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Abstract
Introduction  Metabolomics applications to the aquaculture research are increasing steadily. The use of standardized proton 
nuclear magnetic resonance (1H NMR) spectroscopy can provide the aquaculture industry with an unbiased, reproducible, and 
high-throughput screening tool, which can help to diagnose nutritional and disease-related metabolic disorders in farmed fish.
Objective  Standard operating procedures developed for analysing (human) plasma by 1H NMR were applied to fingerprint 
the metabolome in plasma samples collected from Atlantic salmon. The aim was to explore the metabolome of salmon plasma 
in relation to growth stage and sampling site.
Methods  A total of 72 salmon were collected from three aquaculture sites in Norway (Lat. 65, 67, and 70 °N) and over two 
sampling events (December 2017 and November 2018). Plasma drawn from each salmon was measured by 1H NMR and 
metabolites were quantified using the SigMa software. The NMR data was analysed by principal component analysis (PCA) 
and ANOVA-simultaneous component analysis (ASCA).
Results  Important metabolic differences were evidenced, with adult salmon having a much higher content of very low-
density lipoproteins and cholesterol in their plasma, while smolts displayed significantly higher levels of propylene glycol. 
Overall, 24% of the metabolite variation was due to the growth stage, whereas 12% of the metabolite variation was related 
to the aquaculture site and practice (p < 0.001).
Conclusion  This study provides a baseline investigation of the plasma metabolome of the Atlantic salmon and demonstrates 
how 1H NMR metabolomics can be used in future investigations for comparing aquaculture practices and their influence on 
the fish metabolome.

Keywords  Metabolomics · 1H NMR spectroscopy · NMR metabolomics · Atlantic salmon · Aquaculture · Standard 
operating procedures · SOP

1  Introduction

In the era of sustainable food production, responsible 
aquaculture stands as a valuable solution to meet the global 
demand for food and animal proteins. The FAO’s state of 
world fisheries and aquaculture underlines the significant 
and rising role of fisheries and aquaculture in providing 
food, nutrition and employment (FAO, 2020). Aquaculture 
has a significant economic importance in many countries 
worldwide including Egypt, Chile, India, Indonesia, Viet-
nam, Bangladesh, and Norway (FAO, 2020). In particular, 
Atlantic salmon aquaculture, led by Norway and Chile, is 
one of the most profitable and technologically advanced 
fish production industries globally (FAO, 2020). Atlantic 
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salmon, which has traditionally been harvested in the 
Norwegian coasts, has a significant social, cultural, and 
economic importance for Norwegians (Liu et al. 2011). 
Despite undeniable thriving of the sector, fish health man-
agement still represents a major challenge. Moreover, the 
aquaculture industry occasionally reports compromised 
gut function in farmed salmon and early research suggests 
that increasing levels of plant ingredients in feeds may be 
an important contributing factor (Penn et al. 2011).

Over the last decades, haematological tests and blood 
analyses have proven to be useful tools in modern inten-
sive aquaculture systems, where several factors, includ-
ing the increased use of plant-based feed in the diets of 
carnivorous species, may cause increased susceptibility of 
fish to nutritional challenges (Belghit et al. 2019; Kortner 
et al. 2016; Krogdahl et al. 2015; Sandnes et al. 1988). As 
it circulates through the entire body, blood can be con-
sidered a window to the physiological and/or pathologi-
cal condition of the individual (Robinson, 2012). For this 
reason, blood testing has become one of the most informa-
tive screening methods in metabolomics investigations on 
humans and animals (livestock and aquaculture) (Alfaro 
& Young, 2018; Roques et al. 2020; Serkova et al. 2011; 
Young & Alfaro, 2016). Modern analytical techniques 
routinely used to analyse blood plasma and serum include 
chromatographic and spectroscopic methods, bioassays, 
and ultra-centrifugation. More recently, the use of non-
destructive and untargeted analytical approaches has found 
extensive applications in the clinical metabolomics field. 
Due to the exceptional reproducibility and the ease of sam-
ple preparation and measurement, proton nuclear magnetic 
resonance (1H NMR) spectroscopy has become a valu-
able tool for blood plasma and serum-based metabolomics 
investigations (Dona et al. 2014). However, NMR has lim-
ited sensitivity compared to other analytical methods such 
as liquid chromatography- mass spectrometry (LC–MS), 
which can provide deeper insights into the low concentra-
tion components of the metabolome (Chaleckis et al. 2019; 
Xiao et al. 2012). Yet, in two aspects, 1H NMR spectros-
copy has a leading edge: (1) it is unbiased and inherently 
quantitative and (2) its sensitivity to physical phenomena, 
such as diffusion, makes it a valuable analytical method 
for the analysis of intact lipoprotein (LP) fractions and 
sub-fractions (Aru et al. 2017; Cushley & Okon, 2002; 
Jiménez et al. 2018; Monsonis Centelles et al. 2017; Savo-
rani et al. 2013). In order to increase reproducibility while 
ensuring robust quantitative information, protocols for the 
analysis of plasma and serum by 1H NMR have undergone 
extreme standardization. In particular, standard operating 
procedures (SOPs) have been developed for fine-tuning 
the analytical steps from sample collection and storage to 
sample measurement (Dona et al. 2014). Lately, standardi-
zation has been extended to metabolites identification and 

quantification and has culminated in the development of 
dedicated software, such as SigMa (Khakimov et al. 2020).

The analysis of blood plasma and serum by 1H NMR 
metabolomics has proven to be a remarkable screening 
method in human diagnostic medicine (Emwas et al. 2013; 
Erben et al. 2018; Powell et al. 2018) and for investigating 
important clinical conditions, such as cancer (Giskeødegård 
et al. 2018; Lima et al. 2018; Spratlin et al. 2009), diabetes 
(Lanza et al. 2010) and Parkinson’s disease (Pizarro et al. 
2019). While NMR metabolomics applications in human 
health and medical sciences continue to feature numerous 
high quality research, the powerful analytical potential of 
1H NMR spectroscopy has led to the expansion of blood-
based metabolomics applications also to the veterinarian and 
animal breeding (livestock and aquaculture) fields (Başoǧlu 
et al. 2014; Bertram et al. 2006; Bin et al. 2018; Dove et al. 
2012; Jones & Cheung, 2007; Le Moyec et al. 2014; Luck 
et al. 2015; Niemuth et al. 2018; Shestakova et al. 2018; 
Ziarrusta et al. 2018). In particular, 1H NMR metabolomics 
is establishing itself as an important tool for the assess-
ment of the most relevant issues in the aquaculture indus-
try, including fish health and alternative feed development 
(Alfaro & Young, 2018; Young & Alfaro, 2016). Recently, 
major efforts have been put into the optimization of fish feed 
for a more responsible aquaculture and for securing feed raw 
material flexibility, and specifically to introduce alternative 
and sustainable, mostly plant-based, feed ingredients (Aas 
et al. 2019; Gatlin et al. 2007; Tacon & Metian, 2008). In 
this context, NMR spectroscopy may serve as an efficient 
and high-throughput platform for investigating the fish 
metabolome as a function of feed composition, especially 
when introducing new alternative ingredients into the fish 
meal, such as plant proteins, insects and algae, which may 
impact fish metabolism and health (Krogdahl et al. 2010; Li 
et al. 2019; Roques et al. 2018).

In this work, the most recent SOPs developed for the anal-
ysis of human plasma and serum by 1H NMR spectroscopy 
were applied for the first time to analyse plasma samples 
from farmed Atlantic salmon (Salmo salar, L.) collected 
from three aquaculture sites along the Norwegian coast at 
different latitudes (Lat. 65°N, 67°N, and 70°N) over two 
sampling events (December 2017 and November 2018). The 
aims of the study were to (1) describe the baseline plasma 
metabolome of farmed Atlantic salmon as measured by 
standardized 1H NMR, (2) compare the spectral features of 
salmon plasma with a reference 1H NMR spectrum of human 
plasma measured using the same SOPs, and (3) describe the 
salmon plasma metabolome as a function of salmon growth 
stage and aquaculture site/practice.
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2 � Methods

2.1 � Chemicals

Analytical grade sodium phosphate monobasic monohydrate 
(NaH2PO3, H2O), sodium phosphate dibasic heptahydrate 
(Na2HPO3, 7 H2O), deuterium oxide (D2O, 99.9%), and 
sodium 3-trimethylsilyl-propionate-2,2,3,3-d4 (TSP) were 
purchased from Sigma–Aldrich (Merk KGaA, Darmstadt, 
Germany).

2.2 � Sampling

A total of 72 mixed-gender Atlantic salmon were collected 
along the Norwegian coast (Lat. 65°N, 67°N, and 70°N) 
from three commercial aquaculture farms run by three dif-
ferent companies, and over two sampling events (Decem-
ber 2017 and November 2018). Each sampling event cor-
responded to a specific growth stage of the salmon, namely 
smolt (1st sampling event, December 2017) and adult (2nd 
sampling event, November 2018). Smolts were supplied by 
different external companies. Samples collected over the 
two sampling events were from the same cohort, i.e., the 
same net pen (average net size: 140 m circumference and 
40 m deep). Fish were caught from the net pen by using a 
sweep-net. After collection, fish were placed in a tank of 
about 400 l supplied with continuously running seawater. 
From this holding tank, fish were individually dip-netted and 
sacrificed by anesthetic overdose of tricaine methane sul-
fonate (MS222, Argent Chemical Laboratories, WA, USA). 

Blood was drawn from the caudal vein of each salmon and 
collected into sterile vacutainers containing EDTA. Plasma 
was obtained by centrifuging the blood samples at 4 °C and 
1000 rpm for 15 min. After collection, plasma samples were 
immediately snap-frozen using liquid nitrogen and stored 
at −80 °C until NMR measurements. The experiments com-
plied with the guidelines of the Norwegian Regulation on 
Animal Experimentation and European Community Direc-
tive 86/609/EEC. An overview of the experimental design is 
given in Fig. 1. Salmon biometries and overall diet composi-
tions are given in Tables S1 and S2.

2.3 � 1H NMR spectroscopy

2.3.1 � Sample preparation

Sample preparation was performed according to the SOPs 
described by Dona et al. (Dona et al. 2014). Briefly, for each 
sample, 350 μl of phosphate buffer solution (Beckonert et al. 
2007) containing TSP (5 mM) and D2O (20%) were trans-
ferred to a 2 ml Eppendorf and gently mixed with equal 
amounts of plasma. Aliquots of 600 μl were then transferred 
into 5 mm O.D. SampleJet NMR tubes (Bruker BioSpin, 
Ettlingen, Germany).

2.3.2 � 1H NMR measurements

Plasma samples for metabolomics analyses were measured 
using SOPs largely relying on standardized and controlled 
data acquisition and data processing (Dona et al. 2014; Mon-
sonis Centelles et al. 2017). Plasma samples were measured 

Fig. 1   Experimental design. A total of 72 fish were collected along 
the Norwegian coast from three aquaculture sites run by three differ-
ent companies. Samples from the same cohort were collected over 
two sampling events in December 2017 and November 2018, which 

corresponded to two growth stages of salmon, namely smolt and 
adult, respectively. Blood plasma was collected from each salmon and 
analysed using SOPs and 1H NMR
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on a Bruker Avance III 600 operating at a proton’s Larmor 
frequency of 600.13 MHz. The spectrometer was equipped 
with a 5-mm broadband inverse (BBI) probe and an auto-
mated sample changer (SampleJet™, Bruker Biospin, Ettlin-
gen, Germany). The SampleJet was equipped with a refrig-
erated sample storage station with cooling racks (278 K) 
and heating/drying station (306 K). Cooling of probe was 
controlled by the BCU (Bruker Cooling Unit), with tem-
perature stability of the order of 0.01 K. Data acquisition 
and processing were carried out in the TopSpin software 
(version 3.5, Bruker, Rheinstetten, Germany). Automation 
of the overall measurement procedure was controlled by 
iconNMR™ (Bruker Biospin, Rheinstetten, Germany). Pro-
ton NMR spectra were measured using the pulse sequence 
for water suppression 1D NOESY (noesygppr1d, Bruker 
nomenclature) and 32 scans, which were collected into 
131,072 data points using a spectral width of 30 ppm, a 
90° pulse, and a recycle delay (d1) of 4 s. The receiver gain 
value was determined experimentally and kept constant for 
all samples (90.5). After Fourier Transformation (FT), auto-
matic phasing and baseline correction were performed for all 
samples, followed by exponential filtering (line broadening 
LB = 0.3 Hz). The reader is referred to the manuscript by 
Dona et al. (2014) for further details on the instrument cali-
bration and NMR measurements (Dona et al. 2014).

To complement our metabolomics study, we performed 
a side study and proof-of-concept investigation aimed at 
assessing the impact of increasing the experimental tempera-
ture on the metabolome of salmon plasma as measured by 1H 
NMR. For this purpose, three representative plasma samples 
were measured at seven temperatures, namely 280 K, 287 K, 
294 K, 300 K, 310 K, 318 K and 324 K. Measurements were 
performed using the same equipment as described above. In 
order to quantitatively assess the metabolic variations occur-
ring in plasma as a result of temperature increase, eight rep-
resentative metabolites covering the entire spectral region 
from high- to low-field were quantified from the 1H NMR 
spectra. These metabolites include cholesterol, valine, lac-
tate, alanine, glucose, tyrosine, phenylalanine, and formate. 
More details on the variable temperature experiments can be 
found in the Supporting Information.

2.3.3 � Data pre‑processing and analysis

The 1H NMR spectra were imported into the SigMa software 
(Khakimov et al. 2020) where the 1H NMR signals were 
aligned towards the alanine signal centred at 1.49 ppm and 
referenced to the TSP signal at 0.00 ppm. Each spectrum 
was scaled to its ERETIC (Electronic REference To access 
In vivo Concentrations) signal at 15 ppm, equivalent to 10 
mM protons (Akoka et al. 1999; Dona et al. 2014). Metabo-
lites assignment was based on the SigMa library and com-
plemented with data from J-resolved spectroscopy (JRES) 

experiments and comparison with literature data (Ala-
Korpela, 1995; Nicholson et al. 1995; Solanky et al. 2005). 
Metabolites in the 1H NMR spectra were quantified in SigMa 
by multivariate curve resolution (De Juan et al. 2014), while 
complex heterogeneous regions with more than one signal 
were quantified by raw sum of the spectral intensities. The 
metabolite table was imported into the PLS_Toolbox (ver-
sion 8.8.1, Eigenvector Research, Manson, WA, USA) where 
principal component analysis (PCA) (Wold et al. 1987) was 
performed to analyse the autoscaled metabolite concentra-
tions. A total of two outliers were identified and excluded 
from subsequent data analysis. The between-groups varia-
tion, corresponding to differences (1) between the sampling 
events and (2) sampling sites, was calculated using ANOVA 
simultaneous component analysis (ASCA) with permutation 
test (1000 permutations) (Smilde et al. 2005).

3 � Results and discussion

3.1 � Salmon plasma as measured by 1H NMR 
and SOPs

Expansions of selected regions from a representative 1H 
NMR spectrum of salmon plasma measured at 310 K are 
shown in Fig. 2a-c. More details on the impact of the experi-
mental temperature on the salmon plasma metabolome and 
1H NMR spectra can be found in the Supporting Informa-
tion. Overall, the 1H NMR spectrum of salmon plasma is 
characterized by sharp and well-defined spectral lines, with 
the lactate doublet (1.32 ppm) and the methylene resonance 
(1.25 ppm) from lipids dominating the spectral landscape. A 
total of 28 metabolites including amino acids, organic acids, 
small sugars, and functional groups from lipids in lipopro-
teins (LPs) were identified in the spectra measured at 310 
K by using the library for plasma metabolites implemented 
in the SigMa software (Khakimov et al. 2020) as well as 
literature data (Ala-Korpela, 1995). Metabolite assignments 
are given in the caption for Fig. 2. For illustrative purposes, 
the spectral features of salmon plasma were compared to 
a reference 1H NMR spectrum of human plasma collected 
from another study (Khakimov et al. 2021) and measured 
under the same SOPs and experimental conditions (310 K) 
as the ones described here for salmon plasma. In Fig. 3a-
d, representative 1H NMR spectra of human and salmon 
plasma are shown, including expansions of different spectral 
regions and peak assignment of the major common reso-
nances. For illustrative purposes, the 1H NMR spectra of 
plasma are divided into two sub-regions: the “lipid region” 
(0.50–5.50 ppm), where all the signals from lipids in LPs 
resonate (Fig. 3b and c), and the “aromatic region” (5.51–10 
ppm), where protons from the aromatic residues of proteins 
resonate (Fig. 3d). A remarkable distortion of the baseline 
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can be observed in the 1H NMR spectrum of human plasma 
(Fig. 3b and d), which arises from the broad resonances of 
LPs and other plasma proteins, including albumin. Albu-
min is one of the most important carriers of nutrients and 
various substances including hormones, vitamins, and 
enzymes through the body. Due to the very low mobility, 
the 1H-NMR spectrum of albumin consists of a broad enve-
lope of overlapping resonances, even at the highest avail-
able frequency (Patel et al. 1993). In both types of plasma, 
the broad peaks of lipids in LPs can also be observed, with 
salmon plasma having the highest amount of lipids (Fig. 3b 
and c). In animals, including vertebrates (mammals, birds, 
reptiles, amphibian and fish) and invertebrates (crustaceans 
and insects), LPs are the main vehicle for lipid translocation 

(Chapman, 1980). As for mammals, lipid transport in fish is 
believed to consist of two loops: dietary (exogenous) lipids 
are transported to the liver by chylomicrons and/or other 
carrier proteins, while LPs, in the form of very low density 
lipoproteins (VLDL) as well as high density (HDL) and low 
density lipoproteins (LDL), transport lipids from the liver to 
the tissues and the storage sites (Lie et al. 1993). Compared 
to humans, fish have much higher contents of lipids in their 
blood, with average postprandial lipid values of 1940 mg/
dl measured in the plasma of young rainbow trout (Babin 
& Vernier, 1989). Interestingly, in the 1H NMR spectra of 
salmon, the methyl-end groups of lipids in LPs display two 
distinct and well separated broad lipid signals, which reso-
nate at 0.84 ppm (HDL) and 0.92 ppm (VLDL) (Fig. 3c). 

Fig. 2   Expansions of a representative 1H NMR spectrum of salmon 
plasma measured at 310 K. Keys: (1) -C(18)H3 of cholesterol; (2) 
-CH3 of fatty acids (FA) in LPs; (3) Branched chain amino acids (iso-
leucine, leucine, and valine); (4) Isobutyrate; (5) Propylene glycol; 
(6) -CH2- of FA; (7) Lactate; (8) Alanine; (9) -CH2-CH2-COOC- of 
FA; (10) (-CH2-)n-CH2-CH = of FA; (11) N-acetyl protons of FA; 
(12) -CH2-CH2-COOC- of FA; (13) -CH = CH-CH2-CH = CH- of FA; 

(14) Creatinine; (15) Choline; (16) trimethylamine N-oxide (TMAO); 
(17) Glycine; (18) -CH2N of phosphatidylcholine (PC); (19) sn1,3 
CH2 of glycerol; (20) CH2OP of PC; (21) α-glucose (anomeric 1H); 
(22) -CH = CH- of FA; (23) Tyrosine; (24) Histidine; (25) 1-methyl 
histidine; (26) Phenylalanine; (27) Adenine; (28) Formate; (*) 
EDTA); (§) residual water
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In contrast, in the 1H NMR spectrum of human plasma, 
the same region appears as one broad envelope of signals 
from lipids in all LPs, including VLDL, LDL and HDL 
(Fig. 3c). At lower field, the intense 1H NMR resonances 
stemming from the methylene groups (1.24 ppm) of lipids 
in LPs resonate again with much higher intensity in salmon 
plasma compared to human plasma (the signal is both pro-
portional to the concentration of lipids and to the length 
of the carbon chain of fatty acids). In salmon plasma, the 
methylene resonance is asymmetric and skewed to the right, 
at higher field, confirming that HDL are the predominant LP 
particles in Atlantic salmon (Torstensen, 2001). Babin and 
Vernier (1989) have reviewed different aspects of plasma 
LPs in fish and have reported considerable values of more 
than 2000 mg/dl of plasma HDL in Salmo spp. (Babin & 
Vernier, 1989). On average, HDL values for healthy humans 
are around 50 mg/dl of plasma. Differently from salmon 
plasma, the methylene resonance in the 1H NMR spectrum 

of human plasma is symmetric and slightly skewed to the 
left, at low field, where the resonances of LDL, VLDL and 
chylomicrons are normally found. 

When compared to human plasma, the 1H NMR spec-
trum of salmon plasma has a much higher content of lac-
tate (doublet at 1.34 ppm). Lactate is an important inter-
mediary in numerous metabolic processes as it plays a 
central role in the metabolism of vertebrates, including 
fish. When accelerated glycolysis overwhelms lactate uti-
lization and clearance, the level of lactate increases in the 
blood (Gladden, 2004). Following an increased glycolytic 
rate the level of circulating lactate rises, for instance as a 
consequence of stress, acute anaerobic exercise, decreased 
intramuscular oxygen pressure, and decreased lactate oxi-
dation by the liver and kidneys (Bloomer & Cole, 2009). 
The higher lactate content in salmon plasma may be the 
consequence of the handling/catching stress.

Fig. 3   Representative 1H NMR 
spectra of salmon (blue line) 
and human (red line) blood 
plasma measured using the 
same SOPs and under the same 
experimental conditions. The 
major functional groups from 
lipids in LPs and resonances 
from metabolites are assigned. 
a full spectra; b lipid regions; 
c –CH3 and –CH2 signals from 
lipids in LPs; d protein regions. 
Keys: Cho cholesterol, Lac 
lactate, PC phosphatidylcholine, 
UFA unsaturated fatty acids 
(Color figure online)
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The 1H NMR resonance of olefinic protons in unsaturated 
fatty acids is positioned at 5.30 ppm (Fig. 3b). Again, this 
intensity is significantly higher in salmon plasma than in 
human plasma. Cold-water fish species, such as salmon, are 
normally rich in long chain polyunsaturated fatty acids (LC-
PUFAs) with low melting point, which are indispensable 
to maintain cell membrane fluidity (Chapman, 1980). Even 
though the majority of PUFAs present in fish derive from 
their diet, the Atlantic salmon is known for its ability to 
convert alpha-linolenic acid (18:3n − 3) to eicosapentaenoic 
(EPA; 20:5n − 3) and docosahexaenoic (DHA; 22:6n − 3) 
acids, and linoleic acid (18:2n − 6) to arachidonic acid 
(20:4n − 6) (Zheng et al. 2009). LC-PUFAs can be found in 
the free form, due to a partial hydrolysis, or in conjugated 
form. In the latter case, esterification in phospholipids nor-
mally occurs. Together with cholesterol, phospholipids, such 
as phosphatidylcholine (PC), play a key role in determining 
the membrane fluidity. Cholesterol is one of the main bio-
chemical constituents of the salmon plasma and the 1H NMR 
signal from the methyl group of the cholesterol molecule (-C 
(18)H3) is clearly visible at 0.66 ppm (Fig. 3c). Similarly to 
all vertebrates, salmon require cholesterol for growth and 
development as it is involved in many biological functions, 
including providing stability to the cell membrane. In fish, 
cholesterol homoeostasis is achieved by balancing dietary 
intake and biosynthesis with bile acid formation and excre-
tion (Kortner et al. 2014). In most fish species, cholesterol 
is almost entirely present in the esterified form (Babin & 
Vernier, 1989). No distinct cholesterol signal is visible in 
the 1H NMR spectrum of human plasma.

At mid-field, in the lipid region, the 1H NMR resonance 
of choline (3.19 ppm) is visible in salmon plasma (Fig. 2b). 
Choline is an essential nutrient that is involved in several 
metabolic processes including lipid metabolism and acts as 
an indirect methyl donor in several metabolic processes. In 
animals, including fish, choline is necessary for the synthe-
sis of lecithin, PC and the neurotransmitter acetylcholine. 
Recent studies have shown that dietary choline deficiency 
aggravated the intestinal apoptosis, decreased the growth 
performances and damaged the amino acid absorption 
capacity in juvenile grass carp (Ctenopharyngodon idella) 
(Yuan et al. 2021; Yuan et al. 2020). Krogdahl et al. (2020) 
have recently shown that choline and phosphatidylcho-
line can reduce excessive gut mucosal lipid accumulation 
in Atlantic salmon (Salmo salar) (Krogdahl et al. 2020). 
Moreover, Hansen et al. (2020) have reported an essential 
role of choline in preventing lipid malabsorption syndrome 
(excessive lipid accumulation in the proximal intestine) in 
Atlantic salmon (Hansen et al. 2020). It has further been 
demonstrated that choline supplementation helped increas-
ing specific fish growth by 18%. At lower field, in the lipid 
region, the resonance of PC was detected (Fig. 2b and 3b). 
In Atlantic salmon, PC is one of the major phospholipids in 

LPs, with highest levels in HDL particles (Lie et al. 1993). 
In comparison no distinct 1H NMR resonances of glycerol 
and PC can be found in the spectrum of human plasma 
(Fig. 3b).

In the aromatic region of both 1H NMR spectra of human 
and salmon plasma (Fig. 3d), the broad signals from pro-
teins overlap with the 1H NMR resonances stemming from 
several low- molecular weight metabolites including tyros-
ine, 1-methyl histidine, phenylalanine, and formic acid. The 
broad proteins signals are much more intense in the 1H NMR 
spectrum of human plasma, reflecting a higher protein con-
centration in human blood.

3.2 � Metabolomics analysis

A total of 41 signals from metabolites and functional groups 
of lipids in LPs were identified in the spectra using the 
SigMa software (Khakimov et al. 2020) as well as litera-
ture data (Ala-Korpela, 1995). Of these, 25 spin systems 
were from known signature signals (SS), two were from 
unknown spin systems (SUS), and 15 were complex unre-
solved regions (BINS). Metabolites (SS and SUS) and func-
tional groups from lipids (BINS) were quantified in SigMa 
by MCR (SS and SUS) and raw sum of spectral intensities 
(BINS), respectively, and subsequently analysed by PCA and 
ASCA. In Fig. 4a, the PCA biplot of PC1 and PC2 shows a 
clear separation between the two growth stages along PC1. 
The two sampling events correspond to different growth 
stages of the salmon, namely smolts and adults. As for other 
piscine species, the lifecycle of salmon comprises several 
developmental stages: ova (egg), alevins (just-hatched fish), 
fry (little fish ready to start eating on their own), parr (sil-
very small fish that develop vertical stripes and spots for 
camouflage; they undergo a physiological pre-adaptation to 
life in seawater), smolt (adapt for life in salt water), adults 
(salmon that has reached maturity) and kelt (salmon that 
has spawned). As observed in Fig. 4a, smolts had signifi-
cantly higher levels of propylene glycol (PG) in their blood. 
PG is a synthetic diol commonly used as antifreeze, as a 
humectant, and in the production of polyester compounds. 
Although generally considered safe and biodegradable, 
when used in high doses or for prolonged periods, PG can 
be toxic and cause lactic acidosis, central nervous system 
depression, coma, hypoglycaemia, seizures, and haemolysis 
(Lim et al. 2014). In the aquaculture field, PG can be used 
to maintain high dietary moisture levels in fish feed, while 
enhancing diet palatability by improving texture, flavour, or 
moisture content. Previous studies on the effect of dietary 
PG on growth, survival, histology, and carcass composition 
of the Atlantic salmon have shown a higher feed conver-
sion efficiency for fish fed the diets containing 5–15% PG 
(Hughes, 1988). Recently, Soaudy et al. (2021) have shown 
that inclusion of PG in the diet of Nile tilapia enhanced 



	 V. Aru et al.

1 3

50  Page 8 of 13

growth performance and feed utilization under cold stress 
(Soaudy et al. 2021). Niemuth et al. (2018) demonstrated the 
presence of PG in plasma of free-ranging sea turtles (Che-
lonia mydas) and suggested that this turtle species may be 
able to synthesize PG through reduction of glycerol, another 
important antifreeze compound (Niemuth et al. 2018). Sev-
eral studies have pointed to glycerol as a cryoprotectant and 
important metabolite for cold adaptation in the hibernating 
black bear and in the arctic insect Gynaephora groenlandica 
(Ahlquist et al. 1984; Kukal et al. 1988). Furthermore, a 
wide range of microorganisms, including bacteria and yeast, 
are currently known to ferment sugars to PG (Saxena et al. 
2010). As for the present study, high levels of PG in smolts 
could be ascribed to diet, but also to a physiological adap-
tation of fish to life in cold saltwater. Further studies are 
required to deeper investigate the origin and occurrence of 
PG in Norwegian Atlantic salmon.

As shown in Figs. 4a and 5, cholesterol, lipids, and sev-
eral amino acids (AA) were more abundant in the plasma 
samples of adult salmon. The observed increase in the 
abovementioned metabolite levels most likely reflects the 
diet composition at the later stages (Table S2). Adult Atlan-
tic salmon use energy reserves for gamete production and 
for reproductive activity. Reproduction is a metabolically 
expensive process and reproductive physiology is affected 
by a variety of endogenous signals providing information 
on the energy status of an organism (Bou et al. 2020). In 
particular, lipids play a key role in determining the timing 
of maturity (Bou et al. 2020). Due to their unique physiol-
ogy and life cycle, lipid transport in wild salmon has been 

of great interest to the scientific community. Indeed, in wild 
salmonids and related species, an appetite reduction or fast-
ing is associated with reproduction migration upriver to the 
spawning pools (Nelson & Shore, 1974). In general, during 
the reproduction period, lipids are mobilized from reserve 
tissues inside LPs and are used as energy source as well as 
to insure the formation of gametes (Babin & Vernier, 1989). 
In Fig. 6, an expansion of the spectral region containing the 
1H NMR signals from methylene groups of lipids in LPs is 
shown. Grown up individuals collected during the second 
sampling event (adults, green spectra) have high VLDL sug-
gesting that VLDL particles in plasma may be related to the 
physiological and metabolic changes occurring in salmon 
during growth and gamete formation. 

The PC1 vs. PC3 biplot (Fig. 4b) reveals a weak separa-
tion between the three different aqua-farms, with samples 
collected at the aqua-farm positioned at the lowest latitude 
clustering at low PC3 scores, while samples collected at 
the aqua-farm with the highest latitude are clustering at 
higher PC3. The scores distribution in the biplot is driven 
by organic acids, amino acids, nucleobase compounds, and 
PG, the latter being significantly higher in samples col-
lected from site 3 (Lat. 70 °N) (Fig. 5). Total lipids were 
higher in samples collected from site 2 (Lat. 67 °N), which 
were characterized by average higher biometries at both 
growth stages (Table S1). The observed variability in the 
biometries is not surprising and can be ascribed to the fact 
that the present investigation is part of a broader study 
whose aim was to map gut disorders in salmon samples 
collected along the Norwegian coast, independently from 

Fig. 4   Biplots of PCA performed on the relative concentrations of 
the metabolites identified in salmon plasma. a Biplot of PC1 vs PC2 
coloured according to the sampling event. Red: 1st sampling event 
(smolt), green: 2nd sampling event (adult). b Biplot of PC1 vs PC3 
coloured according to the sampling site; latitudes of sampling sites 
are given. Keys: Ace acetate, Ade adenine, Ala alanine, Cho choles-

terol, For formate, GLC glucose, Gln glutamine, Glu glutamate, Gly 
glycine, Ile isoleucine, Lac lactate, Leu leucine, Met methionine, 
1MH 1-methyl histidine, PG propylene glycol, Phe phenylalanine, 
Pyr pyruvate, TMAO trimethylamine N-oxide, Tyr tyrosine, Val 
valine (Color figure online)
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fish size, sex, and diet, which therefore were not accu-
rately standardized. ASCA conducted on the metabolite 
dataset shows that 24% of the metabolite variation is due 
to the growth stage and 12% of the metabolite variation is 
related to the aquaculture site/practice. Both effects were 
estimated as being significant (p < 0.001).

Even though the PCA models shown in Fig. 4a and b 
show a good separation between different sampling events 
and sites, a remarkable spreading of the scores is observed 
in the plots, which is due to interindividual metabolic differ-
ences among the fish. It should be emphasized that the sam-
ples included in the present study were collected from sea 

Fig. 5   Bar plots showing the relative quantification of lipids, PG and 
AA. For each metabolite, one-way ANOVA was performed to assess 
the statistical significance of the variation between the 1st and 2nd 

sampling event. Asterisk (*) indicates p < 0.05. Keys. Ile isoleucine, 
Leu leucine, Val valine, Ala alanine, Gln glutamine, Gly glycine, Tyr 
tyrosine, 1MH 1-methyl histidine, Phe phenylalanine
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cages and were farmed under natural and non-standardized 
environmental conditions. The lack of standardization at the 
farming stage may have resulted in a more diverse cohort, 
which in turn led to a more inhomogeneous metabolic profile 
of salmon. Furthermore, it is important to stress the pres-
ence of confounding factors (biological and environmental) 
in the study design, which potentially may have an impact 
on the measured variances. Besides diet, sex is a biological 
factor that has an important role in defining the metabolome 
of salmonids (Benskin et al. 2014). In the present study, no 
information on the sex of the salmon included in the analy-
sis was available. Further investigations based on controlled 
and standardized set up are therefore necessary to deepen 
the knowledge on the complex bioecology of the Atlantic 
salmon as well as to elucidate the impact of important bio-
logical and environmental factors, such as sex and diet, on 
the metabolic profile of fish.

4 � Conclusions

Standardization of plasma analysis is a promising approach 
in the aquaculture field as it can help defining a reference 
metabolic baseline for healthy fish. NMR spectroscopy is 

an untargeted and inherently quantitative analytical method 
which can provide a reproducible, unbiased, and rapid over-
view of the bulk metabolic composition of the biological 
sample under investigation, including fish plasma. When 
combined with software for the identification and quantifi-
cation of metabolites’ spectral signatures (SigMa) and mul-
tivariate data mining tools, 1H NMR becomes a powerful 
analytical tool that can be used for investigating species-
specific nutritional requirements and disorders as well as for 
detecting changes in the metabolome of the species under 
investigation.

In this study, SOPs developed for the analysis of (human) 
blood plasma by 1H NMR metabolomics were applied for 
the first time to analyse plasma samples collected from 
Atlantic salmon. Multivariate analysis of the NMR data 
showed important metabolic differences between sampling 
events and growth stages as well as amongst different farm-
ing sites. Moreover, significant differences in the LP profiles 
of salmon at different growth stages were evidenced con-
firming the pivotal role covered by LPs in fish development. 
Our results demonstrate the great potential of standardized 
1H NMR in the aquaculture field and pave the way for future 
research on the development of specific 1H NMR SOPs to 
be used as a diagnostic method for monitoring diseases and 

Fig. 6   Expansion of methylene 
region of the 1H NMR spectra 
of salmon plasma. Spectra 
are coloured according to the 
sampling event. The 1H NMR 
signals from VLDL, HDL, and 
LDL are highlighted
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metabolic disorders in fish. Furthermore, in the era where 
sustainable food production has become imperative, stand-
ardized 1H NMR may serve as a screening tool for assessing 
the impact of alternative and more sustainable plant-based 
diets on the fish metabolome and their gut microbiome, a 
current issue in the aquaculture industry.
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