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Abstract: Edible algae Neopyropia yezoensis is used as “Nori”, its dried sheet product, in Japanese
cuisine. Its lipid components reportedly improve hepatic steatosis in obese db/db mice. In this study,
we prepared “Nori powder (NP)” and “fermented Nori powder (FNP)” to utilize the functional
lipids contained in “Nori” and examined their nutraceutical effects in vivo. Male db/db mice were
fed a basal AIN-76 diet, a 10% NP-supplemented diet, or a 10% FNP-supplemented diet for 4 weeks.
We detected eicosapentaenoic acid (EPA) present in both NP and FNP in the serum and liver of
db/db mice in a dose-dependent manner. The NP diet reduced hepatic triglyceride accumulation
(by 58%) in db/db mice by modulating gene expression, which resulted in the inhibition of lipogenic
enzyme activity. Additionally, NP intake significantly suppressed the expression of inflammatory
genes in the liver and hepatic injury marker levels in the sera (by 26%) of db/db mice. The FNP diet
also led to a marked reduction in hepatic triglyceride accumulation (by 50%) and hepatic injury (by
28%) in db/db mice, and the mechanism of these alleviative actions was similar to that of the NP
diet. Although the EPA content of FNP was one-third that of NP, metabolomic analysis revealed
that bioactive betaine analogs, such as stachydrine, betaine, and carnitine, were detected only in
FNP. In conclusion, we suggest that (1) mechanical processing of “Nori” makes its lipid components
readily absorbable by the body to exert their lipid-lowering effects, and (2) fermentation of “Nori”
produces anti-inflammatory molecules and lipid-lowering molecules, which together with the lipid
components, can exert hepatic steatosis-alleviating effects.

Keywords: Neopyropia yezoensis; Koji fermentation; hepatic steatosis; obese db/db mouse; eicosapentaenoic
acid; stachydrine; betaine; carnitine

1. Introduction

Obesity is the central pathology of the metabolic syndrome, a cluster of metabolic
abnormalities that contributes to increased cardiovascular morbidity and mortality in
developed countries [1,2]. Non-alcoholic fatty liver disease (NAFLD) is a spectrum of
conditions ranging from hepatic steatosis to steatohepatitis, advanced fibrosis, and cirrhosis.
The presence of metabolic syndrome is associated with potentially progressive severe liver
disease [3,4]. Liver-related morbidity and mortality due to NAFLD are mostly observed in
patients with advanced fibrosis and cirrhosis. Therefore, the effective use of dietary factors
to alleviate hepatic steatosis, the early NAFLD pathogenesis, and preventing its worsening
can solve a serious public health problem. db/db mice, which have leptin receptor gene
mutations, share many features with human metabolic syndrome [5–7]. These mice are well-
suited for evaluating how dietary components affect the development of obesity-induced
hepatic steatosis [8].
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The nutritional value and bioactive components of algae have been reported to be
useful for improving health, and therefore the laver industry is expected to develop it as
a source of edible seaweed and useful compounds [9]. The edible seaweed Neopyropia
yezoensis, formerly known as Porphyra yezoensis or Pyropia yezoensis, is dried into sheets
as “Nori” and used to wrap sushi and rice balls in Japanese cuisine. These edible red
algae, recognized as one of the most delicious seaweeds and are stably obtained, are used
not only in Japan but also worldwide. Nori is rich in nutrients and its lipid components
include eicosapentaenoic acid (EPA) bound to glycolipids and phospholipids [10–12]. We
previously reported that complex lipids extracted from Nori improved hepatic steatosis
in obese db/db mice [12]. However, since the membrane lipid components of seaweed are
surrounded by the cell wall, it is assumed that humans cannot utilize the lipid components
of Nori if they eat it as is.

Therefore, we prepared “Nori powder (NP)” by mechanical processing and aimed to
make the functional lipids in Nori bioavailable by cell wall fragmentation. Additionally,
since a previous report indicated that Koji fermentation of Nori releases EPA and the
degrades cell wall polysaccharides [13], we also prepared “fermented Nori powder (FNP)”
as a biochemically processed product. In this study, incorporation of EPA from these dried
powders, NP and FNP, and their nutraceutical effects were evaluated in vivo using obese
db/db mice.

2. Results
2.1. Preparation and Characterization of Nori Powder and Fermented Nori Powder

We used scanning electron microscopy (SEM) to confirm the physical and biochemical
breakdown of Nori (Figure 1A). The NP prepared by mechanical processing retained its
cell wall structure, suggesting that digestive enzymes can act on the cross-section in vivo.
However, the prepared FNP, biochemically processed by Koji fermentation, had a less distinct
cell wall structure and a smaller size due to the Aspergillus oryzae growth and digestion.
Interestingly, upon measuring the EPA content by GC-MS, we found that it was 19.7 mg/g
and 5.87 mg/g in the NP and FNP, respectively (Figure 1B, Supplementary Table S1).
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Figure 1. (A) Scanning electron micrographs and EPA contents of NP and FNP. (B) Values are ex-
pressed as the mean ± standard error (n = 3). Asterisk shows significant difference (p < 0.05) between 
the two powders. NP: Nori powder, FNP: fermented Nori powder, EPA: eicosapentaenoic acid. 

Figure 1. (A) Scanning electron micrographs and EPA contents of NP and FNP. (B) Values are ex-
pressed as the mean ± standard error (n = 3). Asterisk shows significant difference (p < 0.05) between
the two powders. NP: Nori powder, FNP: fermented Nori powder, EPA: eicosapentaenoic acid.

2.2. Effects of Experimental Diets on Growth Parameters

To assess the impact of the sample powder ingestion, we set up three test groups.
We divided the db/db mice into three groups that were fed one of three diets: (1) a basal
semisynthetic AIN-76 diet (Co group, n = 5); (2) a semisynthetic AIN-76 diet supplemented
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with 10% NP at the expense of sucrose (Np group, n = 6); or (3) a semisynthetic AIN-76 diet
supplemented with 10% FNP at the expense of sucrose (Fp group, n = 6). After 4 weeks
of feeding the mice with the experimental diets, we found that the three groups did not
differ in initial body weight, final body weight, weight gain, food intake, and abdominal
white adipose tissue (WAT) weights. No differences in feed preference or side effects, such
as diarrhea, were observed. However, the Np and the Fp groups displayed significantly
reduced liver weights as compared with the Co group, as shown in Table 1.

Table 1. Effect of experimental diet on growth parameters in db/db mice.

Co Np Fp

Initial body weight (g) 34.8 ± 0.4 34.9 ± 0.4 34.9 ± 0.3
Final body weight (g) 42.0 ± 1.0 40.6 ± 1.4 40.4 ± 1.1
Body weight gain (g) 7.16 ± 0.64 5.77 ± 1.13 5.55 ± 0.81
Food intake (g) 142 ± 3 141 ± 1 141 ± 4
Liver weight (g/100 g body weight) 6.87 ± 0.32 a 4.87 ± 0.13 b 5.15 ± 0.37 b

White adipose tissue weight (g/100 g body weight)
Total 8.00 ± 0.36 8.20 ± 0.19 8.06 ± 0.34

Epididymal 4.60 ± 0.10 4.61 ± 0.13 4.87 ± 0.25
Perirenal 3.39 ± 0.29 3.59 ± 0.18 3.19 ± 0.12

ab Different superscript letters show significant differences at p < 0.05. Co group: mice fed a basal diet (n = 5), Np
group: mice fed a 10% NP-supplemented diet (n = 6), Fp group: mice fed a 10% FNP-supplemented diet (n = 6).

2.3. Incorporation of EPA in the Serum and Liver of db/db Mice

After a 4-week feeding period, the EPA in the serum and liver was 1.48 mg/dL and
0.0515 mg/g liver, respectively, in the Co group (without dietary EPA). However, in the
Np group, EPA in the serum and liver was 24.3 mg/dL and 0.681 mg/g liver, respectively,
while in the Fp group, it was 8.78 mg/dL and 0.276 mg/g liver, respectively. These results
indicate that both physical and biochemical breakdown of Nori makes its lipid components
readily absorbable by the body, with the EPA being detected in each mice group reflecting
the relative EPA content of the diets (Figure 2, Supplementary Tables S1–S3).
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Figure 2. EPA levels in the sera and livers of db/db mice fed a basal diet (Co group), 10% NP-
supplemented diet (Np group), or 10% FNP-supplemented diet (Fp group) for 4 weeks. Values are
expressed as the mean ± standard error (n = 5–6). abc Different letters denote significant differences
(p < 0.05) among the three groups. EPA: eicosapentaenoic acid.

2.4. Effects of Experimental Diets on Liver Histology and Triglyceride Levels

We observed macrovesicular hepatocytes and hepatic triglyceride accumulation in
obese db/db mice in the Co group (Figure 3). However, these were markedly alleviated in
both the Np and Fp groups as compared with the Co group.
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2.5. Effects of Experimental Diets on Hepatic Expression of Genes Related to Lipid Metabolism

To elucidate the hepatic steatosis alleviating effects of the experimental diets, we
analyzed the hepatic expression of genes related to lipid metabolism using real-time PCR
(Figure 4). Concomitant with decreased triglyceride levels, the hepatic mRNA expression
of lipogenic enzymes like acetyl-CoA carboxylase-1 (ACC1) and fatty acid synthase (FAS)
was significantly suppressed in both the Np and Fp groups as compared with that of the
Co group. In contrast, among groups, there was no significant difference in the mRNA
levels of carnitine palmitoyltransferase-1a (CPT1a), a key enzyme of mitochondrial fatty
acid β-oxidation, and acyl-CoA oxidase-1 (ACO1), a key enzyme of peroxisomal fatty
acid β-oxidation.
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Figure 4. mRNA expression levels of genes related to lipid metabolism in the liver of db/db mice fed
a basal diet (Co group), 10% NP-supplemented diet (Np group), or 10% FNP-supplemented diet (Fp
group) for 4 weeks. Values are expressed as the mean ± standard error (n = 5–6). ab Different letters
denote significant differences (p < 0.05) among the three groups. ACC1: acetyl-CoA carboxylase-1,
FAS: fatty acid synthase, CPT1a: carnitine palmitoyltransferase-1a, ACO1: acyl-CoA oxidase-1.
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2.6. Effects of Experimental Diets on Activities of Enzymes Related to Lipid Metabolism in the Liver

To further examine the effects of the powders on the liver, we measured the activities
of key enzymes related to lipid metabolism (Figure 5). In the Np and the Fp groups,
the activities of FAS (a key enzyme for the de novo synthesis of fatty acids) significantly
decreased as compared with that of the Co group. Additionally, the activities of both malic
enzyme and glucose-6-phosphate dehydrogenase (G6PDH), which supplies nicotinamide
adenine dinucleotide phosphate required for FAS activity, significantly decreased in the Np
and the Fp groups as compared with the Co group. There was no significant difference in
the activity of CPT, a key enzyme in mitochondrial fatty acid β-oxidation, among groups.
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Figure 5. Activities of hepatic enzymes related to lipid metabolism in db/db mice fed a basal diet
(Co group), 10% NP-supplemented diet (Np group), or 10% FNP-supplemented diet (Fp group)
for 4 weeks. Values are expressed as the mean ± standard error (n = 5–6). ab Different letters
denote significant differences (p < 0.05) among the three groups. FAS: fatty acid synthase, G6PDH:
glucose-6-phosphate dehydrogenase, CPT: carnitine palmitoyltransferase.

2.7. Effects of Experimental Diets on Hepatic Inflammatory and Injury Marker Levels

To gain an insight into the effect of the powders on the liver, we also examined the
hepatic mRNA expression of genes related to inflammatory and hepatic injury marker levels
in the serum (Figure 6). Compared with the Co group, the mRNA expression of monocyte
chemoattractant protein-1 (MCP-1) and tumor necrosis factor α (TNFα), which exacerbate
chronic inflammation and injury in the liver, was markedly decreased in both the Np and
Fp groups. Moreover, the activity of the hepatic injury marker alanine aminotransferase
(ALT) in the serum was significantly lower in both the Np and Fp groups than in the
Co group.
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Figure 6. mRNA expression levels of genes related to inflammation in the liver and the hepatic injury
marker levels in db/db mice fed a basal diet (Co group), 10% NP-supplemented diet (Np group), or
10% FNP-supplemented diet (Fp group) for 4 weeks. Values are expressed as the mean ± standard
error (n = 5–6). ab Different letters denote significant differences (p < 0.05) among the three groups.
MCP-1: monocyte chemoattractant protein-1, TNF: tumor necrosis factor, ALT: alanine aminotransferase.

2.8. Contribution of EPA Incorporation into the Liver on the Alleviation of Hepatic Injury

To further investigate the ameliorating effects of each powder on liver damage, we
analyzed how hepatic EPA incorporation reduced hepatic injury markers using a single
regression analysis between the Co and Np groups and between the Co and Fp groups
(Figure 7). Liver EPA levels exhibited a significant negative correlation with hepatic injury
markers in the sera of db/db mice (ALT vs. EPA, r = 0.829, p < 0.05) between the Co and
Np groups. However, there was no statistically significant correlation between hepatic
EPA incorporation and ALT reduction (r = 0.592) between the Co and Fp groups. These
results suggest that there are additional factors to EPA incorporation, by which the FNP
diet effectively attenuates hepatic injury in db/db mice.
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in the livers of db/db mice. The mice were fed a basal diet (Co group), 10% NP-supplemented diet
(Np group), or 10% FNP-supplemented diet (Fp group) for 4 weeks. Individual values are shown
(n = 17). EPA: eicosapentaenoic acid, ALT: alanine aminotransferase.

2.9. Metabolomic Changes in Nori Powder before and after Koji Fermentation

We performed metabolomic analyses on NP and the FNP to examine differences in
metabolites before and after Koji fermentation. We identified and quantified 93 metabolites
in the cationic mode of CE-TOF MS analysis, of which 32 and 61 were decreased and
increased, respectively, by Koji fermentation (Figure 8A). Ninety-six metabolites were
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identified and quantified in the anionic mode of CE-TOF MS analysis, of which 33 and
63 were decreased and increased, respectively, by Koji fermentation (Figure 8B). Of the
189 metabolites, we lost 4 and newly detected 64 after Koji fermentation. As shown in the
biplots and loading plots of the principal component analysis (PCA), Koji fermentation
promoted the synthesis of three betaine structural analogues: stachydrine, betaine, and
carnitine (Figure 8C, labeled variables were detected only in FNP). The results showed
that 1.76 mg/g (9.80 µmol/g), 0.908 mg/g (7.75 µmol/g) and 0.184 mg/g (1.14 µmol/g) of
stachydrine, betaine and carnitine, respectively, were markedly synthesized through Koji
fermentation (Figure 9).
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Figure 8. Heat map analysis and principal component analysis of the 189 metabolites significantly
modified by Koji fermentation. (A: Cationic mode, B: Anionic mode) The normalized values were
transformed into a z-score and shown as a color scale. The high and low metabolite levels were
represented as reddish and blueish scales, respectively. (C) Principal components analysis: biplot
(upper figure) and loading plot (lower figure) from metabolites of powders before and after Koji
fermentation. Labeled variables were detected only in FNP. NP: Nori powder, FNP: fermented
Nori powder.
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3. Discussion

EPA (C20:5, ω3) is one of the most reliable functional fatty acids which reportedly
prevent cardiovascular diseases [14]. Its ethyl ester agents (Epadel, Vasepia) are used as
treatments for hyperlipidemia [14,15]. The dried sheet product of Neopyropia yezoensis,
Nori, has a characteristic fatty acid composition, consisting mostly of EPA (>50% of total
fatty acids) and palmitic acid (C16:0, ~30% of total fatty acids). However, the EPA in
Nori is not a component of storage lipids like free fatty acids or triglycerides but of the
cell membrane structural lipids like glycolipids and phospholipids [10–12]. Although it
has been reported that the intestinal bacteria of some Japanese people have enzymes to
digest seaweed [16], we hypothesized that the Nori in powder form could increase the
bioavailability of EPA in Nori by cell wall fragmentation (Figure 1A). After 4 weeks of
feeding the NP-supplemented diet, significant amounts of EPA were detected in the sera
and livers of db/db mice, suggesting that the mechanical processing of Nori promotes the
in vivo uptake of its lipid components (Figure 2). In addition, we also performed Koji
fermentation for the biochemical processing of Nori. Koji fermentation using Aspergillus
oryzae is essential for the production of many traditional Japanese foods, like miso, soy
sauce, and sake [17–19]. Consistent with previous studies indicating that Koji fermentation
of Nori degraded cell wall polysaccharides and liberated EPA [13], the structure of Nori
was indeed found broken down by fermentation (Figure 1A), and more EPA was detected
in the sera and livers of the Fp group than in the Co group (Figure 2). However, the reason
that the EPA content per dry weight of FNP was one-third that of NP is not yet known
(Figure 1B). However, it was also shown that the EPA content of the powders was reflected
in the amounts of EPA incorporated into the body (Figure 2).

In this study, in addition to confirming the uptake of EPA from the prepared powders,
we also studied the effects of ingesting these powders on NAFLD development in obese
db/db mice. After 4 weeks of feeding, the Np group showed no change in WAT weight,
but the liver weight and liver triglyceride levels were significantly reduced compared with
those in the Co group (Table 1, Figure 3). To investigate the mechanism of the hepatic
lipid-lowering effect, we first examined its effect on the expression of genes related to
lipid metabolism in the liver, and we found the NP diet significantly decreased the mRNA
levels of ACC1 and FAS (Figure 4). The transcription factor sterol regulatory element
binding protein (SREBP)-1 regulates the gene expression of these lipogenic enzymes, and
interestinglyω3 polyunsaturated fatty acids (PUFAs) exert their lipid-lowering effects by
inhibitory SREBP-1 signaling [20]. Furthermore, consistent with the inhibitory effect on
lipid synthesis at the gene expression level, the activities of lipogenic enzymes (FAS, G6PDH
and Malic Enzyme) in the liver were significantly reduced in the Np group as compared
with the Co group (Figure 5). However, whether EPA was the sole lipid synthesis inhibitory
component incorporated from NP in this experiment needs further exploration. Although
EPA has been reported to act as a ligand for peroxisome proliferator-activated receptor-α, a
transcription factor that regulates the expression of lipolytic genes [20], in this study, the
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mRNA levels of CPT1a and ACO1 (Figure 4) and CPT enzyme activity (Figure 5) were
not altered by the NP diet. Since previous studies have suggested that db/db mice are not
suitable for evaluating the lipolysis-enhancing effects of functional dietary components [12],
whether the EPA from NP can affect lipolysis needs to be re-evaluated in other animal
models. In addition,ω3 PUFAs reportedly not only inhibited lipid accumulation in cells
(which is the “first hit” of the “two-hit” hypothesis of NAFLD development) but also the
inflammatory stress injury to hepatocytes, which is the “second hit” [12,20]. Therefore, we
examined how NP affected the expression of inflammatory factors in the livers of db/db
mice and found that the mRNA levels of MCP-1 and TNFα were significantly lower in
the Np group than in the Co group (Figure 6A). The levels of liver damage markers in
the serum were also significantly lower in the Np group than in the Co group (Figure 6B).
These results suggest that ingestion of NP prepared by the mechanical processing of Nori
effectively inhibits the progression of NAFLD.

The Fp group, which consumed the Koji-fermented FNP diet for 4 weeks, showed
marked improvement in liver enlargement, hepatic steatosis, and hepatic injury in db/db
mice as compared with the Co group (Table 1, Figures 3–6). The mechanism of alleviative
actions of the FNP diet was similar to that of the NP diet, but the EPA (the main bioactive
component) content in FNP was only one-third that in NP (Figure 1B). A single regression
analysis of the contribution of hepatic EPA incorporation to the ameliorative effect on
hepatic injury also suggested that there were additional factors to EPA incorporation, by
which the FNP diet effectively attenuated hepatic injury in db/db mice (Figure 8). In other
words, we hypothesized that functional molecules that improve NAFLD may be produced
during Koji fermentation of Nori. In fact, Koji fermentation reportedly produces a variety
of bioactive substances in grains [21–24].

Metabolomic analysis of NP and FNP using CE-TOF MS and PCA of metabolite
changes revealed that three betaine analogs (stachydrine, betaine, and carnitine) were
predominantly produced by Koji fermentation of Nori (Figure 8). Betaine is a general term
for compounds with a positive charge and a negative charge in non-adjacent positions
within the same molecule, with no dissociable hydrogen bonded to the positively charged
atoms and no charge on the molecule as a whole. Stachydrine, known as proline betaine and
(2S)-1,1-dimethylpyrrolidinium-2-carboxylate, one of the main components of the medicinal
plant Leonurus heterophyllus, has demonstrated various bioactivities for treating several
diseases, including NAFLD [25]. Stachydrine, in particular, exhibits anti-inflammatory
properties by inhibiting the nuclear factor-κB signaling pathway and is expected to be
used therapeutically against cardiovascular diseases [25–27]. Betaine, known as glycine
betaine and trimethylammonioacetate, was named after its discovery in sugar beet (Beta
vulgaris subsp. vulgaris) and has also been reported to have preventive and therapeutic
effects on liver diseases [28–30]. The improvement in liver diseases by betaine is attributed
to a variety of molecular mechanisms, including inhibiting the inflammatory response and
fatty acid synthesis [29,30]. Carnitine, also known as lysine betaine and γ-trimethyl-β-
oxybutyrobetain, is synthesized from lysine and methionine mainly in the liver of animals,
including humans, and may have a therapeutic role in liver diseases, like NAFLD [31,32].
Many studies have suggested that L-carnitine treatment reduces the fat accumulation in
the liver by increasing fatty acid β-oxidation [31,32]. As these betaines are present in
a considerable amount in FNP, we believe that their bioactivity may contribute to the
therapeutic effect of the FNP diet on hepatic steatosis and liver injury in db/db mice.

The main limitation of this study is that we fed the mice with high doses of both NP
and FNP and focused on the uptake of EPA into the body over a short feeding period.
Further studies wherein model animals are fed a low-volume supplemented diet for a
longer feeding period could provide more insights into the robustness of the test and its
practicality for the human diet. Additional studies are necessary to analyze the inhibitory
effect of the ingestion of both the powders on NAFLD progression, in conjunction with
more detailed histological evaluation (Oil Red O, CD45, or F4/80 staining, etc.), using
animal models of NAFLD that develop steatohepatitis and advancing fibrosis [8].
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In conclusion, we suggested that (1) mechanical processing of Nori makes its lipid com-
ponents readily absorbable by the body to exert their lipid-lowering effects, and (2) fermen-
tation of Nori produces anti-inflammatory and lipid-lowering molecules, which, together
with functional lipid components, also exert their hepatic steatosis-alleviating effects.

4. Materials and Methods
4.1. Preparation and Characterization of Nori Powder and Fermented Nori Powder

Nori sheets, a hot-airdried form of the seaweed Neopyropia yezoensis, were supplied
by JA Saga (Saga, Japan). NP was prepared using a hammer crusher (Sansho Industry Co.,
Ltd., Osaka, Japan) and FNP was prepared by Koji fermentation of Nori using Aspergillus
oryzae (Maruhide Shoyu Co., Ltd., Saga, Japan) [33]. The sample powders were charac-
terized using SEM and gas chromatography-mass spectrometry (GC-MS). Lipids from the
powders were extracted as described by Bligh and Dyer [34]. The powders were coated
with OsO4 using an osmium coater (HPC-1S, Vacuum Devices Co. Ltd., Mito, Ibaraki,
Japan), and images were obtained using a JSM-7500F scanning electron microscope (JEOL
Ltd., Tokyo, Japan). GC-MS conditions were as follows: equipment, GC2010 + QP2010
(Shimadzu Corp., Tokyo, Japan); column, SP2380 (L 100 m × I.D. 0.25 mm × d 0.2 µm,
Sigma-Aldrich Co., Tokyo, Japan); carrier gas flow rate, 20 cm/s (helium); column temper-
ature, 140 ◦C for 5 min, 140–205 ◦C at 1.5 ◦C/ min, 205–240 ◦C at 10 ◦C/min, 240 ◦C for
8 min; injection, 1 µL; split ratio 20:1 at 250 ◦C; ion source, electron ionization. Samples
and standards were treated with 0.5 M potassium hydroxide-methanol solution (100 ◦C for
9 min) followed by 10% BF3-methanol solution (100 ◦C for 7 min) to derivatize into fatty
acid methyl esters prior to GC-MS.

4.2. Animals

All experiments were conducted under with the guidelines provided by the Ethical
Committee for Experimental Animal Care at Saga University (Certificate Number: 28-058-1).
Six-week-old male db/db mice were purchased from Japan SLC (Shizuoka, Japan). The
mice were housed individually in plastic cages in a temperature-controlled room (24◦C)
under a 12-h light/dark cycle. Basal semisynthetic diets were prepared according to
the recommendations of the American Institute of Nutrition (AIN-76 TM) [35] and they
contained (in weight %): casein, 20; cornstarch, 15; cellulose, 5; vitamin mixture (AIN-
76TM), 1; mineral mixture (AIN-76TM), 3.5; DL-methionine, 0.3; choline bitartrate, 0.2; corn
oil, 7; and sucrose, 48. The db/db mice were divided into three groups that were fed one of
three diets: a basal semisynthetic AIN-76 diet (Co group, n = 5), a semisynthetic AIN-76 diet
supplemented with 10% Nori powder at the expense of sucrose (Np group, n = 6), or a
semisynthetic AIN-76 diet supplemented with 10% fermented Nori powder at the expense
of sucrose (Fp group, n = 6). The mice were fed the diets ad libitum using Rodent CAFE
(KBT Oriental, Saga, Japan) for four weeks. At the end of the feeding period, the mice
were sacrificed by exsanguination from the heart under isoflurane anesthesia after a 9-h
starvation period. WAT and liver were excised immediately, and the serum was separated
from the blood.

4.3. Physiological and Histochemical Evaluation of Serum and Livers

Lipids from serum was extracted by the method of Bligh and Dyer [34] and from liver
was extracted using the method described by Folch et al. [36]. Measurement of fatty acid
contents in the serum and liver were carried out using GC-MS. Hematoxylin and eosin
staining was carried out to microscopically evaluate the degree of hepatic steatosis and
hepatic triglyceride concentrations were quantified using the method of Fletcher et al. [37]
Alanine aminotransferase (ALT) activity in the serum was analyzed using a Transaminase
CII-test Wako kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan).



Molecules 2022, 27, 2640 11 of 14

4.4. Assays of Hepatic Enzyme Activity

Liver cytosol and mitochondrial fractions were prepared by homogenization and
centrifugation. The protein concentration of each fraction was analyzed by the method of
Lowry [38]. The enzyme activity of FAS [39] and G6PDH [40] in cytosol fraction were mea-
sured by the method of Kelly. Malic enzyme in cytosol fraction and CPT in mitochondrial
fraction were assayed by the method of Ochoa [41] and Markwell et al. [42], respectively.

4.5. Analysis of mRNA Expression in the Liver

Total RNA was extracted from 100 mg of liver using the RNeasy Lipid Tissue Mini
Kit (Qiagen, Tokyo, Japan). TaqMan Universal PCR Master Mix (Applied Biosystems,
Tokyo, Japan) and Assay-on-Demand, Gene Expression Products (Mn01304289_m1 for
ACC1, Mn00662319_m1 for FAS, Mn00550438_m1 for CPT1a, Mn00443579_m1 for ACO1,
Mn00441242_m1 for MCP1, Mn00443258_m1 for TNFα, and Mm04277571_s1 for 18S rRNA,
all from Applied Biosystems, Tokyo, Japan) were used for quantitative RT-PCR analysis
of ACC1, FAS, CPT1a, ACO1, MCP1, TNFα, and 18S RNA expression in the liver. Ampli-
fications were carried out using an ABI Prism 7000 RT-PCR sequence detection system
(Applied Biosystems, Tokyo, Japan).

4.6. Capillary Electrophoresis Mass Spectrometry

NP and FNP (10mg each) were suspended in five hundred microliters of methanol con-
taining 8 µM of internal standards (methionine sulfone for cation and camphor 10-sulfonic
acid for anion analyses), 500 µL of chloroform and 200 µL of Milli-Q water, and centrifuged
(20,400× g, 3 min, 4 ◦C). The upper layer of each solution was transferred to a 1.5-mL test
tube, evaporated for 30 min with a centrifugal concentrator and then separated into two
layers. The upper layer was centrifugally filtered through a PALL Nanosep 3-kD cutoff
filter at 9100× g at 4 ◦C. The filtrate was dried with the centrifugal concentrator. The
residue was dissolved in 20 µL of Milli-Q water containing 200 µM of internal standards
(3-aminopyrrolidine for cation and trimesic acid for anion analyses). The CE-MS system
and its conditions were as described by Oikawa et al. [43]. All CE-TOFMS experiments
were performed using an Agilent G7100A CE Instrument (Agilent Technologies, Sacra-
mento, CA, USA), an Agilent G6224A TOF LC/MS system, an Agilent 1200 Infinity series
G1311C Quad Pump VL, and the G1603A Agilent CE-MS adapter and G1607A Agilent CE-
ESI-MS sprayer kit. The G1601BA 3D-CE ChemStation software for CE and G3335-64002
MH Workstation were used. Separations were carried out using a fused silica capillary
(50 µm i.d. × 100 cm total length) filled with 1 M formic acid for cation analyses or with
20 mM ammonium formate (pH 10.0) for anion analyses as the electrolyte. The sample
solutions were injected at 50 mbar for 15 s (15 nL). Prior to each run, the capillary was
flushed with the electrolyte for 5 min. The applied voltage was set at 30 kV. The capillary
temperature was maintained at 20 ◦C, and the sample tray was cooled to below 4 ◦C. Fifty
percent (v/v) methanol/water containing 0.5 µM reserpine was delivered as the sheath
liquid at 10 µL/min. ESI-TOF MS was conducted in the positive ion mode for cation
analyses or in the negative ion mode for anion analyses, and the capillary voltage was
set at 4 kV. The flow rate of the heated dry nitrogen gas (heater temperature, 300 ◦C) was
maintained at 10 psig. In TOF MS, the fragmentor, skimmer and Oct RFV voltages were set
at 110 V, 50 V and 160 V for cation analyses or at 120 V, 60 V and 220 V for anion analyses,
respectively. Each acquired spectrum was automatically recalibrated using the reference
masses of reference standards. The methanol dimer ion ([2M + H]+, m/z = 65.0597) and
reserpine ([M + H] +, m/z = 609.2806) for cation analyses or the formic acid dimer ion
([2M − H]−, m/z = 91.0037) and reserpine ([M − H]−, m/z = 607.2661) for anion analyses
provided the lock mass for exact mass measurements. Exact mass data were acquired at a
rate of 1.5 cycles/s in the range of 50–1000 m/z. Metabolites were identified and quantified
as described by Oikawa et al. [43]
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4.7. Statistical Analysis

All data values were expressed as the mean ± standard error. To assess differences
among the three groups, data were analyzed by one-way ANOVA, and all differences
were analyzed by the Fisher’s LSD post hoc test using the KaleidaGraph software ver-
sion 4.5 (Synergy Software, Reading, PA, USA). Student’s t-test was used to determine the
statistical significance of the differences between the data from Nori powder and fermented
Nori powder. Pearson’s correlation coefficient was calculated and linear regression analysis
was also carried out using the StatPlus:mac Pro v. 8.0.1.0 (AnalystSoft Inc., Walnut, CA,
USA). Differences were considered significant at p < 0.05. Principal component analysis
(PCA) and heatmap clustering of altered metabolic profiling analysis were performed using
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/, last accessed on 28 March 2022).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27092640/s1, Table S1: Fatty acid contents of Nori powder
and Fermented Nori powder; Table S2: Fatty acid contents of serum lipids in db/db mice; Table S3:
Fatty acid contents of hepatic lipids in db/db mice.

Author Contributions: Conceptualization, K.N., N.I., K.T., A.O., T.K. and T.Y.; methodology, K.N.,
N.I., K.T., A.O. and. T.K.; software, K.N., N.I., K.T., A.O. and. T.K.; validation, K.N., N.I., K.T., A.O.
and. T.K.; formal analysis, K.N., N.I., K.T., A.O. and. T.K.; investigation, K.N., N.I., K.T., A.O. and.
T.K.; resources, K.N., N.I. and K.T.; data curation, K.N., N.I., K.T., A.O. and. T.K.; writing—original
draft preparation, K.N. and N.I.; writing—review and editing, K.N., N.I., K.T., A.O., T.K. and
T.Y.; visualization, K.N. and N.I.; supervision, K.N., A.O. and T.Y.; project administration, K.N.
and K.T.; funding acquisition, K.N. All authors have read and agreed to the published version of
the manuscript.

Funding: Part of this research was funded by JSPS KAKENHI, grant number 19K11693 from the
Japan Society for the Promotion of Science (JSPS).

Institutional Review Board Statement: All aspects of the experiment were conducted according to
the guidelines provided by the ethical committee for experimental animal care of Saga University
(certificate number: 28-058-1).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author.

Acknowledgments: The author acknowledges the laboratory members of Nutrition Biochemistry in
Saga University.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Jahangir, E.; De Schutter, A.; Lavie, C.J. The relationship between obesity and coronary artery disease. Transl. Res. 2014, 164,

336–344. [CrossRef] [PubMed]
2. Bastien, M.; Poirier, P.; Lemieux, I.; Després, J.P. Overview of epidemiology and contribution of obesity to cardiovascular disease.

Prog. Cardiovasc. Dis. 2014, 56, 369–381. [CrossRef] [PubMed]
3. Harrison, S.A.; Diehl, A.M. Fat and the liver—A molecular overview. Semin. Gastrointest. Dis. 2002, 13, 3–16. [PubMed]
4. Youssef, W.; McCullough, A.J. Diabetes mellitus, obesity, and hepatic steatosis. Semin. Gastrointest. Dis. 2002, 13, 17–30. [PubMed]
5. Hummel, K.P.; Dickie, M.M.; Coleman, D.L. Diabetes, a new mutation in the mouse. Science 1966, 153, 1127–1128. [CrossRef]
6. Chen, H.; Charlat, O.; Tartaglia, L.A.; Woolf, E.A.; Weng, X.; Ellis, S.J.; Lakey, N.D.; Culpepper, J.; More, K.J.; Breitbart, R.E.; et al.

Evidence that the diabetes gene encodes the leptin receptor: Identification of a mutation in the leptin receptor gene in db/db mice.
Cell 1996, 84, 491–495. [CrossRef]

7. Lee, G.H.; Proenca, R.; Montez, J.M.; Carroll, K.M.; Darvishzadah, J.G.; Lee, G.I.; Freidman, J.M. Abnormal splicing of the leptin
receptor in diabetic mice. Nature 1996, 379, 632–635. [CrossRef]

8. Anstee, Q.M.; Goldin, R.D. Mouse models in non-alcoholic fatty liver disease and steatohepatitis research. Int. J. Exp. Paht. 2006,
87, 1–16. [CrossRef]

https://www.metaboanalyst.ca/
https://www.mdpi.com/article/10.3390/molecules27092640/s1
https://www.mdpi.com/article/10.3390/molecules27092640/s1
http://doi.org/10.1016/j.trsl.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24726461
http://doi.org/10.1016/j.pcad.2013.10.016
http://www.ncbi.nlm.nih.gov/pubmed/24438728
http://www.ncbi.nlm.nih.gov/pubmed/11944631
http://www.ncbi.nlm.nih.gov/pubmed/11944630
http://doi.org/10.1126/science.153.3740.1127
http://doi.org/10.1016/S0092-8674(00)81294-5
http://doi.org/10.1038/379632a0
http://doi.org/10.1111/j.0959-9673.2006.00465.x


Molecules 2022, 27, 2640 13 of 14

9. Cho, T.J.; Rhee, M.S. Health functionality and quality control of laver (Porphyra, Phyropia): Current issues and future perspectives
as an edible seaweed. Mar. Drugs 2019, 18, 14. [CrossRef]

10. Araki, S.; Sakurai, T.; Omata, T.; Kawaguchi, A.; Murata, N. Lipid and fatty acid composition in the red alga, Porphyra yezoensis.
Jpn. J. Phycol. 1986, 34, 94–100.

11. Araki, S.; Sakurai, T.; Omata, T.; Kawaguchi, A.; Murata, N. Positional distribution of fatty acids in glycerolipids of the marine
red alga, Porphyra yezoensis. Plant Cell Physiol. 1987, 28, 761–766. [CrossRef]

12. Yanagita, T.; Tsuge, K.; Koga, M.; Inoue, N.; Nagao, K. Eicosapentaenoic acid-containing polar lipids from seaweed Susabinori T
(Pyropia yezoensis) alleviate hepatic steatosis in obese db/db mice. Arch. Biochem. Biophys. 2020, 691, 108486. [CrossRef] [PubMed]

13. Hama, Y.; Yamagata, E.; Takahama, N.; Yoshimura, Y.; Yanagida, R.; Mitsutake, S. Liberation of eicosapentaenoic acid and
degradation of the major cell wall polysaccharide porphyran by fermentation of nori, the dried thalli of Pyropia yezoensis, with
koji. J. Appl. Phycol. 2021, 33, 4105–4111. [CrossRef]

14. Watanabe, Y.; Tatsuno, I. Prevention of Cardiovascular Events with Omega-3 Polyunsaturated Fatty Acids and the Mechanism
Involved. J. Atheroscler. Thromb. 2020, 27, 183–198. [CrossRef] [PubMed]

15. Curfman, G.; Shehada, E. Icosapent ethyl: Scientific and legal controversies. Open Heart 2021, 8, e001616. [CrossRef] [PubMed]
16. Hehemann, J.H.; Correc, G.; Barbeyron, T.; Helbert, W.; Czjzek, M.; Michel, G. Transfer of carbohydrate-active enzymes from

marine bacteria to Japanese gut microbiota. Nature 2010, 464, 908–912. [CrossRef]
17. Kusumoto, K.I.; Yamagata, Y.; Tazawa, R.; Kitagawa, M.; Kato, T.; Isobe, K.; Kashiwagi, Y. Japanese Traditional Miso and Koji

Making. J. Fungi 2021, 7, 579. [CrossRef]
18. Ito, K.; Matsuyama, A. Koji Molds for Japanese Soy Sauce Brewing: Characteristics and Key Enzymes. J. Fungi 2021, 7, 658.

[CrossRef]
19. Akaike, M.; Miyagawa, H.; Kimura, Y.; Terasaki, M.; Kusaba, Y.; Kitagaki, H.; Nishida, H. Chemical and Bacterial Components in

Sake and Sake Production Process. Curr. Microbiol. 2020, 77, 632–637. [CrossRef]
20. Nagao, K.; Yanagita, T. Bioactive lipids in met abolic syndrome. Prog. Lipid Res. 2008, 47, 127–146. [CrossRef]
21. Takahashi, H.; Chi, H.Y.; Mohri, S.; Kamakari, K.; Nakata, K.; Ichijo, N.; Nakata, R.; Inoue, H.; Goto, T.; Kawada, T. Rice Koji

Extract Enhances Lipid Metabolism through Proliferator-Activated Receptor Alpha (PPARalpha) Activation in Mouse Liver.
J. Agric. Food Chem. 2016, 64, 8848–8856. [CrossRef] [PubMed]

22. Son, H.K.; Shin, H.W.; Jang, E.S.; Moon, B.S.; Lee, C.H.; Lee, J.J. Comparison of Antiobesity Effects Between Gochujangs Produced
Using Different Koji Products and Tabasco Hot Sauce in Rats Fed a High-Fat Diet. J. Med. Food 2018, 21, 233–243. [CrossRef]
[PubMed]

23. Maeda, K.; Ogino, Y.; Nakamura, A.; Nakata, K.; Kitagawa, M.; Ito, S. Identification of Rice Koji Extract Components that Increase
beta-Glucocerebrosidase Levels in Human Epidermal Keratinocytes. Foods 2018, 7, 94. [CrossRef] [PubMed]

24. Lee, H.; Lee, S.; Kyung, S.; Ryu, J.; Kang, S.; Park, M.; Lee, C. Metabolite Profiling and Anti-Aging Activity of Rice Koji Fermented
with Aspergillus oryzae and Aspergillus cristatus: A Comparative Study. Metabolites 2021, 11, 524. [CrossRef]

25. Cheng, F.; Zhou, Y.; Wang, M.; Guo, C.; Cao, Z.; Zhang, R.; Peng, C. A review of pharmacological and pharmacokinetic properties
of stachydrine. Pharmacol. Res. 2020, 155, 104755. [CrossRef]

26. Meng, J.; Zhou, C.; Zhang, W.; Wang, W.; He, B.; Hu, B.; Jiang, G.; Wang, Y.; Hong, J.; Li, S.; et al. Stachydrine prevents
LPS-induced bone loss by inhibiting osteoclastogenesis via NF-kappaB and Akt signalling. J. Cell Mol. Med. 2019, 23, 6730–6743.
[CrossRef]

27. Shao, Z.; Lu, J.; Zhang, C.; Zeng, G.; Chen, B.; Liang, H.; Wu, A.; Zhang, X.; Wang, X. Stachydrine ameliorates the progression of
intervertebral disc degeneration via the PI3K/Akt/NF-kappaB signaling pathway: In vitro and in vivo studies. Food Funct. 2020,
11, 10864–10875. [CrossRef]

28. Day, C.R.; Kempson, S.A. Betaine chemistry, roles, and potential use in liver disease. Biochim. Biophys. Acta 2016, 1860, 1098–1106.
[CrossRef]

29. Wang, C.; Ma, C.; Gong, L.; Dai, S.; Li, Y. Preventive and therapeutic role of betaine in liver disease: A review on molecular
mechanisms. Eur. J. Pharmacol. 2021, 912, 174604. [CrossRef]

30. Arumugam, M.K.; Paal, M.C.; Donohue, T.M., Jr.; Ganesan, M.; Osna, N.A.; Kharbanda, K.K. Beneficial Effects of Betaine: A
Comprehensive Review. Biology 2021, 10, 456. [CrossRef]

31. Savic, D.; Hodson, L.; Neubauer, S.; Pavlides, M. The Importance of the Fatty Acid Transporter L-Carnitine in Non-Alcoholic
Fatty Liver Disease (NAFLD). Nutrients 2020, 12, 2178. [CrossRef] [PubMed]

32. Li, N.; Zhao, H. Role of Carnitine in Non-alcoholic Fatty Liver Disease and Other Related Diseases: An Update. Front. Med. 2021,
8, 689042. [CrossRef] [PubMed]

33. Uchida, M.; Hideshima, N.; Araki, T. Development of koji by culturing Aspergillus oryzae on nori (Pyropia yezoensis). J. Biosci.
Bioeng. 2019, 127, 183–189. [CrossRef] [PubMed]

34. Bligh, E.G.; Dyer, W.J. A rapid method extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917. [CrossRef]
35. American Institute of Nutrition. Report of the American Institute of Nutrition ad hoc committee on standards for nutritional

studies. J. Nutr. 1977, 107, 1340–1348. [CrossRef] [PubMed]
36. Folch, J.; Lees, M.; Sloane-Stanley, G.H. A simple method for the isolation and purification of total lipids from animal tissues.

J. Biol. Chem. 1957, 226, 497–509. [CrossRef]
37. Fletcher, M.J. A colorimetric method for estimating serum triglycerides. Clin. Chim. Acta 1968, 22, 393–397. [CrossRef]

http://doi.org/10.3390/md18010014
http://doi.org/10.1093/oxfordjournals.pcp.a077356
http://doi.org/10.1016/j.abb.2020.108486
http://www.ncbi.nlm.nih.gov/pubmed/32710880
http://doi.org/10.1007/s10811-021-02590-1
http://doi.org/10.5551/jat.50658
http://www.ncbi.nlm.nih.gov/pubmed/31582621
http://doi.org/10.1136/openhrt-2021-001616
http://www.ncbi.nlm.nih.gov/pubmed/33888593
http://doi.org/10.1038/nature08937
http://doi.org/10.3390/jof7070579
http://doi.org/10.3390/jof7080658
http://doi.org/10.1007/s00284-019-01718-4
http://doi.org/10.1016/j.plipres.2007.12.002
http://doi.org/10.1021/acs.jafc.6b03516
http://www.ncbi.nlm.nih.gov/pubmed/27934292
http://doi.org/10.1089/jmf.2017.4007
http://www.ncbi.nlm.nih.gov/pubmed/29356583
http://doi.org/10.3390/foods7060094
http://www.ncbi.nlm.nih.gov/pubmed/29912147
http://doi.org/10.3390/metabo11080524
http://doi.org/10.1016/j.phrs.2020.104755
http://doi.org/10.1111/jcmm.14551
http://doi.org/10.1039/D0FO02323J
http://doi.org/10.1016/j.bbagen.2016.02.001
http://doi.org/10.1016/j.ejphar.2021.174604
http://doi.org/10.3390/biology10060456
http://doi.org/10.3390/nu12082178
http://www.ncbi.nlm.nih.gov/pubmed/32708036
http://doi.org/10.3389/fmed.2021.689042
http://www.ncbi.nlm.nih.gov/pubmed/34434943
http://doi.org/10.1016/j.jbiosc.2018.07.017
http://www.ncbi.nlm.nih.gov/pubmed/30146188
http://doi.org/10.1139/y59-099
http://doi.org/10.1093/jn/107.7.1340
http://www.ncbi.nlm.nih.gov/pubmed/874577
http://doi.org/10.1016/S0021-9258(18)64849-5
http://doi.org/10.1016/0009-8981(68)90041-7


Molecules 2022, 27, 2640 14 of 14

38. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,
193, 265–275. [CrossRef]

39. Kelley, D.S.; Nelson, G.J.; Hunt, J.E. Effect of prior nutritional status on the activity of lipogenic enzymes in primary monolayer
cultures of rat hepatocytes. Biochem. J. 1986, 235, 87–90. [CrossRef]

40. Kelley, D.S.; Kletzien, R.F. Ethanol modulation of the hormonal and nutritional regulation of glucose 6-phosphate dehydrogenase
activity in primary cultures of rat hepatocytes. Biochem. J. 1984, 217, 543–549. [CrossRef]

41. Ochoa, S. Malic enzyme. In Merhods in Enzymology; Colowick, S.P., Kaplan, N.O., Eds.; Academic Press: New York, NY, USA,
1955; Volume 1, pp. 739–753.

42. Markwell, M.A.; McGroarty, E.J.; Bieber, L.L.; Tolbert, N.E. The subcellular distribution of carnitine acyltransferases in mammalian
liver and kidney. A new peroxisomal enzyme. J. Biol. Chem. 1973, 248, 3426–3432. [CrossRef]

43. Oikawa, A.; Matsuda, F.; Kikuyama, M.; Mimura, T.; Saito, K. Metabolomics of a single vacuole reveals metabolic dynamism in
an alga chara australis. Plant Physiol. 2011, 157, 544–551. [CrossRef] [PubMed]

http://doi.org/10.1016/S0021-9258(19)52451-6
http://doi.org/10.1042/bj2350087
http://doi.org/10.1042/bj2170543
http://doi.org/10.1016/S0021-9258(19)43946-X
http://doi.org/10.1104/pp.111.183772
http://www.ncbi.nlm.nih.gov/pubmed/21846815

	Introduction 
	Results 
	Preparation and Characterization of Nori Powder and Fermented Nori Powder 
	Effects of Experimental Diets on Growth Parameters 
	Incorporation of EPA in the Serum and Liver of db/db Mice 
	Effects of Experimental Diets on Liver Histology and Triglyceride Levels 
	Effects of Experimental Diets on Hepatic Expression of Genes Related to Lipid Metabolism 
	Effects of Experimental Diets on Activities of Enzymes Related to Lipid Metabolism in the Liver 
	Effects of Experimental Diets on Hepatic Inflammatory and Injury Marker Levels 
	Contribution of EPA Incorporation into the Liver on the Alleviation of Hepatic Injury 
	Metabolomic Changes in Nori Powder before and after Koji Fermentation 

	Discussion 
	Materials and Methods 
	Preparation and Characterization of Nori Powder and Fermented Nori Powder 
	Animals 
	Physiological and Histochemical Evaluation of Serum and Livers 
	Assays of Hepatic Enzyme Activity 
	Analysis of mRNA Expression in the Liver 
	Capillary Electrophoresis Mass Spectrometry 
	Statistical Analysis 

	References

