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Assessment of high-fat-diet-induced fatty liver in medaka
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ABSTRACT
Fatty liver, which has been continuously becoming more common in a
number of patients, is the most common liver disease. For detailed
analysis, a usefulmodel for fatty liver is needed and fish are considered
as a potential candidate. We assessed through direct observation of
the liver, which is the most conventional method for non-invasive
analysis of progression in fatty liver. By using transparent medaka
(Oryzias latipes), we were able to observe changes in fat deposition in
the liver. An analysis of the progression of fatty liver using ultrasound
showeda significant increase in echo intensity, which indicates that this
is a useful examination method. In addition, we clarified a metabolite
profile in the medaka liver fed a high-fat diet (HFD), which had not
previously been shown in detail. This medaka model, allowing
non-invasive and repetitive assessment, is a useful model for the
analysis of diseases that cause fatty liver in which changes in detailed
metabolites are identified.
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INTRODUCTION
Lifestyle-related diseases such as fatty liver, dyslipidemia, diabetes
and hypertension are closely associated with unbalanced diet,
lack of physical activity and excessive stress. Because of their
association with obesity or insulin resistance, they have become a
major health issue in modern society. In particular, fatty liver
disease (also called hepatic steatosis), which is a general term for
hepatic disorders caused by triglyceride deposition in hepatocytes
due to over-nutrition, is increasingly prevalent and has become
the most common hepatic disease. The type of hepatic steatosis
that occurs in patients who drink little or no alcohol is called
nonalcoholic fatty liver disease (NAFLD) and can be further
divided into simple fatty liver – which has a favorable prognosis –
and progressive nonalcoholic steatohepatitis (NASH) – which has a
possibility of progressing into cirrhosis/liver cancer (Lapadat et al.,
2017). Althoughmice models have been used in studies aimed at the
development of treatments inhibiting this progression, a new, more
efficient model is desired (Asgharpour et al., 2016).
Small fish, including medaka (Oryzias latipes) and zebrafish

(Danio rerio), have attracted particular attention as new model

organisms (Goessling and Sadler, 2015; Matsumoto et al., 2010).
Assessing the process of hepatic steatosis with a minimally invasive
method is important to obtain stable results. The simplest way is to
directly observe changes of the liver, but this is difficult to achieve
non-invasively in most organisms. However, mutants of medaka
have been reported in which the body color is light, allowing the
direct observation of introduced cells and organs such as the heart
and liver (Antinucci and Hindges, 2016). On the other hand,
methods that provide more detailed information on the changes
taking place in the liver, such as ultrasound imaging, are considered
useful for the assessment of fatty liver. Although the use of
ultrasound imaging for the characterization of liver cancer
progression (Goessling et al., 2007) and the evaluation of heart
function (Ernens et al., 2016) in zebrafish has been demonstrated, no
study exists for assessing fatty liver in medaka using this method.

In this study, we used optical observation and ultrasound imaging
to non-invasively monitor the progression of high-fat diet (HFD)-
induced hepatic steatosis in transparent medaka (Shima and
Shimada, 1991; Shimada et al., 2005). In addition, we evaluated a
metabolite profile of the liver in medaka fed an HFD.

RESULTS
Optical assessment of hepatic steatosis
Wild-type medaka, such as the Cab strain which is generally used in
research, does not allow visual observation of internal organs from
outside the body. However, there are pigmentation mutants in the
fish whose bodies are transparent. One of these is the T5 strain,
which was described by Shimada and Shima (2004). As seen in
Fig. 1A, the liver in the T5 strain is visible from outside of the body,
in contrast to the wild-type Cab strain. We subjected individuals of
the T5 strain to an HFD in order to optically evaluate the progress of
steatosis. Photographs were taken every 2 weeks up to week 12. The
heart remained a red color, while the liver gradually turned to a
white color, a change attributed to fat deposition. Hematoxylin-
Eosin (HE) staining at week 12 confirmed a marked fat deposition
(Fig. 1B,C).

Assessment of hepatic steatosis by ultrasound imaging
Parallel to optical observation, we assessed the progression of fatty
liver in more detail using ultrasound imaging. The used equipment is
displayed in Fig. 2A. Before the scan, animals were immobilized by
immersion in cold water containing tricaine (Fig. 2B). The eyes,
heart, liver and intestine were successfully imaged and identified
(Fig. 1C-E). The analysis of changes taking place in the liver revealed
an increasing echo intensity, which indicated growing steatosis
(Fig. 2F). Histogram analysis showed that themean intensity values at
week 8 to 12 were statistically significantly higher (Fig. 2G).

Changes in metabolites due to HFD feeding
The above analyses demonstrates the usefulness of HFD-fed medaka
in the assessment of fatty liver. Although understanding the states of
detailedmetabolites is important, no detailed study has been reported.Received 29 November 2017; Accepted 13 August 2018
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Therefore, we examined changes in metabolites due to HFD feeding
in this study. We compared changes in metabolites using the liver
samples isolated from the Cab medaka fed an HFD for 8 weeks and
the control Cab medaka fed a normal diet by metabolome analysis.
Principal component analysis (PCA) showed that the HFD-fed group

and the control group were clearly separated on the X-axis (Fig. 3).
Ingenuity Pathways Analysis (IPA) demonstrated increases in
metabolites suggesting the involvement in the lipid metabolism
including concentration of lipid, synthesis of lipid and accumulation
of lipid and hepatic inflammation, including release of reactive

Fig. 1. Non-invasive optical assessment
of fatty liver progression. (A) Comparison
between transparent and wild-type medaka.
Top, wild-type medaka (cab); bottom,
transparent medaka (T5); left, ventral abdominal
view; center, lateral abdominal view; right,
dorsal cephalic view. (B) HE staining of liver
sections. Left, liver prior to HFD feeding; right,
liver after 12 weeks of HFD. (C) Macroscopic
changes in transparent medaka due to HFD
feeding. The liver is encircled by a dotted line
(n=8). B, brain; K, kidney; SC, spinal cord; G,
gill; Li, liver; Gu, gut; H, heart.

Fig. 2. Non-invasive assessment of fatty liver progression by ultrasound. (A) Ultrasound equipment used. (B) Ultrasound scanning using an ultrasound
linear probe. (C) HE-stained image of a sagittal section in adult medaka. (D) Drawing showing the positions and shapes of various organs in the medaka
body. (E) Ultrasound image of the whole medaka body. The positions of specific organs are indicated by dotted lines. (F) Assessment of fatty liver
progression by ultrasound imaging in HFD-fed medaka. The liver is encircled with a dotted line. (G) Changes in echo intensity due to fatty liver progression
(mean intensity) (n=8, Student’s t-tests,*P<0.05; **P<0.01). G, gill; H, heart; Li, liver; Gu, gut.
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oxygen species and entry into S-phase of hepatocytes (Table 1).
Concerning changes in metabolites, for long-chain saturated fatty
acids, increases in myristoleate (14:1n5) and oleate/vaccenate (18:1)
were observed. As for unsaturated fatty acids, decreases in omega-3

unsaturated fatty acids and increases in omega-6 unsaturated
fatty acids were observed (Table 2). In addition, there were
increases in metabolites associated with phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatydylinositol,
diacylglycerol and sphingolipid (Table 3) and in those associated
with glycolysis: pentose metabolism, glutathione and amino acids
(Table 4).

DISCUSSION
Fatty liver disease is highly prevalent, may progress to cirrhosis
or liver cancer and increases the risks of various lifestyle
related diseases. Therefore, new models for analyzing the detailed
mechanisms of the disease and testing novel therapies are required.
We have previously reported the usefulness of medaka as a model of
hepatic steatosis (Fujisawa et al., 2017). In the present study, we
performed a more detailed analysis of changes in metabolites
accompanying hepatic steatosis and assessed non-invasive methods
for monitoring fatty liver progress in this model.

Although the direct observation of the liver from outside the body
would be an ideal non-invasive method for the assessment of fatty
liver, this is difficult in most organisms, including wild-type
medaka. Thus, we employed the T5 strain, which have transparent
bodies, allowing relatively easy viewing of organs, such as the heart,
from outside the body (Shima and Shimada, 1991; Shimada et al.,
2005). In the present study, we were able to observe a gradual liver
opacification and an increase in the abdominal adipose tissue in
HFD-fed T5 medaka. However, as several strains of transparent
medaka with different transparency traits have been reported
(Iwamatsu et al., 2003; Wakamatsu et al., 2001), future studies

Fig. 3. Metabolome analysis and serial analysis of gene expression (SAGE). (A) PCA of normalized metabolic data derived from liver samples of
medaka fed an HFD for 2 months (n=4) and control group (n=4). Percentage values indicated on the axes represent the contribution rate of the first (PC1)
and second (PC2) principal components to the total amount of variation. (B) Heat map of the hierarchical cluster analysis. The columns indicate the HFD and
the control groups. The rows indicate the normalized levels of each metabolite. The dendrogram for each heat map shows the relation of the normalized
metabolite level patterns.

Table 1. Disease and function annotations exhibiting a significant
change resulting from HFD feeding

Diseases or functions annotation P-value
Predicted
activation state

Activation
z-score

Concentration of lipid 3.840E-08 Increased 2.986
Exocytosis 5.550E-04 Increased 2.449
Glucose metabolism disorder 3.010E-03 Increased 2.411
Transport of alpha-amino acid 2.350E-06 Increased 2.387
Stimulation of neurons 8.350E-07 Increased 2.377
Synthesis of lipid 1.090E-07 Increased 2.287
Release of reactive oxygen species 1.130E-05 Increased 2.236
Transport of heavy metal 8.240E-07 Increased 2.219
Accumulation of lipid 1.270E-04 Increased 2.214
Apoptosis of myeloid cells 3.760E-03 Increased 2.189
Quantity of nitric oxide 3.720E-05 Increased 2.184
Transport of L-amino acid 2.400E-05 Increased 2.183
Transport of neutral amino acid 5.160E-07 Increased 2.177
Excitation of neurons 3.370E-06 Increased 2.169
Production of lactic acid 4.970E-06 Increased 2.164
Concentration of cholesterol 3.270E-04 Increased 2.135
Binding of DNA 4.370E-04 Increased 2.12
Quantity of steroid 1.290E-04 Increased 2.064
Entry into S phase of hepatocytes 1.770E-08 Increased 2
Efflux of L-alanine 1.240E-07 Increased 2
Uptake of L-alanine 1.420E-10 Decreased −2.449
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should examine which model is the most appropriate for the
observation of the liver.
As a more quantitative method, we performed ultrasound

imaging. The ultrasound findings showed that this method allows
repetitive sequential observation of the abdomen in the same
medaka. Moreover, the combination of ultrasound imaging
with direct observation gives a more detailed assessment of fatty
liver progression.
Increases in echo levels in the liver parenchyma, hepatorenal

contrast, vascular blurring and deep echo attenuation are typical
findings in patients with fatty liver disease (Idilman et al., 2016). In
the present study, a marked elevation in echo levels was observed,
but we could not successfully assess vascular blurring or deep echo
attenuation. In addition, organs with a small change in fat deposition
that corresponds to hepatorenal contrast need to be identified to
advance assessment. Future development of higher-performance
ultrasound probes is expected to allow for more detailed analysis
(Huang et al., 2017). Recent studies reported the use of magnetic
resonance imaging (MRI) (Ueno et al., 2016) and computed
tomography (CT) (Seo et al., 2015) for assessing fatty liver in
medaka and zebrafish, respectively. Therefore, further studies on the
usefulness of the combination of the aforementioned methods are
necessary.
We performed a detailed analysis of the metabolome changes

taking place in the liver of medaka fed an HFD, providing important
information on the metabolic pathways associated with fatty acids,

phospholipids, glutathione metabolism and energy metabolism in
this model organism (Shin et al., 2014). The HFD increased lipid
metabolites in medaka liver, which was also shown in previous
reports on HFD-fed mice (Kim et al., 2011). In addition, an
increased level of glucose was also reported in HFD-fed mice
(Patel et al., 2017). Concerning anti-oxidative reaction, enhanced
glutathione (GSH) biosynthesis caused by partially reversed energy
and lipid metabolism disturbance was observed in HFD-fed rats
(Song et al., 2013).

Concerning changes in long-chain saturated fatty acids, there was
an increase in oleate/vaccenate (18:1), which corresponds to the fact
that HFD contains 64.9% oleic acid, 12.8% palmitic acid (C16:0),
7.6% stearic acid (C18:0), 10.3% linoleic acid and 0.2% α-linolenic
acid (Matsumoto et al., 2010). However, palmitic acid and stearic
acid levels in medaka did not significantly increase, despite their
levels being high in HFD. Therefore, to understand complex lipid
metabolism pathways, detailed analysis using labeled compounds is
desirable. Corresponding to the presence of a high amount of
linoleic acid and a low amount of α-linolenic acid in an HFD,
decreases in omega-3 unsaturated fatty acids and increases in
omega-6 unsaturated fatty acids were observed, suggesting that our
model is more prone to developing inflammation, as changes in the
ratio of these fatty acids are known to result in an alteration in
anti-inflammatory activity (Lazic et al., 2014). In addition both
reduced and oxidized forms of glutathione, which are involved
in antioxidant effects, increased. There was also an increase in

Table 2. Changes in long chain fatty acids, polyunsaturated fatty acids (n=3 and n=6) and ketone bodies resulting from HFD feeding

Sub-pathway Biochemical name HFD/control P-value q-value

Long chain fatty acid myristate (14:0) 0.98 0.2243 0.1405
myristoleate (14:1n5) 3.29 0.0145 0.0162
pentadecanoate (15:0) 0.58 0.0083 0.0107
palmitate (16:0) 0.85 0.1701 0.1136
palmitoleate (16:1n7) 2.64 0.0502 0.0437
margarate (17:0) 0.54 0.0056 0.0078
10-heptadecenoate (17:1n7) 0.69 0.0326 0.0303
stearate (18:0) 1.47 0.2911 0.1732
oleate/vaccenate (18:1) 3.19 0.0050 0.0071
nonadecanoate (19:0) 0.60 0.0174 0.0187
10-nonadecenoate (19:1n9) 0.61 0.0250 0.0246
arachidate (20:0) 1.62 0.1793 0.1188
eicosenoate (20:1) 1.84 0.1701 0.1136
erucate (22:1n9) 0.48 0.0397 0.0355

Polyunsaturated fatty acid (n3 and n6) heneicosapentaenoate (21:5n3) 0.05 0.0000 0.0000
hexadecadienoate (16:2n6) 1.22 0.8208 0.3543
hexadecatrienoate (16:3n3) 0.04 0.0000 0.0000
stearidonate (18:4n3) 0.21 0.0000 0.0000
eicosapentaenoate (EPA; 20:5n3) 0.07 0.0000 0.0000
docosapentaenoate (n3 DPA; 22:5n3) 0.04 0.0000 0.0000
docosahexaenoate (DHA; 22:6n3) 0.42 0.0022 0.0039
docosatrienoate (22:3n3) 0.45 0.0154 0.0170
nisinate (24:6n3) 0.54 0.1047 0.0774
linoleate (18:2n6) 1.29 0.8459 0.3609
linolenate [alpha or gamma; (18:3n3 or 6)] 4.42 0.0029 0.0046
dihomo-linolenate (20:3n3 or n6) 1.81 0.1370 0.0963
arachidonate (20:4n6) 2.74 0.0104 0.0127
docosapentaenoate (n6 DPA; 22:5n6) 9.17 0.0000 0.0000
docosadienoate (22:2n6) 1.43 0.6151 0.2877
dihomo-linoleate (20:2n6) 2.58 0.0179 0.0190
linoelaidate (tr 18:2n6) 53.10 0.0000 0.0000
mead acid (20:3n9) 51.82 0.0000 0.0000
docosatrienoate (22:3n6)* 116.81 0.0000 0.0000

Ketone bodies 3-hydroxybutyrate (BHBA) 7.08 0.0027 0.0045

Bold cells in the HFD/control column indicate statistically significantly (P<0.05) increased and decreased levels. Asterisk (*) indicates compounds that have not
been officially confirmed, but Metabolon is confident in its identity.
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Table 3. Changes in PC, PE, PS, PG, PI, diacylglycerol and sphingolipid resulting from HFD feeding

Sub-pathway Biochemical name HFD/control P-value

Phosphatidylcholine (PC) 1,2-dipalmitoyl-GPC (16:0/16:0) 1.14 0.8889
1-palmitoyl-2-palmitoleoyl-GPC (16:0/16:1)* 1.93 0.0026
1-palmitoyl-2-stearoyl-GPC (16:0/18:0) 5.56 0.0000
1-palmitoyl-2-oleoyl-GPC (16:0/18:1) 1.70 0.0279
1-palmitoyl-2-gamma-linolenoyl-GPC (16:0/18:3n6)* 11.96 0.0000
1-palmitoleoyl-2-linoleoyl-GPC (16:1/18:2)* 3.15 0.0000
1-palmitoyl-2-arachidonoyl-GPC (16:0/20:4n6) 4.30 0.0000
1-stearoyl-2-oleoyl-GPC (18:0/18:1) 6.81 0.0000
1-stearoyl-2-linoleoyl-GPC (18:0/18:2)* 3.98 0.0000
1,2-dioleoyl-GPC (18:1/18:1) 6.52 0.0000
1-oleoyl-2-linoleoyl-GPC (18:1/18:2)* 2.55 0.0002
1,2-dilinoleoyl-GPC (18:2/18:2) 1.68 0.0072
1-linoleoyl-2-linolenoyl-GPC (18:2/18:3)* 1.00 1.0000
1-stearoyl-2-arachidonoyl-GPC (18:0/20:4) 21.06 0.0000

Phosphatidylethanolamine (PE) 1,2-dipalmitoyl-GPE (16:0/16:0)* 2.88 0.0864
1-palmitoyl-2-oleoyl-GPE (16:0/18:1) 2.03 0.2190
1-palmitoyl-2-linoleoyl-GPE (16:0/18:2) 1.03 0.6033
1-palmitoyl-2-arachidonoyl-GPE (16:0/20:4)* 4.43 0.0000
1-stearoyl-2-oleoyl-GPE (18:0/18:1) 6.83 0.0002
1-stearoyl-2-linoleoyl-GPE (18:0/18:2)* 2.68 0.0128
1,2-dioleoyl-GPE (18:1/18:1) 7.75 0.0000
1-oleoyl-2-linoleoyl-GPE (18:1/18:2)* 2.30 0.0032
1-stearoyl-2-arachidonoyl-GPE (18:0/20:4) 16.58 0.0000
1-oleoyl-2-arachidonoyl-GPE (18:1/20:4)* 8.46 0.0000

Phosphatidylserine (PS) 1-stearoyl-2-arachidonoyl-GPS (18:0/20:4) 4.78 0.0000
Phosphatidylglycerol (PG) 1-palmitoyl-2-oleoyl-GPG (16:0/18:1) 3.51 0.0009
Phosphatidylinositol (PI) 1-palmitoyl-2-oleoyl-GPI (16:0/18:1)* 0.89 0.5999

1-palmitoyl-2-arachidonoyl-GPI (16:0/20:4)* 0.95 0.5050
1,2-dioleoyl-GPI (18:1/18:1) 40.40 0.0000
1-stearoyl-2-arachidonoyl-GPI (18:0/20:4) 3.71 0.0008
1-oleoyl-2-arachidonoyl-GPI (18:1/20:4) * 4.99 0.0000

Diacylglycerol diacylglycerol (14:0/18:1, 16:0/16:1) 2.51 0.5577
diacylglycerol (16:1/18:2 [2], 16:0/18:3 1.50 0.3821
palmitoyl-oleoyl-glycerol (16:0/18:1) 9.25 0.0062
palmitoleoyl-oleoyl-glycerol (16:1/18:1) 0.12 0.0025
palmitoyl-arachidonoyl-glycerol (16:0/20:4) 3.88 0.0250
palmitoyl-docosahexaenoyl-glycerol (16:0/22:6) 0.50 0.0188
palmitoyl-docosahexaenoyl-glycerol (16:0/22:6) 0.34 0.0003
oleoyl-oleoyl-glycerol (18:1/18:1) 28.76 0.0005
oleoyl-linoleoyl-glycerol (18:1/18:2) 8.13 0.0052
oleoyl-linoleoyl-glycerol (18:1/18:2) 5.69 0.0043
oleoyl-linolenoyl-glycerol (18:1/18:3) 61.25 0.0000
stearoyl-arachidonoyl-glycerol (18:0/20:4) 14.44 0.0001
stearoyl-arachidonoyl-glycerol (18:0/20:4) 2.27 0.1503
stearoyl-docosahexaenoyl-glycerol (18:0/22:6) 1.06 0.3628
linoleoyl-docosahexaenoyl-glycerol (18:2/22:6) 0.23 0.0000

Sphingolipid metabolism Sphinganine 3.03 0.0144
myristoyl dihydrosphingomyelin (d18:0/14:0)* 0.38 0.0003
palmitoyl dihydrosphingomyelin (d18:0/16:0)* 0.65 0.0751
palmitoyl sphingomyelin (d18:1/16:0) 0.54 0.0086
stearoyl sphingomyelin (d18:1/18:0) 1.37 0.2076
behenoyl sphingomyelin (d18:1/22:0)* 3.56 0.0034
tricosanoyl sphingomyelin (d18:1/23:0)* 5.13 0.0029
lignoceroyl sphingomyelin (d18:1/24:0) 4.24 0.0053
sphingomyelin (d18:1/14:0, d16:1/16:0)* 1.07 0.9234
sphingomyelin (d18:2/14:0, d18:1/14:1)* 2.32 0.0001
sphingomyelin (d17:1/16:0, d18:1/15:0, d16:1/17:0)* 0.36 0.0000
sphingomyelin (d18:2/16:0, d18:1/16:1)* 2.12 0.0039
sphingomyelin (d18:1/17:0, d17:1/18:0, d19:1/16:0) 2.13 0.0006
sphingomyelin (d18:1/18:1, d18:2/18:0) 0.89 0.5224
sphingomyelin (d18:1/20:0, d16:1/22:0)* 4.41 0.0001
sphingomyelin (d18:1/20:1, d18:2/20:0)* 0.74 0.6342
sphingomyelin (d18:1/21:0, d17:1/22:0, d16:1/23:0)* 7.13 0.0005
sphingomyelin (d18:1/22:1, d18:2/22:0, d16:1/24:1)* 1.62 0.3572
sphingomyelin (d18:2/23:0, d18:1/23:1, d17:1/24:1)* 8.19 0.0000
sphingomyelin (d18:1/24:1, d18:2/24:0)* 1.84 0.3115
sphingomyelin (d18:2/24:1, d18:1/24:2)* 0.84 0.5755
sphingosine 2.85 0.0207
phytosphingosine 7.73 0.0000
sphingomyelin (d18:2/21:0, d16:2/23:0)* 6.19 0.0000
sphingomyelin (d18:0/18:0, d19:0/17:0)* 2.36 0.1050
sphingomyelin (d17:2/16:0, d18:2/15:0)* 1.90 0.0429
sphingomyelin (d18:1/19:0, d19:1/18:0)* 4.21 0.0001
heptadecasphingosine (d17:1) 35.36 0.0000
hexadecasphingosine (d16:1)* 2.70 0.0211

Italic and bold numbers in the HFD/control column indicate statistically significantly (P<0.05) increased and decreased levels, respectively. Bold results, P<0.05; Italic results,
0.05<P<0.01; asterisks (*) indicate compounds that have not been officially confirmed, but Metabolon is confident in its identity.
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L-gamma-glutamylcysteine, a compound in the synthetic pathway,
which suggests that the necessity of antioxidative effects by
glutathione increases due to the HFD. Remarkable increases in
PC, PE, phosphatydylinositol, diacylglycerol and sphingolipid in
the HFD-fed group are considered to be a result of the metabolism
from compounds in an HFD taken to major components of the cell
membrane: lipids. In particular, lipid droplet, which is ubiquitously
present not only in adipocytes but also in hepatocytes, is a mass
of neutral fats surrounded by a single layer, composed mainly of
triglycerides and sterol esters, increases as hepatic steatosis
progresses. Therefore, synthesized lipids are considered to be
used as components of lipid droplet.

To sum up, this study demonstrated the ability to non-invasively
and repeatedly assess hepatic steatosis in transparent medaka
through optical observation and ultrasound diagnostic equipment,
suggesting its potential as a model for fatty liver research.

MATERIALS AND METHODS
Ethics statement
All fish were maintained and used in experiments in accordance with the
Animal Care Guidelines of Yamaguchi University. All animal studies have
been approved by Yamaguchi University, approval number is 21-038.

Experimental model
Two different medaka (O. latipes) strains were used. The inbred medaka
strain (Kyoto-Cab) was used in this study. Six-month-old female himedaka
strain Cab (an orange-red variety of medaka, O. latipes) fish were used for
the HFD steatosis analysis and the metabolome analysis. Transparent
medaka (T5 strain), kindly provided by Dr. Shima (Shima and Shimada,
1991; Shimada et al., 2005), were used in the experiments where the
progress of fatty liver was assessed (approximately 6-month-old females).

Diets
The protein, fat and carbohydrate content, as well as the fatty acid
compositions, of the control diet and the HFD were described in a previous
report (Matsumoto et al., 2010). The energy content of the control diet
(Hikari Crest; Kyorin Co. Ltd, Hyogo, Japan) was 3.3 kcal/g, with 25.3% of
the calories from fat, 62.5% from protein and 13.8% from carbohydrates.
The energy content of the HFD (HFD32; CLEA Japan Inc., Tokyo, Japan)
was 5.1 kcal/g, with 56.7% of calories from fat, 20.1% from protein and
23.2% from carbohydrates.

Ultrasound imaging
We used an HI VISION Ascendus ultrasound diagnostic apparatus and an
EUP-L52 linear probe (central frequency: 5.5 MHz) (Hitachi Ltd., Tokyo,

Table 4. Changes in glutathione metabolism, glycolysis, pentose
metabolism, TCA cycle, amino acids and N-acetyl amino acids resulting
from HFD feeding

Sub-pathway Biochemical name
HFD/
control

P-
value

Glutathione
metabolism

glutathione, reduced (GSH) 8.13 0.0000
glutathione, oxidized (GSSG) 1.86 0.0005
cysteine-glutathione disulfide 0.94 0.3621
S-methylglutathione 1.59 0.1290
S-lactoylglutathione 1.47 0.8473
cysteinylglycine 13.84 0.0000
5-oxoproline 1.43 0.3972
2-aminobutyrate 2.69 0.0032
2-hydroxybutyrate/2-
hydroxyisobutyrate

1.33 0.1655

ophthalmate 1.85 0.1333
Glycolysis,
gluconeogenesis,
and pyruvate
metabolism

glucose 2.76 0.0000
glucose 6-phosphate 1.34 0.4773
fructose 1,6-diphosphate/glucose
1,6-diphosphate/myo-inositol
diphosphates

0.67 0.3376

dihydroxyacetone phosphate
(DHAP)

2.11 0.0012

3-phosphoglycerate 0.94 0.8753
phosphoenolpyruvate (PEP) 0.86 0.7743
pyruvate 0.97 0.5764
lactate 2.49 0.0069
glycerate 0.56 0.0017

Pentose metabolism ribose 2.68 0.0247
ribitol 3.41 0.0029
ribonate 2.41 0.0001
xylulose 5-phosphate 0.96 0.3561
arabitol/xylitol 3.91 0.0041
ribulose/xylulose 5.11 0.0001
arabonate/xylonate 0.71 0.0237
sedoheptulose 3.78 0.0000

Glycogen metabolism maltotetraose 3.28 0.0065
maltotriose 3.20 0.0299
maltose 2.14 0.1424

TCA cycle citrate 0.53 0.0062
aconitate [cis or trans] 0.46 0.0153
alpha-ketoglutarate 2.29 0.0072
succinylcarnitine (C4-DC) 1.52 0.1657
succinate 1.88 0.1591
fumarate 1.15 0.3263
malate 1.51 0.0216
itaconate 0.12 0.1910
2-methylcitrate/homocitrate 1.72 0.0273
alanine 3.40 0.0008
arginine 0.90 0.9140
asparagine 1.62 0.2728
aspartate 1.17 0.8001
cysteine 2.90 0.0106
glutamate 1.77 0.0427
glutamine 1.68 0.2708

Amino acids glycine 1.62 0.1038
histidine 1.65 0.0020
isoleucine 1.16 0.7779
leucine 1.18 0.7522
lysine 1.04 0.9486
methionine 1.54 0.1542
phenylalanine 0.57 0.1584
proline 6.28 0.0000
serine 1.47 0.2313
threonine 1.99 0.0011
tryptophan 0.93 0.6827
tyrosine 1.63 0.0408
valine 1.42 0.0995

N-acetyl amino acids N-acetylalanine 3.14 0.0106

Continued

Table 4. Continued

Sub-pathway Biochemical name
HFD/
control

P-
value

N-acetylarginine 0.41 0.0114
N-acetylasparagine 3.08 0.0036
N-acetylaspartate (NAA) 0.54 0.0836
N-acetylcysteine 2.04 0.3682
N-acetylglutamate 2.58 0.0028
N-acetylglutamine 1.94 0.0026
N-acetylglycine 2.56 0.0010
N-acetylisoleucine 1.92 0.0193
N-acetylleucine 0.84 0.5887
N-acetylmethionine 3.19 0.0003
N-acetylphenylalanine 0.42 0.0153
N-acetylserine 2.83 0.0202
N-acetylthreonine 2.59 0.0003
N-acetylvaline 3.54 0.1557

Italic and bold numbers in the HFD/control column indicate statistically
significantly (P<0.05) increased and decreased levels, respectively.
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Japan). Six-month-old female medaka (T5) were fed an HFD. At each time
point (weeks 0, 2, 4, 6, 8, 10 and 12), after first optically observing the
change in the color of the liver from outside the body, the intensity of the
liver was measured by placing a probe in medaka anesthetized in water
containing tricaine (n=8). Changes in the intensity values of the liver
were calculated and were assessed with mean intensity values as changes of
the group.

Metabolome analysis
Metabolomic and statistical analyses were conducted at Metabolon as
described previously (Shin et al., 2014). Briefly, cell pellets were subjected
to methanol extraction and then split into aliquots for analysis by ultrahigh
performance liquid chromatography/mass spectrometry (UHPLC/MS) in
the positive, negative or polar ion mode, as well as by gas chromatography/
mass spectrometry (GC/MS). Metabolites were identified by automated
comparison of ion features to a reference library of chemical standards
followed by visual inspection for quality control.

Statistical analysis
To determine statistical significance in ultrasound analysis, Student’s t-tests
were used, with P<0.05 considered significant. To determine statistical
significance in metabolome analysis, Welsh’s two-factor t-tests were
performed using Array Studio (Omicsoft) or ‘R’ to compare protein-
normalized data between experimental groups, with P<0.05 considered
significant.
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