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Abstract
From an evolutionary perspective, the ancestors of cetaceans first lived in terrestrial environments prior to adapting to
aquatic environments. Whereas anatomical and morphological adaptations to aquatic environments have been well
studied, few studies have focused on physiological changes. We focused on plasma amino acid concentrations
(aminograms) since they show distinct patterns under various physiological conditions. Plasma and urine aminograms were
obtained from bottlenose dolphins, pacific white-sided dolphins, Risso’s dolphins, false-killer whales and C57BL/6J and ICR
mice. Hierarchical cluster analyses were employed to uncover a multitude of amino acid relationships among different
species, which can help us understand the complex interrelations comprising metabolic adaptations. The cetacean
aminograms formed a cluster that was markedly distinguishable from the mouse cluster, indicating that cetaceans and
terrestrial mammals have quite different metabolic machinery for amino acids. Levels of carnosine and 3-methylhistidine,
both of which are antioxidants, were substantially higher in cetaceans. Urea was markedly elevated in cetaceans, whereas
the level of urea cycle-related amino acids was lower. Because diving mammals must cope with high rates of reactive
oxygen species generation due to alterations in apnea/reoxygenation and ischemia-reperfusion processes, high
concentrations of antioxidative amino acids are advantageous. Moreover, shifting the set point of urea cycle may be an
adaption used for body water conservation in the hyperosmotic sea water environment, because urea functions as a major
blood osmolyte. Furthermore, since dolphins are kept in many aquariums for observation, the evaluation of these
aminograms may provide useful diagnostic indices for the assessment of cetacean health in artificial environments in the
future.
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questions to be investigated concerning the physiological changes
that occurred over the course of evolution as a result of adaptation
to the marine environment.
Foraging aquatic mammals must divide their time between
obtaining oxygen at the water surface and prey beneath the water
surface. Animals that routinely face high fluctuations in oxygen
availability or consumption tend to have a general strategy for
preventing oxidative damage that involves appropriate constitutive
antioxidant capabilities [5]. Myoglobin-rich muscle allows 30 to
50% of O2 stores to be concentrated in muscle [2]. During
reversible oxygen binding, the oxygenated form of myoglobin or
hemoglobin is easily oxidized to the ferric met form in response to
the generation of reactive oxygen species (ROS) [6], which are

Introduction
From an evolutionary perspective, the ancestors of cetaceans
first lived in a terrestrial environment prior to adapting to an
aquatic environment. The environmental changes that these
cetacean ancestors encountered, spending their lifetime entirely
underwater, were likely drastic, resulting in strong selection
pressures. Anatomical and morphological adaptations to living
underwater, such as a streamlined body shape and the location of
the blowhole, have been well studied [1,2]. In addition, certain
adaptive physiological properties, such as a higher basal metabolic
rate and a lower maximum rate of oxygen consumption [3,4], are
illustrated in cetaceans. There are, however, further unanswered
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they are not permitted for use by the Ethics Committees of Azabu
University. Therefore, all blood samples in this study were
obtained from captive cetaceans. All cetaceans in this study were
healthy, as determined by hematology and clinical blood
chemistry profiles and behavioral observations performed by
keepers and veterinarians who have experience working with
cetaceans. A total of 90 blood samples were collected between
January 23, 2006 and August 26, 2008 for analysis of plasma
amino acid levels. Of these 90 samples, 51 were from bottlenose
dolphins (10 males and 41 females), 16 were from pacific whitesided dolphins (Lagenorhynchus obliquidens; 14 males and 2 females),
19 were from Risso’s dolphins (Grampus griseus; 17 males and 2
females), and 4 were from false killer whales (Pseudorca crassidens; 1
male and 3 females). The cetaceans were housed in sea pens
enclosed by nets (approximately 18,000 m2 and 3–6 m in depth) at
the Shimoda Floating Aquarium (Shizuoka, Japan) or in pools
(approximately 1,000 m2 and 3–5 m in depth) at the World
Dolphin Resort (Wakayama, Japan), the Taiji Whale Museum
(Wakayama, Japan), the Izu-Mito Sea Paradise (Shizuoka, Japan),
the Yokohama-Hakkeijima Sea Paradise (Kanagawa, Japan), the
Enoshima Aquarium (Kanagawa, Japan), Adventure World
(Wakayama, Japan) or the Niigata City Aquarium Marinepia
Nihonkai (Niigata, Japan). Blood samples for amino acid analysis
were obtained from the tail fluke of each cetacean. Every effort
was made to ensure the safety of the cetaceans and personnel.
Each cetacean was carefully monitored for signs of discomfort by
staff and veterinarians. To avoid the influence of circadian
variations and changes in food intake, blood samples were
collected during the same time period (08:00–10:00) before
feeding, after the cetaceans had fasted overnight.
The C57BL/6J mice were originally purchased from Charles
River Japan, Inc. (Yokohama, Japan), and the ICR mice were
originally obtained from Japan CLEA Japan Inc. (Yokohama,
Japan). Food and water were given ad libitum, and all mice were
kept at a constant temperature (2361uC) under a 12-h light: 12-h
dark cycle (lights on at 06:00 h). Mice were deprived of food
beginning at 18:00 on the day before sampling. All blood samples
from mice were collected by cardiac puncture between 08:00 and
10:00 under anesthesia. Eight plasma samples from adult C57BL/
6J mice (all male) and five plasma samples from adult ICR mice (2
males and 3 females) were obtained. Heparin was used as an
anticoagulant, and samples were immediately centrifuged at
2,000 g for 10 min to separate the plasma. All of the mice were
euthanized under deep anesthesia after the experiment.
Urine samples for amino acid analysis were non-invasively and
safely collected from the well-trained dolphins by having the
dolphins land at the poolside and urinate in response to the
trainer’s signal. Nine urine samples from three bottlenose dolphins
(all female) were collected within 2 hours of 13:00. Mouse urine
samples (5 males and 3 females) were obtained from ICR mice by
voluntary urination on acrylic boards between 13:00 and 15:00.
Samples were immediately centrifuged at 2,000 g for 5 min to
remove impurities.

toxic to living organisms. Therefore, diving mammals must cope
with higher rates of ROS generation relative to terrestrial
mammals due to alterations in apnea/reoxygenation and ischemia-reperfusion processes [5]. Although it has been shown that
dolphins possess active non-protein antioxidant molecules to cope
with ROS generation [7], these molecules remain to be
characterized. Furthermore, cetaceans inhabit an environment
where fresh water is not accessible, and the osmotic gradient favors
water loss [8,9]. Although several physiological adaptations for
water conservation in cetaceans have been identified, including
reduced rate of respiratory water loss [10], the absence of sweat
glands [11] and the production of concentrated urine [9], few
studies have examined metabolic adaptations to the hyperosmotic
environment.
Plasma amino acid concentrations (aminograms) vary depending on various physiological conditions [12,13,14]. Many studies
have shown that alterations in human aminograms can be caused
by diseases. For example, liver failure [15,16], renal failure [17],
cancer [18,19], diabetes [20,21], and cardiovascular disorders [22]
have been reported to alter aminograms. As liver fibrosis
progresses, Fisher’s ratio, which is the ratio of branched-chain
amino acids to aromatic amino acids, has been shown to be
elevated [23,24,25]. Some studies have made use of plasma
aminograms to distinguish abnormal subjects from healthy
subjects and to diagnosis subtypes and stages of diseases by means
of data-mining methods [12,13,14]. Such methods rely on the
principle that plasma amino acid profiles differ depending on the
physiological state of an organism. Since amino acids play crucial
roles both as building blocks for proteins and as signaling
molecules [26], it is reasonable that different physiological
conditions result in different amino acid profiles. Furthermore,
an underlying network structure has been demonstrated among
plasma aminograms [27,28], and when the physiological condition
changes, the homeostatic set point of plasma amino acids will be
altered accordingly.
Although the methodology used to describe changes in
physiological conditions by analyzing amino acid profiles is
established, very few attempts have been made to use these
methods to assess the physiological changes that have occurred in
marine mammals over the course of evolution. Since some amino
acids have endogenous antioxidant effects [29] and some function
as blood osmolytes [30], it is likely that the metabolic machinery
for amino acids in marine mammals has changed as a result of
adaptations to the marine environment. Network analysis is
appropriate for demonstrating differences in the amino acid
metabolic machinery because it can illustrate complex interrelations among a multitude of free amino acids.
Because Bottlenose dolphins (Tursiops truncatus) are exciting
marine mammals to observe and are kept in many marine facilities
all over the world, the elucidation of their plasma aminograms
could provide a useful tool for assessing cetacean health in the
future. The purpose of this study was to look for differences in free
amino acids between cetaceans and mice by means of data-mining
methods and to provide a physiological understanding of cetaceans
with regard to free amino acids and adaptations to the marine
environment.

Determination of plasma and urine amino acids
Two hundred microliters of plasma and urine were each
deproteinized with 400 mL of 5% trichloroacetic acid solution and
centrifuged at 10,000 rpm for 15 min at 4uC. The supernatants
were filtered through regenerated cellulose (Millipore Co., Bedford, MA, USA). The concentrations of free amino acids in each
sample were evaluated using an automated L-8800A Amino Acid
Analyzer (Hitachi, Tokyo, Japan) according to a previously
described method [33,34,35,36]. Urinary amino acid concentrations were corrected against creatinine values.

Methods
Animals and samplings
This study was reviewed and approved by the Ethics
Committees of Azabu University and each respective facility.
Blood samples collected from wild cetaceans may be affected by
multiple factors such as handling stress and diet [31,32], and hence
PLoS ONE | www.plosone.org
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individuals. The LME-associated ANOVAs were considered
statistically significant when P,0.001 (Table 1).

Hierarchical cluster analyses
Hierarchical cluster analyses were done to obtain a visual
representation of the aminograms (Fig. 1). The results are
illustrated with a hierarchical tree or dendrogram. Ward’s linkage
method was performed on Euclidean distances from the
standardized aminogram using the JMP 8.0.1 program (SAS
Institute Inc., Cary, NC). Briefly, this method uses an analysis of
variance (ANOVA) approach to evaluate the distances between
clusters and seeks to choose successive clustering steps such that
the error sum of squares found at each level is minimized [37].

Results
Cluster analyses of plasma aminograms
Fig. 1 shows colored blocks representing the plasma amino acid
concentrations of each individual sample. In this representation, red
represents a relatively high concentration and green represents a
relatively low concentration after normalization. Individual samples
and amino acids were ordered based on hierarchical cluster analysis.
Since the dendrogram chooses clustering steps that minimize the
increase in the error sum of squares at each level, the formation of
distinguishable clusters that differ between cetaceans and mice
illustrates that the aminogram patterns differ remarkably between
these two groups. According to the amino acid cluster formations,
levels of ornithine, arginine, citrulline, threonine, lysine, serine,
aspartate and glutamate were lower in cetaceans than in mice,
whereas levels of cystathionine, 3-methylhistidine (MH), carnosine,
urea and 1-MH were higher in cetaceans than in mice.

Statistical analysis
For plasma aminograms, individual data points are expressed as
open circles, and bars indicate the average values in Figs. 2 and 3.
A one-way ANOVA was used to evaluate the differences between
groups. When a significant difference (P,0.05) was observed, posthoc analyses were conducted using Tukey’s test. For urine
aminograms, the P-values were calculated by linear mixed effects
models (LME)-associated ANOVA. The LME takes into account
correlations between repeated measurements within the same

Figure 1. Hierarchical cluster analysis reveals different plasma aminogram patterns in cetaceans and mice. Dendrograms obtained
from a hierarchical cluster analysis of the plasma aminograms are shown. Each amino acid concentration was normalized before the analysis, and the
red and green squares represent high and low relative concentrations, respectively. Ward’s linkage method was performed on the Euclidean
distances obtained from the standardized aminogram. Briefly, this method seeks to choose successive clustering steps so as to minimize the increase
in the error sum of squares found at each level. Bottlenose dolphins (n = 51), pacific white-sided dolphins (n = 16), Risso’s dolphins (n = 19), false-killer
whales (n = 4), C57BL/6J mice (n = 8) and ICR mice (n = 5) were used for this analysis. Orn, ornithine; Arg, Arginine; Cit, Citrulline, Thr, threonine; Lys,
lysine; Ser, serine; Asp, Aspartate; Glu, Glutamate; Tau, Taurine; Gln, Glutamine; Gly, Glycine; Val, Valine; Ile, Isoleucine; Leu, Leucine; Asn, Asparagine;
Cys, Cystine; Ala, Alanine; Pro, Proline; Met, Methionine; Tyr, Tyrosine; Trp, Tryptophan; Phe, Phenylalanine; His, Histidine; Cysthi, Cystathionine; 3-MH.
3-methylhistidine; Car, Carnosine.
doi:10.1371/journal.pone.0013808.g001
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Figure 2. Plasma levels of 3-MH and carnosine are higher in cetaceans. The plasma levels of 3-MH (A) and carnosine (B) are shown.
Individual data points are shown as open circles, and bars indicate the average values. The different letters indicate significant differences (P,0.05)
among groups as determined by Tukey’s test. ND = not detected. Bottlenose dolphins (n = 51), pacific white-sided dolphins (n = 16), Risso’s dolphins
(n = 19), false-killer whales (n = 4), C57BL/6J mice (n = 8) and ICR mice (n = 5) were used for this analysis.
doi:10.1371/journal.pone.0013808.g002

Figure 3. The set point of the urea cycle is different between cetaceans and mice. The plasma levels of urea (A), ornithine (B), citrulline (C),
arginine (D), glutamate (E) and aspartate (F) are shown. Individual data points are shown as open circles, and bars indicate the average values. The
different letters indicate significant differences (P,0.05) among groups as determined using Tukey’s test. Bottlenose dolphins (n = 51), pacific whitesided dolphins (n = 16), Risso’s dolphins (n = 19), false-killer whales (n = 4), C57BL/6J mice (n = 8) and ICR mice (n = 5) were used for this analysis.
doi:10.1371/journal.pone.0013808.g003
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be different from those in terrestrial mammals, and creatine is
produced from arginine, which was reduced in cetaceans. As far as
3-MH and carnosine levels, since the correction by creatinine
value did not greatly affect the result of 3-MH and carnosine levels
whose concentrations were greatly differed between cetaceans and
mice, these alterations would be due to physiological differences
and not due to any artifacts. The standardization methods of urine
amino acid levels in marine mammals should be consolidated in
future.

Table 1. Urine concentrations (mean 6 SEM mmol/mg
creatinine) of amino acids in bottlenose dolphins and mice.

Amino acids

Bottlenose dolphins

Mice

(n = 9)

(n = 8)

S proteinogenic amino acids

1.0560.16*

3.7660.22

3-Methylhistidine

0.0660.01*

0.1960.03

37.7062.89*

{

Carnosine

{

1.2460.22

Discussion

{Levels of carnosine were described as mean 6 SEM 6 1022 mmol/mg
creatinine.
{Carnosine was only detected in four samples of mouse urine.
*Significantly different between the bottlenose dolphins and mice (P,0.001,
LME-associated ANOVA).
doi:10.1371/journal.pone.0013808.t001

To our knowledge, this is the first study to comprehensively
analyze and compare plasma amino acid concentrations in
multiple cetaceans. Comparisons of amino acid profiles will lead
to a better understanding of the physiological role of their
biochemical effects, and such effects may allow marine mammals
to live entirely underwater. These data may also be useful
indicators for assessing cetacean health conditions in the future.
Since the aim of this study was to unveil the characteristic amino
acid metabolism observed in cetaceans, compared with representative terrestrial animals, we chose mice as one of the most
intensively investigated terrestrial model animals. Mice and rats
are known to have similar amino acid metabolism, and both of
them are frequently used as model animals to investigate amino
acid metabolism [12,13,35,36,38].
Plasma amino acids can be viewed as a network that adapts to
various physiological conditions and that may become perturbed
in response to disease and/or physiological insults
[12,13,14,27,28]. In addition to the metabolic pathways within
cells, there are various levels of networks within the body; one such
level is represented by the transport of substrates such as amino
acids between organ systems via the bloodstream. Our results
(Fig. 1) suggest that cluster analysis can be used to visualize a
multitude of amino acid relationships among different species,
which can help us understand the complex interrelations
underlying metabolic adaptations to the environment. As shown
in Fig. 1, aminograms of bottlenose dolphins, pacific white-sided
dolphins, Risso’s dolphins and false-killer whales formed a
cetacean cluster that was markedly different from the cluster
obtained from C57BL/6J and ICR mice, indicating that the
physiological states of the cetaceans and the mice were markedly
different. Among the 28 amino acids that we examined in this
study, characteristic differences between the two clusters were
found for ornithine, arginine, citrulline, threonine, lysine, serine,
aspartate and glutamate (which were lower in cetaceans), and
cystathionine, 3-MH, carnosine, urea and 1-MH (which were
increased in cetaceans).
The most distinctive differences between cetaceans and mice
were found in the concentrations of plasma 3-MH and carnosine
(Fig. 2). Plasma levels of 3-MH in the cetaceans were 50 to 100
times greater than those in the terrestrial mammals. Most 3-MH is
formed by the post-translational methylation of specific histidine
residues in the myofibrillar proteins actin and myosin, and 3-MH
cannot be reused for protein synthesis. In many terrestrial
mammals, 3-MH does not undergo catabolism and is primarily
excreted in the urine [39]. However, since the urinary 3-MH levels
of cetaceans were significantly lower than those of terrestrial
mammals (Table 1) [40,41], whereas plasma levels were
significantly higher, it is likely that cetaceans reabsorb 3-MH.
Some animals such as pigs, which have balenine in their skeletal
muscle, reabsorb 3-MH for synthesizing balenine [41]. Cetaceans
might also reabsorb 3-MH for synthesis of balenine, and the
further analyses whether balenine level in the cetacean skeletal

Plasma 3-MH and carnosine concentrations
The plasma levels of 3-MH and carnosine are depicted in
Figs. 2A and B, respectively. Plasma levels of 3-MH (F = 34.06,
P,0.001) and carnosine were much higher in cetaceans than in
mice. Note that plasma carnosine was not detected in either strain
of mice. Anserine which is carnosine-related metabolite, was not
detected in either cetaceans or mice.

Urea cycle-related amino acid levels in plasma
Levels of urea cycle-related amino acids (urea, ornithine,
citrulline, arginine, glutamate and aspartate) were assessed in the
plasma samples (Fig. 3). Although the levels of urea were two to
three times higher in cetaceans than in mice (F = 36.84, P,0.001),
the levels of ornithine (F = 72.28, P,0.001), citrulline (F = 341.41,
P,0.001), arginine (F = 31.53, P,0.001), glutamate (F = 35.03,
P,0.001) and aspartate (F = 82.04, P,0.001) were significantly
lower in cetaceans. Fig. 4 shows scatterplots of the plasma amino
acid concentrations of individual samples. Correlation plots of S
urea cycle-related amino acids versus urea in plasma are depicted
in Fig. 4A, and S proteinogenic amino acids versus urea are
depicted in Fig. 4B. While weak positive linear correlations were
found between S proteinogenic amino acids and urea within each
group (Fig. 4B), no correlations were found between S urea cyclerelated amino acids and urea (Fig. 4A). The colored circles, which
show 95% probability ellipses, did not overlap between cetaceans
and mice.

Urinary amino acid levels
The concentrations of amino acids in the urine samples were
expressed as mmol per mg of creatinine (Table 1) as opposed to
mmol per 24 hours, which is typically used and preferred in
analogous human studies. We chose these units because it was
impossible to perform 24-hour collections of urine samples from
bottlenose dolphins on a routine basis.
The urinary concentrations of S proteinogenic amino acids in
dolphins were significantly lower than those in mice (F = 100.99,
P,0.001). The concentrations of 3-MH in the urine of the
dolphins and mice were 0.0560.01 and 0.1960.03 mmol/mg
creatinine, respectively; this difference was significant (F = 21.25,
P,0.001). The concentration of carnosine in the urine of the
dolphins was approximately 30 times higher than that of mice
(F = 85.89, P,0.001).
Here, we employed creatinine, which is an end-product of
creatine energy metabolism and excreted by kidney, to correct
urinary amino acid levels. Attention must be paid, however, since
energy metabolism and kidney function in marine mammals may
PLoS ONE | www.plosone.org
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Figure 4. The ratio of urea to urea cycle-related amino acids is different between cetaceans and mice. (A) Plasma urea levels are plotted
against plasma levels of S urea cycle-related amino acids (i.e., the sum of aspartate, glutamate, ornithine, arginine and citrulline). (B) Plasma urea
levels are plotted against plasma levels of S proteinogenic amino acids (i.e., the sum of alanine, cysteine, aspartate, glutamate, phenylalanine, glycine,
histidine, isoleucine, lysine, leucine, methionine, asparagine, proline, glutamine, arginine, serine, threonine, valine, tryptophan and tyrosine). The
colored circles indicate 95% probability ellipses. Bottlenose dolphins (n = 51), pacific white-sided dolphins (n = 16), Risso’s dolphins (n = 19), false-killer
whales (n = 4), C57BL/6J mice (n = 8) and ICR mice (n = 5) were used for this analysis.
doi:10.1371/journal.pone.0013808.g004

muscle were upregulated or not will provide the physiological
meaning of 3-MH reabsorption. At least, 3-MH is known to
function as an endogenous antioxidant [29], and thus, these high
concentrations of 3-MH in the plasma appear to play an
important role in cetacean physiology. Although carnosine has
not been detected in human [42] or mouse plasma (Fig. 2), it was
enriched in cetacean plasma. Also, carnosine is a naturally
occurring antioxidant [29] and transition metal ion-sequestering
agent. It has been shown to act as an anti-glycating agent as well,
inhibiting the formation of advanced glycation end products.
Through its distinctive combination of antioxidant and antiglycating properties, carnosine can attenuate cellular oxidative
stress and inhibit the intracellular formation of ROS and reactive
nitrogen species. As noted by Reddy et al. [43], ‘‘by controlling
oxidative stress, suppressing glycation, and chelating metal ions,
carnosine is able to reduce harmful sequelae such as DNA
damage.’’ This has been supported by several studies
[29,43,44,45,46,47]. Carnosine and carnosine-related antioxidants
have therefore recently attracted much attention as possible
PLoS ONE | www.plosone.org

therapeutic agents for humans [47,48]. Since anserine, which is
carnosine-related metabolite, was not detected, it was likely that
the metabolic system to uniquely upregulate carnosine level exist
in cetaceans. Because diving mammals must cope with high rates
of ROS generation due to alterations in apnea/reoxygenation and
ischemia-reperfusion processes [5], high concentrations of these
amino acids in the plasma could play an important antioxidant
role and would be beneficial for aquatic life. Higher levels of urine
carnosine in cetaceans than in mice (Table 1) suggest the synthesis
rate of carnosine might be enhanced in marine mammals.
Because characteristic differences were also found in urea and
urea cycle-related amino acids, we performed a correlation
analysis focusing on urea cycle-related amino acids (Figs. 3 and
4). The urea cycle plays a major role in the generation of urea
using amino acids derived from either dietary proteins or
endogenous origins via conversion of deamination-derived ammonia in the liver. In the urea cycle, amino acids enter the
pathway for urea synthesis via the transdeamination or transamination routes. In either route, a-ketoglutarate accepts an amino
6
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group from the donor amino acid to form glutamate. In the former
pathway, glutamate is deaminated to form a-ketoglutarate and
ammonium ions, and then the ammonium is incorporated into
carbamoyl phosphate, which in turn reacts with ornithine to enter
the urea cycle as citrulline. In the latter pathway, oxaloacetate
accepts an amino group from glutamate to form aspartate. This
aspartate now carries a second amino group into the urea cycle by
condensing with citrulline to form argininosuccinate. Argininosuccinate is then cleaved to form fumarate and arginine. Finally,
arginine is hydrolyzed to ornithine and urea [49]. As shown in
Figs. 3 and 4A, cetacean plasma levels of aspartate, glutamate,
ornithine, arginine and citrulline, which are utilized to synthesize
urea via the urea cycle, were much lower than those of mice,
whereas the level of plasma urea itself was much higher in
cetaceans. When all the proteinogenic amino acids are compared
(Fig. 4B), their plot distributions are seen to be less divergent
between mice and cetaceans than those of the urea cycle-related
amino acids (Fig. 4A). This indicates that, in cetaceans, the urea
and urea cycle-related amino acids are at unique homeostatic set
points. Urea functions as a major blood osmolyte [30], and in
some animals, blood osmotic pressure is primarily elevated
through the retention of urea [50]. For example, plasma urea
levels are high in sharks; in a hyperosmotic environment, this
adaptation prevents the loss of body water [50]. It is possible that
maintenance of a higher level of plasma urea, i.e., by converting
urea cycle-related amino acids to urea by adjusting the set point of
the urea cycle, would be advantageous for marine mammals. Such
a metabolic adaptation might facilitate body water conservation in
the hyperosmotic sea water environment.
Whereas our study provides the levels of amino acids in the
plasma and urine of various cetaceans, variations in plasma amino
acid levels due to species, sex, age, season, living situation and
health have not yet been determined. Hematology, clinical blood
chemistry profiles and behavioral indices are routinely used in
marine mammals and in many terrestrial mammals to monitor

health status. However, Waples and Gales [51] reported a case of
fatality of a bottlenose dolphin without associated changes in
hematology or clinical blood chemistry profiles, suggesting that
other physiological tests should be incorporated into the
management techniques. Because plasma aminograms are used
to distinguish abnormal subjects from healthy subjects in humans
[12,13,14], it is likely that accumulated plasma and/or urine
aminogram data will provide useful indicators for the assessment
of cetacean health in artificial environments.
In conclusion, our results indicate that cetaceans and terrestrial
mammals have different metabolic machinery for amino acids that
facilitates adaptation to the ocean environment. To fully
understand the metabolic adaptations of marine mammals
required for a lifetime spent entirely underwater, further research
is necessary regarding the distribution of amino acids in other
marine mammals, such as Pinnipedia, which live both underwater
and on land. The evolutionary closer terrestrial animals such as
Artiodactyla will also be needed to be investigated in future. Network
analyses of plasma aminograms in those animals will shed light on
the origins of the unique homeostatic regulation of 3-MH,
carnosine, urea and urea cycle-related amino acid levels observed
in cetaceans.

Acknowledgments
We thank the Shimoda Floating Aquarium, the World Dolphin Resort, the
Taiji Whale Museum, the Izu-Mito Sea Paradise, the YokohamaHakkeijima Sea Paradise, the Enoshima Aquarium, the Adventure World
and the Niigata City Aquarium Marinepia Nihonkai for their contributions
to this work.

Author Contributions
Conceived and designed the experiments: MB NO MO. Performed the
experiments: KM HA KK DO FT SI HI. Analyzed the data: KN MB.
Wrote the paper: KM KN MB.

References
1. Gray J (1936) Studies in animal locomotion VI. The propulsive powers of the
dolphin. J Exp Biol 13: 192–199.
2. Kooyman GL, Ponganis PJ (1998) The physiological basis of diving to depth:
birds and mammals. Annu Rev Physiol 60: 19–32.
3. Williams TM, Friedl WA, Haun JE (1993) The physiology of bottlenose dolphins
(Tursiops truncatus): heart rate, metabolic rate and plasma lactate concentration
during exercise. J Exp Biol 179: 31–46.
4. Williams TM, Haun J, Davis RW, Fuiman LA, Kohin S (2001) A killer appetite:
metabolic consequences of carnivory in marine mammals. Comp Biochem
Physiol A Mol Integr Physiol 129: 785–796.
5. Wilhelm Filho D, Sell F, Ribeiro L, Ghislandi M, Carrasquedo F, et al. (2002)
Comparison between the antioxidant status of terrestrial and diving mammals.
Comp Biochem Physiol A Mol Integr Physiol 133: 885–892.
6. Shikama K (1998) The Molecular Mechanism of Autoxidation for Myoglobin
and Hemoglobin: A Venerable Puzzle. Chem Rev 98: 1357–1374.
7. Ninfali P, Aluigi G (1998) Variability of oxygen radical absorbance capacity
(ORAC) in different animal species. Free Radic Res 29: 399–408.
8. Lambertsen RH, Birnir B, Bauer JE (1986) Serum chemistry and evidence of
renal failure in the North Atlantic fin whale population. J Wildl Dis 22: 389–396.
9. Ridgeway S, ed (1972) Homeostasis in the aquatic environment. IL: Thomas:
Springfield. pp 590–747.
10. Coulombe HN, Ridgway SH, Evans WE (1965) Respiratory Water Exchange in
Two Species of Porpoise. Science 149: 86–88.
11. Harrison RJ, Thurley KW (1972) Fine structural features of delphinid epidermis.
J Anat 111: 498–500.
12. Noguchi Y, Shikata N, Furuhata Y, Kimura T, Takahashi M (2008)
Characterization of dietary protein-dependent amino acid metabolism by
linking free amino acids with transcriptional profiles through analysis of
correlation. Physiol Genomics 34: 315–326.
13. Noguchi Y, Zhang QW, Sugimoto T, Furuhata Y, Sakai R, et al. (2006)
Network analysis of plasma and tissue amino acids and the generation of an
amino index for potential diagnostic use. Am J Clin Nutr 83: 513S–519S.
14. Kimura T, Noguchi Y, Shikata N, Takahashi M (2009) Plasma amino acid
analysis for diagnosis and amino acid-based metabolic networks. Curr Opin Clin
Nutr Metab Care 12: 49–53.

PLoS ONE | www.plosone.org

15. Holm E, Sedlaczek O, Grips E (1999) Amino acid metabolism in liver disease.
Curr Opin Clin Nutr Metab Care 2: 47–53.
16. Soeters PB, Fischer JE (1976) Insulin, glucagon, aminoacid imbalance, and
hepatic encephalopathy. Lancet 2: 880–882.
17. Hong SY, Yang DH, Chang SK (1998) The relationship between plasma
homocysteine and amino acid concentrations in patients with end-stage renal
disease. J Ren Nutr 8: 34–39.
18. Watanabe A, Higashi T, Sakata T, Nagashima H (1984) Serum amino acid
levels in patients with hepatocellular carcinoma. Cancer 54: 1875–1882.
19. Weinlich G, Murr C, Richardsen L, Winkler C, Fuchs D (2007) Decreased
serum tryptophan concentration predicts poor prognosis in malignant melanoma
patients. Dermatology 214: 8–14.
20. Ohtsuka Y, Agishi Y (1992) [Abnormal amino acid metabolism in diabetes
mellitus]. Nippon Rinsho 50: 1631–1636.
21. Soltesz G, Schultz K, Mestyan J, Horvath I (1978) Blood glucose and plasma
amino acid concentrations in infants of diabetic mothers. Pediatrics 61: 77–
82.
22. Obeid OA (2005) Plasma amino acid concentrations in patients with coronary
heart disease: a comparison between U.K. Indian Asian and Caucasian men.
Int J Vitam Nutr Res 75: 267–273.
23. Ferenci P, Wewalka F (1978) Plasma amino acids in hepatic encephalopathy. J
Neural Transm Suppl: 87–94.
24. Fischer JE, Funovics JM, Aguirre A, James JH, Keane JM, et al. (1975) The role
of plasma amino acids in hepatic encephalopathy. Surgery 78: 276–290.
25. Fischer JE, Rosen HM, Ebeid AM, James JH, Keane JM, et al. (1976) The effect
of normalization of plasma amino acids on hepatic encephalopathy in man.
Surgery 80: 77–91.
26. Felig P (1975) Amino acid metabolism in man. Annu Rev Biochem 44: 933–955.
27. Shikata N, Maki Y, Noguchi Y, Mori M, Hanai T, et al. (2007) Multi-layered
network structure of amino acid (AA) metabolism characterized by each essential
AA-deficient condition. Amino Acids 33: 113–121.
28. Shikata N, Maki Y, Nakatsui M, Mori M, Noguchi Y, et al. (2009) Determining
important regulatory relations of amino acids from dynamic network analysis of
plasma amino acids. Amino Acids 38: 179–187.

7

November 2010 | Volume 5 | Issue 11 | e13808

Cetacean Plasma Amino Acids

40. Murray AJ, Nield MK, Jones LM, Galbraith N, Tomas FM (1985) Metabolism
of N tau-methylhistidine by mice. Biochem J 232: 409–413.
41. Rathmacher JA, Nissen SL, Paxton RE, Anderson DB (1996) Estimation of 3methylhistidine production in pigs by compartmental analysis. J Anim Sci 74:
46–56.
42. Gardner ML, Illingworth KM, Kelleher J, Wood D (1991) Intestinal absorption
of the intact peptide carnosine in man, and comparison with intestinal
permeability to lactulose. J Physiol 439: 411–422.
43. Reddy VP, Garrett MR, Perry G, Smith MA (2005) Carnosine: a versatile
antioxidant and antiglycating agent. Sci Aging Knowledge Environ 2005: pe12.
44. Bonfanti L, Peretto P, De Marchis S, Fasolo A (1999) Carnosine-related
dipeptides in the mammalian brain. Prog Neurobiol 59: 333–353.
45. Decker EA, Livisay SA, Zhou S (2000) A re-evaluation of the antioxidant activity
of purified carnosine. Biochemistry (Mosc) 65: 766–770.
46. Kang JH, Kim KS, Choi SY, Kwon HY, Won MH, et al. (2002) Protective
effects of carnosine, homocarnosine and anserine against peroxyl radicalmediated Cu,Zn-superoxide dismutase modification. Biochim Biophys Acta
1570: 89–96.
47. Guiotto A, Calderan A, Ruzza P, Borin G (2005) Carnosine and carnosinerelated antioxidants: a review. Curr Med Chem 12: 2293–2315.
48. Babizhayev MA, Micans P, Guiotto A, Kasus-Jacobi A (2009) N-acetylcarnosine
lubricant eyedrops possess all-in-one universal antioxidant protective effects of Lcarnosine in aqueous and lipid membrane environments, aldehyde scavenging,
and transglycation activities inherent to cataracts: a clinical study of the new
vision-saving drug N-acetylcarnosine eyedrop therapy in a database population
of over 50,500 patients. Am J Ther 16: 517–533.
49. Salway JG, Grannner DK (2004) Metabolism at a Glance in: At a Glance;
Anonymous, editor: Blackwell Publishing Ltd.
50. Pillans RD, Franklin CE (2004) Plasma osmolyte concentrations and rectal gland
mass of bull sharks Carcharhinus leucas, captured along a salinity gradient.
Comp Biochem Physiol A Mol Integr Physiol 138: 363–371.
51. Waples KA, Gales NJ (2002) Evaluating and minimising social stress in the care
of captive bottlenose dolphins (Tursiops aduncus). Zoo Biology 21: 5–26.

29. Kohen R, Yamamoto Y, Cundy KC, Ames BN (1988) Antioxidant activity of
carnosine, homocarnosine, and anserine present in muscle and brain. Proc Natl
Acad Sci U S A 85: 3175–3179.
30. Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN (1982) Living with
water stress: evolution of osmolyte systems. Science 217: 1214–1222.
31. Terasawa F, Kitamura M, Fujimoto A, Hayama S (1999) Influence of diet on
hematological characteristics in bottlenose dolphins. Jpn J Zoo Wildl Med 4:
117–124.
32. Noda K, Akiyoshi H, Aoki M, Shimada T, Ohashi F (2007) Relationship
between transportation stress and polymorphonuclear cell functions of
bottlenose dolphins, Tursiops truncatus. J Vet Med Sci 69: 379–383.
33. Goto S, Nagao K, Bannai M, Takahashi M, Nakahara K, et al. (2010) Anorexia
in rats caused by a valine-deficient diet is not ameliorated by systemic ghrelin
treatment. Neuroscience 166: 333–340.
34. Le Boucher J, Charret C, Coudray-Lucas C, Giboudeau J, Cynober L (1997)
Amino acid determination in biological fluids by automated ion-exchange
chromatography: performance of Hitachi L-8500A. Clin Chem 43: 1421–1428.
35. Nagao K, Bannai M, Seki S, Mori M, Takahashi M (2009) Adaptational
modification of serine and threonine metabolism in the liver to essential amino
acid deficiency in rats. Amino Acids 36: 555–562.
36. Nagao K, Bannai M, Seki S, Kawai N, Mori M, et al. (2010) Voluntary wheel
running is beneficial to the amino acid profile of lysine-deficient rats. Am J Physiol
Endocrinol Metab 298: E1170–1178.
37. Ward JH (1963) Hierarchical Grouping to Optimize an Objective Function J Am
Statist Assoc 58: 236–244.
38. Noguchi Y, Nishikata N, Shikata N, Kimura Y, Aleman JO, et al. (2010)
Ketogenic essential amino acids modulate lipid synthetic pathways and prevent
hepatic steatosis in mice. PLoS One 5: e12057.
39. Young VR, Alexis SD, Baliga BS, Munro HN, Muecke W (1972) Metabolism of
administered 3-methylhistidine. Lack of muscle transfer ribonucleic acid
charging and quantitative excretion as 3-methylhistidine and its N-acetyl
derivative. J Biol Chem 247: 3592–3600.

PLoS ONE | www.plosone.org

8

November 2010 | Volume 5 | Issue 11 | e13808

