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Abstract
Magnetic resonance technologies, such as nuclear magnetic resonance (NMR) spectroscopy and magnetic resonance imaging 
(MRI), are powerful tools used in various fields of science. In this review, we provide a broad overview of the application of 
magnetic resonance technologies in aquatic biology following brief descriptions of their principles and characteristics. The 
topics covered include in vitro and in vivo NMR spectroscopy, NMR metabolomics, MRI, and their application to seafood 
science. Special attention is paid to in vivo NMR spectroscopy and metabolic tracing using a stable isotope, 13C, which 
provide safe and effective means of exploring the metabolic diversity of aquatic organisms.

Keywords In vivo nuclear magnetic resonance spectroscopy · Metabolic flux · Magnetic resonance imaging · Stable isotope

Introduction

Certain nuclei have magnetic moments that arise from the 
spin of protons and neutrons. Such nuclei are called mag-
netic nuclei, and biologically important magnetic nuclei 
include 1H, 13C, 14N, 15N, 17O, 19F, 23Na, and 31P. Their 
magnetic moments are randomly oriented in the absence 
of an external magnetic field, the strength of which is usu-
ally represented by B0 (i.e., in this case B0 = 0). However, 
when magnetic moments are placed in a high B0 field, they 
are predominantly oriented either parallel or antiparallel to 

the applied field (Keeler 2010; Kemp 1986). The aligned 
magnetic moments flip their orientation when they absorb 
or emit electromagnetic waves at a specific frequency [reso-
nance frequency (v) or Larmor frequency]. This phenom-
enon, termed nuclear magnetic resonance (NMR), was first 
identified in 1938 using a beam of lithium chloride mol-
ecules passing through a vacuum chamber (Rabi et al. 1939). 
A few years later, two groups independently detected NMR 
in solid and liquid substances (Bloch et al. 1946; Purcell 
et al. 1946). Three authors of these papers were awarded the 
Nobel Prize in Physics for the discovery of NMR in 1944 
and 1952. The discovery of NMR led to the development of 
NMR spectroscopy, in which absorption features of electro-
magnetic waves, mainly the frequency and amount, provide 
valuable information about molecules. NMR spectroscopy 
further triggered the development of various magnetic 
resonance technologies [e.g., in vivo NMR and magnetic 
resonance imaging (MRI)] that have been used as power-
ful tools in physics, chemistry, and biology. In this section, 
we briefly introduce the principle of NMR. Although NMR 
spectroscopy is often used as an example, the principle can 
be applied to all magnetic resonance technologies described 
in this review.

The resonance frequency v0 is a function of B0 and the 
gyromagnetic ratio (γ), a constant parameter for a particular 
nuclear type (Eq. 1). Each magnetic nucleus therefore has 
a specific resonance frequency. For example, in an external 
magnetic field of 11.7 T, the resonance frequency of 1H is 
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approximately 500 MHz, whereas that of 13C is approxi-
mately 125 MHz.

What makes magnetic resonance technologies powerful 
tools in science is the finding that the resonance frequency v 
is affected by the local chemical environment of the nuclei 
of interest (Arnold et al. 1951). Namely, electrons surround-
ing the nuclei of interest produce a local magnetic field, and 
therefore the actual magnetic field sensed by the nuclei of 
interest is represented as B0(1 − σ), where σ is a dimension-
less number called the shielding constant (Eq. 2). The actual 
v is thus different from v0 in Eq. 1.

The Eq. 2 shows that, for example, 1H in different chemi-
cal groups, such as –CH3 and –CHO, resonate at slightly 
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different frequencies reflecting the difference in their chemi-
cal structures. Hence, determination of the resonance fre-
quency by an NMR spectrometer provides structural infor-
mation of the target molecule. Modern magnetic resonance 
systems (e.g., NMR spectrometers and MRI scanners) use 
a radiofrequency pulse containing multiple frequency com-
ponents, and thus many magnetic nuclei having different 
resonance frequencies resonate at the same time. The set-
ting parameters to acquire NMR signals are called the pulse 
sequence (Fig. 1).

In this review, we summarize the contribution of mag-
netic resonance technologies to aquatic biology and seafood 
science, and discuss future uses for these technologies in 
the era of multiomics approaches. Special attention is paid 
to in vivo NMR spectroscopy and metabolic tracing, which 
provide safe and effective means of exploring the metabolic 
diversity of aquatic organisms.

NMR spectroscopy

Principle and characteristics

In vitro NMR spectroscopy achieves higher sensitivity and 
spectral resolution compared to in vivo NMR spectroscopy 
(Table 1), and has been the first choice for most analytical 
purposes. Table 2 summarizes the characteristics of NMR 
spectroscopy for different magnetic nuclei. 1H NMR has 
been the most frequently used NMR technique because of its 
high sensitivity (both in terms of high gyrometric ratio and 
natural abundance of 1H). Another advantage of 1H NMR 
spectroscopy is that most metabolites contain 1H. Although 
most metabolites also contain carbon, the low natural abun-
dance of 13C results in the low sensitivity of 13C NMR 
spectroscopy. On the other hand, 31P NMR spectroscopy 
has been a key technology for understanding energy states 

Pulse

Interpulse delay Signal acquisi�on

Delay �me

Fig. 1  Schematic representation of a simple pulse sequence used in 
1H nuclear magnetic resonance (NMR) spectroscopy. The radio-fre-
quency pulse affects the orientation of magnetic moments in samples, 
resulting in the oscillation voltage in a detector coil (NMR signal). 
This signal is called the free induction decay (FID) since it decays 
as the magnetic moments return to equilibrium after the end of the 
pulse. Spectra from modern NMR systems are Fourier-transformed 
FID signals

Table 1  Comparison of magnetic resonance technologies

NMR Nuclear magnetic resonance, MRI magnetic resonance imaging, CT computed tomography

Technology Benefits Weakness Major application

NMR spectroscopy (in vitro) High sensitivity and resolution Invasive Structure determination and 
metabolomics

NMR spectroscopy (in vivo) Non-invasive real-time quantifica-
tion of metabolites

Lower sensitivity and resolution 
compared to in vitro

In vivo monitoring of metabolites; 
especially useful for ATP-related 
compounds

Stable isotope tracing (in vitro, 
in vivo)

Specific quantification of labeled 
substances

High cost of stable isotope-
labeled substance

Quantitative exploration of meta-
bolic pathways; few applications 
in aquatic biology

Structural MRI Non-invasive visualization of vari-
ous tissues

Low resolution compared to CT Food science and physiological 
studies

Functional MRI Non-invasive visualization of 
blood oxygenation parameters

Limited target tissues (typically 
brain)

Few applications in aquatic biology
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because it is able to directly quantify levels of phospho-
creatine (PCr), ATP, and inorganic phosphate (Pi). Further-
more, the difference between chemical shifts of PCr and 
Pi allows the determination of intracellular pH (Moon and 
Richards 1973), which is affected by the accumulation of 
lactate, the final product of anaerobic glycolysis. Other NMR 
technologies will be mentioned later with specific examples. 

In NMR spectroscopy, signals from multiple magnetic 
nuclei are Fourier transformed and generally represented as 
an NMR spectrum (Fig. 2). The x-axis is the small observed 
change in resonance frequency, called the chemical shift 
(δ), which is usually expressed in parts per million (ppm) 
according to frequency using reference compounds (Keeler 
2010). Tetramethylsilane is a common reference compound 
in 1H NMR spectroscopy using organic solvents, whereas 
trimethylsilyl propanoic acid and 4,4-dimethyl-4-silapen-
tane-1-sulfonic acid (DSS) are used as reference compounds 
in aqueous solvents. For example, 1H resonance frequencies 
of molecules shown in Fig. 2 are 1.0–2.3 ppm higher than 
those of the reference proton of DSS. Notation in parts per 
million is useful to represent the small effects of the local 
chemical environment on resonance frequency. Furthermore, 
the chemical shift according to this definition is a relative, 
dimensionless parameter independent of the applied mag-
netic field. NMR spectrometers with different magnetic field 
strength therefore give the same chemical shift value for 
the same nucleus, enabling interlaboratory comparison of 
NMR spectra.

NMR spectroscopy is also a useful tool for quantitative 
NMR metabolomics, pioneered by Nicholson et al. (1984, 
1983), because the signal intensity in NMR spectroscopy is 
proportional to the number of nuclei (Kemp 1986). Among 
various NMR techniques, 1H NMR has been the predomi-
nant method for metabolomics due to its high sensitivity and 

the prevalence of protons in biological systems (Table 2). 
Compared to mass spectrometry (MS), another common 
technology for metabolomics, 1H NMR spectroscopy has 
at least two advantages in metabolomics studies (Beckonert 
et al. 2007). First, 1H NMR spectroscopy is a non-destruc-
tive technique—the same sample can be scanned as many 
times as required. Because the signal-to-noise ratio of NMR 

Table 2  Comparison of NMR using different magnetic nuclei

For abbreviations, see Table 1
a Cited from de Graaf (2007)

Technology Major target Natural abundance 
of target nuclei (%)

Relative  sensitivitya Other notes

1H NMR Most endogenous metabolites 100.0 1.00 Common NMR modality despite its narrow chemical 
shift range

2H NMR 2H-labeled molecules (tracer) 0.02 1.45 × 10−6 Not common in aquatic biology due to low sensitivity
13C NMR Most endogenous metabo-

lites, 13C-labeled molecules 
(tracer)

1.1 1.76 × 10−4 Common NMR modality despite its low sensitivity

14N NMR Amines 99.6 1.00 × 10−3 Signals are broad due to quadrupolar interactions
15N NMR 15N-labeled molecules (tracer) 0.4 3.86 × 10−6 Requires enrichment due to low sensitivity
23Na NMR Sodium salts 100.0 9.27 × 10−2 MRI has been used for fish fillets
31P NMR ATP-related compounds, 

phosphocreatine (PCr), 
intracellular pH

100.0 6.65 × 10−2 Limited number of target molecules

2.0 1.5 1.0 [ppm]

Branched-chain
amino acids

Other amino
acids

Chemical shi�

Lactate

Fig. 2  Typical 1H NMR spectrum obtained from an aqueous extract 
of the rotifer Brachionus manjavacas. Putative peak assignment is 
shown. Rotifer extracts were prepared from approximately 10  mg 
(wet weight) of fed B. manjavacas according to a previous report 
(Behar et  al. 1983) with slight modifications. Briefly, rotifer tissues 
were homogenized in 200 µL of 0.1 M HCl/methanol. The homogen-
ate was added to 600  µL of an ice-cold 9:1 mixture of ethanol and 
100  mM potassium–phosphate buffer (pH 7.4), and incubated for 
15  min on ice with occasional mixing. After addition of 600  µL of 
distilled water, the mixture was centrifuged at 10,000g for 10  min. 
The supernatant was deionized by Chelex 100 Resin (Bio-Rad). The 
resulting extracts (~ 6 mL) were lyophilized, dissolved in the 600 µL 
of a 2:1 mixture of  D2O and 100  mM potassium phosphate buffer, 
and subjected to 1H NMR using an 11.7-T Bruker vertical-bore spec-
trometer (Bruker, Billerica, MA). Spectra were analyzed by TopSpin 
3.0 (Bruker). ppm parts per million
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spectra is proportional to the square root of the number of 
scans (i.e. S/N ~ 

√

n , where n is the number of scans), averag-
ing multiple scans results in improved S/N ratios (Traficante 
1991). Also, the same sample can be analyzed in many dif-
ferent pulse sequences optimized for the detection of specific 
metabolites. Secondly, NMR spectroscopy requires less sam-
ple preparation compared to MS. Blood, serum, plasma, and 
urine samples are commonly used in human studies without 
prior chromatographic separation (Beckonert et al. 2007). 
Urine in particular requires minimal sample preparation 
because it contains low amounts of macromolecules (e.g., 
proteins and lipids) that distort the NMR spectra baseline. 
Other biological fluids such as cerebrospinal fluid and saliva 
have also been analyzed by NMR metabolomics (Bollard 
et al. 2005).

The major limitation of NMR metabolomics is the low 
sensitivity compared to MS. Even after repeated scans, the 
detection limit of NMR is still in the order of micromols 
per gram wet tissue in general (Table 3). Also, some pre-
treatments are required for samples of high ionic strength 
(Beckonert et al. 2007). Thus NMR and MS have different 
advantages, and their synergistic use is the best practice for 
global metabolic profiling.

Structure determination by NMR in aquatic biology

Aquatic organisms are a rich source of natural compounds 
with various biological activities (Li et al. 2015). Although 
many current drugs derived from natural compounds have 
terrestrial origin (Cragg and Newman 2001), this is prob-
ably due to the practical difficulty in collecting samples 
from aquatic environments. There has been, and will be, 
numerous attempts to discover potential drugs from aquatic 
organisms, especially marine invertebrates, because of the 
diversity and strong biological activity of compounds from 
them. 1H and 13C NMR spectroscopy have played impor-
tant roles in determining the structure of biologically active 
natural compounds.

One of the pioneering works in this field is the discov-
ery of pseudopterosins from Pseudopterogorgia elisabethae 
(Fenical 1987; Look et al. 1986). P. elisabethae is a cnidar-
ian found in Caribbean coastal waters. Analyses demon-
strated that this species contains high amounts of polar 
compounds with potent anti-inflammatory activity (Feni-
cal 1987; Look et al. 1986). Look et al. (1986) identified 
four novel glycosides from P. elisabethae by a combina-
tion of NMR, X-ray crystallography, and MS, and termed 
these compounds pseudopterosins A–D. Pseudopterosins are 
now commercially used in skin creams as anti-inflammatory 
agents. Another successful example is the identification of 
norhalichondrin A from the sponge Halichondria okadai 
(Uemura et al. 1985), which led to the synthesis of anti-
cancer drug E7389 (Kuznetsov et al. 2004). It is beyond the 

scope of this review to provide a comprehensive overview 
of NMR-based structure determination. Readers can refer 
to specialized reviews for studies on marine sponges (Lira 
et al. 2011; Takada 2015), invertebrate glycosaminoglycans 
(Pomin 2015), and the dereplication strategy (Pérez-Victoria 
et al. 2016).

Notable developments in this field during the past decade 
include the significant improvement of sensitivity and com-
bination with omics technologies. Novel probes and cryo-
genically cooled coils achieved a 20-fold increase in sensi-
tivity at the same magnetic field, enabling the identification 
of natural compounds at the nanomole scale (Molinski 
2010). The highly sensitive technique of NMR spectroscopy 
has facilitated the characterization of secondary metabo-
lites, which are not directly involved in vital metabolism 
and thus often found in low concentrations. Several stud-
ies have elucidated the structure of secondary metabolites 
by NMR spectroscopy in marine bacteria after prediction 
of their existence by genomic analyses (Paulus et al. 2017; 
Udwary et al. 2007). This new technological endeavor will 
aid future identification of novel natural compounds from 
aquatic metazoans.

NMR metabolomics in aquatic biology

There is an increasing number of 1H NMR metabolomics 
studies on aquatic organisms. While many studies have used 
500–600 MHz spectrometers, some have taken advantage of 
higher magnetic fields of 16.4 T (700 MHz) (Cappello et al. 
2013; Lardon et al. 2013) and 18.8 T (800 MHz) (Ekman 
et al. 2007; Southam et al. 2008). The most commonly used 
samples are plasma and tissue extracts of muscle, brain, 
and liver. Urine has barely been used for fish NMR metabo-
lomics since Ekman et al. (2007). Liquid nitrogen has been 
commonly used for quick freezing of tissues for extraction 
of metabolites. However, aqueous metabolites include ATP, 
ADP, and lactate, the amount of which rapidly changes 
during post-mortem extraction even when procedures are 
carried out carefully. Microwave fixation is an alternative 
method for this (de Graaf et al. 2009). The methanol–chlo-
roform (M/C) method has been shown to be superior to the 
perchloric acid method for mammalian tissues because it 
can extract both aqueous and lipophilic metabolites from a 
single sample with lower variability (Le Belle et al. 2002). 
The M/C method has been optimized for fish samples by Lin 
et al. (2007) and Wu et al. (2008).

Table 3 shows chemical shift values and concentra-
tion ranges of major aqueous metabolites identified from 
aquatic organisms by NMR metabolomics. The amounts of 
the metabolites are, unfortunately, mainly represented by 
metabolite concentrations (millimols) in sample solutions 
or merely as fold changes in the literature, and concen-
tration ranges of these metabolites in Table 3 are mostly 



5Fisheries Science (2019) 85:1–17 

1 3

Table 3  Chemical shift and concentration range of representative metabolites in aquatic organisms that can be identified by NMR

Molecule NMR information Biological information

Chemical shift in  H2O (ppm)a Tissue Concentration (µmol/g wet 
tissue; µmol/mL for plasma 
and blood)

Organism and  referenceb

Amino acids and their derivatives
 Glycine 3.54 (s, 2CH2) Brain 0.82–1.98/2.3 O. mykissA/O. mykissD

Muscle 1.35–12.81/18.1–29.4 P. lethostigmaB/O. mordaxG

Plasma 0.5–1.3/0.37–0.45 O. mykissA/S. salarV

 Alanine 3.76 (m, 2CH), 1.46 (d, 3CH3) Brain 0.33–0.38/0.67/0.74 O. mykissA/O. mykissD/D. 
rarioI

Muscle 0.93–5.10/6.2–9.7 P. lethostigmaB/O. mordaxG

Plasma 0.27–0.48 O. mykissA

 Glutamate 3.74 (t, 2CH), 2.12 (m, 
3CH2), 2.34 (m, 4CH2)

Brain 5.6–6.1/17.9/5.82 O. mykissA/O. mykissD/D. 
rarioI

Muscle 0.40–1.80/0.38–1.26 P. lethostigmaB/O. mordaxG

Plasma 0.04–0.10 O. mykissA

 Glutamine 3.75 (t, 2CH), 2.08 (m, 
3CH2), 2.43 (m, 4CH2)

Brain 3.8–4.2/~ 3 O. mykissA/C. auratusC

Muscle 0.18–0.43 O. mordaxG

Plasma 0.22–0.45 O. mykissA

 Aspartate 3.89 (dd, 2CH), 2.80 (dd, 
3CH2), 2.65 (dd, 3CH2)

Brain 0.70–1.05/7.5/1.13 O. mykissA/O. mykissD/D. 
rarioI

Muscle 0.16–1.66/~ 1.15 P. lethostigmaB/O. mordaxG

Plasma < 0.01 O. mykissA

 Asparagine 4.00 (dd, 2CH), 2.94 (m, 
3CH2), 2.84 (m, 3CH2)

Brain ND O. mykissA

Muscle 0.15–0.29 O. mordaxG

Plasma 0.13–0.21 O. mykissA

 Valine 3.59 (d, 2CH), 2.25 (m, 3CH), 
1.03 (d, 4CH3), 0.98 (d, 
4′CH3)

Brain ~ 0.11 O. mykissA

Muscle 0.31–0.38/0.26–0.54 P. lethostigmaB/O. mordaxG

Plasma 0.43–0.60 O. mykissA

 Leucine 3.71 (t, 2CH), 1.70 (m, 3CH2, 
4CH), 0.95 (m, 5CH3, 
5′CH3)

Brain 0.11–0.14 O. mykissA

Muscle 0.24–0.33/0.31–0.69 P. lethostigmaB/O. mordaxG

Plasma 0.35–0.50 O. mykissA

 Isoleucine 3.66 (d, 2CH), 1.96 (m, 3CH), 
1.00 (d, 3′CH3), 1.44 (m, 
4CH2), 1.26 (m, 4CH2), 0.92 
(t, 5CH3)

Brain ~ 0.05 O. mykissA

Muscle 0.19–0.27/0.18–0.35 P. lethostigmaB/O. mordaxG

Plasma 0.19–0.28 O. mykissA

 Tyrosine 7.19 (m, 2CH, 6CH), 6.89 (m, 
3CH, 5CH), 3.93 (dd, αCH), 
3.19 (dd, βCH2), 3.03 (dd, 
βCH2)

Brain 0.07–0.10 O. mykissA

Muscle 0.16–0.38/0.21–0.49 P. lethostigmaB/O. mordaxG

Plasma 0.08–0.14 O. mykissA

 Phenylalanine 7.42 (m, 3CH, 5CH), 7.36 (m, 
4CH), 7.31 (m, 2CH, 6CH), 
3.97 (dd, αCH), 3.28 (dd, 
βCH2)

Brain 0.13–0.14 O. mykissA

Muscle 0.14–0.23/~ 0.09 P. lethostigmaB/O. mordaxG

Plasma 0.14–0.19 O. mykissA

 Proline 4.12 (dd, 2CH), 3.41 (dt, 
5CH2), 3.33 (dt, 5CH2), 2.34 
(m, 3CH2), 2.06 (m, 3CH2), 
1.99 (m, 4CH2)

Brain 0.15–0.18 O. mykissA

Muscle 0.66–1.46/0.15–0.21 P. lethostigmaB/O. mordaxG

Plasma 0.09–0.33 O. mykissA

 Serine 3.98 (dd, 3CH2), 3.93 (dd, 
3CH2), 3.83 (dd, 2CH)

Brain 0.40–0.60/0.42 O. mykissA/O. mykissD

Muscle 0.53–2.27/0.60–0.75 P. lethostigmaB/O. mordaxG

Plasma 0.13–0.29/0.16–0.17 O. mykissA/S. salarV

 Threonine 4.24 (m, 3CH2), 3.58 (d, 
2CH), 1.32 (d, 4CH3)

Brain 0.40–0.75/0.71 O. mykissA/O. mykissD

Muscle 0.41–0.64/1.11–1.32 P. lethostigmaB/O. mordaxG

Plasma 0.20–0.42 O. mykissA
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Table 3  (continued)

Molecule NMR information Biological information

Chemical shift in  H2O (ppm)a Tissue Concentration (µmol/g wet 
tissue; µmol/mL for plasma 
and blood)

Organism and  referenceb

 Methionine 3.85 (dd, 2CH), 2.63 (t, 
4CH2), 2.12 (m, 3CH2, 
6CH3)

Brain 0.04–0.08 O. mykissA

Muscle 0.27–0.33/0.38–0.45 P. lethostigmaB/O. mordaxG

Plasma 0.07–0.31/0.10–0.31 O. mykissA/S. salarV

 Histidine 7.79 (d, 2CH), 7.06 (d, 5CH), 
3.98 (dd, αCH), 3.12 (dd, 
βCH2)

Brain 0.57–1.0 O. mykissA

Muscle 0.21–0.56/~ 0.55 P. lethostigmaB/O. mordaxG

Plasma 0.14–0.21 O. mykissA

 Tryptophan 7.72 (d, 4CH), 7.53 (d, 7CH), 
7.31 (s, 2CH), 7.28 (t, 5CH), 
4.05 (dd, αCH), 3.47 (dd, 
βCH2), 3.29 (dd, βCH2)

Brain ~ 0.06 O. mykissA

Muscle 0.36–0.39 O. mordaxG

Plasma ~ 0.04 O. mykissA

 Lysine 3.74 (t, 2CH), 3.02 (t, 6CH2), 
1.89 (m, 3CH2), 1.71 (m, 
5CH2), 1.46 (m, 4CH2)

Brain 0.12–0.33 O. mykissA

Muscle 1.01–1.18/0.16–0.20 P. lethostigmaB/O. mordaxG

Plasma 0.08–0.47 O. mykissA

 Arginine 3.76 (t, 2CH), 3.23 (t, 5CH2), 
1.90 (m, 3CH2), 1.68 (m, 
4CH2)

Brain 0.11–0.15 O. mykissA

Muscle 0.09–0.38/~ 0.05 P. lethostigmaB/O. mordaxG

Plasma 0.08–0.22 O. mykissA

 Cysteine 3.97 (dd, 2CH), 3.06 (m, 
3CH2)

Brain ND O. mykissA

Plasma < 0.01 O. mykissA

 Taurine 3.41 (t, 1CH2), 3.25 (t, 2CH2) Brain 17.5–19.3/17.2/4.59 O. mykissA/O. mykissD/D. 
rarioI

Muscle 16.5–41.3/10.1–12.6 P. lethostigmaB/O. mordaxG

Plasma 0.23–0.51/0.77–0.92 O. mykissA/S. salarV

 Glutathione (reduced) 4.53 (dd, 7CH), 3.78 (s, 
10CH2), 2,97 (dd, 7′CH2), 
2,54 (m, 4CH2), 2.13 (m, 
3CH2)

Brain 1.18 D. rarioI

Liver 1.08–1.57 S. alpinusF

Blood 0.36–0.49 S. alpinusF

 GABA 3.01 (m, 2CH2), 2.28 (t, 
4CH2), 1.89 (qu, 3CH2)

Brain 3.05/0.89 O. mykissD/D. rarioI

Retina 1.65–3.15 C. auratusE

 NAA 7.82 (d, NH), 4.38 (dd, 2CH), 
2.67 (dd, 3CH2), 2.49 (dd, 
3CH2), 2.01 (s, 2CH3)

Brain 5.43 D. rarioI

 Carnitine (total) 4.55 (m, 3CH), 3.42 (m, 
4CH2) 3.23 [s, N(CH3)3], 
2.45 (dd, 2CH2)

Muscle 212–367 S. acanthiasH

Organic acids
 Formate 8.44 (s, 1CH) Muscle 0.54–0.65/0.86–2.48 Tuna &  MackerelJ/MackerelK

Muscle (spoiled) 4.3–7.8 Tuna &  MackerelJ

 Acetate 1.90 (s, 2CH3) Muscle 0.33–0.81/0.48–5.10 Tuna &  MackerelJ/MackerelK

Muscle (spoiled) Up to ~5 Tuna &  MackerelJ

 Lactate 4.12 (q, 2CH), 1.31 (d, 3CH3) Brain 3.70 D. rarioI

Muscle 3.0 A. ocellatusQ

Plasma 2.31–7.44 B. cephalusR

 Succinate 2.41 (s, 2CH2, 3CH2) Mantle Up to 15 L. ellipticaL

Adductor muscle 0.19–3.30 A. pectinata japonicaM

 Fumarate 6.51 (s, 2CH, 3CH) Adductor muscle 0.20–1.01 A. pectinata japonicaM

 Malonate 3.11 (s, 2CH2) – – –
 β-hydroxybutyrate 4.16 (m, 3CH), 2.41 (m, 

2CH2), 2.31 (m, 2CH2), 1.02 
(d, 4CH3)

Muscle 0.99–2.00 S. acanthiasH
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Table 3  (continued)

Molecule NMR information Biological information

Chemical shift in  H2O (ppm)a Tissue Concentration (µmol/g wet 
tissue; µmol/mL for plasma 
and blood)

Organism and  referenceb

 Hippurate 7.82 (dd, 6CH, 10CH), 7.62 
(tt, 8CH), 7.54 (m, 7CH, 
9CH), 3.96 (d, 2CH2)

– – –

Carbohydrates and their derivatives
 Glucose α-anomer: 5.22 (d, 1CH), 

3.82 (m, 5CH, 6CH), 3.75 
(dd, 6′CH), 3.70 (t, 3CH), 
3.52 (dd, 2CH), 3.40 (t, 
4CH)

β-anomer: 4.63 (d, 1CH), 
3.88 (dd, 6CH), 3.71 (dd, 
6′CH), 3.47 (t, 3CH), 3.34 
(t, 4CH), 3.23 (dd, 2CH)

Muscle 0.82–1.82/1.8/4.58–7.39 S. acanthiasH/A. ocellatusQ/ B. 
cephalusR

Liver 99–138/2.08–15.8 B. cephalusR/5 speciesP

Plasma 7.69–10.33/0.58–5.06 B. cephalusR/5 speciesP

 Glycogenc 3.40 (m), 3.60 (m), 3.80 (m), 
3.96 (s), 5.40 (s)

Brain < 1.25/~ 20–200 5 speciesP/C. carassiusS

Liver 327–676/~ 50–250 B. cephalusR/5 speciesP

Muscle 203/70.5–148 A. ocellatusQ/B. cephalusR

 Myo-inositol 4.05 (t, 2CH), 3.61 (t, 4CH, 
6CH), 3.52 (dd, 1CH, 3CH), 
3.27 (t, 5CH)

Brain 2.01 D. rarioI

Amines and their derivatives
 Trimethylamine-N-oxide 

(TMAO)
3.25 [s, N(CH3)3] Muscle ~ 35/8.65/34 O. mordaxG/C. sairaT/S. mac-

rolepisU

Plasma 13–21 O. mordaxG

 Trimethylamine (TMA) 2.89 (s, N(CH3)3) Muscle 0.17/N.D. C. sairaT

Muscle (stored) Up to 14.6/30 C. sairaT/S. macrolepisU

 Dimethylamine (DMA) 2.50 (s, 1CH3, 3CH3) Muscle 0.02 C. sairaT

Muscle (stored) Up to 1.74 C. sairaT

 Formaldehyde (FA) 4.81 (s, 1CH2) Muscle N.D. S. macrolepisU

Muscle (stored) Up to 10 S. macrolepisU

 Choline 4.07 (m, 1CH2), 3.52 (m, 
2CH2), 3.21 [s, N(CH3)3]

Brain 2.60 D. rarioI

 Glycerophosphocholine 4.31 (m, 7CH2), 3.21 (s, 
N(CH3)3), 3.60 (dd, 1CH2), 
3.90 (m, 2CH, 3CH2)

– – –

 Phosphocholine 4.16 (m, 1CH2), 3.58 (t, 
2CH2), 3.21 [s, N(CH3)3]

Liver 18.6–20.9 S. salarV

Phosphorous compounds related to energy metabolism
 ATP 8.51 (s, 8CH), 8.22 (s, 2CH), 

6.13 (d, 1′CH in ribose 
moiety)

Muscle 2.83–5.68/6.76 O. mossambicusN/P. oliva-
ceusO

 ADP 8.54 (s, 8CH), 8.29 (s, 2CH), 
5.94 (m, 1′CH in ribose 
moiety)

Muscle 1.83/6.8 P. olivaceusO/A. ocellatusQ

 Inosine 8.33 (s, 8CH), 8.21 (s, 2CH2), 
6.08 (d, 1′CH in ribose 
moiety)

Muscle N.D. P. olivaceusO

 Hypoxanthine 8.20 (s, 8CH), 8.17 (s, 2CH2) Muscle N.D. P. olivaceusO

 Phosphocreatine (PCr) 7.30 (s, NH), 6.58 (s, NH), 
3,93 (s, 2CH2), 3.03 [s, 
N(CH3)]

Muscle 10.7–33.4 O. mossambicusN
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Molecule NMR information Biological information

Chemical shift in  H2O (ppm)a Tissue Concentration (µmol/g wet 
tissue; µmol/mL for plasma 
and blood)

Organism and  referenceb

 Creatine 6.65 (s, NH), 3,91 (s, 2CH2), 
3.03 [s, N(CH3)]

Muscle 11.6 A. ocellatusQ

ND Not detected
a Only chemical shifts of major peaks are shown for convenience. 4,4-dimethyl-4-silapentane-1-sulfonic acid-trimethyl singlet resonance was 
used as the reference. Data cited from: Brandao et al. (2015), Cappello et al. (2016), Ekman et al. (2007), and Govindaraju et al. (2000), and the 
Human Metabolome Database (Wishart et al. 2008)
b Scientific names: Atrina pectinata japonica, Astronotus ocellatus, Brycon cephalus, Carassius carassius, Cololabis saira, Laternula elliptica, 
Oreochromis mossambicus, Paralichthys lethostigma, Paralichthys olivaceus, Salmo salar, Salvelinus alpinus, Saurida macrolepis, Squalus 
acanthias
c Refer to Zang et al. 1991 for peak assignment. Concentration is represented by glycosyl units (micromols per gram wet tissue)
References: AYamamoto et al. (2000), BLasserre and Gilles (1971), CWilkie et al. (2015), DSeiler et al. (1973), ELam (1972), FRitola et al. (2000), 
GTreberg et al. (2005), HRichards et al. (2003), IKabli et al. (2009), JMiyahara (1961) (scientific name not available), KMoriyama et al. (1964) 
(scientific name not available), LPeck et al. (2002), MInoue et al. (2007), Nvan Ginneken et al. (1999), OOgata et al. (2018), PShort et al. (2018), 
QRichards et al. (2007), RVieira et al. (2005), SVornanen et al. (2006), TSato et al. (2011), UFukushima (2016), VEspe et al. (2010)

Table 3  (continued)

derived from biochemical measurements. For tissue sam-
ples, amounts of metabolites (micromols per gram tis-
sue or milligrams per 100 g tissue) are more informative 
data that can be derived from NMR spectra, as seen in 
several previous studies (van Ginneken et al. 1996, 1999). 
On the other hand, lipophilic metabolites such as fatty 
acids are difficult to identify using 1H NMR spectroscopy 
because they usually have broad and overlapping peaks. 
1H NMR spectroscopy can determine the global unsatu-
ration level and the ratio of saturated, monounsaturated, 
and polyunsaturated fatty acids, even in vivo (Branca and 
Warren 2011), but gas chromatography is a more reliable 
method for the identification of individual fatty acids in 
biological samples.

Below we highlight 1H NMR metabolomics studies on 
aquatic organisms with respect to research interests. Inter-
ested readers are directed to several specialized reviews on 
NMR metabolomics using aquatic organisms (Alfaro and 
Young 2018; Samuelsson and Larsson 2008; Young and 
Alfaro 2018).

Starvation dramatically affects fish metabolism, and 1H 
NMR has been used to understand the integrated metabolic 
status of fish under starvation (Kokushi et al. 2011; Kull-
gren et al. 2010; Segner et al. 1997). Typical responses of 
fish to starvation include: (1) glycogen degradation, (2) 
lipid mobilization, and (3) protein degradation followed 
by hepatic gluconeogenesis, as confirmed in many species 
(Kaneko et al. 2016b; Khieokhajonkhet et al. 2016; Kull-
gren et al. 2010; Sheridan 1994). In general these processes 
take place in the above order, but the actual time course 
depends on many factors. Metabolic transition can be best 
illustrated by monitoring metabolite levels in plasma and 

other tissues. For example, 1H NMR metabolomics detected 
the increase in very low density lipoprotein in plasma with 
a concomitant increase in plasma alanine levels in rainbow 
trout Oncorhynchus mykiss starved for 28 days, indicating 
that muscle protein catabolism takes place in parallel with 
lipid mobilization (Kullgren et al. 2010). Common carp 
Cyprinus carpio starved for 14 days had increased plasma 
ketone levels, but not amino acid levels, suggesting that lipids 
are the main energy source under this condition (Kokushi 
et al. 2011). Importantly, alanine levels often change under 
starvation, which is consistent with a previous 14C labeling 
study that showed that alanine is the most effectively utilized 
amino acid in the liver of rainbow trout (French et al. 1981). 
Alanine levels are also frequently affected by physical and 
chemical stresses (Brandao et al. 2015; Ekman et al. 2007; 
Viant et al. 2003), although both increase and decrease have 
been reported, possibly reflecting the complex interactions 
between organs. In addition to starvation, the effects of vari-
ous diets on fish metabolism have been actively investigated 
by 1H NMR metabolomics (Casu et al. 2017; Shen et al. 
2017; Wei et al. 2017).

Exposure to toxic contaminants is also a major chal-
lenge for organisms living in aquatic environments. 1H 
NMR metabolomics has been conducted using fish and 
aquatic invertebrates exposed to heavy metals such as mer-
cury (Brandao et al. 2015; Cappello et al. 2016), cadmium 
(Zhang et al. 2011), and copper (Santos et al. 2010). Samples 
included both laboratory-exposed organisms and wild ones 
caught in contaminated areas. Heavy metal exposure has 
been associated with low levels of reduced-form glutathione 
(Cappello et al. 2016) or high levels of total glutathione 
(Brandao et al. 2015), suggesting that oxidative stress is a 
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key mechanism of heavy metal toxicity. High phosphocho-
line levels have been reported in fish captured from a highly 
contaminated area (Brandao et al. 2015). Phosphocholine 
is a degradation product of phosphatidylcholine (PC), a 
major membrane phospholipid, and is therefore indicative of 
membrane damage or active membrane turnover caused by 
heavy metals. In addition to heavy metals, 1H NMR metabo-
lomics has also been used to investigate effects of endo-
crine disruptors (Ekman et al. 2008, 2009; Katsiadaki et al. 
2010; Samuelsson et al. 2006), which are known to have 
fundamental effects on reproduction of aquatic organisms 
(Porseryd et al. 2018; Yoon et al. 2008). Endocrine disrup-
tors had sex-dependent effects on the hepatic content of PC, 
possibly affecting various membrane-dependent processes 
such as lipoprotein formation, vitellogenin synthesis, and 
bile formation (Ekman et al. 2009). 1H NMR metabolomics 
have also been used to assess the effect of other environmen-
tal toxicants such as oil (Kokushi et al. 2012), polycyclic 
aromatic hydrocarbons (Cappello et al. 2013), pesticides/
herbicides (Viant et al. 2006a, b; Wang et al. 2017a), and 
contaminated sediments (Williams et al. 2014).

Other studies have investigated the effect of physical 
stresses using 1H NMR metabolomics. There are a number 
of studies on the effect of thermal stress on the metabo-
lism of fish (Kullgren et al. 2013; Viant et al. 2003) and 
aquatic invertebrates (Lannig et al. 2010; Shao et al. 2015). 
Again, choline metabolism is frequently affected by tem-
perature change, possibly reflecting the reorganization of 
plasma membranes. Temperature has been found to affect 
amino acid metabolism in almost all studies, but it has been 
difficult for researchers to provide an integrative discus-
sion about this since temperature can regulate amino acid 
metabolism both positively and negatively. In this context, 
NMR metabolomics would be more useful in complement-
ing other omics data in a single study, rather than providing 
the means for comparability across studies, especially when 
examining complex phenomena like temperature change. 
One interesting finding from 1H NMR metabolomics is that 
low temperature possibly affects metabolism via the cortisol 
and insulin pathways (Melis et al. 2017), which is similar to 
the mechanism whereby handling stress affects metabolism 
(Karakach et al. 2009). 1H NMR metabolomics is a promis-
ing technology for investigating the function of these hor-
mones using cultured cells or tissues of aquatic organisms.

In vivo NMR spectroscopy and magnetic 
resonance spectroscopy

Principle and characteristics

NMR spectroscopy is a non-invasive technique because 
electromagnetic waves at the resonance frequency have low 

energy. This has led to the development of two major in vivo 
applications of NMR. One is in vivo NMR spectroscopy or 
magnetic resonance spectroscopy (MRS) that acquires NMR 
signals, similar to those shown in Fig. 2, directly from speci-
mens. The other is in vivo NMR imaging or MRI, which will 
be described later. These two technologies are used con-
comitantly. Prior to in vivo NMR spectroscopy, specimens 
are placed in an MRI scanner to acquire three-dimensional 
MRI data. Then, a voxel is placed in the three-dimensional 
MRI space to encompass the area from which in vivo NMR 
spectroscopy signals will be acquired. The in vivo NMR 
spectroscopy thus reveals the total amount of metabolites 
within the voxel. A strong and homogeneous external mag-
netic field facilitates highly sensitive acquisition and the use 
of small voxels (i.e., high temporal and spatial resolution).

In vivo 31P NMR spectroscopy achieved earlier techni-
cal success than other in vivo NMR approaches because 
of its relatively high sensitivity and limited number of tar-
get metabolites (Table 2). In vivo 31P NMR is capable of 
illustrating energy state changes by quantifying PCr, ATP-
related compounds, and Pi with a temporal resolution of a 
few seconds (Liu et al. 2017). As mentioned above, these 
metabolites undergo rapid post-mortem changes, and there-
fore in vivo monitoring is necessary to accurately trace their 
dynamics. Voxels of about 500 mm3 are commonly used in 
human studies, while in small animal studies the voxels can 
be as small as 3.6 mm3 (Liu et al. 2017).

In vivo 13C NMR spectroscopy has been used to detect 
various metabolites. However, due to its low sensitivity, 
natural abundance in vivo 13C NMR spectroscopy is most 
suitable for the quantification of relatively abundant metabo-
lites such as glycogen and lipids. The low natural abundance 
of 13C, on the other hand, facilitates the use of in vivo 13C 
NMR spectroscopy for tracing 13C-labeled metabolites. This 
application has been highly fruitful in mammals, as reviewed 
in the section of stable isotope tracing by NMR.

Compared to in  vivo 31P and in  vivo 13C NMR, the 
in vivo application of 1H NMR has several difficulties (de 
Graaf 2007). Firstly, the water proton signal is up to several 
orders of magnitude higher than signals from metabolites 
of interest, requiring a water-suppression process. In liquid 
1H NMR spectroscopy, deuterium oxide can be used as the 
aqueous solvent to reduce the water proton signal. Secondly, 
macromolecules including protein and lipids cause broad 
peaks that overlap those of the metabolites of interest. In 
liquid 1H NMR spectroscopy, such macromolecules can be 
removed during the extraction process. Thirdly, 1H NMR 
spectroscopy gives many peaks within a narrow chemical 
shift range compared to other NMR applications. Accord-
ingly, only up to 20 different metabolites of mammalian tis-
sues can be quantified by state-of-the-art in vivo 1H NMR 
spectroscopy (de Graaf 2007). However, its high sensitivity 
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enables in vivo quantification of metabolites at relatively low 
concentrations (~ 0.5 mM) (de Graaf 2005).

In vivo NMR spectroscopy and MRS studies 
in aquatic biology

Gold fish, crucian carp, and bitterling have extreme resist-
ance to anoxia, whereas common carp does not despite its 
close phylogenetic relationship to these species. In general, 
factors related to resistance to anoxia include: (1) amount of 
glycogen, (2) end-product inhibition of glycolysis, (3) abil-
ity to stabilize intracellular pH, and (4) ability to suppress 
metabolism. All of the relevant parameters can be readily 
evaluated by in vivo 31P NMR spectroscopy. An outstanding 
series of in vivo 31P NMR spectroscopy studies has demon-
strated the mechanisms responsible for anoxia tolerance in 
the above species (van den Thillart and van Waarde 1996).

An early in vivo 31P NMR study on fish anaerobiosis 
demonstrated that goldfish have high hypoxia/anoxia tol-
erance compared to common carp because of metabolic 
suppression and a capability to switch the glycolytic end-
product from lactate to ethanol (van den Thillart et  al. 
1989). van den Thillart et al. (1989) measured the ATP-
related compounds and intracellular pH at 10-min intervals 
in the muscle of unanesthetized carp and goldfish before, 
during, and after a period of anoxia. In carp muscle, anoxia 

caused a continuous decline in PCr and intracellular pH. In 
contrast, in goldfish a decrease of PCr and intracellular pH 
under anoxia was prevented by the suppression of metabo-
lism and synthesis of ethanol, not lactate, as the glycolytic 
end-product. Ethanol can be excreted into the surrounding 
water, and therefore does not exert a significant effect on fish 
muscle metabolism. Furthermore, in vivo 31P NMR spec-
troscopy has been applied to swimming fish demonstrating 
that anaerobic metabolism takes place at speeds equal to and 
greater than 70% of the critical swimming speed in rainbow 
trout (Burgetz et al. 1998). Detailed in vivo metabolic profil-
ing also revealed that the PCr/Cr ratio is higher than previ-
ously thought [more than 80% by in vivo measurement (van 
Waarde et al. 1990)]; a maximum value of 45% had been 
previously reported by post-mortem determination (Dobson 
and Hochachka 1987)]. Several in vivo 31P NMR spectros-
copy studies have also been carried out from ecotoxicologi-
cal (Viant et al. 2006a, b) and physiological (Martello et al. 
1998; Maus et al. 2018) perspectives.

In contrast, there are a limited number of in vivo 1H and 
13C NMR spectroscopy studies on aquatic organisms. Effects 
of hypoxia and season on metabolism have been addressed in 
a lugworm Arenicola marina by the combination of in vivo 
31P and 13C NMR spectroscopy (Juretschke and Kamp 1995; 
Kamp et al. 1995), and in vivo 1H NMR spectroscopy has 
been applied to non-anaesthetized marine fish (Bock et al. 

MRI images of fish adipose �ssues (red area)

Grass carp

Nile Tilapia Turbot

Fig. 3  Examples of three-dimensional magnetic resonance images of fish illustrating the distribution of adipose tissue. Mesenteric adipose tissue 
is shown in red, whereas other high T1 signal regions are shown in yellow. See Wu et al. (2015) for details
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2002). However, only a few metabolites, including lactate, 
choline, creatine and glycine, have been successfully quanti-
fied in these studies. A future challenge is to establish high 
resolution in vivo 1H and 13C NMR spectroscopy systems 
optimized for aquatic organisms. Muscle tissue, eggs, and 
whole fish bodies were subjected to in vivo 1H NMR spec-
troscopy in recent studies to test the feasibility of novel pulse 
sequences (Cai et al. 2014, 2016).

Stable isotope tracing by NMR

Principle and characteristics

When exploring metabolic pathways in a given biological 
system, tracing of labeled metabolite(s) is essential. Tra-
ditionally 3H, 14C, and 32P have been used as tracers, but 
utilization of these radioactive nuclei requires special equip-
ment. Furthermore, it is not very informative to follow these 
radioactive labels after substrates have been metabolized. 
For example, radioactive signals of 14C-glucose are indistin-
guishable from those of 14C-lactate, a metabolized product 
of 14C-glucose, unless these molecules can be identified by 
other techniques.

In vivo 13C NMR spectroscopy following the infusion of 
13C-labeled substrates overcomes these problems and pro-
vides an excellent means of exploring metabolic pathways. 
13C is a stable isotope with no radioactivity, and its low natu-
ral abundance results in high signal-to-noise ratios (Table 2). 
Moreover, NMR spectroscopy is able to distinguish labeled 
metabolites from chemical shift values—in the above exam-
ple, 13C-glucose and 13C-lactate can be easily distinguished 
by chemical shift values in a single NMR acquisition. The 
tempting combination of 13C labeling and in vivo 13C NMR 
spectroscopy captured several important aspects of mam-
malian metabolism, such as the role of muscle glycogen syn-
thesis in insulin resistance associated with type 2 diabetes 
(Shulman and Rothman 2005) and the strong stoichiometric 
coupling between glutamate neurotransmission and glucose 
oxidation in the brain, where more than two-thirds of the 
energy from glucose oxidation is used for glutamate neuro-
transmission and associated events (Rothman et al. 2003).

Proton-observed carbon-edited (POCE) NMR is an 
indirect detection method for 13C, which specifically and 
quantitatively discriminates protons attached to 13C from 
those attached to 12C (de Graaf et al. 2003, 2011). Namely, 
POCE NMR acquires two proton spectra. The total spec-
trum is the same as the normal 1H NMR spectrum, while 
the inverted spectrum is edited for carbon—signals from 
protons bound to 13C are selectively inverted. By subtract-
ing these spectra, signals from 13C-binding protons can be 
specifically obtained. The 1H acquisition in POCE NMR 

improved sensitivity up to 11 times for quantification of 
lactate compared to 13C acquisition, encouraging the use of 
13C labeling (Rothman et al. 1985). There have been several 
successful applications of in vivo POCE NMR to mammals 
(Kaneko et al. 2017; van Eijsden et al. 2010), but to our 
knowledge this method has never been applied to non-mam-
malian models.

The most significant feature of these metabolic tracing 
technologies is that the high time resolution measurement of 
13C-labeled metabolites enables the determination of meta-
bolic flux of a given pathway, which is defined as the number 
of molecules flowing through the metabolic pathway per unit 
time (typically micromols per minute per gram tissue). The 
metabolic flux is an informative parameter for a given meta-
bolic pathway that desirably should be investigated together 
with enzymatic activity, protein levels, and transcript levels. 
The relationship between enzymatic activity and metabolic 
flux is not linear, but often hyperbolic, and metabolic flux is 
likely to be more associated with phenotype than enzymatic 
activity (Fell 1992; Wang and Dykhuizen 2001). Deuterium 
(2H) labeling has been used in several studies, but 2H NMR 
spectroscopy has very low sensitivity (Table 2).

Metabolic tracing studies in aquatic biology

An important hypothesis that can be addressed by metabolic 
tracing is that lipid and amino acids, but not carbohydrate, 
are the preferred energy sources of fish. This hypothesis 
has long been acknowledged based on nutritional require-
ments and various biochemical parameters of fish (Hemre 
et al. 2002; Watanabe 1982; Wilson 1994). Other evidence 
supporting this hypothesis includes the high sensitivity of 
fish taste receptors to amino acids (Caprio 1975; Oike et al. 
2007) and the low binding affinity of insulin-responsive glu-
cose transporter to glucose (Capilla et al. 2004). However, 
although the effective utilization of lipids and amino acids 
compared to glucose has been sporadically reported by using 
14C labeling (Henderson and Sargent 1981; Shikata and Shi-
meno 1997), to our knowledge, there is no comprehensive 
and systematic study that has explored metabolic fluxes of 
these nutrients. Administration of 13C-labeled nutrients fol-
lowed by time-course NMR quantification of the metabo-
lized products would allow calculation of the metabolic flux 
of each nutrient into the TCA cycle, providing a novel link 
between molecular and nutritional/physiological aspects of 
fish metabolism.

Although not quantitative, it is important to note that 
several studies have utilized 13C labeling to explore biosyn-
thetic pathways of aquatic microorganisms (Murakami et al. 
1998; Tsuda et al. 2001; Yamazaki et al. 2011). For exam-
ple, Yamazaki et al. (2011) cultured a dinoflagellate Pro-
toceratium reticulatum with several 13C-labeled substrates 
(e.g., acetate and glycolate), and detected the label flow by 
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13C NMR spectroscopy. The incorporation patterns of 13C 
provided useful information about biosynthesis of a ladder-
frame polyether called yessotoxin. Increased sensitivity of 
NMR will lead to more comprehensive identification of 
metabolites synthesized from 13C substrate, facilitating the 
discovery of novel metabolic pathways in aquatic organisms. 
Indeed, the first demonstration of ethanol synthesis in gold-
fish was also achieved by using 14C-lactate and 14C-glucose 
(Shoubridge and Hochachka 1980).

MRI and related imaging technologies

Principle and characteristics

In vivo NMR imaging, or MRI, is an NMR-based imag-
ing technology that differs from in vivo NMR spectroscopy. 
The first important reports on MRI were those of Lauter-
bur (1973) and Mansfield and Grannell (1973), in which 
they reconstructed the spatial distribution of the spins of 
magnetic nuclei as images. In principle, signals from any 
magnetic nuclei can be presented in the form of an image. 
However, due to its abundance in biological systems, the 
signal of the water proton is used for most MRI applications. 
Lauterbur and Mansfield were awarded the 2003 Nobel Prize 
in Medicine for their discovery concerning MRI. Nowadays, 
various types of MRI images can be obtained by applying 
different pulse sequences.

The important clinical advantage of MRI is that it is a 
non-invasive method with relatively high resolution of 
10 µm to 1 mm (Hyder 2009). The use of MRI led to the 
development of several relevant imaging technologies. For 
example, diffusion tensor imaging is a modality of MRI that 
measures the directionality of diffusion of water molecules. 
Long and thin cells, such as neurons and muscle fibers, can 
be visualized by using this technology due to the directed 
diffusion of water molecules within these cells. Functional 
MRI (fMRI) is a technology used to map the physiologi-
cal and metabolic processes of tissues, mainly the neuronal 
activation in the brain, based on blood oxygenation level 
measured in an MRI scanner (Ogawa et al. 1990). MRI for 
a simple imaging purpose is sometimes called structural or 
anatomical MRI in order to distinguish it from fMRI. Live 
specimens are required for fMRI, whereas ex vivo applica-
tion has been very common in structural MRI.

MRI studies in aquatic biology

Structural MRI has been increasingly used in zoology 
because of its ability to depict soft tissues at high resolu-
tions. Target species include metazoans from various taxa 
and even fossils (Ziegler et al. 2011). While many MRI 
studies in aquatic biology have been conducted from the 

viewpoint of food science using fish fillets (see Magnetic 
resonance technologies in seafood science), there have been 
several successful MRI applications from an anatomical 
perspective that visualized the internal structure of aquatic 
organisms such as bivalves (von Brand et al. 2009; Ziegler 
et al. 2011), sea urchins (Ziegler et al. 2008), and sea turtles 
(Valente et al. 2006). The Digital Fish Library containing 
MRI data for over 300 species is available from a public 
website (Berquist et al. 2012). Furthermore, the Digital Fish 
Library images are reconstructed into three-dimensional 
volumetric images and segmented as several structures, 
providing a great resource for comparative anatomy. The 
primary limiting factor for the more widespread use of MRI 
in zoology appears to be the size of specimens because MRI 
does not provide meaningful structural information from 
specimens less than 1 mm (Ziegler et al. 2011). However, 
a recent study successfully illustrated the physiological and 
metabolic differences between viscera and subcutaneous adi-
pose tissues in Nile tilapia by taking advantage of structural 
MRI (Wang et al. 2017b). Further physiological applications 
will be forthcoming in the near future.

There are few fMRI studies on aquatic organisms. How-
ever, with appropriate experimental settings, it is possible to 
observe sensorimotor responses to temperature change (van 
den Burg et al. 2006, 2005) and olfactory responses to natal 
stream water (Bandoh et al. 2011) by using fMRI. The direct 
monitoring of brain activity by fMRI is also one of the future 
goals in aquatic biology field.

Magnetic resonance technologies in seafood 
science

Magnetic resonance technologies have been applied to sea-
food and post-mortem tissues of aquatic organisms (Erikson 
et al. 2012). The methodology used in this field is largely 
similar to the aforementioned NMR spectroscopy and MRI.

Trimethylamine-N-oxide (TMAO) is an osmolyte found 
at relatively high concentrations in particular species such as 
walleye pollock Gadus chalcogrammus and sablefish Anop-
lopoma fimbria (Tokunaga 1970). During storage TMAO is 
reduced to trimethylamine (TMA), followed by decomposi-
tion to equimolar amounts of dimethylamine and formalde-
hyde (FA). Because TMA is responsible for the fishy smell, 
and FA cross-links muscle proteins resulting in poor texture, 
1H NMR detection of these substances is important for the 
assessment of seafood quality (Howell et al. 1996; Savorani 
et al. 2010).

Although the precise identification of fatty acids by 
NMR spectroscopy is difficult, as mentioned above, the 
content of omega-3 fatty acids, well-known components 
of seafood that are considered part of a healthy diet, can 
be quantified by NMR spectroscopy (Marcone et al. 2013). 
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An interesting application of liquid NMR spectroscopy is 
that fatty acid peaks in NMR spectra can be used to clas-
sify wild and farmed fish by principle component analysis 
without identifying each fatty acid individually (Aursand 
et al. 2009; Rezzi et al. 2007). If in vivo application of this 
method can be developed in the future, it will be possible 
to non-invasively distinguish wild and farmed fish by lipid 
profiling.

Structural MRI is capable of distinguishing muscle from 
adipose tissue by applying certain pulse sequences (Fig. 3), 
and thus has been used to determine the fat content of 
fish (Collewet et al. 2013; Wu et al. 2015). It is especially 
important to use high-resolution imaging technology for this 
because there are many local fat depots (i.e., intramuscular 
adipose tissue) in fish muscle (Han et al. 2013; Kaneko et al. 
2016a; Khieokhajonkhet et al. 2014). These studies ensured 
that MRI is a useful tool with which to determine seafood 
quality, especially when the number of samples is high. In 
addition to fat distribution, water and salt distribution have 
been determined by 1H and 23Na MRI, respectively (Aursand 
et al. 2008).

Conclusion and future perspectives

This review provides a broad, though not comprehensive, 
overview of magnetic resonance technologies used in 
aquatic biology and seafood science. Overall, the appli-
cation of liquid NMR spectroscopy has been successful 
in the structural determination of natural compounds and 
metabolomics. Recent improvements in sensitivity and 
spectral resolution will further refine these applications, 
making NMR spectroscopy one of the indispensable tech-
nologies in the era of a multiomics approach. Applica-
tion of MRI has also been fruitful in providing a means 
of non-invasive morphological assessment of aquatic 
organisms, especially in seafood science. Establishment 
of lower cost, multi-modal MRI systems (e.g., simulta-
neous acquisition of 1H and 23Na MRI to determine fat 
and salt contents) will further facilitate the use of MRI in 
these fields. On the other hand, there is plenty of room for 
future technological development of in vivo NMR spec-
troscopy and metabolic tracing. Although many major 
metabolic pathways of aquatic organisms have been iden-
tified at the genetic level (e.g., glycolysis and the TCA 
cycle), there must be considerable diversity in metabolic 
fluxes of these pathways associated with physiological 
diversity, as in the case of ethanol production in gold-
fish and the possible central role of lipids/amino acids 
in fish metabolism. Future exploration of such metabolic 
diversity should be valuable for further understanding and 
effective utilization of aquatic organisms.
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