, Timmerhaus G, Hevray EM, et al. Cardiac
responses to elevated seawater temperature in Atlantic salmon. BMC Physiol. 2014; 1:

Kullgren A, Jutfelt F, Fontanillas R, Sundell K, Samuelsson L, Wiklander K, et al. The impact of tempera-
ture on the metabolome and endocrine metabolic signals in Atlantic salmon (Salmo salar). Comp Bio-
chem Phys A. 2013; 164: 44-583.

Waagbg R, TréBe C, Koppe W, Fontanillas R, Breck O. Dietary histidine supplementation prevents cat-
aract development in adult Atlantic salmon, Salmo salarL., in seawater. Brit J Nutr. 2010; 104: 1460—
1470. https://doi.org/10.1017/S0007114510002485 PMID: 20691125

Handeland SO, Imsland AK, Stefansson SO. The effect of temperature and fish size on growth, feed
intake, food conversion efficiency and stomach evacuation rate of Atlantic salmon post-smolts. Aqua-
culture. 2008; 283: 36—42.

Bjerkas E, Bjernestad E, Breck O, Waagbg R. Water temperature regimes affect cataract development
in smolting Atlantic salmon, Salmo salarL. J Fish Dis. 2001; 24:281-291.

Bjerkas E, Waagbe R, Sveier H, Bjerkas |, Bjgrnestad E, Maage A. Cataract development in Atlantic
Salmon (Salmo salarl) in fresh water. Acta Vet Scand. 1996; 37: 351-360. PMID: 8996880

Breck O, Sveier H. Growth and cataract development in two groups of Atlantic salmon (Salmo salarL)
post smolts transferred to sea with a four week interval. Bull Eur Assn Fish P. 2001; 21: 91-103.

Waagbg R, Bjerkas E, Sveier H, Breck O, Bjgrnestad E, Maage A. Nutritional status assessed in groups
of smolting Atlantic salmon, Salmo salarL., developing cataracts. J Fish Dis. 1996; 19: 365-373.

Jobling M. Fish bioenergetics. London, UK: Chapman & Hall.1994.

Drége W. Free radicals in the physiological control of cell function. Physiol Rev. 2002; 82: 47-95.
https://doi.org/10.1152/physrev.00018.2001 PMID: 11773609

Brennan LA, Kantorow M. Mitochondrial function and redox control in the aging eye: Role of MsrA and
other repair systems in cataract and macular degenerations. Exp Eye Res. 2009; 88: 195-203. https://
doi.org/10.1016/j.exer.2008.05.018 PMID: 18588875

Bagnyukova TV, Lushchak OV, Storey KB, Lushchak VI. Oxidative stress and antioxidant defense
responses by goldfish tissues to acute change of temperature from 3 to 23°C. J Therm Biol. 2007; 32:
227-234.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175491  April 18,2017 18/21


https://doi.org/10.1007/s00360-012-0704-5
http://www.ncbi.nlm.nih.gov/pubmed/22991175
https://doi.org/10.1016/j.ygcen.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22036890
https://doi.org/10.1017/S0007114510002485
http://www.ncbi.nlm.nih.gov/pubmed/20691125
http://www.ncbi.nlm.nih.gov/pubmed/8996880
https://doi.org/10.1152/physrev.00018.2001
http://www.ncbi.nlm.nih.gov/pubmed/11773609
https://doi.org/10.1016/j.exer.2008.05.018
https://doi.org/10.1016/j.exer.2008.05.018
http://www.ncbi.nlm.nih.gov/pubmed/18588875
https://doi.org/10.1371/journal.pone.0175491

@° PLOS | ONE

Lens metabolome and cataract development in salmon and trout

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lushchak VI, Bagnyukova TV. Temperature increase results in oxidative stress in goldfish tissues. 2.
Antioxidant and associated enzymes. Comp Biochem Phys C. 2006; 143: 36—41.

Breck O, Bjerkas E, Campbell P, Arnesen P, Haldorsen P, Waagbeg R. Cataract preventative role of
mammalian blood meal, histidine, iron and zinc in diets for Atlantic salmon (Salmo salarL.) of different
strains. Aquacult Nutr. 2003; 9: 341-350.

Breck O, Bjerkas E, Campbell P, Rhodes JD, Sanderson J, Waagbg R. Histidine nutrition and genotype
affect cataract development in Atlantic salmon, Salmo salarL. J Fish Dis. 2005; 28: 357-371. hitps://
doi.org/10.1111/j.1365-2761.2005.00640.x PMID: 15960659

Remg SC, Hevrgy EM, Olsvik PA, Fontanillas R, Breck O, Waagbg R. Dietary histidine requirement to
reduce the risk and severity of cataracts is higher than the requirement for growth in Atlantic salmon
smolts, independently of the dietary lipid source. Brit J Nutr. 2014; 111: 1759-1772. https://doi.org/10.
1017/S0007114513004418 PMID: 24576359

Baslow MH. Function of the N-acetyl-L-histidine system in the vertebrate eye. J Mol Neurosci. 1998;
10: 193-208. https://doi.org/10.1007/BF02761774 PMID: 9770642

Rhodes JD, Breck O, Waagbo R, Bjerkas E, Sanderson J. N-Acetylhistidine, a Novel Osmolyte in the
Lens of Atlantic Salmon (Salmo salarL.). Am J Physiol Regul Integr Comp Physiol. 2010; 299: 1075—
1081.

Remg SC, Olsvik PA, Torstensen BE, Amlund H, Breck O, Waagbg R. Susceptibility of Atlantic salmon
lenses to hydrogen peroxide oxidation ex vivo after being fed diets with vegetable oil and methylmer-
cury. Exp Eye Res. 2011; 92: 414—-424. https://doi.org/10.1016/j.exer.2011.02.018 PMID: 21377462

Vinson JA. Oxidative stress in cataracts. Pathophysiology. 2006; 13: 151-162. https://doi.org/10.1016/
j.pathophys.2006.05.006 PMID: 16765571

Williams DL. Oxidation, antioxidants and cataract formation: a literature review. Vet Ophtalmol. 2006;
9: 292-298.

Waagbg R, Bjerkas E, Hamre K, Berge R, Wathne E, Lie &, et al. Cataract formation in Atlantic salmon,
Salmo salar L. smolt relative to dietary pro- and antioxidants and lipid level. J Fish Dis. 2003; 26:213—
229. PMID: 12962230

Midelfart A. Metabonomics—a new approach in ophthalmology. Acta Ophthalmol. 2009; 87: 697—-703.
https://doi.org/10.1111/j.1755-3768.2009.01516.x PMID: 19604162

Tsentalovich YP, Verkhovod TD, Yanshole VV, Kiryutin AS, Yanshole LV, Fursova AZ, et al. Metabolo-
mic composition of normal aged and cataractous human lenses. Exp Eye Res. 2015; 134: 15-23.
https://doi.org/10.1016/j.exer.2015.03.008 PMID: 25773987

Yanshole VV, Snytnikova OA, Kiryutin AS, Yanshole LV, Sagdeev RZ, Tsentalovich YP. Metabolomics
of the rat lens: A combined LC-MS and NMR study. Exp Eye Res. 2014; 125: 71-78. https://doi.org/10.
1016/j.exer.2014.05.016 PMID: 24910091

Viant MR, Werner |, Rosenblum ES, Gantner AS, Tjeerdema RS, Johnson ML. Correlation between
heat-shock protein induction and reduced metabolic condition in juvenile steelhead trout (Oncor-
hynchus mykiss) chronically exposed to elevated temperature. Fish Physiol Biochem. 2003; 29: 159—
171.

Wall T, Bjerkas E. A simplified method of scoring cataracts in fish. Bull Eur Assn Fish P. 1999; 19: 162—
165.

Evans AM, DeHaven CD, Barrett T, Mitchell M, Milgram E. Integrated, nontargeted ultrahigh perfor-
mance liquid chromatography/electrospray ionization tandem mass spectrometry platform for the identi-
fication and relative quantification of the small-molecule complement of biological systems. Anal Chem.
2009; 81: 6656—6667. https://doi.org/10.1021/ac901536h PMID: 19624122

Reitman ZJ, Jin G, Karoly ED, Spaojevic |, Yang J, Kinzler KW, et al. Profiling the effects of isocitrate
dehydrogenase 1 and 2 mutations on the cellular metabolome. Proc Natl Acad Sci U S A. 2011; 108:
3270-3275. https://doi.org/10.1073/pnas.1019393108 PMID: 21289278

DeHaven CD, Evans AM, Dai H, Lawton KA. Organization of GC/MS and LC/MS metabolomics data
into chemical libraries. J Cheminform. 2010; 2.

O’Dowd JJ, Cairns MT, Trainor M, Robins DJ, Miller DJ. Analysis of carnosine, homocarnosine, and
other histidyl derivatives in rat brain. J Neurochem. 1990; 55: 446-452. PMID: 2370547

Breck O, Bjerkas E, Sanderson J, Waagbg R, Campbell GA. Dietary histidine affects lens protein turn-
over and synthesis of N-acetylhistidine in Atlantic salmon (Salmo salarL.) undergoing parr-smolt trans-
formation. Aquacult Nutr. 2005; 11: 321-332.

NRC. Nutrient Requirement of Fish and Shrimp; Council NR, editor. Washington, DC, USA: National
Academy Press. 2011.

Milligan CL. The role of cortisol in amino acid mobilization and metabolism following exhaustive exercise
in rainbow trout (Oncorhynchus mykiss Walbaum). Fish Physiol Biochem. 1997; 16: 119-128.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175491  April 18,2017 19/21


https://doi.org/10.1111/j.1365-2761.2005.00640.x
https://doi.org/10.1111/j.1365-2761.2005.00640.x
http://www.ncbi.nlm.nih.gov/pubmed/15960659
https://doi.org/10.1017/S0007114513004418
https://doi.org/10.1017/S0007114513004418
http://www.ncbi.nlm.nih.gov/pubmed/24576359
https://doi.org/10.1007/BF02761774
http://www.ncbi.nlm.nih.gov/pubmed/9770642
https://doi.org/10.1016/j.exer.2011.02.018
http://www.ncbi.nlm.nih.gov/pubmed/21377462
https://doi.org/10.1016/j.pathophys.2006.05.006
https://doi.org/10.1016/j.pathophys.2006.05.006
http://www.ncbi.nlm.nih.gov/pubmed/16765571
http://www.ncbi.nlm.nih.gov/pubmed/12962230
https://doi.org/10.1111/j.1755-3768.2009.01516.x
http://www.ncbi.nlm.nih.gov/pubmed/19604162
https://doi.org/10.1016/j.exer.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25773987
https://doi.org/10.1016/j.exer.2014.05.016
https://doi.org/10.1016/j.exer.2014.05.016
http://www.ncbi.nlm.nih.gov/pubmed/24910091
https://doi.org/10.1021/ac901536h
http://www.ncbi.nlm.nih.gov/pubmed/19624122
https://doi.org/10.1073/pnas.1019393108
http://www.ncbi.nlm.nih.gov/pubmed/21289278
http://www.ncbi.nlm.nih.gov/pubmed/2370547
https://doi.org/10.1371/journal.pone.0175491

@° PLOS | ONE

Lens metabolome and cataract development in salmon and trout

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Yeaman SJ. The 2-oxo acid dehydrogenase complexes: recent advances. Biochem J. 1989; 257: 625—
632. PMID: 2649080

Friedrich N. Metabolomics in diabetes research. J Endocrinol. 2012; 2015: 29—42.

Bridi R, Braun CA, Zorzi GK, Wannmacher CM, Wajner M, Lissi EG, et al. Alpha-keto acids accumulat-
ing in maple syrup urine disease stimulate lipid peroxidation and reduce antioxidant defences in cerebral
cortex from young rats. Metab Brain Dis. 2005; 20: 155-167. PMID: 15938133

Hannun YA, Obeid LM. Principles of bioactive lipid signalling: lessons from sphingolipids. Nat Rev Mol
Cell Bio 2008; 9: 139-150.

Tao RV, Cotlier E. Ceramides of human normal and cataractous lens. Biochim Biophys Acta 1975;
409: 329-341. PMID: 1203250

Deeley JM, Hankin JA, Friedrich MG, Murphy RC, Truscott RJW, Mitchell TW, et al. Sphingolipid distri-
bution changes with age in the human lens. J Lipid Res. 2010; 51: 2753-2760. https://doi.org/10.1194/
jlr.M007716 PMID: 20547889

Andley UP, Hebert JS, Morrison AR, Reddan JR, Pentland AP. Modulation of lens epithelial cell prolifer-
ation by enhanced prostaglandin synthesis after UVB exposure. Invest Ophth Vis Sci. 1994; 35: 374—
381.

Nishi O, Niski K, Masahito I. Synthesis of interleukin- 1 and prostaglandin E2 by lens epithelial cells of
human cataracts. Brit J Ophthalmol. 1992; 76: 338-341.

Tocher DR, Bell JG, Dick JR, Henderson RJ, McGhee F, Michell D, et al. Polyunsaturated fatty acid
metabolism in Atlantic salmon (Salmo salar) undergoing parr-smolt transformation and the effects of
dietary linseed and rapeseed oils. Fish Physiol Biochem. 2000; 23: 59-73.

Baslow MH. A review of phylogenetic and metabolic relationships between the acylamino acids, N-ace-
tyl-L-aspartic acid and N-acetyl-L-histidine, in the vertebrate nervous system. J Neurochem. 1997; 68:
1335-1344. PMID: 9084403

Baslow MH. Evidence supporting a role for N-acetyl-L-aspartate as a molecular water pump in myelin-
ated neurons in the central nervous system: An analytical review. Neurochemistry Int. 2002; 40: 295—
300.

Chan AWH, Ho Y-s, Chung SK, Chung SSM. Synergistic effect of osmotic and oxidative stress in slow-
developing cataract formation. Exp Eye Res. 2008; 87: 454—461. https://doi.org/10.1016/j.exer.2008.
08.001 PMID: 18760274

Varma SD, Schocket SS, Richards RD. Implications of aldose reductase in cataracts in human diabe-
tes. Invest Ophth Vis Sci. 1979; 18: 237-241.

Chung SSM, Ho ECM, Lam KSL, Chung SK. Contribution of polyol pathway to diabetes-induced oxida-
tive stress. J Am Soc Nephrol. 2003; 14: 233-236.

Ahmed N. Advanced glycation endproducts—role in pathology of diabetic complications. Diabetes Res
Clin Pr. 2005; 67: 3-21.

Turk Z, Misur I, Turk N. Temporal association between lens protein glycation and cataract development
in diabetic rats. Acta Diabetol. 1997; 34: 49-54. PMID: 9134059

Swamy-Mruthinti S, Carter AL. Acetyl-L-carnitine decreases glycation of lens proteins: in vitro studies.
Exp Eye Res. 1999; 69: 109-115. https://doi.org/10.1006/exer.1999.0680 PMID: 10375455

Elanchezhian R, Sakthivel M, Geraldine P, Thomas PA. Regulatory effect of acetyl-L-carnitine on
expression of lenticular antioxidant and apoptotic genes in selenite-induced cataract. Chem-Biol Inter-
act. 2010; 184: 346-351. https://doi.org/10.1016/j.cbi.2010.01.006 PMID: 20067779

Hobart LJ, Seibel I, Yeargans GS, Seidler NW. Anti-crosslinking properties of carnosine: Significance of
histidine. Life Sci. 2004; 75: 1379—1389. https://doi.org/10.1016/j.1fs.2004.05.002 PMID: 15234195

Lee Y-T, Hsu C-C, Lin M-H, Liu K-S, Yin M-C. Histidine and carnosine delay diabetic deterioration in
mice and protect human low density lipoprotein against oxidation and glycation. Eur J Pharmacol. 2005;
513: 145-150. https://doi.org/10.1016/j.ejphar.2005.02.010 PMID: 15878720

Yan H, Guo Y, Zhang J, Ding Z, Ha W, Harding JJ. Effect of carnosine, aminoguanidine, and aspirin
drops on the prevention of cataracts in diabetic rats. Mol Vis. 2008; 14: 2282-2291. PMID: 19081783

Truscott RJ, Mizdrak J, Friedrich MG, Hooi MY, Lyons B, Jamie JF, et al. Is protein methylation in the
human lens a result of non-enzymatic methylation by S-adenosylmethionine? Exp Eye Res. 2012; 99:
48-54. https://doi.org/10.1016/j.exer.2012.04.002 PMID: 22542751

Lapko VN, Smith DL, Smith JB. Methylation and carbamylation of human y-crystallins. Protein Sci.
2003; 12: 1762—-1774. hitps://doi.org/10.1110/ps.0305403 PMID: 12876325

Lee AYW, Chung SSM. Contributions of polyol pathway to oxidative stress in diabetic cataract. FASEB
J. 1999; 13:23-30. PMID: 9872926

Lou MF. Redox regulation in the lens. Prog Retin Eye Res. 2003; 22: 657—-682. PMID: 12892645

PLOS ONE | https://doi.org/10.1371/journal.pone.0175491  April 18,2017 20/21


http://www.ncbi.nlm.nih.gov/pubmed/2649080
http://www.ncbi.nlm.nih.gov/pubmed/15938133
http://www.ncbi.nlm.nih.gov/pubmed/1203250
https://doi.org/10.1194/jlr.M007716
https://doi.org/10.1194/jlr.M007716
http://www.ncbi.nlm.nih.gov/pubmed/20547889
http://www.ncbi.nlm.nih.gov/pubmed/9084403
https://doi.org/10.1016/j.exer.2008.08.001
https://doi.org/10.1016/j.exer.2008.08.001
http://www.ncbi.nlm.nih.gov/pubmed/18760274
http://www.ncbi.nlm.nih.gov/pubmed/9134059
https://doi.org/10.1006/exer.1999.0680
http://www.ncbi.nlm.nih.gov/pubmed/10375455
https://doi.org/10.1016/j.cbi.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/20067779
https://doi.org/10.1016/j.lfs.2004.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15234195
https://doi.org/10.1016/j.ejphar.2005.02.010
http://www.ncbi.nlm.nih.gov/pubmed/15878720
http://www.ncbi.nlm.nih.gov/pubmed/19081783
https://doi.org/10.1016/j.exer.2012.04.002
http://www.ncbi.nlm.nih.gov/pubmed/22542751
https://doi.org/10.1110/ps.0305403
http://www.ncbi.nlm.nih.gov/pubmed/12876325
http://www.ncbi.nlm.nih.gov/pubmed/9872926
http://www.ncbi.nlm.nih.gov/pubmed/12892645
https://doi.org/10.1371/journal.pone.0175491

@° PLOS | ONE

Lens metabolome and cataract development in salmon and trout

64.

65.

66.

67.

68.

69.

Spector A. Oxidative stress-induces cataract: mechanism of action. FASEB J. 1995; 9: 1173-1182.
PMID: 7672510

Spector A, Ma W, Wang R-R, Yang Y, Ho Y-S. The contribution of GSH peroxidase-1, catalase and
GSH to the degradation of HoO, by the mouse lens. Exp Eye Res. 1997; 64: 477—-485. https://doi.org/
10.1006/exer.1996.0250 PMID: 9196400

Babizhayev MA, Deyev Al, Yermakova VN, Brikman IV, Bours J. Lipid peroxidation and cataracts. N-
Acetylcarnosine as a therapeutic tool to manage age-related cataracts in human and in canine eyes.
Drugs in R&D. 2004; 5: 125-139.

Waley SG. Acidic peptides of the lens 3. The structure of ophtalmic acid. Biochem J. 1958; 68: 189—
192. PMID: 13522597

Dello SA, Neis EP, de Jong MC, van Eijk HM, Kicken CH, Olde Damink SW, et al. Systematic review of
ophthalmate as a novel biomarker of hepatic glutathione depletion. Clin nutr. 2013; 32: 325-330.
https://doi.org/10.1016/j.clnu.2012.10.008 PMID: 23182341

Wade AM, Tucker HN. Antioxidant characteristics of L-histidine. J Nutr Biochem. 1998; 9: 308-315.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175491  April 18,2017 21/21


http://www.ncbi.nlm.nih.gov/pubmed/7672510
https://doi.org/10.1006/exer.1996.0250
https://doi.org/10.1006/exer.1996.0250
http://www.ncbi.nlm.nih.gov/pubmed/9196400
http://www.ncbi.nlm.nih.gov/pubmed/13522597
https://doi.org/10.1016/j.clnu.2012.10.008
http://www.ncbi.nlm.nih.gov/pubmed/23182341
https://doi.org/10.1371/journal.pone.0175491

