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Macroalgae, or seaweeds, are a rich source of components which may exert beneficial effects on the mammalian gut
microbiota through the enhancement of bacterial diversity and abundance. An imbalance of gut bacteria has been linked
to the development of disorders such as inflammatory bowel disease, immunodeficiency, hypertension, type-2-diabetes,
obesity, and cancer. This review outlines current knowledge from in vitro and in vivo studies concerning the potential
therapeutic application of seaweed-derived polysaccharides, polyphenols and peptides to modulate the gut microbiota
through diet. Polysaccharides such as fucoidan, laminarin, alginate, ulvan and porphyran are unique to seaweeds.
Several studies have shown their potential to act as prebiotics and to positively modulate the gut microbiota. Prebiotics
enhance bacterial populations and often their production of short chain fatty acids, which are the energy source for
gastrointestinal epithelial cells, provide protection against pathogens, influence immunomodulation, and induce apoptosis
of colon cancer cells. The oral bioaccessibility and bioavailability of seaweed components is also discussed, including the
advantages and limitations of static and dynamic in vitro gastrointestinal models versus ex vivo and in vivo methods.
Seaweed bioactives show potential for use in prevention and, in some instances, treatment of human disease.
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| 1. Introduction

Seaweed-derived components with potential to impact positively on diseases of the body including hypertension @,
cancer @, type-2-diabetes I, obesity 4, oxidation &, inflammation [ and other disorders have been evaluated in a
number of studies to date [AEIANLNMLAANII4IIS] The pathogenesis of these disorders has been linked to the health of
the gut microbiota 8. The microorganisms that inhabit the human gastrointestinal tract—bacteria, archaea, fungi,

protozoa, and viruses—are collectively termed the gut microbiota 2. The gut microbiota is established during infancy 18!,
There is a broad variance amongst individuals in microbiota composition because it is shaped by infant transitions such as
the gestational period, delivery method, weaning age, breast-feeding duration, or use of formula milk 2. The microbiota
remains relatively stable throughout adulthood but is affected by factors such as enterotype, antibiotic use, diet, lifestyle,
genetic traits, and body mass index [29. Three enterotypes have been described in the human gut microbiome based on
variations in levels of the bacterial genera Bacteroides, Prevotella, and Ruminococcus 2. The gut microbiota is regarded
as an endocrine organ that co-develops with the host throughout its life. It exerts an effect on immunity, metabolism,
neuroendocrine responses, and synthesises vitamins, amino acids, and enzymes [22123],

The gut microbiota also aids in the absorption of dietary minerals and produces important short-chain fatty acids (SCFA)
such as butyrate, propionate, and acetate. These SCFA are the energy source for gastrointestinal epithelial cells, provide
protection against pathogens, influence intestinal mucosal immunity and barrier integrity, and induce apoptosis of colon
cancer cells [2425], SCFA also regulate liver mitochondrial function, insulin secretion, and induce the production of gut
hormones y-aminobutyric acid and serotonin by interacting with their receptors on enteroendocrine cells 281271 Ap
increase in the gut bacterial population enhances the beneficial effects of the microbiota and increases SCFA production
(201 An imbalance or decreased diversity of beneficial versus harmful bacterial species in the gut microbiota is termed
dysbiosis and is linked to several diseases [28112930131132] Therefore, maintaining the health of the microbiota through diet
or supplementary means is thought beneficial to overall health B9, Seaweed components may exert a beneficial effect on
gut health by acting as prebiotics B384, The potential bioactivity of seaweed components has been demonstrated
previously in in vitro studies 2238l however the impact of gastrointestinal enzymatic digestion and colonic bacterial
fermentation in vivo must also be considered, since it may have an effect on the bioavailability of prebiotic and other
actives 7381391 A5 3 pharmacological concept, bioavailability is a measure of drug absorption defined as the percentage
of the drug that reaches blood circulation, measured by a dose-response curve 8. However, the evaluation of
bioavailability in food-derived extracts differs, since characteristic dose-response curves are not exhibited 41 |n addition,
the bioaccessibility of food-derived active compounds must be taken into account, i.e., the accessible portion of the active



compound released from the food or extract matrix during digestion 42431 Although pharmacokinetic studies are required
for the development of prebiotics destined for human and animal use, such studies are not within the scope of this review.
The pharmacokinetics of seaweed-derived prebiotics in terms of absorption, distribution, metabolism, and elimination has
previously been documented in animal studies after oral administration [441451[46147][48] and topical application 42, and
recently reviewed by Corino et al. 29 and Shikov et al. B,

| 2. Current Insights

Seaweed components that have the potential to exert beneficial effects on the gut by modulating the abundance and
diversity of bacterial populations in the gut microbiota include polysaccharides, polyphenols, and peptides. Their structure,
function, and studies regarding their potential impact on the gut are considered in this review. Despite the positive results
reported from cited studies concerning in vitro and animal work, more research is required in human dietary intervention
studies, with health-related end points, to determine prebiotic potential.

2.1. Polysaccharides

Polysaccharides, or carbohydrates, are repeating units of monosaccharides linked by glycosidic bonds found in all plants,
fungi, and algae. They are considered primary metabolites with structural and energy storage functions 2. The majority
of seaweed polysaccharides are composed of water-soluble and -insoluble fibre 53341, The total fibre content of seaweed
varies between species and has been reported to range from 35-62% in brown, to 10-57% in red and 29-67% in green
(DW) BSIE6IENEEISY  The principal fibres in brown seaweeds are fucoidan, laminarin, and alginate; porphyran,
carrageenan, hypnean and floridean starch in red; and ulvan, sulphated-rhamnans, -arabinogalactans and -mannans in
green BA6L Hymans do not produce the endogenous enzymes in the upper gastrointestinal tract required to degrade
dietary fibre to monosaccharides. However, fibre is an excellent food substrate, or prebiotic, for human gut bacteria [62](63]
Prebiotics are food components that are indigestible in the small intestine but can be metabolised by microorganisms in
the large intestine, modulating their composition and/or activity, thus conferring a beneficial physiological effect on the host
(4] Many species of gut bacteria produce endogenous carbohydrate-degrading enzymes, such as B-glucanase and B-
glucosidase, capable of hydrolysing the glycosidic linkages of polysaccharides [SS66I6768]  seyeral polysaccharides
within seaweed that are indigestible in the upper gastrointestinal tract are thought to exert bioactive effects including
glycaemic control 89 and the promotion of gut microbial- and immune-modulation by acting as prebiotics in in vitro and in
vivo studies A The bioactivity of polysaccharide fractions is influenced by a number of factors such as chemical



structure, molecular weight (MW), solubility, extraction method, seaweed genus and seasonal variation 28] The
principal polysaccharides of brown, red, and green seaweeds are detailed below.

2.1.1. Fucoidans

Three polysaccharides—fucoidans, laminarin and alginate—occur within brown seaweeds, each of which have differing
structures and functions 4, Fucoidans comprise 5-20% (DW) of the entire seaweed thallus 278 They are water-
soluble sulphated-polysaccharides composed of repeating fucose and sulphate groups, and may also contain galactose,
mannose, xylose, rhamnose, arabinose, glucose, acetyl groups, or glucuronic acid X4, The molecular weight of fucoidans
varies from 7 to 2300 kDa 1. Fucoidans provide structure for the outer cell wall and a hydrophilic coating to prevent
desiccation of the seaweed during low tide. They also play a role in adapting to osmotic stress caused by changes in
salinity as their sulphate groups can bind to cations such as sodium, potassium, magnesium, and calcium 8]
Fucoidans have previously been shown in in vitro studies to have potential for use as anticancer Y, antiviral B,
antioxidant 4, and anti-inflammatory 2 agents; and in vivo as anticoagulants (human trial) B3, anticancer (human trial)
[84] antitumour (mouse model) 3, antihyperglycaemic, and antihyperlipidaemic agents (mouse model) 8. However, the
oral bioavailability of fucoidan can be low due its highly polar nature and limited ability to pass through intestinal epithelial

cells 88, In recent years, the prebiotic status of fucoidan has been recognised in vitro 847 and in human &8 and animal
(8119011911192 yastrointestinal studies.

2.1.2. Laminarin

The energy storage polysaccharide of brown seaweeds is laminarin, composed of (1-3)-linked glucose units with B(1-6)-
branches 23], |t occurs within the chloroplasts in micro-compartments called pyrenoids 241, Laminarin is water-soluble,
though increased branching of the molecule requires colder temperatures for solubility. It comprises 3—-35% of brown
seaweed dry mass and is most prevalent in Laminaria species 22, It is a small polysaccharide with a molecular weight of
approximately 5 kDa [28], Laminarin has shown efficacy in in vitro studies carried out previously and has potential for use
as an anticancer 4, antimetastatic 28], antioxidant 22 and immunostimulatory 299 agent 9199100 and jn vivo as an

immunomodulatory agent 19 and prebiotic to modulate dysbiosis (animal models) 102][103][104][105]

2.1.3. Alginate

Alginate comprises up to 45% of brown seaweed dry mass 298], occurring in the cell walls as salts of alginic acid bound to
sodium, calcium or magnesium ions 197, |t is a water-soluble linear polysaccharide composed of (1-4)-linked B-D-
mannuronate and a-L-guluronate residues 2981, Molecular weight ranges from 20 to 350 kDa 19110l |t js the most
abundant polysaccharide in brown seaweed and imparts flexibility to the thallus to withstand the force of the ocean.
Alginate is a phycocolloid that can bind up to 20 times its own mass with water, making it very useful for food and
industrial applications 211, The prebiotic effect of alginate on gut microbiota was demonstrated previously in vitro by Bai et
al. 12 and Li et al. 118 and in a human study by Mizuno et al. 1141, Bai et al. fermented seaweed-derived alginates in
vitro and observed that the alginates were degraded by human-derived gut bacteria, producing a significant (p < 0.05)
increase in SCFA compared to a starch control, and suggested that further investigations of the prebiotic effects of
alginate are warranted. Li et al. also fermented seaweed-derived alginates with human faecal bacteria in vitro and found a
significant (p < 0.05) increase in total SCFA in the alginate sample (78.6 + 5.9 mM) compared to the control (62.5 + 5.1
mM). The bacterial Richness index in the alginate ferment (15.83 + 2.3) was also significantly greater (p < 0.05) than that
of the control (12.67 + 2.88). The authors propounded that alginate may be capable of sustaining the growth of human gut
bacteria, and recommended further study to evaluate the potential impact that alginate food additives may exert on host
health. The in vivo study by Mizuno et al. was an interventional study of 11 elderly patients who required enteral feeding.
After 4 weeks of receiving the alginate formula (equivalent to 14.52 g fibre/day) there was a significant increase (p =
0.039) in Clostridium cluster XI bacteria compared with the baseline. However, there was no increase in Bifidobacterium,
Lactobacillales, or Bacteroides. The patients’ stool form improved (p = 0.044) (Bristol Stool Scale), as did mean blood
concentrations of total SCFA (p = 0.042), acetic acid (p = 0.042), propionic acid (p = 0.027), serum albumin (p = 0.039),
total cholesterol (p = 0.002), and cholinesterase (p = 0.034). The alginate did not induce any significant changes in stool
frequency, body weight, or arm circumference. The authors suggested that the alginate-containing liquid formula may
potentially exert a beneficial prebiotic effect on intestinal function through increased production of SCFA. However, the
limitations of the study were noted due to the small sample size and single-center study design. In order to validate the
findings, the authors recommend a larger, multicenter study.

Alginate may also be useful in the prevention of metabolic syndrome syndrome 251, |t can increase the viscosity of gastric
contents, reducing postprandial glucose absorption and insulin response 18], and may thereby impact on hyperlipidaemia
and hypertension L7,



2.1.4. Carrageenans

Within red seaweeds, carrageenans and porphyran are the prevalent polysaccharides. The family of linear, sulphated
polysaccharides, carrageenans, occur as a structural component of the extracellular matrix 128l Of the 15 different
carrageenan forms, iota (1), kappa (k) and lambda ()) are the most widely used as phycocolloids in the food industry 11
and as a vegan alternative to beef gelatin in pharmaceutical capsules 129 k and i-carrageenan are composed of
alternating d-galactose and 3,6-anhydro-galactose units with varying numbers of sulphate groups, while A-carrageenan
lacks 3,6-anhydro-galactose and has alternating o-1,3 and B-1,4 inter-galactose bonds 121, Average molecular weight
ranges from 453 to 652 kDa 122, All forms of carrageenan are soluble in water above their gel-melting temperatures (40—
70° C). In cold water, only A-carrageenan and the sodium salts of k and I-carrageenan are soluble 22, |-carrageenan was
shown to reverse the symptoms of metabolic syndrome in a rat model by significantly decreasing systolic blood pressure,
body mass (BM), abdominal and liver fat, and total cholesterol, while also beneficially modulating the gut microbiota 1231,
As potential antitumour agents, k/i hybrid carrageenans have shown activity in vitro against colorectal cancer stem cell-
enriched tumourspheres 2. However, simulated gastrointestinal studies have found that k-carrageenan can be both
beneficial and harmful by increasing or decreasing markers of inflammation and the growth of beneficial gut bacteria and

SCFA. This is dependent on the degree of polymerisation of the carrageenan 1241,

2.1.5. Porphyran

Porphyran is a sulphated polysaccharide that occurs in red seaweed, within the genus Porphyra, and comprises
approximately 11-21% of the seaweed dry mass 123 |t is composed of repeating units of galactose and 3,6-
anhydrogalactose, with alternating units of galactose-6-sulphate and 6-O-methyl-galactose 128, Average molecular weight
ranges from 14 to 201 kDa [1274[128] pgorphyran is soluble in hot water and has similar structural functions to carrageenan,
though its higher viscosity limits its pharmaceutical applications 128129 porphyran has shown potential antioxidant and
anti-inflammatory effects in cell studies using RAW264.7 cell line 123 and was found to promote cell migration and
proliferation in intestinal epithelial cells 227, |t also has antitumor activity against HeLa cells 139 HT-29 colon cancer cells
and AGS gastric cancer cells 1311, As a prebiotic, porphyran was previously found to increase beneficial gut bacteria and

SCFA production in vitro in simulated digestion studies 1261132I[133] and in animal studies as whole red seaweed [13411135]
136

2.1.6. Ulvans

Green seaweeds are dominated by the ulvans, which account for 38-54% of the thallus dry mass 224, Ulvans are water-
soluble, gelling polysaccharides composed of repeating units of sulphated I-rhamnose, d-xylose, d-glucuronic acid and its
epimer L-iduronic acid [138], Molecular weights range widely from 1 to 2000 kDa depending upon the degree of sulphation
1391 ylvans have demonstrated potential anticoagulant 149 antibacterial 144, antiviral 142, and immunoregulatory

(porcine intestinal epithelial cells) 1431 activities in vitro. They have also shown potential for the use as prebiotics in animal
studies 1441 and jn vitro [1321[145][146]

2.2. Gastrointestinal Digestion Studies with Seaweed Polysaccharides

A number of recent studies have used simulated in vitro gastrointestinal digestion or in vivo clinical trials to investigate the
effect of polysaccharides on beneficial bacterial populations and their metabolites. Table 1 summarises the
polysaccharide fraction used in each study and its impact on gut bacteria. Further characterisation and in vivo animal and
human dietary intervention studies are required to confirm any potential therapeutic benefits.

Table 1. The impact of polysaccharides on gut bacteria.



Polysaccharide Seaweed

Extraction

Study Type
Method y P

Statistically Significant
Effects

Ref.

* (i) Crude polysaccharide-

rich extract (>1 kDa) (CE)
L. digitata
(ii) Depolymerised crude

extract (>1 kDa) (DE)

(i) (CE) Hot acid
and ethanol
precipitation (0.1

M HCI) Simulated in vitro

(i) (DE) Fenton's colonic digestion
reaction with iron

and hydrogen

peroxide

After 24 h fermentation,
compared to cellulose
control:

« CE increased relative
abundance of
Porphyromonadaceae
(p =0.043),
Lachnospiraceae (p =
0.015) and Dialister (p
= 0.005); and reduced
Fibrobacteraceae (p =
0.026)
Streptococcaceae (p =
0.025), Ruminococcus,
(p=0.027)
Streptococcus (p =
0.022) and Fibrobacter
(p = 0.026).

» DEincreased
Parabacteroides (p =
0.017)
Lachnospiraceae (p =
0.039), Dialister (p =
0.008) and reduced
Alcaligenaceae (a
Proteobacterium) (p =
0.030) and
Peptostreptococcaceae
Incertae Sedis (p =
0.027).

CE and DE increased
total SCFA, acetic,
propionic, and butyric acid
(all p < 0.05) after 10, 24,
36, and 48 h.

Ratio of propionate to
acetate beneficially
reduced by CE and DE
(both p < 0.05) after 24,
36, and 48 h.
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Polysaccharide

Extraction
Seaweed Study Type
Method

Statistically Significant
Effects

Ref.

* Porphyran, ulvan and
laminarin

Pyropia,
Ulva and Ethanol (80%)
Laminaria

Simulated in vitro
colonic digestion

After 24 h fermentation,
growth of bacterial genera
compared to
fructooligosaccharide
(FOS) control:

Porphyran increased
Lactobacilli (10.7%, p <
0.05).

Ulvan increased
Bacteroides (6.7%, p <

0.05). 15

Laminarin increased
Bifidobacteria (8.3%, p <
0.05) and Bacteroides
(13.8%, p < 0.05).

Negative results: no
significant increase at 24
h in total SCFA, butyrate,
lactate or acetate by
laminarin, ulvan or
porpyran compared to
FOS.




. Extraction Statistically Significant
Polysaccharide Seaweed Study Type Ref.
Method Effects
. . . . . . L [10]
* (i) Crude extract fraction E. radiata (i) Enzymatic Simulated in vitro Increases (logyg cells/mL)

(CF)
(if) Low MW fraction (LPF)

(i) High MW fraction (HPF)

(Viscozyme-f3-
glucanase,
hemicellulase,
arabanase,
xylanase)

(ii and iii)
Viscozyme and
ethanol
precipitation

colonic digestion

after 24 h fermentation (all
p < 0.05 compared to
controls):

= Bacteroidetes (CF 7.36
+0.03, LPF 7.21 £ 0.05
and HPF 7.28 + 0.04)
greater than cellulose
(6.40 £ 0.05).

= Faecalibacterium
prausnitzii (CF 6.34 £
0.05, LPF 6.42 + 0.08)
greater than inulin (6.17
0.04) and cellulose (6.07
+0.06).

= Clostridium coccoides
(CF 8.29 + 0.03, LPF 8.56
+ 0.06) greater than inulin
(7.57 £ 0.06) and
cellulose (7.40 £ 0.05)

= Escherichia coli (CF
7.16 £0.04, LPF 7.31 £
0.05 and HPF 6.96 +
0.04) greater than
cellulose (6.81+ 0.03)

= Bifidobacteria (LPF 7.11
+ 0.12) greater than
cellulose (6.34 + 0.06)

= Lactobacilli (LPF 6.56 +
0.05) greater than inulin
(6.07 £0.05) and
cellulose (5.11 £ 0.06)

SCFA production after 24
h (all p < 0.05):

= Total SCFA in CF (97.3
pmol/mL), LPF (89.0
pmol/mL) greater than
inulin positive control.
HPF (68.9 pmol/mL)
greater than cellulose
(39.7 pmol/mL) but ~20%
lower than inulin.

= Acetic acid HPF (40.8
pmol/mL) > cellulose

= Propionic acid CF (54.6
pgmol/mL) > inulin and
cellulose



Polysaccharide

Seaweed

Extraction
Method

Study Type

Statistically Significant
Effects

Ref.

= Butyric acid LPF (17.3
pmol/mL) > inulin and
cellulose

Ratio of Firmicutes to
Bacteroidetes beneficially
lowered: HPF (1.08
0.008), CF (1.14 + 0.001)
and LPF (1.18 + 0.006)
compared to cellulose
(1.22 + 0.004). Ratio of
propionic acid to acetic
acid beneficially reduced:
0.47 £0.04 (CF), 0.62
0.06 (LPF) and 2.15 +
0.06 (HPF) compared to
4.08 £ 0.18 (inulin) and
5.73 + 0.13 (cellulose).




. Extraction Statistically Significant
Polysaccharide Seaweed Study Type Ref.
Method Effects
. . . . . . L . [148]
* (i) Low MW polysaccharide  E. radiata (i) Enzymatic Simulated in vitro 24 h post fermentation (all

(LMW) (primarily laminarin)

(i) High MW polysaccharide
acidic water extract (HMW)
(primarily fucoidan and
alginate)

(i) High MW polysaccharide
water and ethanol precipitate
(HMWW) (primarily fucoidan
and alginate)

(cellulase)

(ii) Acidic water
(pH 4.5)

(iii) Water and
ethanol
precipitation

colonic digestion

differences p < 0.05):

(i) LMW increased
Bifidobacteria from 5.51 +
0.15 logyg cells/mL (in
cellulose fermented
control) to 6.55 + 0.08
logyg cells/mL;
Lactobacillus from 4.73 +
0.13 (cellulose) to 5.28 +
0.19 logyg cells/mL and
Bacteroidetes from 5.09
0.06 (cellulose) to 6.02 +
0.09 logyg cells/mL.
Negative results: no
significant increase by
LMW on populations of F,
prausnitzii, Clostridium
leptum, Ruminococcus
bromii, E. coli or
Enterococcus.

(i) HMW increased C.
coccoides from 5.74 +
0.75 (cellulose) to 7.07 +
0.04 logyg cells/mL, E. coli
from 6.09 + 0.41
(cellulose) to 7.52 £ 0.07
log;g cells/mL and
Enterococcus from 5.02 +
0.31 (cellulose) to 6.63
0.11 logyg cells/mL.
Negative results: no
significant increase by
HMW in any other
bacterial populations.

(iii) HMWW increased E.
coli from 6.09 £ 0.41
(cellulose) to 7.01 £ 0.17
logyg cells/mL and
Enterococcus from 5.02 +
0.31 (cellulose) to 5.80 +
0.33 logyg cells/mL.

HMWW also had a
negative effect on several
bacterial populations—
Bifidobacteria reduced
from 5.51 + 0.15
(cellulose) to 3.21 £ 0.61
logyg cells/mL,
Bacteroidetes from 5.09 +
0.06 (cellulose) to 4.08 +



Polysaccharide

Seaweed

Extraction Statistically Significant
Study Type
Method Effects

Ref.

0.12 logyg cells/mL,
Lactobacillus 4.73 £ 0.13
log;g cells/mL (cellulose)
to not detected (ND), C.
coccoides from 5.74 +
0.75 logyg cells/mL
(cellulose) to ND, C.
leptum from 6.23 + 0.28
logyg cells/mL (cellulose)
to ND and R. bromii from
6.20 = 0.06 (cellulose) to
4.87 £ 0.29 logg cells/mL.

SCFA increases in
seaweed ferments vs.
cellulose control after 24 h
(all p < 0.05):

« LMW

= Total SCFA 63.42 + 1.76
vs. 18.59 + 0.14 ymol/mL

= Acetic acid 22.81 + 0.91
vs. 9.09 + 0.07 pymol/mL

= Propionic acid 29.61 +
2.60vs. 3.24 +0.04
pmol/mL

= Butyric acid 9.22 + 1.38
vs. 2.02 = 0.03 pmol/mL

2. HMW

= Total SCFA 62.86 + 0.20
vs. 18.59 £ 0.14 pymol/mL

= Acetic acid 20.59 + 0.21
vs. 9.09 = 0.07 pmol/mL

= Propionic acid 36.79 +
0.57 vs. 36.79 £ 0.57
pmol/mL

= Butyric acid 4.27 £ 0.48
vs. 2.02 = 0.03 pmol/mL

3. HMWW

= Total SCFA50.70 + 1.10
vs. 18.59 + 0.14 ymol/mL

= Acetic acid 27.05 + 0.58
vs. 9.09 + 0.07 ymol/mL

= Propionic acid 18.20
0.38 vs. 3.24 £ 0.04
pmol/mL



Polysaccharide

Seaweed

Extraction
Method

Study Type

Statistically Significant
Effects

Ref.

= Butyric acid—no
significant increase

** (i) Polysaccharide fraction
(PF) (primarily fucoidan and
alginate)

(ii) Whole seaweed (WS)

E. radiata

(i) Enzymatic
(Viscozyme)

(ii) Whole dried
E. radiata

In vivo trial with
healthy Sprague-
Dawley rats (7 d,
5% PF or 5% WS
added to feed)

After 7 days
supplementation (all
differences p < 0.05):

Reduction in potentially
pathogenic Enterococci in
WS group (6.04 + 0.09
log;g cells/mL) vs. control
(5.59 £ 0.08 log1g
cells/mL)

Increase in butyrate-
producing F. prausnitzii in
PF group (5.32 +0.11
log;g cells/mL) vs. control
(4.87 +0.11 logyg
cells/mL)

2-fold increase in caecal
digesta mass 1.36 + 0.17
(PF) vs. 0.60 + 0.06 g/100
g BM (control)

Putrefactive microbial 149
products reduced (all
values pg/g caecal

digesta):

phenol in WS (0.36 +
0.03) and PF (0.49 +

0.02) vs. control (2.91
+0.70)

« p-cresol in WS (0.47 +
0.05)

SCFA increase in WS
(213.25 + 14.40 umol)
and PF (208.59 + 23.32
pumol) vs. control (159.96
+ 13.10 umol)Negative
results:

— No significant p-cresol
decrease in PF fed rats
(19.34 + 5.14) vs. control
(25.18 + 6.18 pg/g caecal
digesta)




Extraction

Statistically Significant

Polysaccharide Seaweed Study Type Ref.
Method Effects
All differences p < 0.05
compared to non-
* (i) conventional chemical supplemented control
extraction (CCE) (11.9% medium:
fucoidan) L. caseiand L. Increase in L. delbrueckii
(i) microwave-assisted @i, i, and iii) delbru?ckii Ssp. ssp. bulgaricus by CCE,
extraction (MAE) (5.71% Ethar?o! followed  bulgaricus broth MAE, UAE and EAE at
fucoidan) by acidic water cultures, 3.75% 0.1%, 0.3% and 0.5%.
A. nodosum (0.01 M HCI) (viv). [87]
(iii) ultrasound-assisted ) Increase (24.5%) in L.
extacion (UAE) (4.56% crmatute  aacm el g
: .5% inclusion.
fucoidan) (pH 4.5) 0.1%, 0.3% and
(iv) enzyme-assisted 0.5% (wiv) Negative results:
extraction (EAE) (3.89% — No significant increase
fucoidan) in L. casei by CCE, UAE
or EAE vs. non-
supplemented media.
After 24 h, all differences
p < 0.05 compared to
inulin control:
Increase in Bacteroides,
Parabacteroides,
Megamonas and
Veillonella.
o ) Simulated in vitro .
* Crude sulphated Acidic extraction saliva, gastric, Increase in total SCFA
polysaccharide (716 kDa) C. pilulifera (0.0.1 M HCI) small intestinal (22.17 £ 0.82 mmol/L) vs. 150
(90% galactose, 9.07% and ethanol control (16.17 mmol/L +

sulphate)

precipitation

and colonic
digestion

0.39).
Negative results:

— No significant increase
in butyrate, lactate, iso-
butyrate, valerate or iso-
valerate in seaweed
polysaccharide
supplemented ferments.

2.3. Polyphenols

Polyphenols are secondary metabolites that occur ubiquitously in terrestrial plants and algae. They are composed of

repeating units of phenol—an aromatic phenyl group (a benzene ring, minus one hydrogen atom) bound to one or more



hydroxyl groups 122, Polyphenols are involvedE%g%ﬁrous functions. They protect t@aﬁ%ﬁ&?@"s}g‘ﬁ]‘#&%yﬁgai““ biotic
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polyphenolic content of brown seaweed (dry mass) can be as high as 20%, while green and red seaweeds contain 1-5%

EHE55H56t —The molecular weight of seaweed polyphenols ranges from approximately 26 Da fo 650 KDa Z2iitosy;

Seaweed polyphenols have been found to increase high-density lipoprotein cholestép(ﬁrw’ gl(l)gtl_fi)ergar%g? cognitive

function 289 and exert anti-hypertensive 161 amiﬂg&egg(l}fcaemic (162] and peak blood lélgg%gg fgc?%?rquetf?ects (females
' contro
only) 1831 in human studies. However, only 5-1Q9 | ols are absorbed in the upper gastrointestinal tract due to
ichiBr SRHARE

thefh) SelksarshaddesiéRity) Large polyphenol CQAIRPYUAgS that reach the large intesting ¢aardiseantererkiay microbial
aé@i@ﬁ;km?é beneficial bioactive metabolites [Méif%nwhile also inhibiting pathogenic specigx&&bigutbaugi@bial enzymes
cATMSORG GRS 8IS HEPRIFdrolysis, dehydroxylation, decarboxylaianlaestupiioncdemethybationsand isomerisation 5[;[%]
SRRFEDARPSErRRLYE Himals hei%é%%’%%athatﬁﬂwaﬁ%%enolic roelatioldegestiormally fauatatiaceid &8omnistration of

pé]ﬂpﬁgnjo%—lé)r)e absent in their gut 268], This sHEWERRAMSHRance of the gut microbiota ianebB8¢BEnol metabolism.

water and
i) Oligosaccharides (SJO ;
In( t)erregstrial plants, th(e pr%dominant polypheneithamel flavonads, stilbenes, lignans, ant PHERBREGLEGHS @Y Seaweeds

also produce flavonoids, coumarins, phenolic lyrpénblddCliphenolic acids, luteolin, regiolBAEECEHECIRSEriocitrin as well

other polyphenols that are unique to algae L2272 These include bromophenols and phIGTYEYiEHSAEsRNd
SJO).

2.3.1. Bromophenols

Bromophenols are molecules composed of one to five phenol groups, bound to one or MBRE BidmprveRd Bromophenols
are produced by seaweed as part of their chemical defence system to protect therPPPROFBASIIEBLMIS. oxidation,
bacteria, and fungi LZ8IL77 Tri-bromophenols are the most common isomers found TPESHAREMERRAME™R) di- and
mono- bromophenols 78, Bromophenols occur most abundantly in red and green seéﬁ%%’c%}'gﬁ?ypo(%tnlesser extent in
itfi rdiHEERNEST BroRSw
brown genera. A study of 49 red, green, and brown seaweeds by Whitfield et al. ported bro enol contents
ranging from 8 to 2590 ng/g in red, 0.9 to 2393 ng/g in green, and 2 to 454 RQOIRNFPHEKREAWEEd-derived
bromophenols have antioxidant 189, anti-inflammatory 183, antibacterial 182, anti-cangggBrola@dntiyqneeptia 2%, and

antidiabetic 18] activity. and Bifidobacterium.
Ultrasound- . ) )
** Crude sulphated isted wat In vivo trial with
i assisted water i
2'&6%/'5%9(': ra?it e“(ng (28.807 ) lincomycin Decrease in
extraction Parabacteroides
9

PK%M?@PW-@WM brovéh seaweeds, 3 &ooAgped of reﬁéﬁf?@“lﬂﬁi?@of phlorgultltjé:rlgl?lga pﬂggl ring boupskfto
BB HYERBIE AYRIR8Ble to tRGFEBIRY to PLRCIRIAtE RiRisins. prredi@sH988ted tannins 12E8), Phiorotannins have
stiilasr rdRhiBRd SRR Re seaweed cell walh[r%ﬂpewbqiegpﬁtect APNRCHNEHIGR 1288 paduptiedaitionflayrineativpres 189
Pmofﬁ%/@nnins are sub-classified into four mamegﬁgwmpependiﬂbg S’Egﬁg ﬁDﬁM)type of yhiéneisal NiengdLibAt link their

phloroglucinol units 129, Fuhalols and phlorethols have ether bonds; fucols have pheny Ibeéhds; fucophlorethols have

phenyl and ether bonds; while eckols have dibenzodioxin bonds 221, The molecular weight of phlorotannins ranges

. . . . Impraved (lower
broadly depending upon the number of phloroglucinol units they contain 222, Molecular v_vglr%t%dh cQ/eeb)een reported from
103 104 ] 105 . diarrhoea status scores, .
1.2 to 6 kDa 2231, 30 to 100 kDa 124! and as high as 300 kDa 2231, Phlorotannin content differs broadly amongst species,
. L . 11961197 ) water intake, and less ~ )
and is influenced by seasonal variations and geographic location 2281971 Content is geneer_zalllq){ I%égressed as gallic acid or
wei .
phloroglucinol equivalents, or as a percentage of seaweed dry mass. A study of eight brown seaweeds over 14 months

from the same location in France by Connan et al. (196] reported significant inter- and intiacspasiem seas@@kaifferences in
phlorotannin content, with the highest values occurring in summer. Values ranged fromag€ia% ahdopespionateontent (DW
of total seaweed) in L. digitata, to 5.80% in A. nodosum and F. vesiculosus. Phlorotannins have been studied for their

potential health effects. Reported bioactivities include antioxidant 1281 antidiabetic 192, anticancer 229, antihypertensive
(201] anti-inflammatory 292 antiviral 223, neuroprotective 224, antimicrobial 2251, and prebiotic activities 191[2061207]

2.4. In Vitro and In Vivo Gastrointestinal Digestion Studies with Seaweed Polyphenols

The effect of polyphenols, particularly phlorotannins, on the gut, metabolic syndrome, and DNA damage has been
reported in some in vitro and in vivo studies which are discussed below.

2.4.1. Prebiotic Function and Attenuation of Metabolic Syndrome by Phlorotannins

Charoensiddhi et al. 29 evaluated the prebiotic potential of phlorotannin enriched (PE) ethanolic extracts in vitro from E.
radiata harvested in Australia. After 24 h fermentation, the phlorotannin extracts induced significant increases (all p
< 0.05) in some populations of beneficial bacteria, which were selected for the study due to their relevance to gut health
20 These were: Bacteroidetes (6.52 + 0.04 log;o cells/mL) compared to the cellulose control (6.40 + 0.05
logsg cells/mL); F. prausnitzii (6.57 + 0.05 logq cells/mL) compared to inulin and cellulose controls (6.17 £ 0.04 and 6.07 +
0.06 logyg cells/mL, respectively); C. coccoides (7.97 + 0.05 log;q cells/mL) compared to inulin and cellulose controls
(7.57 £ 0.06 and 7.40 * 0.05 logyg cells/mL, respectively); and E. coli (8.09 + 0.02 log;q cells/mL) compared to inulin and



cellulose controls (6.81 + 0.03 and 6.94 + O.O?E!g%&igﬁlls/mL, respectively). However'sq&%s%rcoaq@@%ﬂiﬁéa%?FA was not
eRIRAYRAEF R Wementation with tHeSeHIBRStannin Gxiract. Study Type Ref.

Effects

China, on the gut microbiome and glucose metabolism of diabetic mice. PolyphEFRIRAWIRHPeYdracted from E.
prolifera using ultrasound-assisted ethanol and ultrafiltration to a MW of 3 kDa. The exf8tHIRsR HHrakespdRdady upLC-
MS and found to contain four polyphenols—luteolin-6-c-glucoside, regiolone, neoerioctfE8REFE4Wene-3,17-diol.
Diabetes was induced in ICR mice (20/group) using STZ. Ten of the diabetic mice recg\irs(g'dS% Htj%j%-,sucrose/high-fat diet

with no polyphenol supplement (model group); while 10 received a high-sucrose/high-fat diet with E. prolifera polyphenol
extract (300 mg/kg BM/d) (diabetic group). A control group of non-diabetic mice received standérdrensev(fhdsiadivgroup).
abundance) in
After 28 days, there was an increase (p < 0.05) in the abundance of beneficial Alistipgactetesdirls pegtgra in the
polyphenol-fed diabetic group compared to the model group. After 14 days, there was a sigh#éZzast 5eduetioBgpoy; 0.05) in
the mean BM of the E. prolifera-fed diabetic group compared to the model group. After 2& rdegshdatitey(8106d glucose
levels of the diabetic group were lower (p < 0.05), and glucose tolerance was increased (p 8.6083.chipared3ddhe model
group. and Paraprevotellaceae.

Histopathological analysis of the liver revealed that the polyph@ridieddabiaibetic grodPefiB2ResE CEMiekdtRge and
inflammation of the hepatic cord than the model group. The mRNN&RIRZs8ABE two pro{éﬁé PR A glucose
metabolism was also measured in liver tissue—phosphatidylinositBSgidsEs®@ig8I3K) and c-Jun NP4 e (INK).
TmFﬁ&%@&?&W@XIﬂSﬁF&%S insulin signal tragsdgtign,and glucd4eoistansirttasis [M,Sﬂfﬁ(ﬂ%ag%ﬂggﬁ\ﬁ%ﬁgﬁhe éjgNK
PRiRWAY iBdiBlsed IR ingHin resistapgs anshhpe-2sdiaketes (209] At %Fﬁﬁfs,thRNA expre(s)szlgnvgf bEE b eassdin
the diabetic group (p < 0.01) compared to the model group, and VASTRREHeligritRantly, highes thag AR pesmalaroup (p
< 0.05). JNK1 expression in the diabetic group was successfully d&ﬁn?e&&lg@@by polyphsiRr!rHaRGAS HakiRmand was

lower (p < 0.05) than the model group. 1% fucoidan and faeces

added to feed)
Yuan et al. [219 investigated the ability of polyphenol extracts from the brown seaweed, ['o5tentBtealysdolaeadeivested in
China, to alter the gut microbiota of rats in response to type-2-diabetes. Microwave-atgfsfrddugiibaoicestmdtion was

followed by solvent fractionation and macroporous resin adsorption separation. The polypgeréol-r_ich fractions produced
= Reduction. in psoriasis

were composed primarily of phlorotannins, followed by phenolic acids and gallocatechin derivatives. Diabetes was
| . . . ) : area and severity index

induced in C57BL/6J rats using streptozotocin (STZ). STZ damages the |nsuI|n-producm%SB cells of the pancreas,
3 and ethological

00 mg/daﬁ/ golyphenol
scratch-test
extract/kg BM along with their regular food for 4 weeks. A diabetes control (DC) group and a normal control (NC) group (of

P
resulting in hypoinsulinaemia and hyperglycaemia. Diabetic rats (8/group) (PE) were (fed

non-diabetic rats) received no polyphenol supplement with their food. Negative results:

Hyperglycaemia, insulin resistance, and hyperlipidaemia were significantly (p < 0.01) reduced in theP8&l88§6%dfs after 4
weeks administration of the seaweed polyphenol extract. Mean fasting blood glucose was BREFRALESEFHNR the PE
group (10.55 + 0.94 mmol/L) compared to the DC control group (13.99 + 0.87 mmol/L) as wASWRRBAFIREAIRTEI LB + 0.11
vs. 17.70 £ 0.22 mU/L (p < 0.01)). The homeostatic model assessment of insulin resistancga(ﬁdﬁﬁl'ﬂswmgiﬁ%{g lower in

ne PE group (p < 0.0 6.89+0.4 01 + 0.98) compared to the DC group he red ons In lipid profiles in the P

group compared to the DC group were: total cholesterol (4.92 + 0.14 vs. 5.64 + 0.16 mmol/L (p < 0.01)), triglycerides (0.99
+ 0.04 vs. 1.43 £ 0.10 mmol/L (p < 0.01)), low-density lipoprotein cholesterol (0.68 + 0.03 vs. 1.06 + 0.06 (p < 0.0)),
glycated serum protein (2.15 + 0.16 vs. 2.74 £ 0.15 (p < 0.01)) and non-esterified fatty acids (1.86 + 0.05 vs. 2.02 + 0.11
mmol/L (p < 0.05)). The dyslipidaemia observed in the DC group who did not receive polyphenol supplementation was
most likely due to the deficiency of circulating insulin, which increases lipase activity and fatty acid mobilisation from
adipose tissue 21, 16S rRNA gene sequencing of faecal samples from the diabetic rats revealed that there was a
significant (p < 0.01) increase in gut bacterial diversity within the polyphenol-fed PE group compared to the DC and NC
groups. The PE group had a significantly greater abundance of Bacteroidetes, less Proteobacteria, and an improved
(lower) ratio of Firmicutes to Bacteroidetes compared to DC (p < 0.01). An overabundance of Proteobacteria has been
reported as a pro-inflammatory phylum and linked with the imbalance of glucose homeostasis in type-2-diabetes 179, At
the genus level, the PE group had approximately 10 times more Odoribacter (p < 0.008) and Muribaculum (p < 0.005),
and twice the population of Alistipes (p < 0.006), Lachnospiraceae (p < 0.015) and Parabacteroides (p < 0.022) compared
to the DC group. Lachnospiraceae and Alistipes are butyric acid producing bacteria that contribute to the maintenance of
colonic epithelial tissue 222, The Odoribacter genus, part of the Bacteroidetes phylum, is an acetic, propionic and butyric
acid producer. Its abundance ameliorates inflammation by increasing SCFA availability 213!, An increase in Muribaculum
and Parabacteroides numbers has been reported to combat dyslipidaemia, weight gain, inflammation, and insulin
resistance resistance [2141215],



Quantification. of gut SCFA showed a 61.1% inggﬁg&ightotal SCFA production (from 4%:][&%%&;'8,%?9%%%?.34 + 16.86
nGRNPRE YDy the rats after 2R polyphenof supplementaisty, TREPE group Alagproduced 68.6% more &&dic
acid (1202.49 + 11.55 compared to 377.77 £ 3.46 pg/g (p < 0.01)) and 74.4% more butyric acid (39.77 + 1.85 compared
fo 10.18 £ 0.58 pg/g (p < 0.01)) than the DC group. The authors of the studP/(

concluded that seaweed polypnenols gy

i £ U f | (€ A ) € .
nave TR LGSR ine LRI Rt i GBS Fes, 7 vivorial(10° Compared with non

(10% laminarin,8% fucoidan  hyperborea  specified pregnant supplemented group,
24n2. dmpashpf Digestion on Phlorotannin Bioactivity, AttenuatiomsafeRfeMamagesaneeGanceactCell Proliferation
In Vitro (10 g/days supplemented (SWE)

Corona et al. 2881 studied the effect of in vitro gastrointestinal di?;ggwgr?daﬁ trggfonic ?gt\'l\rﬁem%gtzion on the polyphenolic
content and bioactivity of high molecular weight (HMW > 10 KDa) rgr%cig%lr%lgfcular weighhidNWodmi igAapethanol-
extracted phlorotannins from A. nodosum harvested in Scotland.gdetafsiesatithanges in pkigro|niia Rjeagtixity post-
gastric digestion and -fermentation, the ability of the extracts to yeaviny (da§26hduced DNA damage i0.66229 colon
cancer cells and inhibit cell proliferation was also measured. The HM\/ eextiiget had the greatest total polyphenol and total
phlorotannin contents before and after digestion. The HMW extraiiopisigshadhtimdighest TroIGE %&ﬁﬁ,%‘i‘efﬁte %%ltioxidam
capacity. The molecular weight of total phlorotannins before and(af8) gastric digestion anoE%%?ﬁgqgﬁiﬁgﬁ?gtion was
evaluated by normal phase HPLC. Gastric digestion reduced the |eveinohotrgitedh moIecBPzPru\}\%ll%rﬁ? g(t) aprE)LHIe“r%)tg present
in the HMW fraction by only 5.4%, while colonic fermentation causball@ng89.9% reduction. In the LM\/\Weit?é%@, gastric
digestion reduced the level of very high molecular weight components by 52.8% and colonic fermggtaiiendnc§2.0%. In
both cases, colonic fermentation had a far greater impact on the breakdown of phlorotappiasosRppaEede enzymatic
gastric digestion, suggesting that phlorotannins have the potential to be metabolised by hugigiz gledagisritg date

(7.26 vs. 8.60 log1g
A sulforhodamine B assay was used to measure changes in HT-29 colon cancer cell biomass.gﬁg,adggagoogmt-gastric

digested HMW and LMW at a concentration of 500 ug/mL significantly inhibited (p < 0.01) HT-29 cg[%gglgegq;igg)(number
of cells by division), with HMW being the most effective. Post-gastric digested LMW did not inhibit cell growth (mass
accumulation) at any concentration, but HMW did (p < 0.05) at concentrations of 250-BRCBAETGIICTeA§RImolecular
weight phlorotannins may therefore have a potential protective effect on colonocytes aé&ﬁiglfwo%oz induced DNA
damage in HT-29 cells was evaluated by single cell gel electrophoresis (Comet) asséi).’tq‘ﬂF@é B’r"fﬂ‘@ﬂ%u—iﬁﬂorotannin
extracts (at 100 pg/mL) were successful in reducing DNA damage. Post-gastric diges®d PHIM/RHFRUSRYS (o < 0.01)
reduced DNA damage compared to the control, while post-gastric digested LMW had n%ngffgﬁ?f)ﬁ%%é%iﬁ E?octwrthe HMW
and LMW post-colonic fermented extracts significantly (p < 0.001) reduced DNA damagéT@@&g}iﬁal?ﬁiﬁ %ﬁ)nic bacteria
may potentially metabolise phlorotannins into molecules with different bioactivity than the(?foplgr%%?usefructures.

L . . . . . Piglets suckling SWE
Although in vitro studies and animal trials do not replicate the human gut environment I(sjg\?vtslcﬁgg" these results show that

the abundance of bacteria which normally colonise the mammalian gut may potentially be enhanced by the inclusion of
dietary polyphenols. The findings are an indication of prebiotic potential, which may be used@reatéorfiNEhe désigexof future
human clinical studies. Table 2 summarises the polyphenol used in each study and ivpdieStiziaiepget(ore the gut
microbiota in vitro and in vivo, the modulation of hyperglycaemia in animal models, and attenuation of DNAQ@&mage in

vitro.
= Increased serum IgG (p

Table 2. The potential impact of polyphenols on the gut microbiota in vitro and in vivo, modulaﬁo%qgf)ﬁﬂlrbg?élﬂt‘laemia in

animal models and DNA damage in vitro. « Decreased colonic E.

coli population (p < 0.01)
Extraction

Polyphenol Seaweed Method Study Type Statistically Significant Effects Ref. at Weaning

Increases (all p < 0.05) in Bacteroidetes (6.52
+0.04 log; cells/mL) compared to the
cellulose control (6.40 + 0.05 E.coli ratio (p < 0.05)
log,o cells/ImL); F. prausnitzii (6.57 * 0.05

log,p cellsimL) compared to cellulose and

inulin controls (6.17 * 0.04 and 6.07 + 0.06 Negative results:

= Greater Lactobacilli:

* Phlorotannin Simulated in

. . Ethanol . . log,o cells/mL, respectively); C. [0
enriched £ radiata g0 yriro colonic coccoides (7.97 + 0.05 logs, cellsimL) _ _
g compared to inulin and cellulose controls — No increase in faecal

(7.57 £ 0.06 and 7.40 * 0.05 log,, cells/mL,

respectively); and E. coli (8.09 * 0.02 volatile fatty

log; cells/mL) compared to inulin and concentrations in SWE
cellulose controls (6.81 + 0.03 and 6.94 + 0.03
log;o cells/ImL, respectively). SOWS

— SWE diet had no effect
on TNF-a mRNA
expression in



Polyphenol Seaweed Extraction study Type EXtractiostatistically Significant Effects Statistizally Significant

Polysaccharide Method Seawee o Study Type L Ref.
Ivietnoa C1ects

Reduction after 14 days (p < 0.05) in mean BM

of E. prolifera-fed diabetic group compared to

model diabetic group. .

Reduction after 28 days (p < 0.05) in mean unCha"enged sow ileal

fasting blood glucose levels of E. prolifera- tissue

ok

Polyphenols Ultrasound . !
. . . . fed diabetic group and glucose tolerance

@ kDa? assisted "? v:vo. trla! with increased (p < 0.05) compared to the model

(luteolin-6-c- ethanol diabetic mice (4 diabetic group.

glut.:oside, E. prolifera extraction weeks, 300 mg Increase in Alistipes (p < 0.05) in E. prollfer; PlgiEﬂJ birth and Weamng

reglol_ong, . (55%)_ and_ polyphenol fed diabetic group compared to model WEIght, and small

neoeriocitrin ultrafiltration  extract/kg BM/day) diabetic group.

2::_:5;;'2%?))' (3 kDa) Hypoglycaemic effect via increase (p < 0.01) intestinal morphology

= in phosphatidylinositol 3-kinase and

suppression (p < 0.05) of c-Jun N-terminal unaffected by SWE sow
kinase in E. prolifera-fed diabetic group livers diet

compared to model diabetic group.

Tncrease In genera of the phylum
Bacteroidetes in the PE group compared to
the DC group: Odoribacter (p < 0.008),
Muribaculum (p < 0.005), Alistipes (p < 0.006),
Lachnospiraceae (p < 0.015) and
Parabacteroides (p < 0.022).

Decrease in Proteobacteria, and ratio of
Firmicutes to Bacteroidetes (p < 0.05 PE vs.

* = jn vitro studies; ** = in vivo animal studies.

Microwave DC group).
* Polyphenol- assisted Increase in total SCFA (491.31 *+ 10.39 (DC),
rich fraction methanol 1276.34 * 16.86 pglg (PE) (p < 0.01)), acetic
(primarily extraction, In vivo trial with acid (377.77 = 3.46 (DC), 1202.49 + 11.55 uglg
phlorotannins, L. solvent diabetic rats (4 (PE) (p < 0.01)) and butyric acid (10.18 + 0.58 10
phenolic ! trabeculata fractionation  weeks, 200 mg/day (DC), 39.77 + 1.85 uglg (PE) (p < 0.01)).
acids and and phlorotannin Reduction in the PE group versus the DC
gallocatechin macroporous  extract/kg BM) group in: fasting blood glucose (10.55 * 0.94
derivatives) resin vs. 13.99 * 0.87 mmol/L (p < 0.05)), serum
adsorption insulin (14.69 £ 0.11 vs. 17.70 £ 0.22 mUIL (p <
separation 0.01)), HOMA-IR insulin resistance value (6.89

+0.42 vs. 11.01 + 0.98 (p < 0.01)), total
cholesterol (4.92 * 0.14 vs. 5.64 + 0.16 mmol/L
(p < 0.01)), triglycerides (0.99 £ 0.04 vs. 1.43 +
0.10 mmol/L (p < 0.01)), LDL cholesterol (0.68
+0.03 vs. 1.06 £ 0.06 (p < 0.01)), glycated
serum protein (2.15 + 0.16 vs. 2.74 £ 0.15 (p <
0.01)) and non-esterified fatty acids (1.86
0.05 vs. 2.02 + 0.11 mmol/L (p < 0.05)).

(a) Reduction in MW of phlorotannins (89.9%
HMW, 62.0% LMW) by colonic fermentation,
compared to enzymatic gastric digestion
(5.4% HMW, 52.8% LMW), suggesting
phlorotannins may potentially be metabolised

@i)* (@) In by human gut bacteria.

Phlorotannin vitro gastrointestinal  (b) Compared to the control, HMW and LMW

(HMW > 10 digestion and phlorotannin extracts at a concentration of

kDa) colonic fermentation 500 pg/mL inhibited (p < 0.01) HT-29 colon 216

(i) A.nodosum  Ethanol (b) H202 induced cancer cell proliferation (number of cells by
Refemnces DNA damage in HT- division),

(LMW 1-10 29 colon cancer HMW inhibited (p < 0.05) HT-29 cell growth

SS accumulanon) at concentrations of 250

1 Straln C.R.; Collins, K.C.; Naughton V McSorley, Eiw: sadagian, C.; Smyth, T.J.; Soler-Vila, A.; Rea, M.C.; Ross, P.R,;
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colonic fermented extracts (both p < 0.001).

2. Seong, H.; Bae, J.-H.; Seo, J.S.; Kim, S.-A.; Kim, T.-J.; Han, N.S. Comparative analysis of prebiotic effects of seaweed
polysaccharides laminaran, porphyran, and ulvan using in vitro human fecal fermentation. J. Funct. Foods 2019, 57,
408-416.
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Phycol. 2017, 29, 2407-2416.
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221-230.

E=AhHisRUHRS: ST THNYSER ANalRiHEBENON, P.; Franco, C.M.M.; Su, P.; Zhang, W. Gut health benefits of brown
seaweed Ecklonia radiata and its polysaccharides demonstrated in vivo in a rat model. J. Funct. Foods 2017, 37, 676—
684.

B2.50kelavéet-DéaAsed Beptidean, A.; Pitts, N.; Udenigwe, C.C. The comparative influence of novel extraction

technologies on in vitro prebiotic-inducing chemical properties of fucoidan extracts from Ascophyllum nodosum. Food
Seﬁwe%g@ry@ggog@ti%%hgyg reported bioactivity as inhibitors of renin 24, angiotensin converting enzyme-I (ACE-I) &

dlpeptldyl peptldase (DPP Iv) [218] platelet actlvatlng factor acetylhydrolase (PAF-AH) [2191 and a-amylase 229, They also

7. Wi H. Simulated di n and ferment, |on in vitro with human gut
have re%orteg mmunosﬂm&atorym antltgmor ![ﬁ] antll coa u anlgiy]0 antIOXESatI 5} antlohyperglllycaerﬁu [224]

microbijota of polysaccharides from Coralline pilulifera. LWT 201 205
activity. There is reCent evidence that some peptides found in wtro correlate W|th animal studies 2231, A study conducted



By Zianeradd kiualy.[ZEhanedieQshAidendfidd.tHeheoteptidl-heQathbalitnbeh Sidaheffeatpdpeptindysmuthdedds anbread
prodigasasehyiges &y demasulieeahmiseobiniastdWed82Palknlrid088@Bata using both in vitro and animal models [228],

Bepifem W ortolsoRaf i Yhe-ReAYeRA, 27d, KIaRASIRHSBEARMIMMRIRUOR SIQURYRIFUNRGESHANERTIEH AHE R¥flIsopp
et gbftreetoundidnah thachrenm TRUYAGFA RAANAGY it amBRIgEvaeHBeladte B senedMesbas-arkh oo 25 ayicerb 35 abrad

product. This highli%(hts the importance of extraction and characterisation of seaweed bioactives for potential use as

10. Takahashi, M. Takahashi, K.; Abe, S.; Yamada, K.; Suzuki, M.; Masahisa, M.; Endo, M.; Abe, K.; Inoue, R.; Hoshi

e .
therapeutic agents. Allso t al. suggested that the iodine content of the seaweed may have been r nsibje for the
Improvem to?psorlagps% alteratron o(? the gut environment yoraﬁ administration o?}/ucmd%n ?rom 8?§ osiphon

Ob%?(re\{%%r h%lsnfmr}n‘@rt%\ég Eﬁt iréalg man ietary intervention study. Table 3 details the amino acid sequences of

recently elucidated seaweed peptides and their bioactivities in vitro, in silico, or in vivo.
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G‘PJ‘@@@W 15, H‘?/'ezoensis pathway and Ras/Raf-p42/p44 kinase. [247]
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* =theabyreanes of Lactobacillus and Ruminococcaceae. Food Funct. 2016, 7, 3224-3232.
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Bioavailability may be defined as the fraction of ingested nutrient or bioactive compound that reaches the systemic
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The Netherlands, 2012y pp, 115153 . ; L L . .
hepatic metabolism . Bioavailabllity involves two different phases—bioaccessibility and bioactivity. Bioaccessibility

is the quantity of the ingested compound that is released from its food matrix and is available for absorption in the
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97. Song, K.; Xu, L.; Zhang, W.; Cai, Y.; Jang, B.; Oh, J.; Jin, J.0. Laminarin promotes anti-cancer immunity by the

Thﬁq&f&‘#a‘ﬁiS’ﬁ‘%‘i%‘;eﬁ%%HﬂYc %fe{@%ﬁé‘&eﬂae?‘%‘f‘ﬂ%? %gﬁtﬁgg{%gg.staﬂc or dynamic digestive methods, or ex vivo using

organ/tissue culture models. Bioavailability can be measured using an animal-free method such as the protein
g MLRBY- Bl Nl 98I <EortSRAAiERRRNG Ty GitebrSedin oSSR et BiHo0 QLNSRARDESS 8GN YA sing
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intestine and pancreatin (a combination of amylase, protease, and lipase) is added with or without bile (2631,
103. Rattigan, R.; Sweeney, T.; Maher, S.; Thornton, K.; Rajauria, G.; O’'Doherty, J.V. Laminarin-rich extract improves growth

In RESIBANS SRRl b MAIPRaleg Y RN G 6rsi B Bh M gl IR G AR Ao P& m BeRINa i hidlels
[@,.omposition of piglets during the critical post-weaning period. Br. J. Nutr. 2019, 123, 255-263.

104. Lyn_c_h, M.B.; Sweeney_, T Callan, J.J.; O'Sullivan, J.T.; O’'Doherty, J.V. The effect of dietary Laminaria-derived laminarin
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Somgﬁit)‘i—' 'iml\%%ogeﬁgrijfﬁgé%g’&Orh‘ésg@g?ed sample and quantification of the nutrient of interest in the supernatant by

10Garithantechnithes, diclasgatomitoabs @ pide, e dttephottanetry. (S, maske specun@ti.dndatibledz®8ry dparra et al.
26Pesivieridrot trewsienwesibiligmitadasanonicaramietioraisfohnsityrelptgddeaties vieromoriatinggetistcteiietaan in
vitrdysoigsisymhéighodatelietied Byigea Food Funct. 2020.
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DiglyseRliR AR RIS AIRe d b MIEALRER AbplicalloASShaP BIRRRSD10S $i9pseesrigly of iron by equilibrium dialysis,
and has been modified to quantify the bioaccessibility of other micronutrients. After acidic pepsin digestion of the food

1045RBIE sy s s Aing: SRR SRR ROHAOARIRT A'BIaeBikEPIGER QYR D BaIaR G A28 0 H Wi sel
corwgitr%aé l?h()elysrg%blzelrne“g achldllz_cderll\?ltr%%hn?&?nT g%%%igraogl%%ir %gte diffuses out of the dialysis tubing and neutralises
108.eVimi dity. GFreamg et S e mddie d hentheY safnpleCabckpressiatednd hbadétiarinatitrap tidfoses! mlgimateghirtiegubivigin Ahe

bioBkIBEMGel PR e rbdabrusApRIeVRiRFORNYYh Pohve2PROn2tHb 1d684%Nnd quantified (2681,

109. Ramos, P.E.; Silva, P.; Alario, M.M.; Pastrana, L.M.; Teixeira, J.A.; Cerqueira, M.A.; Vicente, A.A. Effect of alginate
Static and Dynamic Gastrointestinal Models ' i . o
molecular weight and M/G ratio In beads properties foreseeing the protection of probiotics. Food Hydrocoll. 2018, 77,

Ga8trbfhtestinal models can be static or dynamic. Static models are the simpler of the two methods and involve the oral,

1192 cAIdFSRShtalRSNg!, HaaasiApIsTinesh@hor e, THRUEPRENIONSIRFREAEEREeA b R HEHF RIgTRACHRSIgHt sk with
stirfire Rt Propeiustnsiisayordirisé. aantT stsop bysadditiospef an acid or base, usually hydrochloric acid and sodium
1R IEen . RN ShIe MU B PG SHaRRLEIy (R eR L bW LS ol R e o
LS PRI 9GP P S SR B PRI Ufe R Yo 9 agyguhich an be human,
porcine, rabbit, bacterial, or fungal (269] * Other parameters such as incubation time, pH, ionic strength, the use of
1180 E@ingtipfe €0rctatY; bitd-Laly: o {implargiiuid Fato GRBRUAIRRUGK MG BB RABRTEES ®29 1n order to
adfreRLURILONA% A5 UReSR AN SEANRTE A AR UL I A EBI8EN P85 B T 'Sitde 708 ‘AR Srechnology
11E OB V). beig&h; Shangf@hdEhewmtsn Liu20d 1 RiakedZNE QG FBT YnwalviGg; Stangists fnorirdSecoentigiorn?ét algirzae4nah
intéihdeonativeaspnlusaagutribetbwta. Ariandbeditd sBRicLlhr2fro digestion method suitable for food was published

110Y MiRGHYSHRt BlaiAba Paseshenphysidlogicplyirlevant spndifipnslaaheaning ¢RRABR: IokVasRYS ARIRIIS bR AR
recoReaCISRPEFis SIRRETRIERISIR2 AR sandiicnmlRTaRs heie prolRiatis Vit arigessists Pepsinswappdeissmined to be

the factor causing most variation, the activity determination of which was found to be improved by pH stabilisation 289,

llg. é}eorg-J?nsten,le; Petderserlw_,dCt.; Kristte(?_sen_, M'd F6robst, G.; Astrtupr Aze fficacy ofk_algin;illze supé)lementation infrelation t%

ubsequent inter-laboratory validatio ies in er et al. sing _skim mi wder as a, e foqd foun

app%ltjlte reguﬁat%n ang %etaboehc rrlls actors: \_/ljdenéleﬁ%qn animal and%un?an stu |es._Q_§)bes._ Rev. 2'6115.)? 1_4, ?L%é—
thaﬂlle harmonised INFOGEST method delivered increased consistency for the comparability of in vitro digestion studies.
Recent studies have used the INFOGEST method to evaluate the potential bioaccessibility of seaweed components such

1185 @4t iRiherdr 2, Fatrhdenifiaka CORN 10125898 Brbiei G RfERHAlH AL eMA B3R ABIS HEGE O STIARAGY of

bl ARG FRRRO 888 1 19 AR T R e VS AR SR ARESE i RE Y U8R ah B0 R hiah Pt Bsitation is not
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digegtienireiningiheoatiianaridigeiantinp 3B i AN bricFopgtimtay ématsingiBA%kd. Pharmacother. 2019, 109, 1319



Dy#agfic gastrointestinal models differ from static models in that a series of chambers are used to digest the food sample

LI NRRRIOIRSIIIBIA, PHERSasser, TNeGiREIRBIRILTe Stk STANER ARMERAIANa RFLRALERAIMA A siiagRrrate of
eagh FABMPBIsiicanieaiRs; rﬁys?aepenbce}é@r(&%%dﬂ?yﬂ%@anmsr@g' ARG SASHE e il R edakrEswisveigped in
19¢hy k. Mgpﬁgg7’e§5,all43%_at the Netherlands Organisation for Applied Scientific Research (Toegepast
Natuurwetenschappelijk Onderzoek (TNO&%1 called the TNO Gastro-Intestinal Model (TIM). The TIM-1 model has four

119. Jiao, G.; Yu, G.; Zhang, J.; Ewart, H.S. Chemical structures and bioactivities of sulfated polysaccharides from marine

corgg%ré egtE,DrrS gezsgﬂmg {B%_i%pach, duodenum, jejunum, and ileum c02r71;1ected by peristaltic valve pumps.

Bioaccessible fractions are collected by dialysis after the fourth compartment 27, The non-bioaccessible fraction is
120 XpdradaBPaRA ke NmbhadinRic NHLS! o dVeoliiirinKiRipesEting - e ARG EORRL BRRE THER R AHAlYaMPIES] is
ad B9 AR HRAUREEEBAEIRR: ANALAIIRINOIC HE'2H0d S BRRID AFRY HER SAPEHSS By I RO MIn A artE8e of
the4:lz‘l_l\§1'system is that it is a holistic in vitro gastrointestinal model which incorporates the large as well as the small
12htddtKen ). abiditiorg iampleBlakenier eakén \de ey, dthddasifying digestiniu piatdsiweithopo gaesiag, tlegeaged ment 2781,
Sefarsrggenai, RAdCHAEEERANbdACeYLBlHiereRamistdingOtRentirtusgsng tbrivatexigetoplohydhennigl tiullee GHime
nufRemt FPOfSCrHEUtMlRt&f. wadQised to measure the bioaccessibility of iron and phosphorus from wheat 2722 folate
12p. Ofsevortiireranitk: esegbiots K&, pnsldharking, fouuapthiprotriblalemPRRitvediShntes BRTanng v bosngit be
comparabladinda yérpdtaiaalheinditsysicebligie dpeRMad T ASSYShdiR RiraerEAsIBlilC Sithervometess #3L and
esgergial minerals 283 in seaweed. Drug bioaccessibility was assessed in a study by Blanquet et al. 284 comparing the
1301 BlIAMR 1RGSR GABGRIOBSGRRRLE, R B3PS RO ANRRMUSRY BRSIARAC IS PARLR MUY oY rdaigy The
TING S RUlSS YRS SRNS RIFSHM LR AR SR SRRBPEidbsyaliy Meti¥ohcas RupRUSHYRLCRAN YogLFRCca Yical
befgviour. However, as with all in vitro methods, in vivo factors such as first pass effect, renal clearance, and

metabolisation by intestinal epithelial are not represented 2841, i _ )
124. Sun, Y.; Cui, X.; Duan, M.; Ai, C.; Song, S.; Chen, X. In vitro fermentation of k-carrageenan oligosaccharides by human

ThYhSHETRPIRR A He LA RO GRSl dHPE I P AYR ARt 8T Bliblished by Wickham et al. [285]
128, 28dika, 8l|ednbexDyNaRrzednasEc Madak (D), MyadidesigreddoTsinntlaiedée: disaraigimeehanismrasnsiisios gastric
digestiomy e issllatsdtfreridewitned and (& onogragraptensisn [etrlieBidynsimicomotierd 57 AT 168-Fiasticated sample is

180980 SR QUGS 115 GURES 5B YerY, EiuHER S TENG, e cRAB MR Olalersbial BS:BGn P 5T BB R, Several
funegRRAkK SR <ZRRAS LS R ARFCAIRSL Rt PebiS ERER5898 19g8inTiF heshuman stomach environment. A

secretion distributer gradually introduces gastric acid and enzymes to the flexible main body around the food bolus, which
128 Rl iy MseLaRe it el Hiovedo the nflENT: @rére 2RA9 R Kioddd GMSy<biiaNaNas? 2id iy
K.-ngggya%ochemlcal prop(—ﬂtles and rﬁ)otentlal beneficial effects of por[%hyhan from Pog)h%/@l haitanensis on intestinal,
0 210 The samgle, or co)fme, can be removed at this stage or further digested in the duodenal chamber with
epithelial cells. Carbohydr. Polym. 2020, 246, 116626. T ) ]
pancreatic enzymes, bile salts, lecithin and cholesterol, which is often used for gastro-resistant pharmaceutical

128 fhitidns4Banenidr Bspeisanana. dissbittich iX the diddénResikadatiersiohng R FVERHA RURIYAR Ratlansnsiséathe
distRf: GrAIRICRR ARLVBIGR A LapEMRLeS: RREPBE RN S MENA RFFL NG SHIAOWE SN dp BigluY 8ROl GgdP gel
bezfl1 §5Qnd compared the results to those previously observed when the same beads were given to human volunteers

1288 htia, BGBhaksiznA. wakafouan K tpKiae adepletio€ hautne eD Bs ditadwab fpafdam de& Al Matthdiiers. Wasehalgadnificant
diffeedyracoeanides franhmatnarzwas Rodoing @G Phataiesnon tRavt 2088nhatdblfuatlablmetiariceidoesssderd by
theJWendP2@hstric digestion 288, Dynamic gastrointestinal models are more representative of human gastrointestinal

1399R%1en; Recagsevikiey SIPWRLS . teadhanging Ay sicoghenicaheerdiionaand. periialiic fueas Rhisersiomiastpal
tragh b’@r\ﬁﬁyﬁéntﬁﬁﬁé’étéﬂ‘ﬂ@ﬁ@%ﬂﬁ@ﬁ@/@%@d@l&(%ﬁBWUhthéﬁwﬁFﬂﬂﬁrﬁB@ﬁ@@I%s. J. Sci. Food Agric. 2019, 99,

6722-6730.
Although models concerning digestion and bioaccessibility determination of food bioactives are commonly used in

1358 Mady, iR wn - CERRA é%%ﬂ%ﬁ'%&%%%? B SO M 8 YR BT T RO of bigactive

dig%rs(%,gﬁ.ra'l’lﬁg (?é uman cancer cells. Food Sci. Biotechnol.. 2007, 16, 873—-878. Available on |rii%:a$88cessed on 13 Julgted

S5a0) as a unigue microbiome that’ cannot currently be rep
models. In addition, the gut proteome plays a role in the products available for uptake. However, in vitro simulated models
133, pronided uBaRi Yoitie 28R Rink e DréakBénn oo bt dd ShleatiRAa YRS pf PiekiRlifRFeaiRiq) seayasdr
deVASARAISIIRS ABINRARE. ANGPRYRARRNH SR 14SHRE R NiRaa feaa! fepmariaiaRm of ot tReofScrOBme and
pro‘h%m%lgf the gut impact digestion of seaweed and food bioactives. Comparisons between static, dynamic, colonic and
133nixagl StarieShesinK pigs a'ra,r\epmgpmnprweabeaitmﬂdeiwg@@assisted extraction, simulated digestion, and

c ferme(?tation in vitro by human intestinal flora of polysaccharides from Porphyra haitanensis. Int. J. Biol. Macromol.
Y MBILLS 748756
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episipiné erthamiolRiR e dhsd e cnresRMatie cab pie sitps arititrlim «cellg faiichaudfed e i iseigdifranbiitedq food
compangnithingoe raksotied. cindyaetivels. P qashe2 0enspertegoandomssimilated across the intestinal epithelium [288]
15621153 Rammenly <ed Jpr BioaeCRasbI RIS IR CASRRR, T CRichicy ALY TRSaRUIS R ha man NOH
H7E’(r3ébiotic &P@et@%%?& Is%%&é‘]mzented Jfﬁ?tt%%ﬂit?v&%b lr'g s'g'a\?veelmorqgéag ccr‘?sr[ghnsom%vffﬁl*rlljlcr:]t%-%\f%%bsggc stt)r‘ie X
exisRsiebinttRihily), e8RS IBBlotdiRSy bt i daPRRNANARES. BRECEEAIRRARINI AR FrMRRYIAYS f1 gelisgwhich

express several r_norpholo%ical and functional characteristics of the mature enterocyte [?ﬁ]. Glahn et al. [293] expanded
130 B RIamanian, B; Soanmugam = S K e hioR Sl bl Mner AR 0 bt S WPRISRG al impact of
marine red seaweed (Halymenia palmata) on the growth performance, total tract nutrient digestibility, blood profiles,

ecause every gut In In vitro simu
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13ATY RPN R Y5LAD LBp LT ArSA AR RES PGB LRIBKE RIS W 600E ARRLENE PLEH SIS PO KERALS. The
Glaﬂnwﬂ%og%rm@a gw)ea'ﬁggeo%mto@cq—é@@elﬁﬁyﬁ_’g&stive enzymes. Normally, if a food sample that had

bee\;lt dr:glestedén peEsm %nr(]j pancr%algn were ﬁddgd to thedmedla in Whlcfh cells were tggrowrng th(K/IenzymEes could fdrgest
L i 2nicalie o the s e T RASABReS SReS g SH06nes 688‘MW v R,sié‘ membrang 10 allow iron
iocataly tsls ?Olfjrces Blocatal?i ic Chharactﬁnstltcsta]nd Bhoprorr:]elsst%s of Marine E nzymesI rllncone ﬁ l(lecE) koohhead
(orlg)uh)egmu rie aro]blrnéeresdléoz lsrse roztg; 8n o the cells, while the larger enzymé molecules are held bac e iron
that is absorbed by the cells can then be measured. The results using this method parallel human in vivo absorption
139 tidgated). T Magiuiss M 1l MK bR r@e%par 1K, Wprfiney BleBRliscieads iRl St aE AR P BIBRSHHAR 2Rfbres
et é‘rm%ﬂ%ﬁﬁ?g&@%%&%&%%%r 6] also used the Glahn cell culture method to assess the bioavailability of iron
1l4and\ibitineAroBosraty@eddufiie, IBokBzuthowing ProkiacizndyT.CBeiaidgeNlsAstic bagalaisabivitaoe Jolfstemhealséndies, but

magolsdedvergothe drgecoadiodatga Witta doidamdar.muogs-geddudidg 268l line, such as HT29-MTX to more closely

_ oo [288
14ESRIBRYIR Y RicoB 98 2T Tamtin, M.: Srisapoome, P. Antibacterial and antiviral activities of local Thai green

macroalgae crude extracts in pacific white shrimp (Litopenaeus vannamei). Mar. Drugs 2020, 18, 140.
In summary, advantages of in vitro methods over ex vivo and in vivo include their low cost, Iarge -scale capacity, high-

L S5 Be 2 BRRDINialAnss te Rbled foPHamAR vBIGRRRs YVaRiNaPR 8RS e RIFUSIHB S RAFRG e rARY ARRE LYARAHBM s
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143ioBHstiibit @ijviendMreialbexsretidbuRSAIZI. Diemeuisp Hmeb Gisf, also CdtlenpP. Mully vefléanthdvaenditeicanthat  affect
digeshilsitiophiytajiactivaie sk énfl Bidida sifnbbirfigqutbavapleiavithRethieintdaceontast naliayokindeptedditiien ahigal Réional
coPbnents 8ch’as phytic acid and lectins, gastric enzyme specificity, and the different absorptive capacities at each
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143 75hdiabyivh BioavailabPibignMe theodsg of ulvan polysaccharides from Ulva lactuca as a prebiotic in symbiotic yogurt

production. J. Probiot. Health 2019, 7, 1-9. ) o o
Ex vivo organ or tissue models are also used to measure the oral bioavailability of bioactive food components. Ex

1485 M3 L0 19inG AthcliondnGe<erelD IO RReIRLIG B hT UG RN RSP HAS R Fn RIQIS AN My 4AR0ICE
statd M%‘h&&%@@ﬁt%&%‘%&?‘d&&%e%%V?J’s‘&h&% @#1@% Tgmeasure the active transport of sodium chloride ions
14in. SthationCGaBroSofling, Kic. T suglao fuhelMdSeelendd. MipStenidssi6g Smayther. dnpBelemtitd) fudrdtiedthe; fRass) ¢HRof
ion€hetyidhtstal drligstacbaspalysapiniide triguexiamstasivashitben pisbrsioumeddiainalitedigitatahan i@roduced as
theCeapPRtiaffasdsatamligRe i obHee iuaman e rajsitabiRim Ugingaroih&itBoShlgrie Bredalidavaithbiity. 2035 %he
req%ﬁ}%@%%mmalian intestinal mucosal tissue (from duodenum to colon) is mounted between two small chambers of
14puitsHarbBiRaRISolItebNIbe, MPRPAUNE A, INfesestraiRad @Vith NFORRiMY 2AE infaddeeexiratiR f rateaises dhsplemenal
(apperdnsidefahéerepitheliweedaE oxitvtaagmeginpin Wetivieiynay qutdisdtdiicordrreeistion.axyBenc{958edand 16 pon
dioile-P31) are maintained 24l The active transport of the compound of interest by the epithelial cells from lumenal to
14 YCRIFHYRGIR, SRR, RN ACKRGR LIRS REE IR B R3S VR HETP Bu S, BLRRARSoPSBRE 2nd
clegugrRemERk AL RS CRSRL B 4 o BATS AR PGP AR Yl 28T BRI SNiAUBB e S el PR
Adgantages of the Ussing chamber model are its precision in measuring the electrical and transport parameters of intact
150 Wang V- o é“ne B S e o e B B T s e Pt et ot
main, li |tat|on nclude rel%tlvel)](rlow fhrorﬁghpuﬁ extensive_pre ara%on short7vrab|I|ty (150 min), and limited rgnge of

microbiota o ﬁ ysaccharides from Coralline pilulifera. LWT 2019, 100,'1
measurements that do not fully describe the complex physiological system of the intestinal mucosa 2921,

151. Cui, M.; Zhou, R.; Wang, Y.; Zhang, M.; Liu, K.; Ma, C. Beneficial effects of sulfated polysaccharides from the red
Ansipavatied G ghuenpaiielwakaes i padricobitiraatibighieragaocigheditiexrivba BowbhRimgek\2i20, tdniGredimBihe

1895808, ShaaREmads!, Eitiel R aR NP RATRRLISr Bl as TS SRRIPBY b ASRE LU AIRISIRL oF al IR the
uptpke, g€ pigggig%ibyéat,w@m@ %grgggtsﬂ'gte intestinal segment model measures the absorption of compounds into

the |ntest|nal cells rather than their transport throu?h the eplthellum [308] |t also involves the use of numerous sections of
n | heI| Efcolo%cal unction o pheno ccow ounds. frﬁm Mediterranean fucoid al ef%

plt elial tlssue wh| are cut from the original and place P )Psm ogically balanced solution instea eing mounted,

seagrasses; An overview o eglqenus ystoseira sensu lato and Posidonia oceanica (L %Dellle J. Mar. Sci”Eng.

as ﬂB %e Usgsmg technique he porcine ex vivo intestinal segment model is most commonly used due to the

physrologlcal resemblance of human and pig intestines %, Small circles of tissue segments are punched out and
15thcHOMESI- buH@Rm S RIORCTS SOMRAURETIREHESH & UREP IR IBAHAPRHEAORS AP D1 ReiStRUPRorh SR RS Sbed

by ﬁ?&ﬁttggtiﬁéﬁs_é&rﬁent is quantified 219 The intestinal segment model has advantages over the Ussing chamber model
156, thabltisllessidphour Ruensiles Brel harasignifcaityttigloanthpaigbipendidSrom the brown seaweed Ascophyllum

nodosum from Québec’s north shore coastline. Ind. Biotechnol. 2019, 15, 212-218.

The advantaq:e of ex v:vo organ models in general over single cell lines is that they are a multi-cell system and therefore
156. Wekre ﬂ ; Holmelid Jordheim, M. Q antlflcatlo_ﬁfﬁlyghenols in Seaweeds: A case
more re resentatlve of |ntest|nal e ithelial behavrour in terms of food absorption ompared to in vivo studies, ex
Ulva intestinalis. Antioxidants 2019 12.

v:vo organ models remove the need for human participants. Limitations of ex vivo organ models include the lack of

15Acfadidrast qui Riiskhal %fl%'%@ﬁﬁﬁ%&télpﬂ’%?égHeLeﬂj iRBRahRRERAlS i SRMIRA TRRSKERR PIPREIBR animal
witAfrVESTiRBH SYCHABS Sa AN asY GBRRY drinkd 7 At iseles¥Fic@4he experiment begins is only ~150 min and therefore

1580Fsuitelte tmrmavy Ret|bitsvailatitiytst6iB® deat ecphineoiioce tipeuidd. fidre tessinal Begive Covpoasiseoadded
Marine Foods: Plant and Animal Sources; Hernandez-Ledesma, B., Herrero, M., Eds.; Wiley-Blackwell: Chichester, UK,



disa@ldntayel B3R Yistinction between the apical and basolateral side of the epithelium in the way that the mounted
159SRIATIPHF 5rieRRcIE SCHBRNI A& RO IRtk FHRMergRy), Huthemamneselt dreRr AU BIfeR Cith a polyphenol-
Z.ﬂ-@hlﬁ%eﬁeqﬁf%{a{ﬁgﬁﬁSﬁapL cholesterol with no change in other biomarkers of chronic disease risk in

overweight adults: A placebo-controlled randomised trial. J. Nutr. Biochem. 2021, 108777.

16, HiSSIRENaton medsle, alow dne 1Bpagt gl g gmieretjal pamiiasens. o1 foad bigaceesaibly s Risaethiy, to be
St I YRR BHATAD LR MeLhpSn GRiSh R XRB Jp et models can be used (1% Batch
fermentation models entail the use of a sealed vessel under anaerobic conditions containing the food sample or extract of

16h &8l AR K oYaidRis atinbifaiRe iy NikasP nliGlnisab IFRTE Al EB v sea4 GG AR RLA A3 1o 24
h [M“lk?H]ee)acWam%%% B ir%‘éiBFs”%”ﬁ%‘é? ﬁ%‘é’ﬁ'e%%- gm%‘@ t%iosce el.%' g‘r%’ér'ir%gg&érﬁgsq{/é?ﬁg%ever, since it is a static

legeddedosmadel, feaseunatol irodlAsgelch As Blafiicah Ascopiyitenarutiteen jS-adirsteesicalosus sodstrecemavailable for
thepisatireaie, nalrasfewtitah coanpasiéon tan feeindattivan typeiforisleelic¥4tieDim Minbatesiibatab rsytes @hasba0dfed 20
ovéBBHd 8RR issue. In 1988, Gibson et al. 317 first described a three-stage continuous culture system with a mixed

16 DR AGLRR INBRHRIESTINENRYAVET  130naYS, 1ab TRRIRSRILESS &6t arYHIORMSHI i RIGX RRicRREEERE tdsdistal
colpiuffitient itebARTGRe Bk BePbisipriediat OMapdielisask yaapaasewdrisbiavenperialtivannediinpkidiiening: AlM-2
(preatitshyisdiscrsssayeinal Fimidatdams #0198mes Intestinal Microbial Ecosystem (SHIME®) and SIMulator of the

16%?85?&(‘)&?5,“E.a;llAt%crtégs-’ll_'\é(%%va, C.; Tulipani, S.; Tinahones, F.J.; Queipo-Ortufio, M.I. Benefits of polyphenols on gut

microbiota anéi imglications in human health, J. Nutr. Bigchem. 2(?13, 24,1415-1 ) ) .
The SHIME model is a 5-step multi-chamber bioreactor developed by Molly et al. in 1993 that simulates the entire

16§igéatmastRaorem stotnatk tBadibN:  TERPBHIME blistaslivhenEaui bisiekinta Wit sheianiaelirhensirat for 14 to 20
dafORSEsIRIRES 4R RHARGASEHD tHad s AipPe Sdiftalivr dY 81aLHCAIS 2016n 39, tBfds6Pbacterial populations and SCFA

16@(‘1@9!@?%%19911\, Awacagraneedkrig!Rhazakemn develpnsdRErm, e oliptaahSiRd4arsystaifo W bhHdREcand M-
SHRME, Possamdieys/ekalBBAliidevise the diraistWh @Y iNEn oo del guhinltiopiiveaundrstingetyioster atier Sl Mdiveactors,
madfigeihgyodtiblierts 2086s4 th22ibpact of different diets or antibiotics on the same gut microbiota, as well as the

16PCEBIUAT, 374 RigRsCRsED R o BHTLeRf 41N ANE:BERa AR BBBRINNS SR AL RBIECHy [BoRER" RUGropEan iR 82"
den Abbeele et al. [821] incorporated mucin-covered microcosms in the M-SHIME model to create a more realistic
microbial community of mucosal microbes such as Lactobacillus mucosae and Pediococcus acidilactici that are normally

168 R8I (TR Pt OGS SRR Ao WS A By RNl BN 9hY AueEaRioiRe RO MR P A oidan

health. J. Agric. Food. Chem. 2009, 57, 6485-6501. 223 124
to modulaté & gut bacterial community, 'and by Fu et al. 823 and Calatayud et al. 224 to evaluate the effect of gut

16QiFanaridnth&BRdecdamilfyorRetemrf flanpraidschvaians HRikh RRAomecndesdri2011, 6, 12-35. Available online:
(accessed on 27 July 2020).
1700YANRIeRiaf REMR IRSvele 52Nl eerestratian Al raiend IR grstveastalgeE M s sRipn alone:
longr s} S YDA Sh NS MR RIBHIRaMENEr GRAL 8 iR A3 S ARARAI FRISBHS ST B D REE) I8 DRSS RicA NN
diverseire s peN 85 Bnans, animals, diseased, healthy, elderly, or infants (Baby-SHIME) [825]: parallel comparison of
alternate treatments (TWIN-SHIME); and ability to create a luminal or a mucosal microbiome (M-SHIME) [2181[326]327]
171. Yoshle-Stz?rl% Y. Hﬁ{ﬂ:j Y.-P.; Suzlulg, T. Dis rlbﬁ,mon of_flavonmdF and related comPounds from sgaweeds n ‘?%P%n' J..
Limitations of the 'S modeél include a lack of realistic peristalsis, expensive set-up costs, and absence o ialysis
Tokyo Univ. Fish. 2003, 89, 1-6. Available online; E%essed on 3 July 2020).
component and mucosal cells (in the original model) .

172. Culioli, G.; Ortalo-Magné, A.; Valls, R.; Hellio, C.; Clare, A.S.; Piovetti, L. Antifouling activity of meroditerpenoids from
Théehsv&imebiicampdgtrealidigy sdigiosz de Nt itriber 20@8c TAmbER byttt .that represents the entire human intestinal

1752 AREIBRSHAY, BRI Rl -Noged: Nigiliers amibes Bormia Tadels B 4MREH SgptNs offhe stomach
ch@mﬁgcmgge_gg%ag{@gaé@omygmgﬁsdﬁ\& rgidoytgr s§gmbers surround an inner unit with flexible silicone walls.
Alternating the pressure of the water flow between the outer chambers and inner uait crleates a reali?tic sfimulaztion of

174. D H.; Dong, $Sq Erik H P.; , D.; Lin, X.; Liu, M. P i i 1
gastﬁggéerlsta 29 2a E HA0RE0) R S8AORD Y Xins SdVabtshe S MomaRIeas T aies AP Ie 200de.

0 0: Structure, bioactivities, and applications. Mar. Drufgs_ 2020,718, 411. . . .
However, SIMGI has the unique advantage of the inclusion of simulated peristalsis that is not found in SHIME or any other

178yrtiatmotieMivagaking a Mivakendbhdaiaig. rRalisfva@nshbne i iieap 29f phlorotannins and bromophenols on

the feeding behavior of marine herbivorous gastropod Turbo cornutus. Am. J. Plant Sci. 2014, 5, 387-392.

178VRidlsdne s dvaiagesia'!! AyRarAS MgAREGAVE: AIRESRNICMOTRE Ll BeY-MEEh IR FLHFRREERRY Sigyman gut
be%m%gt{gﬁgf ﬁ@%ﬁ\%ewﬁgﬂn@ﬁgtﬂ??% @feagpntrolled throughout the fermentation process, which also

allows for much longer experiments than static batch models 229, Dynamic models have good experimental stability and
17ﬁep1'ﬁ€du%ﬁ13{2%2'ssg‘r’ﬁé’|'é°‘s””§a RN CFR IR S REHCBRam e WP TeP (RN 18" 526 e 0 LiRRG ST BRerial
populations’and their metabolites, and the ethical constraints that limit in vivo trials are absent [232]. |imitations of dynamic

178 obdifinklubie HRlignidsisintedaraiveptieiiarbpidRiahansb Easonnent = yaee Yalatiervesstaiciopreiz flay 333 no
fecHIHARCRAHAMIRG ANAEShERs BRISRICH SRR YRIPAMSRY S 8lRr AUopHNRIHO R YRe ARV et a8 1A% based on
he AMRIAUR RIS URRIERTEY 00 BYBEré9eative of many groups 12341,

179. Whitfield, F.B.; Helidoniotis, F.; Shaw, K.J.; Svoronos, D. Distribution of bromophenols in species of marine algae from

2. 74\ YixaLianvailability Metheds. . 1099, 47, 2367-2373.

18Thewapst;aceu@telmat) @l fanaeasRrimsie. bioaxaikkiliy, of adaed CompenentsaiiDrigelevavig)ve F5a e uisinpad ex
vivoraiedhaitshilityvitediesyafisefuéblatarnogbieaot desibilityeai B bas groim extosindiphvsphhiiyaf @ linhibitels Bredused but
Pharmacol. 2018, 175, 140-153.
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disgigiHine. dUpARALY; gRgisHMiresAa emaBalanem MtydiesorpRyreriasdiivyMars Ut HhepsrBinayaigbiion of fonutient

by the amount that is eliminated. Th|s entails the collection of all urine and stools after giving a known amount of the
183. tSh tDt tL| \tJ Guo, tS Su, H.; Fan Id X. The antitum ffect of bronloghenol de(rjlvatlves in thOtand Lle%thesm nar(lja
nutrient to. test subjects over several da e nce studies provide accuracy, but are laborious and more
extract in \%vo hl% J. Oceanol. ?_lmny?% 8’96 ﬁ 277 Eg&a P 4

suited to laboratory animal models than human subjects [338] Tissue distribution studies also provide bioavailability data

184 BhW Dkidrlt 8f dtisdrpBiP: Sut She BroP eXchioiiBPmbaliccaiiees ahRramanhe sl rniaRRde vad Bramhl AnbiitRse
M@]; fn ‘Rﬁﬁ?é}?'rrH}R}aO&&&%%; %ﬁe %(?apgioavailability of a bioactive food component is most commonly measured by

188nalysigenf, iTSHN atahylins T IRoditaplasvaaririubnekafie SaviiRgitdiaiset oacdrintitedtamgativities nsusp ea B2 L,
Thésemrciharethodsaistsian tRacsehwesn BimsweadaBliYsUdied discussed in the following sections.

186. Wang, C.; Jian ;Sun, Y,; Gu, Y.; Ming, Y.; Zheng J.; Yu, C.; Chen, X.; Qi, H. Synerglstlc effects of UVAII’I’adIa’[IOE 63]
A|th0lé cf]Hn VIVO S udles aré considered theg standard for as essing the oral :ﬁvallablllt of Yogd corrll_p rae
orotannin extracts of Laminaria japonica on properties o §1ras carp myofi br ar protein Scl. Food Agric
e

sorES |sadvantages exist. Compared to in vitro and ex vivo models, obtaining”ethical approval for in vivo studles is far
more difficult due to the potential harm that may be caused to animal or human participants, and in many cases, the

18/ LERERN MR N cPUKEMMAT s derthay. -l ddgiskays: g%n\é?&%ﬂWQ%@&J&%%W&%\W?(%%?%GWMBV&QH other
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col..2020, %5 275—

varla €s in vivo because of naturally occurring differences in living organisms, which can affect the rellablllty of results
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[34glamage in the kelp Lessonia nigrescens. Photochem. Photobiol. 2010, 86, 1056-1063.
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digestion, first pass metabolism, Phase /Il biotransformation, host microbiota, and fermentation on an orally consumed
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UPLC-ESI- TOF MS aI Res. 2018, 29, 113-120.
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