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SUMMARY

Nori is a component of the traditional Japanese diet. The Japanese have a low prevalence of obesity and car-
diovascular disease worldwide, and components of nori may have disease-preventive effects. Here, we
focused on porphyran, which is abundant in nori that is discarded due to discoloration, and investigated
the effects of nori-derived porphyran on gut microbiota, bile acid composition, and ceramide synthesis.
Administration of porphyran to mice prevented obesity, diabetes, metabolic dysfunction-associated steato-
hepatitis (MASH), and hepatocellular carcinoma (HCC). This improvement correlates with a decrease in sec-
ondary bile acids, a decrease in intestinal farnesoid X receptor (FXR) signaling, and a marked decrease in
blood ceramide. Porphyran, abundant in discolored nori, should be the subject of future translational
research to prevent diseases with significant unmet medical needs and improve global environmental sus-
tainability.

INTRODUCTION

With the global increase in the prevalence of metabolic syn-
drome (MetS), metabolic dysfunction-associated steatotic liver
disease (MASLD) has become the most common liver disease
worldwide.” In addition, MASLD is becoming increasingly
important in the etiology of hepatocellular carcinoma (HCC).?
Despite this, definitive therapeutic procedures for these condi-
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tions have not been established, representing a significant un-
met need.®*

Japan has one of the lowest obesity prevalence rates in the
world,® and its population is characterized by remarkable
longevity.® A modeling analysis involving eight countries
using data on the prevalence of obesity and diabetes found
that Japan had the most conservative estimated increase in
the rate of progression of MASLD, particularly metabolic

? iScience 28, 112603, June 20, 2025 © 2025 Published by Elsevier Inc. 1
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dysfunction-associated steatohepatitis (MASH).” Given the
important role of dietary factors in noncommunicable disease-
related mortality,®° much research has focused on the potential
of traditional Japanese diets.'® Seaweed is a component of the
Japanese traditional diet, and its potential role in health promo-
tion is increasingly highlighted."" In particular, nori is a major
seaweed in the Japanese diet and is still frequently consumed
by Japanese, for example in sushi and onigiri (rice balls wrapped
in nori). The richest biologically active compound in nori is the
sulfated polysaccharide porphyran.’® Recent studies have
shown that discarded discolored nori contains higher amounts
of porphyran than normal market-quality nori.'®> Extraction of
porphyran from discarded discolored nori would offer dual ben-
efits: potential applications in disease prevention and enhanced
sustainability of the food supply system. Previous studies on the
health-promoting effects of porphyran have shown efficacy in
improving MetS and related symptoms.'>~'* However, the mo-
lecular mechanism of these effects remains to be elucidated.

Porphyran is a soluble fiber, which is assumed to alter the gut
microbiota. We have focused our research on disease preven-
tion mechanisms involving the gut microbiota. Metabolites of
the gut microbiota have attracted interest as potentially explain-
ing the black box between gut microbiota and disease preven-
tion. Bile acids (BAs) are produced by the liver and transformed
into secondary BA by the gut microbiota in the intestine. Second-
ary BAs are present at several millimolar concentrations in the in-
testine and are re-absorbed at high concentrations in the
blood."® Both primary and secondary BAs regulate triglyceride
(TG), cholesterol, energy, and glucose homeostasis through
the activation of diverse signaling pathways, such as farnesoid
X receptor (FXR)'® and TGR5."” Thus, BA-regulated signaling
pathways are promising novel drug targets for treating common
metabolic diseases'®?" such as obesity, type 2 diabetes, and
hyperlipidemia; for example, BA-adsorbing resins (BABRs)
were approved by the Food and Drug Administration in 2008
for the treatment of diabetes.?>**

In previous studies, long-term administration of the synthetic
FXR agonist GW4064 induced adverse effects such as
decreased basal metabolic rate, weight gain, and hepatic lipid
accumulation.”* Conversely, administration of BABR, which pro-
motes BA efflux in the intestine, prevented hepatic lipid accumu-
lation.?® In this case, fibroblast growth factor 15 (FGF15) is an
endocrine peptide expressed specifically in the intestine.
Expression is induced by the BA-FXR pathway?° and is upregu-
lated by long-term treatment with GW4064°* but downregulated
by treatment with BABR.?*?° This suggests that the presence or
absence of FXR pathway activity in the intestine has some effect
on lipid metabolism in the liver.

On the other hand, the intestine-specific FXR agonist fexar-
amine altered BA composition®” and increased lithocholic acid
(LCA),?” a strong agonist of TGR5.?® This in turn activated the in-
testinal TGR5 pathway, which led to increased glucagon-like
peptide-1 (GLP-1) secretion in the intestine®® and enhanced
thermogenesis in brown adipose tissue (BAT).'” These effects
contributed to the amelioration of metabolic abnormalities.*”*°
These results demonstrate the importance of BA composition
metabolized by the gut microbiota as well as the presence of
FXR pathway activity in the intestine.
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Recent discoveries have revealed that intestinal FXR regulates
a number of genes responsible for intestinal ceramide synthe-
sis.®"%? Ceramides promote fatty acid synthesis via the sterol
regulatory element-binding protein-1 pathway in hepatocytes
by enhancing fatty acid uptake,®® impairing p-oxidation and
respiration in mitochondria,®* and promoting lipid accumulation
in the liver.*? Increases in specific BAs, such as tauro-p-muri-
cholic acid (TBMCA) and glycine-p-muricholic acid, which inhibit
intestinal FXR,*%*° have shown therapeutic effects on MASLD**
and MASH®® in vivo. In particular, long-term treatment with the
synthetic FXR agonist GW4064 resulted in up-regulation of
gene expression related to ceramide synthesis in the gut.*®
These results are consistent with our previous results showing
that treatment with GW4064 activates FXR, thereby causing
obesity, diabetes, and fatty liver,”* and conversely, that BABR
administration reduces FXR activity and ameliorates obesity,
diabetes, and fatty liver.?® These results suggest that the FXR-
ceramide pathway may be involved in the mechanism of our
earlier findings.

Porphyran content is particularly high in discarded discolored
nori. This compound, a sulfated polysaccharide, is thought to
act as a substrate for gut microbiota and may have the ability to
shift the gut microbiota. This putative effect is in turn expected
to alter the composition of BAs metabolized by the gut microbiota
and thereby affect FXR signaling in the intestine. The primary aim
of our present research is to investigate the preventive efficacy of
porphyran extracted from discarded discolored nori, a form of
food waste, against MetS and MASLD-MASH-HCC. Here, we
clarify the biological mechanism of the preventive effect of
porphyran extracted from seaweed waste on the gut micro-
biota-BA-ceramide pathway and propose a new strategy for ap-
proaching MetS using functional substances extracted from food
waste.

RESULTS

Porphyran extracted from discarded discolored nori
protects against features of high-fat diet-induced MetS
To evaluate the metabolic effects of an extract of nori and its
bioactive compound porphyran (Figure 1A),%>” we fed 6-week-
old C57BL/6J male mice a chow diet (CD; 10% kcal fat), a
high-fat diet (HFD; 60% kcal fat), a porphyran-supplemented
HFD (HFD-P; 60% kcal fat with 2% w/w porphyran), or an HFD
supplemented with nori extract (multiple polysaccharide com-
plexes) (HFD-Ex; 60% kcal fat with 2% w/w nori extract) for
13 weeks. The porphyran and nori extracts were obtained from
discarded discolored nori.

HFD-fed mice gained weight quickly, but this effect was signif-
icantly attenuated by supplementation with porphyran or nori
extract (Figure 1B). Total food intake was similar across the
HFD, HFD-P, and HFD-Ex groups (Figure 1C). At the end of the
study, the weight of the liver and mesenteric white adipose tissue
(MWAT) in the HFD-P or HFD-Ex animals was decreased
compared to HFD (Figures 1D and 1E). Mesenteric adipose tis-
sue, which drains into the portal vein and supplies metabolites
such as free fatty acids to the liver, is considered the most repre-
sentative analog of human visceral fat.*® The analysis of fat in this
study accordingly focused on mesenteric adipose tissue.
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Hepatic TG levels were increased upon HFD feeding. How-
ever, this effect was attenuated by HFD-P and HFD-Ex diets
(Figure 1F). Furthermore, analysis of liver lipid profiles revealed
a significant reduction in hepatic total cholesterol in HFD-Ex
mice compared to HFD mice and a tendency toward a reduction
in hepatic total cholesterol in the HFD-P group (Figure 1G).
Representative images of liver sections stained with hematoxylin
and eosin showed that HFD induced fat accumulation, which
was reduced in the HFD-P and HFD-Ex groups (Figures 1H
and S1). Plasma TG levels were not changed across the different
diets (Figure 1l). In contrast, plasma total cholesterol was
increased in the HFD group but was not decreased in the
HFD-P or HFD-Ex groups (Figure 1J). The adipocyte-derived

-
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Figure 1. Porphyran and nori extracts pro-
tect against features of the high-fat diet-

150 induced metabolic syndrome
(A) Chemical structure of porphyran (PubChem

100 Identifier, CID 163304497).°"
(B) Change of body weight across the different

50 groups.
0 (C) Cumulative food intake per body weight.
0 5 1 15 (D) Liver tissue weight.
week (E) Mesenteric adipose tissue (MWAT) weight.
G (F and G) Liver triglycerides (TG) (F) and total

cholesterol (T-chol) (G).

(H) Representative sections of liver tissue stained
with hematoxylin and eosin (H&E). Scale bars,
100 pm.

(I-K), Plasma TG (1), total cholesterol (J), and leptin
(K) levels.

() Oral glucose tolerance test (OGTT) after an
overnight fast, 10 weeks after initiation of dietary
treatment. Glucose was administered by gavage at
adose of 1.5 g/kg body weight. Comparison to HFD.
(M) Area under the curve (AUC) of the glucose
excursion during the OGTT in (L).

(N) Plasma insulin levels during the first half hour
of the OGTT.

(O) Plasma glucagon-like peptide-1 (GLP-1) levels

Liver T-chol
(mg/g liver)

° during the first half hour of the OGTT.
00 d. ° (P) Intraperitoneal insulin tolerance test (IPITT)
50 d .'. ° after 11 weeks of treatment, after a 4 h fast. Insulin
ejo was injected at dose of 0.75 U/kg body weight.

0 Comparison to HFD.

(Q) AUC of glucose levels during IPITT. CD, con-
trol diet; HFD, high-fat diet; HFD-P, high-fat diet
4 with porphyran; HFD-Ex, high-fat diet with nori
extract. n = 7/animals/group.

Data are represented as mean + SEM. *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001, compari-
son to HFD. p values calculated using analysis of
ot— variance, assessed by Holm-Sidak’s multiple

O'I"lmej (()min?i comparisons test. See also Figure S1.
*k
30 Fkkk kK
20 ) ) )
hormone leptin was increased in the
10 HFD group but decreased in the HFD-P
0 group (Figure 1K).

In an oral glucose tolerance test

(OGTT), the excursion of blood glucose

levels was higher in HFD animals than in

CD animals, while HFD-P and HFD-Ex

animals showed an intermediate phenotype (Figure 1L), as also

indicated by the area under the curve (Figure 1M). Plasma insulin

and GLP-1 levels during OGTT did not differ between the groups,

although plasma GLP-1 tended to increase in HFD-P-fed mice

(Figures 1N and 10). Similarly, in an intraperitoneal insulin toler-

ance test (IPITT), HFD mice showed higher blood glucose levels

than CD mice, a finding which was partially reverted in the HFD-P
and HFD-Ex groups (Figures 1P and 1Q).

Porphyran reverts the transcriptome-level effects of
HFD across tissues

To further analyze the effect of these treatments on different
metabolic organs, we conducted microarray gene analysis in
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the liver, ileum, mWAT, BAT, and colon. For each organ, we
compared the effect of the HFD with that of porphyran or nori
extract and found a striking, transcriptome-level reversion of
the effect of an HFD in every organ tested (Figures 2A and S2).

In all tissues, we observed very strong negative correlations
between the effects of HFD and those of HFD-P (liver:
r=—-0.60,p < 107" ileum: r = —0.57, p < 10716, mMWAT:
r=-0.78,p <107 BAT: r = —0.50, p < 1078, colon: r =
—0.40, p < 107'9) (Figures 2A and S2, left panels), indicating
that porphyran reverts the effects of HFD at the transcriptome
level. A similar reversion was observed with nori extract
(Figures 2A and S2, central panels). The effects of porphyran
and nori extract were robustly correlated to one another in
every organ (Figures 2A and S2, right panels). This result sug-
gests that porphyran is indeed the active compound of nori
and sufficient to mediate its effects.

To get an overview of the pathways affected by porphyran or
nori supplementation, we performed a gene set enrichment anal-
ysis. The full results of the analysis are displayed in Table S2. For
this, we selected a few of the most differentially expressed, non-
redundant gene sets (Figure 2B). Inflammation-related gene sets
were increased by HFD in the liver but reversed in HFD-P or HFD-
Ex mice (Figure 2B). Collagen-containing extracellular matrix
components were robustly enriched by HFD in the liver, suggest-
ing that HFD triggered liver fibrogenesis, and porphyran or nori
extract was able to reverse this effect (Figures 2B and S3;
Table S2). These results suggest that porphyran or nori extract
may have a reversing effect on MASH, which is primarily charac-
terized by inflammation and fibrosis.

Porphyran reshapes the gut microbiota
Nori has been previously shown to impact the gut microbiota and
promote colonization by porphyran-degrading bacteria.*® To
analyze the impact of our dietary intervention on microbiome
composition, we profiled the fecal microbiota using 16S rRNA
gene profiling (Figures S4 and S5). Principal coordinate analysis
revealed distinct clustering of the gut microbiome between micro-
biota from CD, HFD, and HFD-P or HFD-Ex animals (Figure 2C).
Importantly, while HFD caused a loss of alpha diversity, the addi-
tion of porphyran or nori extract restored this diversity (Figure 2D).
At the phylum level, Bacteroidetes were increased and Firmi-
cutes were decreased by HFD-P or HFD-Ex (Figure S4A). At
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the family level, Paraprevotellaceae were decreased by HFD
compared to CD but were recovered in HFD-P or HFD-Ex ani-
mals (Figure S4B). At the genus level, Prevotella was significantly
increased in HFD-P and HFD-EXx, and Sutterella was increased in
HFD-P (Figure S4C). The microbial species increased by HFD
were almost uniformly diminished by HFD-P or HFD-Ex. HFD-P
or HFD-Ex shared patterns of gut microbiota, but these were
different from both HFD and CD, indicating that porphyran or
nori extract did not completely restore the gut microbiota
of CD-fed mice but rather induced a new equilibrium
(Figures S5A-S5E).

Porphyran lowers ceramide levels
Ceramides are considered to be bioactive lipids, and elevation of
ceramide levels has been reported in diseases linked with
MetS,*°*2 MASH,3® HCC,*® and other disorders.** Indeed, ce-
ramides have recently been proposed as promising candidate
biomarkers for these diseases.*® In line with this hypothesis,
while plasma ceramides were increased in our HFD-fed mice
(Figures 2E and 2F), porphyran and nori extract supplementation
robustly reduced total plasma ceramide levels (Figure 2E), as
well as levels of each ceramide species except C15:0 (Figure 2F).
Recent studies have shown that BAs metabolized by the gut mi-
crobiota regulate FXR signaling.®” Previous studies have shown
that the hepatic FXR/small heterodimer partner pathway inhibits
hepatic lipogenesis'® but that the synthetic FXR agonist
GW4064 promotes lipid accumulation in the liver.?* These seem-
ingly contradictory results suggest the possibility of inter-organ
communication, and recent studies have focused on FXR in the
intestine and enterohepatic circulation.”® In the present study,
porphyran extracted from discolored nori, a natural substance,
altered the gut microbiota, causing changes in the composition
of BAs while decreasing the FXR agonists chenodeoxycholic
acid (CDCA), deoxycholic acid, LCA, and cholic acid, as well as
the gene expression of FXR-regulated FGF15 and ileal BA-binding
protein (IBABP) in the intestine (Figures S6A and S6B). The results
of liver BA composition analysis also showed that free secondary
BAs in the liver, which are assumed to reflect BA composition re-
absorbed from the ileum, were decreased in the HFD-P and HFD-
Ex groups (Figure S7A). Furthermore, Cyp7al expression in the
liver was significantly elevated in the HFD-P group compared to
HFD (Figure S7B), suggesting that the negative feedback was

Figure 2. Porphyran or nori extract changes the composition of the gut microbiota and lipid metabolism
(A) Microarray mRNA expression analysis of liver and ileum samples. Tissues from the 7 mice in a group were pooled.
(B) Selected gene set comparisons by GOBP (Gene Ontology Biological Process), GOCC (Gene Ontology Cellular Component), and KEGG (Kyoto Encyclopedia

of Genes and Genomes).
C) Principal coordinate analysis of the 16S rRNA gene data.
D) a diversity index (Chao).

G) Relative transcript levels of genes involved in ceramide synthesis pathway in the ileum.
H) Oxysterol composition in the liver. The oxysterols were measured in pooled liver samples per treatment group (n = 7/group).

(
(
(E and F) Plasma total ceramides (E), each ceramide species (F). Plasma ceramides were measured 5 per group.
(
(
(

1) Relative transcript levels of genes involved in fatty acid synthesis pathway in the liver.
(J) Free fatty acid (FFA) composition in liver. The FFAs were measured in pooled liver samples per treatment group (n = 7/group).

(K) Relative transcript levels of genes involved in ceramide synthesis pathway in the liver. CD, control diet; HFD, high-fat diet; HFD-P, high-fat diet with porphyran;
HFD-EXx, high-fat diet with nori extract; mMWAT, mesenteric white adipose tissue; 22R-HC, 22R-hydroxycholesterol; 24S25-EC, 24(S),25-epoxycholesterol,
endogenous cholesterol metabolite; 24S-HC, 24S-hydroxycholesterol; 27-HC, 27-hydroxycholesterol. n = 7/animals/group.

Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. p values calculated using analysis of variance, assessed by Holm-Sidak’s
multiple comparisons test. See also Figures S2-S8.
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Figure 3. Porphyran prevents liver function, fibrosis, and inflammation against high-fat and high-cholesterol diet-induced MASH
(A) Change in body weight. Diet was provided from the start (week 0).
(B) Cumulative food intake per body weight.

(legend continued on next page)
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reduced due to a decrease in FGF15 associated with decreased
FXR signaling in the ileum. In addition, intestinal FXR regulates
the expression of genes in the ceramide synthesis pathway.
Indeed, transcript levels of enzymes in the sphingomyelinase-
mediated ceramide synthesis pathways, Smpd3, as well as in
the de novo ceramide synthesis pathway, such as Spt/c3, were
reduced in the ileum of porphyran- or nori extract-treated mice
(Figures 2G and S8).

Furthermore, since previous studies have shown that
decreased intestinal ceramide synthesis is associated with sup-
pressed fatty acid synthesis in the liver, we analyzed the compo-
sition of oxysterols, the ligands for the liver X receptor (LXR),
which regulates the fatty acid synthesis pathway. Oxysterols,
the oxidized forms of cholesterol, are ligands for the LXR,'®*’
which regulates fatty acid synthesis. Oxysterols, especially
22R-hydroxycholesterol and 24S-hydroxycholesterol, two key
LXR ligands,*”™° were decreased by HFD-P or HFD-Ex
(Figure 2H). We confirmed by quantitative reverse-transcription
PCR analysis of liver samples that the expression levels of
Srebf1, as well as of key transcripts involved in fatty acids syn-
thesis, Fas and Scd-1, were decreased in the HFD-P or HFD-
Ex groups (Figure 2l). Consistent with this, free fatty acid levels,
in particular oleate and the ceramide precursor palmitate,”’>?
increased in the liver in HFD mice but not in HFD-P and HFD-
Ex mice (Figure 2J). In our study, the expression of genes from
the ceramide de novo or salvage synthesis pathway in the liver
was decreased in HFD-P and HFD-Ex mice (Figure 2K).
Recently, a decrease in blood ceramides has also been linked
to improvement in MetS and associated MASH and HCC,*®
which led us to investigate whether porphyran could also have
ameliorative effects on these diseases.

Porphyran prevents liver function, fibrosis, and
inflammation against high-fat and high-cholesterol diet-
induced MASH

To evaluate the impact of porphyran in a MASH model, we fed
6-week-old C57BL/6J male mice a CD (10% kcal fat, no choles-
terol), a diet high in fat and cholesterol (high-fat and high-
cholesterol diet, HFHCD; 40% kcal fat and 2% w/w choles-
terol—MASH model),***> or an HFHCD supplemented with
2% w/w porphyran (HFHCD-P) for a period of 18 weeks. For
body weight, HFHCD-fed mice were slightly heavier than CD-
fed mice but similar to HFHCD-P-fed mice after 18 weeks
(Figure 3A), with no difference in total food intake between
HFHCD and HFHCD-P mice (Figure 3B). Porphyran supplemen-
tation decreased plasma alanine aminotransferase (ALT) levels,
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an indicator of liver damage, compared to the HFHCD-fed
mice (Figure 3C). Liver TG, total cholesterol, and non-esterified
fatty acid levels were increased by the HFHCD but were not
decreased by supplementation with porphyran, although there
was, in each case, a tendency toward a decrease (Figures 3D-
3F). Finally, plasma total cholesterol levels were lower in
HFHCD-P-fed relative to HFHCD-fed mice, whereas plasma
TG only tended to decrease (Figures 3G and 3H).

Staining with Sirius red, which stains collagen-rich fibrotic fi-
bers in red, was much more pronounced in the HFHCD-fed
mice and reduced in the HFHCD-P-fed mice (Figure 3I, left
panels). Similarly, Masson’s trichrome, which stains collagen-
rich fibrotic fibers in blue, showed intense staining in the
HFHCD-fed but not the HFHCD-P-fed mice (Figure 3l, right
panels). Quantification of the area stained with Sirius red
confirmed that fibrotic fibers were robustly increased in
HFHCD-fed mice but decreased in HFHCD-P-fed mice
(Figure 3J). Furthermore, the HFHCD-fed mice had increased
expression levels of fibrosis-related genes, but their expression
was decreased in HFHCD-P mice, in particular for Timp1 and
Pdgfb (Figure 3K). In addition, inflammatory markers, such as tu-
mor necrosis factor o (Tnfa) and C-C motif chemokine ligand 2
(Ccl2), were also decreased by porphyran (Figure 3L). In the
MASH model, there was also a significant decrease in the
HFHCD-P group in the intestinal FXR signaling downstream
factors Fgf 15 and Ibabp (Figure 3M) and significant decreases
in ceramide synthesis-related genes Sptlc3 and Sgms2
(Figure 3N). Taken together, these results show that porphyran
supplementation was sufficient to attenuate the main hallmarks
of MASH, namely fibrosis and inflammation.

Porphyran prevents against a HFD with DMBA-induced
HCC
Since MASH can progress to liver cirrhosis and ultimately HCC,
we decided to investigate the effects of porphyran supplementa-
tion in an obesity-facilitated HCC model, in which carcinogen
treatment causes liver cancer in mice fed a HFD.*® Neonatal
C57BL/6J mice were treated with the chemical carcinogen
DMBA (7,12-dimethylbenz(a)anthracene), and then, from
6 weeks of age, were fed either a CD (10% kcal fat) (CD +
DMBA), a HFD (60% kcal fat) (HFD + DMBA), or an HFD supple-
mented with 2% w/w porphyran (HFD + DMBA-P) for a total
period of 31 weeks.

Body weight was higher in HFD + DMBA groups compared to
the CD + DMBA mice (Figure 4A). Cumulative food intake was
lower in HFD + DMBA and HFD + DMBA-P mice relative to the

C) Plasma alanine amino transferase (ALT) levels.

D-F) Liver triglycerides (TG) (D), total cholesterol (T-cho) (E), and non-esterified fatty acid (NEFA) (F) levels.

G and H) Plasma T-cho (G) and TG (H) levels.

J) Sirius red-stained area (%) in the liver.
K) Relative transcript levels of genes involved in fibrosis in the liver.
L) Relative transcript levels of inflammation-related genes in the liver.

(
(
(
(I) Representative images of liver sections stained with Sirius red and Masson’s trichrome. Scale bars, 100 pm.
(
(
(
(

M) Relative transcript levels of genes involved in FXR pathway in the ileum.

(N) Relative transcript levels of genes involved in ceramide synthesis pathway in the ileum. CD, control diet; HFHCD, high-fat and high-cholesterol diet; HFHCD-P,

high-fat and high-cholesterol diet with porphyran. n = 7/animals/group.

Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. p values calculated using analysis of variance, assessed by Holm-Sidak’s
multiple comparisons test. Outliners detected by ROUT method with Prism was excluded from the analysis.
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Figure 4. Porphyran prevents livers against
high-fat diet with DMBA-induced HCC

(A) Change in body weight.

(B) Cumulative food intake per body weight.

(C) Liver weight.

(D) Plasma aspartate aminotransferase (AST)
levels.

(E) Plasma alanine aminotransferase (ALT) levels.
(F) Representative pictures of livers. Arrowheads
indicate HCCs. Scale bars, 1 cm.

(G) The average number of tumors per liver and
their relative size distribution.

(H) Relative transcript levels of genes involved in
inflammation in the liver.
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Fgf15 and Ibabp, in the intestine was
significantly reduced in the HFD +
DMBA-P group (Figure 4l). Additionally,
the gene expression of the intestinal cer-
amide synthesis-related genes was also
markedly diminished (Figure 4J), indi-
cating a reduction in ceramide synthesis
within the intestine in the HCC model,
as observed in other models. The results
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CD + DMBA group during the test period (Figure 4B). Porphyran
reduced liver weight (Figure 4C) and levels of aspartate amino-
transferase, an indicator of liver damage, compared to HFD +
DMBA mice (Figure 4D). Levels of ALT did not differ between
the HFD + DMBA and HFD + DMBA-P groups (Figure 4E). In
the HFD + DMBA group, a large number of HCCs were evident,
but porphyran supplementation almost totally prevented the
development of liver cancer (Figure 4F). The average numbers
of large (over 6 mm), medium (2-6 mm), and small (less than
2 mm) HCCs were 2.7, 7.9, and 4.6 in HFD + DMBA mice; por-
phyran supplementation dramatically reduced these numbers
to 0, 0.3, and 0.7 (Figure 4G). Our data hence demonstrate that
porphyran supplementation is sufficient to prevent HCC. To
investigate the mechanism of this HCC-preventive effect of por-
phyran treatment, we examined the expression of inflammation-
related genes, which demonstrated upregulation in the HFD +

8 iScience 28, 112603, June 20, 2025

Sgms2

of the transcriptome analysis of the liver
also demonstrated that the porphyran-
treated group exhibited greater de-
creases in cholesterol and lipid metabolism than the HCC model
animals (Figure S9). This was postulated to be partly due to
improvement in the abnormal lipid metabolism caused by HCC.

Smpd3 Degs1

DISCUSSION

Porphyran and the gut microbiota-BA-ceramide

pathway

In this study, the effects of porphyran extracted from discarded
discolored nori on MetS, MASLD, MASH, and HCC were inves-
tigated. Our results in different mouse models suggested that
porphyran treatment reduced ceramide in blood and prevented
MetS, MASLD, MASH, and HCC. A possible mechanism for
this effect is that the sulfated polysaccharide porphyran may
alter the gut microbiota and affect BA composition, thereby
modulating FXR activity. Consistent with this hypothesis,
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intestinal FXR signaling was reduced, and FXR-regulated intes-
tinal ceramide synthesis genes, as well as blood-circulating ce-
ramides, were reduced. Previous research has demonstrated
the involvement of C16:0 ceramide in obesity-related insulin
resistance.>*°” Our present study found that porphyran admin-
istration significantly reduced C16:0 ceramide levels. Further
research is required to elucidate the relationship between por-
phyran and the enzymes responsible for synthesizing specific
ceramide molecular species.

Additionally, prior studies have shown that a decrease in blood
ceramide levels can activate beige fat thermogenesis,*’ which
may explain the weight loss observed in the porphyran-treated
group (Figure S10). Moreover, lipid synthesis in the liver was
downregulated, consistent with previous studies that have
demonstrated how reduced intestinal ceramide synthesis can
suppress liver lipid accumulation and prevent MASLD** and
MASH.*® These findings suggest that the gut microbiota-BA-
ceramide pathway can be effectively modulated through dietary
interventions.

Porphyran administration changed the gut microbiota
Porphyran from discarded discolored nori is a natural functional
substance and is found in foods consumed on a regular basis,
including those in meals. It is significant that this study showed
that functional substances extracted from food can prevent dis-
ease via the gut microbiota-BA-ceramide pathway. In recent
years, many studies have been published on the relationship be-
tween the gut microbiota and disease.”® Although the link be-
tween the gut microbiota and disease is still largely a black
box, our present results indicate new possibilities with a dietary
approach.

Inthe present study, porphyran derived from discarded discol-
ored nori shifted the gut microbiome to a completely different
composition and, accordingly, the fecal BA composition was
also markedly different. The precise mechanism by which por-
phyran exerts this influence on the gut microbiota remains to
be elucidated. Porphyran-induced changes in the gut microbiota
were quite different from those in mice treated with HFD, with a
characteristic increase in Prevotella and Sutterella. Prevotella
has been reported to inversely correlate with MASLD®® and
MASH®® in human studies, and although the mechanism is not
clear, the fact that the gut microbiota that is remodeled and
reduced in MASLD and MASH is increased by porphyran may
explain the role of the gut microbiota in disease prevention.

It has been reported that Bacteroides is often increased in
cases of HCC. However, it is important to note that these studies
were cross-sectional in design, and thus the causal relationship
between Bacteroides and HCC remains unproven.®!
Conversely, a recent study found that Bacteroides produces
indole-3-acetic acid, a compound that enhances responsive-
ness to cancer chemotherapy.®? Similarly, it is conceivable that
the observed increase in Bacteroides in the porphyran group
may exert an inhibitory effect on carcinogenesis, which could
explain the increase in Bacteroides observed in this group.
Furthermore, Bacteroides is capable of degrading the porphyran
administered in this study.*® Therefore, the observed increase in
Bacteroides is unlikely to be a consequence of the disease itself
but rather a result of its capacity to break down porphyran. More-
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over, it has been shown that the gut microbiota can synthesize
ceramide.®® Consequently, future research should investigate
ceramide synthesis mediated by gut microbiota.

Sutterella are known to be significantly increased in diabetic
patients after Roux-en-Y gastric bypass surgery (RYGB).%*
Elevated blood BAs and decreased ceramide levels have been
reported after RYGB and sleeve gastrectomy (SG).°® On the
other hand, in experiments using whole-body FXR knockout
mice, vertical SG did not result in weight loss or a reduction in
obesity control,®® suggesting that RYGB and SG involve altered
gut microbiota and BA signaling. It is also interesting to note that
porphyran administration increased gut microbiota in a similar
way to RYGB in the present study. Further studies are required
to identify the specific species of gut microbiota altered by por-
phyran administration and to determine whether fecal transplan-
tation of gut microbiota from the porphyran group into the HFD
group improves this phenotype.

Porphyran administration changed BA composition
CDCA, a potent agonist for FXR, was decreased by porphyran
treatment, along with secondary BAs. However, 3-dehydro-
CDCA,®” an intermediate in CDCA metabolism by the gut mi-
crobiota, was dramatically increased following porphyran
administration. CDCA is synthesized in the liver and secreted
into the intestine, where it undergoes dehydroxylation by the
gut microbiota, and is eventually metabolized into the second-
ary BA LCA.®® In the feces of mice fed porphyran derived from
discolored nori, 3-dehydro-CDCA levels were elevated. This
suggests either an increase in gut microbiota that facilitate
the conversion of CDCA to 3-dehydro-CDCA or a decrease in
those that convert 3-dehydro-CDCA to LCA. The specific gut
microbiota responsible for these processes have yet to be
identified.

In contrast, there was no increase in TBMCA, an FXR antago-
nist. In this study, downstream genes of FXR signaling in the in-
testine, such as Fgf15 and Ibabp, were found to be reduced, indi-
cating suppression of FXR signaling due to the reduced
presence of FXR agonists. Since secondary BAs have been
implicated in the development of HCC,*® it is likely that the
reduction in secondary BAs also contributed to the prevention
of HCC development observed in this study. In the design of
this study, animals were dissected in a fasted state to stan-
dardize metabolic conditions between groups. Therefore, BA
secretion into the ileum was limited, and BA composition anal-
ysis was performed in feces. However, since FXR is located in
the ileum, direct measurement of BA agonists and antagonists
at this site would provide a more accurate insight. This will be
the focus of future studies.

Porphyran administration changed intestinal FXR signal
and ceramide synthesis

Consistent with previous studies, the expression of genes
involved in ceramide synthesis, such as Sptlc and Smpd,
decreased with the suppression of intestinal FXR signaling.®”
In fact, circulating ceramides in the blood were consistently
reduced by porphyran treatment. The expression of genes
involved in ceramide synthesis, such as Sptlc and Smpd, is regu-
lated by FXR,*° and it is thought that the suppression of intestinal
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FXR reduced ceramide synthesis in the intestine, resulting in a
decrease in the concentration of ceramide in the blood.

However, since blood ceramide levels are also influenced by
ceramide synthesis in the liver, the porphyran-induced decrease
in blood ceramide observed in this study should also be consid-
ered to indicate the inhibition of ceramide synthesis in the liver. In
a previous study, intestinal FXR-deficient mice had an approxi-
mately 2-fold decrease in blood ceramide, and the effect of in-
testinal FXR deficiency on blood ceramide is expected to be
high.®? Ceramides are known to reduce lipid synthesis in the liver
and have been shown to be effective in preventing conditions
such as MASLD, MASH, and HCC. In the present study, por-
phyran administration also reduced hepatic lipid accumulation
and prevented MetS, MASLD, MASH, and HCC. Conversely, it
has been demonstrated that ceramide administration exacer-
bates obesity and insulin resistance®’ and fatty liver.>> Moreover,
a reduction in ceramide levels has been shown to exert disease-
preventive effects.®”

Previous studies have indicated that plant-derived com-
pounds inhibit MASH by suppressing intestinal FXR signaling.
For example, astragaloside, which contains polysaccharides
similar to porphyran, and caffeic acid phenethyl ester, commonly
found in many plants, are thought to suppress intestinal FXR by
inhibiting the enzyme bile salt hydrolase, which causes alter-
ations in the gut microbiota and promotes BA dehydration.”®
Additionally, caffeic acid phenethyl ester has been proposed
as a potential inhibitor of intestinal bacterial growth.”
Conversely, compounds such as betulinic acid and caffeic acid
phenethyl ester, derived from the bark of Betula vulgaris, have
demonstrated the capacity to exert FXR antagonist effects inde-
pendently. Research into the potential of naturally occurring sub-
stances to modulate intestinal FXR activity, whether directly or
indirectly, is ongoing. These substances have been shown to
suppress intestinal FXR and inhibit fatty acid synthesis in the liver
by reducing ceramide synthesis, thereby improving MASH.

Limitations of the study

The findings of this study indicate that porphyran treatment in-
duces a notable reduction in body weight, suggesting that the
decrease in adipose tissue may have contributed to improved
glycemic control and reduced ceramide synthesis. However, in
the MASH and HCC models, the porphyran group exhibited sup-
pression of intestinal FXR signaling and decreased expression of
ceramide synthesis-related genes, even in the absence of weight
loss. These findings suggest that the effects of porphyran may
be at least partially direct. This study is significant because it
showed that functional substances derived from foods prevent
MetS, MASLD, MASH, and HCC via the gut microbiota-BA-cer-
amide pathway and helped clarify the black box between the gut
microbiota and disease.

Further research is needed to establish the proposed intestinal
FXR-ceramide pathway as a major mechanism. It remains
possible that the decrease in ceramide synthesis in the liver is
a contributing factor. It is also possible that gut microbiota me-
tabolites other than BAs may be involved in the preventive effect
of porphyran in this study, and further studies are needed. In
addition to porphyran administration, the administration of cer-
amide may help to clarify the extent to which ceramide synthesis
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reduction contributes to the disease-preventive effect of por-
phyran and to deepen our knowledge of whether changes in
the intestinal microbiota caused by porphyran administration
also contribute to its preventive effect.

Of note, our study primarily addressed preventive rather than
therapeutic applications. Further research should investigate
the potential therapeutic application of porphyran in disease
models, such as obesity, to evaluate its efficacy in treatment.
Furthermore, generalization of results beyond gender is limited
as only male mice were used in this experiment.

Utilization of discolored nori and global environmental
sustainability

The porphyran used in this study was extracted from discarded
discolored nori, which is discarded due to loss of color. Previous
studies have indicated that porphyrans in normal nori and those
in discarded discolored nori differ in molecular weight and anti-
inflammatory properties.'® It is reported that 16.7 tons of discol-
ored nori were disposed of in one of Japan’s 47 prefectures in
6 months.”>”® In recent years, scientific research on the re-use
of waste reutilization has advanced significantly, particularly
regarding seaweed waste, which has been extensively
studied for applications in biosorbents, biofuels, and fertilizers
(Figures S11 and S12; Table S3). In the meantime, studies on
health-promoting and disease-preventive effects have been
lacking (Figures S11 and S12; Table S3). In contrast, this study
presents the possibility of meeting global environmental sustain-
ability and addressing unmet medical needs.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

7,12-dimethylbenz(a)anthracene
Insulin

Sigma-Aldrich
Eli Lilly and Company

Cat.#D3254
Humulin R U-100

Critical commercial assays

Determiner L

NEFA C-test Wako

T-cho test Wako

Mouse/Rat Leptin ELISA kit
Mouse insulin ELISA kit

GLP-1 ELISA kit

Rneasy Mini kit

PrimeScript RT Master Mix
SYBR Premix Ex Taqll

QlAamp PowerFecal Pro DNA Kit
Alanine Aminotransferase Activity
Assay Kit

Aspartate Aminotransferase Activity
Colorimetric Assay Kit

Kyowa Medex
Wako Pure Chemical
Wako Pure Chemical

Morinaga Institute of Biological Science, Inc.
Morinaga Institute of Biological Science, Inc.

Immuno-Biological Laboratories Co., Ltd.
Qiagen

Takara Bio, Inc.

Takara Bio, Inc.

Qiagen

Bio Vision Inc.

Bio Vision Inc.

13A2X00172061001
16100AMZ04060000
27A2X00235000012
Cat.#M1305
Cat.#M1104

Cat.# 27784

Cat.# 74106

Cat.# RRO36A
Cat.# RR820D
Cat.# 51804
Cat.#K752-100

Cat.#K753-100

Deposited data

Gene Expression Omnibus This paper GSE166440
DNA DataBank of Japan (DDBJ) This paper DRAO014266
Experimental models: Organisms/strains

Mouse C57BL/6J Japan SLC, Inc. C57BL/6JmsSIc
Oligonucleotides

Primers, see Table S1 This paper N/A

Software and algorithms

Imaged Software
GraphPad Prism 10
R Software

U. S. National Institutes of Health
Graphpad Software
R Software

https://imagej.net/software/Imaged/
https://www.graphpad.com/
https://www.r-project.org

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

WT (C57BL/6J) mice were kept under conventional conditions of controlled temperature, humidity, and lighting (12-h light/dark cycle
with lights on at 8:00) and given free access to food and water. For obesity and MASH model, five-week old male C57BL/6J mice were
used. For HCC model, three to five days old male C57BL/6J mice were used. All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Keio University School of Medicine (no.15046, 19024 and 20072).

METHOD DETAILS

Diet-induced obesity mouse model

Five-week-old male C57BL/6J mice purchased from Japan SLC, Inc. (Shizuoka, Japan). After one week of acclimation, mice were
randomly divided into four groups according to body weight: chow diet (CD) (Research Diets, Inc., NJ, USA, D12450B), high-fat
diet (HFD) (Research Diets, Inc., NJ, USA, D12492), HFD with porphyran (2% w/w) (HFD-P) and HFD with nori extract (2% w/w)
(HFD-EX) ad libitum for 13 weeks. The body weight, food intake was measured once per week. The mice were harvesting of blood
for subsequent lipid measurements, and tissues (liver, mMWAT, ileum, colon and BAT) for RNA isolation, lipid measurements, and
histology.
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MASH mouse model

Five-week-old male C57BL/6J mice were purchased from Japan SLC, Inc. (Shizuoka, Japan). After one week of acclimation, mice
were randomly divided into three groups according to body weight: control diet (CD) (Research Diets, Inc., NJ, USA, D09100304);
high fat and high cholesterol diet (HFHCD) (Research Diets, Inc., NJ, USA, D09100301) and HFHCD diet supplemented with 2%
w/w porphyran (HFHCD-P).”*"® After 18 weeks, animals were anesthetized with isoflurane, blood and tissue were collected, and
frozen in liquid nitrogen.

HCC mouse model

Three to five day old male C57BL/6J mice were treated topically with 50 pL of 0.5% tumorigenic 7,12-dimethylbenz(a)anthracene
(DMBA, Sigma-Aldrich, MO, USA).°® At 6 weeks of age, mice were randomly placed on control (CD + DMBA) (Research Diets,
Inc., NJ, USA, D12450B), high-fat diet (HFD+DMBA) (Research Diets, Inc., NJ, USA, D12492) and HFD with porphyran (2% w/w)
(HFD+DMBA-P) diets for 31 weeks.”® After 31 weeks, animals were anesthetized with isoflurane, and blood and tissue were collected
and frozen in liquid nitrogen.

Extraction and quality control of porphyran

Porphyran was extracted from discolored Porphyra yezoensis (currently Neopyropia yezoensis) as previously reported.'? Glycerol
galactoside (GG) was extracted from discolored nori by a previously described method.”® HPLC confirmed GG purity and was
over 95%."” Porphyran was extracted from the residue from which GG was extracted. Specifically, the GG extraction residue (about
300 g) was added to 0.5 L of water and autoclaved at 120°C for 30 min. Then, up to 5 L of water was added to the resulting solution
and mixed at 5°C overnight. The extract was collected with a centrifugal dehydrator (H-122, Kokusan Co., Saitama, Japan) and
concentrated to approximately 1 L with a rotary evaporator. Porphyran was precipitated from the concentrated extract by sequen-
tially adding 1/10 volume of 3M sodium acetate and 3 volumes of ethanol; after centrifugation at 10000 X g for 15 min, the supernatant
was discarded and the precipitate was dried under vacuum and ground to a white powder using a grinding mill 800DG (lwatani San-
gyo, Tokyo, Japan). Porphyran content of the discolored nori was 51.5% at dry basis (w/w) in average.

To examine the purity of the porphyran, the powder was hydrolyzed with 4M trifluoroacetic acid and then analyzed for sugar compo-
sition using ABEE Labeling Kit Plus S (J-Oil Mills, Tokyo, Japan). As a result, only galactose after acid degradation of sugars contained in
porphyran was detected, and no acid degradation products of other sugars contained in discolored nori were detected. The main com-
ponents of the discolored nori extract are porphyran and GG as sugar components. The discolored nori extract was ultrafiltrated
(MWCO = 3000), and the sugar content was determined by the phenol sulfate method (standard was galactose). Porphyran content
of the nori extract (porphyran content = sugar content of the extract - sugar content of the filtrate) greater than 60% was used as
the discolored nori extract. Porphyran content of the nori extract powder was 67.7% at dry basis (w/w).

Liver lipid extractions
After experiments, liver was taken from mice and a section of liver (always from the same lobe) was used for lipid extraction. Lipid
extracts were prepared by the classical Folch method.”® Extracts were dried and resuspended in isopropanol.

Assay for plasma and liver metabolic parameters

Plasma and liver TG levels were determined by enzymatic assay kits (Determiner L, Kyowa Medex, Tokyo, Japan). The concentration
of NEFA was measured using NEFA C-test Wako (Wako Pure Chemical, Osaka, Japan). The concentration of total cholesterol was
measured using T-cho test Wako (Wako Pure Chemical, Osaka, Japan). Plasma leptin concentration was measured with mouse lep-
tin ELISA kit from Morinaga Institute of Biological Science, Inc. (Kanagawa, Japan).

Histopathology on obesity model mice liver tissues

Portions of liver tissue (from the same lobe at all times) were fixed with Tissue-Tek suffix (Sakura Finetech Japan Co., Ltd., Tokyo,
Japan) (18.5% formaldehyde), processed and embedded in paraffin. The tissue was stained with hematoxylin and eosin (H&E) after
sectioning.

Oral glucose tolerance test (OGTT)

After 10 weeks of treatment, an oral glucose tolerance test (OGTT) was performed in overnight fasted mice.”® Glucose was admin-
istered by gavage at a dose of 1.5 g/kg body weight. Blood was collected from the tail vein at the indicated time points. Blood glucose
concentration was measured with the Life Check (Eisai Co., Ltd., Tokyo, Japan and EIDIA Co., Ltd., Tokyo, Japan). Plasma insulin
concentrations were measured with mouse insulin ELISA kit from Morinaga Institute of Biological Science, Inc. (Kanagawa, Japan).
GLP-1 in plasma was assayed using the ELISA kit (Immuno-Biological Laboratories Co., Ltd., Gunma, Japan), according to the
manufacturer instructions.

Intraperitoneal insulin tolerance test (IPITT)

After 11 weeks of treatment, an intraperitoneal insulin tolerance test (IPITT) was performed in 4 h fasted mice.®° Insulin (Humulin R
U-100, Eli Lilly and Company, IA, USA) was injected at dose of 0.75 U/kg body weight. Blood was collected from the tail vein at the
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indicated time points. Blood glucose concentration was measured with the Life Check (Eisai Co., Ltd., Tokyo, Japan and EIDIA Co.,
Ltd., Tokyo, Japan).

RNA extraction and quantitative RT-PCR

After treatments, blood was collected from the mice for subsequent blood measurements and tissues for RNA isolation. Total RNA
was extracted from tissue samples using Rneasy Mini kit (Qiagen, Hilden, Germany). The cDNA was synthesized from total RNA with
the PrimeScript RT Master Mix (Takara Bio, Inc., Shiga, Japan). The real-time PCR was performed on the PIKO Real (Thermo Fisher
Scientific, MA, USA) using the SYBR Premix Ex Taqll (Takara Bio, Inc., Shiga, Japan). AllmRNA expression levels were corrected for
expression of the housekeeping gene 78s. The sequences of the primer sets used are shown in Table S1.

Transcriptome analysis

The transcriptome was measured by Agilent microarray using the SurePrint G3 Mouse GE 8 x 60K Microarray instrument. Data anal-
ysis was performed using R software. To assess the reversal of the effects of HFD by nori, we plotted the log2 (fold changes) of the
effects of HFD against that of HFD-P and HFD-Ex. The gene set enrichment analyses were performed using the gseGO and gseKEGG
functions of the ClusterProfiler package. Plots and heatmaps were generated using the ggplot2 package.

16S rRNA gene sequencing

Fecal samples were collected from respective groups. The total DNA was extracted with the QlAamp PowerFecal Pro DNA Kit
(Qiagen, Hilden, Germany) according to the company instructions. For 16S amplicon pyrosequencing, PCR amplification was per-
formed spanning the V4 region using the primers 515F/806R of the 16S rRNA gene and subsequently sequenced using 2 x 250 bp
paired-end sequencing (MiSeq, lllumina, Inc., CA, USA) at the BGI, Shenzhen, China. Primer 515F: GTGYCAGCMGCCGCGGTAA;
Primer 806R: GGACTACNVGGGTWTCTAA.

Cholesterol composition

Sterol concentrations in liver were measured using our previously described HPLC-ESI-MS/MS method.?'#? In brief, 5 mg aliquots of
liver were incubated with stable isotope-labelled oxysterols as internal standards in 1 N ethanolic KOH at 37°C for 1 h. Sterols were
extracted with n-hexane, derivatized to picolinyl esters, and analyzed by HPLC-ESI-MS/MS.

FFA composition
The fatty acid composition of liver was measured by GC-MS/MS using Agilent 7890B 5977 B GC/MSD and GCMS-TQ8030 at the
JAPAN TESTING LABORATORIES, Inc. (Gifu, Japan).

Ceramide analysis

Plasma lipids were extracted with chloroform: methanol: water (1: 2: 0.2, v/v/v) solution containing EquiSPLASH (Avanti), fatty acid
18:0 d3 and fatty acid 16:0 d3 as internal standards. Quantification of plasma lipids (ceramides) was performed by liquid chromatog-
raphy-tandem MS (LC-MS/MS)-based lipidomics as described previously.®® Lipidomics analyses were performed using an AQUITY
UPLC I-class system (Waters Corporation, MA, USA) coupled with TripleTOF 6600 (AB Sciex, Pte. Ltd., MA, USA).

Plasma ALT and AST

ALT and AST levels in plasma were assayed using the enzymatic assay kit (Alanine Aminotransferase Activity Assay Kit, Bio Vision
Inc., CA, USA; Aspartate Aminotransferase Activity Colorimetric Assay Kit, Bio Vision Inc., CA, USA), according to the manufacturer
instructions.

Histopathology on MASH model mouse liver tissues

Liver tissue samples were fixed in Tissue-Tek suffix (Sakura Finetek Japan Co., Ltd., Tokyo, Japan) (18.5% formaldehyde) for 24 h
and then embedded in paraffin. Sirius red and Masson’s trichrome stains were used for assessment of hepatic fibrosis. For quanti-
fying the area of fibrosis for Sirius Red staining, images of all fields in each liver sample of the same lobe were processed using ImageJ
software (National Institutes of Health, MD, USA).%*

Bile acid analysis

Samples were heated at 80°C for 20 min in 5% KOH/water, with the addition of internal standards and 0.5 M potassium phosphate
buffer (pH 7.4). Bile acids were then extracted using Bond Elut C18 cartridges and quantified by LC-MS/MS. Chromatographic sep-
aration utilizes a Hypersil GOLD column with a mobile phase composed of ammonium acetate buffer, acetonitrile, and methanol. The
specific gradient program and detailed LC-MS/MS conditions are described elsewhere.®>%°

Literature review of studies on seaweed waste

MEDLINE was searched for articles published in English from to January 1, 1946 to March 2, 2023. Keywords or phrases for seaweed
(“seaweed” or “macroalgae” or “sea vegetables” or “nori”), for waste (“waste” or “by-product” or “discolored” or “food waste” or
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“food loss”). Two reviewers (Y.Y. and Tanon T.) independently scanned the retrieved abstracts to identify studies that met the
following inclusion criteria: (1) use of seaweed waste, (2) examination of applications using seaweed waste. Exclusion criteria
were (1) not an original paper, (2) not an English-language paper, (3) not using seaweed-derived waste.

QUANTIFICATION AND STATISTICAL ANALYSIS
Comparisons between two groups were assessed using Student’s t test. Comparisons between more than two groups were as-
sessed using analysis of variance, assessed by Holm-Sidak’s multiple comparisons test. We used GraphPad Prism 10 (GraphPad

Software, CA, USA) for all other statistical analyses. All p values < 0.05 were considered significant. *p < 0.05; **p < 0.01;
***p < 0.001, ***p < 0.0001 unless stated otherwise. All of the statistical details of experiments can be found in the figure legends.
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