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Inflammation and oxidative stress are often the common denominators of most modern
chronic diseases and disorders, resulting in serious problems for health care systems. The
problems associated with the long-term use of conventional therapies have prompted
research into new safe, effective, and natural anti-inflammatory and antioxidant agents. In
this context, the scientific community is focusing its attention on the rich biodiversity of the
marine environment as a molecular source of a variety of bioactive compounds.

This Special Issue of Marine Drugs, “Marine Anti-inflammatory and Antioxidant
Agents 2.0”, brings together six original research papers, two clinical studies, and two
comprehensive reviews of natural marine anti-inflammatory and/or antioxidant agents.
The natural compounds discussed were sourced from a variety of marine organisms, includ-
ing oysters, seaweeds, marine plants, deep-sea fungi, Chondrichthyes, and echinoderms.
The collected scientific works introduce new perspectives on the applicability of marine
products for human health and in biotechnology.

Among all marine organisms, seaweeds have been used since ancient times for their
many health benefits, which are mainly due to their bioactive compounds. Therefore,
research on the biological properties of seaweed-derived compounds has made considerable
progress in various fields of applications possible. In this regard, El-Beltagi et al. (2022)
collected information on the composition and beneficial properties of seaweeds [1]. This
review described seaweeds as an alternative source of synthetic substances to improve
consumer well-being through their incorporation into novel foods or functional medicines.

Research by Roach et al. (2022) also demonstrated valuable health and pharmacologi-
cal properties of seaweed-derived compounds [2]. Two clinical studies were conducted in
humans after ingestion of a single sulfated polysaccharide from the green alga Ulva sp. 84,
“xylorhamnoglucuronan” (SXRG84). Study 1 found a reduction in non-HDL (high-density
lipoprotein) cholesterol and the atherogenic index in all participants, in the insulin levels
in overweight adult participants fed 2 g/day of SXRG84, and in the C-reactive protein
levels in overweight participants fed 4 g/day of SXRG84. Study 2 described an unchanged
lipid level between the groups and lowered plasma concentrations of pro-inflammatory
cytokines (IFN-y, IL-1f3, TNF-«, and IL-10) at 12 weeks after SXRG84 treatment. The two
studies did not show consistent effects on the gut microbiome, although a change in micro-
biota composition and abundance following treatment was observed in Study 1. Given the
beneficial effects of SXRG84 on inflammatory markers in overweight subjects, the authors
suggested the potential use of SXRG84-based supplements to reduce the inflammatory
response related to metabolic disorders.

Beside seaweeds, many other marine organisms are sources of polysaccharides. Chon-
droitin sulfate (CS), an anionic glycosaminoglycan derived from animal cartilage, is widely
used in various biopharmaceutical applications. This Special Issue presents a theoretical
study on the use of CS derived from shark cartilage as a stabilizing agent of selenium
nanoparticles (SeNPs) [3]. Selenium (Se) is an essential micronutrient for human health
due to its antioxidant properties, but the narrow margin between beneficial and harmful
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doses limits its practices in food and medicine. Furthermore, the advantages of using
SeNPs as drug carriers are limited by stability issues. Chen et al. (2022) prepared selenium-
chondroitin sulfate (SeCS) via a redox reaction of sodium selenite and ascorbic acid, using
shark CS as a template. SeCS possessed good storage stability and had higher antioxidant
activity than SeNPs and CS [3]. Therefore, the authors proposed the application of SeCS in
the prevention and mitigation of oxidative stress-related diseases.

Marine bioactive natural products also include peptides and proteins. The broad
spectrum of the bioactivity of these biomolecules makes them potentially valuable nu-
traceuticals and medicines.

A huge body of literature indicates that the human health benefits of protein hy-
drolysates can, in part, be attributed to their free-amino-acid-rich and peptide-rich prop-
erties. Wang et al. (2022) described how free-amino-acid-rich protein hydrolysates ob-
tained from oysters (Crassostrea hongkongensis) had an ameliorative effect of on cadmium
(Cd)-induced acute liver injury in mice [4]. As a result of the treatment with oyster protein
hydrolysates (OPs), liver function profiles were improved, whereas hemorrhages, lym-
phocyte accumulation, and inflammatory cell infiltration around the central veins were
reduced. Supplementation with OPs reduced malondialdehyde formation and restored the
activity of antioxidant enzymes (SOD, CAT, and GPH-Px) in the liver of Cd-exposed mice.
OPs blocked inflammatory responses (IL-1§3, IL-6, and TNF-«) by inhibiting the expression
of inflammation-related proteins (MIP-2 and COX-2) and suppressed hepatocyte apoptosis
(Bax, caspase-3, and Blc-2) by regulating ERK/NF-«kB- and PI3K/AKT-related signaling
pathways in Cd-exposed mice.

Among marine organisms, microalgae represent another rich source of proteins and
peptides. Chlorella vulgaris is a green microalga used as a source of proteins in aquatic feed
to improve growth performance, oxidative status, and immune response in several fish
species. The study by Reis et al. (2022) evaluated the effects of short-term supplementation
with a 2% C. vulgaris biomass and two 0.1% C. vulgaris soluble peptide-enriched extracts on
immune defenses, oxidative stress, and the inflammatory response of gilthead seabream
(Sparus aurata) after an inflammatory insult [5]. The C. vulgaris peptide-enriched extract had
a dual modulatory effect at both the blood and gut levels. In particular, the peptide-enriched
extract drives the proliferation of circulating neutrophils in resting gilthead seabream, and,
following an inflammatory insult, it can protect the gut from stress.

Carotenoids are among the most common pigments found in the marine environment,
and commercially appealing applications are possible due to their many biological prop-
erties. Astaxanthin (ATX) is a lipid-soluble carotenoid found in most marine organisms
that has documented pharmacological effects, including neuroprotection and antioxidant
activity. The study published by Park et al. in 2022 found that the once-daily administration
of ATX (100 mg/kg) significantly reduced the death of hippocampal pyramidal cells in
gerbils undergoing transient ischemia, as well as DNA damage and lipid peroxidation in
the forebrain pyramidal cells [6]. Furthermore, ATX treatment increased the expression of
the antioxidant enzyme superoxide dismutase. Therefore, the authors suggested that ATX,
due to its antioxidant and neuroprotective properties, can be used as a potential dietary
supplement to prevent the progression of severe ischemic brain injury.

The marine environment is also an excellent source of phenolic compounds. Marine-
derived phenols exhibit a wide range of biological effects through their uniqueness and
structural complexity. The study by Morresi et al. (2022) showed that polyphenol-rich Posi-
donia oceanica leaf hydroalcoholic extract (POE) can reduce glucose transport by lowering
GLUT?2 levels, promote intestinal barrier integrity by modulating levels of Zonulin-1, and
have a protective antioxidant effect against glucose-induced damage in human intestinal
Caco-2 cells [7]. This was the first study investigating the behavior of a complex pool of
POE phenolic compounds on differentiated Caco-2 cells as a model of the intestinal barrier.
Therefore, the authors suggested that the phytocomplex of Posidonia oceanica may prevent
gut cell dysfunction during the development of inflammation-related diseases associated
with oxidative stress.
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Furthermore, Vodouhe et al. (2022) demonstrated that the daily consumption of
500 mg of polyphenol-rich brown seaweed (Ascophyllum nodosum and Fucus vesiculosus)
capsules combined with a low-calorie diet had no impact on body weight and blood sugar
in overweight prediabetic subjects [8]. Instead, the intake of polyphenol-rich capsules
showed a beneficial impact on insulin secretion, heart rate, and inflammatory response.
Considering these data, the authors suggested that the early effect of brown seaweed extract
on the inflammatory response might be associated with marginal changes in metabolic
parameters related to the prevention of type 2 diabetes.

Looking for new bioactive compounds from marine natural products, Anh et al. (2022)
isolated and identified three nitrogen-containing secondary metabolites from the ethyl
acetate extract of the marine fungus Aspergillus unguis IV17-109 [9]. In particular, two
new compounds, variotin B (1) and coniosulfide E (2), were identified together with a
known compound, unguisin A (3). Compounds 1 and 2 were preliminarily tested for their
anti-inflammatory activity by evaluating their inhibitory effect on the lipopolysaccharide-
induced production of inflammatory mediators (including NO, IL-6, and iNOS) in RAW
264.7 murine macrophages. Interesting results were obtained for compound 1, which
showed moderate anti-inflammatory activity.

In recent decades, many studies have focused on the anti-inflammatory effects of
compounds from echinoderms. In this context, Ghelani et al. (2022) collected research
articles published between 2010 and 2022 on the anti-inflammatory properties of sea
cucumbers, sea urchins, and starfish [10]. In this review, the structures, bioactivity, and
molecular mechanisms of these compounds were summarized. In addition, the potential
applications of these compounds in the pharmaceutical industry for drug development
against chronic inflammation were highlighted.

In conclusion, the studies compiled in this Special Issue confirm that marine or-
ganisms are an excellent source of biologically active molecules with antioxidant and
anti-inflammatory properties, and that studies of these marine products can contribute to
the discovery of new drugs and the scientific validation of their use.

Acknowledgments: Authors and reviewers alike are greatly appreciated for their hard work and the
quality of the submitted articles.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Cadmium (Cd) is a widespread environmental toxicant that can cause severe hepatic injury.
Opyster protein hydrolysates (OPs) have potential effects on preventing liver disease. In this study,
thirty mice were randomly divided into five groups: the control, Cd, Cd + ethylenediaminetetraacetic
acid (EDTA, 100 mg/kg), and low /high dose of OPs-treatment groups (100 mg/kg or 300 mg/kg).
After continuous administration for 7 days, the ameliorative effect of OPs on Cd-induced acute
hepatic injury in Cd-exposed mice was assessed. The results showed that OPs significantly improved
the liver function profiles (serum ALT, AST, LDH, and ALP) in Cd-exposed mice. Histopathological
analysis showed that OPs decreased apoptotic bodies, hemorrhage, lymphocyte accumulation,
and inflammatory cell infiltration around central veins. OPs significantly retained the activities of
SOD, CAT, and GSH-Px, and decreased the elevated hepatic MDA content in Cd-exposed mice. In
addition, OPs exhibited a reductive effect on the inflammatory responses (IL-1p3, IL-6, and TNF-«)
and inhibitory effects on the expression of inflammation-related proteins (MIP-2 and COX-2) and
the ERK/NF-kB signaling pathway. OPs suppressed the development of hepatocyte apoptosis (Bax,
caspase-3, and Blc-2) and the activation of the PI3K/AKT signaling pathway in Cd-exposed mice.
In conclusion, OPs ameliorated the Cd-induced hepatic injury by inhibiting oxidative damage and
inflammatory responses, as well as the development of hepatocyte apoptosis via regulating the
ERK/NF-«B and PI3K/AKT-related signaling pathways.

Keywords: cadmium; oyster protein hydrolysate; hepatic injury; oxidative stress; inflammatory
response; hepatocyte apoptosis

1. Introduction

Cadmium (Cd) is a widespread environmental toxicant that poses a serious threat
to human health [1]. Due to its high solubility in water, Cd can easily enter the human
body through the food chain from polluted soils and water [2]. Cd exposure will cause
metabolic dysfunction and eventually lead to irreversible damage to multiple organs [3,4].
About 50-70% of the absorbed heavy metal accumulates in the kidney and liver [5]. Acute
Cd exposure primarily results in liver accumulation and hepatic injury [6]. The liver has
been considered one of the main target organs of Cd [7]. Recent research has shown
that acute Cd exposure leads to severe hepatic injury, accompanied by oxidative damage,
inflammation, and apoptosis [8]. Therefore, reducing oxidative damage, ameliorating
inflammatory response, and preventing the development of hepatocyte apoptosis may be
practical strategies for the treatment of Cd-induced hepatic injury.

Mar. Drugs 2022, 20, 758. https:/ /doi.org/10.3390/md20120758 5
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Protein hydrolysates from oysters (Crassostrea hongkongensis) have multiple health
benefits, including anti-oxidation [9], anti-inflammatory [10], anti-apoptosis [11], anti-
cancer, and other properties [12]. In previous studies, oyster-derived hydrolysates have
been shown to be protective against D-galactosamine(D-GalN)-induced hepatic injury [13].
The peptides (SCAP1, SCAP3, and SCAP7?) produced from oyster protein hydrolysis (OPs)
present strong antioxidant and anti-cancer properties [14]. In addition, OPs are considered
to be a safe and effective dietetic treatment for alcoholic liver disease by declining ethanol-
induced oxidative stress and inflammation [15]. In addition, oyster ferritin was found to
efficiently reduce the damage of heavy metals in mice [16]. The evidence suggests that
OPs might be a potential candidate for ameliorating Cd-induced hepatic injury. Therefore,
this study aimed to investigate the ameliorative effect of OPs on hepatic oxidative damage,
inflammation, and apoptosis in Cd-exposed mice.

2. Results
2.1. Sequence Analysis of the Main Peptides of OPs

As shown in Figure 1, the peaks of OPs were mostly in the range of 300 to 900 11/ z.
Overall, 177 peptides, with molecular weights ranging from 550.250 to 1387.697 Da, and
an intensity ranging from 3,857,400 to 171,200,000, were identified from the OPs. The
peptide fingerprinting of 40 characteristic peptides in OPs was analyzed using liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The scores for evaluating the
matches between the theoretical and experimental mass spectrums were obtained by
comparing the UniProt database; 20 peptide sequences with higher scores are listed in
Table 1. Of interest, they contain a higher percentage of hydrophobic amino acids, such
as proline (P, 37/180 residues in 20 peptides), valine (V, 14/180), and alanine (A, 8/180).
Specific amino acid motifs, such as PVX, was repeated six times, and PxxP was repeated
eight times, X being either a glycine, serine, or a proline residue, x being either an alanine,
glycine, valine, threonine, asparagine, leucine, glutamic acid, aspartic acid, or an arginine,
can be recognized. Hydrophobic amino acids proline or proline-rich peptides were reported
to possess good anti-Cd, anti-oxidation, and anti-inflammatory properties [17-22].
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Figure 1. Total ion chromatogram of peptides from oyster enzymatic hydrolysates (OPs).



Mar. Drugs 2022, 20, 758

Table 1. Main peptide sequences of OPs.

Peptide Molecular Observed Relative
Rank Sequ)lence Length Mass (Da) Mass (m/z) Peak Area Peak Area (%) Scores
1 GEPGPEGPAGPIGPR 15 1387.697 694.350 18,567,000 0.15 614.6
2 YEETRGVLK 9 1094.584 547.795 9,895,900 0.08 494.2
3 GPTGPVGPL 9 794.441 794.437 3,857,400 0.03 477.2
4 GPSGEPGPE 9 826.358 826.354 12,054,000 0.10 468.7
5 DIERPTYT 8 994.484 497.745 18,359,000 0.15 461.4
6 ENPVPVPS 8 838.431 838.427 6,999,200 0.06 453.3
7 TEAPLNPK 8 869.473 869.471 9,380,400 0.08 451.1
8 TPEEFIPR 8 988.510 494.758 12,323,000 0.10 437.8
9 AGFAGDDAPR 10 976.448 488.727 171,200,000 1.39 430.9
10 TPTYGDL 7 766.362 766.359 46,716,000 0.38 428.1
11 PDVPAGDVDKGK 12 1197.611 399.874 14,901,000 0.12 425.1
12 GPIGGPL 7 610.356 610.354 5,358,100 0.04 423.7
13 SPVGVGA 7 586.320 586.318 13,332,000 0.11 4114
14 YTPVAYPV 8 586.320 586.318 4,007,500 0.03 388.5
15 LTPSGLPY 8 647.342 647.342 14,591,000 0.12 386.7
16 STPFEGF 7 571.308 571.308 13,332,000 0.11 3844
17 VSDTVVEPYN 10 550.250 550.250 27,505,000 0.22 383.3
18 DIERPTYTN 9 909.420 909.420 8,461,100 0.07 383.2
19 QGETGDRGPFG 11 879.456 440.231 34,716,000 0.28 383.0
20 PRPPTQVGGS 10 995.525 498.266 38,429,000 0.31 382.8

2.2. Composition of Amino Acid in OPs

According to the data from the automatic analyzer, the content of total amino acids
in OPs was 33.73 g/100 g (Table 2). The content of essential amino acids in OPs was
11.82 g/100 g and accounted for 35.04% of the total amino acids. The content of hydrophobic
amino acids was 12.76 g/100 g and accounted for 37.83% of the total amino acids. OPs
were rich in Glutamic acid (Glu, 4.33 g/100 g), Aspartic acid (Asp, 3.36 g/100 g), Alanine

(Ala, 2.63 g/100 g), Proline (Pro, 2.61 g/100 g), and Lysine (Lys, 2.61 g/100 g).

Table 2. Composition and content of amino acids in OPs.

Amino Acids Contents (g/100 g) Amino Acids Contents (g/100 g)
Alanine (Ala) # 2.63 Leucine (Leu) * 2.02
Cystine (Cys) 0.40 Methionine (Met) *# 0.65
Aspartic acid (Asp) 3.36 Proline (Pro) # 2.61
Glutamic acid (Glu) 4.33 Arginine (Arg) 1.71
Phenylalanine (Phe) # 0.72 Serine (Ser) 1.83
Glycine (Gly) 2.92 Threonine (Thr) * 1.69
Histidine (His) 0.50 Valine (Val) *# 1.81
Isoleucine (Ile) ** 1.40 Tyrosine (Tyr) 1.62
Lysine (Lys) * 2.61 Tryptophan (Trp) b 0.92
Total amino acids 33.73
Essential amino acid 11.82
Hydrophobic amino acids 12.76

Note: * Essential amino acids. # Hydrophobic amino acids.

2.3. Contents of Free Amino Acids in OPs

Table 3 shows the free amino acid content and composition of OPs. The contents of
total free amino acids in OPs were 15.80 g/100 g, indicating OPs contained abundant free
amino acids. Among these free amino acids, Pro (2.49 g/100 g), Glu (2.12 g/100 g), Tyr
(1.51g/100 g), Lys (1.43 g/100 g), Gly (1.38 g/100 g), and Val (0.91 g/100 g) were highly
detected in OPs. The essential free amino acids accounted for 33.73% of the free total amino

acids, and free hydrophobic amino acids accounted for 38.86%.
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Table 3. Contents of free amino acids in OPs.

Free Amino Acids Contents (g/100 g)  Free Amino Acids  Contents (g/100 g)

Ala# 0.59 Met *# 0.36

Cys ND Asn 0.26

Asp 0.37 Pro * 249

Glu 2.12 GIn 0.85

Phe *# 0.18 Arg 0.53

Gly 1.38 Ser 0.29

His 0.08 Thr * 0.84

Tle *# 0.59 Val *# 091

Lys * 143 Trp *# 0.52

Leu *# 0.50 Tyr 1.51
Total free amino acids 15.80
Essential free amino acid 5.33
Hydrophobic free amino acids 6.14

Note: * Essential free amino acids. # Hydrophobic free amino acids; ND: not detected.

2.4. Effects of OPs on Hepatic Dysfunction in Cd-Exposed Mice

Compared with the control group, the Cd-exposed mice group showed the highest
levels of serum alanine transaminase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), and lactate dehydrogenase (LDH) (Figure 2). EDTA therapy is the most
widely used for treating patients with acute or chronic Cd disease [23]. Thus, it was used
as a positive control in this test. The supplement of OPs significantly decreased the levels
of serum ALT, AST, ALP, and LDH (p < 0.01). The effects of OPs were met even better than
that of the positive agent EDTA treatment. OPs exhibited a good ameliorative effect on
hepatic dysfunction in Cd-exposed mice.
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Figure 2. Effect of OPs on the liver function profiles in mice (A) ALT: Alanine aminotransferase;
(B) AST: Aspartate aminotransferase; (C) ALP: Alkaline phosphatase; (D) LDH: Lactate dehydro-
genase; Control: Intraperitoneal injection of 0.9% NaCl (saline) once daily; Cd: Mice were injected
intraperitoneally with CdCl, 5 mg/kg daily; EDTA: Mice were injected with CdCl, (5 mg/kg) in-
traperitoneally after 1 hour of oral administration with EDTA (100 mg/kg) daily; Cd+L-OPs: Mice
were injected with CdCl, (5 mg/kg) intra-peritoneally after 1 hour of oral administration with a low
dose of OPs (100 mg/kg) daily. Mice were injected with CdCl, (5 mg/kg) intra-peritoneally after
1 h of oral administration with a high dose of OPs (300 mg/kg) daily. The data were expressed as
mean + SEM, 1 = 6 in each group. Compared with the control group, ** p < 0.01; compared with the
Cd group, # p < 0.01.
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2.5. Effect of OPs on Hepatic Injury in Cd-Exposed Mice

The organ weight coefficient is commonly used to evaluate the toxic effect [24]. The
liver weight coefficient of the mice in the Cd-exposed group was significantly higher
than that of the mice in the control group (p < 0.01). The OPs markedly lowered the
liver coefficients in Cd-exposed mice (p < 0.01). Histopathological sections of the liver
stained with H&E are shown in Figure 3B. Compared with the control group, the mice in
the Cd group showed obvious pathological changes in liver tissue, including apoptotic
bodies, hemorrhage, lymphocyte accumulation, and inflammatory cell infiltration around
the central vein. In the OPs and EDTA-treated groups, liver tissue retained its normal
appearance and had fewer apoptotic bodies. OPs showed a protective effect on liver tissue
against Cd.

B

Cd+EDTA

&

Cd+L-OPs Cd+H-0Ps

Figure 3. Effects of OPs on liver coefficient and hepatic injury in Cd-exposed mice. (A) Liver
coefficient = liver weight(g) /mouse weight(g); (B) Histopathology with H&E staining (200 ) of the
liver in mice after treatment for 7 days; CV: Central veins; Arrow: lymphocyte accumulation in the
parenchyma; asterisk (*): hemorrhage. Bar = 100 um. The data were expressed as mean 4+ SEM, n = 6
in each group. Compared with the control group, ** p < 0.01; compared with the Cd group, # p<0.01.

2.6. Effect of OPs on Hepatic Oxidative Indexes in Cd-Exposed Mice

An increased MDA level is an important indicator of oxidative stress. The Cd-exposed
mice group showed the highest levels of hepatic MDA, while the OPs treatment significantly
lowered the level of MDA (p < 0.01, Figure 4A). More importantly, the effects of OPs were
better than that of EDTA. OPs markedly inhibited lipid peroxidation (MDA as an indicator)
and MDA production in Cd-exposed mice. As shown in Figure 4B-D, antioxidant markers
such as SOD, CAT, and GSH-Px were significantly reduced in the Cd-exposed mice group
compared to the control group. OPs retained higher activity of antioxidant enzymes in
Cd-exposed mice. OPs exhibited a strong reductive effect on Cd-induced oxidative stress
in the liver.
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Figure 4. Effects of OPs on MDA level, SOD, CAT, and GSH-Px activities in Cd-induced mice.
(A) Malondialdehyde (MDA); (B) Superoxide dismutase (SOD); (C) Catalase (CAT); (D) Glutathione
peroxidase (GSH-Px). The data were expressed as mean + SEM, 1 = 6 in each group. Compared with
the control group, ** p < 0.01; compared with the Cd group, * p < 0.05, # p < 0.01.

2.7. Effect of OPs on The Hepatic Inflammatory Response (IL-1p, IL-6, TNF-«) in
Cd-Exposed Mice

Interleukin IL-1f and IL-6 are two stimulators of the hepatic synthesis of acute-phase
proteins in the inflammatory response to stress and important biological markers of hepatic
inflammation [25,26]. TNF-« is an important biological marker in substantial hepatic
tissue damage [27]. As shown in Figure 5A-C, the mice in the Cd-exposed group have
the highest level of hepatic inflammatory cytokines (IL-1§3, IL-6, and TNF-«) (p < 0.01).
OPs significantly attenuated Cd-induced the high level of hepatic IL-1f3, IL-6, and TNF-oc
(p <0.01 and p < 0.05, respectively). The results from quantitative reverse-transcription
PCR analysis (GQRT-PCR) manifested that OPs inhibited the expression of hepatic IL-1f3,
IL-6, and TNF-« in Cd-exposed mice (p < 0.01). These results revealed that the protection of
OPs against Cd was associated with its attenuation of the Cd-induced hepatic inflammation
in Cd-exposed mice.
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Figure 5. Effect of OPs on inflammatory factor levels and mRNA expression on hepatic in Cd-exposed
mice. (A) IL-1p level; (B) IL-6 level; (C) TNF-« level; (D-F) Hepatic mRNA expression levels of
IL-1p3, IL-6, and TNF-« in different groups. These data are expressed as the mean & SEM, 1 = 6 in
each group. Compared with the control group, ** p < 0.01; compared with the Cd group, * p < 0.05,
##p <0.01.

2.8. Effect of OPs on The Expression of Hepatic COX-2, MIP-2, NF-xB, and p-ERK in
Cd-Exposed Mice

COX-2 is a key enzyme in initiating hepatic inflammatory reactions [28]. Meanwhile,
macrophage inflammatory protein (MIP)-2 is a potent neutrophil attractant and activator,
contributing to the pathogenesis of inflammatory diseases [29]. MIP-2 and COX-2 would be
elevated in Cd-induced inflammation [30]. As shown in Figure 6A, enhanced COX-2 and
MIP-2 staining were observed around the central vein of hepatocytes in the Cd-exposed
group. OPs treatment noticeably reduced the hepatic COX-2 and MIP-2 levels.

In the process of Cd-induced inflammation, the extracellular signal-regulated kinase
(ERK) signal pathway would be activated, and the nuclear factor-«B (NF-«kB) subsequently
was up-regulated [31]. Western blotting assays illustrated that the expression of NF-«B
and p-ERK were highly induced in the Cd-exposed group. However, the OPs treatment
effectively dampened the expression of NF-kB and p-ERK (p < 0.01; Figure 6B,C). The above
results implied that OPs might alleviate hepatic inflammation by inhibiting the expression
of inflammatory activators (COX-2 and MIP-2) and related inflammatory pathways (NF-kB
and ERK).
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Figure 6. Effect of OPs on the expression of COX-2, MIP-2, NF-kB, and p-ERK in the liver. (A) The
expression of COX-2 and MIP-2 in the liver by Immunohistochemical (IHC) Staining; (B) Western blot
analysis of NF-«B and p-ERK proteins, Cd was sampled in 10 pL and 20 pL volumes, respectively;
(C) Quantitative densitometric analysis of NF-kB and p-ERK proteins. These Data are expressed as
the mean + SEM, 1 = 6 in each group. Compared with the control group, ** p < 0.01; compared with
the Cd group, # p < 0.01.

2.9. Effect of OPs on Hepatic Apoptosis in Cd-Exposed Mice

Apoptosis-related mitochondrial Bcl2-associated X protein (Bax) and Caspase-3 are
two important pro-apoptotic factors. Under the stimulation of oxidative stress caused by
Cd, the hepatic Bax increased, then the downstream Caspase-3 was up-regulated, and
eventually, apoptosis occurred [32]. Anti-apoptotic Bcl-2 plays a central regulatory role
in apoptosis [33]. Accordingly, we examined the effect of OPs on Cd-induced hepatic
apoptosis by measuring the levels of pro-apoptotic factors (Bax and caspase-3) and anti-
apoptotic factor Bcl-2 in Cd-exposed mice. As shown in Figure 7A-C, Cd significantly
decreased the levels of anti-apoptotic Bcl-2 but increased the levels of pro-apoptotic factors
(Bax and caspase-3) (p < 0.01). On the contrary, OPs treatment significantly increased Bcl-2
while decreasing Bax and caspase-3 levels in Cd-exposed mice (p < 0.01). The qRT-PCR
results showed that OPs significantly induced the expression of Bcl-2 while suppressing
the expression of Bax and caspase-3 in Cd-exposed mice (p < 0.01). OPs exhibited a strong
anti-apoptotic effect on Cd-induced apoptosis in mice.

Cd can regulate the PI3K/AKT signaling pathway to induce apoptosis [34,35]. Addi-
tionally, PI3K/AKT signaling pathway also plays a crucial role in the regulation of inflam-
matory protein expressions (COX-2 and MIP-2) [36]. Western blotting assays demonstrated
that Cd exposure led to the elevation of the expression of PI3K and p-AKT, accompanied
by the imbalance of pro-/anti-apoptotic proteins (Bax, caspase-3 and Bcl-2) (p < 0.05).
By contrast, the OPs treatment inhibited the activation of the PI3K/AKT signaling path-
way and restored the balance of pro-/anti-apoptotic proteins in Cd-exposed mice. The
results implied that OPs might alleviate hepatic apoptosis by restoring the balance of pro-
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Figure 7. Effect of OPs on apoptotic marker levels and mRNA expression of Cd-induced mice
in the liver. (A) Bax concentration; (B) Caspase-3 activity; (C) Bcl-2 concentration; (D) Relative
mRNA expression levels of Bax, caspase-3 and Bcl-2; (E) Western blot analysis of PI3k, p-AKT, Bax,
caspase-3 and Bcl-2 protein expression, Cd was sampled in 10 uL and 20 pL volumes, respectively;
(F) The quantitative densitometric analysis of PI3k, p-AKT, Bax, caspase-3 and Bcl-2. These Data are
expressed as the mean = SEM, n = 6 in each group. Compared with the control group, * p < 0.05,
** p < 0.01; compared with the Cd group, # p < 0.05, * p < 0.01.

3. Discussion

As one of the main target organs of Cd, acute hepatic injury was observed in Cd-
exposed mice. Fortunately, the OPs treatment clearly ameliorated the Cd-induced hepatic in-
jury in this study. In particular, oxidative damage, inflammation, and cell apoptosis, as cru-
cial triggers and contributors to the development of Cd-induced hepatic injury [30,34,35,37],
were improved after OPs application in Cd-exposed mice.

Extensive literature indicates that the health benefits of protein hydrolysates may be
partly attributed to their rich in free amino acids and peptides [38,39]. Extracts rich in free
amino acids can be used in pharmaceutical applications [40]. A recent study found that
free amino acids were related to the antioxidant property of protein hydrolysates of mack-
erel [38]. The protein hydrolysates with higher contents of free amino acids exhibited better
antioxidant properties [41] and metal-chelating ability [42]. In the present study, a high
level of free amino acids (15.8%) was detected in OPs. According to a previous report, the
royal jelly hydrolysates with 8.389% of free amino acids had a stronger antioxidant activity
than those of royal jelly with 0.572% of free amino acids [43]. A similar study also found
the anchovy sprat hydrolysates with higher contents of free amino acids (16.28-27.53%)
exhibited stronger ferrous-chelating activity and radical-scavenging activity compared to
those with lower contents of free amino acids (9.05%) [44]. These data indicated that OPs
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were rich in free amino acids, which may contribute to the potential health benefits of OPs
against Cd toxicity.

Serum ALT and AST are leaked from damaged hepatocytes [45,46]. Cd intoxication
led to a significant elevation in the levels of ALT and AST [47]. In the present study,
significant improvements were observed in the hepatic injury and dysfunction biomarkers
(serum AST, ALT, ALP, and LDH) in Cd-exposed mice after the OPs treatment. Compared
to the Cd group, OPs significantly decreased hepatic dysfunction biomarkers in a dose-
dependent manner. This result is in line with an earlier report, in which oyster protein
hydrolysate could reduce hepatic dysfunction biomarkers (serum AST, ALT, and ALP)
and inflammatory response in alcoholic liver disease mice [48]. Likewise, Shi, Sun [49]
reported that ganoderma lucidum peptides have an alleviative effect on D-GalN-induced
hepatocellular injury via reversing AST and ALT levels in the liver. Moreover, Mumtaz,
Ali [50] found that elevated level of LDH, AST, and ALT in the Cd-exposed batch was
improved by ascorbic acid. Early evidence indicates that hepatic injury and cirrhosis
usually lead to metabolic disturbances of amino acids [51]. The bioactive properties of
protein hydrolysates mainly depend on free amino acids and peptides [38,39,52]. The
present study showed that OPs are rich in hydrophobic free amino acids (i.e., Pro) and
proline-rich peptides. Among these amino acids, Pro plays a beneficial role in plants under
changing environments, including Cd stress [53]. Exogenous Pro could increase antioxidant
enzyme activities and confer tolerance to cadmium stress in cultured tobacco cells [22]. Pro
has shown tissue-protective effects against D-galactosamine-induced hepatic injury [54].
Dietary Pro could effectively decrease AST and ALT levels of shrimp under NH3 stress [55].
The derivatives of Pro, N-acetyl-seryl-aspartyl-lysyl-proline, were found to attenuate bile
duct ligation-induced liver fibrosis by restoring hepatic dysfunction (serum AST and ALT)
in mice [56]. Pro and proline-rich proteins are often implicated in stress tolerance in
plants [57-59]. Salivary proline-rich proteins possess good antioxidant properties [60].
Hypothalamic proline-rich polypeptides were found to protect brain neurons in aluminum
neurotoxicosis [61]. These data support the idea that OPs could ameliorate hepatic injury
and improve hepatic dysfunction in Cd-exposed mice.

Oxidative stress is often implicated in the induction of multi-organ injury under
Cd exposure [62]. Lipid peroxidation is a major consequence of Cd-induced oxidative
stress [63]. The consequences of the peroxidative of membrane lipids have been considered
in relation to the tissue aspects of liver injury, and these peroxidative reactions play a critical
role in the pathogenesis of acute liver necrosis [64]. According to a previous report, the liver,
kidneys, and heart were most susceptible to Cd-induced oxidative stress in mice [65]. Some
amino acid derivatives, such as N-Acetylcysteine, showed ameliorative effects on cisplatin-
induced multiple organ toxicity in rats [66—68]. Betulinic acid was found to alleviate the
kidney and liver damage induced by Cd [69]. In this study, Cd exposure induced serious
hepatic toxicity and oxidative stress, which were significantly improved after the OPs
supplement. These data suggest that amelioration of hepatic oxidative injury may be the
key to the treatment of Cd toxicity by OPs in mice.

Oxidative stress plays a crucial role in Cd-induced hepatic toxicity [70]. The develop-
ment of liver injury usually involves the lipid peroxidation of hepatic cell membranes in
Cd-exposed mice [71]. According to a recent report, Cd-induced hepatic injury is tightly
coupled with enhanced lipid peroxidation (MDA) and the significant depletion of an-
tioxidants (CAT and SOD) [72]. In this study, the OPs supplement clearly reduced the
formation of MDA and significantly restored the activity of antioxidant enzymes (SOD,
CAT, and GPH-Px) in the liver of the Cd-exposed mice. OPs displayed a strong antioxidant
activity, which might also be attributed to their abundance of hydrophobic amino acids.
Commonly, protein hydrolysates with higher content of hydrophobic amino acids possess
better antioxidant properties due to their more effective interaction with lipid-soluble free
radicals and the prevention of lipid peroxidation [17,73-75]. Thus, this evidence clearly
indicated that OPs possess good antioxidant properties to delay hepatic oxidative injury
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via retaining hepatic antioxidant enzymes and preventing MDA production in Cd-exposed
mice.

Hepatic histopathological damage in Cd-exposed mice is characterized by apoptotic
bodies, hemorrhage, lymphocyte accumulation, and inflammatory cell infiltration in liver
tissue. Increasing evidence demonstrates that hepatic injury and fibrosis are accompanied
by the elevation of the inflammatory response [76]. As well known, TNF-« and IL-6 are two
key inflammatory mediators of tissue injury-induced inflammatory response [77]. IL-13
and IL-6 are two stimulators of the hepatic synthesis of acute-phase proteins in the inflam-
matory response to stress [25,26]. Cd exposure will trigger an acute inflammatory response
in mice [78]. The present study showed that hepatic apoptotic cells in Cd-exposed mice
were significantly minimized, and histopathological appearance was obviously improved
after OPs treatment. In addition, the Cd-triggered inflammatory responses (IL-1$3, IL-6, and
TNF-«) were significantly inhibited, as expected. This result is consistent with the findings
in an earlier report, in which peptides from oyster soft tissue hydrolysates selectively
repressed TNF-«, IL-13, and IL-6 [79]. To go even further, we found that as important
activators and regulators of inflammatory responses, MIP-2 [29], COX-2 [28], NF-«B, and
the ERK signal pathway [80], were significantly stimulated in Cd-exposed mice. The results
are in agreement with a previous study, in which Cd activated the ERK signal pathway, then
subsequently up-regulated TNF-, COX-2, IL-1f3, IL-6, and NF-«kB in swine [31]. Likewise,
Huang, Xia [30] reported that Cd exposure led to an increase in MIP-2 and COX-2. Actually,
ROS production could activate MAPK signaling to induce inflammation and skin aging
by promoting the phosphorylation of ERK [32]. Peng, Chen [81] also found that the up-
regulated ERK phosphorylation in ultraviolet B-exposed mice was significantly inhibited by
the application of oyster protein hydrolysates. A recent study found that seahorse protein
hydrolysates could significantly inhibit p-ERK levels in ethanol-exposed cells. [82]. In this
study, Western blotting assays showed that OPs significantly decreased the levels of p-ERK
and NF-«B proteins, as well as the MIP-2 and COX-2 in Cd-exposed mice. Therefore, the
ameliorative effect of OPs in Cd-caused liver injury may be related to its anti-inflammation
properties via suppressing the production of inflammatory mediators and inhibiting the
inflammatory response associated with NF-«B and the ERK signal pathway.

In addition to inflammatory responses, hepatic injury is also accompanied by the
development of apoptosis in Cd-exposed mice. Reducing Cd-induced apoptosis is also
considered to be one of the feasible ways to prevent Cd-induced hepatic injury [69]. In
the process, the NF-«B inflammation pathway indirectly activated the apoptosis-related
factors Bcl-2, Bax, and Caspase-3 [31]. The present study revealed that the OPs sup-
plement strongly up-regulated the expression of the anti-apoptotic factor Bcl-2 while
significantly down-regulated the expression of the pro-apoptotic factors (caspase-3 and
Bax), eventually restoring the balance of pro-/anti-apoptotic proteins in Cd-exposed mice.
Moreover, the PI3K/AKT pathway is an important signaling pathway associated with
apoptosis [83]. Actually, Cd selectively induces MIP-2 and COX-2 through the activation of
the PI3K/AKT [30]. A previous study showed that curcumin alleviated lipopolysaccharide-
induced hepatic injury and apoptosis via inhibiting the PI3K/AKT and NF-«B path-
ways [84]. MiR-130a alleviated neuronal apoptosis and changes in the expression of
Bcl-2/Bax and caspase-3 in cerebral infarction rats through the PI3K/AKT signaling path-
way [85]. In the present study, we found that the OPs supplement significantly inhibited
the expression of PI3K and p-AKT proteins. These results are in agreement with an ear-
lier report, in which Selenomethionine ameliorated Cd-induced hepatocyte apoptosis by
suppressing the PI3K/AKT pathway [86]. Therefore, we may conclude that OPs pos-
sess the ability to ameliorate hepatocyte apoptosis, possibly by restoring the balance of
pro-/anti-apoptotic proteins via suppressing the PI3K/ AKT pathway in Cd-exposed mice.

In conclusion, from our study, we found that OPs could effectively ameliorate Cd-
induced hepatic injury through their antioxidative and anti-inflammatory properties. In
addition, OPs displayed an important role in restoring the balance between pro-apoptotic
and anti-apoptotic proteins by suppressing the activation of the PI3K/AKT pathway,
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contributing to the development of hepatocyte apoptosis in Cd-exposed mice (Figure 8).
These results may provide a new insight for a better understanding of the ameliorative
function of OPs to Cd toxicity and provide a theoretical basis for the use of OPs to prevent
or treat Cd-induced hepatic injury.
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Figure 8. Schematic representation of OPs improved mechanisms of cadmium-induced oxidative
stress, inflammation, and apoptosis in mice.

4. Materials and Methods
4.1. Chemical and Materials

Cadmium chloride (CdCl,) was purchased from West Long Chemical (Shantou, Guang-
dong, China). Fresh oysters (Crassostrea hongkongensis) were purchased from the local
market in Zhanjiang, China. The kits for measurement of ALT (C009-2-1), AST (C010-2-1),
ALP (A059-2-2), and LDH (A020-2-2) were offered by Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). The kits used to measure the levels of SOD (BC0170), GSH-Px
(BC1195), CAT (BC0205), and MDA (BC0025) were purchased from Solarbio Science &
Technology (Beijing, China), and the other chemicals were purchased from Sangon Biotech
(Shanghai, China) unless specifically noted otherwise.

4.2. Animals and Experimental Design

Thirty Specific-Pathogen-Free (SPF) mice (Kunming mice, 25-35 g) were obtained
from Changsha Tianqin Biotechnology Co., Ltd. (Changsha, China), and the animals were
maintained at the Guangdong Ocean University Animal Centre under light (12 h of light
and dark) and temperature (~25 °C). The animals were given a standard laboratory diet
and water. The experiment was approved by the Animal Ethics Committee of Guangdong
Ocean University (No.: GDOU-LAE-2020-009). The animals were randomly divided into
5 groups (n = 6). Control group: Intraperitoneal injection of 0.9% NaCl (saline) once
daily. Cd-exposed group: the mice were injected intraperitoneally with CdCl, 5 mg/kg
daily [87]. EDTA-treated group (positive control): the mice were injected with CdCl,
(5 mg/kg) intraperitoneally after 1 h of oral administration with EDTA (100 mg/kg) daily.
The low dose of OPs(L-OPs)-treated group: the mice were injected with CdCl, (5 mg/kg)
intraperitoneally after 1 h of oral administration with OPs (100 mg/kg) daily. High dose of
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OPs (H-OPs)-treated group: the mice were injected with CdCl, (5 mg/kg) intraperitoneally
after 1 h of oral administration with OPs (300 mg/kg) daily. It has been shown that
ethylenediaminetetraacetic acid (EDTA) can alleviate cadmium toxicity by enhancing
antioxidant enzyme activity and inhibiting inflammatory responses [88]. Therefore, it can
be used as a positive control. The doses of EDTA and OPs were determined based on
previous studies [89,90]. After 7 days, the mice were executed by cervical dislocation, and
the liver was stored at —80 °C for further analysis.

4.3. Preparation of OPs

OPs were prepared by enzymatic hydrolysis from the oyster (Crassostrea hongkongensis)
meat as described previously [81,90]. Hong Kong oyster meat (~3 kg) was homogenized in
distilled water (1:3 (w/w) at 8000 rpm for 5 min. Homogenized oysters were hydrolysed us-
ing neutral protease (2 x 10° U/g, Pangbo Biotech, Nanning, China) at a protease/substrate
ratio of 2.0% (w/v) (pH 7.0). The neutral protease was incubated for 4 h at 50 °C and then
inactivated at 100 °C for 15 min. The hydrolysate was centrifuged at 15,000 rpm for 20 min
at 4 °C to obtain the supernatant. The supernatant was collected and ultrafiltered using a
membrane bioreactor system with a molecular mass cut-off value of 3 kDa to collect the
fractions (<3 kDa). The samples were collected and freeze-dried for further analysis.

4.4. Peptide Sequence Analysis Based on LC-MS/MS

The peptide sequence analysis used an Easy-nL.C 1200 system coupled to a Q-Exactive
quadrupole-Orbitrap mass spectrometry (Thermo Fisher Scientific, San Jose, CA, USA).
One pL of the samples was injected with an autosampler into an Acclaim Pep Map RPLC
C18 column (150 pm i.d. x 150 mm, C18, particle size: 1.9 um, pore size: 100 A, Dr. Maisch
GmbH, Darmstadt, Hessen, Germany) with mobile phase A: 0.1% formic acid in water;
B: 0.1% formic acid in the water, 80% acetonitrile. The flow rate was 600 nL./min, and the
LC linear gradient ranged from 4% to 40% for 55 minutes and 10 minutes at 95% mobile
phase B. Finally, the molecular mass, sequence, peak area (with respect to base peak), and
relative peak area (peak area/total peak area) of the peptides were identified and calculated
as previously described [81,91]. The conditions of the mass spectrometer were as follows:
Resolution: 70,000, AGC target: 3e6, NCE/stepped NCE: 28. The samples were analyzed
with a full-scan MS mode in the range of 100-1500 1/ z to obtain the total ion chromatogram.
The raw MS files were analyzed and searched against the target protein database based on
the species of the samples using Byonic.

4.5. LC-MS/MS Analysis of Free Amino Acids

The amino acid composition and content of the OPs were measured, as previously
described, with little modification [92]. The OPs samples were accurately weighed to 50 mg
and mixed with 600 pL of a water-methanol solution (1:1, v/v) with 10% formic acid in a
2 mL tube. Then, 100 mg of glass beads were added to the mixed samples and vortexed for
30 s. The samples were transferred to a high-throughput tissue grinding machine (MB-96,
Meibi, Jiaxing, Zhejiang, China) and vibrated at 60 Hz for 2 min. The tube was centrifuged
at 12,000 rpm for 5 min at 4 °C. Ten uL of supernatant was transferred to a new tube
containing 490 uL of the water-methanol solution (1:1, v/v) with 10% formic acid and then
vortexed for 30 s. Then, 100 uL of the diluted samples were mixed with 100 uL of 100 ug/L
double isotope internal standard (Trp-d3, D87103, Medical Isotopes, USA) and vortexed
for 30 s. The mixed samples were filtered through a 0.22 um hydrophilic PTFE filter and
transferred into a labeled vial, and subsequently analyzed via LC-MS/MS.

Five uL of the samples were injected into an ACQUITY UPLC BEH C18 column
(2.1 x 100 mm, 1.7 um, Waters, Milford, MD, USA) with mobile phase A: 10% water -methanol
solution with 0.1% formic acid; B: 50% water-methanol solution with 0.1% formic acid.
The flow rate: 300 uL/min in 8.5 min, then kept 300400 pL/min for 4 min. The gradient
elution programs: 0~6.5 min, 10~30% B; 6.5~7 min, 30~100% B; 7~8 min, 100% B; 8~8.5 min,
100~10% B; 8.5~12.5 min, 10% B.
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Mass spectrometric analysis was performed using an AB SCIEX AB4000 Mass Spec-
trometer (AB SCIEX, Framingham, MD, USA) equipped with an electrospray ionization
(ESI) source using the following parameters: capillary voltage: 5500 V, temperature of the
turbo heaters: 500 °C, nebulizer gas (GS1): 50 psi, auxiliary gas (GS2): 50 psi, and curtain
gas (CUR): 30 psi, Collision Gas: 6 psi. All of the amino acids were detected in the multiple
reaction monitoring mode (MRM).

4.6. Analysis of Amino Acid Composition

According to the previous method with a slight modification [81]. Approximately
30 mg of the sample and 10 mL of 6 mol/L HCl were added to a hydrolysis tube contain-
ing phenol. After the tube was vacuumed, the mixture was washed with nitrogen and
hydrolyzed at 110 °C for 22 h. After cooling to room temperature, the filtrate is filtered and
spun dry under reduced pressure in a centrifuge tube. The 0.02 mol/L HCl solution was
added to a dried centrifuge tube and dissolved, and the solution was transferred to the
upper sample bottle and determined using an amino acid analyzer (L-8900, Hitachi, Tokyo,
Japan). Then, the contents of amino acids in the sample could be determined according
to the peak area in comparison with the standard. The content of tryptophan in OP was
determined after hydrolysis with 6 mol/L of NaOH instead of HCI.

4.7. Histopathology Examination

The liver samples were fixed in 4% paraformaldehyde for 24 hours and embedded
in paraffin. The embedded liver tissue was sectioned into 5 um sections and fixed on
slides, stained with hematoxylin and eosin (H&E) and observed under a BX 53 Olympus
microscope according to the method described [93].

4.8. Analysis of Liver Function

The blood samples were collected as previously described [94,95]. Blood samples
were gained by removing the eyeballs of mice. Blood was then centrifuged at 4000 rpm for
30 min at 4 °C. The samples were incubated in an electro-thermostatic water bath at 37 °C
for 30 min. The serum was collected and subjected to the examination of the activities of
alanine transaminase (ALT), aspartate aminotransferase (AST) activities, the activities of
lactate dehydrogenase (LDH), and alkaline phosphatase (ALP) with respective commercial
kits. The determination of AST, ALT, LDH, and ALP was performed by the instruction of
the kits (Nanjing Jianchen Bioengineering Institute, Nanjing, China).

4.9. Measurement of MDA, SOD, CAT and GSH-Px Activities

The changes in hepatic oxidative stress were monitored as previously described [65].
The liver homogenate was centrifuged to obtain the supernatant at 3500 rpm for 10 min
at 4 °C, and the superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase
(GSH-Px) activity, and malondialdehyde (MDA) levels were measured according to the
manufacturer’s instructions.

4.10. Measurement of IL-1B, IL-6 and TNF-« in Hepatic Tissue by ELISA Kits

The concentrations of IL-13 (MM-0905M1), IL-6 (MM-1011M1), and TNF-« (MM-
0679M1) were measured using an ELISA kit (MeiMian, Yancheng, Jiangsu, China) according
to the manufacturer’s instructions.

4.11. Immunohistochemistry Analysis

MIP-2 and COX-2 expressions in hepatic tissue were evaluated by immunohistochem-
istry staining as previously described [96]. The prepared hepatic sections were recovered,
and the endogenous peroxidase in tissues was inactivated with 0.1% hydrogen peroxide
containing methanol for 15 min. Then, the sections were incubated with a rabbit poly-
clonal MIP-2 and COX-2 antibody at 4 °C overnight. Subsequently, the sections were
washed with PBS and incubated with rabbit anti-mouse (1:1000) secondary antibody at
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room temperature for 30 min. The sections were rinsed with PBS 3 times and stained with
diaminobenzidine (DAB). Additionally, they were evaluated under an optical microscope
(Olympus Optical Co., Ltd., Tokyo, Japan).

4.12. Measurement of Bax, Caspase-3 and Bcl-2 in Hepatic Tissue

The levels of pro-apoptotic-related protein Bax (MM-1143H2) and anti-apoptotic-
related protein Bel-2 (MM-0306M2) were performed using an ELISA kit (MeiMian, Yancheng,
Jiangsu, China) according to the manufacturer’s instructions. Caspase-3 activity was mea-
sured using a kit (C1115) purchased from Beyotime Biotechnology (Shanghai, China).

4.13. Quantitative Reverse-Transcription PCR (qRT-PCR) Analyses

The total RNA from each sample was isolated using the Trizol reagent (Sango Shanghai,
China), and the first strand cDNA was synthesized using the StarScript II First-strand cDNA
Synthesis Mix With gDNA Remover (Genstar) according to the manufacturer’s instructions.
Quantitative reverse-transcription PCR (qQRT-PCR) was conducted to determine the mRNA
levels of the IL-1f3, IL-6, TNF-«, Bax, Caspase-3, and Bcl-2 (the primer sequences are shown
in Table 4), the GAPDH gene was used as an internal control [8,30,97]. Real-time PCR
reactions were performed on a CEX Real-time system (CFX96, Bio-Rad, Hercules, CA, USA).
All of the samples were analyzed in triplicate, and the 2~2Ct method was used to analyze
gene expression levels.

Table 4. Primer sequences for qRT-PCR analyses.

Gene Name Forward Primer (5'-3') Reverse Primer (5'-3’)
IL-1p3 GACTTCACCATGGAACCCGT GGAGACTGCCCATTCTCGAC
IL-6 GGCCCTTGCTTTCTCTTCG ATAATAAAGTTTTGATTATGT
TNF-« AGCCCTGGTATGAGCCCATGTA CCGGACTCCGTGATGTCTAAGT
Bax CTGAGCTGACCTTGGAGC GACTCCAGCCACAAGAGATG
Caspase-3 GAGCTTGGAACGGTACGCTA CCGTACCAGAGCGAGATGAC
Bcl-2 GACAGAAGATCATGCCGTCC GGTACCAATGGCACTTCAAG
GAPDH TCACCACCATGGAGAAGGC GCTAAGCAGTTGGTGGTGCA

4.14. Western Blotting Analyses

The hepatic tissues were lysed with RIPA lysis buffer (Servicebio technology, Wuhan,
China), supplemented with protease inhibitor (Servicebio), and homogenized with an
ultrasonic processor. According to the manufacturer’s instructions, the total protein of the
liver tissue was extracted with a commercial kit (Servicebio technology, Wuhan, China).
Then, the concentration of the protein was measured with a BCA kit (Beyotime technol-
ogy, Shanghai, China). Then, the proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane, followed by blocking with 5% skim milk (0.5% TBST) and sealed
for 1 h. Additionally, then, PDVF membranes were incubated with primary antibodies
against NF-«B (1:1000), p-ERK (1:1000), PI3K (1:1000), p-AKT (1:1000), Caspase-3 (1:1000),
Bcl-2 (1:1000), Bax (1:1000), and GAPDH (1:3000) were incubated overnight at 4 °C. They
were washed with TBST at room temperature on a decolorizing shaker three times. After
washing, PVDF membranes were incubated with secondary antibodies (1:3000) at room
temperature for 2 h. The antibodies were purchased from Proteintech Group, USA. Fi-
nally, they were developed and fixed with developing and fixing reagents, and the Alpha
software processing system analyzes the optical density values of the target band.

4.15. Statistical Analysis

The data are expressed as the mean =+ SE. Data analyses were carried out using J]MP
Pro 13. The data were analyzed using general descriptive statistics. One-way analysis of
variance (ANOVA) at 95%. p < 0.05 was considered statistically significant.
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Abstract: Seaweed polysaccharides in the diet may influence both inflammation and the gut micro-
biome. Here we describe two clinical studies with an Ulva sp. 84-derived sulfated polysaccharide—
”xylorhamnoglucuronan” (SXRG84)—on metabolic markers, inflammation, and gut flora composition.
The first study was a double-blind, randomized placebo-controlled trial with placebo, and either
2 g/day or 4 g/day of SXRG84 daily for six weeks in 64 overweight or obese participants (median
age 55 years, median body mass index (BMI) 29 kg/m?). The second study was a randomized
double-blind placebo-controlled crossover trial with 64 participants (median BMI 29 kg/ m?2, average
age 52) on placebo for six weeks and then 2 g/day of SXRG84 treatment for six weeks, or vice versa.
In Study 1, the 2 g/day dose exhibited a significant reduction in non-HDL (high-density lipoprotein)
cholesterol (—10% or —0.37 mmol/L, p = 0.02) and in the atherogenic index (—50%, p = 0.05), and
two-hour insulin (—12% or —4.83 mU/L) showed trends for reduction in overweight participants.
CRP (C-reactive protein) was significantly reduced (—27% or —0.78 mg/L, p = 0.03) with the 4
g/day dose in overweight participants. Significant gut flora shifts included increases in Bifidobacteria,
Akkermansia, Pseudobutyrivibrio, and Clostridium and a decrease in Bilophila. In Study 2, no significant
differences in lipid measures were observed, but inflammatory cytokines were improved. At twelve
weeks after the SXRG84 treatment, plasma cytokine concentrations were significantly lower than at
six weeks post placebo for IFN-y (3.4 vs. 7.3 pg/mL), IL-1p3 (16.2 vs. 23.2 pg/mL), TNF-« (9.3 vs. 12.6
pg/mL), and IL-10 (1.6 vs. 2.1 pg/mL) (p < 0.05). Gut microbiota abundance and composition did
not significantly differ between groups (p > 0.05). Together, the studies illustrate improvements in
plasma lipids and an anti-inflammatory effect of dietary SXRG84 that is participant specific.

Keywords: seaweed; metabolic syndrome; prediabetes; sulfated polysaccharide; anti-inflammation;
cholesterol; Ulva; microbiome

1. Introduction

Maintaining a healthy gut microbiome and a noninflammatory state is key to avoiding
metabolic syndrome. In the studies described here, we sought to understand how the gut
microbiome is affected by ingesting a type of ulvan from the green seaweed Ulva sp. 84,
and the effects it has on plasma lipids and inflammation markers. The ulvan is referred to
as SXRG84.

The gut microbiome is a complex system of microbes necessary for digestion and
homeostasis [1]. A dysregulated microbiome may lead to inflammation and gut perme-
ability. The chronic low-grade inflammation that accompanies metabolic disorder [2] may
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also give rise to comorbidities such as cardiovascular disease [3], depression [4], and neu-
ropathy [5]. Inflammatory biomarkers, such as interleukin-6 (IL-6) and high-sensitivity
C-reactive protein (hsCRP) independently predict future cardiovascular events with a
magnitude of effect comparable to that of low-density lipoprotein cholesterol (LDL-C).
Treatments for atherosclerosis may require both inflammation inhibition and additional
cholesterol reduction [6]. Gut florae respond directly and indirectly to dietary and intesti-
nal glycans, and the microbiome is important to digestive enzyme activity, synthesis of
vitamins, interaction with the immune system, interaction with pathogens, and control of
inflammatory activity across the gut-blood barrier [7]. Consequently, glycans and the gut
florae they support have a lifetime role on the status of the metabolic and immune system.

Seaweeds contain large amounts of resistant dietary glycan. These include the algi-
nates, laminarin and fucoidan (from brown seaweeds), carrageenan and agar (from red
seaweeds) and “ulvans”—a diverse group of high-rhamnose-content polysaccharides from
green seaweeds. This has recently been well reviewed by Shannon et al. [8]. Seaweed
glycans are highly diverse [9,10]. The specificity of bacterial enzymes to dietary glucans im-
plies that each seaweed mucopolysaccharide will have distinct effects on the composition of
the microbiome and its metabolic function [11]. Consequently, a response to dietary glycans
will also be specific, reflecting individual microbiome profiles, although commonalities
related to the microbiome and gut processes are predicted.

Whole Ulva sp. seaweeds have been shown to influence gut metabolic processes [12].
There is low toxicity in purified ulvans [13], with doses of up to 600 mg/kg of body weight
over six months shown to be well tolerated in rats. Ulva sp. and ulvans show effective
lipid-lowering qualities. More recent research has shown a consistency in these findings
and a diversity in similar metabolic disease related effects from diverse algae [14,15].

In previous studies, brown seaweeds and their components have been shown to
exert beneficial effects on allergy and inflammation [16]. The brown seaweed extract
fucoidan restored gut lysozyme levels in athletes [17], but fucoidan did not affect metabolic
markers in obese nondiabetic subjects [18]. Green seaweeds, including the Ulvacean
species similar to the one used in this study, contain a class of polysaccharides known as
“ulvans”. These heterodisperse sulfated polymers are quite diverse, but generally contain
rhamnose, xylose, galactose, and uronic acid. They exhibit lipid-lowering activity [13],
protective effects in irritable bowel syndrome (IBD) models [19], and antioxidant and
antihyperlipidemic effects [20-22]. A hyperlipidemic rat model showed reductions in
non-HDL-cholesterol and increases in HDL-cholesterol and a corresponding improvement
in the atherogenic index (log (triglycerides/HDL-cholesterol)) [21]. At 300 mg/kg body
weight, hypolipidemic effects were observed in a dose-dependent manner in high-fat-fed
mice—an effect comparable to the drug simvastatin [23]. These studies were conducted
primarily in animal models and human studies are warranted.

This research presents two consecutive clinical trials investigating the effects of a
specific type of ulvan, sulfated xylorhamnoglucuronan, or “SXRG-84", on the metabolic
disease markers, the microbiota, and inflammation.

The aim of Study 1 was to investigate the effects of “SXRG84” on plasma lipid levels,
glucose, and insulin levels in overweight and obese individuals and assess the impact on
the gut microbiota. The primary outcome measures were changes in plasma lipid levels.
Secondary outcomes were carbohydrate metabolism, gut microbiota, inflammation, and
oxidative stress. It was hypothesized that SXRG84 would have a favorable effect on plasma
lipid levels, measures of carbohydrate metabolism, inflammation, and oxidative stress and
would result in shifts in the gut microbiota when compared to the placebo group.

The second study (Study 2) was powered on the change in non-HDL-C observed in
Study 1, using a randomized placebo-controlled crossover design. The primary objective
was to confirm the Study 1 findings that SXRG84 would reduce non-HDL cholesterol in
overweight participants. Secondary objectives were to examine the effects of the SXRG84
on further metabolic, inflammatory, and gut microbiota measures.
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In this paper, we describe two studies that recruited participants who had a high
BMI, and therefore, who had the potential for being metabolically challenged. The BMIs
extended from 24 to 40, implying a range of metabolic flexibility. Metabolic flexibility is
basically defined as being able to switch between utilizing glucose and lipids as a source
of energy during fasting and fed states, as well as during exercise and resting, in order to
maintain energy homeostasis [24]. A recent systematic review has shown that metabolic
flexibility to glucose and insulin stimulation is inversely associated with the total amount
of adipose tissue, waist circumference, and visceral adipose tissue [25]. This suggests
that as the weight of a person increases, the metabolic flexibility decreases. Therefore, an
additional aim of the first study is to compare metabolic markers across people that were
overweight versus those that were obese on the various metabolic outcome measures as
the potential to respond to treatments would be affected by metabolic flexibility.

2. Results
2.1. Participants Study 1

Sixty-five participants in Study 1 were randomly assigned to the three blinded treat-
ment groups. This assignment resulted in 21 participants being assigned to the placebo
group, 21 participants to the 2 g dose of extract group, and 23 participants to the 4 g dose of
extract group. One participant who was assigned to the 4 g dose of extract group withdrew
consent due to reasons unrelated to the study (Figure S1 during the trial and so 64 partici-
pants completed the trial. Study participants had a median age of 55 years and a median
BMI of 29 kg/ m?. There were more female (11 = 40) than male (11 = 24) participants recruited,
but the distribution of gender was not significantly different between the treatment groups
(p = 0.26) so the population was analyzed as one. There were no significant differences at
baseline between the three treatment gro ups for any of the outcome measures (Table 1).

Table 1. Baseline demographics across treatment groups in Study 1.

Placebo 2 g SXRG84/day 4 g SXRG84/day

n=21 n=21 n=22 p-Value
Gender, F, 1 (%) 16 (76) 11 (52) 13 (59) 0.259
Age (years) 55.0 (47.0, 60.5) 54.0 (51.0, 57.5) 54.0 (46.8, 63.3) 0.788
BMI (kg/mz) 29.0 (26.0, 36.0) 29.0 (27.5, 31.0) 30.0 (26.8, 33.3) 0.625
Plasma Lipids
Total Cholesterol (mmol /L) 5.21 (4.75, 5.96) 5.05 (4.48, 5.60) 5.46 (5.06, 6.07) 0.254
Triglyceride (mmol /L) ! 1.07 (0.75, 1.56) 1.08 (0.76, 1.56) 1.10 (0.76, 1.82) 0.685
HDL (mmol/L) ! 1.52 (1.34, 2.13) 1.34 (1.20, 1.84) 1.43 (1.14,1.93) 0.397
Cholesterol/HDL (mmol/L) ! 3.10 (2.55, 3.95) 3.60 (2.60, 4.10) 3.70 (2.85, 4.83) 0.265
LDL (mmol/L) 3.10 (2.35, 3.90) 3.00 (2.40, 3.45) 3.35(2.78, 3.88) 0.412
Non-HDL (mmol/L) 3.45 (2.76,4.35) 3.55 (3.01, 3.96) 3.84 (3.01, 4.46) 0.335
Atherogenic Index of Plasma
(1 og TG/HDL) —0.16 (—0.34, 0.02) —0.14 (—0.36, 0.12) —0.12 (—0.32, 0.15) 0.539
Inflammation
CRP (mg/L) * 2(1,4) 2(1,3) 3(2,4) 0.273
Carbohydrate Metabolism
Fasting Glucose * (mmol /L) 5.00 (4.80, 5.15) 5.10 (4.75, 5.40) 5.15 (4.80, 5.73) 0.417
HOMA IR ! 2.10 (1.20, 3.09) 1.93 (1.25, 3.14) 2.11 (1.63, 4.39) 0.401
Glucose After 75 g Glucose
load and 2 h 1 (mmol/L) 4.60 (3.55, 5.70) 5.50 (4.35, 6.50) 4.75 (4.15, 6.30) 0.110
C-Peptide ! (nmol /L) 0.87 (0.53, 1.16) 0.75 (0.59, 0.98) 0.81 (0.66, 1.31) 0.492
Fasting Insulin 1 (muU/L) 9.30 (5.30, 14.75) 8.40 (5.60, 13.75) 9.20 (7.20, 17.78) 0.448
Insulin After 75 g Glucose load 59 4 (14 7 68.50) 29.40 (20.60, 63.60) 36.30 (30.80, 129.20) 0275

and 2 h 18 (mU/L)

Data presented as median, 25th, and 75th percentile. SXRG84—sulfated xylorhamnogalactouronan, BMI—
body mass index, HDL—high-density lipoprotein, LDL—low-density lipoprotein, TG—triglyceride, CRP—C-
reactive protein, HOMA IR—Homeostatic model assessment for insulin resistance. 1 Log-transformed variable,
* Nonparametric Kruskal-Wallis test; § 1 = 19 for 2-h insulin due to missing data (Placebo = 6,2 g =6and 4 g = 7).
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There were no significant changes post intervention between the three treatment
groups. However, given the differences in metabolic flexibility between overweight and
obese participants, a secondary data analysis was conducted comparing overweight and
obese participants. The baseline characteristics of overweight and obese participants only
are shown in Table 2. As expected, there were significant differences between overweight
and obese participants; notably an 18% increase in BMI, a 67% increase in CRP, a 47%
increase in HOMA, a 36% increase in C-peptide, a 49% increase in fasting insulin, and a
trend towards a 47% increase (p = 0.07) in insulin following a two-hour OGTT in the obese
participants compared to the overweight participants.

Table 2. Comparison of overweight and obese participants at baseline in Study 1.

O O
Sex F, 1 (%) 18 (60%) 19 (63%) 0.791
55 (49, 59) 55 (50, 63) 0.819
BMI ! (kg/m?) 28 (26, 29) 33 (31, 38) 0.0001
Total Cholesterol (mmol/L) 55 (4.9,6.2) 5.1(4.5,5.7) 0.061
Triglyceride 1 (mmol/L) 1.1(0.7,1.5) 1.2(1.0,1.7) 0.343
HDL ! (mmol/L) 1.5(1.3,2.0) 14(1.2,1.7) 0.130
Chol/HDL ! (mmol/L) 3.7 (2.6,4.5) 3.6(3.0,4.2) 0.874
LDL (mmol/L) 3.3(27,4.1) 2.8(2.3,3.5) 0.115
Non-HDL (mmol/L) 39(3.2,4.7) 3.6 (3.0, 4.0) 0.210
Atherogenic Index of Plasma (Log TG/HDL) —0.14 (—0.40, 0.11) —0.04 (—0.26, 0.12) 0.207
CRP (mg/L)* 1(1,2) 3(2,4) 0.0001
U-Creatinine ! (mmol/L) 6.3 (4.4,8.1) 7.9(6.0,12.2) 0.041
U-Creatinine Excretion (mmol/d) 11.5(8.9, 14.8) 12.2(9.7,18.1) 0.154
Urine Sodium Excretion (mmol/day) 104 (77, 142) 115 (87,133) 0.586
Urine Potassium Excretion (mmol/day) 73 (60, 83) 75 (57, 88) 0.641
Na/K 2 1.5(1.1,1.9) 1.5(1.3,2.0) 0.749
Fasting Glucose * (mmol /L) 5.0 (4.7,5.2) 5.3(5.0,5.8) 0.099
HOMA ! 1.7(1.1,2.1) 3.2(2.0,5.1) 0.0001
Glucose After 75 g Glucose load and 2 h ! 4.7 (4.0,5.6) 5.4 (4.2,6.5) 0.098
C-Peptide ! (nmol/L) 0.7 (0.5, 0.8) 1.1(0.9,1.4) 0.0001
Fasting Insulin ' (mU/L) 7.5(5.1,9.6) 14.8 (9.1,18.1) 0.0001
Insulin After 75 g Glucose load and 2 h 1 (mU/L)$ 29.9 (24.7, 42.0) 56.5 (30.8, 129.2) 0.073

Median (25th and 75th percentile). ! t-test on log10-transformed data. ? t-test on square root-transformed data.
* nonparametric Wilcoxon signed-rank test used for nonparametric data. S n = 10 overweight and 7 obese for 2-h
insulin levels due to missing data.

However, the baseline parameters between the three treatment groups (placebo, 2 g,
and 4 g) did not differ in either the overweight participants or the obese participants
(Table 3).

2.1.1. Plasma Lipids Study 1

Given the difference in metabolic flexibility between participants who are overweight
and obese, a secondary analysis was conducted for the change scores calculated per treat-
ment group for both overweight and obese groups. The overweight participants had a
mean baseline total cholesterol of 5.5 mmol/L (all groups) and there was a significant
decrease in non-HDL cholesterol (—10%) in the 2 g dose group (p = 0.02) and a trend toward
a reduction in the atherogenic index (—50%) in the 2 g dose group (p = 0.05) (Figure 1)
determined by ANOVA. There were no significant effects in the obese group who started
the trial with a slightly lower baseline mean total cholesterol of 5.1 mmol/L (all groups).
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Table 3. Baseline for overweight and obese participants per treatment group in Study 1.

Placebo

2 g SXRG84/day

4 g SXRG84/day

Overweight n=11 =10 =9 p-Value
Basehne(i‘;;‘ﬂl%‘;’le“eml 5.56 (4.76, 6.33) 5.15 (4.79, 5.90) 5.59 (5.28, 6.35) 0.485
Basel‘“e(rflgilc/g’le“eml 3.10 (2.40, 4.20) 3.00 (2.50, 3.65) 3.50 (3.30, 4.10) 0.347

Baseline Ng;‘;i?}th"leSter"l 3.41 (2.75, 4.89) 3.89 (3.19, 4.20) 4.08 (3.65, 4.82) 0.463
Baseline Triglycerides (mmol/L) 1 1.02 (0.62, 1.09) 1.32(0.79, 2.10) 1.37 (0.66, 1.65) 0.288
Bas;lll;in zzt?fézg;gl/c:ﬁ‘)dsx of 2029 (<052, -0.10) ~0.06 (037, 0.25) 0.08 (-0.50,0.16) 0.269
Baseline ((:r-nli:/aﬁ’;lre Protein 1(1,2) 131,2) 2(1,5) 0117
Baseline Fasting Glucose
oL/ )~ 5.00 (4.60, 5.10) 5.00 (4.68, 5.30) 4.90 (4.75, 5.15) 0.902
Gluf;:?f;’;gla‘ﬁze;’giﬁfl‘7’L) L 4.10 (3.50, 5.00) 5.50 (4.13, 6.65) 4.70 (4.20, 5.25) 0.062
Baseh“eérg#r(‘ Iﬁé‘ /lijsgponse 0 2830(15.20, 30.40) 27.90 (11.50, 64.10) 36.10 (30.95, 53.48) 0531
Baseline HOMA IR ! 1.30 (0.86, 2.10) 1.83 (1.21,2.42) 1.71 (1.23,2.11) 0.504
Obese Placebo 2 g SXRG84/day 4 g SXRG84/day p-Value
n=9 n=9 n=12
Bas(erllll?soTlc;tLa)l gahs‘;ll‘fzt:ml 4.92 (4.36,5.82) 476 (4.01,5.73) 5.31 (4.75,5.92) 0.487
Basellne(r}lgil?ﬁg’le“e“’l 2.80 (2.30, 3.50) 2.60 (2.30, 3.45) 3.00 (2.40, 3.75) 0.646
Baseline N(Or;‘;i?}mc}“’le“eml 3.56 (2.85, 4.10) 3.46 (2.82,3.93) 3.74(3.23,4.23) 0.442
Baseline Triglycerides (mmol/L) 1 1.39 (1.00, 1.71) 1.08 (0.69, 1.56) 1.10 (0.98, 1.95) 0.667
Baslejlllarﬁn /Zt(hfor;g;gf:[‘]fsx of 0,01 (—0.23, 0.10) 0.00 (~0.32,0.11) ~0.15(~0.26,0.22) 0.871
Baseline i—nRge/aﬁ’;lre Protein 4(2,10) 2(2,6) 3(2,4) 0.628
Baseline Fasting Glucose
oL/ L) baoeling « 5.00 (4.80, 5.95) 5.30 (5.00, 5.60) 5.65 (5.15, 6.28) 0.237
Baseline Glucose After 75 g
Glucose Load and 2 h (mmol /L) 5.40 (4.20, 6.50) 550 (4.35, 6.80) 530 (3.83, 7.05) 0.772
baseline !
Baseh“eégs;%”(‘ Ifﬂ? /li‘;sfonse 0 80.45 (56,50, 104.40) 27.20 (23.60, 30.80) 129.2 (30.8, 220.5) 0.379
Baseline HOMA IR ! 3.11 (2,52, 4.49) 273 (1.34,3.93) 3.89 (2.16,7.87) 0.266

Data presented as median, 25th and 75th percentile. SXRG—sulfated xylorhamnoglucuronan, HDL—high-density
lipoprotein, LDL—low-density lipoprotein, TG—triglyceride, CRP—C-reactive protein, OGTT—oral glucose
tolerance test. ! Log-transformed variable. * Nonparametric Kruskal-Wallis test. Sn=9for overweight 2-h insulin
due to missing data (Placebo =3,2 g =3,and 4 g = 3). ¥ 1 =7 for obese 2-h insulin due to missing data (Placebo = 2,
2g=2,and 4g=3).
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Figure 1. The mean change in non-HDL cholesterol and the atherogenic index of plasma after six
weeks of treatment for each of the placebo and active treatments in the overweight participants.
n =30 (Placebo = 11,2 g = 10, and 4 g = 9). Standard error bars shown. * Significant at p < 0.05.

2.1.2. Inflammatory Markers Study 1

There was a significant reduction in CRP (—27%) in the 4 g dose in the overweight
participants (p = 0.03) and a trend towards a reduction in CRP (—27%) in the 2 g dose in the
obese participants (p = 0.06), as determined by a Kruskal-Wallis test (Figure 2). The obese
group started at a considerably higher inflammation status than the overweight group.

Change in C-reactive Protein in

Obese Participants (mg/L)
25

1.5

%

0.5

-0.5

-1.5
-2

*

Change in C-reactive protein (mg/L)
o

2g/day 4 g/day Placebo 2 g/day 4 g/day

Figure 2. The mean change in CRP after 6 weeks of each of the three treatments for overweight n = 30
(Placebo = 11,2 g =10, and 4 g = 9) and obese participants n = 30 (Placebo =9,2 g =9, and 4 g = 12),
separately. Standard error bars shown. * Significant at p < 0.05.

2.1.3. Carbohydrate Metabolism Study 1

There were no consistent changes in fasting glucose, fasting insulin, C-peptide, HOMA,
or two-hour glucose response to the OGTT across the three treatment groups for either the
overweight (p = 0.17, 0.34, 0.49, 0.15, and 0.86, respectively) or the obese groups (p = 0.86,
0.14, 0.14, 0.22, and 0.28, respectively) (ANOVA for fasting glucose and two-hour glucose;
Kruskal-Wallis for remaining variables). However, there was a trend towards a reduction
to the two-hour insulin response to the OGTT (—12%) in the 4 g dose for the overweight
participants only (p = 0.05), as determined by a Kruskal-Wallis test (Figure 3).
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Figure 3. The difference in the 2-h insulin response to the OGTT for overweight participants. N =9
for overweight 2-h insulin due to missing data (Placebo = 3,2 g = 3, and 4 g = 3). Standard error
bars shown.

2.1.4. Microbiome Results Study 1

There were significant differences (p < 0.05) between the pooled active treatments
groups (2 g SXRG84/day and 4 g SXRG84/day combined) compared to the placebo group
for both overweight and obese participants as separate groups in terms of the most-changed
composition and abundance of genera of bacteria from before and after the six-week
intervention. This pattern was consistent for both the overweight and the obese participant
groups (Figure S3). Below, Figure 4 depicts the change in composition and abundance of
genera over a six-week period between the overweight and obese participants on placebo
(enclosed circles), which was much smaller compared to those on the active treatment
(open circles).

Permutational multivariate analysis is a powerful tool to demonstrate the overall eco-
logical shifts of significance in the treatment and control communities of the microbiome,
or the effective changes to the betadiversity. However, translating ecosystem shifts in
local diversity compared to the global diversity, or betadiversity, to select species is only
complicated by cascading interaction and external effects. Nevertheless, it is of interest
to determine which species contributed to the significant change in betadiversity, as ex-
periments can be designed to test cause-and-effect studies over time. Therefore, SIMPER
analysis revealed 15 genera that contributed to at least 90% of the differences between
placebo and pooled active group changes (Table 4). These 15 genera were examined in-
dividually to assess whether there were consistent changes in the two treatment groups
compared to the placebo group. Five genera were identified that appeared to demonstrate a
treatment effect. The individual genera that increased most in contrast to the placebo group
were Akkermansia, Clostridium, Pseudobutyrivibrio, and Bifidobacteria (mostly B. longum) sp.
Although not identified in the SIMPER analysis, only one genus seemed to decrease, and
this was Bilophila sp. (Figure 5)—although the frequency of this change was not large
enough to be considered one that contributed to 90% of the variation across treatments.
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Figure 4. Principle component analysis of the change of composition of genera that was present

in each treatment group, including Obese (light) and Overweight (dark) people on active treat-
ments (open shapes) and placebo treatments (closed shapes). Obese Active = Obese participants on
active (2 g/SXRG84 or 4 g/SXRG84), Overweight Placebo = Overweight participants on placebo,
Overweight Active = Overweight participants on active (2 g/SXRG84 or 4 g/SXRG84), Obese

Placebo = Obese participants on placebo.

Table 4. Genera as identified in SIMPER analysis that contributed to the differences between treatment
groups. * Indicates potential for treatment effect.

Genera Contribution% Cum.%
Odoribacter 9.32 9.32 Increased across all groups slightly—no treatment effect
* Akkermansia (muciniphila) 9.08 18.39 Variable effect in some people.
Lachnospira 9.06 27.46 Significant decrease in placebo—no treatment effect
* Clostridium 7.95 35.40 Slight decrease in placebo—limited treatment effect
Parabacteroides 7.84 43.24 Variable trends—no evident treatment effect
Faecalibacterium 7.35 50.60 Random nonsignificant effects
* Pseudobutyrivibrio 673 5730 Significant increasesiir? éaa‘r:lecli) g.g treatments but not
Catenibacterium 5.17 62.49 Random increase and decrease across groups
* Bifidobacterium (longum) 505 67,54 Apparent shifts in all4g;ot;1;st:11;; It:_uCh higher in 2 g and
Desulfovibrio 5.05 72.59 Random increase and decrease across groups
Bacteroides 4.76 77.35 Decreased in all groups
Victivallis 4.28 81.64 Random increase and decrease across groups
Hespellia 411 85.75 Random increase and decrease across groups
Acidaminococcus 3.59 89.34
Alloprevotella 2.29 91.63
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Figure 5. Univariate genera that were identified as those that contributed most to the difference
between the active and placebo treatments consistently. Standard error bars are shown.

2.1.5. Dietary Data, Bowel Movements, Urinary F»-Isoprostanes—Blood Count Results
Study 1

Dietary intake and urinary Fp-isoprostanes were included as a tertiary outcome in the
study. Dietary intake between the three treatment groups was not significantly different at
baseline for total energy (k]J), all macronutrients, sugar (g), and dietary fiber (g) and all three
groups had no difference in total diet score. In the 4 g treatment group, there was a trend
towards a 10% reduction in saturated fat (p = 0.06), as determined by ANOVA, and a trend
towards a 33% reduction in added sugar as a percent of total energy after the six-week
treatment, as determined by ANOVA (p = 0.08, Table S1, Supplementary Material).

There was no significant difference between treatment groups in regard to a change
in frequency in bowel movements throughout the trial (results not shown). Safety mea-
sures such as full blood-count data (Table S4 and urinary F,-isoprostanes remained sta-
ble throughout the trial, with no significant changes detected between groups (p > 0.05)
(Table S2).
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2.2. Study 2
2.2.1. Participants Study 2

Study two was a double-blind, crossover design with 70 participants randomized to
either treatment regime. Each group included both active (2 g SXRG84) and placebo treat-
ments in different orders. Six participants discontinued the intervention for the following
reasons: one withdrew consent and provided no reason, one was unable to attend the final
appointment due to work commitments, one was unable to attend the final appointment
due to medical reasons, one did not want to continue the intervention, one fell pregnant,
and one experienced a flare up of gut symptoms but was on the placebo treatment at the
time. Therefore, 30 participants (15 female, 15 male) completed the placebo then treatment
regime (AB) and 34 (18 female, 16 male) completed the treatment then placebo regime (BA)
(Figure S2).

At baseline there were no significant differences between the two groups (placebo
then treatment (AB) or treatment then placebo (BA)). There was no significant difference in
gender distribution between the two groups with 50-53% female (p = 0.8142) in each group
(Table 5). Overall, at baseline participants had a median BMI of 29 kg/m? and an average
age of 52. The proportion of participants meeting the estimated average requirement (EAR)
for nutrients remained constant across the three timepoints. The nutrients that were at risk
(i.e., less than 50% of the study group met the EAR) were calcium, magnesium, and zinc for
males and calcium for females (Table S3).

Table 5. Baseline, post (6 or 12 weeks) and change data after placebo or SXRG treatment (Study 2) for
blood pressure and weight.

AA {&B BB FA
. Baseline to 12 . Baseline to 12
Baseline to 6 Baseline to 6 .
Weeks (Placebo . Weeks (Active p-Value *
Weeks (Placebo) . Weeks (Active)
then Active) then Placebo)
n =30 n=34
n=30 n=>34
Gender, F (%) 15 (50%) 15 (50%) 18 (53%) 18 (53%) 0.814
Age 51.7 £ 15 51.7 + 15 522+ 11 522+ 11 0.887
BMI (kg/m?)

Baseline § 28 (26, 31) 28. (26,31) 29 (27, 31) 29 (27, 31) 0.101
Post 29 (26, 31) 29 (26, 31) 29 (28,31) 29 (27,31) 0.363

Change 0(,1) 0(0,0) 0(0,0) 0(—1,0)

Waist Circumference (cm)

Baseline 95 (85, 104) 95 (85, 104) 96 (92, 105) 96 (92, 105) 0.257
Post 97 (85, 106) 99 (87, 107) 100 (93, 106) 99 (92, 107) 0.660

Change 1(-1,4) 2(—1,5) 3(-1,5) 1(-3,4)

Systolic BP (mmHg)
Baseline § 132 (117, 142) 132 (117, 142) 130 (122, 139) 130 (122, 139) 0.850
Post 127 (114, 141) 122 (114, 139) 129 (119, 135) 125 (114, 136) 0.809
Change —5.0(—10.8,1.8) —6.0 (—13.5,1.0) —4.0 (—14.5,4.8) —6.0 (—16.3,0.5)
Diastolic BP (mmHg)
Baseline 82 (71, 89) 82 (71, 89) 83 (75, 94) 83 (75, 94) 0.524
Post 79 (72, 87) 76 (70, 85) 80 (73, 87) 79 (67, 87) 0.653
Change —1.5(-8.0,2.8) —4.0 (—8.0,3.0) —4.0 (—8.0,4.0) —3.0(—10.8,1.0)

Data are presented as number and % for gender, mean = standard deviation or median (25th and 75th percentile).
AA = Placebo for 6 weeks; AB = Placebo for 6 weeks then SXRG treatment for 6 weeks; BB = SXRG treatment
for 6 weeks; BA = SXRG treatment for 6 weeks then placebo for 6 weeks. Change determined by median post
value (6 or 12 weeks) minus median baseline value. * p-value at baseline determined by T-test on normal or
log-transformed (8) data between the two baseline regime groups. p-value for post measure determined by
ANCOVA using absolute data from 6 weeks (for placebo and active group) and 12 weeks (for placebo then active
group and active then placebo group) using baseline data as a covariate.
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2.2.2. Biochemical Analysis Study 2

There were no significant differences detected between the four groups for any of the
lipid measures, blood pressure and glucose, both fasting glucose, and two-hour response
to the OGTT (Table 6).

Table 6. Lipid and glucose baseline, post (6 or 12 weeks) and change data after placebo or SXRG84
treatment (Study 2). Data are presented as median (25th and 75th percentile). AA = Placebo for 6
weeks; AB = Placebo for 6 weeks then SXRG treatment for 6 weeks; BB = SXRG treatment for 6 weeks;

BA = SXRG treatment for 6 weeks then placebo for 6 weeks.

AA
Baseline to 6

AB
Baseline to 12

BB
Baseline to 6

BA
Baseline to 12

weeks (Placebo) weeks (Pla.cebo weeks (Active) weeks (Active p-Value *
= 30 then Active) n=34 then Placebo)
n=230 n=234
Total Cholesterol
(mmol/L)
Baseline 5.2 (4.5,5.9) 5.2 (4.5,5.9) 52 (4.5,6.1) 52 (45,6.1) 0.697
Post 46(3.9,5.4) 48(4.2,5.7) 53 (4.2,5.9) 5.0 (4.4,5.9) 0.120
Change —~03(-1.0,0.1) ~0.1(-0.7,0.6) —0.1(—0.6,0.4) —0.3(-1.0,0.2)
HDL Cholesterol
(mmol/L)
Baseline § 1.3 (1.0, 1.6) 1.3 (1.0, 1.6) 1.3(0.9,1.8) 1.3(0.9,1.8) 0.810
Post 1.1(1.0,1.7) 12(1.0,1.7) 1.3 (0.9, 1.9) 1.2(0.9, 1.6) 0.493
Change —0.0(-0.2,0.1) —0.1(-0.3,0.2) —0.0(-0.2,0.1) —0.2(=0.3,0.1)
Triglycerides (mmol/L)
Baseline § 1.0(0.7, 1.2) 1.0(0.7, 1.2) 1.2(0.8,1.8) 1.2(0.8,1.8) 0.112
Post 0.8 (0.7, 1.3) 1.1(0.7,1.3) 1.0 (0.8, 1.4) 1.0 (0.8, 1.8) 0.663
Change ~0.1(-0.3,0.2) 0.0 (—0.2,0.3) —0.1(-04,0.2) —0.1(-04,0.1)
Non-HDL Cholesterol
(mmol/L)
Baseline 3.7 (3.0,4.5) 3.7 (3.0,4.5) 40 (3.1,4.4) 40 (3.1,4.4) 0.651
Post 3.4 (2.6,3.9) 3.6 (2.7,4.3) 3.8 (3.0,4.6) 3.7 (3.3,4.3) 0.086
Change ~0.3(-0.9,0.1) —0.1(-0.7, 0.6) 0.0 (—0.4,0.3) —0.2(—0.7,0.4)
LDL Cholesterol
(mmol/L)
Baseline 3.3 (2.6,3.9) 3.3 (2.6,3.9) 3.3 (2.6,3.9) 3.3 (2.6,3.9) 0.906
Post 29 (2.2,3.4) 32(2.2,3.9) 34(24,3.7) 3.2(2.6,3.7) 0.103
Change —0.3(—0.8,0.1) —0.2(—0.7,0.5) —0.1(—0.5,0.3) —0.1(—0.6,0.3)
Fasting Glucose (mmol/L)
Baseline ¥ 45(4.1,5.3) 45(4.1,5.3) 49 (4.6,5.3) 49 (4.6,5.3) 0.071
Post 45(4.1,5.0) 48(4.1,5.7) 5.0 (4.2,5.5) 4.8 (4.3,5.5) 0.369
Change —0.1(—0.4,0.4) 0.2 (—0.4,1.0) —0.0 (~0.5,0.4) ~0.1(~0.8,0.3)
2-h Glucose Response to
OGTT (mmol/L)
Baseline ¥ 49(4.1,57) 49(4.1,57) 48(4.0,6.1) 48(4.0,6.1) 0.844
Post 45(4.2,5.7) 5.1 (4.3,5.8) 45 (3.8,5.9) 52 (4.0,6.8) 0.629
Change 0.0 (—0.8, 0.5) 0.0 (—0.5, 0.6) ~0.1(~1.0,1.0) 0.1(-11,1.2)

Change determined by median post value (6 or 12 weeks) minus median baseline value. * p-value at baseline
determined by T-test on normal, log-transformed (), or Wilcoxon signed rank test (¥) between the two baseline
regime groups. p-value for post measure determined by ANCOVA using absolute data from 6 weeks (for placebo
and active group) and 12 weeks (for placebo then active group and active then placebo group) using baseline data
as a covariate.

2.2.3. Inflammatory Markers Study 2

Significant differences were detected between the four groups for post intervention in-
flammatory markers using the corresponding baseline value as a covariate (Tables 7 and 8).
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Table 7. Inflammatory markers baseline, post 6 or 12 weeks, and change data after placebo or SXRG

(Study 2).
AB BA
A.‘A Baseline to 12 ].3B Baseline to 12
Baseline to 6 Weeks (Placeb Baseline to 6 Weeks (Acti p-Value
Weeks (Placebo) gexes laceno Weeks (Active) eeks iAacive *
=30 then Active) n=34 then Placebo)
n=30 n=234
C-Reactive Protein (mg/L)
Baseline ¥ 0(0,4.5) 0(0,4.5) 0(0,0.6) 0(0,0.6) 0.409
Post 0(0, 6.9) 0.1(0,5.1) 0(0,4.5) 0(0,0.2) 0.240
Change 0(0,1.4) 0(—0.5, 0.6) 0(0,3.5) 0 (0, 0)
IFN-gamma (pg/mL)
Baseline 3.2(1.8,5.4) 3.2(1.8,5.4) 34(18,48) 34 (18,48) 0.877
Post 3.0(22,58)? 2.7(1.9,4.0)° 3.6 (2.0,4.2) b 23(1.3,31)° 0.014
Change 0.4 (—0.6, 1.6) —0.4(—22,0.6) 0.2 (—1.3,0.8) ~1.0 (—2.0,0.0)
IL-1 beta (pg/mL)
Baseline ¥ 17.5 (9.4,27.7) 17.5 (9.4,27.7) 14.7 (9.9,23.3) 14.7 (9.9,23.3) 0.547
Post 17.6 (13.0,25.1) 2 152(9.9,21.7)° 164 (133,21.3)  10.6(8.0,183)" 0.005
Change —0.3(—3.9,89) —1.1(-9.0,4.6) 14 (-5.9,5.9) —3.7(—11.0,0.8)
IL-6 (pg/mL)
Baseline ¥ 11.8 (8.3,20.8) 11.8 (8.3,20.8) 12.9 (7.9,22.3) 12.9(7.9,22.3) 0.896
Post 14.8 (10.5, 19.5) 12.0 (9.4, 16.5) 13.8(9.3,17.1) 10.3 (7.0, 16.1) 0.226
Change 1.3 £81 —20+78 —-15+87 —23+8.0
TNF-alpha (pg/mL)
Baseline § 7.7 (4.0,12.1) 7.7 (4.0,12.1) 5.4 (2.9,10.0) 5.4 (2.9, 10.0) 0.528
Post 8.1(6.3,16.9)2 8.0 (3.6,13.1) P 8.7 (6.1,11.6) &P 45(28,10.1)° 0.005
Change 1.7 (~1.4,7.6) 0.3 (—2.0,3.3) 1.3 (~2.3,5.0) —1.2(—62,24)
IL-10 (pg/mL)
Baseline ¥ 1.3(0.8,2.4) 1.3(0.8,2.4) 1.1(0.7,2.1) 1.1(0.7,2.1) 0.780
Post 1.5(1.2,2.5) 2 1.3 (0.8,2.2) be 1.6 (1.2,2.0) @b 1.0(0.7,1.9) € 0.009
Change 0.3 (—0.3,1.1) 0.0 (—0.3,0.5) 0.1(—0.4,0.8) ~0.2(—0.9,0.3)
IL-8 (pg/mL)
Baseline § 5.2 (3.5,10.1) 5.2 (3.5,10.1) 4.7 (2.7,85) 4.7 (2.7,85) 0.607
Post 5.7 (3.9, 8.8) 3.9(3.0,6.9) 5.2 (4.0,7.0) 39(1.7,9.2) 0.254
Change 0.2 (—1.3,3.0) ~1.1(-238,02) —0.2(—2.6,2.6) —0.5(—2.1,0.9)

Data are presented as median (25th and 75th percentile). AA = Placebo for 6 weeks; AB = Placebo for 6 weeks then
SXRG treatment for 6 weeks; BB = SXRG treatment for 6 weeks; BA = SXRG treatment for 6 weeks then placebo
for 6 weeks. Change determined by median post value (6 or 12 weeks) minus median baseline value. * p-value
at baseline determined by T-test on normal, log-transformed (§), square root-transformed data (¥), or Wilcoxon
signed rank test (¥) between the two baseline regime groups. p-value for post measure determined by ANCOVA
using absolute data from 6 weeks (for placebo and active group) and 12 weeks (for placebo then active group and
active then placebo group) using baseline data as a covariate. Values with different superscript letters denotes
statistical significance (p < 0.05).

There were multiple significant changes in specific inflammatory markers, but not in
CRP, bearing in mind that CRP was lower at baseline in Study 2.
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Table 8. Significant correlations with baseline measures and gut microbiota genera in Study 2.

Spearman’s Correlation

Baseline Variable Genus Coefficient p-Value
Weight (kg) Flavonifractor —0.282 0.039
Intestinibacter —0.413 0.002
Megasphaera 0.587 0.001
Thalassospira —0.538 0.001
BMI (kg/ mz) Anaerotruncus —0.295 0.027
Blautia —0.289 0.028
Intestinibacter —0.325 0.016
Megasphaera —0.519 0.004
Ordoribacter 0.290 0.048
Romboutsia 0.288 0.047
Waist Circumference (cm) Anaerotruncus —0.360 0.007
Bifidobacterium —0.315 0.048
Flavobacterium —0.333 0.044
Flavonifractor —0.363 0.007
Intestinibacter —0.479 0.000
Megasphaera 0.476 0.009
Thalassospira —0.464 0.005
CRP Erysipelatoclostridium 0.297 0.031
Parasutterella 0.398 0.010
Subdoligranulum 0.317 0.017
Total Cholesterol Megasphaera —0.375 0.045
Mogibacterium —0.313 0.032
Parabacteroides —0.303 0.025
HDL Cholesterol Anaerotruncus 0.318 0.017
Intestinibacter 0.308 0.024
Megasphaera —0.482 0.008
Thalassospira 0.519 0.001
Triglycerides Anaerotruncus —0.328 0.014
Barnesiella —0.365 0.015
Corynebacterium 0.373 0.016
Flavobacterium —0.362 0.025
Flavonifractor —0.315 0.020
Intestinibacter —0.433 0.001
Pseudoflavonifractor —0.422 0.010
Sarcina —0.360 0.006
Thalassospira —0.380 0.022
Non-HDL Cholesterol Parabacteroides —0.330 0.014
LDL Cholesterol Collinsella —0.272 0.045
Parabacteroides —0.325 0.015
Fasting Glucose Alloprevotella —0.529 0.043
Bacteroides 0.278 0.034
Erysipelatoclostridium 0.289 0.036
Flavonifractor —0.480 0.000
Haemophilus —0.362 0.010
Intestinibacter -0.277 0.043
Megamonas —0.810 0.015
Pseudoflavonifractor —0.504 0.002
Subdoligranulum 0.280 0.036
Veillonella —0.305 0.030
2-h Glucose Post Oral Glucose Haemophilus 0374 0.014
Tolerance Test
Intestinibacter —0.284 0.048
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Table 8. Cont.

Spearman’s Correlation

Baseline Variable Genus Coefficient p-Value
IFNy Clostridium —0.271 0.045
Granulicatella 0.467 0.012
IL-1B Actinomyces 0.301 0.034
Clostridium —0.351 0.008
Corynebacterium 0.324 0.039
Granulicatella 0.447 0.015
Prevotella 0.330 0.028
IL-6 Adlercreutzia 0.300 0.048
Corynebacterium 0.348 0.028
Granulicatella 0.386 0.042
TNF-o Clostridium —0.321 0.017
Granulicatella 0.428 0.023
Prevotella 0.354 0.018
1L-10 Clostridium —0.321 0.016
Corynebacterium 0.370 0.017
Granulicatella 0.428 0.020
Parabacteroides —0.280 0.038
Prevotella 0.361 0.016
Thalassospira —0.446 0.006
1L-8 Adlercreutzia 0.311 0.042
Alistipes 0.296 0.035
Bifidobacterium 0.317 0.049
Flavonifractor 0.278 0.046
Granulicatella 0.464 0.015

2.2.4. Gut Flora Results Study 2

A permutational multivariate analysis of variance was used to determine if there were
any significant differences in gut microbiota between the two treatment regimens across the
three time points, resulting in comparisons between six groups. There were no significant
differences between the six groups (p > 0.05). A correlation plot was then used to assess
the movement of gut microbiota per regime group and time point (Figure 6), on which
each data point represented a time point per regime group. After visual inspection of the
correlation plot, it was apparent that the two regime groups at baseline varied greatly, with
movement occurring at each time point. A SIMPER analysis was conducted to determine
whether there were any consistent increases or decreases in genera common to both the
active treatments and not the placebo treatment. There were three genera identified that
consistently changed in both regimes after the SXRG84 treatment with no effect or an
opposing effect in the placebo groups—these were an increase in both Fusicatenibacter and
Parabacteroides and a decrease in Clostridium.

There were a number of genera at baseline that significantly correlated with baseline
measures of weight, BMI, waist circumference, lipids, glucose, CRP, and cytokines, which
are summarized in Table 8. There were also significant correlations between the change of
cytokines that were observed in this study (IFNvy, IL-1(3, TNF-«, and IL-10) and the change
in specific gut genera (below, Table 9).
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Figure 6. Correlation plot of gut microbiome movement per treatment group. Green triangles are
regime AB (starting on placebo then crossing to SXRG84 treatment), blue triangles are regime BA
(starting on SXRG84 treatment then crossing to placebo). T1 is baseline measure, T2 is measure from
six weeks, and T3 is measure from 12 weeks.

Table 9. Cytokines that significantly changed in Study 2 correlate with a change in specific gut
microbiota genera.

Spearman
Cytokine Genus Correlation p-Value
Coefficient
Collinsella —0.298 0.023
IFN-y Oscillibacter —0.297 0.023
Romboutsia —0.278 0.034
IL-1p Collinsella —0.299 0.023
Lactobacillus —0.289 0.028
Bacteroides —0.332 0.011
TNF-« Dorea —0.320 0.014
Peptococcus 0.270 0.040
1110 Bacteroides —0.369 0.004
- Dorea —0.300 0.022

3. Discussion

This research presents two approaches to clinical studies in humans following the
ingestion of a unique ulvan polysaccharide, SXRG-84. The studies explored the inter-
vention effects on metabolic health outcomes wherein the links between lipid markers,
inflammation status, and gut microbiota composition were recognized.

The primary outcome measure of Study 1 was plasma lipids, for which a significant
10% reduction in non-HDL cholesterol was observed in overweight participants. Study
2 was then powered to show the reduction in non-HDL cholesterol seen in Study 1, al-
though this was not confirmed with potentially less metabolically challenged participants
at baseline.

There was strong agreement between the two studies that dietary SXRG84 effectively
reduced inflammatory markers. In the first study, the marker CRP was significantly reduced
(—27%) in the 4 g/day dose group. In Study 2, a wider range of proinflammatory cytokines
were reduced: IFN-y (3.4 vs. 7.3 pg/mL), IL-1 (16.2 vs. 23.2 pg/mL), and TNF-a (9.3 vs.
12.6 pg/mL), as well as the anti-inflammatory cytokine IL-10 (1.6 vs. 2.1 pg/mL) (p < 0.05).
These marked findings indicate a positive effect on metabolic health over a relatively short
period of time.
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Each study looked at gut microbiomes. There was no consistent effect on the micro-
biome seen between the two studies, although Study 1 demonstrated a significant change
in overall composition and abundance of microbiota in SXRG-84 treatments versus placebo,
and some key biota that were important in this shift were identified.

In more detail, Study 1 subgroups (based on BMI) presented changes in lipids, inflam-
mation, and insulin levels and shifts in gut flora. The reduction in non-HDL cholesterol in
overweight participants on the 2 g dose also showed a trend to reduction in the atherogenic
index (log(triglycerides/HDL-cholesterol)). Although the changes observed in non-HDL
cholesterol were much lower than those observed in statin trials [26], this group was not
necessarily hypercholesterolemic to begin with. Non-HDL cholesterol is a clinically relevant
target as it has strong correlations with atherogenic lipoproteins and is suggested to be a
better predictor of CVD events than LDL-cholesterol [6].

Although Study 2 was adequately powered to show a reduction in non-HDL choles-
terol, Study 1 findings were not confirmed. One reason for this null finding may be that
Study 2 used a different population from Study 1. Whilst the two study populations did
not differ in total cholesterol, non-HDL cholesterol, and LDL-cholesterol levels at baseline
(Table 10), they differed in regard to CRP, fasting glucose, and HDL-cholesterol at baseline,
with participants from Study 1 having significantly higher levels. The higher glucose and
CRP indicate a slightly more metabolically challenged group in Study 1, which may have
elicited a stronger treatment effect.

Table 10. Comparison of baseline data from Study 1 to Study 2.

Study 1 Study 2

n=64 n=64 p-Value
Gender, F, M (%) 42, (63%) 33, (52%) 0.198
Age (years) 54+ 10 52+13 0.326
Weight (kg) § 85 (74, 101) 84 (76, 95) 0.584
BMI ¥ (kg/m?) 29 (26, 33) 29 (27, 31) 0.471
Total Cholesterol (mmol /L) 5.3+09 53+12 0.750
HDL Cholesterol (mmol/L) ¥ 14 (1.2, 2.0) 1.3(1.0,1.7) 0.007
Non-HDL Cholesterol (mmol/L) ¥ 3.6(3.1,4.1) 3.9(3.0,44) 0.180
LDL Cholesterol (mmol/L) 3.0(2.4,3.6) 3.3(2.6,3.9) 0.143
Triglycerides (mmol/L) § 1.1(0.7,1.6) 1.1 (0.8, 1.6) 0.898
Fasting Glucose (mmol/L) ¥ 5.1(4.8,5.4) 4.8(4.3,5.2) 0.004
Glucose 2-h Post¥OGTT (mmol/L) 47 (40,6.3) 48(40,58) 0.837
CRP (mg/L) ¥ 2(1,4) 0(0,3) 0.000

Data presented as absolute values and (percentage) for female gender; mean + standard deviation for normally
distributed variables or median (25th, 75th percentile) for non-normally distributed variables. BMI—body mass
index, OGTT—oral glucose tolerance test. Two groups were compared using an independent samples t-test on
normally gistributed data, log-transformed data (5), square root-transformed data (}), or the Wilcoxon signed
rank test (*).

The inconsistency of lipid-lowering effects highlights the need for further research
with this extract, with recruitment restricted to hypercholesterolemic participants. Al-
though Study 2 failed to show an improvement in lipid levels, the major finding was the
improvements in proinflammatory cytokines after SXRG84 treatment, including IFN-y,
IL-1p, TNF-«, and the generally anti-inflammatory IL-10 [27].

Previous work from animal trials has shown that certain seaweed glycan extracts
reduce plasma lipid levels through the action of bile acid sequestering [21,28,29], supported
by the increase in bile acids in the feces of these animals following seaweed glycan sup-
plementation [21]. Mechanistically, plasma lipids are lowered as they are required for the
synthesis of bile acids; thus, the removal of lipids from the circulation is upregulated [21].
It was of interest that the genus Bilophila was one of the microbiotas that decreased during
SXRG-84 treatment in support of this hypothesis [30,31]. Another potential reason for the
lipid-lowering effects is via short-chain fatty acid propionate produced by Bacteroides and
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Akkermansia [32], which both increased in Study 1. Propionate production has been shown
to increase up to five times more from L-rhamnose than from other sugars [33] (SXRG84 is
rhamnose rich).

In Study 1, there were significant reductions in CRP in overweight participants on
4 g of SXRG84 and a trend towards a reduction in CRP in obese participants. Although
CRP is a nonspecific marker of inflammation, it is predictive of coronary heart disease
and gastrointestinal diseases [34]. There was a trend towards a reduction in the two-hour
insulin response to the OGTT, with no observed changes to glucose levels, suggesting an
improvement in insulin sensitivity.

In Study 2, the observed reductions in a suite of inflammatory cytokines (IFN-y, IL-14,
and TNF-«) may be beneficial as elevated levels are implicated in metabolic and cardio-
vascular conditions. IFN-y has been implicated in the development of cardiovascular
disease [35]. Additionally, IL-13 and TNF-« levels are chronically raised in metabolic
disease [36]. Reducing these proinflammatory cytokines may benefit overweight partici-
pants who are otherwise generally healthy but may be at increased risk. IL-10 is generally
regarded as an anti-inflammatory cytokine, and it is possible that the reduction indicates a
reduced inflammatory pressure [27]. In contrast, probiotic supplementation in ulcerative
colitis generally decreases proinflammatory cytokines and raises IL-10 levels.

In Study 1, the change in microbiome species composition over time (six weeks) was
significantly different and more variable for participants on SXRG84 versus placebo. The
impact of dietary SXRG84 on the gut flora can be summarized as an increasing shift of up to
15 taxa. In Study 1, of the 15 taxa responsible for significant differences in the active groups
vs. placebo groups, 25% of the significant shift was explained by a quartet of assumed
beneficial or probiotic microbiota, including Pseudobutyrivibrio, Bifidobacteria, Akkermansia,
and Clostridium. These bacteria are known to respond positively to soluble dietary glycans
in the distal colon. Akkermansia and Bifidobacterium, which are thought to be important for a
broad range of health-related processes [37], are regarded as target organisms by researchers
in the field of metabolic disease and gut health-related disorders. Bifidobacterium has
specifically been shown to increase in response to larger molecular polysaccharides, more
so than for the recognized fructo-oligosaccharides, including those with rhamnose [38].
There has been a lot of recent work focusing on the beneficial effects of probiotic Akkermansia
intervention, and it is suggested that there is a strong synergistic relationship between
the host and the bacterium in defending the gut lining and reducing leaky gut-triggered
inflammation in exchange for increased mucilage production for food [39]. Achieving
healthy levels of Akkermansia has been identified as a potential probiotic target to decrease
inflammation, reduce obesity, and improve insulin sensitivity [39].

Akkermansia seems to have a high specificity, growing only on specific polysaccharides,
including amine sugars, in the presence of proteins [40]. This makes sense in the case
of this study, which includes amine-polysaccharides. The mechanism for protection by
Akkermansia is still not fully understood but it is thought to relate to endocannabinoids that
modulate glucose metabolism and protect against pathogenic bacteria [37,39]. Bacteroides
was shown to decrease in all treatment groups at the largest magnitude. It is unclear as to
why this occurred in all groups; however, Bacteroides is a dominant genus in the human
gut, and has been shown to reflect a more western diet that is high in animal fat and
protein [41]. Therefore, a reduction across the study population may suggest improved
dietary habits in the participants. This, however, is only supported in the 4 g treatment
group in our dietary analysis.

In Study 2, we did not observe a significant difference in gut microbiome composi-
tion between the two regimes at each timepoint. We did observe a consistent change in
certain genera, including an increase in Fusicatenibacter and Parabacteroides and a decrease
in Clostridium while on the SXRG84 treatment and not while on the placebo treatment for
both regimes. Parabacteroides have increased in rats after laminarin supplementation [42],
as has the species Parabacteroides distasonis [43], which is also a common species in rats fed
with alginate. Parabacteroides distasonis has been identified as a laminarin fermenter [43].
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It is possible, as our work has suggested, that Parabacteroides also responds to seaweed
polysaccharides from Ulva Sp., which may infer benefits to the host. This is because
Parabacteroides has been shown to modulate immunity [44] by suppressing the increase
in inflammatory cytokines (IFN-y, IL-12, IL-17, and IL-6) from gut tissue and increasing
serum antibodies in a murine model of intestinal inflammation [44]. In Study 1, there was
an increase in beneficial species of clostridium. In contrast, Study 2 showed a decrease in
Clostridium. Clostridium as a genus, and species of clostridium have had different responses
to seaweed extracts. In a murine model, Clostridium cluster XIVb and XI decreased in preva-
lence after laminarin supplementation [42]. Alternatively, both Clostridium histolyticum and
Clostridium coccoides did not respond to ten different low-molecular-weight polysaccharides
from either alginate or agar seaweeds when they were inoculated with human feces [45].
In Study 2, Clostridium at baseline was negatively correlated with the baseline value of
the cytokines that were reduced (IFN-y, IL-13, TNF-«, and IL-10), suggesting an overall
anti-inflammatory role of Clostridium. Further work is needed to determine the effects of
SXRG84 extract on Clostridium levels across species as the current evidence is contradictory.

Limitations and Future Work

These two studies are the first dietary clinical investigations of an ulvan, and specifi-
cally of SXRG84. They indicated a highly consistent anti-inflammatory effect. However,
the lipid effects were not replicated in Study 2, possibly because of differences in the
study population.

The use of the crossover designs—as in Study 2—in randomized clinical trials are
popular because they can reduce bias from confounding variables and allow participants to
act as their own control. Crossover trials are appropriate for use where treatment effects are
short-lived in chronic conditions [46]. However, crossover trials also have complications,
including the possibility of “order effects”. In Study 2, there were no consistent effects found
for either of the treatment groups or the placebo groups when examining the significant
outcomes. As such, we analyzed the data as four groups instead of collapsing them into two
treatment groups. The need to analyze four separate groups does undermine the strengths
of running a crossover trial. The true baseline at week zero was used as a covariate in all of
the metabolic and inflammatory outcome measures in an attempt to reduce any carryover
effects. Study 2 did not include a washout period, with the belief that six weeks on the
placebo post SXRG84 treatment would not result in any carried over benefits. Furthermore,
any improvements seen after six weeks on the SXRG84 treatment should have returned to
baseline after the placebo in the second arm. Indeed, the gut microbiota can revert back
to their initial state within 48 h of ceasing specific diets [47]. Figure 6 suggests that the
gut microbiota shift that was observed in the placebo group following the SXRG84 was
minimal, and many shifts observed after six weeks on the SXRG84 reverted back in the
subsequent placebo period. For example, Bacteroides decreased following the SXRG84
treatment and then increased again following the placebo. Regardless, not including a
washout period can make identifying treatment effects difficult. Future crossover trials
examining the gut microbiome should consider a washout period.

Lastly, the multiple comparisons used in this study makes the likelihood of type I
errors more common and need to be considered when assessing the results. We did not
adjust for multiple comparisons, as this can have the opposite effect and make type II errors
more common [48], therefore making it difficult to determine whether any effect exists.
Due to the novel nature of this work, we would prefer to present unadjusted p-values to
identify potential treatment effects.

In conclusion, Study 1 showed that the dietary inclusion of SXRG84 had a beneficial
effect on a number of lipid and inflammation markers and showed a relationship broadly
consistent to gut flora shifts in overweight and obese humans. The results of Study 2
failed to confirm the reduction in non-HDL cholesterol from Study 1 but did confirm the
anti-inflammatory potential of SXRG84 in overweight adults across a range of specific
cytokine markers. These anti-inflammatory effects may exert benefits to the host as inflam-
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matory cytokines are interrelated with metabolic and cardiovascular diseases. Three genera
(Fusicatenibacter, Parabacteroides, and Clostridium), which consistently responded whilst on
the SXRG84 treatment, were identified, supporting the prebiotic potential of this extract.

Importantly, there were no changes in blood counts or other markers that indicated a
compromise in health. The potential for the supplements as a preventative or additional
therapy is apparent but requires further investigation. It is evident that effects will also be
highly specific to an individual considering their baseline metabolic state as well as gut
flora composition.

4. Materials and Methods
4.1. Study 1 Design

This double-blind randomized placebo-controlled parallel design trial was approved
by the University of Wollongong Human Research Ethics Committee (approval CT13/002),
and prospectively registered with the Australian New Zealand Clinical Trials Registry
(ACTRN12615001057572). Sixty-four participants were recruited, with all providing written
informed consent. Exclusion criteria were <18 years of age and antibiotic use in the previous
two months. Participants with an overweight or obese BMI (>25 kg/m?) were included in
the study, with one participant of a BMI of 22 kg/m?. Participants were randomly assigned
to three treatment groups of externally identical capsules: a placebo group, a 2 g dose of
seaweed extract, and a 4 g dose of seaweed extract; participants and investigators were
blinded to the treatment allocations. Two treatment doses were chosen to determine if there
was a dose effect, as there were no previous data on humans. Randomization to treatment
groups was determined using a computer-generated sequence and groups were assigned
by someone independent from the study. The trial ran for a six-week period with sampling
occurring at baseline and the end of week six. Participants were advised to maintain diet
and exercise routines throughout the trial period and to continue to take any medications.

4.2. Study 2 Design

This double-blind placebo-controlled trial was prospectively registered with the Aus-
tralian New Zealand Clinical Trial Registry (ACTRN12617001010381) and approved by
the University of Wollongong Human Research Ethics Committee (approval 2017/101).
Participants were enrolled in the study if they were 18 years or over, had an overweight
BMI (25—<30 kg/ m?), had not recently consumed antibiotics (previous two months), and
were not pregnant.

Participants with an inflammatory skin condition were also included in the study,
although this subgroup was analyzed separately (data presented in Roach et al., anticipated
publication 2022).

Participants were advised to maintain their usual diet and medication regimes. The
sample size was determined using a power calculation with data from Study 1 and an online
calculator (https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html, accessed on 7 June 2017).
The change in non-HDL cholesterol that was observed in Study 1 (—0.37 mmol/L) was used
as the primary outcome, the test was two-sided, with a power of 80% and alpha set at 0.05.
A sample of ten per group was calculated as being statistically sufficient, with a view to
recruit up to 30 per group to allow for participants that may potentially withdraw consent
and missing data. Furthermore, 17 per group and 19 per group were required to detect
changes in LDL-cholesterol and total cholesterol, respectively. Overweight participants
were recruited as they showed the greatest response to the treatment in Study 1. A 2 g dose
of SXRG84 was selected, as this dose reduced non-HDL cholesterol in Study 1.

Participants were randomized into two regimes: placebo group for six weeks and then
crossed to the treatment group for six weeks (AB) or vice versa (BA) (Figure 7). Therefore,
all participants consumed both the treatment and the placebo during the trial, but they
were blinded as to when they consumed each treatment. Allocation of the treatment regime
and labeling of the study treatments were completed by an individual independent of the
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study. There was no washout between the first six weeks and then second six weeks of
the trial.

Regime AB

Regime BA |
(] 0

Baseline Week 12

Figure 7. Study Design Regime AB, placebo followed by SXRG84 treatment. Regime BA, SXRG84
treatment followed by placebo.

4.3. Seaweed Extract

Sulfated xylorhamnoglucuronan-rich extract (SXRG84) from Ulva sp. 84 (PhycoDi-
gest®Biobelly) was supplied by Venus Shell Systems Pty. Ltd. SXRG84 is an 80% pure
proteoglycan extract containing 42% rhamnose, 20% glucose, and 5% xylose, as well as
glucuronic and iduronic acids, and small amounts of galactose, mannose, and arabinose,
with >16% sulfation and 15% protein. The molecular weight is above 600 kDa. The extract
was approved for use in a clinical setting by the Australian Therapeutic Goods Administra-
tion (TGA) Clinical Trial Notification (CTN) (CT2015CTN021221) after assessment by the
University of Wollongong Human Research Ethics Committee (approval CT13/002). No
adverse events were recorded during the intervention.

For Study 1, dry milled extract was formulated into 2 g and 4 g doses per 8, opaque, 0
cellulosic, vegetarian capsules, with a milled brown rice additive that was also used for
the placebo capsules. Milled dark seaweed residue (without glycans) was used in trace
amounts (<1%) to make all treatments visually consistent. Six-week supplies of capsules at
eight per day were allocated into jars in a three-stage double-blinding system, with the key
held until post-data analysis from the clinical intervention. For Study 2, the formulation
was the same as described above for Study 1 and the 2 g dose was used.

Participants ingested eight capsules throughout the day and recorded daily compli-
ance, bowel movements, and flatulence. Self-assessment compliance charts were provided
at commencement and were collected at the end of the study.

4.4. Blood Analysis

Blood samples were collected after an overnight fast into EDTA tubes and placed
on ice immediately for transport to laboratory facilities for spinning separation and were
frozen for analysis, as outlined across the two studies below.

Blood Analysis Study 1

Blood samples were collected after an overnight fast into EDTA tubes by qualified
phlebotomists from a professional pathology service supplier (Southern Pathology IML).
Fasted blood samples were analyzed for total cholesterol, triglycerides, non-HDL choles-
terol, LDL-cholesterol, CRP, glucose, C-peptide, and insulin. Samples were analyzed using
a Roche Cobas 8000 or Roche Cobas Pro by Southern Pathology IML. Total cholesterol was
measured using the cholesterol oxidase/peroxidase method, triglycerides were measured
using the lipase/glycerol kinase method, non-HDL and LDL cholesterol were measured
using the dextran sulfate/polyethylene glycol modified enzymes method, CRP was mea-
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sured using a turbidimetric assay, glucose was measured using the hexokinase method,
and C-peptide and insulin were measured using an electrochemiluminescence assay.

Further blood-count variables were measured for safety context and are provided in
the Supplementary Material (Table S4).

Blood Analysis Study 2

Blood samples were collected after an overnight fast into 10 mL EDTA and 10 mL SST
tubes. EDTA tubes were subjected to centrifugation within 30 min of collection for analysis
of cytokines.

EDTA plasma was analyzed by Crux Biolab (https:/ /cruxbiolab.com.au/, accessed on
7 June 2017), using an immunoassay high sensitivity Luminex Panel for the following cy-
tokines: IFNvy, IL-18, IL-6, TNF«, IL-10, and IL-8. Calculated coefficients of variation (CVs)
ranged from 9.6—19.3% for inter-assay variation and 0.8—7.3% for intra-assay variation.
Limits for detection of the cytokines were as follows: 1.16—4770 pg/mL for IFNy, 0.21—-875
pg/mL for IL-16, 0.74—3050 pg/mL for IL-6, 0.97—3960 pg/mL for TNF«, 0.20—810 pg/mL
for IL-10, and 0.24—985 pg/mL for IL-8.

Serum was analyzed in-house on a Konelab 20XT auto-analyzer. Commercially avail-
able kits, reagents, and standards were obtained from Thermo Fisher Scientific Australia
Pty. Ltd. and were used to analyze total cholesterol (kit code 981813), HDL-cholesterol (kit
code 981823), triglycerides (kit code 981786), glucose hexokinase (kit code 981779), and
C-reactive protein (kit code 981934). The first four tests were colorimetric assays, while
CRP was an immunoturbidimetric assay. Samples were run in singular; however, for any
unusually high or low results, they were analyzed again to confirm the reading. LDL levels
were calculated using the Friedwald equation (Friedewald, Levy et al., 1972) [49].

4.5. Oral Glucose Tolerance Test (OGTT) in Both Studies

After the fasted blood sample was collected, participants consumed a glucose drink
containing 75 g of glucose. Participants then waited for 2 h and remained rested with
minimal activity during this period. Then, after 2 h, another blood sample was taken into
an EDTA tube via venipuncture. These samples were analyzed for glucose (Study 1 and 2)
and insulin levels (Study 1).

4.6. Study 1 Urine Analysis

Urine was collected by participants for a 24-h period prior to the clinic appointment
in large plastic bottles provided to participants. These samples were also analyzed by the
NATA-accredited pathology laboratory for creatinine, sodium, and potassium excretion.
Samples were analyzed fresh in singular; any abnormal results were flagged and rerun to
verify results. Samples were analyzed on a either a Roche Cobas 8000 or a Roche Cobas Pro
using the creatininase method for creatinine and the ion-specific electrode-indirect method
for potassium and sodium.

From: this urine bottle, 1.5 mL was retained and aliquoted in cryovials. These cryovials
were stored at —80 °C with no preservative prior to F,-isoprostane assessment using
previously described methods [50]. Briefly, urine samples were thawed, acidified to a pH of
3, and internal standard was added. Separation of Fy-isoprostanes was achieved by using
silica and reverse-phase cartridges and high-performance liquid chromatography. Samples
were analyzed in singular, using gas chromatography/electron capture negative-ionization
mass spectrometry and the peaks were identified through the comparison of retention
times with known standards. The within- and between-assay reproducibility was 6.7% and
3.7%, respectively.

4.7. Gut Flora Analysis

Participants were provided with a gut testing kit by uBiome (https://en.wikipedia.
org/wiki/UBiome, (131 kit numbers from November 2015 (Study 1) and 185 kit numbers
June 2017 (Study 2)), which sequenced 16S rRNA of the microbiome from fecal swabs.

45



Mar. Drugs 2022, 20, 500

uBiome provided the sequencing service for registered research groups which provided
access to the full suite of 16s RNA raw data sets. Swabs were taken before and after the
treatment interventions. Participants were required to swab a fecal sample from toilet paper
using the provided swab and place the swab into a provided vial filled with a stabilization
liquid. The swab was then swirled in the vial, removed, and discarded. Then, the vial was
capped and stored at ambient temperature. Raw data across all taxonomic levels for each
participant and time were retrieved.

The raw taxonomic data were downloaded from Ubiome from 122 individual data
sets in json format, converted to .csv using konklone (http:/ /konklone.io/json/, accessed
on January to March 2016 for Study 1 and October 2017 to February 2018 for Study 2),
and realigned in a single .xIsx database for multivariate analysis. Multivariate analysis
was undertaken with PRIMER6+ using multidimensional scaling (MDS) plots to visualize
patterns, which were subsequently tested statistically using PERMANOVA. Data were
used as untransformed, square root-transformed, and presence/absence data to account
for differences in abundance as well as composition. Data were tested using Bray Curtis
similarity distance, as these are ecological data of biodiversity with a lot of zeros in the
data. Where there were differences in treatment groups, SIMPER analysis was applied to
determine which taxonomic group(s) contributed most to this variation. These were then
tested in univariate t-tests using SPSS (Version 21).

The data were organized for analysis in PRIMER (version 6 with PERMANOVA) and
PERMANOVA as per the following Table 11. The level of Genus provided the greatest
detail of taxa without losing too much of the quantity, although overall patterns were
very similar.

Table 11. Data for analysis in PRIMER and PERMANOVA at each taxonomic level.

Untransformed Square Root Presence/Absence
Phylum
Class
Order General spread General spread none
Famil General spread but
y similar to Genus
Genus
MOST DATA General spread—.but
most hopeful with General spread none
HIGHEST just T4 visible
RESOLUTION J
Select > 10%
contribution general
spread but similar to
above = any change is
linked to dominant
taxa shifts
Less pattern than
. lower taxonomic
Species

levels —potentially
due to data loss

In the study, 6.5 million gut flora were quantified across close to 200 genera (Table 12
below). The species level of bacteria from the gut is still a field of research in rapid growth
in line with the application of genetic tools, so the quantity of over 200 species is an
underestimate and is the reason why only 30% of organisms can be identified at this level.
Therefore, data that were analyzed at the genus level were selected as a sensitive level of
taxonomy but with adequate resolution of diversity accounting for 86% of the total count,
while the species level only accounted for 32% of the total count.

46



Mar. Drugs 2022, 20, 500

Table 12. Summary of the taxonomic levels of microorganisms represented in the BioBelly gut flora
data from 122 samples from 67 participants.

Row Labels Number Categories TOTAL Count
superkingdom B 6,377,013
superphylum 3 1,763,398
phylum 15 6,376,988
class 25 6,376,121
order 34 6,357,174
family 71 6,089,366
genus 191 5,601,385
species 221 2,107,685
species_group 3 444
subclass 8 462,343
no_rank (total) 13 6,518,503

The data were analyzed at the taxonomic level of genus as this accounted for 86% of
the total count, while species level only accounted for 32% of the total count.

Data were prepared as the change in number of normalized counts of genera for each
participant. The number of genera were reduced based on the genera that contributed to
the change to reduce the noise of the multivariate data or the influence of highly abundant
species. Data were visually analyzed in untransformed, square root-transformed, and in
presence—absence transformations in multidimensional scaling (MDS) and in principal
component analysis (PCA) plots in the PRIMER-E software package (Plymouth Marine
Laboratories). Permutational multivariate analysis of variance was used to compare the
dissimilarities between groups using the PERMANOVA + for PRIMER software extension.
Data were analyzed in transformed and untransformed formats to determine if shifts
were predominantly species abundance or composition changes. Analyses were completed
using PCA and PERMANOVA models. Further identification of the genera that contributed
most to the differences between groups was undertaken using the SIMPER analysis in the
PRIMER-E package.

4.8. Dietary Intake

Study 1 participants completed a single 24-h dietary recall at the beginning and end
of the six-week trial outlining all foods and beverages consumed within that 24-h period.
Study 2 participants completed a single 24-h dietary recall at the beginning and again after
six and 12 weeks of the trial, outlining all foods and beverages consumed within that 24-h
period. These data were entered into Foodworks software (Version 7.0.3016, Xyris Software,
Highgate Hill, Brisbane, Australia) for nutrient analysis.

4.9. Bowel Movements

The number of bowel movements were self-recorded by participants for the six-week
(Study 1) and twelve-week (Study 2) trial periods on a calendar sheet. This sheet was also
used to record compliance of capsule consumption. Bowel movements were counted by
the investigator.

4.10. Statistical Analysis of Biochemical Data

The researchers were blinded for all preliminary analyses. The atherogenic index of
plasma was calculated using log(triglycerides/HDL-cholesterol) (Dobiasova and Frohlich
2001) [51]. The insulin-resistance homeostasis model assessment (HOMA) index was
calculated as (fasting insulin (mU/L) x fasting glucose (mmol/L))/22.5 (Matthews, Hosker
et al.,, 1985) [52]. The OGTT was assessed by the fasting glucose measure (mmol/L)
and the 2-h glucose measure (mmol/L). Participants who withdrew from the study were
excluded from the statistical analysis. For those who completed the study, all participant
demographics, as well as plasma, urine, and dietary data were expressed as the median
(25th and 75th percentile) and were tested for normality using the Shapiro-Wilk test.
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Gender across the three treatment groups was compared using a chi-squared test. Baseline,
finish, and change data were compared across the three treatment groups using ANOVA
for normally distributed data or Kruskal-Wallis for nonparametric data. If a significant
difference among the three groups existed, further post hoc tests were applied: Tukey’s test
for parametric data and Dunn’s test for nonparametric data, with statistical significance
assessed as p < 0.05. JMP Pro was used for plasma and dietary data statistical analyses.

In Study 2, SPSS Version 21 was used for analysis. For all metabolic and inflammatory
outcome variables, an ANCOVA was used to test for a treatment effect of the SXRG extract
on the six-week and twelve-week outcome measures using four groups. In all analyses, the
baseline value was used as the only covariate to control for baseline values. The six-week
to twelve-week measures were not analyzed separately due to potential carryover effects;
instead, the baseline to twelve weeks was considered, which used the true baseline as
a covariate.

The relationship between the different genera and the outcome variables at baseline
was assessed using Spearman’s correlation. Spearman’s correlations were also used to
determine whether the change in cytokines was related to the change in any specific gut
microbiota genera.

5. Conclusions

Favorable effects on non-HDL cholesterol levels were only seen in the study pop-
ulation, with baseline elevated levels in Study 1. SXRG84 had a beneficial effect on in-
flammatory markers in overweight and obese participants. The relationship to gut flora
shifts is complex, and more work is needed. Importantly, there were no changes in blood
counts or other markers that indicated a compromise in health. There is potential for
SXRG84 supplements to reduce inflammatory markers connected to metabolic disorders in
overweight and obese participants.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md20080500/s1, Figure S1: Flow diagram of study participants in study 1, Figure S2:
Participant diagram for study 2, Figure S3: The different genera of bacteria are shown with the
change in bacteria in the placebo group in blue and the change in the average active groups shown in
yellow, Table S1: Comparison of Dietary Intake between three treatment groups, Table S2: Urinary
F>-Isoprostane levels per treatment group for overweight and obese participants. Study 1, Table S3:
Adherance to dietary guidelines for study population at each of the three timepoints, Table S4: blood
count data from Study 1, post intervention across the three groups, including change data. Average
change in before versus after for each treatment of 2 g, 4 g and placebo groups, and final levels.
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Abstract: Posidonia oceanica (L.) Delile is an endemic Mediterranean marine plant of extreme ecological
importance. Previous in vitro and in vivo studies have demonstrated the potential antidiabetic
properties of P. oceanica leaf extract. Intestinal glucose transporters play a key role in glucose
homeostasis and represent novel targets for the management of diabetes. In this study, the ability
of a hydroalcoholic P. oceanica leaf extract (POE) to modulate intestinal glucose transporters was
investigated using Caco-2 cells as a model of an intestinal barrier. The incubation of cells with POE
significantly decreased glucose uptake by decreasing the GLUT2 glucose transporter levels. Moreover,
POE had a positive effect on the barrier integrity by increasing the Zonulin-1 levels. A protective effect
exerted by POE against oxidative stress induced by chronic exposure to high glucose concentrations
or tert-butyl hydroperoxide was also demonstrated. This study highlights for the first time the
effect of POE on glucose transport, intestinal barrier integrity, and its protective antioxidant effect in
Caco-2 cells. These findings suggest that the P. oceanica phytocomplex may have a positive impact
by preventing the intestinal cell dysfunction involved in the development of inflammation-related
disease associated with oxidative stress.

Keywords: Posidonia oceanica; AGEs; marine antioxidants; oxidative stress; intestinal glucose uptake;
intestinal barrier integrity

1. Introduction

Posidonia oceanica (L.) Delile is a seagrass of extreme ecological importance for the
whole marine ecosystem, and it is the only species of the Posidoniaceae family endemic
in the Mediterranean Sea [1,2]. Although P. oceanica leaves have been used in ancient
times in traditional medical practices as a natural remedy for various health disorders,
only more recent scientific studies have described its potential benefits for human health,
including an anti-diabetic property [3]. For instance, Gokce et al. (2008) demonstrated that
P. oceanica leaf extract has hypoglycemic properties in alloxan-induced diabetic rats [4].
Oral administration of its extract for 15 days dose-dependently decreased blood glucose in
diabetic rats [4]. In addition, the hydroalcoholic extract of P. oceanica leaves (POE) was able
to inhibit the in vitro glucose-induced glycation of human serum albumin [5]. POE has
also demonstrated antioxidant and anti-inflammatory properties in in vitro cellular models
and in vivo animal models [6,7].
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Overall, the POE biological effects have been related to the synergistic action of its
individual constituents. A first UPLC characterization analysis showed that POE consists
of 88% phenolic compounds, mostly represented by D-(+)-catechin, and less by gallic acid,
ferulic acid, (—)-epicatechin, and chlorogenic acid [8] (Figure 1).
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Figure 1. Phenolic compounds with relative percentages identified in P. oceanica leaf extract (POE) by
UPLC analysis [8].

Among the biological properties of dietary polyphenols, growing attention has been
devoted to their ability to modulate post-prandial increases in glucose levels and to modu-
late intestinal integrity and oxidative damage [9-14]. In fact, high post-prandial plasma
glucose concentrations are associated with an increased risk of developing type 2 diabetes
(T2D) and metabolic syndrome [15]. Intestinal glucose transporters such as sodium glu-
cose co-transporter-1 (SGLT1) and glucose transporter 2 (GLUT2) play a role in glucose
homeostasis and represent targets for the management of diabetes [16].

A Caco-2 cell monolayer is one of the most widely used in vitro model of the human
intestinal barrier to study absorption [17,18]. This cellular model was used in this study
to evaluate the effect of POE on the intestinal glucose uptake and its ability to modulate
the levels of glucose transporters (SGLT1 and GLUT2). Furthermore, the intestinal barrier
integrity is essential for the metabolic homeostasis. A dysfunction of the intestinal barrier
is linked to inflammatory and dysmetabolic conditions, including diabetes [19].

In this study, the effect of POE on intestinal barrier integrity was verified by assessing
transepithelial electrical resistance (TEER) across a monolayer of intestinal Caco-2 cells.
The effect of POE on the level of Zonula occludens-1 (ZO-1), a protein involved in the
regulation of intestinal barrier integrity, was also evaluated.

In addition, the potential protective effect of POE against oxidative stress has been
studied in Caco-2 cells using tert-butyl hydroperoxide (TBHP) or chronic exposition to high
glucose (HG) levels.

2. Results
2.1. Biochemical Characterization of P. oceanica Leaf Extract (POE)

POE was found to contain 3.4 4= 0.2 mg/mL of total polyphenols (TP) equivalent to
gallic acid (mg GAE/mL). In addition, POE exhibited antioxidant and radical-scavenging
activities of 0.9 - 0.2 mg/mL and 8.9 & 0.3 mg/mL ascorbic acid equivalents (mg AAE/mL),
as evaluated by FRAP and DPPH assays, respectively (Table 1). The data obtained are
consistent with those obtained in previous work [6,8], supporting the efficiency and repro-
ducibility of the extraction method.

Table 1. Biochemical properties of POE in terms of total polyphenols (TP) antioxidant (FRAP assay)
and radical scavenging activities (DPPH assay).

TP 3.4 + 0.2 mg GAE/mL
FRAP 0.9 + 0.2 mg AAE/mL
DPPH 8.9+ 0.3 mg AAE/mL
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2.2. Effect of POE on Cell Viability

No significant modifications of cell viability were observed in Caco-2 cells treated till
to 24 h with increasing levels of POE (corresponding to polyphenol concentration ranging
from 5 pg GAE/mL to 40 ug GAE/mL) (Supplementary Figure S1). These results confirm
that POE did not exert a cytotoxic effect in our experimental conditions. Based on these
results, all the following experiments were conducted using 15 ug GAE/mL POE.

2.3. Effect of POE on Glucose Transport under Sodium-Dependent or Sodium-Free Conditions

Caco-2 differentiated cells were used as a model of the intestinal barrier. The effect of
POE on glucose uptake was investigated both in the presence or in the absence of sodium.
In the presence of sodium, glucose transporters SGLT1 and GLUT2 are both active. In
sodium-free conditions only GLUT2 is active.

As shown in Figure 2, POE treatment significantly (p < 0.05) decreased glucose trans-
port, both in the presence (Figure 2A) and absence of sodium (Figure 2B).
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Figure 2. Effect of POE on glucose transport in Caco-2 differentiated cells. Glucose transport was
evaluated under (A) sodium-dependent or (B) sodium-free conditions in differentiated Caco-2 cells
treated with POE (15 ug GAE/mL) for 24 h. Values are presented as the mean + SD of three
determinations carried out in triplicate. Data are reported in terms of percentage with respect to
control cells. *: p < 0.05.

To understand the decrease in glucose transport observed in POE-treated cells, the
effect of POE on the expression of glucose transporters (SGLT1 and GLUT2) in Caco-2
differentiated cells was investigated by Western blot analysis (Figure 3A). POE treatment
caused a significant (p < 0.05) decrease in the GLUT2 levels (68% =+ 2.1%) with respect to
control cells, as shown in Figure 3B. No modifications of the levels of transporter SGLT1
were observed in POE-treated cells compared with control cells (Figure 3C).
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Figure 3. Effect of POE on the levels of glucose transporters. (A) Representative Western blot images
of (B) GLUT2 and (C) SGLT1 glucose transporters in differentiated Caco-2 cells incubated in the
absence or presence of POE (15 pg GAE/mL) for 24 h. Densitometric data are normalized to the
Vinculin expression levels. Data are presented as the mean + SD of three determinations. *: p < 0.05.
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2.4. Effect of POE on Caco-2 Monolayer as a Model of Intestinal Barrier

The evaluation of transepithelial electrical resistance (TEER) across the monolayer
of Caco-2 differentiated cells was used to assess the effect of POE on the integrity of the
intestinal barrier.

As shown in Figure 4, POE treatment caused an increase in TEER across the Caco-2
cell monolayer. The effect was significant (p < 0.05) after 4 h and reached 118% of the initial
value after 24 h of incubation compared with control cells.
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Figure 4. Effect of POE on Caco-2 monolayer cells. Transepithelial electrical resistance (TEER) in
differentiated Caco-2 control cells or treated with POE (15 ug GAE/mL) for 24 h. Values are presented
as the mean =+ SD of three determinations carried out in triplicate. TEER values are reported in terms
of percentage with respect the initial value. * Control vs. POE-treated cells. (*: p < 0.05).

Zonulin-1 (ZO-1) is a protein bound to the cytoskeleton and it has a pivotal role in
tight junction (TJ) integrity. Therefore, to investigate the molecular mechanisms involved
in the POE-induced increase in TEER, the levels of ZO-1 were determined by Western blot
analysis (Figure 5A).
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Figure 5. Effect of POE on the ZO-1 levels. (A) Representative Western blot images of ZO-1 in
differentiated Caco-2 incubated in the absence or treated with POE (15 pg GAE/mL) for 24 h.
(B) Densitometric data are normalized to Vinculin. Data are presented as the mean & SD of five
determinations. **: p < 0.01.

As shown in Figure 5B, a two-fold increase in the ZO-1 levels was observed in POE-
treated Caco-2 cells compared with the untreated control cells (p < 0.01).

2.5. Effect of POE on High-Glucose-Induced Oxidative Stress

The chronic exposure to high glucose (HG) induces oxidative stress in Caco-2 cells, as
previously described [20].
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In this study, the potential protective role of POE (15 ng GAE/mL) on chronic HG-
induced oxidative stress was investigated in Caco-2 cells. Cells not exposed to HG were
used as control cells. A significant increase (1.95 4= 0.7 A.U.) in intracellular ROS production
was confirmed in HG cells compared to control cells (1.02 £ 0.18 A.U.), in accordance
with our previous study [20]. HG cells treated with POE showed a significant decrease
in intracellular ROS production with respect to HG cells (Figure 6A). Figure 6B shows
representative images of the fluorescence intensity indicative of ROS formation in POE-
treated cells under HG conditions. The dose-dependent effect (0-40 ng GAE/mL) of POE
on HG-induced intracellular ROS formation is reported in Supplementary Figure S2.
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Figure 6. Effect of POE and N-acetylcysteine (NAC) on HG-induced intracellular ROS formation.
(A) Intracellular ROS production was evaluated in Caco-2 cells incubated in the absence (control
cells) or in the presence of high-glucose conditions (HG cells) for 1 week and co-incubated with POE
(15 png GAE/mL), and N-acetylcysteine (NAC) (50 uM) for the last 24 h. Values are represented as the
mean + SD of five determinations carried out in triplicate. *** Control vs. HG; * HG vs. HG + NAC;
*** HG vs. POE; *** HG vs. HG + POE. (ANOVA: *: p < 0.05; ***: p < 0.001). (B) Fluorescent cells
observed under a fluorescent microscope in the presence of POE (15 ug GAE/mL (Lionheart™ FX)).
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HG cells treated with N-acetylcysteine (NAC) were used as the positive antioxidant
control. The POE-induced mitigation of intracellular ROS production in HG cells was
comparable to that induced by NAC (50 uM) (Figure 6A).

This finding suggests that POE exerts an antioxidant activity against HG-induced
intracellular ROS production in Caco-2 cells.

The HG-induced intracellular ROS levels can cause an increase in advanced glycation
end products (AGEs), due to the formation of highly reactive intermediates of the Maillard
reaction, such as glycolaldehyde and glyoxal. These molecules are involved in cross-linking
of proteins and are precursors of AGEs [21].

In this study, the glycolaldehyde (GA)-modified protein levels were also evaluated
by Western blot analysis (Figure 7A) to investigate the effect of POE on AGEs formation
in HG-treated cells. Higher levels of GA-modified proteins were observed in HG cells
compared to control cells (Figure 7B), as previously described [20]. In the presence of
POE, a significant (p < 0.05) decrease in GA-modified protein levels was observed in HG
cells compared with untreated HG cells (Figure 7B). A slight decrease in the GA-modified
protein levels was also observed in Caco-2 cells treated with POE compared with the
untreated control cells (Figure 7B).
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Figure 7. Effect of POE on GA-modified proteins levels in Caco-2 cells. (A) Representative Western
blot images of GA-modified proteins. (B) Densitometric analysis of GA-modified proteins in Caco-2
control cells or HG cells in the absence or presence of POE (15 ug GAE/mL) for 24 h. Densitometric
data are normalized to Vinculin. Results are presented as the mean + SD of five determinations. ***
Control vs. HG; *** Ctrl vs. POE; *** HG vs. POE; ** HG vs. HG + POE (ANOVA: ***: p < 0.001).

These results could explain the effect of POE on HG-induced cell toxicity. In fact, a
significant decrease (about 40%) in cell viability was observed in HG cells compared with
control cells. POE-treated cells exposed to chronic HG conditions had comparable viability
to control cells (Supplementary Figure S3)

2.6. Effect of POE on Tert-Butyl Hydroperoxide-Induced Oxidative Stress

To further verify the potential antioxidant role of POE against intracellular ROS
formation, the effect of POE was also investigated in Caco-2 cells acutely treated with the
pro-oxidant agent tert-butyl hydroperoxide (TBHP).

As shown in Figure 8, TBHP induced a more than three-fold increase in intracellular
ROS production with respect to control cells (p < 0.001). NAC was able to reduce intracellu-
lar ROS production in TBHP-treated cells (p < 0.001). POE showed a comparable effect to
NAC in TBHP-treated cells (Figure 8).
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Figure 8. Effect of POE on TBHP-induced ROS formation in Caco-2 cells. Intracellular ROS production
was evaluated in Caco-2 cells pre-incubated for 24 h with POE (15 ug GAE/mL) or NAC (50uM) and
treated with TBHP (50 uM) for 90 min. Values are represented as the mean + SD of five determinations
carried out in triplicate. *** Control vs. TBHP; *** NAC + THBP vs. TBHP; ** POE + THBP vs. TBHP
(ANOVA: **: p < 0.01; ***: p < 0.001).

3. Discussion

The Caco-2 cell line is extensively used as a model of the intestinal epithelial barrier.
In particular, monolayers of differentiated Caco-2 cells are used for the investigation of the
function and integrity of the intestinal barrier. Therefore, this cell model is often used to
study the modulatory role that natural compounds (including polyphenols) may have on
intestinal function [17,18]. Here, for the first time, POE, a polyphenol-rich phytocomplex,
has been shown to inhibit glucose uptake, improve intestinal barrier integrity, and protect
cells from oxidative stress in Caco-2 cells.

The inhibition of glucose uptake induced by POE was observed to the same extent in
both the presence and absence of sodium. Moreover, a significant decrease in the GLUT2
levels in POE-treated cells was observed in our experimental conditions. On the contrary,
no effect of POE on the SGLT1 protein levels was observed. These results suggest that the
effect of POE on glucose could be mainly mediated by a modulation of the expression of
glucose transporter GLUT2, in agreement with other studies that reported a reduction in
the expression of intestinal glucose transporters by polyphenols [11]. In rat enterocytes, the
apical membrane levels of both transporters can alter rapidly in response to cell signaling
events [21,22]. GLUT2 has been detected at both the apical membrane and basolateral
membrane of Caco-2 cells [23]. Further studies are required to address the effect of POE on
cell signaling events and the cellular distribution of GLUT2 and SGLT1.

Elevated levels of intestinal glucose transporters have been reported in diabetic and
obese animal models and this contributed directly to their hyperglycemic status [24,25].
Therefore, compounds that regulate glucose transporter expression may be useful as
potential anti-hyperglycemic agents. Till today, this effect has been observed only in animal
models. Gokce et al. (2008) have reported that the oral administration of a P. oceanica extract
for 15 days (50, 150, and 250 mg/kg b.wt.) resulted in a dose-dependent decrease in blood
glucose in alloxan-induced diabetic rats [4]. Further studies are needed to investigate the
effects of POE intake on post-prandial glycaemia in normal and hyperglycemic subjects.

A dysfunctional intestinal barrier is associated also with dysmetabolic diseases, in-
cluding diabetes and obesity [19,26,27]. Therefore, in this study, transepithelial electrical
resistance (TEER) [28] and the levels of T] proteins, such as Zonula occludens (ZO-1), have
been evaluated to investigate the potential role of POE on the integrity of cell monolayer
using differentiated Caco-2 cell, as a model of an intestinal barrier. A significant increase
in TEER across the cellular monolayer in POE-treated cells was observed with respect to
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untreated control cells. Furthermore, POE demonstrated a positive effect on intestinal cells
by increasing the levels of ZO-1. The protein ZO-1 is involved in the regulation of intestinal
barrier integrity and plays a crucial role as a key molecule in cell-to-cell contact and in
maintaining the structure of T] and the epithelial barrier function [26]. T] barrier integrity
is essential for human health and metabolic homeostasis [26]. The effects of POE on ZO-1
are in agreement with previous studies, which demonstrated that polyphenols (such as cat-
echins and phenolic acids) modulate intestinal barrier function and increase the expression
of several TJ proteins, including ZO-1, in in vitro models [12,13]. Some in vivo studies have
demonstrated that, in older subjects, a polyphenol-rich dietary pattern improves intestinal
permeability, evaluated as the serum Zonulin levels [29]. However, further in vivo studies
will be required to verify the protective effect of POE on the intestinal barrier integrity.

Intestinal cells are exposed to dietary pro-oxidants, AGEs, lipid peroxidation products,
and are susceptible to oxidative damage [30-32]. In addition, previous studies have also
shown that high-sugar diets cause increased oxidative stress and inflammation [31].

ROS-induced oxidative stress is widely considered as a possible upstream mechanism
of high-glucose-induced cell damage [20]. These cellular alterations may cause a dys-
function of intestinal barrier and lead to the onset of the intestinal bowel diseases [30,31].
Previous studies have reported that POE has an antioxidant role against intracellular ROS
formation in macrophages activated by LPS [6]. In our experimental conditions, POE
shows a protective role against ROS-induced oxidative stress under chronic high-glucose
conditions in Caco-2 cells. The antioxidant role of POE was also confirmed by an inhibitory
action against the ROS formation induced, in the same cell model, by treatment with TBHP,
a molecule commonly used to study cellular alterations resulting from oxidative stress [33].

Chronic exposure to high glucose evokes oxidative stress; the resulting high levels
of intracellular ROS can promote AGEs formation. Indeed, previous studies have shown
that highly reactive intermediates of the Maillard reaction, such as glycolaldehyde (GA)
and glyoxal, are involved in cross-linking of proteins and are precursors of AGEs [34]. In
this study, Caco-2 cells treated with POE showed a significant decrease in the GA protein
levels in chronic high-glucose conditions. Since GA proteins are useful markers of oxidative
stress [20], our findings further support the protective role of POE against oxidative stress
induced by high glucose. Overall, these results are in agreement with our previous studies
that described an in vitro role of POE against glucose-induced glycation of human serum
albumin [5]. Moreover, other studies have demonstrated the ability of polyphenols to exert
a protective effect against oxidative stress and formation of AGEs in Caco-2 cells [14]. In
addition, previous studies have reported that some phenolic compounds exert a protective
effect against oxidative stress, either by reducing ROS production during the glycation
process or by trapping of dicarbonyl species [35].

In conclusion, the data reported in this study demonstrate that POE reduces glucose
transport by lowering the GLUT2 levels and promotes intestinal barrier integrity by posi-
tively modulating the ZO-1 levels. Furthermore, POE has a protective antioxidant effect
against high-glucose-induced damage, in terms of lower production of intracellular ROS
and AGE-modified proteins.

Inhibition of glucose uptake in the small intestine may prevent post prandial hyper-
glycemia, which is one of the risk factors for diabetes and metabolic syndrome. Our findings
suggest that POE may have a positive impact by preventing the intestinal cell dysfunction
involved in the development of inflammation-related intestinal diseases associated with
oxidative stress.

The in vitro effect of POE was observed at a concentration of polyphenols of 15 ug
GAE/mL (88 umol/L). It has been reported that the bioavailability of polyphenols is related
to the structural properties of molecules. The total levels of polyphenols are present in
plasma at <1 umol/L concentrations, but they are present in the stomach and intestinal
lumen at much higher concentrations after consumption of vegetables rich in polyphenols.
Saura-Calixto et al. (2007) demonstrated that polyphenols could act as antioxidants in the
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intestine because they are present at millimolar concentrations after consumption of fruits
and vegetables [36].

4. Materials and Methods
4.1. Reagents

Reagents for cell culture were obtained by Euroclone (Euroclone, Italy). All chem-
ical reagents were purchased by Sigma Aldrich (Sigma, St. Louis, MO, USA). 2/,7'-
Dichlorodihydrofluorescein diacetate (H,DCFDA) was supplied by Invitrogen (Invitrogen,
Carlsbad, CA, USA).

4.2. Preparation and Characterization of Posidonia oceanica (L.) Delile Extract

The hydroalcoholic extract of P. oceanica (POE) was obtained according to a previously
described method [8]. Briefly, 1.84 mg of the dry extract from P. oceanica leaves were
resuspended in 500 L of 70% ethanol; POE was diluted and used in different experimental
conditions.

4.3. Evaluation of Total Polyphenols in POE

Total polyphenol (TP) content in POE was evaluated using Folin—Ciocalteu’s method,
as previously described [8]. Briefly, for the determination of TP in POE, 100 uL of Folin—
Ciocalteu (Folin-Ciocalteu phenol reagent diluted 1:10 in H,O) was added to scalar volumes
of POE. After a 5 min incubation at room temperature, 80 uL of 7.5% sodium carbonate
solution was added for another 2 h. Absorbance at 595 nm was recorded with a microplate
reader. Gallic acid (0.5 mg/mL) was used as a reference to determine the TP values. TP is
expressed as mg of gallic acid equivalents (GAE) per mL.

4.4. Evaluation of Antioxidant and Radical Scavenging Activities of POE

The antioxidant and radical scavenging activities of POE were studied using ferric
reducing/antioxidant potency (FRAP) and the 2,2-diphenyl-1-picrylhydrazyl (DPPH) rad-
ical [8]. Briefly, for determination of the antioxidant activity of POE by FRAP, 200 uL of
Ferrozine™ reagent (10 mM Ferrozine™ in 40 mM HCI: 20 mM FeCls: 0.3 M acetate buffer
pH 3.6 1:1:10 ratio) was added to scalar volumes of POE. After 4 min incubation at 37 °C,
absorbance was measured at 595 nm at room temperature using a microplate reader.

For determination of the radical scavenging activities of POE, 100 uL of 95% methanol
was added to scalar volumes of POE and mixed with 100 uL of freshly prepared DPPH solu-
tion (0.15 mg/mL in methanol). After a 30 min incubation in the dark at room temperature,
absorbance was read at 490 nm with a microplate reader. Ascorbic acid (0.1 mg/mL) was
used as a reference to determine the values of both the antioxidant and radical scavenging
activity. These activities are expressed as mg of ascorbic acid equivalents (AAE) per mL.

4.5. Caco-2 Cells

Human colon epithelial cells, Caco-2 (ATCC®HTB-37™), were purchased from the
American Type Culture Collection (Rockville, MD, USA). In our experiments, the Caco-
2 cells were cultured in Dulbecco’s Minimal Essential Medium (DMEM) supplemented
with 10 mM nonessential amino acids, 10% (v/v) fetal bovine serum (FBS), 100 pug/mL
streptomycin, 100 U/mL penicillin, and 2 mM glutamine (growth medium). Cells were
incubated at 37 °C and 5% CO,, and sub-cultured at 80-90% confluence every 3—4 days.

For differentiation, Caco-2 cells were seeded at a density of 1 x 10° cells/well in
12-well trans-well plate (12 mm, with 0.4 pm pore polycarbonate membrane Insert, Corning)
and differentiated for 21 days in DMEM growth medium. The medium was replaced every
2-3 days for both the apical (AP) and basal (BL) sides of the trans-well filters. The integrity
of cell monolayer was checked by measuring the trans-epithelial electrical resistance (TEER)
before and after the experiments with an Epithelial Volt/Ohm Meter (EVOM).
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4.6. Cell Viability Assay

Cell viability in Caco-2 cells treated in different experimental conditions was analyzed
following the enzymatic reduction of 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) to MTT-formazan, catalyzed by mitochondrial succinate. Briefly, 100 uL
of MTT solution (5 mg/mL) was added to each well. After 2 h, the incubation buffer
was removed and the blue MTT-formazan product was extracted with DMSO (dimethyl
sulfoxide). Supernatants were collected in a 96-well plate and the absorbance was measured
at 540 nm (Microplate Rader) [37].

4.7. Evaluation of Glucose Transport in Caco-2 Cells

Glucose transport was evaluated in differentiated Caco-2 cells as described by
Sharma et al. (2020) [12], applying some modifications. The transport was analyzed both
in a sodium and non-sodium environment. Caco-2 cells were washed 2 times in HBBS
(pH 7.5). Subsequently, POE (15 pg/mL) was co-incubated for 24 h in the apical compart-
ment with 5 mM D-glucose prepared in DPBS. In the basolateral compartment was added
DPBS. Similarly, sodium-free buffer was used for the sodium independent absorption
experiment. Cells were incubated at 37 °C and 5% CO; for the duration of the experi-
ment. To follow transport across the cell monolayer, 50 uL. was collected in the basolateral
compartment at time 0 and after 24 h. Glucose transport was measured using 65.8 mM of
p-hydroxyacetophenonebenzoylhydrazone (PAHBH) added to the collected samples (30:1).
The mixture was incubated for 10 min at 90 °C and then read in a 96-well plate reader at
410 nm. Glucose (0.01-5 mM) was used to create the standard curve. Data were expressed
as % of glucose transport with respect to each specific control [38].

4.8. Evaluation of Caco-2 Monolayer Permeability

Monolayers of Caco-2 differentiated cells were incubated for 24 h in the presence
or absence of POE (15 ug GAE/mL). Resistance measurement was performed by TEER.
Cells were incubated at 37 °C and 5% CO; for the duration of the experiment. TEER was
measured using an EVOM with a chopstick electrode (Millicell ERS-2, EMD Millipore, Bil-
lerica, MA, USA). The electrode was immersed at a 90° angle with one tip in the basolateral
chamber and the other in the apical chamber. Care was taken to avoid electrode contact
with the monolayer and triplicate measurements were recorded for each monolayer. An
insert without cells was used as a blank and its mean resistance was subtracted from all
samples. TEER measurements were registered hourly for 24 h. Results are reported as
TEER % versus time [39].

4.9. Chronic High Glucose Caco-2 Cell Treatment

The chronic high glucose (HG) treatment of Caco-2 cells was carried out as previously
described [20]. Briefly, cells were grown in 50 mM glucose for 1 week (high glucose, HG
cells). Cells grown in growth medium without addition of glucose were used as control
cells (Control cells). Medium was replaced two times a week. POE (15 ng GAE/mL) or
N-acetyl-cysteine (NAC; 50 uM) was added to the media and co-incubated (in both HG
and Control conditions) for the last 24 h.

4.10. Tert-Butyl Hydroperoxide (TBPH) Caco-2 Cell Treatment

Cells were pre-treated in the absence or in the presence of POE (15 ug GAE/mL) or
NAC (50 uM) for 24 h. At the end of incubation cells were washed with cold PBS and
incubated with TBHP (50 uM) for 90 min [40].

4.11. Intracellular ROS Detection

Intracellular ROS formation was evaluated in Caco-2 cells treated in the different
experimental conditions using a 2’,7’-dichlorodihydrofluorescein diacetate (HDCFDA)
fluorescent probe [20]. Cells were incubated for 45 min with pre-warmed PBS containing
the fluorescent probe (25 uM). After incubation in the dark at 37 °C, cells were washed
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twice in PBS. Fluorescence of labeled cells was measured in a fluorescence plate reader at
Aex/ Aem (485/535 nm) (Multi-Mode Microplate Reader SynergyTM HT, BioTek Instruments,
Inc.). Data obtained in cells treated in different experimental condition were normalized to
the results of the cell number. Data are expressed as arbitrary units of fluorescence (A.U.).
An automated microscope (Lion hearth FX Automated live cell Imager, Biotek, BioTek
Instruments, Inc., Santa Clara, CA, USA) was used for cellular imaging.

4.12. Western Blot Analysis

Total cell lysates (50 pg proteins) from the different experimental conditions were
subjected to 12.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto polyvinylidene fluoride (PVDF) membranes.

After regular blocking and washing, the membranes were incubated with specific
primary antibodies over night at 4 °C.

For the determination of glucose receptors and tight junction levels: rabbit polyclonal
anti-GLUT?2 antibody (J]20-21 Invitrogen, USA, diluted 1:500), rabbit polyclonal anti-SGLT1
antibody (Pa5-84085 Invitrogen, USA, diluted 1:200), and rabbit polyclonal anti ZO-1
antibody (GTX108587 GENETEX, Irvine, California, USA, diluted 1:200).

For the determination of glycolaldehyde-modified proteins (GA-modified proteins)
levels: goat polyclonal anti-AGE antibody (Ab9890 Merck KGaA, Darmstadt, Germany, di-
luted 1:2000). Vinculin was used as the loading control (sc-25336 Santa Cruz Biotechnology,
Dallas, TX, USA, diluted 1:200).

Donkey anti-goat (AP186P Sigma-Aldrich, Merck KGaA, Darmstadt, Germany, di-
luted 1:100,000), goat anti-mouse (sc-2005 Santa Cruz Biotechnology, Dallas, TX, USA,
diluted 1:100,000), and goat anti-rabbit (12-348Sigma-Aldrich, Darmstadt, Germany, diluted
1:150,000) secondary antibodies HRP (Horseradish Peroxidase) were used in accordance
with the manufacturer’s instructions.

Protein bands were developed by the enhanced SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific, Waltham, MA, USA). The chemiluminescent
signal was acquired using ChemiDoc XRS+ System (Bio-Rad Laboratories, Hercules, CA,
USA) and analyzed by using Image J software (Version 1.50i, National Institute of Health,
Bethesda, MD, USA).

4.13. Statistical Analysis

The experiments were performed on a minimum of three independent determinations,
carried out in triplicate, and the results are reported as the means =+ SD.

For comparison between the two groups, a t-test was used, and differences were
considered to be significantly different if p < 0.05 (GraphPad PRISM 8.2). One-way analysis
of variance (ANOVA) was carried out in GraphPad PRISM 8.2 software to evaluate any
statistical difference among more than two different samples. Differences were considered
to be significantly different if p < 0.05 (Tukey’s post-hoc multiple-comparison test).

5. Conclusions

The effect of natural compounds on glucose transporters and their protective effects
against oxidative stress have been previously demonstrated in several experimental models.
For the first time, this study highlights the ability of POE to reduce glucose transport by
lowering the GLUT?2 levels, to promote intestinal barrier integrity by modulating ZO-1
levels, and to have a protective antioxidant effect against glucose-induced damage in Caco-
2 cells. This is the first study to investigate the behavior of a complex pool of POE phenolic
compounds, rather than a single molecule, on differentiated human intestinal Caco-2 cells.
We suggest that the biological properties exerted by POE could be related to synergistic
effects of its constituents.

In the face of the incessant demand for new alternative natural antioxidants, as well
as anti-inflammatory and antidiabetic agents, the cell-safe POE profile makes this phyto-
complex an excellent candidate for continuing to investigate the potential use of POE in
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the management of chronic diseases, including diabetes, in support of practices described
in traditional medicine. Therefore, our results lay the foundation for further in vitro and
in vivo studies to verify the antioxidant and antidiabetic role of P. oceanica.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20070457/s1, Figure S1: Effect of POE on Caco-2 cells viability;
Figure S2: Effect of POE on HG-induced intracellular ROS formation; Figure S3: Effect of POE on
HG-induced cell toxicity.
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Abstract: This study aimed to evaluate the effects of short-term supplementation, with 2% Chlorella
vulgaris (C. vulgaris) biomass and two 0.1% C. vulgaris extracts, on the health status (experiment
one) and on the inflammatory response (experiment two) of gilthead seabream (Sparus aurata).
The trial comprised four isoproteic (50% crude protein) and isolipidic (17% crude fat) diets. A
fishmeal-based (FM), practical diet was used as a control (CTR), whereas three experimental diets
based on CTR were further supplemented with a 2% inclusion of C. vulgaris biomass (Diet D1);
0.1% inclusion of C. vulgaris peptide-enriched extract (Diet D2) and finally a 0.1% inclusion of
C. vulgaris insoluble fraction (Diet D3). Diets were randomly assigned to quadruplicate groups
of 97 fish/tank (IBW: 33.4 & 4.1 g), fed to satiation three times a day in a recirculation seawater
system. In experiment one, seabream juveniles were fed for 2 weeks and sampled for tissues at
1 week and at the end of the feeding period. Afterwards, randomly selected fish from each group
were subjected to an inflammatory insult (experiment two) by intraperitoneal injection of inactivated
gram-negative bacteria, following 24 and 48 h fish were sampled for tissues. Blood was withdrawn for
haematological procedures, whereas plasma and gut tissue were sampled for immune and oxidative
stress parameters. The anterior gut was also collected for gene expression measurements. After
1 and 2 weeks of feeding, fish fed D2 showed higher circulating neutrophils than seabream fed
CTR. In contrast, dietary treatments induced mild effects on the innate immune and antioxidant
functions of gilthead seabream juveniles fed for 2 weeks. In the inflammatory response following
the inflammatory insult, mild effects could be attributed to C. vulgaris supplementation either in
biomass form or extract. However, the C. vulgaris soluble peptide-enriched extract seems to confer a
protective, anti-stress effect in the gut at the molecular level, which should be further explored in
future studies.

Keywords: functional feeds; protein hydrolysate; innate immunity; fish robustness
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1. Introduction

In intensive farming facilities, fish are reared at high densities, which may increase
stress and susceptibility to diseases, resulting in lower production yields. Consequently,
there is an increasing pressure for disease management strategies, beyond the use of
antibiotics or vaccination. In this sense, health promoting feeds designed not only to
fulfil the nutrient requirements but also to strengthen the immune system are viewed as a
way to reduce aquaculture dependency on chemotherapeutics and to mitigate its negative
environmental effects [1,2]. Novel applications based on algal products are a fast emerging
and a developing area, expected to reach 56.5 billion US$ by 2027 with a compound annual
growth rate of 6% in the period from 2019 to 2027 [3]. The ability to grow in different
environments and conditions as well as to produce large numbers of secondary metabolites
makes microalgae a suitable raw material for different applications. These organisms are
regarded as sustainable alternative sources of bioactive compounds, mostly sought out for
the development of functional feeds, foods and health products [4-6].

Chlorella vulgaris is a green microalga with a wide distribution in freshwater, marine
and terrestrial environments that is capable of rapid growth under autotrophic, mixotrophic
and heterotrophic conditions [7]. These characteristics made C. vulgaris a successful candi-
date for large-scale cultivation and commercial production [8]. As with other microalgae
species, C. vulgaris produces a different array of health-promoting biomolecules [9,10].
Notably, natural pigments such as lutein and astaxanthin extracted from Chlorella sp. show
immunostimulatory and antioxidant protective effects [4,11,12]. Furthermore, these mi-
croalgae are characterised by a very high crude protein content (>50%) and a balanced
amino acid (AA) profile, synthesising all essential AA in a considerable amount [4]. Al-
ready, C. vulgaris biomass has been successfully used in aquafeeds as a source of pro-
tein, improving growth performance, oxidative status and immune response in several
fish species [13-17]. For instance, dietary supplementation of Chlorella sp. at 0.4 to 1.2%,
stimulated the innate immunity of gibel carp (Carassius auratus gibelio), namely by in-
creasing IgM, IgD, Interleukin-22 and chemokine levels [18]. Also, Zahran and Risha [16]
reported that feed supplementation with powdered C. vulgaris protected Nile tilapia against
arsenic-induced immunosuppression and oxidative stress.

Nonetheless, as with other algal biomasses, at high fishmeal replacement levels, stud-
ies start to report impaired growth performances [19,20]. Microalgae generally show thick
cell walls that hinder the access of fish gut enzymes to intracellular nutrients. Hence,
algae nutritional value increases if access is provided to macro and micronutrients [21-23].
Hydrolyses improve digestibility through the application of chemical or enzymatic meth-
ods to disrupt the cell wall and hydrolyse intact proteins [24]. The enzymatic method
is sometimes advantageous because of milder processing conditions and peptide bond
specificity, giving rise to digestible peptides believed to be more effective than the whole
protein or the free AA [24,25]. Peptide bioactivity is influenced by molecular weight and
peptide chain size [26]. In fact, low molecular weight peptides (<3 kDa) are described as
having immune-stimulating or anti-inflammatory properties [26-28].

Several studies, have evaluated marine protein hydrolysates (MPH) as a dietary ingre-
dient and their effects on growth performance, immune response and disease resistance in
fish [26]. Results are promising, as the dietary inclusion of MPH has been shown to induce
growth, antioxidant activity and fish immunity [28-32] as well as improve fish immune
response and disease resistance to specific bacterial infections [27,33-35]. Moreover, re-
garding microalgae, different C. vulgaris protein hydrolysates and extracts have already
been studied concerning its different bioactivities, namely, anticancer and antibacterial
effects [36], as well as antioxidant and immune modulatory properties [37]. Results men-
tioned above suggest that C. vulgaris has the potential to act as a dietary supplement with
nutraceutical properties and to stimulate the immune system. Therefore, the present study
aimed to evaluate the effects of short-term dietary supplementation, with a 2% C. vulgaris
biomass and a 0.1% supplementation with C. vulgaris soluble peptide-enriched extract, on
the immune and the oxidative stress defences (health status; experiment one) and on the
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inflammatory response after an inflammatory insult (experiment two) of gilthead seabream
(Sparus aurata).

2. Results
2.1. Haematology/Peripheral Leucocyte Responses

In experiment one, total WBC and RBC as well as MCH did not change significantly
among different dietary treatments at both 1 and 2 weeks of feeding (Table 1). However,
fish fed D2 presented a higher haemoglobin (Hb) concentration than D1 and D3 fed fish
(Table 1). Differential leucocyte counts showed different modulation patterns between
dietary treatments regardless of the sampling point (Table 2). For instance, the D1 fed
group showed lower lymphocyte numbers at both 1 and 2 weeks, when compared to the
other dietary treatments (Table 2). Whereas peripheral neutrophils increased in D2 fed
fish compared to those fed CTR (Table 2). Circulating monocytes were not significantly
modulated by dietary treatments at either 1 or 2 weeks of feeding.

Table 1. Haemoglobin, mean corpuscular haemoglobin (MCH), red blood cells (RBC) and white
blood cells (WBC) in gilthead seabream juveniles after 1 and 2 weeks of feeding (experiment one).
Data are the mean = SEM (n = 12).

Haematology 1 Week 2 Weeks
Diets CTR D1 D2 D3 CTR D1 D2 D3

Haemoglobin (g-dL~!) 0.69+005 065+004 081+004 061+003 0.68+006 065+002 074+0.05 0.67+0.05

MCH (pg-cell ™) 224 +031 189 +016 229+023 1.87+016 331+039 312+0.19 361+019 324+0.18

WBC (10*-uL~1) 1.85+0.05 1.84+012 196+006 186+0.05 396+0.18 419+021 373+023 3.89+0.19

RBC (106-uL’1) 3.25+0.26 3.46 +0.21 3.79 £ 0.39 3.64 +0.20 1.93 + 0.09 2.13 £0.16 2.06 £ 0.12 191 +£0.11

2-Way ANOVA
Time Diet Diet x Time
1 week 2 weeks CIR D1 D2 D3

Haemoglobin (g-dL~!) - - AB B A B ns

MCH (pg-cell™!) A B - - - - ns

WBC (10*-uL-1) B A - - - - ns

RBC (10°-uL~1) A B - - - - ns

Different capital letters represent significant differences in time regardless of diet and between diets regardless of
time (p < 0.05), ns (not significant).

Table 2. Absolute values of peripheral blood leucocytes (thrombocytes, Lymphocytes, monocytes
and neutrophils) in gilthead seabream juveniles after 1 and 2 weeks of feeding (experiment one).
Data are the mean + SEM (n = 12).

Peripheral Leucocytes 1 Week 2 Weeks
Diets CTR D1 D2 D3 CTR D1 D2 D3

Thrombocytes (10*-uL~1) 117 +£0.08 130+£0.07 129+012 126+005 278+0.18 324+017 258+0.17 2.66+0.16
Lymphocytes (10*-uL~1) 0.57£0.07 0374004 0.62+£005 056+003 1.15+0.12 0.84+0.07 1.05+£0.15 1.17+0.08

Monocytes (10*-pL~1) 0.01+£0.00 0.02+0.00 0.0240.01 0.02+001 0.02+0.01 0.03+0.01 0.02+0.00 0.02+0.01

Neutrophils (10*-uL~1) 0.01+£0.00 0.01+0.01 0044001 0.02+001 0.02+0.01 0.06+0.02 0.06+0.01 0.06=+0.01

2-Way ANOVA
Time Diet Diet x Time
1 week 2 weeks CTR D1 D2 D3

Thrombocytes (10*-uL 1) B A - - - - ns
Lymphocytes (10*-uL~1) B A A B A A ns

Monocytes (10*-uL~1) - - - - - - ns

Neutrophils (10*-pL~") B A B AB A AB ns

Different capital letters represent significant differences in time regardless of diet and between diets regardless of
time (p < 0.05), ns (not significant).

After the inflammatory insult (experiment two), Hb increased at 24 h following inocu-
lation with the inactivated bacteria, while MCH, total WBC and RBC remained unchanged
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UM

(Table 3). Peripheral lymphocyte numbers decreased at 24 h compared to 0 h, returning
to resting values at 48 h (Table 4). Circulating neutrophil levels increased at 24 h and 48 h
following pathogen inoculation compared to time 0 h (Table 4). Total thrombocyte and
monocyte concentrations were unaffected (Table 4).

2.2. Plasma Humoral Parameters

In experiment one, plasma humoral parameters (NO production, antiprotease and
peroxidase activities) remained unaffected by the different dietary treatments at both
sampling points (Figure 1A-C). However, antiprotease activity increased from 1 to 2 weeks
of feeding, while peroxidase followed an opposite trend.
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Figure 1. Plasma immune parameters of gilthead seabream juveniles. Experiment one: (A) Antipro-
tease activity; (B) Peroxidase activity; (C) Nitric oxide. Data are the mean + SEM (n = 12). Experiment
two: (D) Antiprotease activity; (E) Peroxidase activity; (F) Nitric oxide. Data are the mean & SEM
(n =9). Different capital letters represent significant differences in time regardless diet (p < 0.05).

Following heat-inactivated bacteria inoculation, peroxidase activity increased after
48 h (Figure 1E), while both NO concentration and antiprotease activity decreased at
24 and 48 h (Figure 1D,F).
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2.3. Gut Innate Immune and Oxidative Stress Biomarkers

Peroxidase, NO production and SOD activity remained unchanged during the health
status experiment in gut samples (Figure 2A—C). Nonetheless, D2 fed fish showed increased

gut lipid peroxidation compared to D3 and CTR (Figure 3A), and catalase activity increased
from 1 to 2 weeks of feeding.
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Figure 2. Gut immune parameters of gilthead seabream juveniles. Experiment one: (A) Peroxidase
activity; (B) Nitric oxide (NO). Data are the mean + SEM (1 = 12). Experiment two: (C) Peroxidase
activity; (D) Nitric oxide (NO). Data are the mean + SEM (1 = 9) Different capital letters represent
significant differences in time regardless of diet (p < 0.05).

In experiment two, all measured parameters changed over time. Peroxidase activity
increased from 24 to 48 h and NO production decreased after 24 and 48 h (Figure 2C,D).
Antioxidant defences, such as catalase activity decreased 48 h after inoculation (Figure 3E),
while lipid peroxidation increased at 24 and 48 h (Figure 3D). Superoxide dismutase activity

increased at 24 h post-stimulus and D1 fed fish had higher activity than D3, irrespective of
the sampling point (Figure 3F).

73



Mar. Drugs 2022, 20, 407

& 8

nmol g*' tissue!
8

=)

Umg"' prot!
N o

=]

(A) LPO N (D)
= . 140 A W S
T _ 120 ——
b 100 i : B ]
# o PR ” 3w B | i T
L I # A 4 - 80 T 1 i B i
Y gt o T & i
il 89 a i i
i En i I b o
] i o L & i
CTR D1 D2 D3 CTR D1 D2 D3 CTR D1 D2 D3 CTR D1 D2 D3 CTR D1 D2 D3
1 week 2 weeks Oh 24h 48h
Catalase A (B) Catalase (E)
B -—‘—T\ 50 A A
T -
— | —_—
1 .1 -z i 1 0 . L " B
- gee o —_——
< b e
= g % i - .
¢ a H i 1
'.'8 2 HE e
> V1m b i
: 0= bt
CTR D1 D2 D3 CTR D1 D2 D3 CTR D1 D2 D3 CTR D1 D2 D3 CTR DI D2 D3
1 week 2 weeks oh 24h 48h
SOD (C) SOD (F)
7
. — AB
T I B 3l ! - | T
e8| ——— H i
Py 7 ] it |
o ‘ T ‘
] [ I &1L § ] i T
%310 i i I
g, I i i I
o} B Lh]
1 i &
i 0 ! | {4 L
CTR D1 D2 D3 CTR D1 D2 D3 CTR D1 D2 D3 CTR D1 D2 D3 CTR D1 D2 D3
1 week 2 weeks Oh 24h 48h

Figure 3. Gut oxidative stress parameters of gilthead seabream juveniles. Experiment one: (A) Lipid
peroxidation (LPO); (B) Catalase activity; (C) Superoxide dismutase activity (SOD). Data are the
mean = SEM (n = 12). Experiment two: (D) Lipid peroxidation (LPO); (E) Catalase activity;
(F) Superoxide dismutase activity (SOD). Data are the mean & SEM (n = 9). Different symbols
represent significant differences between diets regardless of time (p < 0.05). Different capital letters
represent significant differences in time regardless of diet (p < 0.05).

2.4. Gut Gene Expression Analysis

To evaluate the expression of gut health, immunity and oxidative stress related genes
(Tables 5 and 6), total RNA was isolated from fish anterior intestine. In experiment one,
target genes transcriptomic analysis was not able to ascertain differences attributable to
the dietary treatments, which could be related to the high intraspecific variability for some
target genes (Table 5). However, cd8«, hsp70 and muc2 genes expression increased from
1 to 2 weeks.

Following the inflammatory insult, changes attributed to dietary treatments were also
not found in the majority of analysed genes, except for hsp70, which was down-regulated
at 24 h in D2 fed fish (Table 6). Furthermore, tlrl gene expression was up-regulated and
gpx was down-regulated at 24 h in all dietary treatments.
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3. Discussion

A main feature of C. vulgaris is its protein content and its balanced AA profile, making
it a potential source of bioactive peptides. However, the presence of rigid cell walls limits
the fish’s ability to access and to utilise the different nutrients inside microalgae cells. In
the present study, cell wall disruption was obtained through a combination of chemical
and enzymatic processes and the protein fraction was hydrolysed using a serine protease.
Protein hydrolysates seem more effective than either intact protein or free AA in different
applications for nutrition [25,38]. The current study was devised using two different
approaches. First, there was a 2-week feeding trial to evaluate the health status of the
fish, aiming to develop future prophylactic strategies (experiment one). After 2 weeks
of feeding, fish were subjected to an inflammatory insult to evaluate the inflammatory
response (experiment two) and to better discriminate any immunomodulatory effect from
the different dietary treatments.

The overall haematological profile from the health status experiment showed some
changes, mainly exerted by C. vulgaris biomass and peptide-enriched extract supplemented
diets (D1 and D2 diets). Fish fed diet D1 showed lower lymphocyte numbers (Table 2). Ac-
cordingly, in a previous experiment with poultry, where different preparations of C. vulgaris
were used, animals fed a supplemented diet with 1% chlorella powder showed decreased
lymphocyte numbers [39]. Nonetheless, fish fed D2 diet not only had comparable lympho-
cyte numbers to CTR, but also showed a higher neutrophil concentration (Table 2). These
higher circulating myeloid cell numbers in the D2 group might be of relevance during
early responses to infection. Bagwald et al. [40] have shown that medium-size peptides
(500-3000 Da) from cod muscle protein hydrolysate, stimulated in vivo respiratory burst
activity in Atlantic salmon (Salmo salar) head-kidney leucocytes. In the present study, the
peptide-enriched extract protein/peptide profile (Figure S1) is mainly composed of small
to medium size particles (<1200 Da) [41]. Size and molecular weight (MW) seem to be
particularly important for peptide immunomodulatory activities, with small- to medium-
sized particles showing the highest activity [26,28,40,42]. However, an increased leucocyte
response in fish fed the D2 diet did not translate into an improved plasma humoral param-
eters response (NO concentration, antiprotease and peroxidase activities) at 1 or 2 weeks
(Figure 1A—C), although those values tended to increase in seabream fed D2 and D3. Ac-
cordingly, former studies conducted on Coho salmon (Oncorhynchus kisutch) and turbot
(Scophthalmus maximus) did not show any significant impacts on several innate immune
defence mechanisms, when fish were fed MPH supplemented diets [43,44]. Nonetheless,
beneficial effects have been reported in different fish species [26]. Khosravi et al. [33] sup-
plemented red seabream (Pagrus major) and olive flounder (Paralichthys olivaceus) feeds with
2% krill and tilapia protein hydrolysates and supplementation improved lysozyme activity
and respiratory burst in both species. Protein hydrolysates were mainly composed of small-
(<500 Da) to medium-sized peptides (500-5000 Da). Furthermore, diet D2 shows a higher
Hb concentration than D1 and D3 fed fish. The extraction method employed in a C. vulgaris
biomass to obtain the soluble extract (diet D2) might increase iron availability, since most
of the intracellular iron is associated with soluble proteins and iron is an essential element
for Hb production [45].

In the present study, when fish were subjected to an inflammatory insult (experiment
two), an immune response after the stimulus was observed through the time-dependent
response pattern of peripheral leucocytes, plasma and gut immune parameters. Peripheral
cell dynamics were significantly changed at 24 h post-stimulus, translating into a sharp
increase in circulating neutrophils and a significant decrease in lymphocytes (Table 4),
indicating that cells were differentiating and being recruited to the site of inflammation.
Also, Hb concentration increased (Table 3) in line with a higher metabolic expenditure
due to the inflammatory response, and peroxidase activity showed a clear augmentation
following inflammation (Figure 1E). Even though circulating neutrophil numbers tended to
increase in D1, 2 and 3 dietary treatments at 48 h following inflammation (Table 4), it was
not possible to ascertain a clear Chlorella whole-biomass or extracts effect, a fact that could
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be related to high intraspecific variability in response to the stimulus and that reinforces
the need for further studies to unravel the potential of these extracts.

Hydrogen peroxide and oxygen radicals are physiologically generated within cellular
compartments and their build-up leads to tissue oxidative stress and damage [46]. Free
radical effects are controlled endogenously by antioxidant enzymes and non-enzymatic
antioxidants and also by exogenous dietary antioxidants that prevent oxidative damage.
Chlorella sp. contain several phytochemicals, namely carotenoids, chlorophyll, flavonoids
and polyphenols, which exhibit antioxidant activities [47,48]. Earlier studies showed a
significant increase in serum SOD activity in gibel carp fed diets containing 0.8-2.0% dry
Chlorella powder [20]. Rahimnejad et al. [14] reported increased plasma CAT activity and
total antioxidant capacity (TAC) in olive flounder fed diets with 5% and 10% defatted
C. vulgaris meal. As with other microalgae species, the antioxidant potential of C. vulgaris
has been mainly assessed on serum and liver, though information is still scarce at the
intestinal level. The intestinal epithelium, a highly selective barrier between the animal
and the external environment, is constantly exposed to dietary and environmental oxidants.
Consequently, it is more prone to oxidative stress and damage, which can impact gut
functionality and health [49,50]. The dietary effects of microalgae biomass inclusion have
been previously assessed on the intestine of gilthead seabream. Fish were fed diets supple-
mented with 0.5, 0.75 and 1.5% Nannochloropsis gaditana biomass and no signs of nutritional
modulation were found for intestinal SOD and CAT transcription [51]. In the present
study, D2 fed fish showed higher gut LPO than CTR and D3 at the end of experiment
one (Figure 3A), which could be related to the extraction method employed, since most
of the pigments present in the C. vulgaris biomass are not present in the peptide-enriched
extract, diminishing the availability of exogenous dietary antioxidants. As pigments are
mostly hydrophobic, they are extracted alongside the lipid fraction present in the insoluble
extract (Diet D3). Regarding the activities of key enzymes involved in intestinal redox
homeostasis (CAT and SOD), these remained unchanged among experimental groups.
Castro et al. [17] replaced 100% FM by C. vulgaris biomass in plant protein rich diets for
seabass (Dicentrarchus labrax) and found no differences in intestinal LPO, tGSH and GSH
levels between dietary treatments. However, they reported lower SOD activity and higher
GSSG levels in microalgae-enriched diets, suggesting an increased risk for oxidative stress
when fish are subjected to pro-oxidative conditions. Such conditions might arise during an
inflammatory insult. However, in experiment two of the present study, lipid peroxidation
increased at 24 and 48 h (Figure 3D) post-stimulus but to the same extent for all the dietary
treatments. It could be hypothesised that fish fed the D2 diet were able to cope with acute
inflammation in a similar manner as the other experimental groups, despite their higher
intestinal oxidative state. In other studies, C. vulgaris powdered biomass has been found
to counteract the pro-oxidative effects of arsenic induced toxicity in both the gills and the
liver of tilapia [16]. Furthermore, Grammes et al. [51] reported that substituting FM by
C. vulgaris in aquafeeds containing 20% soybean meal (SBM) is an effective strategy to
counteract soybean meal-induced enteropathy (SBMIE) in Atlantic salmon. Likely, this was
by maintaining the integrity of the intestinal epithelial barrier and therefore preventing
innate immune response activation and ROS generation [52,53].

In the present study, anterior gut transcriptional changes were also evaluated to
determine the effect of dietary treatments on the expression patterns of different structural
(muc2 and muc13), antioxidant (hsp70; gpx and sod(mn)) and immune related genes
(il1B; i134; tlrl; cd8«; igm and hepc). The transcriptomic approach employed was not
able to ascertain a clear dietary modulation, at least for the great majority of genes under
evaluation in both experiments one and two. However, after the inflammatory insult, the
hsp70 gene was down regulated in the D2 fed group after 24 h compared to those fed
CTRL (Table 6). Heat shock protein 70 (HSP70) maintains cell integrity and function, and it
promotes cell survival under stressful conditions [54]. Leduc et al. [28] reported that genes
involved in cellular damage response and repair were also under-expressed in seabass fed
a mix of tilapia (TH) and shrimp (SH) protein hydrolysates (5% dry matter diet), mainly
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composed of low molecular weight peptides. In the same study, fish that were fed the SH
alone showed up-regulation of intestinal immune-related genes. Although composed of
small-sized peptides, TH did not show the same pattern of stimulation, following what
was observed in the current work. According to the authors, the immune-stimulatory
effect of the SH was due to low molecular weight peptides, but also to its origin and its
degree of hydrolysis [28]. Bioactive peptides are inactive when they are part of the native
protein sequence; and, after hydrolysis, bioactivity can be gained depending on specific
AA sequences and the size of the newly formed peptides [25]. Nevertheless, in the present
study, the observed down-regulation of hsp70 gene expression in the gut of seabream
fed D2 suggests a certain degree of anti-stress and/or antioxidant properties from the
C. vulgaris peptide-enriched extract, in line with that hypothesized above.

In summary, the C. vulgaris peptide-enriched extract tested in the present study seems
to confer a dual modulatory effect at both peripheral (blood) and local (gut) levels. In
particular, it drives the proliferation of circulating neutrophils in resting seabream, which
could be of assistance to fight against opportunistic pathogens. Following an inflammatory
insult, this peptide-enriched extract may protect the gut against stress, and it should be
considered for further studies.

4. Materials and Methods
4.1. C. vulgaris Hydrolysates Production

C. vulgaris was supplied, as powder, by AllMicroalgae—Natural Products, SA (Pataias,
Portugal). The C. vulgaris hydrolysates were produced by an acid pre-treatment followed
by an enzymatic hydrolysis, using a previously optimised method [41]. Briefly, C. vulgaris
(Table 7) was mixed with an acetic acid solution (2% in deionised water) in a ratio of
microalgae:water of 1:3 (w/v). The mixture was incubated for 1 h at 50 °C and 125 rpm
in an orbital shaker (ThermoFisher Scientific, Waltham, MA, USA, MaxQ™ 6000). Then,
deionised water was added until microalgae:water ratio reached 1:10 and the pH was
adjusted to 7.5. For the enzymatic hydrolysis, first, 5% cellulase was added and the mixture
was incubated for 2 h at 50 °C and 125 rpm. Secondly, 3.9% subtilisin was added and the
mixture was incubated for 2 h at 40 °C at 125 rpm. During the enzymatic hydrolysis, pH
was constantly verified and adjusted to 7.5, mainly in the subtilisin hydrolysis step. To
stop the hydrolysis reaction, the mixture was incubated at 90 °C for 10 min to inactivate
the enzymes. The resulting solution was centrifuged at 5000 ¢ for 20 min, and both the
water-soluble peptide-enriched supernatant (Table 8) and the pellet were collected and
freeze-dried for further analysis.

Table 7. Microalgae Chlorella vulgaris biomass composition (prior to extraction).

Nutrients Quantity (g/100 g)
Crude Protein 52.2
Crude Fat 7.9
Carbohydrates 109
Fibers 155
Mineral matter 11.1
Moisture 24

Table 8. Chlorella vulgaris soluble extract protein concentration and in vitro bioactivities.

Chlorella vulgaris Soluble Extract

% Protein 44.71 £ 1.75
Antioxidant activity (ORAC) (umol TE/g of extract) 462.83 & 39.97
Anti-hypertensive activity (ACE) (ICsy ug protein mL~") 286.0 & 55.00

Anti-diabetic activity (% of inhibition of x-Glucosidase enzyme

in a solution with 30 mg mL~! of soluble extract) 31.36 £3.90
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4.2. Diet Composition

The trial comprised 4 isoproteic (50% protein in dry matter (DM)), isolipidic (17% fat
in DM) and isoenergetic (23 kJ/g) dietary treatments. A fishmeal-based (FM), practical
diet was used as a control (CTR), whereas three experimental diets based on CTR were
further supplemented with a 2% inclusion of C. vulgaris powdered biomass (Diet D1); 0.1%
inclusion of C. vulgaris peptide-enriched extract (Diet D2) and finally 0.1% inclusion of
C. vulgaris insoluble residue (Diet D3) (Table 9). Diets were manufactured by SPAROS
(Olhao, Portugal). All powder ingredients were initially mixed and ground (<200 micron)
in a micropulverizer hammer mill (SH1, Hosokawa-Alpine, Germany). Subsequently,
the oils were added to the powder mixtures, which were humidified with 25% water and
agglomerated by a low-shear and a low-temperature extrusion process ITALPLAST, Parma,
Italy). The resulting pellets of 2.0 mm were dried in a convection oven for 4 h at 55 °C
(OP 750-UF, LTE Scientifics, Oldham, UK). Diets were packed in sealed plastic buckets and
shipped to the research site (CIIMAR, Matosinhos, Portugal), where they were stored in a
temperature-controlled room.

Table 9. Ingredients and proximate composition of experimental diets.

Ingredients (%) CTR D1 D2 D3
Fishmeal Super Prime 1 10.00 10.00 10.00 10.00
Fish gelatin 2 2.00 2.00 2.00 2.00
Soy protein concentrate 3 10.00 10.00 10.00 10.00
Wheat gluten 4 7.00 7.00 7.00 7.00
Corn gluten 5 15.00 15.00 15.00 15.00
Soybean meal © 20.00 20.00 20.00 20.00
Rapeseed meal 7 5.25 5.25 5.25 5.25
Sunflower meal & 5.00 5.00 5.00 5.00
Wheat meal * 7.00 5.00 7.00 7.00

Fish oil 10 4.90 4.90 4.90 4.90

Soybean oil 11 9.10 9.10 9.10 9.10

Premix 1% 12 1.00 1.00 1.00 1.00

Binder (Celatom—Diatomite) 13 1.00 1.00 1.00 1.00
MAP (Monoammonium phosphate) 14 1.50 1.50 1.50 1.50
L-Lysine 1° 1.00 1.00 1.00 1.00
L-Threonine !0 0.10 0.10 0.10 0.10
DL-Methionine 17 0.15 0.15 0.15 0.15
Chlorella whole biomass—Algafarm 18 0.00 2.00 0.00 0.00
Chlorella—soluble fraction 1 0.00 0.00 0.10 0.00
Chlorella—Insoluble residue 2 0.00 0.00 0.00 0.10

166.3% CP, 11.5% CF, Pesquera Diamante, Peru; 2 94% WEISHARDYT, Slovakia; 3 62.2% CP, 0.7% CF, Soycomil
P, ADM, Netherlands; * 80.4% CP, 5.8% CF, VITAL, Roquette, France; 561.2% CP, 5.2% CF, COPAM, Portugal;
6 Dehulled solvent extracted: 47.4% CP, 2.6% CF, Cargill, Spain; 7 Solvent extracted: 34.3% CP, 2.1% CF, Ribeiro
e Sousa Lda, Portugal; 8 Solvent extracted: 29.1% CP, 1.8% CF, Ribeiro e Sousa Lda, Portugal; 911.7% CP, 1.6%
CF, Molisur, Spain; 10.98.1% CF (16% EPA; 12% DHA), Sopropéche, France; 11 98.6%, JC Coimbra, Portugal;
12 Vitamins (IU or mg/Kg diet): DL-alphatocopherol acetate, 100 mg; sodium menadione bisulphate, 25 mg;
retinyl acetate, 20,000 IU; DL-cholecalciferol, 2000 IU; thiamine, 30 mg; riboflavin, 30 mg; pyridoxine, 20 mg;
cyanocobalamin, 0.1 mg; nicotidin acid, 200 mg; folic acid, 15 mg; ascorbic acid, 1000 mg; inositol, 500 mg; biotin,
3 mg; calcium panthotenate, 100 mg; choline chloride, 1000 mg, betaine, 500 mg. Minerals (g or mg/kg diet):
cobalt carbonate, 0.65 mg; copper sulphate, 9 mg; ferric sulphate, 6 mg; potassium iodide, 0.5 mg; manganese
oxide, 9.6 mg; sodium selenite, 0.01 mg; zinc sulphate. 7.5 mg; sodium chloride, 400 mg; calcium carbonate,
1.86 g; excipient wheat middling’s, Premix Lda, Portugal; 13 CELATOM FP1SL (diatomite), Angelo Coimbra S.A.,
Portugal; 4 Windmill AQUAPHOS (26% P), ALIPHOS, Netherlands; '> 99% Lys, Ajinomoto EUROLYSINE S.A.S,
France; !¢ 98.5% Thr, Ajinomoto EUROLYSINE S.A S, France; 17 99% Met, Rodhimet NP99, ADISSEO, France;
18 Chlorella vulgaris lyophilized biomass, Allmicroalgae, Portugal; %20 Chlorella vulgaris aqueous and insoluble
extracts, CBQF—Escola Superior de Biotecnologia, Universidade Catélica Portuguesa, Portugal.

4.3. Bacterial Growth and Inoculum Preparation

Photobacterium damselae subsp. piscicida (Phdp), strain PP3, was used for the inflam-
matory insult. Bacteria were routinely cultured at 22 °C in tryptic soy broth (TSB) or tryptic
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soy agar (TSA) (both from BD Difco™, Franklin Lakes, NJ, USA) supplemented with NaCl
to a final concentration of 1% (w/v) (TSB-1 and TSA-1, respectively) and stored at —80 °C
in TSB-1 supplemented with 15% (v/v) glycerol. To prepare the inoculum for injection
into the fish peritoneal cavities, stocked bacteria were cultured for 48 h at 22 °C on TSA-1.
Afterwards, exponentially growing bacteria were collected and resuspended in sterile
HBSS and adjusted against its growth curve to 1 x 107 colony forming units (cfu) mL~1.
Plating serial dilutions of the suspensions onto TSA-1 plates and counting the number of
cfu following incubation at 22 °C confirmed bacterial concentration of the inocula. Bacteria
were then killed by heat at 70 °C for 10 min. Loss of bacterial viability following heat
exposure was confirmed by plating resulting cultures on TSA-1 plates and failing to see
any bacterial growth.

4.4. Fish Rearing Conditions and Feeding Scheme

The experiment was carried out in compliance with the Guidelines of the European
Union Council (Directive 2010/63/EU) and Portuguese legislation for the use of laboratory
animals at CIIMAR aquaculture and animal experimentation facilities in Matosinhos,
Portugal. The protocol was approved by the CIIMAR Animal Welfare Committee in
29/04/2020 with the reference 0421/000/000/2020 from Direcao Geral de Alimentagao e
Veterinaria (DGAV). Seawater flow was kept at 4 L min~! (mean temperature 22.4 + 1 °C;
mean salinity 35.2 4= 0.7 %o) in a recirculation system with aeration (mean dissolved oxygen
above 6 mg L~1). Water quality parameters were monitored daily and adjusted when
necessary. Mortality was monitored daily. Diets were randomly assigned to triplicate
groups of 97 fish/tank (IBW: 33.4 & 4.1 g) that were fed to satiation three times a day for
2 weeks starting at a 1.5% biomass.

4.5. Experimental Procedures

To examine the influence that C. vulgaris biomass and protein-rich extract supple-
mentation may have on the health status (trial 1) and the inflammatory response against
bacteria (inactivated Phdp i.p. injection; trial 2), samples of blood and gut were col-
lected at 1and 2 weeks (Trial 1) and after 2 weeks of feeding at 0 h, 24 h and 48 h
post-injection (Trial 2).

4.5.1. Health Status (Experiment One)

After 1 and 2 weeks, 12 fish/treatment were weighed and sampled for tissues (blood,
head-kidney, liver and gut), after being sacrificed with a 2-phenoxyethanol lethal dose
(0.5 mL L™1) [55]. Blood was collected from the caudal vein using heparinised syringes
and centrifuged at 10,000x ¢ for 10 min at 4 °C to obtain plasma samples. Plasma and
tissue samples were immediately frozen in liquid nitrogen and stored at —80 °C until
further analysis.

4.5.2. Inflammatory Response (Experiment Two)

At 2 weeks, 24 fish/treatment were subjected to an inflammatory insult by intraperi-
toneal (i.p.) injection of heat-inactivated Phdp (see Section 2.2) and immediately transferred
to a similar recirculation system in triplicates. After 24 and 48 h post-injection (time-course),
9 fish/treatment were sampled as described above.

4.6. Haematological Procedures

The haematological profile consisted of total white (WBC) and red (RBC) blood cells
counts. To determine WBC and RBC concentration, whole blood was diluted 1/20 and
1/200, respectively, in HBSS with heparin (30 U mL~!) and cell counts were done in a
Neubauer chamber. Blood smears were prepared from peripheral blood, air-dried and
stained with Wright’s stain (Haemacolor; Merck, Darmstadt, Germany), after fixation for
1 min with formol-ethanol (10% formaldehyde in ethanol). Neutrophils were labelled by de-
tecting peroxidase activity revealed by Antonow’s technique described in Afonso et al. [56].
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The slides were examined under oil immersion (1000 x ), and at least 200 leucocytes were
counted and classified as thrombocytes, lymphocytes, monocytes and neutrophils. The
relative percentage and absolute value (x 10* mL~1) of each cell type was calculated.

4.7. Innate Humoral Parameters
4.7.1. Antiprotease Activity

The antiprotease activity was determined as described by Ellis et al. [57], with some
modifications. Briefly, 10 uL of plasma were incubated with the same volume of trypsin
solution (5 mg mL~!in NaHCOj3, 5 mg mL~1, pH 8.3) for 10 min at 22 °C. After incubation,
100 pL of phosphate buffer (NaH,POy, 13.9 mg mL~1, pH 7.0) and 125 pL of azocasein
solution (20 mg mL~! in NaHCO;, 5 mg mL~!, pH 8.3) were added and incubated for
1h at 22 °C. Finally, 250 uL of trichloroacetic acid were added to the reaction mixture
and incubated for 30 min at 22 °C. The mixture was centrifuged at 10,000 x g for 5 min
at room temperature. Afterwards, 100 uL of the supernatant was transferred to a 96 well-
plate and mixed with 100 uL of NaOH (40 mg mL~1). The OD was read at 450 nm in a
Synergy HT microplate reader (Biotek, Winooski, VT, USA). Phosphate buffer instead of
plasma and trypsin served as blank, whereas the reference sample was phosphate buffer
instead of plasma. The sample inhibition percentage of trypsin activity was calculated
as follows: 100 — ((sample absorbance/Reference absorbance) x 100). All analyses were
conducted in duplicates.

4.7.2. Peroxidase Activity

Total peroxidase activity in plasma and intestine was measured, following the pro-
cedure described by Quade and Roth [58]. Briefly, 10 uL of plasma and 5 uL of intestine
homogenate were diluted with 140 and 145 uL, respectively, of HBSS without Ca>* and
Mg?* in 96-well plates. Then, 50 uL of 20 mM 3,3/ 5,5'-tetramethylbenzidine hydrochloride
(TMB; Sigma—Aldrich®, Merck, Darmstadt, Germany) and 50 pL of 5 mM H,O, were added
to the wells. The reaction was stopped after 2 min by adding 50 uL of H,SO4 (2 M) and
the optical density (OD) was read at 450 nm in a Synergy HT microplate reader (Biotek,
Winooski, VT, USA). Wells without plasma or mucus were used as blanks. The peroxidase
activity (U mL~! tissue) was determined, defining that one unit of peroxidase produces an
absorbance change of 1 OD.

4.7.3. Nitric Oxide (NO) Production

NO production was measured in plasma (1:10 sample dilution) and intestine (1:5 sam-
ple dilution) samples. Total nitrite and nitrate concentrations in the sample were assessed
using the Nitrite/Nitrate colorimetric method kit (Roche, Basel, Switzerland) adapted to
microplates. Nitrite concentration was calculated by comparison with a sodium nitrite stan-
dard curve. Since nitrite and nitrate are endogenously produced as oxidative metabolites
of the NO molecule, these compounds are considered as indicative of NO production.

4.8. Analysis of Oxidative Stress Biomarkers

Intestine samples were homogenised (1:10) in phosphate buffer 0.1 M (pH 7.4),
using Precellys evolution tissue lyser homogenizer (Bertin Instruments, Montigny-le-
Bretonneux, France).

4.8.1. Lipid Peroxidation (LPO)

One aliquot of tissue homogenate was used to determine the extent of endogenous
LPO by measuring thiobarbituric acid-reactive species (TBARS) as suggested by Bird and
Draper [59]. To prevent artifactual lipid peroxidation, butylhydroxytoluene (BHT 0.2 mM)
was added to the aliquot. Briefly, 1 mL of 100% trichloroacetic acid and 1 mL of 0.73%
thiobarbituric acid solution (in Tris-HCl 60 mM pH 7.4 with DTPA 0.1 mM) were added to
0.2 mL of intestine homogenate. After incubation at 100 °C for 60 min, the solution was
centrifuged at 12,000 x g for 5 min and LPO levels were determined at 535 nm.
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4.8.2. Total Protein Quantification

The remaining tissue homogenate was centrifuged for 20 min at 12,000 rpm (4 °C) to
obtain the post-mitochondrial supernatant fraction (PMS). Total proteins in homogenates
were measured by using Pierce™ BCA Protein Assay Kit, as described by the manufacturer
(ThermoFisher Scientific, Waltham, MA, USA).

4.8.3. Catalase (CAT)

CAT activity was determined in PMS by measuring substrate (H,O,) consumption
at 240 nm according to Claiborne [60] adapted to microplate. Briefly, in a microplate well,
0.140 mL of phosphate buffer (0.05 M pH 7.0) and a 0.150 mL H,O; solution (30 mM in
phosphate buffer 0.05 M pH 7.0) were added to 0.01 mL of intestine PMS (0.7 mg mL ™"
total protein). Enzymatic activity was determined in a microplate reader (BioTek Synergy
HT, Winooski, VT, USA), reading the optical density at 240 nm for 2 min every 15 s interval.

4.8.4. Superoxide Dismutase (SOD)

SOD activity was measured according to Flohé and Otting [61], adapted to microplate
by Lima, et al. [62]. Briefly, in a microplate well, 0.2 mL of the reaction solution [1 part
xanthine solution 0.7 mM (in NaOH 1 mM) and 10 parts cytochrome c solution 0.03 mM (in
phosphate buffer 50 mM pH 7.8 with 1 mM Na-EDTA)] was added to 0.05 mL of intestine
PMS (0.25 mg mL~! total protein). Optical density was measured at 550 nm in a microplate
reader (BioTek Synergy HT, Winooski, VT, USA) every 20 s interval for 3 min at 25 °C.

4.9. Gene Expression

RNA isolation from target tissue (anterior gut) and cDNA synthesis was conducted
with NZY Total RNA Isolation kit and NZY first-strand cDNA synthesis kit (NZYTech,
Lisbon, Portugal), following manufacturer’s specifications. Real-time quantitative PCR was
carried out on a CFX384 Touch Real-Time PCR system (Bio-Rad Laboratories, Hercules, CA,
USA). Genes comprised in the assay were selected for their involvement in gut integrity,
health and immunity (Table 10). Specific primer pair sequences are listed in Table S1.
Controls of general PCR performance were included on each array. Briefly, RT reactions
were diluted to obtain the equivalent concentration of 20 ng of total input RNA which
were used in a 10 pL volume for each PCR reaction. PCR wells contained a 2x SYBR
Green Master Mix (Bio-Rad Laboratories, Hercules, CA, USA) and specific primers were
used to obtain amplicons 50-250 bp in length. The program used for PCR amplification
included an initial denaturation step at 95 °C for 10 min, followed by 40 cycles of 95 °C
denaturation for 15 s, with primer annealing and extension temperature (Table S1) for 1 min.
The efficiency of PCR reactions was always higher than 90%, and negative controls without
sample templates were routinely performed for each primer set. The specificity of reactions
was verified by analysis of melting curves (ramping rates of 0.5 °C/10 s over a temperature
range of 55-95 °C). Fluorescence data acquired during the PCR extension phase were
normalised using the Pfaffl [63] method. The geometric mean of two carefully selected
housekeeping genes (elongation factor 1-o (eflx) and ribosomal protein S18 (rps18)) was
used as the normalisation factor to normalise the expression of target genes. For comparing
the mRNA expression level of each gene in a given dietary treatment, all data values were
in reference to the expression level of CTR fish.
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Table 10. PCR-array layout for gene expression profiling of anterior gut in sea bream.

Function Gene Symbol Accession Number
. . . . Mucin 2 muc2 JQ277710
Intestinal epithelium protection Mucin 13 mcl3 Q277713
Cytokines Interleukin 1 beta il1b AJ277166.2
Y Interleukin 34 1134 JX976629.1
Pattern recognition receptors Toll like receptor 1 tlrl KF857322
Cell markers CD8 alpha cd8u AJ878605
Antibodies Immunoglobulin M igm AM493677
Antimicrobial defence/Iron recycling Hepcidin hepc EF625901
Heat-shock protein 70 hsp70 DQ524995.1
Oxidative stress defences Glutathione peroxidase gpx DQ524992
Manganese superoxide dismutase Sod(mn) JQ308833
Reference genes Elongation factor 1o efla AF184170
8 Ribosomal protein 18S rps18 AM490061

4.10. Data Analysis

All results are expressed as mean + standard error (mean + SE). Residuals were
tested for normality (Shapiro-Wilk’s test) and homogeneity of variance (Levene’s test).
When residuals did not meet the assumptions, data was transformed by a Log10 or square
root transformation. For gene expression data, a log2 transformation was applied to all
expression values. Two-way ANOVAs were performed in data arising from both trials
one and two, with “dietary treatment and time” as the fixed effects. Analysis of variance
was followed by Tukey post-hoc tests. All statistical analyses were performed using the
computer package SPSS 26 for WINDOWS. The level of significance used was p < 0.05 for
all statistical tests.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/md20070407/s1, Table S1. Relative gene expression profiling of
anterior intestine in gilthead seabream juveniles fed experimental diets.; Figure S1. Protein/peptide
profile of C. vulgaris hydrolysate, showing the main molecular weight ranges, the area of the main
peak, and the localization of all the 42 identified peaks.
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Abstract: Astaxanthin is a powerful biological antioxidant and is naturally generated in a great
variety of living organisms. Some studies have demonstrated the neuroprotective effects of ATX
against ischemic brain injury in experimental animals. However, it is still unknown whether astaxan-
thin displays neuroprotective effects against severe ischemic brain injury induced by longer (severe)
transient ischemia in the forebrain. The purpose of this study was to evaluate the neuroprotective
effects of astaxanthin and its antioxidant activity in the hippocampus of gerbils subjected to 15-min
transient forebrain ischemia, which led to the massive loss (death) of pyramidal cells located in
hippocampal cornu Ammonis 1-3 (CA1-3) subfields. Astaxanthin (100 mg/kg) was administered
once daily for three days before the induction of transient ischemia. Treatment with astaxanthin
significantly attenuated the ischemia-induced loss of pyramidal cells in CA1-3. In addition, treatment
with astaxanthin significantly reduced ischemia-induced oxidative DNA damage and lipid peroxi-
dation in CA1-3 pyramidal cells. Moreover, the expression of the antioxidant enzymes superoxide
dismutase (SOD1 and SOD2) in CA1-3 pyramidal cells were gradually and significantly reduced after
ischemia. However, in astaxanthin-treated gerbils, the expression of SOD1 and SOD2 was signifi-
cantly high compared to in-vehicle-treated gerbils before and after ischemia induction. Collectively,
these findings indicate that pretreatment with astaxanthin could attenuate severe ischemic brain
injury induced by 15-min transient forebrain ischemia, which may be closely associated with the
decrease in oxidative stress due to astaxanthin pretreatment.

Keywords: antioxidant enzymes; DNA damage; ischemia and reperfusion; lipid peroxidation;
lipid-soluble carotenoid; neuroprotection
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1. Introduction

Brains are very sensitive and vulnerable to disruption of the blood supply. Transient
cerebral ischemia is a medical emergency that results from the temporary cessation of
the blood supply to the brain, which results in irrecoverable neuronal damage in various
brain regions [1,2]. Compared to other brain regions, the hippocampus is the region most
vulnerable to ischemic injury, where neuronal loss (death) in the hippocampal CA1 occurs
a few days after five minutes of transient forebrain ischemia [3,4]. The extent and time of
neuronal death in the hippocampus are closely correlated with the duration of transient
ischemia [5-7]. The diverse mechanisms of hippocampal neuronal death following transient
ischemia (ischemia and reperfusion, IR) have been addressed, and, among the mechanisms,
oxidative stress caused by the overgeneration of reactive oxygen species (ROS) following IR
is well understood [8,9]. Hence, antioxidant strategies to improve cellular defenses against
oxidative stress in IR injury have been proposed as useful therapeutic approaches [10,11]

Astaxanthin (ATX), a lipid-soluble carotenoid, is a powerful biological antioxidant and
exists widely in natural organisms, including marine organisms, green plants, and microor-
ganisms [12]. It exerts a broad spectrum of pharmacological effects, such as anticoagulant,
anti-inflammatory, and antioxidant activities with the characteristic of low toxicity [13-15].
ATX has been reported to have higher antioxidant activity than a range of carotenoids
including «-carotene, 3-carotene, lycopene, and lutein [16]. In addition, ATX can cross the
blood-brain barrier (BBB) and accumulate in the brain, where it can potentially provide
a beneficial effect [17]. Due to these advantages, ATX has been regarded as a promising
therapeutic agent for neurological diseases [18].

ATX has been demonstrated to exert neuroprotective effects via antioxidant activity
in experimental animal models of cerebral ischemia. Zhang et al. (2020) showed that
pretreatment with ATX protected the SH-SY5Y neuronal cells from oxygen and glucose
deprivation-induced oxidative damage [19], and Pan et al. (2017) showed that pretreatment
with ATX significantly reduced infarction volume in rat brains after transient focal brain
ischemia, via activation of the antioxidant defense pathway [20]. Pretreatment with ATX
was also reported to protect hippocampal neurons from repeated IR-induced brain injury
in mice, suggesting that the effect might be related to the alleviation of oxidative stress [21].
Furthermore, it has been demonstrated that treatment with ATX significantly reduces brain
injury following transient focal cerebral ischemia induced by middle cerebral artery occlu-
sion in rats via antioxidant efficacy [22,23]. In addition, treatment with ATX ameliorates
neuronal loss in the spinal cord following IR in rats via activation of the PI3K/Akt/GSK-3
beta pathway [24].

However, to the best of our knowledge, the neuroprotective effects of ATX against
severe IR injury in the forebrain induced by a long period of transient ischemia have not
been explored yet, and it is unclear whether ATX can attenuate severe IR injury in the
forebrain by antioxidative activity. Thus, the aim of this experiment was to investigate the
neuroprotective effects of ATX in a gerbil model of 15-min transient forebrain ischemia
which results in massive neuronal loss (death) in the hippocampal CA1-3 [7,25]. In addition,
we examined whether the neuroprotective effects were closely associated with the potent
antioxidant activity of ATX.

2. Results
2.1. Neuroprotection by ATX
2.1.1. Findings by Nissl Staining

In the vehicle-sham group, intact cells stained with cresyl violet (CV), which have
intact Nissl substance (aggregation of rough endoplasmic reticulum) in the cytoplasm,
were distinctly observed in the stratum pyramidale (SP) in the hippocampal proper (CA1-
CAB3) (Figure 1(Ba)). In the vehicle-IR group, CV stainability at one day after IR was not
significantly altered compared with the vehicle-sham group (Figure 1(Bb)). However, at
two days after IR, CV stainability was decreased in the SP of CA1 (Figure 1(Bc)), and, at
five days after IR, a significant loss of CV stainability was observed in the SP of CA1-3
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(Figure 1(Bd)). In the ATX-sham group, CV stainability in the SP of CA1-3 was not different
from that of the vehicle-sham group (Figure 1(Be)). In the ATX-IR group, a significant
change in CV stainability was not observed until two days after IR (Figure 1(Bf,Bg)), and,
at five days after IR, CV stainability was weak in the SP of CA1 alone (Figure 1(Bh)). This
finding means that severe IR damages Nissl substance, and ATX could protect it from
IR injury.

Astaxanthin (ATX)

Sacrifice & histopathological analysis

LA / v

2 5 Days

Induction of
1 5-min IR

IR 1d IR S d

i

Figure 1. (A) The chemical structure of ATX and experimental procedure. ATX is dissolved in saline
and orally administered once a day for three days before IR induction. The gerbils are sacrificed on
day 1, 2 and 5 after IR; (B) Representative photographs of Nissl staining in the hippocampus (CA1-3)
of the vehicle-treated (upper low) and ATX-treated (lower low) groups in sham (a,e), and on day 1
(b,f), day 2 (¢,g), and day 5 (d h) after IR. In the vehicle-IR group, CV stainability in the SP of CA1
(arrows in (c)) is pale at two days after IR, and, at five days after IR, very pale CV stainability is
shown in the SP of CA1-3 (black asterisks in (d)). In the ATX-IR group, pale CV stainability is shown
only in the SP of CA1 (white asterisk in (h)) at five days after IR. DG, dentate gyrus; SO, stratum
oriens; SR, stratum radiatum. Scale bar = 400 um.

2.1.2. Findings by Neuronal Nuclei (NeuN, a Marker for Mature Neurons) Immunohistochemistry

In the vehicle-sham group, cells in the SP (named pyramidal cells or neurons) of CA1-3
were shown to have clear NeuN immunoreactivity (Figure 2(Aa,Ca)). In the vehicle-IR
group, NeuN-immunostained cells (NeuN-pyramidal cells) of CA1-3 at one day after IR
were not altered in morphology and numbers (Figure 2(Ab,B,Cb,D)). However, NeuN-
pyramidal cells of CA1-3 were significantly decreased (67% of the vehicle-sham group) in
numbers at two days after IR (Figure 2(Ac,B,Cc,D)), and, at five days after IR, a massive
loss (27% of the vehicle-sham group) of NeuN-pyramidal cells of CA1-3 were observed,
showing that the number in CA1 and CA2/3 was 9 and 35 cells/300 um?, respectively
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(Figure 2(Ad,B,Cd,D)). In the ATX-sham group, NeuN-pyramidal cells in CA1-3 were not
different in numbers and morphology from the vehicle-sham group (Figure 2(Ae,B,Ce,D)).
In the ATX-IR group, NeuN-pyramidal cells were not significantly changed until two days
after IR (Figure 2(Ae,Af,B,Cf,Cg,D)), and, at five days after IR, NeuN-pyramidal cells of
CA1-3 were decreased in numbers, but the number in CA1 and CA2/3 was higher (603%
and 268% of the vehicle-IR group) than the vehicle-IR group, showing that the number in
CA1 and CA2/3 was 51 and 92 cells/300 um?, respectively (Figure 2(Ah,B,Ch,D)). This
finding means that severe IR damages the NeuN protein located in the nucleus, and ATX
could protect it from IR injury.
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Figure 2. (A,C) Representative photographs of NeuN immunohistochemistry in CA1 (A) and CA2/3
(C) of the vehicle-treated (left column) and ATX-treated (right column) groups in sham (Aa,Ca,Ae,Ce),
and on day 1 (Ab,Cb,Af,Cf), day 2 (Ac,Cc,Ag,Cg), and day 5 (Ad,Cd,Ah,Ch) after IR. In the vehicle-
IR group, a loss of NeuN-cells (black asterisks in (Ac,Cc)) in the SP of CA1-3 is observed on day 2
after IR. At five days after IR, NeuN-pyramidal cells of CA1-3 (arrows in (Ad,Cd)) are markedly
decreased; however, in the ATX-IR group, many NeuN-pyramidal cells (white asterisks in (Ah,Ch))
are shown. Scale bar = 60 um; (B,D) Mean numbers of NeuN-pyramidal cells in CA1 (B) and CA2/3
(D). The bars indicate the means + SEM (n = 7, respectively; * p < 0.05 vs. corresponding sham group,
# p <0.05 vs. vehicle-IR group).

2.1.3. Findings by Fluoro-Jade B (FJB) Histofluorescence

In the vehicle-sham and ATX-sham groups, no FJB-stained cells (FJB-cells), which
are degenerating or dead cells, were detected in CA1-3 (Figure 3(Aa,Ae,Ca,Ce)). In the
vehicle-IR group, FJB-pyramidal cells in CA1-3 were observed from two days after IR
(Figure 3(Ab,Ac,B,Cb,Cc,D)), and FJB-pyramidal cells of CA1-3 were dramatically increased
at five days after IR; the number of FJB-pyramidal cells in CA1 and CA2/3 was 63 and
67 cells /300 um?, respectively (Figure 3(Ad,B,Cd,D)). In the ATX-IR group, F/B-pyramidal
cells in CA1-3 were not found until two days after IR (Figure 3(Af,Ag,B,Cf,CgD)). At five days
after IR, many FJB-pyramidal cells were detected in CA1and CA2/3 (26 and 13 cells /300 um?,
respectively), but the number was significantly low (41% in CA1 and 19% in CA2/3 of vehicle-
IR group) when compared with the vehicle-IR group (Figure 3(Ah,B,Ch,D)). This finding
means that the pyramidal cells in CA1-3 were lost (dead) after severe IR, and ATX could
attenuate the death of pyramidal cells induced by severe IR.
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Figure 3. (A,C) Representative photographs of FJB staining in CA1 (A) and CA2/3 (C) of the vehicle-
treated (left column) and ATX-treated (right column) groups in sham (Aa,Ca,Ae,Ce), and on day
1 (Ab,Cb,Af,Cf), day 2 (Ac,Cc,Ag,Cg), and day 5 (Ad,Cd,Ah,Ch) after IR. In the vehicle-IR group,
FJB-pyramidal cells are detected in the SP of CA1-3 from two days after IR, and, at five days after IR,
FJB-pyramidal cells (white asterisks in (Ad,Cd)) are significantly increased. However, in the ATX-IR
group, decreased FJB-pyramidal cells (arrows in (Ah,Ch)) are observed in CA1-3 only at five days
after IR. Scale bar = 60 um; (B,D) Mean numbers of FJB- pyramidal cells in CA1 (B) and CA2/3 (D).
The bars indicate the means 4= SEM (1 = 7, respectively; * p < 0.05 vs. corresponding sham group,
#p < 0.05 vs. vehicle-IR group).

2.2. Attenuation of Oxidative DNA Damage and Lipid Peroxidation by ATX
2.2.1. 8-Hydroxydeoxyguanosine (SOHdAG a Marker of Oxidative DNA Damage) Immunoreactivity

In the vehicle-sham group, 8OHdG immunoreactivity was weakly shown in the intact
pyramidal cells of CA1-3 (Figure 4(Aa,Ca)). In the vehicle-IR group, SOHdG immunoreac-
tivity in the CA1 and 2/3 pyramidal cells was significantly increased (331% and 310% of the
vehicle-sham group, respectively) at one day after IR (Figure 4(Ab,B,Cb,D)). At two days
after IR, 8OHdG immunoreactivity in the CA1-3 pyramidal cells was decreased; at this
point in time, many of the CA1-3 pyramidal cells were lost (dead) (Figure 4(Ac,B,Cc,D)).
At five days after IR, SOHdG immunoreactivity in the CA1-3 pyramidal cells was more
significantly decreased: at this time, an extensive loss of the CA1-3 pyramidal cells oc-
curred (Figure 4(Ad,B,Cd,D)). In the ATX-sham group, SOHdG immunoreactivity in the
pyramidal cells of CA1-3 was not different from that shown in the vehicle-sham group
(Figure 4(Ae,B,Ce,D)). In the ATX-IR group, 8OHdG immunoreactivity in the CA1 and
CA2/3 pyramidal cells was increased (278% and 226% of the ATX-sham group, respec-
tively) at one day after IR, but the immunoreactivity was significantly lower (82% and 72%
of the vehicle-IR group, respectively) than that in the vehicle-IR group (Figure 4(Af,B,Cf,D)).
Thereafter, SOHdG immunoreactivity in the CA1-3 pyramidal cells was slightly and gradu-
ally decreased with time (Figure 4(Ag,Ah,B,Cg,Ch,D)). This finding means that damage of
DNA in the pyramidal cells of CA1-3 was significant at one day after severe IR, and ATX
could attenuate the DNA damage induced by severe IR.
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Figure 4. (A,C) Representative photographs of SOHdG immunohistochemistry in CA1 (A) and CA2/3
(C) of the vehicle-treated (left column) and ATX-treated (right column) groups in sham (Aa,Ca,Ae,Ce),
and on day 1 (Ab,Cb,Af,Cf), day 2 (Ac,Cc,Ag,Cg), and day 5 (Ad,Cd,Ah,Ch) after IR. In the vehicle-IR
group, SOHAG immunoreactivity in CA1-3 pyramidal cells (black asterisks in (Ab,Cb)) is significantly
increased at one day after IR. However, in the ATX-IR group, 8SOHdG immunoreactivity in CA1-3
pyramidal cells (white asterisks in (Af,Cf)) at one day after IR is significantly low when compared with
the vehicle-IR group. Note that, at five days after IR, SOHdG immunoreactivity is very weak (arrows
in (Ad,Cd)) in the vehicle-IR group due to death of pyramidal cells. Scale bar = 60 um; (B,D) ROD
of SOHdAG immunoreactivity in CA1 (B) and CA2/3 (D). The bars indicate the means + SEM (n =7,
respectively; * p < 0.05 vs. corresponding sham group, * p < 0.05 vs. vehicle-IR group).

2.2.2. 4-Hydroxy-2-Nonenal (4HNE, a Marker for Lipid Peroxidation) Immunoreactivity

In the vehicle-sham group, 4HNE immunoreactivity was weakly found in the intact
CA1-3 pyramidal cells (Figure 5(Aa,Ca)). In the vehicle-IR group, 4HNE immunoreactivity
in the pyramidal cells of CA1 and CA2/3 was significantly increased (296% and 305% of
the vehicle-IR group, respectively) at one day after IR (Figure 5(Ab,B,Cb,D)). At two days
after IR, 4HNE immunoreactivity in the CA1-3 pyramidal cells was decreased compared
to that shown in the vehicle-IR group at one day after IR; at this time, many of the CA1-3
pyramidal cells died (Figure 5(Ac,B,Cc,D)). At five days after IR, 4HNE immunoreactivity
was very low due to a massive loss of the CA1-3 pyramidal cells (Figure 5(Ad,B,C,D)). In the
ATX-sham group, 4HNE immunoreactivity in the CA1-3 pyramidal cells was similar to the
vehicle-sham group (Figure 5(Ae,B,Ce,D)). In the ATX-IR group, 4HNE immunoreactivity
in CA1 and CA2/3 pyramidal cells was also increased (214% and 221% of ATX-sham group,
respectively) at one day after IR, but the immunoreactivity was significantly lower than
that in the vehicle-IR group (Figure 5(Af,B,Cf,D)). Thereafter, 4HNE immunoreactivity
in the CA1-3 pyramidal cells was gradually and slightly decreased with time due to the
attenuation of IR-induced neuronal loss (Figure 5(Ag,Ah,B,Cg,Ch,D)). This finding means
that lipid peroxidation in the pyramidal cells of CA1-3 was significantly increased at one
day after severe IR, and ATX could attenuate the lipid peroxidation induced by severe IR.
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Figure 5. (A,C) Representative photographs of 4HNE immunohistochemistry in CA1 (A) and CA2/3
(C) of the vehicle-treated (left column) and ATX-treated (right column) groups in sham (Aa,Ca,Ae,Ce),
and on day 1 (Ab,Cb,Af,Cf), day 2 (Ac,Cc,Ag,Cg), and day 5 (Ad,Cd,Ah,Ch) after IR. Black asterisks
(in (Ab,Cb)) indicate that, in the vehicle-IR group, 4HNE immunoreactivity is significantly increased
in CA1-3 pyramidal cells at one day after IR. However, in the ATX-IR group, 4HNE immunore-
activity in CA1-3 pyramidal cells (white asterisks in (Af,Cf)) at 1 day after IR is significantly low
when compared with in the vehicle-IR group. Note that, at five days after IR, 4HNE immunore-
activity is very weak (arrows in Ad and Cd) in the vehicle-IR group due to death of pyramidal
cells. Scale bar = 60 um; (B,D) ROD of 4HNE immunoreactivity in CA1 (B) and CA2/3 (D). The bars
indicate the means + SEM (1 = 7, respectively; * p < 0.05 vs. corresponding sham group, * p < 0.05 vs.
vehicle-IR group).

2.3. Increase of SOD1 and SOD2 Expressions by ATX
2.3.1. SOD1 Immunoreactivity

SOD1 immunoreactivity, in the vehicle-sham group, was shown in the pyramidal cells
of CAl and CA2/3 (Figure 6(Aa,Ca)). In the vehicle-IR group, SOD1 immunoreactivity
in the CAl and CA2/3 pyramidal cells was significantly decreased (69% and 71% of
vehicle-sham group, respectively) on day 1 after IR (Figure 6(Ab,B,Cb,D)). On day 2
after IR, SOD1 immunoreactivity in the CA1-3 pyramidal cells was further decreased
(Figure 6(Ac,B,Cc,D)), and, on day 5 after IR, SOD1 immunoreactivity was very low (56%
and 21% of the vehicle-sham group, respectively) (Figure 6(Ad,B,Cd,D)) due to an extensive
loss of CA1-3 pyramidal cells. In the ATX-sham group, SOD1 immunoreactivity in the CA1
and CA2/3 pyramidal cells was significantly higher (144% and 155% of the vehicle-sham
group, respectively) than the vehicle-sham group (Figure 6(Ae,B,Ce,D)). In the ATX-IR
group, SOD1 immunoreactivity in CA1 and CA2/3 pyramidal cells was also decreased
with time, but each immunoreactivity was significantly high (on day 5 after IR, 378%
and 382% of the vehicle-IR group, respectively) when compared with the ATX-IP group
(Figure 6(Af-Ah,B,Cf-Ch,D)). This finding means that SOD1 in the CA1-3 pyramidal cells
was significantly decreased with time after severe IR, and ATX could attenuate the decrease
of SOD1 induced by severe IR.

95



Mar. Drugs 2022, 20, 267

A IR

M

(of  Vehicle ] ATX ]

ROD (% vehicle-sham group) oo
in CAl pyramidal cclls

00 mVshick @ATX

ROD (% vehicke-sham groap) =

in CALS pyramidal cells

Figure 6. (A,C) Representative photographs of SOD1 immunohistochemistry in CA1 (A) and CA2/3
(C) of the vehicle-treated (left column) and ATX-treated (right column) groups in sham (Aa,Ca,Ae,Ce),
and on day 1 (Ab,Cb,Af,Cf), day 2 (Ac,Cc,Ag,Cg), and day 5 (Ad,Cd,Ah,Ch) after IR. In the vehicle-
IR group, SOD1 immunoreactivity in CA1-3 pyramidal cells is decreased with time after IR, and very
low (arrows in (Ad,Cd)) on day 5 after IR. In the ATX-sham group, SOD1 immunoreactivity in CA1-3
pyramidal cells is significantly higher (asterisk in (Ae,Ce)) than in the vehicle-sham group. In the
ATX-IR group, SOD1 immunoreactivity in CA1-3 pyramidal cells is decreased with time, but the
immunoreactivity is significantly high (asterisks in (Af-Ah,Cf-~Ch)) as compared with the vehicle-IR
group. Scale bar = 60 um; (B,D) ROD of SOD1 immunoreactivity in CA1 (B) and CA2/3 (D). The bars
indicate the means & SEM (1 = 7, respectively; * p < 0.05 vs. corresponding sham group, * p < 0.05 vs.
vehicle-IR group).

2.3.2. SOD2 Immunoreactivity

SOD2 immunoreactivity, in the vehicle-sham group, was mainly shown in the CA1 and
CA2/3 pyramidal cells (Figure 7(Aa,Ca)). In the vehicle-IR group, a significant decrease of
SOD2 immunoreactivity in the CA1 and CA2/3 pyramidal cells (65% and 68% of the vehicle-
sham group, respectively) was observed at one day after IR (Figure 7(Ab,B,Cb,D)). At two
days after IR, SOD2 immunoreactivity in the CA1-3 pyramidal cells was more decreased
(Figure 7(Ac,B,Cc,D)), and, at five days after IR, SOD2 immunoreactivity in the CA1-3
pyramidal cells was very low (51% and 18% of the vehicle-sham group, respectively) due to
an extensive loss of pyramidal cells (Figure 7(Ad,B,Cd,D)). In the ATX-sham group, SOD2
immunoreactivity in the CA1 and CA2/3 pyramidal cells was significantly higher (205%
and 196% of the vehicle-sham group, respectively) when compared with the vehicle-sham
group (Figure 7(Ae,B,Ce,D)). In the ATX-IR group, SOD2 immunoreactivity in the CA1-3
pyramidal cells was also decreased with time, but each immunoreactivity was significantly
high when compared with the vehicle-IR group (Figure 7(Af-Ah,B,Cf-Ch,D)). This finding
means that SOD2 in CA1-3 pyramidal cells was also significantly decreased with time after
severe IR, and ATX could attenuate the decrease of SOD2 induced by severe IR.
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Figure 7. (A,C) Representative photographs of SOD2 immunohistochemistry in CA1 (A) and CA2/3
(C) of the vehicle-treated (left column) and ATX-treated (right column) groups in sham (Aa,Ca,Ae,Ce),
and on day 1 (Ab,Cb,Af,Cf), day 2 (Ac,Cc,Ag,Cg), and day 5 (Ad,Cd,Ah,Ch) after IR. SOD1 im-
munoreactivity, in the vehicle-IR group, is decreased in CA1-3 pyramidal cells with time after IR, and
very low (arrows in (Ad,Cd)) at five days after IR. In the ATX-sham group, SOD1 immunoreactivity
in CA1-3 pyramidal cells is significantly higher (asterisk in (Ae,Ce)) than the vehicle-sham group.
SOD1 immunoreactivity in CA1-3 pyramidal cells of the ATX-IR group is decreased with time, but
the immunoreactivity is significantly high (asterisks in (Af-Ah,Cf-Ch)) when compared with the
vehicle-IR group. Scale bar = 60 pm; (B,D) ROD of SOD2 immunoreactivity in CA1 (B) and CA2/3
(D). The bars indicate the means 4= SEM (n = 7, respectively; * p < 0.05 vs. corresponding sham group,
#p <0.05 vs. vehicle-IR group).

3. Discussion

The degree of hippocampal neuronal death following IR injury varies according to the
ischemic duration. It has been demonstrated that the selective death of pyramidal cells in
hippocampal CA1 occurs four to five days after five minutes of transient ischemia in the
forebrain of gerbils [4,26]. We reported that the death of pyramidal cells in CA1-3 of gerbils
subjected to 15 min of transient ischemia was observed from two days post-ischemia,
indicating that a longer period of transient ischemia could evoke the acceleration and
aggravation of pyramidal cell death in the hippocampus [7,25]. In this study, we examined
the neuroprotective effects of ATX in CA1-3 of gerbils subjected to transient ischemia
for 15 min using Nissl staining, NeuN immunohistochemistry, and FJB histofluorescence
staining, and found that pretreatment with ATX significantly alleviated ischemia-induced
pyramidal cell death in CA1-3. We believe that this finding was the first showing that ATX
elicited strong neuroprotection against severe IR injury in the gerbil hippocampus. In rats,
global cerebral ischemia for 10 min induced pyramidal cell death in CA1 alone, which
might be a phenomenon of mild IR injury in the hippocampus compared to severe IR injury
in the hippocampus, and the administration of ATX significantly reduced the selective
death [27]. To the best of our knowledge, it is impossible to develop a rat model of severe
IR injury in the hippocampus by occluding four vessels (two common carotid arteries and
two vertebral arteries) for 15 min or more because rats subjected to this ischemic injury
die a few days later due to failure of the brainstem which receives arterial blood supply
from the vertebral arteries [28,29]. However, as described in the Materials and Methods
Section, a gerbil model of severe IR injury in the hippocampus can be developed, because
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gerbils with severe IR injury induced by the ligation of two common carotid arteries (not
two vertebral arteries) survive a long time without brainstem failure [6,7]. Regarding the
anatomy of the circle of Willis in rats and gerbils, rats have a perfect circle of Willis, whereas
gerbils have an incomplete circle of Willis so that there is a lack of posterior communicating
arteries [7,30]. These anatomical characteristics helped us to develop a gerbil model of
severe IR injury in the forebrain. Many years ago, Jarrott and Dommer (1980) reported that
a mortality rate of 100% was obtained if the occlusion of bilateral common carotid arteries
was maintained for 60 min in gerbils weighing 45-55 g [31].

Oxidative stress is a phenomenon induced by an imbalance between the production
and accumulation of ROS in cells and/or tissues and the ability of a system to detoxify
the reactive products [32]. When the production of ROS increases, harmful effects are
exerted on important structures in cells such as proteins, lipids, and nucleic acids [33]. In
ischemic insults to the brain, oxidative stress has also been considered to be a major factor
to overcome following ischemic brain injury. Many preclinical studies have demonstrated
that oxidative stress following ROS accumulation during IR irreversibly damaged cellular
biomolecules, including lipids, proteins, and DNA, and led to neuronal death [8,10]. In
particular, early during IR, due to an elevated oxygen supply, large quantities of oxygen
radicals increase rapidly in the ischemic lesions and DNA damage occurs [34]. Lipid
peroxidation can be described as a process under which oxidants including ROS attack
lipids containing carbon—carbon double bond(s) [35]. In this respect, various substances
reducing oxidative stress have been demonstrated to attenuate ischemic brain injury fol-
lowing IR injury [36-38]. In this study, the immunoreactivity of SOHdG (an oxidative DNA
adduct) in CA1-3 pyramidal cells was significantly enhanced on day 1 after IR (before
the time of IR-induced loss of CA1-3 pyramidal cells), but it was significantly reduced
by ATX treatment. Resveratrol, which is a naturally occurring polyphenolic compound
and elicits a variety of biological and pharmacological functions, including anti-oxidant
and anti-inflammatory properties, protected HT22 cells from oxygen-glucose deprivation
and reoxygenation-induced injuries by reducing DNA damage (decreases in SOHdG lev-
els) [39]. In addition, we found that the immunoreactivity of 4HNE (an end-product of
lipid peroxidation) in CA1-3 pyramidal cells was significantly increased on day 1 after IR.
However, ATX significantly decreased 4HNE immunoreactivity. These results indicate that
pretreatment with ATX mitigated severe IR-induced oxidative stress in CA1-3 pyramidal
cells, which may be closely associated with ATX-mediated neuroprotection against severe
IR injury.

The antioxidant defense system neutralizes or scavenges ROS and plays a protective
role against ischemic brain injury [11,40]. One of the key enzymes in the antioxidant defense
system is SOD, which acts first to defend against the harmful effects of oxidative stress.
Targeting SOD expression has shown substantial success in animal models of transient
brain ischemia. Sugawara et al. (2002) showed that IR-induced superoxide production and
the selective death of CA1 pyramidal cells were significantly decreased in transgenic rats
overexpressing SOD1 [41]. Keller et al. (1998) also found that lipid peroxidation, protein
nitration, and brain infarction following transient focal cerebral ischemia were significantly
reduced in transgenic mice overexpressing SOD2 [42]. Moreover, we reported that the
increased expression of SOD1 and SOD2 in CA1 pyramidal cells following pretreatment
with natural antioxidants derived from plant materials, such as quercetin and chlorogenic
acid, contributed to the protection of CA1 pyramidal cells against IR injury in gerbils [43,44].
In this study, SOD1 and SOD2 immunoreactivity in the CA1-3 pyramidal cells of both the
vehicle-IR and ATX-IR groups were gradually decreased with time after severe IR, but, in
the ATX-IR group, SOD1 and SOD2 immunoreactivity were significantly high compared
to the vehicle-IR group. These results suggest that SOD1 and SOD2 in CA1-3 pyramidal
cells were increased by ATX pretreatment and these increases could contribute to the
neuroprotection against oxidative stress following severe IR.

Collectively, this study showed that pretreatment with ATX attenuated the massive loss
(death) of CA1-3 pyramidal cells in gerbil hippocampi following severe IR injury induced by
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15-min transient forebrain ischemia, and the pretreatment with ATX significantly enhanced
the expressions of SOD1 and 2 in the CA1-3 pyramidal cells before IR and reduced oxidative
stress in pyramidal cells following severe IR. These findings suggest that ATX can be used
as a potential dietary supplement to prevent the progression of severe IR injury in brains.
However, we need an in-depth study on the mechanism of the neuroprotective effect of
ATX. For instance, examination of changes in antioxidant markers such as nuclear factor
erythroid 2-related factor 2 (Nrf2) should be conducted to demonstrate the antioxidant
defense of ATX against IR. Moreover, since IR injury in gerbils triggers delayed neuronal
death in the hippocampus, examination of behavioral changes needs to be carried out to
demonstrate the amelioration of IR-induced cognitive decline by treatment with ATX.

4. Materials and Methods
4.1. Animals

The protocol of all experiments was approved (approval no., KW-2000113-1) on
13 January 2020 by the Ethics Committee of Kangwon National University (Chuncheon,
Gangwon, Korea). Animal suffering during the whole experiments was minimized. Six-
month male gerbils (Meriones unguiculatus), weighing 70-80 g, were used. The gerbils
originated from Charles River Laboratories International, Inc. (Wilmington, MA, USA). The
gerbils were housed in pathogen-free environment under standard condition at a controlled
temperature (about 24 °C) and humidity (about 60%) on a 12:12 h light-dark cycle.

4.2. Groups and Treatment of ATX

The gerbils were blindly and randomly divided into four groups: (1) vehicle treated
and sham operated group (sham group, n = 14), which was treated with vehicle (saline) and
received sham IR; (2) vehicle-treated and IR-operated group (IR group, n = 21), which was
treated with saline and received IR; (3) ATX-treated and sham-operated group (ATX-sham
group, n = 14), which was treated with ATX and received sham; (4) ATX-IR group (1 = 21),
which was treated with ATX and received IR.

The chemical structure of ATX (SML0982; Sigma-Aldrich, St. Louis, MO, USA) and the
plan schedule of the experiment are shown in Figure 1A. ATX (100 mg/kg) was dissolved
in saline and injected intraperitoneally once a day for three consecutive days before IR. The
dosage and duration of ATX treatment were selected based on a recent study showing that
pretreatment with 100 mg/kg of ATX provided robust neuroprotection against transient
focal cerebral ischemia-induced brain injury in rats [45].

The gerbils (1 = 7, respectively) in the IR groups on day 1, day 2, and day 5 after IR,
and the ones (1 = 7, respectively) in the sham groups were sacrificed at 0 h and five days
after IR to reduce the numbers

4.3. Induction of Severe IR Injury

Severe IR injury in the hippocampus was induced as follows. As described in a
previous study [6], in brief, the gerbils were anesthetized with 2.5% isoflurane (4 L/min;
JW Pharmaceutical Corporation, Seoul, Korea). Midline cervical incision was executed in
the neck, and bilateral common carotid arteries, which supply arterial blood to the brain,
were isolated from the carotid sheath and ligated with clips (Fine Science Tools, Foster
City, CA, USA) for 15 min to develop severe IR injury in the forebrain, which contains
the hippocampus. The complete stop of the blood supply was confirmed by the right
and left central arteries located in the retinae using HEINE K180 ophthalmoscope (Heine
Optotechnik, Herrsching, Germany). The clips were removed to restore the blood supply
and the incision region was sutured. Body temperatures were controlled at normothermia
(87 £ 0.5 °C) using a heating lamp (Harvard Apparatus, Holliston, MA, USA) and TR-100
rectal temperature probe (Fine Science Tools, Foster City, CA, USA). The gerbils of all sham
groups received identical surgery without the ligation of the arteries. After the sham and
IR operation, the gerbils were housed in adequate rooms (about 24 °C of temperature and
about 55% of relative humidity).
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4.4. Preparation of Histological Sections

Brain sections containing the hippocampus were prepared in the usual way. In brief,
the gerbils were deeply anesthetized with urethane (1.5 g/kg, intraperitoneal injection).
Under the deep anesthesia, the gerbils were rinsed by transcardial perfusion of 50 mM
phosphate-buffered saline (pH 7.4) and fixed with 4% paraformaldehyde. Thereafter, the
fixed brains were obtained from the skulls and more fixed in the 4% paraformaldehyde
overnight and soaked in 25% sucrose for cryoprotection. Thereafter, coronal sections
of 30-um thickness were made using SM2010 R sliding microtome (Leica Biosystems,
Wetzlar, Germany).

4.5. Nissl Staining

Nissl staining is a widely used method to study the morphology and pathology
of neural tissue. To examine IR injury in the gerbil hippocampus, Nissl staining was
performed in the usual way. Briefly, the sections were submerged in 0.1% CV acetate
solution for 20 min at room temperature. These sections were briefly washed in distilled
water, dehydrated in graded ethanol and then cleared in xylene. Lastly, they were mounted
with Canada balsam (Sigma-Aldrich).

4.6. FJB Staining

FJB stains all degenerating neurons regardless of specific insult or mechanism of cell
death. FJB staining was performed, as described previously [37]. In short, the sections were
soaked in 0.06% potassium permanganate and incubated in 0.0004% FJB (Cell Signaling
Technology, Beverly, MA, USA). Thereafter, these sections were washed and put on a hot
plate (about 50 °C) for the reaction of FJB. Finally, the sections were cleared in xylene and
coverslipped with DPX (Thermo Fisher Scientific, Waltham, MA, USA).

4.7. Immunohistochemistry

Immunohistochemistry was conducted in the usual way to evaluate neuronal damage
using NeuN antibody, and to examine oxidative stress using SOHdG antibody, 4HNE
antibody, and endogenous antioxidant (SOD1 and SOD2) antibodies (Table 1). In brief,
the sections were reacted with 0.3% hydrogen peroxide and subsequently immersed in 5%
normal horse serum at room temperature. After washing, these sections were incubated
in each primary antibody solution overnight at 4 °C. Subsequently, the sections were
exposed to corresponding secondary antibody, as shown in Table 1, for two hours at room
temperature and to avidin-biotin complex (diluted 1:200, Vector) for one hour at room
temperature. These sections were then visualized using 0.06% 3,3'-diaminobenzidine
tetrahydrochloride (Sigma-Aldrich Co., St. Louis, MO, USA) for one minute, and the
immunoreactions were checked. Finally, they were mounted onto gelatin-coated slides and
were sealed with mounting medium.

Table 1. Primary and secondary antibodies for immunohistochemical staining.

Primary Antibodies Dilutions Suppliers
Mouse anti-neuronal nuclei 1:1000 Chemicon, Temecula, CA, USA
(NeuN)
Goat anti-8-hydroxydeoxyguanosine (SOHdG) 1:500 Millipore, Billerica, MA, USA
Mouse 4—h&c11;‘1(3<]§)-2-n0nenal 1:800 Alexis Biochemicals, San Diego, CA, USA
Sheep anti-Cu, Zn-superoxide dismutase (SOD1) 1:800 Calbiochem, La Jolla, CA, USA
Sheep anti-Mn-superoxide dismutase (SOD2) 1:800 Calbiochem, La Jolla, CA, USA
Secondary Antibodies Dilutions Suppliers
Biotinylated horse anti-mouse IgG 1:250 Vector Laboratories Inc., Burlingame, CA, USA
Biotinylated horse anti-goat IgG 1:250 Vector Laboratories Inc., Burlingame, CA, USA
Biotinylated rabbit anti-sheep IgG 1:250 Vector Laboratories Inc., Burlingame, CA, USA
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4.8. Analyses of Data

For quantitative analysis of IR-induced neuronal death, nine sections per animal were
selected at the corresponding levels using the brain atlas of gerbil [46]. In short, as described
previously [47], the digital images of NeuN- and FJB-stained cells were taken using a light
microscope (BX53, Olympus, Tokyo, Japan) and an epifluorescent microscope (Carl Zeiss,
Gottingen, Germany), respectively. The cell count was evaluated using Optimas 6.5 (an
image analyzing system; CyberMetrics, Scottsdale, AZ, USA).

To quantitatively analyze the changes in 8SOHdG, 4HNE, SOD1, and SOD2 immunore-
activities, a relative optical density (ROD) was applied. As described previously [48], in
short, the digital image of immunostained structure was obtained using BX53 light mi-
croscope. The obtained image was converted into grey scale image (from black to white).
The grey image was calculated by using Image J software (version 1.46) of the National
Institutes of Health (Bethesda, Maryland, MD, USA).

4.9. Statistical Analyses

Statistical analyses were performed with aid of GraphPad Prism (version 5.0) (Graph-
Pad Software, La Jolla, CA, USA). The differences of the means among the groups were
statistically analyzed by two-way analysis of variance (ANOVA) tests with post hoc Bon-
ferroni’s multiple comparison tests to elucidate IR-related differences among the groups.
Data were presented as the means =+ standard errors of the mean (SEM), and statistical
significance was designated when p value was less than 0.05.
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Abbreviations

4HNE 4-hydroxy-2-nonenal
80HdG  8-hydroxydeoxyguanosine

ATX astaxanthin

CA cornu Ammonis

cv cresyl violet

DG dentate gyrus

FJB Fluoro-Jade B

IR ischemia and reperfusion

NeuN neuronal nuclei
ROD relative optical density

ROS reactive oxygen species
SOD superoxide dismutase
SO stratum oriens
SP stratum pyramidale
SR stratum radiatum
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Abstract: Aspergillus is well-known as the second-largest contributor of fungal natural products.
Based on NMR guided isolation, three nitrogen-containing secondary metabolites, including two new
compounds, variotin B (1) and coniosulfide E (2), together with a known compound, unguisin A (3),
were isolated from the ethyl acetate (EtOAc) extract of the deep-sea fungus Aspergillus unguis IV17-109.
The planar structures of 1 and 2 were elucidated by an extensive analysis of their spectroscopic data
(HRESIMS, 1D and 2D NMR). The absolute configuration of 2 was determined by comparison of its
optical rotation value with those of the synthesized analogs. Compound 2 is a rare, naturally occurring
substance with an unusual cysteinol moiety. Furthermore, 1 showed moderate anti-inflammatory
activity with an ICs value of 20.0 uM. These results revealed that Aspergillus unguis could produce
structurally diverse nitrogenous secondary metabolites, which can be used for further studies to find
anti-inflammatory leads.

Keywords: deep-sea fungus; A. unguis; variotin; coniosulfide; anti-inflammatory

1. Introduction

Deep-sea hydrothermal vents are recognized as one of the most extreme and dynamic
habitats on our planet [1]. These hotspot ecosystems are characterized by high temper-
ature, high pressure, low oxygen supply, and the absence of sun light [2]. In addition,
hydrothermal vent flows bring fluids with high concentrations of reduced sulfur-containing
compounds and heavy metals [2]. Given this fact, microorganisms living in this specific
environment are considered as a new frontier for discovery of natural products with unique
structures and tremendous pharmacological activities [3].

Aspergillus is renowned as a prolific source of numerous fungal peptides, including
lipo-, depsi-, linear-, and cyclic-peptides, which are structurally unique and demonstrated
various bioactivities, such as anti-microbial, anti-fungal, anti-inflammatory, and cytotoxic
activities [4,5]. Among the peptides derived from Aspergillus spp., unguisins are a unique
cyclic heptapetide class commonly produced by Aspergillus unguis, and until now unguisins
A-G have been reported [6,7].

Inflammation is a protective response of our body to a wide range of stimuli. This
process plays a central role or is an important symptom in the pathogenesis of various
chronic diseases for instance Alzheimer’s disease, asthma, diabetes, and rheumatoid arthri-
tis [8]. The inflammatory process is characterized by over secretion of nitric oxide (NO)
and inflammatory cytokines such as interleukin 1 beta (IL-1§3), tumor necrosis factor alpha
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(TNF-«), and interleukin 6 (IL-6). Therefore, reducing the production of inflammatory
mediators is a key indicator for the treatment of various diseases.

As part of our study on marine-derived microorganisms isolated near hydrothermal
vents, we have reported some anti-inflammatory phenazine alkaloids from a yeast-like
fungus Cystobasidium laryngis, and nidulin-related polyketides from A. unguis IV17-109,
which showed anti-microbial and cytotoxic activities [9,10]. Based on NMR guided isolation,
we found that the "H NMR spectra of non-polar fractions from A. unguis IV17-109 showed
some minor interesting peaks in the olefinic region, which do not belong to unguisin
peptides or nidulin-related polyketides. Further careful purification of these fractions
led to the identification of two new compounds, variotin B (1) and coniosulfide E (2)
(Figure 1). Anti-inflammatory activity of 1 and 2 was preliminarily evaluated and the result
revealed that 1 has moderate activity. Here, we report the details of the isolation, structure
identification, and anti-inflammatory nature of these compounds.

4 J\ H HO._O
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WS N)K/NT( Hs. R Loysteine
H
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s.©), )K/N © D-cystei
= = = z H ., ysteine
Y\/Y\/Y\/ H To( S N,

Figure 1. Structures of 1-3 isolated from A. unguis IV17-109, and the synthetic analogs (4 and 5).

2. Results and Discussion

Compound 1 was isolated as pale-yellow needles with the molecular formula of
CpoHp7NO, based on its HRESIMS peak at m/z 336.1938, ([M+Na]*, calculated for
CaoH27NO;Na, 336.1939), requiring 8 indices of hydrogen deficiency. The 'H NMR spec-
trum of 1 showed signals attributed to a methyl group at dgy 1.62 (d, ] = 4.5, H3-21), seven
methylene groups at Jy 2.04-3.82, and ten olefinic protons at dy 5.42-7.37. The 13C NMR
spectrum in combination with HSQC data revealed signals of 20 resonances belonging to
a methyl at 6c 18.1, seven methylene carbons at ¢ 18.1-47.0, ten olefinic carbons at é¢
121.7-146.9, and two carbonyl carbons at 5c 168.2 and 177.8. Two carbonyl and ten sp?
carbons, accounting for 7 out of 8 degrees of unsaturation, indicated 1 is a monocyclic
compound. The structure of a five-membered lactam ring was determined by continuous
TH-TH COSY correlations from Hy-2 to Hy-4, and the HMBC correlation from Hy-4 to C-1.
A substructure was identified as a C-16 polyunsaturated fatty acid by continuous 'H-"H
COSY correlations from H-7 to H3-21, and the HMBC correlations from H-7 and H-8 to C-6
(Figure 2). The connection of the fatty acid and the lactam ring was corroborated by the
HMBC correlation from H,-4 to C-6.

The geometries of A7?131% were deduced as E-form by their large coupling constants
(Table 1) and the chemical shift of terminal methyl (C-21) was dc 18.1, revealing the
geometry of A was E-form [11,12]. Therefore, 1 was determined as a new variotin
derivative with a non-branched side chain and named variotin B [13].
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Figure 2. Key 2D NMR data of 1 and 2.

Table 1. 'H and '*C NMR data of 1 and 2 in CD30D (600 MHz for 'H and 150 MHz for 13C).

Compound 1 2
Position On, nﬁlzl)t (in dc on, n;;zl)t (in dc

1 177.8 2.01,s 225
2 2.61,t(8.1) 34.6 173.9
3 2.04, m 18.1

4 3.82, m 47.0 3.86, m 43.6
5 171.5
6 168.2

7 7.25,d (15.1) 121.7 4.03, m 52.3

7.37,dd (15.1,
8 10.8) 146.9 2.55-2.70 329
6.32,dd (15.1,

9 10.8) 130.7

10 6.23, m 146.0 3.16-3.22 30.3
11 2.29,q (6.6) 34.0 5.23,td (7.8, 1.0) 121.8
12 221, m 328 140.1
13 5.56, td (13.6, 6.6) 131.6 2.06, m 40.7
14 6.01, m 132.6 2.13, m 274
15 6.01, m 131.8 5.13,td (6.8, 1.0) 125.2
16 5.56, td (13.6, 6.6) 133.1 136.3
17 210, 22)04'1’ 33.6 1.98,t(7.2) 41.3
18 2.04, m 33.8 1.46, m 23.7
19 544, m 131.9 1.40, m 443
20 544, m 126.1 714
21 1.62,d (4.5) 18.1 1.17,s 29.2
22 1.17,s 29.2
23 1.61,s 16.0
24 1.68, s 16.2
25 3.62, m 63.6

Compound 2 was isolated as a colorless solid and its molecular formula was deter-
mined as CpHyoN>O4S, with four indices of hydrogen deficiency based on its HRESIMS
peak at m/z 451.2607, ((M+Na]™, calculated for CopH49N»O4SNa, 451.2606). The TH NMR
spectrum of 2 showed signals attributed to five methyl groups at i 1.17 (s, 6H, Hz-21
and H3-22), 1.61 (s, H3-23), 1.68 (s, H3-24), and 2.01 (s, H3-1); seven methylene groups
at oy 1.40-3.22; an oxygenated methylene group at dy 3.60 and 3.64 (H-25, ;,); an amide
methylene at Jyy 3.86 (m, Hp-4); an amide methine at 6y 4.03 (m, H-7); and two olefinic
protons at dyy 5.13 and 5.23 (m, H-11 and H-15). The 13C NMR spectrum in combination
with HSQC data demonstrated signals of 22 resonances belonging to five methyls at d¢
16.0 (C-23), 16.2 (C-24), 22.5 (C-1), and 29.2 (2C, C-21 and C-22); seven methylenes at dc
23.7-44.3; an oxygenated methylene at ¢ 63.6; an amide methylene at Jc 43.6; an amide
methine at ¢ 52.3; a tertiary alcohol at d¢ 71.4; four olefinic carbons at d¢c 121.8-140.1; and
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two carbonyl carbons at éc 171.5 and 173.9. Two carbonyl and four sp? carbons accounting
for all 4 degrees of unsaturation indicated 2 is an acyclic compound.

The structure of a cysteinol unit was determined by sequential 'H-"H COSY correla-
tions of H-8,1,/H-7/H-25, ,. A partial structure of N-acetylglycine, which was connected
to the cysteinol moiety via a peptide bond, was determined by the HMBC correlations of
H-7/C-5, Hy-4/C-2, and H3-1/C-2. The remaining 15 carbons were assigned as a 10-hydro-
11-hydroxyfarnesyl moiety based on a detailed analysis of 'H-'H COSY and HMBC data
(Figure 2), and the connection of this moiety with the cysteinol residue via a thioether bond
was determined by the HMBC correlations of H-8 ,,/C-10 and H-10, , /C-8. The geometry
of A was deduced as E-form by the strong NOESY correlations from Hj-24 to H-10,, and
H-13, ,; and no-observed NOESY correlation from H3-24 to H-11. Similarly, A5 was also
determined as E-form (Figure 2). Consequently, the gross structure of 2 was determined as
shown in Figure 1.

To determine the absolute configuration of 2, we synthesized its analogs (4 and 5, a
pair of enantiomers synthesized from L- and D-cysteine and farnesyl chloride, Scheme 1)
from commercially available substances. By comparing the optical rotation sign of 2 [oc}%) -
100 (c 0.3, MeOH) with that of 4 [o] — 110 (c 0.3, MeOH) and 5 [&] 3 + 120 (c 0.3, MeOH),
the absolute configuration of 2 was determined to be the same as that of 4 (7R). Thus, 2
was determined as a new derivative of sulfur-containing natural products, coniosulfides
A-D [14], and named coniosulfide E.

HO.__O
Hs\j L or D-cysteine
NH, (i) BH3-THF, 0 °C ~ RT, DMF quench
. (i) Farnesyl-Cl, RT
1| H (iii) N-acetyl glycine, PyBOP, HOBT,

HO N-methylmorpholine, RT

\jm L or D-cysteinol
H
S NH

2

iil HO
Jﬂﬁ 6 (R)or7 (S)
WS NH2

HO
\)“ )OK/H
S N
= = =
4 (R)or5(S)

Scheme 1. Synthesis of 4 and 5.

A co-isolated known compound was identified as unguisin A (3) by comparing its
spectroscopic data with the corresponding literature values [6].

Since some fungal peptides were reported to show anti-inflammatory activity [4],
1 and 2 were evaluated for their anti-inflammatory activity. Subsequently, 1 showed
moderate anti-inflammatory activity with an ICsy value of 20.0 uM. Even though a literature
review revealed many synthetic analogs of 2 demonstrated inhibitory effects on human
isoprenylcysteine carboxyl methyltransferase (hlcmt) [15] or the inflammation process [16],
unfortunately, 2 showed no anti-inflammatory activity at a concentration of 30.0 uM. Due
to the limited amount of 2, we were unable to check its effect on hlemt. Therefore, further
studies are needed to find the bioactivities of 2.

To further investigate the anti-inflammatory activity of 1, we examined the inhibitory
effect of 1 on lipopolysaccharide (LPS)-induced production of inflammatory mediators,
including NO, IL-6, and iNOS, in RAW 264.7 cells. The treatment of RAW 264.7 cells
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with LPS led to the accumulation of nitrite and IL-6, and 1 dose-proportionally inhibited
LPS-induced production of nitrite and IL-6 in LPS-stimulated RAW 264.7 cells (Figure 3A,B).
To further examine whether the effect of 1 were due to its effects on the mRNA expression
of cognate genes, we investigated the effect of 1 on the mRNA expression of inducible
nitric oxide synthase (iNOS) and IL-6 by quantitative polymerase chain reaction (qQPCR).
The mRNA levels of iNOS and IL-6 were induced by LPS treatment, and this induction
was suppressed by 1 in a concentration-dependent manner (Figure 3C,D). Considering
the above-mentioned data, it is noticeable that 1 showed anti-inflammatory activity by
suppressing the production of NO and the expression of iNOS and IL-6 with no cytotoxicity
at the treated concentrations. The results revealed that fungal natural products could be
an important source of leads for the development of new anti-inflammatory drugs with
minimal side effects.
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Figure 3. Inhibitory effects of 1 on LPS-induced nitrite production and IL-6 secretion in RAW 264.7
cells. RAW 264.7 cells were pretreated with 1 at the depicted concentrations (1~30 uM) for 1 h and
stimulated with LPS (200 ng/mL) for 24 h. The levels of nitrite (A) and IL-6 (B) in culture supernatants
were determined by Griess reaction and ELISA, respectively. The mRNA levels of IL-6 (C) and iNOS
(D) were examined by qPCR. Data are represented as the mean + SD of quadruplicate determinations.
An asterisk (*) denotes that the response is significantly different from vehicle-treated group as
determined by Dunnett’s multiple comparison test at p < 0.05. The results shown are representatives
of more than two independent experiments (UN: Untreated; VH: Vehicle (0.1% DMSO)).

3. Materials and Methods
3.1. General Experimental Procedures

HRESIMS data were obtained on a Waters Synapt G2 Q-TOF mass spectrometer
(Waters Corporation, Milford, MA, USA). Optical rotations were measured on a Rudolph
Research Analytical Autopol III polarimeter (Rudolph Research Analytical, Hackettstown,
NJ, USA). 1D and 2D NMR spectra were acquired using a Bruker 600 MHz spectrometer
(Bruker BioSpin GmbH, Rheinstetten, Germany). IR spectra were measured on a JASCO
FT/IR-4100 spectrophotometer (JASCO Corporation, Tokyo, Japan). UV-visible spectra
were measured by a Shimadzu UV-1650PC spectrophotometer. HPLC was carried out
with a PrimeLine Binary pump (Analytical Scientific Instruments, Inc., El Sobrante, CA,
USA) and a RI-101 detector (Shoko Scientific Co. Ltd., Yokohama, Japan). Semi-preparative
HPLC was conducted using an ODS column (YMC-Pack-ODS-A, 250 x 10 mm i.d, 5 uM).
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Analytical HPLC was performed with an ODS column (YMC-Pack-ODS-A, 250 x 4.6 mm
id, 5 uM). All the used reagents were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany).

3.2. Fungal Material, Fermentation, and Isolation of Secondary Metabolites
Fungal Material, Fermentation, and Isolation of 1-3 from Aspergillus unguis IV17-109

A. unguis IV17-109 (GenBank accession number OL700797) was isolated from a deep-
sea shrimp sample as previously described [10]. The EtOAc extract was fractionated into
10 fractions (F1-F10), as described earlier [10]. The F7 fraction was purified by a semi-
preparative reversed-phase HPLC (YMC-Pack-ODS-A, 250 x 10 mm i.d, 5 um, flow rate
2.0 mL/min, 60% MeOH/H,O, RI detector) to obtain 3 (2.0 mg, tg = 32 min). The F8
fraction was subjected to a semi-preparative reversed-phase HPLC (YMC-Pack-ODS-A,
250 x 10 mm i.d, 5 um, flow rate 2.0 mL/min, RI detector) using an isocratic elution with
70% MeOH/H,0 to yield a subfraction F8-1, and the subfraction was further purified by a
semi-preparative HPLC (YMC-Pack-ODS-A, 250 x 10 mm i.d, 5 um, flow rate 2.0 mL/min,
RI detector) using an isocratic elution with 50% MeCN/H,O to obtain 2 (1.0 mg, fg = 15 min).
Finally, the F9 fraction was purified by a semi-preparative reversed-phase HPLC (YMC-
Pack-ODS-A, 250 x 10 mm i.d, 5 um, flow rate 2.0 mL/min, RI detector) using an isocratic
elution with 83% MeOH/H,O to yield 1 (3.0 mg, tg = 42 min).

Variotin B (1): pale-yellow needles; IR vmax 3286,2918, 1724, 1671, 1352, 1261, 989 cm L
UV(MeOH) Amax (log ¢) 283 (2.51), 229 (2.60) nm; HRESIMS /z 336.1938 [M+Na]*
(caled for CryHpNO,Na, 336.1939), 'TH NMR (CD30D, 600 MHz) and *C NMR (CD;0D,
150 MHz) see Table 1.

Coniosulfide E (2): colorless solid, [cx]ZDO — 100 (c 0.3, MeOH); IR vmax 3303, 2929,
1653, 1547, 1374, 1038 cm ™1, HRESIMS 1/ z 451.2607 [M+Na]* (calcd for CprHzoN,0O4SNa,
451.2606), "TH NMR (CD30D, 600 MHz) and 3C NMR (CD;0D, 150 MHz) see Table 1.

3.3. Synthesis of 4 and 5

Compounds 4 and 5 were synthesized according to the reported procedures with
minor modifications [17]. Borane-tetrahydrofuran (Borane-THF, 4 mL, 4 mmol) was added
dropwise to L- or D-cysteine (0.121 g, 1 mmol) in dry THF (5 mL) at 0°C under a nitrogen
atmosphere, and stirred at ambient temperature for 7 h. The reaction mixture was quenched
with dry dimethylfomamide (DMF, 1 mL) and stirred for 1 h. Farnesyl chloride (0.5 mmol)
was added to the reaction mixture and stirred at room temperature for 3 h. The volatiles
were removed in vacuo. The residue was re-dissolved in EtOAC (20 mL) and washed
with H,O (20 mL) to remove the residue of cysteine. The EtOAc layer was evaporated
under reduced pressure and the residue was purified by a semi-preparative HPLC using
CH30H/H,O (87:13) as an eluent to yield farnesyl-L-cysteinol (6) or farnesyl-D-cysteinol
(7) (Figures S16 and S17).

To a dry DMF solution (500 pL) of 6 or 7 (5.0 mg) and N-acetylglycine (2.0 mg),
benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP, 12.0 mg),
hydroxybenzotriazole (HOBT, 3.0 mg), and N-methylmorpholine (300 uL) were added [18].
The reaction mixture was stirred for 3 h at room temperature. Afterwards, 10 mL of water
were added and the mixture was extracted twice with EtOAc (15 mL x 2). The EtOAC
layer was dried, and the residue was purified by a semi-preparative HPLC (YMC-ODS
column, 10 x 250 mm; MeCN-H,O, 65:35) to give compounds 4 or 5 with an overall yield
of 11%.

1-farnesyl-2-(N-aetylglycine)-L-cysteinol (4): white amorphous solid, [oc}zDO — 110 (c
0.3, MeOH), 1H NMR (600 MHz, MeOD) 6y 5.23 (t, | = 7.8 Hz, 1H), 5.14-5.07 (m, 2H),
4.05-4.00 (m, 1H), 3.90-3.82 (m, 2H), 3.64 (dd, | = 11.2, 5.2 Hz, 1H), 3.60 (dd, ] = 11.1, 4.9 Hz,
1H), 3.22 (dd, ] = 13.1, 8.0 Hz, 1H), 3.16 (dd, ] = 13.1, 7.6 Hz, 1H), 2.70 (dd, ] = 13.7, 6.5 Hz,
1H), 2.55 (dd, ] = 13.7, 7.4 Hz, 1H), 2.11 (dt, ] = 11.4, 5.8 Hz, 2H), 2.06 (dt, | = 14.2, 7.2 Hz,
4H),2.01 (d, ] = 1.0 Hz, 3H), 1.97 (t, ] = 7.6 Hz, 2H), 1.68 (d, ] = 7.2 Hz, 6H), 1.60 (s, 6H); 1*C
NMR (150 MHz, MeOD) §c 173.8, 171.4, 140.1, 136.2, 132.1, 125.4, 125.2, 121.8, 63.6, 52.3,
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43.6,40.8,40.7,32.9,30.4, 27.8,27.5,25.9,22.5,17.8,16.2, 16.1; ESIMS m/z 433.2 [M + Na]*
(Figures 518-522).

1-farnesyl-2-(N-aetylglycine)-D-cysteinol (5): white amorphous solid, [oc]zDO +120 (c
0.3, MeOH), TH and 13C NMR, and ESIMS data of 5 were identical to those of 4 (Figures
523-524).

3.4. Anti-Inflammatory Assay

Anti-inflammatory assay was conducted as described earlier [19]. Murine mono-
cyte/macrophage RAW 264.7 (ATCC TIB-71) cell line was purchased from American Type
Culture Collection (ATCC; Manassas, VA, USA).

4. Conclusions

In summary, based on NMR-guided isolation, two new (1 and 2) and one known
(3) compounds were isolated from the culture broth of the deep-sea fungus Aspergillus
unguis IV17-109. The planar structures of the new compounds were elucidated by a
comprehensive analysis and comparison of their spectroscopic data with the values in the
literature (HRESIMS, 1D, and 2D NMR). Compound 2 is a rare natural product with an
unusual cysteinol moiety. The absolute configuration of 2 was determined by comparing
its optical rotation sign with that of the synthesized analogs (4 and 5). Compounds 1 and
2 were preliminarily screened for their in vitro anti-inflammatory activity. Compound 1
showed moderate activity with an ICs value of 20.0 uM. To the best of our knowledge,
this is the first report on linear nitrogenous secondary metabolites isolated from Aspergillus
unguis. This research expanded the biological and chemical diversities of fungal natural
products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md20030217/s1, Figures S1-S15, HRESIMS data, 'H, 13C, TH-'H COSY, HSQC, HMBC,
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NMR experimental spectra of 4-7.
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Abstract: The objective of the present study was to test whether a brown seaweed extract rich in
polyphenols combined with a low-calorie diet would induce additional weight loss and improve
blood glucose homeostasis in association with a metabolic and inflammatory response in over-
weight/obese prediabetic subjects. Fifty-six overweight/obese, dysglycemic, and insulin-resistant
men and women completed a randomized, placebo-controlled, double-blind, and parallel clinical trial.
Subjects were administrated 500 mg/d of either brown seaweed extract or placebo combined with
individualized nutritional advice for moderate weight loss over a period of 12 weeks. Glycemic, an-
thropometric, blood pressure, heart rate, body composition, lipid profile, gut integrity, and oxidative
and inflammatory markers were measured before and at the end of the trial. No effect was observed
on blood glucose. We observed significant but small decreases in plasma C-peptide at 120 min during
2 h-OGTT (3218 =+ 181 at pre-intervention vs. 2865 + 186 pmol/L at post-intervention in the brown
seaweed group; 3004 + 199 at pre-intervention vs. 2954 4= 179 pmol/L at post-intervention in the
placebo group; changes between the two groups, p = 0.002), heart rate (72 £ 10 at pre-intervention
vs. 69 £ 9 (n/min) at post-intervention in the brown seaweed group; 68 + 9 at pre-intervention vs.
68 £ 8 (1/min) at post-intervention in the placebo group; changes between the two groups, p = 0.01),
and an inhibition in the increase of pro-inflammatory interleukin-6 (IL-6) (1.3 & 0.7 at pre-intervention
vs. 1.5 £ 0.7 pg/L at post-intervention in the brown seaweed group; 1.4 + 1.1 at pre-intervention vs.
2.2 4+ 1.6 pg/L at post-intervention in the placebo group; changes between the two groups, p = 0.02)
following brown seaweed consumption compared with placebo in the context of moderate weight
loss. Although consumption of brown seaweed extract had no effect on body weight or blood glucose,
an early attenuation of the inflammatory response was observed in association with marginal changes
in metabolic parameters related to the prevention of diabetes type 2.

Keywords: brown seaweed extract; metabolic and inflammatory markers; prediabetes

1. Introduction

The growing prevalence of type 2 diabetes worldwide is particularly alarming. Based
on recent world statistics [1], 352 million adults aged from 20 to 79 years old were glucose
intolerant (7.3%), and 425 million (8.8%) had type 2 diabetes in 2017 [1]. The association
between the dramatic increase of the disease and the rising prevalence of obesity is often
highlighted [2]. Obesity and overweight initiate several metabolic disorders [3] that include
insulin resistance, which is considered to be the central feature leading to type 2 diabetes [4].
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Prediabetes is an intermediate stage in the development of type 2 diabetes and is character-
ized by abnormal high fasting glucose, impaired glucose tolerance, and/or high-fasting
insulin [5]. A number of other metabolic dysfunctions are linked to prediabetes and type 2
diabetes, such as chronic systemic low-grade inflammation [6,7], oxidative stress, endothe-
lial dysfunction [8], and impaired gut integrity [9]. The extent to which these phenomena
are observed differs with respect to diet composition, among other environmental factors.
These disorders may be reversible at the prediabetes stage when nutritional interventions
are implemented.

In a clinical setting, the implementation of a weight-loss approach is generally the
first-line intervention in the prevention and management of type 2 diabetes among over-
weight or obese people. The main recommended nutritional treatment to lose weight and
prevent type 2 diabetes is the reduction of energy intake [10]. Caloric restriction and weight
loss have been shown to improve insulin sensitivity and reduce hyperglycemia [11,12].
A moderate caloric intake restriction of approximately 2093 KJ (500 kcal) per day is
recommended [10,13] for a weight loss of 2 to 4 kg/month as suggested by the 2006 Cana-
dian Obesity Guidelines [14].

Marine organisms are rich sources of compounds with diverse biological activities [15].
Among the most promising bioactive molecules in preventing type 2 diabetes are the
phlorotannins, a class of polyphenols exclusively produced by brown seaweeds [16].
In vitro and in vivo studies [17,18] show that phlorotannin-rich extracts of brown sea-
weed Ascophyllum nodosum and Fucus vesiculosus reduce the x-amylase and «-glucosidase
activities involved in the digestion of carbohydrates, resulting in a 90% reduction of glucose
30 min after a meal and a 40% decrease in peak insulin secretion in mice, as reported by
Roy et al. [17]. In humans, it has been demonstrated that a single acute dose of 500 mg of a
polyphenol-rich extract of Ascophyllum nodosum and Fucus vesiculosus had no significant
effect on glycemia but induced a 12% reduction in the insulin incremental area under the
curve (IAUC) following consumption of 50 g of bread compared with a placebo in healthy
adults [19]. Fucoidan, a polysaccharide found in brown seaweeds, has also been recognized
as a promising bioactive molecule with glucose-lowering potential [20,21], via a reduc-
tion of x-amylase and a-glucosidase activities, and therefore a diminution of intestinal
absorption of glucose, and an enhancement of cellular glucose uptake via insulin through
modulation of cellular glucose transporter GLUT-4 and AMP-activated protein kinase
(AMPK). However, there are few studies addressing the chronic physiological effects of
brown seaweed extract on metabolic and inflammatory markers in humans and particularly
in people at high risk of type 2 diabetes.

Achieving normal blood glucose levels is one of the major goals in diabetes prevention,
and it can be reached by different means, such as weight loss or an improvement of glucose
homeostasis through a nutritional supplement [22]. From a biological perspective, the
response to an energy-restricted diet varies between individuals [23], and this strategy
alone is somewhat less effective in the long term [24]. Therefore, a nutritional supplement
is often necessary in adjunction to energy restriction [25]. In this context, a brown seaweed
extract, which has been shown to reduce waist circumference [26], could be administered
in addition to a reduced-calorie diet to obtain additional effects.

The present study was thus undertaken to evaluate the effect of daily consumption
of 500 mg of brown seaweed (Ascophyllum nodosum and Fucus vesiculosus) capsules rich
in polyphenols associated with a reduced-energy diet on body weight and blood glucose
homeostasis (glucose, insulin, and C-peptide in the fasting state and during a 2 h oral
glucose tolerance test) for 12 weeks in overweight prediabetic subjects. Lipid profile, heart
rate, markers of inflammation, oxidative stress, and integrity of the intestinal barrier were
measured as secondary outcomes. We expect that brown seaweed extract lowers body
weight and improves glucose homeostasis and metabolic and inflammatory markers in the
context of moderate weight loss in this 12-week clinical trial.
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2. Results
2.1. Demographic, Baseline Characteristics, and Compliance

In total, 56 subjects were enrolled in the study with 61% (1 = 34) women and 39%
(n = 22) men. Participants were comparable for age, body weight, BMI, waist and hip
circumferences, systolic and diastolic blood pressures, heart rate, lipid profile, fasting
glycemia, and OGTT 2 h glycemia (Supplementary Table S1). Forty-four subjects had
impaired fasting glucose (5.6-6.9 mmol/L), 22 had high blood glucose levels after a 2 h
test (7.7-11.0 mmol /L), and 24 had elevated glycated hemoglobin concentration (5.5-6.4%).
Among those, 31 participants met one criterion, whereas 16 and 9 participants met two and
three criteria, respectively.

2.2. Food Intake and Physical Activity

Food Frequency Questionnaire data show no difference in energy and macronutrient
intake between groups at the baseline and after the 12-week intervention. The mean
reduction in daily energy intake of the brown seaweed group was similar to that of the
placebo group (p = 0.90). With regards to physical activity, no difference within and between
groups was observed (Supplementary Table S2).

2.3. Anthropometric Measurement, Body Composition, Blood Pressure, and Heart Rate

There was no difference in anthropometric, body composition, and blood pressure
parameters between the groups (Table 1). However, intragroup analysis revealed reductions
in body weight, BMI, waist circumference, and total fat mass from the baseline in the two
groups (p < 0.01) (Table 1). Results showed a 4% decrease in heart rate in the brown
seaweed group and a 1.5% decrease in the placebo group. When we compared changes
from the baseline (post vs. pre) between the two treatments, brown seaweed extract showed
a reduction in the heart rate compared with control (p = 0.01) (Figure 1).

Table 1. Anthropometric, body composition, and blood pressure parameters over time within and
between groups.

Brown Seaweed Extract (1 = 27) Placebo (1 = 29) 3
Pre ! Post ! p1? Pre?! Post ! p1? Fie
Weight (kg) 91+13 89+ 13 <0.001 91+ 14 89 + 14 0.003 0.51
BMI (kg/m?) 33+4 32+4 <0.001 33+5 3244 0.003 0.55
Waist (cm) 109 + 10 108 & 10 0.003 108 £ 10 107 £ 10 0.007 0.76
Total fat mass (kg) t 38+9 37+9 0.001 39+ 10 38+ 10 0.001 0.93
Total lean mass (kg) 51+8 50+ 8 0.03 50 & 10 50 + 10 0.65 0.20
Visceral fat mass (kg) 1.9 £ 0.6 1.7 £0.6 0.04 1.6 £0.6 1.6+ 05 0.23 0.52
SBP (mmHg) 119 £ 11 121 £ 12 0.27 118 £ 11 118 £ 12 0.93 0.39
DBP (mmHg) 75+9 7449 0.51 76 +7 74+ 8 0.14 0.58

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure. t n = 56; n = 55 for total fat
mass; 11 = 54 for visceral fat mass. ! A repeated-measures ANOVA with two factors (treatment, post-pre phase)
was performed to compare changes over time (post-pre) between groups. Mean =+ SD pre-intervention (at the
beginning of the 12-week trial) and post-intervention (at the end of the 12-week trial). 2 p-value to compare changes
over time from the baseline to 12 weeks (pre vs. post) within each group (placebo or brown seaweed extract).
3 p-value to compare change over time (pre vs. post) between groups (placebo vs. brown seaweed extract).
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Figure 1. Variations of heart rate over time within and between groups. [J Pre-intervention (at the
beginning of the 12-week trial). B Post-intervention (at the end of the 12-week trial). A repeated-
measures ANOVA with two factors (treatment, post-pre phase) was performed to compare changes
over time (post-pre) between groups. Values are means with standard deviations represented by
vertical bars. 1 = 56.

2.4. Fasting Glycemic, Lipid, and Hepatic Biomarkers in the Fasting State

There were no significant differences in glycemic, lipid, and hepatic parameters in the
fasting state between the two groups (Table 2).

Table 2. Glycemic, lipid, and hepatic markers over time within and between groups.

Brown Seaweed Extract (n = 27) Placebo (n = 29) p 3
IxG
Pre! Post ! p1? Pre! Post ! 2
Fasting glucose (mmol/L) 5.8 +05 57+04 0.14 5.7+0.6 5.6+ 05 0.45 0.60
Fasting insulin (pmol/L) t 129 4+ 49 123 4+ 48 0.22 123 + 63 114 +73 0.49 0.76
Fas“é;%n f)il/jil)’“de 1009 +298 957 4284 0.06 9454307 9164306 026 0.60
Hemoglobin Alc (%) 5.6 +0.3 5.6+ 0.3 0.83 5.6 +0.2 5.6 +0.2 0.46 0.72
Total chol (mmol/L) 554+0.8 52+0.8 0.07 51408 51+0.7 0.48 0.07
Triglycerides (mmol/L) 1.5+0.7 1.7+£08 0.20 1.5+05 15+04 0.55 0.60
LDLc (mmol/L) 3.1+07 29+0.8 0.06 3.0+07 3.0+0.6 0.36 0.05
HDLc (mmol/L) 14+03 1.3+0.2 0.001 1.3+03 1.3+03 0.25 0.09
Chol/HDLc 44+08 44+09 0.12 444+09 44+08 0.17 0.86
HOMA-IR 484+ 1.9 45+ 18 0.18 45425 4.0+28 0.65 0.57
AST (U/L) 23 +£8 20+5 0.02 25+ 11 20+ 8 0.004 0.69
ALT (U/L) 24+ 8 24+ 8 0.99 28 +£20 31+18 0.04 0.15
AST/ALT 1.1+05 09+0.2 0.07 1.1+04 0.8+0.3 0.001 0.23

Total Chol, total cholesterol; LDLc, low-density lipoprotein cholesterol; HDLc, high-density lipoprotein cholesterol;
HOMA-IR, homeostasic model assessment of insulin resistance; AST, aspartate aminotransferase; ALT, alanine
aminotransferase. + 1 = 56; n = 53 for fasting insulin; n = 53 for HOMA-IR. ! A repeated-measures ANOVA
with two factors (treatment, post-pre phase) was performed to compare changes over time (post-pre) between
groups. Mean =+ SD pre-intervention (at beginning of 12-week trial) and post-intervention (at end of 12-week trial).
2 p-value to compare changes over time from the baseline to 12 weeks (pre vs. post) within each group (placebo or
brown seaweed extract). 3 p-value to compare change over time (pre vs. post) between groups (placebo vs. brown
seaweed extract).
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2.5. Glucose, Insulin, and C-Peptide during OGTT

We performed repeated-measures ANOVA for glucose (Figure 2A), C-peptide (Figure 2B),
and insulin (Figure 2C) up to 120 min during OGTT. A reduction was observed in C-peptide
concentrations at 120 min during OGTT in the brown seaweed group compared with the
placebo group (p = 0.002) (Figure 2B). There were no differences between the two groups
for fasting glucose, insulin, and C-peptide (Table 2) and their corresponding mean IAUC
up to 120 min after OGTT (Figure 2D-F).

2.6. Inflammatory Status, Oxidative Stress Status, and Gut Integrity

High-sensitivity C-reactive protein (hsCRP) and Fy-isoprostane (8-iso-PGF;) re-
sponses were similar between treatments (Table 3). However, there was a lower increase
of plasma interleukin-6 (IL-6) concentration in the brown seaweed group (15%) compared
with the placebo group (57%) (p = 0.02) (Figure 3). There was no difference in the gut
integrity parameters between the groups.

2.7. Adverse Effects
No serious adverse event was reported in this study.

Table 3. Inflammatory, oxidative stress, and gut barrier integrity markers over time within and
between groups.

Brown Seaweed Extract (n = 27) Placebo (n =29)

PIxG 3
Prel Post ! p1? Prel Post ! p1?
hsCRP (mg/L) t 30+£1.9 3.6+£27 0.67 27+16 34+26 0.88 0.84
Fy-isoprostane (8-iso
PGFya) x 10! ng/mL 22408 24408 0.65 25+1.9 3.0+23 0.53 0.76
LBP x 10° (ng/mL) 64+19 83+18 0.002 6.8+13 77+19 0.17 0.20
Zonulin (ng/mL) 12406 12410 0.60 1.7+£1.0 19411 0.53 0.42

hsCRP, high-sensitivity C-reactive protein; LBP, lipopolysaccharide-binding protein. t n = 53 for hsCRP;
1 =54 for LBP; n = 55 for zonulin. ! A repeated-measures ANOVA with two factors (treatment, post-pre phase)
was performed to compare changes over time (post-pre) between groups. Mean = SD pre-intervention (at the be-
ginning of the 12-week trial) and post-intervention (at the end of the 12-week trial). > p-value to compare changes
over time from the baseline to 12 weeks (pre vs. post) within each group (placebo or brown seaweed extract).
3 p-value to compare change over time (pre vs. post) between groups (placebo vs. brown seaweed extract).
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Figure 2. Glucose, insulin and C-peptide concentrations and IAUC during OGTT. [J Pre-intervention
(at the beginning of the 12-week trial). B Post-intervention (at the end of the 12-week trial). Re-
peated measures ANOVA highlighting significant differences in the concentrations of glucose (A),
C-peptide (B), and insulin (C), and in their respective IAUCs (D-F) over time between the brown
seaweed and the placebo groups. A mixed model for repeated-measures ANOVA with three factors
(treatment, OGTT time points, post-pre phase) (A-C) and with two factors (treatment, post-pre
phase) (D-F) was performed. Incremental area under the curve (IAUC) for glucose, insulin, and
C-peptide during the 2 h-OGTT was calculated from the trapezoidal rule and fasting baseline values.
Values are means with standard deviations represented by vertical bars. n = 56 for glucose, n = 44 for
insulin, and n = 56 for C-peptide.
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Figure 3. Variations of IL-6 concentrations over time within and between groups. [J Pre-intervention
(at the beginning of the 12-week trial). B Post-intervention (at the end of the trial). A repeated-
measures ANOVA with two factors (treatment, post-pre phase) was performed to compare changes
over time (post-pre) between groups. Values are means with standard deviations represented by
vertical bars. n = 56.

3. Discussion

The study investigated the effect of brown seaweed (Ascophyllum nodosum and Fucus
vesiculosus) extract (InSea2®) rich in polyphenols combined with a moderate weight loss
on glycemic and metabolic control among prediabetic overweight/obese subjects over
12 months. In this study, we advised both groups to follow a moderate energy-restricted
balanced diet. Therefore, body weight, waist circumferences, and total fat mass decreased
significantly in both groups. The main findings in this study indicate that daily consumption
of 500 mg of brown seaweed extract had no effect on body weight and blood glucose, our
primary outcomes, but had a modest beneficial impact on insulin secretion through the
reduction of late C-peptide secretion during 2 h OGTT, heart rate and on the inhibition of
the rise of IL-6 concentration in plasma compared with placebo in the context of moderate
weight loss.

3.1. Weight Loss

With respect to anthropometric parameters, our results showed that the improvement
in body weight and composition induced by consumption of 500 mg per day brown
seaweed extract rich in polyphenols with dietary modifications aimed at moderate weight
loss was not greater than that provoked by dietary modifications alone. The lack of
additional weight loss is consistent with recent data from Derosa et al. [27], who reported no
effect of 6-month administration of food supplement containing Ascophyllum nodosum and
Fucus vesiculosus extract and chromium picolinate on body weight and BMI in dysglycemic
subjects. On the other hand, De Martin and co-authors [26] reported a significant decrease
in waist circumference in overweight and obese subjects after 6 months of treatment
with the same nutraceutical combination that had been administered in the study by
Derosa et al. [27]. In light of these studies, it is possible that a reducing effect of brown
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seaweed extract on body weight was masked by the effect of the low-calorie diet in the
present study. It is also to be considered that the absence of additional weight loss could be
attributed to the dysglycemic status of our subjects or to the absence of chromium picolinate
in the supplement.

3.2. Glucose, Insulin, and C-Peptide

The lack of effect on blood glucose could be due, on the one hand, to the lack of effect
on body weight [28] and, on the other hand, to taking the supplement once a day rather than
three times a day (before breakfast, lunch, and dinner), as performed De Martin et al. [26].
There is a possibility that a single administration of the supplement intake during the day
might have resulted in a less pronounced effect on the activities of intestinal x-amylase and
a-glucosidase and, therefore, on the absorption of the glucose and blood levels.

It should also be considered that blood glucose is maintained primarily because of
regulated pancreatic insulin secretion. In this respect, C-peptide is a byproduct of insulin
synthesis from pro-insulin. It is secreted by pancreatic 3-cells in equal amounts with
insulin; however, unlike insulin, C-peptide is not extracted by the liver and has a constant
peripheral clearance. It is considered a valuable and precise biomarker of insulin secretion
due to its longer time life in circulation (20 to 30 min for C-peptide versus 5 min for
insulin) [29]. Moreover, C-peptide hypersecretion occurred in prediabetic and diabetic
patients in the fasting state and in the early and late phases of the OGTT [30]. In this context,
a reduction in plasma C-peptide in these patients is desirable. In this study, we observed a
modest decrease of C-peptide at the late phase of OGTT in participants consuming brown
seaweed extract, suggesting a potential for reduced insulin secretion in the long term,
thereby decreasing the risk for developing glucose intolerance and type 2 diabetes [31,32].

This effect may be associated with phlorotannins, polyphenolic compounds found in
brown seaweeds only, and fucoidan, found as a sulfated polysaccharide in brown marine
algae, known to decrease the x-amylase and «-glucosidase activities and, therefore, the
digestion and assimilation of glucose [17,18,20,33]. This may result, in the long term, in an
improvement of pancreatic function and, ultimately, in a reduction of glucose intolerance
seen in prediabetic patients. Our results are in good agreement, but less pronounced than
those of De Martin et al. [26] and Derosa et al. [27], who have recently reported a decrease in
glycemia, insulin secretion, insulin resistance [26], and postprandial glycemia [27] following
a 12-week consumption of 712.5 mg of Ascophyllum nodosum and Fucus vesiculosus extract
with the addition of chromium picolinate. In light of these studies [26,27], it is important to
consider that the presence of picolinate chromium, known as a hypoglycemic agent, could
have accentuated the impact of the Ascophyllum nodosum and Fucus vesiculosus extract on
glycemic response. Furthermore, in both previous studies [26,27], the effects were more
pronounced after 6 months than after 3 months of treatment with an additional reduction
of fasting plasma glucose, glycated hemoglobin, and insulin resistance. The differences in
the impact of the extract on glucose homeostasis observed in the present study and the two
former studies [26,27] could be explained by the frequency and doses, duration of the trial,
and use of picolinate of chromium in the previous studies. However, our study is one of
few to have explored the effects of brown seaweed extract alone and show that there is a
beneficial impact, albeit modest, of the brown seaweed extract per se, without chromium
picolinate, on insulin secretion.

3.3. Lipid Profile, Inflammation, and Heart Rate

Lipid-associated risk for cardiovascular disease events is gradual and continuous. LDL
carries cholesterol from the liver throughout the body and leaves excess on the endothelium
of the arteries, causing atherosclerotic plaques to develop. Consequently, a surplus of LDL
cholesterol is associated with an increased risk of cardiovascular events in patients both
with and without type 2 diabetes [34]. Therefore, as a primary goal of therapy, target
LDL cholesterol levels for adults with diabetes are <2.60 mmol/L [35]. In the present
study, no effect was observed on lipid parameters. Our results are not in accordance with
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those of Shin et al. [36], who observed a decrease in total and LDL cholesterol following
daily consumption of 144 mg of Ecklonia cava brown seaweed during 12 weeks among
hypercholesterolemic subjects, nor with those of Iacoviello et al. [37] who reported a
decrease in triglycerides after the consumption of a high dose (900 mg) of Ascophyllum
nodosum extract over 6 weeks. The difference could be explained by the nature of the
seaweed, the dose, and the duration of the trial. Further studies with higher doses of
Ascophyllum nodosum and Fucus vesiculosus extract are suggested to assess the impact of its
consumption on lipid profile among people at risk of type 2 diabetes.

Inflammation and oxidative stress may play a pivotal role in the pathophysiology
of type 2 diabetes. The elevated inflammatory and oxidative biomarkers observed at the
post-intervention stage could be explained by the chronic inflammation process that is
implicated in diabetes. Among several inflammatory biomarkers, I1-6 has been shown to
predict the development of type 2 diabetes, promoting the development of inflammation,
insulin resistance, and {3-cell dysfunction [38]. In the present study, our results indicate that
the extract inhibited the increase in IL-6 observed in overweight/obese placebo subjects,
thereby attenuating early pro-inflammatory response, and suggesting that consumption
of the extract might have potential anti-inflammatory properties. In line with this result,
it has already been shown that Ascophyllum nodosum extract can inhibit pro-inflammatory
IL-6 gene expression in the porcine colon ex vivo and in vitro [39,40]. Phlorotannins are
proposed as the main compounds in marine brown seaweeds associated with this effect.
Indeed, as reported by Catarino et al. [41], phlorotannins can inhibit the expression of
pro-inflammatory cytokines and interfering with transcriptional regulation. Furthermore,
in the present study, variations in Il-6 were strongly and positively correlated with glycemia
in the fasting state (r = 50, p = 0.001). Furthermore, in post-intervention, we observed trends
between II-6 and insulin resistance measured by HOMA-IR (r = 26, p = 0.07), and I1-6 and
plasma insulin values at 120 min during OGTT (r = 0.24, p = 0.10). These results suggest that
the inhibition of IL-6 increase could be a mechanism responsible for the observed effects
of the brown seaweed extract on parameters related to glucose homeostasis. However, in
the present study, hs-CRP was not affected by treatment; therefore, indicating no effect of
brown seaweed extract on the pro-inflammatory late regulation process. Interestingly, a late
anti-inflammatory response, characterized by a decrease in inflammatory biomarkers TNF-
o and hsCRP, was observed in an earlier 6-month study [27] investigating the metabolic and
inflammatory effects of an extract of Ascophyllum nodosum and Fucus vesiculosus combined
with chromium picolinate, therefore supporting the concept that the addition of chromium
to brown seaweed extract might modulate inflammation differently [42].

Interestingly, heart rate is associated with inflammation [43] and plasma IL-6 concen-
trations [44]. We indeed observed a positive correlation between variations in heart rate
and I1-6 (r = 0.29, p = 0.04). Therefore, the reduced heart rate seen in the brown seaweed
group could be linked to the inhibition of increased pro-inflammatory marker I-6. Interest-
ingly, Jung et al. [45] previously observed that dieckol, a phlorotannin present in brown
seaweed, can induce in vitro inhibition of cyclooxygenase 2 expression and prostaglandin
E(2) production.

3.4. Integrity of Gut Barrier

Dysregulation of intestinal mucosal barrier function and loss of integrity of the gut
barrier can increase the passage to the intestinal pathogens and endotoxins, which cause
infection or inflammation [46]. Animal models have provided evidence linking gut barrier
dysfunction, activation of inflammation signaling pathways, and progression of insulin
resistance to type 2 diabetes [47]. The potential of Ecklonia radiata, a brown seaweed from
New Zealand, and its polysaccharides (fucoidan and alginate) were reported to improve
gut health in a rat model by increasing stool bulk, short-chain fatty acids, and butyrate
production [48]. However, Michiels et al. [49] showed no effect of a dried extract of
Ascophyllum nodosum on gut microbiota in piglets. To our best knowledge, no studies have
addressed the impact of brown seaweed on the health and integrity of the gut barrier in
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humans. In the context of our study, no effect of our brown seaweed extract was observed
on LBP, an acute-phase protein secreted by the liver in the bloodstream in response to
a bacterial infection, and zonulin, a protein associated with a loss of intestinal barrier
function that modulates the permeability of tight junctions between cells of the wall of
the digestive tract. Further studies measuring various parameters of gut integrity, such as
occludin, claudins, or mucin, in addition to LBP and zonulin, are necessary to determine
the impact of brown seaweed and their extracts on gut integrity among people at risk of
type 2 diabetes.

The results of the present study showed a marginal beneficial impact of a polyphenol-
rich extract obtained from two algae, Ascophyllum nodosum and Fucus vesiculosus, in the
context of moderate weight loss over 12 weeks on metabolic risk factors of type 2 diabetes
and cardiovascular disease, namely glucose homeostasis, heart rate, and Il-6 in prediabetic
subjects. Moreover, our results should be interpreted with caution, given certain limitations.
On the one hand, diet and physical activity were not strictly controlled, but on the other
hand, our experimental approach was closer to the real context. Furthermore, we used 2 h
OGTT instead of 3 h OGTT, which could have minimized the real effect of brown seaweed
extract on glycemia, insulin, and C-peptide during OGTT. Finally, it might be worthwhile
in subsequent studies to extend the duration of the trial to 6 months.

We acknowledge that this discussion has been focused on phlorotannins and fucoidans
due to their known bioactive properties, but the extract contains other compounds such
as small saccharides (mono- and disaccharide) as well as oligo- and polysaccharides, fatty
acids, and phenolic compounds, as measured by Gabbia et al. [18]. For instance, the
polysaccharide-rich composition of brown algae has shown the potential to act as prebiotics
and to positively modulate the gut microbiota [50]. Moreover, in addition to phlorotannins,
there are other polyphenolic compounds such as phenolic acids, flavonoids, phenolic
terpenoids, and bromophenols in brown seaweeds, as reported by Cotas et al. [51]. On
their own, each of these compounds can exhibit significant biological properties, including
antidiabetic, anti-inflammatory, and antioxidant activities [51], and could potentially affect
the parameters measured in this study. However, compared to phlorotannins, less is known
about those polyphenols due to a lack of their characterization, isolation, and specific
bioactivity analysis. Furthermore, it is possible that when combined, these compounds
have interactions with each other, depending on the type and structure of these compounds,
thereby modulating their effects.

In conclusion, the present results indicate that the consumption of a brown seaweed
extract of Ascophyllum nodosum and Fucus vesiculosus for 12 weeks had no effect on body
weight and blood glucose but induced a marginal beneficial impact on insulin secretion,
heart rate, and I1-6 in overweight/obese prediabetic subjects. These results suggest that
early attenuation of the inflammatory response by 500 mg of brown seaweed extract in
the context of moderate weight loss could be associated with modest changes in metabolic
parameters related to the prevention of type 2 diabetes. More studies with different doses
and intervention durations are needed to determine the effects of this supplement on
cardiovascular and type 2 diabetes risk factors.

4. Materials and Methods
4.1. Study Design

This study was a parallel, double-blind, randomized controlled 12-week clinical trial
conducted from summer 2017 to winter 2018 at the Institute of Nutrition and Functional
Foods in Quebec City (QC, Canada). The study was in accordance with the Declaration
of Helsinki and was approved by the Université Laval’s health-science research ethics
committee. Participants were given a detailed written informed consent form to read and
sign prior to their participation in the study. This trial was registered at clinicaltrials.gov
as NCT03075943.
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4.2. Population

Volunteers were recruited on a voluntary basis from the Institute of Nutrition and
Functional Foods contacts database, Laval University network, and Diabete Québec As-
sociation website. Inclusion criteria included age between 18-70 years, body mass index
(BMI) > 27 cm, waist circumference > 94 cm for men and >80 cm for women, fasting
insulin > 60 pmol/L, fasting glycemia between 5.6-6.9 mmol/L or/and 2 h glucose in oral
glucose tolerance test (OGTT) between 7.8-11.0 mmol /L or/and glycated hemoglobin A1C
(HbA1C) between 5.7-6.4% for prediabetes diagnostics [52], and stable weight during the
last 3 months. Exclusion criteria included type 2 diabetes, uncontrolled hypertension, thy-
roid disorders, renal and hepatic dysfunction, gastro-intestinal disorders, or other chronic
or acute diseases. People who intake medications, food supplements, or natural health
products that affect glucose and lipid metabolisms or body weight were also excluded.
Major surgery during the last 3 months, smoking, pregnancy or breastfeeding, and allergies
to fish, seafood, or iodine were also considered as exclusion criteria. A total of 260 subjects,
recruited in the Québec City metropolitan area through media advertising, were screened
to examine their eligibility to participate in this study (Supplementary Figure S1). Dur-
ing the first screening visit, two self-administered online questionnaires were completed
by all subjects to collect information on medical history, lifestyle, economic and socio-
demographic characteristics. Of 260 subjects, 125 subjects were excluded, and 11 decided
not to participate. During the second screening visit, blood was collected from 124 subjects,
and 58 subjects were also excluded from the study because they did not meet the plasma
inclusion criteria. Thus, of 66 eligible volunteers after the two screening visits, 56 completed
the study (Supplementary Figure S1) because ten subjects among the eligible volunteers
no longer met inclusion criteria, dropped out, or refused to pursue the study for personal
reasons during the study. During a 2-week run-in phase, the participants were asked to
maintain their dietary routine and refrain from vigorous activity. After the 2-week run-in
phase, the participants were randomly assigned to either the placebo group or the brown
seaweed extract group, based on weight, BMI, and gender, and received individualized
nutritional counseling for a moderate weight loss.

4.3. Intervention

In the brown seaweed extract group, each participant received 500 mg of polyphenol-
rich brown seaweed Ascophyllum nodosum and Fucus vesiculosus extract (2 capsules sold as a
standardized extract under the registered trademark InSea2® of InnoVactiv Inc. (Rimouski,
QC, Canada) to be taken daily 30 min before the main meal of the day for 12 weeks). The
extract was prepared using an exclusive hot water extraction, followed by filtration and
ultrafiltration processes and spray-drying. The extract used in the present study contained
algae polyphenols (35%, as indicated in the certificate of analysis of the commercial prod-
uct). The extraction process removed alginates and part of the salts, and the remaining
constituents were mostly composed of algae polysaccharides, of which fucoidans were
11.5% fucose and minerals (iodine content = 67 mg/kg). The ability of InSea2® to inhibit «-
amylase was 97.8% at a concentration of 0.1 g/L algae extract, as indicated in the certificate
of analysis of the commercial product. Heavy metal analysis showed that inorganic arsenic
(<0.41 mg/kg), cadmium (0.31 mg/kg), lead (0.77 mg/kg), and mercury (0.03 mg/kg)
were less than the limit of quantification. The chemical characterization of InSea2® has
previously been described in detail [18], confirming that the extract is mainly composed
of saccharide derivatives and contains ~35% algae polyphenols, of which phloroglucinol
derivatives, measured by NMR analysis and revealing the presence of fatty acids by GC-MS.

Participants of the control group received the same dose of placebo capsule to be taken
in the same conditions as described above. Treatment and placebo capsules were similar
in form, color, and taste and were supplied by innoVactiv Cie (Rimouski, Canada). The
treatment capsule contained extract of brown seaweed (250 mg), dibasic calcium phosphate
(150 mg), microcrystalline cellulose (100 mg), croscarmellose (3 mg), magnesium stearate
(5 mg), titanium dioxide (1.8 mg), and hypromellose (94.3 mg). Placebo capsule contained
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microcrystalline cellulose (191 mg), dibasic calcium phosphate (287 mg), magnesium
stearate (5 mg), caramel (25 mg), titanium dioxide (1.8 mg), hypromellose (94.3 mg).

The nutritional intervention aimed for moderate calorie restriction of about 500 kcal
based on basal metabolism corrected for physical activity, using the traditional Harris
Benedict—formula [53]. The individualized counseling intervention was given in the form
of a dietary plan based on the “Food Guide for Diabetic Patients” [54] and “Health Plate
Approach” [55]. Protein powders, fish oil, omega-3 or any marine supplements, as well as
natural health products known to have effects on glucose or insulin levels, weight, satiety,
or appetite, were forbidden. Moreover, it was not allowed to use weight loss products
available on the market or to follow another weight loss program. In addition, slimming
or anti-cellulite cosmetic creams were not permitted. A validated online Food Frequency
Questionnaire [56] was completed by participants. Short International Physical Activity
Questionnaire [57,58] and Side Effect Reporting Form were completed. Compliance was
assessed by capsule counts [59]. Any change in medication, temporary medication, natural
health product intake, or consumption of any other food supplements were monitored
according to the exclusion criteria during the entire study period. To document compliance,
subjects were asked to return unused capsules at the end of the study. Capsule counts
indicated a minimum of 80% compliance in both groups.

4.4. Anthropometric and Body Composition Measurements

Bodyweight, height, and waist circumference were measured using conventional
measurements. BMI was calculated as weight (kg)/height? (m?). Body composition (total
mass, fat mass, visceral mass) was determined using a dual-energy X-ray absorptiometry
(DEXA) scanner (GE Lunar Prodigy Bone Densitometer, GE Lunar Healthcare, Madison,
WI, USA), and data were analyzed using Lunar Prodigy Advance-enCORE 2010 software
version 14.1.

4.5. Blood Pressure and Heart Rate Measurements

Blood pressure and heart rate were measured three times on the right arm using an
automatic tensiometer (Digital Blood Pressure Monitor, model HEM-907XL; OMRON®,
Kyoto, Japan) following a 10 min rest at the beginning and at the end of the experimental
period using a Digital Blood Pressure Monitor (model HEM-907XL; OMRON® Blood
pressure Monitor, Kyoto, Japan).

4.6. Oral Glucose Tolerance Test (OGTT)

At the beginning and end of the experimental periods, glucose tolerance was estimated
by a two-hour, 75 g OGTT using a standard solution of glucose (Glucodex). Blood was
collected before at TO (0 min), T1 (15 min), T2 (30 min), T3 (60 min), and T4 (120 min).
TO (0 min) represented the fasting state.

4.7. Blood Collection and Storage

Blood samples were collected following a 12 h overnight fasting state before each
OGTT. Venous blood samples were taken in tubes containing ethylenediaminetetraacetic
acid (EDTA) and immediately centrifuged at 1100x g for 10 min. Plasma was stored
at —80 °C for further analysis of glycemic and lipid variables, inflammatory (hsCRP,
IL-6), antioxidant (F,-isoprostane as 8-iso PGF, isomer), and gut integrity markers (LBP
and zonulin).

4.8. Glycemia, Insulin, C-Peptide, and Glycated Hemoglobin A1C Measurements

Glucose, insulin, and C-peptide concentrations were measured in fasting plasma and at
different time points of the OGTT. Blood glucose was measured using The Dimension Vista®
GLU method (REF K1039) (Siemens Healthcare Diagnostics Inc., Tarrytown, NY, USA), an
adaptation of the hexokinase-glucose-6-phosphate dehydrogenase method [60]. Insulin
and C-peptide, a marker of insulin secretion, were determined using ADVIA Centaur XPT
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Immunoassay System test (Siemens Healthcare Diagnostics Inc., Tarrytown, NY, USA), a
sandwich immunoassay using direct chemiluminescent technology, and specific insulin
and C-peptide antibodies. HbAlc was determined using a 2.0 assay on a VARIANT II
TURBO Hemoglobin Testing System (Bio-Rad Laboratories Inc., Hercules, CA, USA) using
the principle of ion-exchange high-performance liquid chromatography. These analyses
were performed at the Research Centre of Laval University Hospital (CHU of Québec)
(QC, Canada).

The Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) was used to
estimate insulin sensitivity /resistance. HOMA-IR index was calculated according to the
following formula: fasting insulin concentration (uL/mL) X fasting glucose concentration
(mmol/L)/22.5 [61].

4.9. Lipid Profile Biomarkers Measurements

Plasma total triglycerides (TG), Low-Density Lipoprotein cholesterol (LDLc), High-
Density Lipoprotein cholesterol (HDLc), Total cholesterol (Total chol), well-known markers
of cardiovascular risk, were measured using enzymatic, colorimetric assay on a Cobas
¢701/702 instrument (Roche Diagnostics GmbH, Mannheim, Germany). Analyzes were
performed at CHU of Québec (QC, Canada).

4.10. Hepatic Enzymes Measurements

Aspartate aminotransferase (AST) and alanine aminotransferase (ALT), plasma mark-
ers of hepatic function, were measured by Dimension Vista® AST and ALT methods,
adapted from the recommended methods of International Federation of Clinical Chem-
istry [62] with the use of the coenzyme pyridoxal-5-phosphate (P5P). Laboratory analyzes
were performed at CHU of Québec (QC, Canada).

4.11. Inflammatory, Oxidative Stress and Gut Integrity Biomarkers

Hs-CRP was determined at CHU of Québec (QC, Canada) using immunonephelo-
metric technique (Siemens BN Prospec, Siemens Healthineers, Oakville, ON, Canada).
Interleukin-6 was measured in plasma using Multiplex kits (EMD Millipore, Etobicoke,
ON, Canada), and plates were read using Bio-Plex 200 system (Bio-Rad, Mississauga, ON,
Canada). Total F2-isoprostane (as 8-iso-PGF, isomer) level from non-enzymatic peroxi-
dation of arachidonic acid, a biomarker of oxidative stress, was measured in plasma, as
previously described [63]. The latter analyses were conducted at the Québec Heart and
Lung Institute (QC, Canada). LBP and zonulin were determined in plasma using commer-
cially available enzyme-linked immunosorbent assay kits from Biomatik (Cambridge, ON,
Canada). The analyses were conducted at the Institute of Nutrition and Functional Foods
(QC, Canada).

4.12. Statistical Analysis

The sample size was determined based on insulin reduction after a single acute in-
take of 2 capsules of 250 mg of a polyphenol-enriched brown seaweed extract from data
published by Paradis et al. [19] with a statistical power of 80%, yielding a sample size
of 27 for each group. Statistical analyses were performed using the statistical analysis
software SPSS (version 22, 2007, IBM SPSS Statistics), except for data from OGTT, which
were analyzed using SAS 9.4 (SAS Institute, Cary, NC, USA. Results are presented as
means =+ standard deviation. The primary analysis was to compare plasma glucose, in-
sulin, and C-peptide obtained with OGTT before and after the intervention between the
placebo and treatment. For that purpose, a mixed model for repeated-measures ANOVA
with three factors (treatment, OGTT time points, post-pre phase) was performed. Incremen-
tal area under the curve (IAUC) for glucose, insulin, and C-peptide during the 2 h-OGTT
was calculated from the trapezoidal rule and fasting baseline values. A repeated-measures
ANOVA test with two factors (treatment, post-pre phase) was performed to compare
changes over time (post-pre) between groups for the other parameters. Prior to perform-
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ing repeated-measures ANOVA, normality was checked using a Shapiro-Wilk test, and
distribution was normalized using logarithmic transformation when needed. Student’s
t-test (when data were normally distributed) and Mann-Whitney U test (when data were
abnormally distributed) were performed to compare means at pre-intervention between
groups, and F2-isoprostane changes from baseline between and within groups. Considering
the small size of the experimental groups and the multiplicity of analysis, a Bonferroni
correction was performed for the anthropometric (p < 0.01), blood pressure and heart rate
(p £0.02), glycemic (p < 0.005), lipid (p < 0.01), hepatic (p < 0.02), inflammatory and oxida-
tive stress (p < 0.02), and gut integrity (p < 0.03) markers. To detect associations between
variables, Pearson correlation coefficients were calculated using the Pearson correlation
(CORR) procedure. Differences were considered significant at p < 0.05 (two-tailed) level.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md20030174/s1, Table S1: Subjects’ characteristics; Table S2: Nutritional intakes over time
within and between groups; Figure S1: Flow chart.
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Abstract: In the present study, a selenium-chondroitin sulfate (SeCS) was synthesized by the sodium
selenite (NaySeO3) and ascorbic acid (Vc) redox reaction using chondroitin sulfate derived from
shark cartilage as a template, and characterized by SEM, SEM-EDS, FTIR and XRD. Meanwhile, its
stability was investigated at different conditions of pH and temperatures. Besides, its antioxidant
activity was further determined by the DPPH and ABTS assays. The results showed the SeCS with
the smallest particle size of 131.3 £ 4.4 nm and selenium content of 33.18% was obtained under the
optimal condition (CS concentration of 0.1 mg/mL, mass ratio of Na;SeOs to Vc of 1:8, the reaction
time of 3 h, and the reaction temperature of 25 °C). SEM image showed the SeCS was an individual
and spherical nanostructure and its structure was evidenced by FTIR and XRD. Meanwhile, SeCS
remained stable at an alkaline pH and possessed good storage stability at 4 °C for 28 days. The results
on scavenging free radical levels showed that SeCS exhibited significantly higher antioxidant activity
than SeNPs and CS, indicating that SeCS had a potential antioxidant effect.

Keywords: nanoselenium; chondroitin sulfate derived from shark cartilage; structure characteriza-
tion; antioxidant activity

1. Introduction

Reactive oxygen species (ROS) are the result of the normal cell metabolism of living
organisms. However, when the production of ROS exceeds the scavenging capacity of liv-
ing organisms, oxidative stress occurs [1]. Excessive reactive oxygen species (ROS) not only
affect normal metabolism, but also is closely related to the occurrence and development
of various diseases, including cardiovascular diseases [2], Alzheimer’s disease [3], nonal-
coholic fatty liver disease [4], and so on. As an essential micronutrient for human health,
selenium (Se) plays a vital role in protecting against oxidative stress [5]. Nevertheless, the
beneficial and harmful doses of Se is an extremely narrow margin, which limits its practical
applications in food and medicine [6]. Therefore, it is necessary to take effective measures
to solve this problem.

Nanotechnology, as a technology developed in recent years, has been widely used
in the field of biology. Selenium nanoparticles (SeNPs) have been widely used as drug
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carriers due to their advantages of small volume, large specific surface area, and unique
physical and chemical properties. Previous studies have found that SeNPs can remove
harmful peroxides from the body through glutathione peroxidase (GSH-PX) and protect
the membrane structure of the body from damage [7]. Meanwhile, compared with organic
and inorganic selenium compounds [8], SeNPs possesses higher bioactivity like antioxidant
activity, better bioavailability and lower toxicity [9]. However, SeNPs are very unstable
in the liquid phase and tend to aggregate and form gray or black selenium with a large
particle size, thus losing the bioavailability and bioactivity of SeNPs [10]. Therefore, a
suitable stabilizer is needed to improve its stability.

Natural bioactive polysaccharides have attracted more and more attention because
they are rich in hydrophilic groups, such as hydroxyls, and are considered as ideal templates
for SeNPs stabilization. A variety of polysaccharides have been reported to modify SeNPs
and the modified SeNPs have been found to have strong antioxidant activity [6,11,12].
Chondroitin sulfate (CS), a natural anionic glycoaminoglycan, is extracted from various
marine animal cartilages, such as shark, skate and so on [13,14]. Studies showed CS exhib-
ited a variety of biological activities, such as antioxidant activity [15], anti-inflammatory
activity [16] and anti-tumor activity [17]. Since it is rich in carboxyl and hydroxyl groups,
it is often used to stabilize SeNPs. For example, Han et al. reported the preparation
method of selenium-chondroitin sulfate (SeCS) using CS as a stabilizer to stable SeNPs,
but the Se content in SeCS is only 10.1%, and the study on its stability has not been re-
ported [18]. Since the Se content and stability of SeCS are related to its biological activity,
it is necessary to further improve the Se content and investigate the stability of SeCS.
Therefore, in this study, we screened the preparation conditions of SeCS, investigated its
stability at a different pH and temperature, and evaluated its antioxidant activity using 2,2-
diphenyl-1-picrylhydrazyl (DPPH) and 2,2"-azino-bis (3-ethylbenzo-thiazoline-6-sulfonic
acid) diammonium salt (ABTS) assays. This study provides a theoretical basis for the
application of SeCS as a fresh antioxidant agent in food and medicine.

2. Results and Discussion
2.1. Determination of Preparation Conditions of SeCS
2.1.1. Determination of CS Concentration

In order to evaluate the effect of CS concentration on the formation of SeCS, the particle
sizes of SeCS prepared with different concentrations of CS were measured by nanoparticle
size analyzer. As shown in Figure 1A, the particle sizes of SeNPs with 0.05 mg/mL CS
surface decoration were 278.70 + 9.47 nm. The average particle diameters of SeNPs were
significantly decreased to 113.7 4= 2.89 nm in the presence of 0.1 mg/mL CS, indicating that
CS between 0.05 mg/mL and 0.1 mg/mL could inhibit the aggregation of SeNPs with the
increase of CS concentration. The result was in accordance with the previous study, which
demonstrated that the particle diameters of SeNPs decorated with 1.0 mg/mL chitosan
were smaller than that synthesized with 0.6 mg/mL chitosan [19]. However, when CS
concentration is greater than 0.1 mg/mL, the particle size of SeCS in the system became
larger. This might be because CS molecules aggregated to reduce its hydrophilic groups’
function, resulting in the particle size become larger. Therefore, the optimal concentration
of CS was selected as 0.1 mg/mL.

2.1.2. Determination of Molar Ratio of Na;SeO3 to V¢

According to the reaction equation, sodium selenite (Na;SeOs) reacts with ascorbic
acid (Vc) at the coefficient of 1:2. However, in fact, an excess of V¢ needs to be added to
the system to prevent SeNPs from being oxidized. Therefore, in this study, fixing the CS
concentration of 0.1 mg/mL, the reaction time of 3 h and the reaction temperature of 55 °C,
the molar ratio of NaySeOj3 to Ve varied from 1:2 to 1:10. The particle sizes of SeCS prepared
with different molar ratios of Na;SeOj3 to Ve were shown in Figure 1B. The results showed
that the average particle diameters of SeCS obtained with the molar ratio of Na;SeOs to
Ve of 1:2 were 187.3 4 12.48 nm. As the molar ratio of Na,SeOs3 to Vc increased to 1:8,
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the particle size reached the smallest. It was speculated that excessive Vc could improve
the growth of the crystal nucleus to stabilize SeCS [20]. However, further increasing Ve
concentration meant the particle size became larger due to the unstable reaction system.
So, it might be the reason why the diameter of the SeCS prepared with a molar ratio of
NaySeOj3 to Ve of 1:10 was larger than that obtained with a molar ratio of NaySeOj3 to Ve of
1:8. Therefore, the optimal molar ratio of NaySeOs3 to Vc was selected as 1:8.
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Figure 1. Effects of different template dosage (A), reactants ratio (B), reaction time (C), and reaction
temperatures (D) on particle size of SeCS. Bars with al, bl and c1 represented a statistical difference
(p < 0.05) among different template dosages. Bars with a2 and b2 represented a statistical difference
(p < 0.05) among different reactants ratios. Bars with a3, b3 and c3 represented a statistical difference
(p < 0.05) among different times. Bars with a4 and b4 represented a statistical difference (p < 0.05)
among different reaction temperatures.

2.1.3. Determination of Reaction Time

Studies showed that reaction time had a vital role to regulate the SeNPs reaction
system [21]. If the reaction time is too short, the reaction between Na;SeO3 and Vc is not
sufficient. However, if the reaction time is too long, the SeNPs in the system will gather,
leading to increasing the particle size. Therefore, we next further investigated the influence
of reaction time on the particle size of system. Fixing the CS concentration of 0.1 mg/mL,
the molar mass ratio of NaySeOs to Vc of 1:8 and the reaction temperature of 55 °C, the
reaction time varied from 1 h to 4 h. The result was shown in Figure 1C. When the reaction
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time extended from 1 h to 2 h, no significant difference was observed in the particle size of
the obtained SeCS. When the reaction time increased to 3 h, the particle size of the obtained
SeCS reached to 131.2 & 9.97 nm. When the reaction time exceeded 3 h, the particle size of
the obtained SeCS remarkably increased. Therefore, we selected the reaction time of 3 h as
the optimal reaction time to prepare SeCS.

2.1.4. Determination of Reaction Temperature

Fixing the CS concentration of 0.1 mg/mL, the molar mass ratio of Nay;SeOs to Vc of
1:8, reaction time of 3 h, the reaction temperature varied from 25 to 85 °C. The particle size
of the obtained SeCS is shown in Figure 1D. It could be seen that although the particle size
of the obtained SeCS slightly decreased at 55 °C, there was no significant difference between
25 °C and 55 °C. When the reaction temperature was further separately increased to 70 °C
and 85 °C, the particle size of the obtained SeCS both significantly increased. The reason
might be that heating easily led to the violent movement of nanoparticles, thus increasing
the chance and intensity of collisions and intensifying aggregation [22]. Therefore, in terms
of saving energy, the optimal reaction temperature was selected as 25 °C.

In summary, these above results demonstrated that we optimized conditions for
preparing SeCS as a CS concentration of 0.1 mg/mL, the molar mass ratio of Na,;SeO3
to Ve of 1:8, reaction time of 3 h and reaction temperature of 25 °C, so SeCS used in
subsequent experiments were obtained in optimal reaction conditions. Under the optimal
reaction conditions, the SeCS was successfully prepared and inductively coupled plasma
mass spectrometry (ICP-MS) was used to measure the Se content of the SeCS obtained. It
was found that the Se content in SeCS was 33.18%, which is higher than that reported in
previous studies [18,23].

2.2. Characterization of SeCS
2.2.1. Scanning Electron Microscopy (SEM)

In order to verify the above results, SEM was used to analyze the morphology of SeNPs
and SeCS. As shown in Figure 2, the SEM results of SeNPs clearly revealed that SeNPs
without CS surface decoration showed serious aggregation and formed large particles
chunks (Figure 2A,C). Nevertheless, the addition of CS accelerated the production of ho-
mogeneous spherical SeCS with high dispersibility (Figure 2B,D), which further confirmed
the formation of SeCS.

E ]
2" m

S 10y

Figure 2. SEM images of SeNPs (A,C) and SeCS (B,D) powders. The SeNPs were obtained in the
same procedure of SeCS without CS.
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2.2.2. Element Analysis of SeCS

To determine chemical compositions of SeCS samples, scanning electron microscopy
equipped with an energy dispersion spectrum detector (SEM-EDS) was employed. The
results were shown in Figure 3. It was found that C (44.16%), O (37.74%), and Na (18.1%)
were the chemical compositions of CS (Figure 3A). Furthermore, an SEM-EDS investigation
of SeNPs showed the percentages of Se, C and O atoms were 92.27%, 7.43% and 0.30%
(Figure 3B), which were similar to previous findings of Ye et al. [21]. An EDS investigation
of SeCS (Figure 3C) showed that the presence of a strong Se atoms signal (65.73%). The
existence of the Na atom (1.27%), C atom (25.55%) and O atom (7.44%) in SeCS suggested
that CS successfully combined to the surface of the SeNPs.

Spectrum 3
Weight(%)

44.16
37.74
18.10
0.00

100.00

Element Weight(%)

7.43

0.30

0.00
92.27

W&z
Spectrum 6

Element

Weight(%)

C
(0]
Na
Se

25.55
7.44
1.27

65.73

100.00

Figure 3. SEM-EDS element analysis of CS (A), SeNPs (B) and SeCS (C). The SeNPs were obtained in
the same procedure of SeCS without CS.
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2.2.3. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

To confirm the chemical binding of CS to the surface of the SeNPs, FTIR spectroscopy
is used to ascertain the formation of SeCS. The FTIR spectra of CS and SeCS were shown
in Figure 4. The typical IR spectrum of CS was presented in Figure 4 which was in good
agreement with the literature [23]. The FTIR spectrum of CS exhibited an absorption band at
3402 cm ™!, indicating the overlapping of ~-OH and -NH stretching vibrations. Additionally,
the absorption peaks of CS were 1070 ecm tand 1128 em ™1, 1224 em ™, 1419 ecm ™!, and
1635 cm ™1, which corresponded to the characteristic asymmetric stretching vibrations of
the C-O-C bridge (-1,4 glycosidic bonds), asymmetric stretching vibrations of -5=0,
stretching vibrations of the -COOH and stretching vibrations of the -C=0 of -NHCO-.
By comparing the FTIR spectra of CS, SeCS resembled that of CS and there were no new
absorption peaks in the FTIR spectrum of SeCS, indicating that the reaction between CS and
SeNPs did not generate any new covalent bonds. However, an obvious change occurred in
the peak locations of SeCS, indicating that the main interaction between CS and SeNPs was
physical adsorption.

— SeNPs

3400 1624

. ] ! I " I J 1 . I % I = 1
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (nm)

Figure 4. FT-IR spectra of CS, SeNPs and SeCS. The SeNPs were obtained in the same procedure of
SeCS without CS.

2.2.4. Powder X-ray Diffractometry (XRD) Analysis

On this basis of FI-IR analysis, XRD was used to characterize the formation of SeCS.
XRD analysis could detect phase identification of crystalline materials. The intensity and
sharpness of XRD peaks reflected the crystalline nature of the sample. The XRD spectra of
CS, SeNPs and SeCS were shown in Figure 5. As shown in Figure 5, the X-ray diffractogram
of SeNPs showed two broad peaks in the ranges of 20-40° and 40-60° (26), indicating
that SeNPs existed in an amorphous form. This result was in good agreement with the
literature [21]. No sharp peaks were found in the XRD pattern of CS and SeCS, confirming
their amorphous characteristic in nature. Compared with the XRD diffraction patterns of
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CS and SeNPs, both the peak positions and intensity of SeCS shifted, suggesting that the
formation of SeCS.

— CS
SeNPs
SeCS

g

10 20 30 40 50 60 70 80
Two-Theta (deg)

Figure 5. XRD patterns of CS, SeNPs and SeCS. The SeNPs were obtained in the same procedure of
SeCS without CS.

2.2.5. Stability of SeCS

The stability of nanoparticles is one of the key factors for their biological function.
Studies have shown that the stability of nanoparticles is closely related to pH, storage
temperature and storage time in the application medium [24,25]. Therefore, we next
investigated the influence of different pHs and storage temperatures on the stability of
SeCS. The influence of pH on the stability of SeCS was shown in Figure 6A. The particle
diameters of SeCS notably decreased to approximately 98.9 &+ 5.9 nm at the 2-8 pH range.
Then, no significant shift occurred at the 8-12 pH range. This was probably attributed
to the strongest electrostatic interaction between anionic CS and SeNPs at pH 8.0 due to
the sensitivity of CS at a low pH [26]. The effect of storage temperature on the stability of
SeCS was shown in Figure 6B. When the SeCS solution was stored at 4 °C for 28 days, the
particle size showed no obvious change. Yet, the particle diameter of the SeCS solution
stored at 25 °C for 28 days significantly increased to 262.7 £ 13.6 nm. It was speculated
that an increase in particle diameter might be related with the changes of the internal
structure of the SeCS because the increasing temperature resulted in a change in the
amorphous state of SeCS to the crystalline state. Moreover, our results were consistent
with previous studies that high temperature was not conducive to the stability of selenium
nanoparticles [10,26]. These results indicated that SeCS exerted excellent stability under a
refrigerating temperature and alkaline environment.
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Figure 6. Effects of different pHs (A) and storage temperatures (B) on the size of SeCS. The initial pH
value of the control group was 6.8. p < 0.05 (*) or p < 0.01 (**) means that columns between control
group and other groups are significantly different.

2.3. The Antioxidant Property of SeCS

The antioxidant potential of SeCS was analyzed using the DPPH assay and ABTS assay
in which ascorbic acid was used as a standard. As shown in Figure 7, the DPPH and ABTS
radical scavenging rates of CS and SeNPs were extremely low. However, comparing with
CS and SeNPs, the DPPH and ABTS radical scavenging rates of SeCS significantly increased.
With the concentration of SeCS increased, the DPPH and ABTS radical scavenging rates
of SeCS increased from 29.13 £ 3.28% (0.1 mg/mL) and 13.92 + 2.57% (20 ug/mL) to
66.69 £ 2.71% (0.5 mg/mL) and 52.44 £ 2.29% (100 ug/mL), respectively. Our results
indicated that SeCS could effectively scavenge the DPPH and ABTS free radical in a dose-
dependent manner. However, the DPPH and ABTS scavenging activities of SeCS were
lower than the V¢, particularly in the ABTS scavenging assay.
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Figure 7. DPPH radical scavenging rate (A) and ABTS radical scavenging rate (B) of SeCS. p < 0.05 (*)
or p < 0.01 (**) means that columns between SeCS at 0.1 mg/mL and SeCS at other concentrations are
significantly different. p < 0.01 (##) means that columns between SeNPs at 0.1 mg/mL and SeNPs at
0.4 mg/mL are significantly different. p < 0.05 (&) or p < 0.01 (&&) means that columns between SeCS
at 20 ug/mL and SeCS at other concentrations are significantly different. p < 0.05 (@) means that
columns between SeNPs at 20 j1g/mL and SeNPs at other concentrations are significantly different.
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3. Materials and Methods
3.1. Materials

Chondroitin sulfate (CS) derived from shark cartilage (95% purity, Mw = 499.37,
C107703) was purchased from Aladdin. CS is composed of chondroitin 6-sulfate and
chondroitin 4-sulfate, and the proportion of chondroitin 6-sulfate and chondroitin 4-sulfate
detected by high performance liquid chromatography is equal to or greater than 0.33:1.
NaySeO3, ascorbic acid (Vc), DPPH and ABTS were supplied by Shanghai Yuanye Biotech-
nology Co., Ltd. (Shanghai, China). The other chemicals and reagents were of analytical
purity grade.

3.2. Determination of Preparation Conditions of SeCS Nanoparticles

SeCS nanoparticles were prepared according to the method as described in previous
study with some modifications [23]. CS was dissolved in 30 mL of deionized water and
the concentration of CS was 0.05, 0.1, 0.15, 0.2, and 0.25 mg/mL. Different molar ratios of
NaySeOs3 to Ve (NapSeOs: Ve =1:2, 1:4, 1:6, 1:8, 1: 10) were added to CS solution and stirred
at different temperatures (25 °C, 40 °C, 55 °C, 70 °C, 85 °C) for different times (1 h, 2 h, 3 h,
4 h). Then, the solution was dialyzed against double-distilled water for 48 h with a dialysis
bag (My = 3500). The optimum preparation process of SeCS was determined by particle
size analysis. The final solution was freeze-dried to preserve the bioactivity of SeCS.

3.3. Measurement of Se Content in SeCS

The selenium content of SeCS was measured using 7500 CX ICP-MS (Agilent, Palo
Alto, CA, USA). The following measurement conditions of the instrument: incident power
of 1550 W; plasma gas flow rate at 15 L/min; carrier gas flow rate at 1.0 L/min; auxiliary gas
flow rate at 1.0 L/min; helium flow rate at 4.0 mL/min; atomization chamber temperature
of 2 °C; sampling depth of 10.0 mm; sampling rate at 1.0 L/min.

3.4. Characterization of SeCS

The surface morphologies of the samples were detected using MIRA4 SEM (Tescan,
Brno, Czech). The elemental compositions of the samples were measured using a MIRAL
SEM-EDS (Tescan, Brno, Czech). The FI-IR spectrums of the samples were measured using
a Tensor 27 spectrometer (Bruker, Karlsruhe, Germany) from 4000 to 400 cm ! witha 4 cm™!
resolution, i.e., 2 mg of the sample was completely ground with the spectroscopic grade
potassium bromide (KBr) powder and a transparent tablet was used for measurement. The
X-ray diffractometer of the samples was obtained using an Ultima VI diffractometer (Rigaku,
Tokyo, Japan) operated at 40 kV and 40 mA. Moreover, the samples were investigated in
the range of 10-80 degree (20 angle).

3.5. Stability of SeCS in Different Environments
3.5.1. Effects of Different pH on the Size of SeCS Nanoparticles

After dialysis, the system solution pH (6.8) was adjusted to 2, 4, 6, 8, 10 and 12
using 0.1 M sodium hydroxide (NaOH) or 0.1 M hydrochloric acid (HCl). After 10 min,
the particle size of SeCS was determined by Malvern Zeizer Nano ZS particle analyzer
(Malvern, Worcestershire, UK).

3.5.2. Effects of Different Storage Temperatures on the Size of SeCS Nanoparticles

The SeCS solutions were stored in 4 °C and 25 °C, respectively. After 0, 7, 14 and
28 days, the size of SeCS was measured by Malvern Zetasizer Nano ZS particle analyzer
(Malvern, Worcestershire, UK).

3.6. Antioxidant Activity Evaluation of SeCS
3.6.1. DPPH Radical Scavenging Assay

The antioxidant activity of SeCS was evaluated using 2,2-diphenyl-1-picrylhydrazyl
(DPPH) reagent according to a previously described method with some modifications [27].
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Different concentrations (0.1-0.5 mg/mL) of CS, SeNPs and SeCS solutions were respec-
tively added into 0.2 mM DPPH solution in methanol. After 30 min incubation in a dark
place, the color change of the reaction mixture was read at 517 nm using a TU-1901 double
beam UV-visible spectrophotometry (Persee, Beijing, China). Positive control in this assay
was ascorbic acid. The formula of the DPPH scavenging rate was listed below:

DPPH scavenging rate (%) = [Ag — (A1 — Ap)]/Ag x 100%

In the equation, Ag, Aj and A; separately represented the absorbance values of control,
the samples with DPPH solution and the samples without DPPH solution.

3.6.2. ABTS Radical Scavenging Assay

ABTS radical scavenging activity was detected as reported in previous research with
some modifications [28]. Potassium persulfate (2.6 mM) was added into ABTS (7.4 mM) to
obtain the ABTS stock solution. Then, the solution was incubated at room temperature in
dark for 12 h. Deionized water was used to dilute the solution to prepare the ABTS working
solution (0.70 = 0.02 absorbance at 734 nm). After that, 4 mL ABTS working solution
with 1 mL sample were mixed for 6 min in the dark. Subsequently, the absorbance of
mixture was recorded at a wavelength of 734 nm using a TU-1901 double beam UV-Visible
spectrophotometer (Persee, Beijing, China). Ascorbic acid was selected as a positive control.
The formula of the ABTS scavenging rate was listed below:

ABTS scavenging rate (%) = (1 — A;/Ap) x 100

In the equation, Ay and A; separately indicated the absorbance values of the blank
control and the sample.

3.7. Statistical Analysis

All assays were repeated three times and the values were indicated as mean =+ standard
deviation (SD). Statistical analysis was done using SPSS 23.0 software and Origin 2020. The
comparison between two groups was analyzed by Two-tailed Student’s t-test. p value less
than 0.05 or 0.01 was considered significantly shift.

4. Conclusions

This study provided an effective strategy to prepare SeCS using CS as a stabilizing
agent. Using the reaction system at reaction conditions of a NaySeO3:Vc ratio of 1:8,
0.1 mg/mL CS, a 3 h reaction time and a 25 °C reaction temperature could generate
spherical SeCS nanoparticles of 131.3 £ 4.4 nm in diameter with a high selenium entrapment
efficiency (33.18%). These amorphous SeNPs were suggested to interact with CS via
physical adsorption, and exhibited pH stability (pH > 8) and storage stability at 4 °C for
28 days. Moreover, SeCS exerted a stronger in vitro antioxidant capacity than SeNPs and
CS. These results confirmed the higher stability and the improved antioxidant properties
of SeNPs capped with CS compared to SeNPs. Taken together, SeCSs have the potential
to further develop a dietary supplement to apply in the prevention and alleviation of
oxidative stress-related diseases.
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Abstract: Chronic inflammation can extensively burden a healthcare system. Several synthetic
anti-inflammatory drugs are currently available in clinical practice, but each has its own side effect
profile. The planet is gifted with vast and diverse oceans, which provide a treasure of bioactive
compounds, the chemical structures of which may provide valuable pharmaceutical agents. Marine
organisms contain a variety of bioactive compounds, some of which have anti-inflammatory activity
and have received considerable attention from the scientific community for the development of
anti-inflammatory drugs. This review describes such bioactive compounds, as well as crude extracts
(published during 2010-2022) from echinoderms: namely, sea cucumbers, sea urchins, and starfish.
Moreover, we also include their chemical structures, evaluation models, and anti-inflammatory
activities, including the molecular mechanism(s) of these compounds. This paper also highlights the
potential applications of those marine-derived compounds in the pharmaceutical industry to develop
leads for the clinical pipeline. In conclusion, this review can serve as a well-documented reference for
the research progress on the development of potential anti-inflammatory drugs from echinoderms
against various chronic inflammatory conditions.

Keywords: anti-inflammatory activity; inflammatory pathways; marine drugs; echinoderm; sea
cucumber; sea urchin; starfish

1. Introduction

Inflammation is an innate immune response to a variety of stimuli, such as infections
and tissue injury. The onset of inflammation is characterized by the secretion of several
types of chemokines, including cytokines and chemoattractants, which draw leukocytes to
the site of injury or infection through the process of extravasation. The immune function of
inflammation is mediated by several classes of soluble antimicrobial peptides, including
defensins, cathelicidins, marginins, and C-reactive proteins (CRP), and immune cells,
including neutrophils, macrophages, natural killer cells, and dendritic cells. All these
components of inflammation combine and stimulate opsonization and phagocytosis to
clear infections. Phagocytosis and opsonization are induced by several classes of reactive
oxygen species (ROS) or reactive nitrogen species induced in neutrophils by the activation
of specific signaling pathways [1-3]. The process of acute inflammation is necessary to fight
infection and tissue injury. However, there are several physiological conditions in which
the process of inflammation is persistently stimulated, leading to chronic disease [4,5].
Immune-mediated inflammatory diseases are diverse and manifest in several conditions,
such as asthma, rheumatoid arthritis, ulcerative colitis, and Crohn’s disease [6,7].

1.1. Inflammatory Pathways and Models

Multiple inflammatory pathways play a role in innate immunity and activate adap-
tive immunity to combat the cause of inflammation. These pathways are initiated by
several classes of receptors present on leukocytes known as pattern recognition receptors.
Common examples of such receptors are (1) the toll-like receptor family (TLR), (2) C-type
lectin receptors, (3) retinoic acid-inducible gene-I-like receptors, and (4) nucleotide-binding
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and oligomerization domain (NOD)-like receptors (NLR) [8,9]. The activation of immune
cells such as macrophages, neutrophils, and other immune cells leads to the secretion
of cytokines, which sustain the inflammatory response. These cytokines bind to the im-
mune cells and activate their function. The common cytokine receptor families are the:
(1) immunoglobulin superfamily, (2) class I cytokine receptor family, (3) class II cytokine
receptor family, (4) tissue necrosis factor (TNF) receptor superfamily, and (5) chemokine
receptor family. Ligand binding on the pattern recognition receptors or cytokine receptors
activates several signaling pathways, which ultimately induces the transcription of several
inflammation regulatory genes. There are four broad categories of signaling pathways acti-
vated during the inflammation process: (1) the mitogen-activated protein kinase (MAPK)
pathway, (2) phosphoinositide 3-kinase signaling pathway, (3) Janus kinase (JAK) signal
transducer and activator of transcription (STAT), and (4) I kappa B kinase (IkB)/nuclear
factor kappa B (NF-kB) signaling pathways [10,11].

The sustained activation of these signaling pathways underlies the cause of several
inflammatory diseases. For instance, the NF-kB signaling pathway is a classic pathway in
the regulation of inflammation. The activation of NF-kB via IkBo increases the expression
of various downstream inflammatory mediators, such as proinflammatory cytokines (inter-
leukin 1B (IL-1B), IL-6, and TNF«); key proinflammatory enzymes, including inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2); and their derivatives nitric ox-
ide (NO) and prostaglandin E2 (PGE2) [12,13]. Multiple experimental models are available
to study the activation of inflammatory signaling and transcription for various inflam-
matory diseases. These experimental models are also widely used to evaluate potential
anti-inflammatory compounds and to understand the mechanism(s) of their therapeutic
effects. Various experimental models have been designed and implemented to study the
preliminary efficacy of anti-inflammatory compounds. For example, carrageenan-induced
paw edema in mouse [14] and 12-O-tetradecanoylphorbol-13-acetate (TPA) mouse ear
inflammation models [15]. Other specific experimental models are also available and have
been used for the assessment of chronic inflammatory diseases, including the dextran
sodium sulfate (DSS)-induced colitis model [16], which has been widely used to screen the
anti-inflammatory effects of marine drugs. For example, this model was recently used to
study the anti-inflammatory effects of polysaccharides isolated from the mussel Mytilus
couscous [17]. Another well-known model to study cytokine-mediated inflammatory sig-
naling pathways is TNFa-induced intestinal inflammation in colon cancer cell lines [18].
For example, krill oil was screened for its anti-inflammatory effects by using this model in
HT-29 and Caco-2 cells [19]. The free fatty acid (FFA)-mediated activation of inflammatory
signaling in hepatocytes is a well-known model for nonalcoholic steatohepatitis [20]. Jiena
et al. [21] demonstrated that fucoxanthin, a popular marine-derived compound, attenuated
FFA-induced inflammation via the AMP-activated protein kinase /nuclear factor erythroid
2-related factor 2/TLR4 signaling pathway in normal human Chang liver cells.

1.2. Marine-Derived Anti-Inflammatory Drugs

Chronic inflammatory conditions pose a major burden on our healthcare system, de-
spite the availability of several synthetic compounds used for the management of these
conditions. Over the past decade, the research and development of model systems and
evaluation of the efficacy of various compounds have led to the identification of several
anti-inflammatory compounds from natural origins [22-24]. Marine sources produce a
vastly diverse range of bioactive compounds, several of which possess anti-inflammatory
potential. Indeed, anti-inflammatory compounds have been derived from marine microor-
ganisms such as seaweeds, corals, and algae [25]. These fall into several classes of bioactive
compounds with therapeutic potential for several chronic inflammatory conditions. For
example, marine alkaloids from a diverse range of marine organisms have been evaluated
for their potential anti-inflammatory activity [26]. Another class of marine compounds
act as inhibitors of NF-kB, a mediator that is activated in the inflammation process [27].
Pigments from various marine organisms have been shown to have anti-inflammatory
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activity and can be used in the management of chronic inflammation [28,29]. For instance,
Echinochrome A (EchA, a pigment isolated from sea urchin), briaviodiol A (a cembranoid
from a soft coral), and cucumarioside A2 (a triterpene glycoside from sea cucumbers) have
been shown to suppress inflammation via the reprogramming of macrophages from M1
to M2 [30]. Seaweeds are classically used as food supplements and have great potential
as a source of anti-inflammatory compounds [31,32]. Overall, because of the diversity
of classes of bioactive compounds from marine sources with potential applications as
anti-inflammatory agents, there is a need to comprehensively catalogue these resources.

Over the past few decades, attempts have been made to isolate and purify biologically
active compounds with potent anti-inflammatory activity from different marine sources.
However, very few compounds have been selected for clinical trials and even fewer have
reached the market. Despite this low success rate, the hunt for new anti-inflammatory
compounds from the diverse marine environment continues. Recently, Li et al. reviewed
the anti-inflammatory metabolites from marine organisms such as sponges and corals but
did not include larger organisms such as sea cucumbers, sea urchins, and starfish [25].
In this review article, we describe promising anti-inflammatory compounds and crude
extracts isolated from echinoderms such as sea cucumbers, sea urchins, and starfish and
review their potential molecular mechanisms of action in an effort to shed light on the
current state of the research on anti-inflammatory compounds from echinoderms.

2. Methods

During the period between December 2021 and June 2022, separate database searches
were conducted on PubMed, Scopus, Web of Science, American Chemical Society (ACS),
MDP], Elsevier, and SpringerLink using various relevant keywords and combinations
of keywords, such as “Sea cucumber” + “Anti inflammatory”, “Sea urchin” + “Anti in-
flammatory”, and “Starfish” + “Anti inflammatory”. The inclusion criteria encompassed
only original research articles published in the English language between 2010 and 2022.
Editorials, review articles, and any duplicated publications were excluded. As a final step
in the screening process, we included only studies thoroughly aligned with the theme of
this review. For easier readership and referencing, the review is divided into sections ac-
cording to the three types of echinoderms and subsections describing the anti-inflammatory
activities of the various compounds that originate from them.

3. Anti-Inflammatory Compounds from Sea Cucumbers

Sea cucumbers belong to the class of Holothuroidea and the phylum of Echinodermata.
They are globally found in deep seas in benthic areas. Sea cucumbers are harvested
for food and are widely consumed in China, Korea, Japan, Malaysia, Indonesia, and
Russia. There are approximately 1500 species of sea cucumbers, of which approximately
100 are known for human consumption [33]. Sea cucumbers have received particular
attention for their potential therapeutic benefits owing to the availability of a variety
of active compounds originating from them that possess medicinal properties [33]. Sea
cucumbers are a rich source of bioactive polysaccharides, terpenoids, peptides, lipids,
and fatty acids. As a result, sea cucumbers are used as a tonic food and folk medicine in
Eastern Asia to cure numerous ailments. East Asian consumers consider sea cucumbers as
one of the most luxurious and nutritious foods and use them as a traditional remedy for
hypertension, rheumatism, asthma, cuts and burns, joint pain, back pain, wound injuries,
kidney problems, reproductive disorders, constipation, and cancer [34,35]. The bioactive
substances derived from various species of sea cucumbers and their proposed mechanisms
of anti-inflammatory activity are described in the below sections and are summarized in
Table 1.

3.1. Anti-Inflammatory Activity of Polysaccharides from Sea Cucumbers

Several studies have emphasized the valuable anti-inflammatory effects of polysaccha-
rides obtained from sea cucumbers. Sulphated fucan, fucoidan, and fucosylated chondroitin
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sulfate (FCS) are major polysaccharides isolated from several species of sea cucumbers,
such as Thelenota ananas, Stichopus variegatus, Holothuria nobilis, Ypsilothuria bitentaculata,
Cucumaria frondosa, Stichopus (Apostichopus) japonicus, Stichopus choloronotus, and Isostichopus
badionotus. These polysaccharides have shown potent anti-inflammatory activity in various
cellular, as well as animal, models of chronic inflammation. The chronic administration of
fucoidan (Figure 1: (1)) derived from Isostichopus badionotus reduced the hepatic expression
and serum concentrations of inflammatory cytokines and other inflammatory markers
(TNFe, IL-1B, IL-6, IL-10, macrophage inflammatory protein 1 (MIP-1), and CRP) in diet-
induced obese mice. The anti-inflammatory response of fucoidan was achieved by the
inactivation of JNK and IkB/NF-«kB pathways in hepatocytes [36]. Moreover, fucoidan
isolated from Apostichopus japonicus reduced the expression of TNFe, IL-1f3, and IL-6 by
inactivating the MAPK/ NF-kB pathway in the lipopolysaccharide (LPS)-challenged liver
injury mouse model [37]. Fucoidan, isolated from Acaudina molpadioides, alleviated renal
fibrosis and inflammation by decreasing the expression of transforming growth factor
1 (TGFpB1), plasminogen activator inhibitor 1, and phosphorylated Smad3 in diabetic
mice [38]. Fucoidans derived from Thelenota ananas prevented ethanol-induced gastric
ulceration by downregulating the expression of proinflammatory cytokines and related
transcription factors (TNF«, IL-6, and NE-«B) [39]. Fucoidan oligosaccharides isolated from
Pearsonothuria graeffei and Isostichopus Badionotus alleviated high-fat diet (HFD)-induced
low-grade inflammation by lowering the serum TNFa and LPS levels in mice [40]. The
primary glycosaminoglycan FCS was purified from Isostichopus badionotus and screened
in vivo and in vitro for anti-inflammatory activity. FCS downregulated the NF-kB gene ex-
pression and thereby suppressed the expression of downstream genes such as COX-2, iNOS,
and TNF« and attenuated the inflammation and tissue damage caused by TPA in a mouse
ear inflammation model [15]. Furthermore, FCS (Figure 1: (2)) isolated from edible sea
cucumbers Apostichopus japonicus, Stichopus chloronotus, Cucumaria djakonovi, and Acaudina
molpadioidea reduced carrageenan-induced paw edema in a mouse model [14,41]. More re-
cently, Zhu et al. [42] demonstrated that the sulfated fucan/FCS-dominated polysaccharide
fraction from low-edible-value sea cucumber species reduced the levels of proinflammatory
cytokines (such as TNFa and IL-6) of HFD and streptozotocin (STZ)-induced type 2 diabetic
rats, indicating a decreased inflammatory response. FCS, isolated from Lymantria grisea,
inhibited neutrophil recruitment and TNF« production in thioglycollate-induced peritonitis
and LPS-induced lung inflammation mouse models [43]. Interestingly, the heteroglycan
(sulphated polysaccharide) fractions derived from the cartilage of Curcumaria frondosa (at
concentrations of 0.1-100 nug/mL) increased the oxidative stress and decreased cell viability,
as evidenced by the induced levels of TNF«, IL-6, and IL-10 in THP-1 macrophages [44].
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Figure 1. Structures of anti-inflammatory polysaccharides derived from sea cucumbers (structure
(1) re-used with permission from reference [36], Elsevier, 2016; structure (2) re-used with permission
from reference [14], Elsevier, 2018).

3.2. Anti-Inflammatory Activity of Triterpenoid Glycosides from Sea Cucumbers

Triterpenoid glycosides are broadly distributed in plants, animals, and marine or-
ganisms such as holothurians and sponges. Triterpenoid glycosides play a crucial role
in chemical defenses and possess a variety of pharmacological activities. Approximately
300 triterpenoid glycosides have been identified and categorized from sea cucumbers.
Relatively few anti-inflammatory triterpenoid glycosides from sea cucumbers are docu-
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mented in the literature. Triterpenoid glycosides isolated from the Egyptian sea cucumber
Holothuria thomasi significantly decreased the serum levels of TNFo and IL-6, as well as
glucose, adiponectin, liver malondialdehyde, and a-amylase activity, in STZ-induced di-
abetic rats [45]. Similarly, a liposomal preparation of triterpenoid glycoside (Holothurin
A (Figure 2: (3)) and Echinoside A (Figure 2: (4)) isolated from Pearsonothuria graeffei
reduced the inflammation by inhibiting the release of proinflammatory cytokines and
infiltration of macrophages in the adipose tissue of HFD-fed obese mice. Moreover, this
liposomal triterpenoid glycoside preparation significantly reduced the PGE2 levels in adi-
pose tissue by modulating the p-ERK/cPLA2/COX-1 pathway [46]. Moreover, holothurin
A and echinoside A also attenuated inflammation by downregulating the expression of
proinflammatory cytokines in vascular and peritoneal macrophages of ApoE~/~ mice [47].

OH H
HOH.
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Figure 2. Structures of anti-inflammatory triterpenoid glycosides derived from sea cucumbers
(structures (3) and (4) re-used from reference [47]).

3.3. Anti-Inflammatory Activity of Peptides from Sea Cucumbers

Marine bioactive peptides are short amino acid sequences, generally 2-20 amino acids
in length, that are biologically inactive within their respective precursor proteins until
released by enzymic hydrolysis. Hydrolysates derived from marine sources have attracted
considerable interest within the scientific community due to their diverse biological activi-
ties and applications in clinical treatment [48]. Protein constitutes more than 70% of the sea
cucumber body and is an effective source of food-borne bioactive peptides. The enzymatic
hydrolysates extracted from Apostichopus japonicus and Acaudina leucoprocta exhibited po-
tent anti-inflammatory activity in a diet-induced hyperuricemic renal inflammation mouse
model. The hydrolysates downregulated the proinflammatory cytokines (TNF«, IL-1f3,
and IL-6) and upregulated the anti-inflammatory cytokines TGFf and IL-10 by modifica-
tion of the TLR4/myeloid differentiation primary response 88(MyD88)/NF-«B signaling
pathway. The amino acid sequences of peptides found in hydrolysates of Apostichopus
japonicus and Acaudina leucoprocta have been characterized by MALDI-TOF/TOF-MS. GPS-
GRP (Gly-Pro-Ser-Gly-Arg-Pro) and GPAGPR (Gly-Pro-Ala-Gly-Pro-Arg) were identified
as the two major anti-inflammatory peptides from Apostichopus japonicus, while PQGETGA
(Pro-GIn-Gly-Glu-Thr-Gly-Ala) and GFDGPEGPR (Gly-Phe-Asp-Gly-Pro-Glu-Gly-Pro-Arg)
were detected with the highest abundance in Acaudina leucoprocta [49]. Zhang et al. [50]
also reported two peptides (Gly-Lys (Figure 3: (5)) and Ala-Pro-Arg (Figure 3: (6))) from
Apostichopus japonicus that showed marked anti-inflammatory activity in a CuSO4-induced
zebrafish inflammation model. Moreover, a molecular docking analysis revealed that
both peptides have a high affinity to bind and inhibit angiotensin-I converting enzyme
(ACE-1), a therapeutic target in the treatment of inflammatory conditions [50]. Low molec-
ular weight sea cucumber peptides (SCP, rich in aspartic acid, glycine, proline, and glu-
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tamic acid) isolated from Stichopus japonicus, a sea cucumber widely distributed along the
coasts of China and Japan, displayed potent anti-inflammatory activity in LPS-stimulated
RAW?264.7 murine macrophages by the inhibition of NF-«B and activation of MAPK in
macrophages [51]. Moreover, the anti-inflammatory activity of another SCP (rich in glycine,
glutamic acid, and proline) isolated from Stichopus japonicus was also demonstrated in vivo,
where it significantly inhibited serum proinflammatory cytokines and downregulated the
overexpression of TLR4 and NF-«B in gastrocnemius muscles of rats [52]. The hydrolysate
bioactive fraction, isolated from the sea cucumber species Holothuria forskali, reduced the
vascular cell adhesion molecule (VCAM)-1 and IL-6 expression levels in endothelial cells
and intercellular adhesion molecule (ICAM)-1 expression in subcutaneous adipose tissue
and was shown to inhibit ACE-1 enzyme activity in an in vitro assay [53]. Recently, Jo
et al. [54] isolated sea cucumber extracellular matrices (body wall collagen) from Stichopus
japonicus, which possessed potent anti-inflammatory activity in a TNF« and IL-13-induced
osteoarthritis in vitro model. Moreover, the major yolk protein isolated from Stichopus japon-
icus attenuated experimental DSS-induced colitis by preventing tissue damage, promoting
the expression of anti-inflammatory cytokines, and increasing the levels of short-chain fatty
acids [55]. Similarly, sea cucumber (Stichopus japonicus) enzymatic hydrolysates have been
shown to alleviate the inflammatory response via the downregulation of RANKL (receptor
activator of NF-kB) and thereby inhibiting the NF-kB pathway in ovariectomized rats [56].
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Figure 3. Structures of anti-inflammatory peptides derived from sea cucumbers (structures (5) and
(6) re-used with permission from reference [50], John Wiley and Sons, 2021).

3.4. Anti-Inflammatory Activity of Lipids and Fatty Acids from Sea Cucumbers

Lipids are best known for their integral role in biological membranes and as signaling
molecules in the cytoplasm. Sea cucumbers are rich sources of lipids, phospholipids, and
various fatty acids that exert a wide variety of biological activities. Eicosapentaenoic acid
(EPA), isolated from Cucumaria frondosa, has a potent anti-obesity effect and modulates
the peroxisome proliferator activated receptor y (PPARY) signaling in the inflammatory
condition of insulin resistance, as well as type 2 diabetes [57,58]. Phosphatidylcholine (EPA-
PC) (Figure 4: (7)) and phosphatidylethanolamine (EPA-PE) (Figure 4: (8)) from Cucumaria
frondosa improve chronic inflammation and alter the interaction between macrophages
and adipocytes [59,60]. Moreover, EPA-PC and EPA-PE diminish chronic inflammation
by promoting the M2-dominant polarization of macrophages in white adipose tissue, as
observed in 3T3L1 and RAW264.7 transwell coculture. EPA-PC and EPA-PE also inhibit
the transactivation of NF-«B in RAW264.7 macrophages and upregulate PPARy expression
in 3T3-L1 adipocytes in the coculture, indicating that they may alleviate adipose tissue
inflammation [59,60]. Both EPA-PC and EPA-PE reduced the serum TNF«, IL-6, and
monocyte chemoattractant protein (MCP), increased the serum heme oxygenase-1 (HO-1)
levels (one of the most abundant enzymes involved in oxidative stress and with anti-
inflammatory properties), and attenuated macrophage infiltration in the liver and adipose
tissue of high-fat high-sucrose diet-induced inflammation in mice [61]. Moreover, EPA-PC
inhibited amyloid B-protein-induced neurotoxicity by alleviating the NLR family pyrin
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domain-containing 3 (NLRP3) inflammasome in an Alzheimer’s disease rat model [62]. EPA
phospholipids derived from Cucumaria frondosa mitigated obesity-induced inflammation
by reducing TNFa and IL-6 in the serum of diet-induced obese mice [63]. A fatty acid-rich
fraction (n-hexane phase) of Apostichopus japonicus has shown several immunomodulatory
activities in an ovalbumin-induced allergic airway inflammation mouse model and in
splenocytes [64]. This fraction reduced eosinophil infiltration and goblet cell hyperplasia
and attenuated IL-4, IL-5, IL-13, and IL-17 in the spleen and bronchoalveolar lavage fluid of
mice. It also increased the expression of anti-inflammatory cytokines (TGFf and IL-10) in
bronchoalveolar lavage fluid and a splenocyte culture medium [64]. Frondanol™ is a nu-
traceutical lipid extract (rich in 12-methyltetradecanoic acid (Figure 4: (9)) and myristoleic
acid (Figure 4: (10))) of the intestines of the edible Atlantic sea cucumber Cucumaria frondosa.
Frondanol has potent anti-inflammatory activity and has been shown to attenuate inflam-
mation in an adjuvant arthritis rat model, as well as an ear edema mouse model [65]. It also
potently inhibits lipoxygenase (LOX) pathways, reducing leukotriene production in human
polymorphonuclear cells [65]. More recently, Subramanya et al. [16] demonstrated that
chronic treatment with Frondanol decreased inflammation in a DSS-induced colitis mouse
model. Frondanol markedly reduced proinflammatory cytokine mRNA expression in
colon tissue and cytokine levels in the circulation, while inhibiting production of the proin-
flammatory mediator leukotriene B4 (LTB4) [16]. Sphingolipids isolated from Cucumaria
frondosa decrease the serum proinflammatory cytokines, as well as mRNA expression in
the adipose tissue of obese mice by the inhibition of phosphorylated JNK, IkB, and NF-«B
nuclear translocation [66]. Furthermore, these sphingolipids attenuated renal fibrosis and
inflammation via the inactivation of TGFf3 /Smad signaling pathway in STZ-HFD-fed type
2 diabetic mice [67]. The cerebrosides and glucosylceramides extracted from Cucumaria
frondosa reduced the expression of proinflammatory cytokines and thereby improved the
insulin sensitivity in adipose tissues of high-fructose diet-fed rats [68].
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Figure 4. Structures of anti-inflammatory fatty acid derivatives derived from sea cucumbers (struc-
tures (7) and (8) re-used from reference [59]).

3.5. Anti-Inflammatory Activity of Miscellaneous Crude Extracts of Sea Cucumbers

Several aqueous and organic solvent-extracted fractions of various sea cucumber
species have shown marked anti-inflammatory activity in various in vivo and in vitro mod-
els. Frondanol A5 (isopropyl alcohol/water extract of epithelium from the sea cucumber
Cucumaria frondosa) decreased the production of inflammatory cytokines, such as IL-1«,
IL-1B, IL-2, IL-4, IL-6, IL-10, IL-12, IL-17A, interferon gamma (IFNYy), and TNFg, in an
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APCMI"/+ mouse model [69]. Additionally, Frondanol A5 also suppressed the mRNA
expression of inflammatory markers (5-LOX and 5-lipoxygenase activating protein (FLAP))
and an angiogenesis marker in intestinal tumors [69]. An ethyl-acetate fraction (which
contains mostly phenolic compounds) of the sea cucumber Holothuria scabra attenuates in-
flammation in vitro by inhibiting the production of NO and proinflammatory cytokines via
the NF-kB and JNK pathways [70]. The ethyl-acetate fraction from another sea cucumber
species, Stichopus japonicus, markedly reduced inflammation by inhibiting the production
of NO and PGE2 (via downregulating the iNOS and COX-2 gene expression). Moreover,
the fraction was shown to suppress the transcription of proinflammatory cytokines in LPS-
stimulated murine macrophages through suppression of the phosphorylation of MAPK [71].
An aqueous fraction of Stichopus japonicus reduced production of the proinflammatory
cytokines IL-6, and TNF« in LPS-stimulated macrophages and inhibited antigen-induced
mast cell degranulation and IL-4 mRNA expression in antigen-stimulated RBL-2H3 rat
basophil [72]. An aqueous extract of the sea cucumber Stichopus chloronotus demonstrated
both anti-inflammatory and antioxidative activities by upregulating cartilage-specific mark-
ers such as collagen type II, aggrecan core protein, and SRY-Box transcription factor 9 (sox-9)
expression and downregulating collagen type 1, IL-1, IL-6, IL-8, matrix metalloproteinases
(MMP)-1, MMP-3, MMP-13, COX-2, iNOS, and protease-activated receptor 2 (PAR-2)
expression [73]. An aqueous extract of Holothuria polii attenuated the levels of the inflam-
matory markers IL-6, NO, and MMP-9 in mouse mammary epithelial SCp2 cells and the
levels of IL-1p produced in THP-1 human monocytes [74]. A methanol body wall extract
of the sea cucumber Holothuria atra downregulated the proinflammatory cytokines TNF«,
and IL-1§ in a cecal ligation and puncture rat model [75]. The body wall preparation of
Isostichopus badionotus suppressed the expression of proinflammatory genes, including
TNFx, iNOS, COX-2, NF-kB, and IL-6, in a mouse ear inflammation model [76]. Ethanol
extracts obtained from four species of sea cucumbers belonging to the family Holothuriidae
(namely, Holothuriidae nil, Holothuriidae ni2, Holothuriidae ni3, and Holothuriidae ni4)
showed potent antioxidant and COX-2 inhibitory activities in vitro [77].

Table 1. Anti-inflammatory bioactive compounds and extracts derived from sea cucumbers.

Speci Bioactive Model Mechanism of Ref
pecies Compounds/Extracts ode Anti-Inflammatory Activity et
Ap osti chz}p we Fucosyla't(f:d Carrageenan-induced Reduces neutrophil migration,
japonicus and Stichopus chondroitin . [14]
chloronotus sulfate paw edema in rats decreases paw edema
Fucosylated Suppresses TPA-mediated
Isostichopus hon. d}; itin TPA-induced ear inflammation up-regulation of TNF«, IL-6, NF-kB, [15]
badionotus T in mice iNOS, IL-10, IL-11, COX-2 and STAT3 1
s € genes in mouse ear tissue
Regulates serum inflammatory
Isostichopiis High-fat high-sucrose cytokines (TNF«, CRP, MIP-1, IL-13,
. P_ s Fucoidan diet induced obese IL-6, and IL-10) and their mRNA [36]
badionotus S .
mouse model expression, inactivates JNK and
IkB/NF-«kB pathways
Holothuria HFD and STZ-induced Suppresses production of
. . Sulfated fucan X . .
albiventer and Cucumaria JECS type 2 diabetes proinflammatory cytokines [42]
frondosa mellitus model (TNF« and IL-6)
Holothuria thomasi Trlterp-enmd STZ-m@uced Decreases serum IL-6, TNFx levels [45]
Glycoside diabetic rats
. . Reduces TNFq, IL-13, and IL-6 and
Triterpenoid HED-fed infiltrati ¢ h in ob
Pearsonothuria graeffei glycoside e infiltration of macrophages in obese [46]
Eposomes obese mice mice via p-ERK/cPLA2/COX-1

pathway and reduces the PGE2 levels
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Species Bioactive Model Mechanism of Ref
4 Compounds/Extracts Anti-Inflammatory Activity .
Downregulates the transcription of
Apostichopiis Small peptides proinflammatory cytokines,
'uponicus f; nd Acaudina (GPSGRP, Diet-induced renal inflammation  upregulates anti-inflammatory [49]
T et GPAGPR, PQGETGA,  inmice cytokines, and inhibits
P GFDGPEGPR) TLR4/MyD88/NF-«B
signaling pathway
Apostichopus Peptide CuSO4-induced neuromast Suppresses leukocyte migration, ACE [50]
japonicus (GL, APA) damage in zebrafish model enzyme inhibition
Suppresses NO production and mRNA
Stichopus LPS-stimulated expression of inflammatory mediators
i om.fus Peptides RAW264.7 (iNOS, TNFe, IL-1p and IL-6) through ~ [51]
Jap macrophages inhibition of NF-kB and MAPK
signaling pathways
Reduces inflammation by suppression
Stichopus . Endurance of TLR4 expression and NF-«B
X ! Peptides . . PR R [52]
japonicus swimming rat model activation in gastrocnemius muscle
tissue of rat
Holothuria forskali and In vitro assay of ACE-1, human Reduces VCAM-1, ICAM-1 and IL-6
Parastichopus trenuliis Hydrolysate umbilical endothelial and Caco-2  expression in endothelial cells, [53]
P cells co-culture inhibits ACE-1
Stichopus Synoviocytes Suppresses mRNA expression of
. ! Collagen . inflammatory cytokines [54]
japonicus osteoarthritis model . .
in synoviocytes
Stichopus Major yolk DSS-induced colitis Prevents tissue damage, promotes [L-4 -
X ! . . . and IL-10, increases short-chain [55]
japonicus protein from body wall in mice ¢ .
atty acids
Apostichopus Body wall Ovariectomized-induced glOCkS NF_kB activation by
. . . ownregulating RANKL, suppresses [56]
japonicus hydrolysate osteoporosis in rat . .
proinflammatory cytokines
Reduces elevated levels of serum
LPS-stimulated RAW264.7 TNFq, IL-6 and MCP-1, attenuates
Cucumaria macrophages and 3T3-L1 macrophage infiltration in the liver in
frondosa Eicosapentaenoic acids adipocytes, high-fat mice, attenuates the phosphorylation [60]
high-sucrose diet-induced of NF-kB in Raw264.7 macrophages
inflammatory mouse model and increased PPARYy expression in
3T3-L1 adipocytes
Reduces inflammation-associated
Cucumaria DSS-induced colitis Cha'nges in colon in e, reduces
frondosa Frondanol in mi proinflammatory cytokine content at [16]
ice the protein and mRNA level, reduces
proinflammatory LTB4 levels
Reduces eosinophil infiltration and
™ - . . goblet cell hyperplasia, attenuates IL-4,
{?lpz;t;;ssp us Fatty acids ﬁgirsilina;ggf Z;g?s:‘ij:in tes IL-5, IL-13, IL-17 and increases level of ~ [64]
Jap P Y anti-inflammatory cytokines TGFf3
and IL-10
Decreases serum proinflammatory
Cucumaria . L High-fat high-fructose Fy’tokmes H‘_.l [3 IL-6 and TNFe, .
frondosa Sphingolipids diet-induced obese mice increases anti-inflammatory IL-10, via  [66]
’ inhibition of phosphorylation of JNK
and translocation of NF-«B
Attenuates circulating inflammatory
Cucumaria Frondanol A5 APCMin/+ mouse model cytokmfes and'suppresses mRNA [69]
frondosa expression of inflammatory markers
such as 5-LOX and FLAP
Inhibits proinflammatory cytokines
. LPS-stimulated mRNA and protein, suppresses NO
Holothuria pApy] acetate RAW264.7 production via inhibition of iNOS, (70l
macrophages down-regulates IkB/NF-«B and JNK

expression in macrophages
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Bioactive Mechanism of

Species Compounds/Extracts Model Anti-Inflammatory Activity Ref.
Inhibits proinflammatory cytokines via
Stichopus E;}l}giloii:etate LPS-stimulated suppression of the phosphorylation of 71]
japonicus RAW264.7 macrophages MAPK, ERK and p38 MAPK
signaling pathway
LPS-stimulated RAW264.7 Reduces pr01nﬂe?m1}1§tory cytokines
. IL-6 and TNF, inhibits
Stichopus Aqueous macrophages and . .
X ! R . < antigen-induced mast cell [72]
japonicus Fraction antigen-stimulated RBL-2H3 d lati d
rat basophil egranulation an
. IL-4 mRNA expression
Upregulates cartilage specific markers,
downregulates IL-1f3, IL-6, IL-8,
Stichopus Aqueous Osteoarthritis-articular MMP-1, MMP-3, MMP-13, COX-2, 73]
chloronotus Extract cartilage model iNOS and PAR-2 expression, increases
glycosaminoglycans and reduces NO
and PGE2 production
. Decreases levels of inflammatory
Holothuria Aqueous TPA-activated THAP_Al markers IL-6, NO and MMP-9 in the
. cells and endotoxin-induced [74]
polii Extract mouse mammary SCp2 cells, decreases

mammary epithelial SCp2 cells the level of IL-1 in THP1 cells

4. Anti-Inflammatory Compounds from Sea Urchins

Sea urchins are seafloor-dwelling invertebrates belonging to the phylum Echinoder-
mata that have high nutritional and medicinal properties. They are rich in vitamins,
minerals, proteins, fatty acids, and polysaccharides and possess anticancer, anticoagu-
lant/antithrombotic, antimicrobial, anti-inflammatory, and antioxidant properties. The
extracts and hydrolysates of sea urchins contain various bioactive compounds, especially
glycosides, pigments, sphingolipids, glycolipids, sulphate, and phospholipids [78]. The
anti-inflammatory properties of various active components isolated from sea urchins are
summarized in Table 2.

4.1. Anti-Inflammatory Activity of Pigments from Sea Urchins

Pigments isolated from the shells and spines of sea urchins are currently being widely
studied for biological activity. EchA (Figure 5: (11)) is widely distributed in various species
of sea urchins and has been screened for its biological activity [28]. The anti-inflammatory
activity of EchA, isolated from different species, has been evaluated using various in vivo
and in vitro models. EchA from Scaphchinus mirabilis attenuated macrophage activation
and neutrophil infiltration in a bleomycin (BLM)-induced scleroderma mouse model. In the
same study, EchA cotreatment markedly attenuated the BLM-induced increase in the TNFo
and IFNYy levels [79]. The intravenous injection of EchA in DSS-induced colitis mice signifi-
cantly reduced the disease activity index (DIA), improved the colon length, and reduced
the accumulation of excessive immune cells (neutrophils and macrophages) within the
epithelia and mesenchymal layers of damaged colons [80]. Furthermore, EchA treatment
suppressed the in vitro activation of proinflammatory M1-type macrophages and increased
the production of M2-type macrophages, which abate the inflammation and initiate tissue
repair [80]. EchA also reduced the level of the inflammatory cells in the aqueous humor
and reduced the levels of TNF«, NF-«B, and ROS in the aqueous humor in an endotoxin-
induced uveitis rat model [81]. EchA attenuated the phosphorylation of p38, ERK1/2, and
JNK and thereby effectively modulated the MPAK pathway in cardiac myoblast H9¢2(2-1)
cells and isolated rat cardiomyocytes [82]. Histochrome®(containing 1% EchA) is a com-
mercially available antioxidant product permitted for subconjunctival and intravenous
use in Russia. Histochrome®reduced the expression of MMPs, collagen degradation, and
dermal mast cell recruitment in an ultraviolet B-exposed hairless mouse model [83]. EchA
treatment also reduced the inflammatory response-induced mast cell infiltration, as well

150



Mar. Drugs 2022, 20, 693

as the expression of proinflammatory cytokines such as IFNvy, IL-4, and IL-13, in an acute
dermatitis mouse model [84]. Spinochromes A (Figure 5: (12)) and B (Figure 5: (13)) iso-
lated from the shells and spine of Evechinus chloroticus have anti-inflammatory activity
in the cotton pellet granuloma rat model of chronic inflammation [85,86]. Seven major
spinochromes (including EchA and Spinochromes A-D) isolated from different sea urchin
species reduced TNF« production in LPS-stimulated J774A.1 macrophages [87]. In addi-
tion, the pigment isolated from the spines and shells of sea urchin Strongylocentrotus nudus
inhibited the production of NO, IL-6, TNF«, PGE2, and 6-keto-prostaglandin F (PGF)1« in
LPS-stimulated RAW264.7 macrophages [88].
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Figure 5. Structures of anti-inflammatory pigments derived from sea urchins (structures (11-13)
re-used with permission from reference [85], Elsevier, 2020).

4.2. Anti-Inflammatory Activity of Polysaccharides from Sea Urchins

Like other echinoderms, sea urchins are a rich source of bioactive polysaccharides,
though few of them have been evaluated for anti-inflammatory activity. A high molecular
weight sulphated polysaccharide from the eggs of the sea urchin Paracentrotus lividus,
attenuated carrageenan-induced rat paw edema by inhibiting the production or antag-
onizing action of various chemical mediators such as serotonin, histamine, prostanoids,
and leukotrienes [89]. In another study, gonadal polysaccharides isolated from a sea
chestnut (Anthocidaris crassispina) reduced NO production in LPS-stimulated RAW264.7
macrophages [90].

4.3. Anti-Inflammatory Activity of Peptides from Sea Urchins

Centrocin 1, a peptide isolated from the green sea urchin Strongylocentrotus droebachien-
sis has shown potent anti-inflammatory activity. Centrocin 1 significantly reduced the
expression of various inflammatory cytokines such as IL-12p40, IL-6, IL-1f3, TNF«, and
TLR 2 in Propionibacterium acnes-challenged monocytes [91], as well as in LPS-induced
THP-1 monocytes [92]. Furthermore, Centrocin 1 attenuated proinflammatory cytokines
IL-8, TNFx, and MMP-2 in the ear tissue of Propionibacterium acnes-induced ear swelling
inflammation rat model [91]. The anti-inflammatory effect of centrocin 1 could be due to
the downregulation of TLR2, which further triggers an innate immune response and the
inhibition of proinflammatory cytokines [91]. Interestingly, vanadium binding protein,
isolated from the blood of fresh sea urchin Halocynthia roretzi, reduced NO production and
cytokines (COX-2, IL-1f3, IL-6, and TNF«) secretion by inactivating the NF-kB and MAPK
pathways in LPS-stimulated RAW264.7 macrophages [93].

4.4. Anti-Inflammatory Activity of Miscellaneous Compounds from Sea Urchins

Several bioactive compounds such as lactones, polyketides, terpenes, and sulphonic
acid derivates have been isolated from various species of sea urchins and tested for anti-
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inflammatory activity. Salmachroman (Figure 6: (14)), a polyketide isolated from Salmacis
bicolor, possesses dual-inhibition potential against proinflammatory enzymes COX-2 and
5-LOX [94]. The polyoxygenated furanocembranoids salmacembranes A (Figure 6: (15))
and B (Figure 6: (16)) from this species also exhibited significant COX-1, COX-2, and 5-LOX
inhibitory activity [95]. Several compounds have been isolated from the long-spined sea
urchin Stomopneustes variolaris and tested for their potential to inhibit the proinflammatory
eicosanoid pathway enzymes COX-2 and 5-LOX [96].

A cembrane diterpenoid, characterized as 4-hydroxy-1-(16-methoxyprop-16-en-15-
yl)-8-methyl-21,22 dioxatricyclo [11.3.1.15,8], and octadecane-3,19-dione (Figure 6: (17))
exhibited greater inhibitory potential against inflammatory agent 5-LOX than ibuprofen.
The selectivity ratio of COX-1 to COX-2 inhibition was also higher for this compound in
comparison to ibuprofen [96]. The macrocyclic lactone stomopneulactone D (Figure 7:
(18)) inhibited the generation of iNOS and inhibited COX-2 and 5-LOX in LPS-stimulated
macrophages [97]. Fourteen-membered macrocyclic pyrone derivatives named stomop-
nolides A (Figure 7: (19)) and B (Figure 7: (20)) also showed marked 5-LOX inhibitory
activity [98]. A crude lipid extract from the body wall of the sea urchin Strongylocentrotus
droebachiensis exhibited MAPK p38, COX-1, and COX-2 inhibitory activity in LPS-stimulated
human mononuclear U-937 monocytes [99]. A sulfonic acid derivative, (Z)-4-methylundeca-
1,9-diene-6-sulfonic acid (Figure 8: (21)), isolated from the cold-water sea urchin Brisaster
latifrons suppressed the production of proinflammatory cytokines and inflammatory re-
sponses by inactivation of the JNK/p38 MAPK and NF-«B pathways in LPS-stimulated
RAW264.7 macrophages [100]. Hp-S1 ganglioside (Figure 8: (22)), isolated from the sperm
of sea urchin Hemicentrotus pulcherrimus or the ovary of Diadema setosum, decreased the
expression of iNOS and COX-2, as well as the proinflammatory cytokines TNF«, IL-1§3, and
IL-6. These effects of Hp-S1 were mediated through downregulating the MyD88-mediated
NF-«B and JNK/p38 MAPK signaling pathways in LPS-stimulated microglial cells [101].
Ovithiol A, isolated from sea urchin Paracentrotus lividus eggs, decreased the expression of
adhesion molecules ICAM-1 and VCAM-1 and decreased the monocyte—human umbilical
vein endothelial cells interaction [102]. Phenolics, flavonoids, and proteins extracted from
viscera, spines, shells, and gonads from the sea urchin Stomopneustes variolaris exhibit
antioxidant and anti-inflammatory activities in vitro [103].
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Figure 6. Structures of anti-inflammatory polyketides, furanocembranoids, and cembrane diter-
penoids derived from sea urchins (structure (14) re-used with permission from [94], Taylor & Francis,
2021; structures (15) and (16) re-used with permission from reference [95], Springer Nature, 2020;
structure (17) re-used with permission from reference [96], Springer Nature, 2020).
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Figure 7. Structures of anti-inflammatory macrocyclic compounds derived from sea urchins (structure
(18) re-used with permission from reference [97], Elsevier, 2020; structures (19) and (20) re-used with
permission from reference [98], Taylor & Francis, 2021).
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Figure 8. Structures of anti-inflammatory miscellaneous compounds from sea urchins (structure (21)
re-used with permission from reference [100], Springer Nature, 2013; structure (22) re-used from
reference [101]).

Table 2. Anti-inflammatory bioactive compounds derived from sea urchins.

Bioactive

Mechanism of

Species Compounds/Extracts Model Anti-Inflammatory Activity Ref.
. - Attenuates macrophage activation
5;115 Z;‘:mus EchA Blf Ormglcrlrr;\—mr(r:lluced model and infiltration (neutrophils), [79]
scleroderma mouse model  jnhibits production of TNFew and TFNy
Decreases DIA, improves colon length and
- EchA DSS-induced colitis mice suppresses tissue damage, suppresses [80]
macrophage activation.
R EchA Endotoxin-induced uveitis ~ Reduces levels of TNF«, NF-kB antibody [81]
rat model positive cells and ROS in aqueous humor
Histochrome® UV-B exposed hairless Reduces MMPs expression,
- o collagen degradation and dermal [83]
(1% EchA) mouse model . .
inflammatory cell recruitment
Stabilization of the Potent stabilizing effect on the human RBCs,
Paracentrotus RBCs membrane, .
L EchA Lo suppresses the production of IL-6 and TNFx  [104]
lividus cecal ligation and
puncture model for sepsis
Sclap }1?gh1nus Spinochromes A and B Cotton-pellet granuloma Reduces chronic inflammation [86]
mirabilis rat model
Echinometra mathaei,
Diadema
savignyi, Spinochromes LPS-stimulated ]J774A.1 .
Tripneustes gratilla and and EchA macrophages Reduces TNFa production 187]
Toxopneustes
pileolus
Stroneulocentrotus nudus Spines and shells LPS-stimulated RAW264.7  Decreases production of NO, IL-6, TNF«, 98]
8y pigments macrophages PGE2 and 6-keto-PGF 1«
P.m.'acentrotus Sulfated ) Carrageenan-induced rat Reduces the paw-edema 189]
lividus polysaccharide paw edema
Anthocidaris crassispina Gonad . LPS-stimulated RAW264.7 Reduces NO production [90]
polysaccharide macrophages
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Table 2. Cont.
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P Compounds/Extracts Anti-Inflammatory Activity :
LPS-induced Reduces expression of various
Strongylocentrotus Centrocin 1 THP-1 cells, infl. P X h 9
droebachiensis (CEN1HC-Br) Ear swelling inflammation inflammatory cytokines such as [91,92]
IL-12p40, IL-6, IL-13, TNFx
rat model
Salmacis bicolor Salmachroman In ".‘t?" COXand 5-LOX Inhibits COX-2 and 5-LOX [94]
inhibitory assays
Salmacis bicolor Salmacembranes A and B In ".‘t?" COXand 5-LOX Inhibits COX-1, COX-2, and 5-LOX [95]
inhibitory assays
Stomopneustes variolaris Cembrane type In vitro COX and Inhibits 5-LOX, high COX-1/COX-2 ratio [96]
P ¢ of diterpenoid LOX assay than ibuprofen
Stomopneustes variolaris Stomopneulactones D LPS-stimulated RAW264.7  Inhibits COX-2 and 5-LOX, reduces [97]
P P macrophages generation of iNOS and intracellular ROS
Stomopneustes variolaris Stomopnolides A In ".‘t?" 5-LOX Inhibits 5-LOX [98]
and B inhibitory assays
Stronevlocentrotis LPS-stimulated human
gyrocen Fatty acid derivatives mononuclear Inhibits p38 MAPK, COX-1 and COX-2 [99]
droebachiensis
U-937 monocyte
(Z)-4-methylundeca-1,9- . Inhibits production of proinflammatory
Brisaster latifrons diene-6-sulfonic LPS-stimulated RAW264.7 cytokines by inactivation of JNK/p38 MAPK  [100]
. macrophages
acid and NF-«B pathways
. . Decreases iNOS and COX-2 expression.
Hemicentrotus pulcherrimus S . .
. uppresses cytokine production.
and - LPS-stimulated
Diadema Hp-s1 ganglioside microglial cells Downregulates the NF-«B [101]
and JNK/p38 MAPK
setosum . .
signaling pathway

5. Anti-Inflammatory Compounds from Starfish

Starfish (sea stars) are invertebrates that belong to the class Asteroidea, phylum Echin-
odermata. There are over 1500 species around the world, mostly inhabiting oceans, while a
few occur in brackish water [105,106]. Several starfish species have been used in traditional
Chinese medicine to treat various ailments such as goiters, body aches, and rheuma-
tism [105]. In this section, we summarized the findings on the anti-inflammatory potential
of various bioactive components isolated from starfish, such as glycosides, triterpenoid
glycosides, steroids, and fatty acid derivatives. Several glycosides have been isolated from
different species of starfish that exhibited promising preliminary anti-inflammatory activity,
such as the inhibition of ROS and NO production in macrophages. Table 3 summarizes the
anti-inflammatory effects displayed on LPS-stimulated RAW264.7 macrophages and bone
marrow-derived dendritic cells (BMDCs) by bioactive compounds isolated from different
species of starfish. Astrosterioside A (Figure 9: (23)) and D (Figure 9: (24)) and sulphated
steroidal hexasaccharides isolated from starfish Astropecten monacanthus showed potent
anti-inflammatory activity, inhibiting the secretion of proinflammatory cytokines (TNF«,
IL-6, and IL-1) in LPS-stimulated BMDCs [107]. The fatty acid-rich fraction of the skin
and gonads of starfish Asterias amurensis significantly downregulated the expression of the
inflammatory mediators IL-1 3, IL-6, TNF«, iNOS, and COX-2 in LPS-stimulated RAW264.7
macrophages. This anti-inflammatory effect of fatty acids is driven through activation of the
NF-«B and MAPK pathways [108]. The lipidomic profiling of spiny starfish Marthasterias
glacialis led to the discovery of cis-11-eicosenoic and cis-11,14 eicosadienoic acids (fatty
acids), as well as the unsaturated sterol ergosta-7,22-dien-3-ol. These lipids were thought
to have potent anti-inflammatory activity through the reduction of ROS, NO, and proin-
flammatory cytokines in LPS-stimulated macrophages. Furthermore, these compounds
downregulate the expression of various inflammatory genes, including iNOS, COX-2, IkB«,
C/EBP homologous protein (CHOP), and NF-kB, in stimulated macrophages [109]. Oxy-
genated steroid derivatives (Figure 10: (25-28)) isolated from a methanol extract of the
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Vietnamese starfish Protoreaster nodosus exhibit potent anti-inflammatory activity in LPS-
stimulated BMDCs, inhibiting the secretion of proinflammatory cytokines, including IL-12
p40, IL-6, and TNF« [110]. Steroids (Figure 11: (29-35)) from another Vietnamese starfish
Astropecten polyacanthus, used as a tonic in Vietnamese ancient medicine, also exhibited
potent anti-inflammatory activity when tested against LPS-stimulated BMDCs [111].
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Figure 9. Structures of anti-inflammatory steroidal hexasaccharides derived from starfish As-
tropecten monacanthus (structures (23) and (24) re-used with permission from reference [107], ACS
Publications, 2013).
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Figure 10. Structures of anti-inflammatory steroid derivatives derived from starfish Protoreaster
nodosus (structures (25-28) re-used with permission from reference [110], Springer Nature, 2015).
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Figure 11. Structures of anti-inflammatory steroids derived from starfish Astropecten polyacanthus
(structures (29-35) re-used from reference [111]).
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Table 3. Anti-inflammatory bioactive compounds derived from starfish.

Species Bioactive Model Mechanism of Ref
P Compounds/Extracts Anti-Inflammatory Activity :
Astropecten Lo LPS-stimulated e . . .
onacanthis Astrosteriosides A and D BMDCs Inhibits secretion of proinflammatory cytokines [107]
Asterias Fatty acids LPS-stimulated Downregulates expression of inflammatory genes [108]
amurensis Y RAW 264.7 macrophages via NF-«kB and MAPK pathways
Marthasterias gz ﬁ-ilf(e)isce(::;ldcizgjic LPS-stimulated Downregulates inflammatory gene expression: [109]
glacialis aci ds, RAW 264.7 macrophages iNOS, COX-2, IKB-« and CHOP and NF-kB
Oxygenated steroid LPS-stimulated Inhibits secretion of proinflammatory cytokines
Protoreaster nodosus 1y 100 tives BMDCs IL-12 pd0, IL-6 and TNFe [110]
Astropecten Crude extracts LPS-stimulated o .
polyacanthus and steroids BMDCs Inhibits production of IL-12 p40, IL-6 and TNFx  [111]
Protoreaster Protolinckiosides A-D LPS-stimulated . .
lincki (Figure 12: (36-39)) RAW 264.7 macrophages Reduces ROS formation and NO production [12]
Anthenea Anthenoside O LPS-stimulated . .
asper (Figure 12: (40)) RAW 264.7 macrophages Reduces ROS formation and NO production [113]
Pentareguloside C
(Figure 13: (41))
Pentaceraster Pentareguloside D LPS-stimulated . .
requluss (Figure 13: (42)) RAW 264.7 macrophages Reduces ROS formation and NO production [114]
Pentareguloside E
(Figure 13: (43))
Acanthaster Plancipyrrosides Aand B LPS-stimulated . .
planci (Figure 14.: (44-45)) RAW 264.7 macrophages Reduces ROS formation and NO production [115]
Asterina Astebatheriosides B-D LPS-stimulated o .
batheri (Figure 15: (46-48)) BMDCs cells Inhibits IL-12 p40 production (6]
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Figure 12. Structures of anti-inflammatory triterpenoid glycosides derived from starfish (structures
(36-39) re-used with permission from reference [112], John Wiley and Sons, 2016; structure (40)
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Figure 13. Structures of anti-inflammatory pentaregulosides (glycosides) derived from starfish Pentac-
eraster regulus (structures (41-43) re-used with permission from reference [114], ACS Publications, 2016).
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Figure 14. Structures of anti-inflammatory plancipyrrosides (glycosides) derived from starfish
Pentaceraster requlus (structures (44-45) re-used from reference [115]).
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Figure 15. Structures of anti-inflammatory astebatheriosides (glycosides) derived from starfish
Asterina batheri (structures (46—48) re-used with permission from reference [116], Elsevier, 2016).

6. Application to the Pharmaceutical Industry

The drug discovery process is a very lengthy, time-consuming, and costly process for
the pharmaceutical industry, and it includes target identification, lead compound discovery,
the structure-activity relationship (SAR) study, in vitro and in vivo screening, and, finally,
clinical trials on large human populations. More recently, the bioinformatics approach has
been employed for target identification and the discovery of lead compounds, which has
significantly reduced the length of the drug discovery process [117]. Lead compounds
may come from combinational chemistry, computer-aided drug design, or from natural
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products [118,119]. However, lead compounds often produce suboptimal biological re-
sponses and require chemical modifications to improve their efficacy and potency. The
majority of drugs available clinically are derived from natural sources. Indeed, many of the
anticancer small molecules available on the market are either natural products or derived
from natural products [120]. The search for novel or lead compounds was previously
limited to plant-based natural products but has now been expanded to marine-derived
natural products as well. There have been reports of a variety of marine natural products
with exploitable properties, including those that treat cancer and inflammation and neuro-
logical, immunological, and metabolic disorders [121-123]. The global preclinical marine
pharmacology pipeline, which is still producing significant preclinical data on numerous
pharmacological classes, is what provides new leads [124]. In fact, some pharmaceutical
companies are focusing on marine natural product research. However, there is a general
trend that anticancer drugs have received more attention, resources, and efforts in terms of
pharmacological research, discovery, and development than other drugs classes, such as
anti-inflammatory drugs. For example, several marine organism-derived anticancer drugs
(such as vidarabine (Ara-A) for Hodgkin’s lymphoma and chronic large cell anaplastic lym-
phoma, cytarabine, Ara-C for acute non-lymphoblastic leukemia, and trabectedin vedotin
for ovarian cancer and soft tissue sarcoma) have been approved by the FDA. Moreover,
several anticancer molecules are in Phase I, I, or III clinical trials [125,126]. However,
the discovery of several marine-derived anti-inflammatory molecules also has ignited the
pharmaceutical industry’s interest in developing them into lead compounds for the drug
discovery process [127,128]. Unfortunately, to date, no marine-derived anti-inflammatory
drug has been approved by the FDA, but a few promising anti-inflammatory compounds
are under various phases of clinical trials: for example, pseudopterosin A (a diterpene
glycoside obtained from soft coral) and IPL-576092 (a polyhydroxylated steroid obtained
from a sponge) [129]. This suggests the notable involvement of marine-derived natural
products in the potential pharmaceutical industry and encourages the pursuit of new anti-
inflammatory lead compound discoveries. Productive teamwork among researchers from
various universities and/or institutes and the leadership of the pharmaceutical industry
is required to ensure the development of future therapeutic entities that will significantly
contribute to the treatment of various inflammatory disorders.

7. Conclusions and Research Prospects

Chronic inflammation plays a crucial role in the development of various diseases, such
as inflammatory bowel disease, rheumatoid arthritis, and asthma. Controlling the progres-
sion of inflammation is a critical step in the management of these diseases. The available
steroidal and nonsteroidal anti-inflammatory drugs significantly reduce chronic inflam-
mation, but many of them can have adverse effects, such as gastrointestinal distress and
liver, heart, kidney, and endocrine dysfunction, when taken long-term. In this review, the
PubMed, Scopus, Web of Science, ACS, ScienceDirect, SpringerLink, and MDPI databases
were searched using various combinations of keywords for publications pertaining to the
anti-inflammatory potential of compounds originating from the three echinoderms: sea
cucumbers, sea urchins, and starfish. Due to the immense richness and diversity of marine
organisms and their natural products, it is extremely difficult to cover all of the pertinent
literature, even though a broad coverage was anticipated. The major bioactive compounds
isolated from sea cucumbers are fucoidan, fucosylated chondroitin sulfate, triterpenoid
glycosides, small peptides, lipids, and fatty acids such as the EPA derivatives (EPA-PC
and EPA-PE) sphingolipids and frondanol. Similarly, sea urchins are well-documented to
produce bioactive compounds such as EchA, spine and shell pigments, polysaccharides,
stomopnolides, and small peptides. Starfish also produce a diverse range of bioactive com-
pounds, including pentaregulosides, protolinckiosides, plancipyrroside, astebatherioside,
and oxygenated steroid and fatty acids. These bioactive compounds from echinoderms
suppress the expression and activation of major proinflammatory cytokines such as IL-6,
TNF«, IL13, IL-10, MIP-1, etc. by the inhibition of the NF-kB and MAPK signaling path-
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ways. Moreover, the classical COX and LOX inflammation pathway inhibitions by these
compounds are also documented in this review. In addition, compounds isolated from
these echinoderms also inhibit ROS generation, as well as NO production.

Research into marine-derived anti-inflammatory lead compounds has received little
consideration compared to anticancer leads; however, this is evolving very rapidly. In
this review article, we presented anti-inflammatory compounds isolated from various
species of sea cucumbers, sea urchins, and starfish, including their chemical structures.
Many compounds, such as fucoidan, fucosylated chondroitin sulfate, eicosapentaenoic
acid derivatives, and echinochrome A, have been investigated in detail for their anti-
inflammatory activity and molecular mechanisms. Moreover, some novel compounds, such
as glycosides from starfish, have been studied well in terms of their chemical structure and
SAR with a target but only screened for preliminary anti-inflammatory activity (such as
COX and 5-LOX inhibitory activity). These need further investigation to establish their
molecular mechanisms. Marine pharmacology research faces many obstacles. For example,
the isolation of bioactive compounds from marine organisms is extremely difficult, as
they live in a complex and biodiverse environment, and it is difficult to mimic such an
environment in the laboratory for their cultivation to obtain a large quantity of active
substances. The future prospects in marine pharmacology should focus on following:
(1) the reproduction of compounds by the chemical synthesis of established marine-derived
anti-inflammatory leads to increase their production and overcome cultivation obstacles,
(2) the chemical modification of existing marine-derived anti-inflammatory leads (analogs)
to enhance their potency and efficacy, (3) develop lead compound libraries for large and
rapid random high-throughput screening methods, (4) industry collaboration to translate
preclinical leads into the clinical pipeline, and (5) establish comprehensive and efficient
separation and purification techniques. The planet is gifted with vast and diverse coastlines
by nature that are a treasure of bioactive compounds that have not been exploited. The
scientific community should consider taking up further research to find other, potentially
valuable marine drugs.

In conclusion, this review can serve as a well-documented reference for research
progress on the development of potential drugs from marine sources against various
chronic inflammatory conditions.
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Abstract: Since ancient times, seaweeds have been employed as source of highly bioactive secondary
metabolites that could act as key medicinal components. Furthermore, research into the biological
activity of certain seaweed compounds has progressed significantly, with an emphasis on their
composition and application for human and animal nutrition. Seaweeds have many uses: they are
consumed as fodder, and have been used in medicines, cosmetics, energy, fertilizers, and industrial
agar and alginate biosynthesis. The beneficial effects of seaweed are mostly due to the presence of
minerals, vitamins, phenols, polysaccharides, and sterols, as well as several other bioactive com-
pounds. These compounds seem to have antioxidant, anti-inflammatory, anti-cancer, antimicrobial,
and anti-diabetic activities. Recent advances and limitations for seaweed bioactive as a nutraceutical
in terms of bioavailability are explored in order to better comprehend their therapeutic development.
To further understand the mechanism of action of seaweed chemicals, more research is needed as is
an investigation into their potential usage in pharmaceutical companies and other applications, with
the ultimate objective of developing sustainable and healthier products. The objective of this review
is to collect information about the role of seaweeds on nutritional, pharmacological, industrial, and
biochemical applications, as well as their impact on human health.

Keywords: antioxidant activity; functional foods; health benefits; seaweeds; secondary metabolites

1. Introduction

Seaweeds have received lot of attention in recent years because of their incredible po-
tential. Seaweeds are essential nutritional sources and traditional medicine components [1].
Marine macroalgae, sometimes known as seaweeds, are microscopic, multicellular, photo-
synthetic eukaryotic creatures. Based on their coloration and depending on their taxonomic
classification, they can be classified into three groups: Rhodophyta (red), Phaeophyceae
(brown), and Chlorophyta (green). The global variety of all algae (micro and macro) is
estimated to consist of over 164,000 species with roughly 9800 of them being seaweeds,
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just 0.17% of which have been domesticated for commercial exploitation [2]. In recent
years, seaweed has gained in popularity, making it a more versatile food item that may
be used directly or indirectly in preparation of dishes or beverages [3]. Many types of
seaweed are edible, they provide the body with a different variety of vitamins and critical
minerals (including iodine) when consumed as food, and some are also high in protein and
polysaccharides [4].

Seaweeds are now used in several industrial products as raw materials such as agar,
algin, and carrageenan, but they are still widely consumed as food in several nations [5].
Seaweeds are frequently subjected to harsh environmental conditions with no visible
damage; as a result, the seaweed generates a wide variety of metabolites (xanthophylls,
tocopherols, and polysaccharides) to defend itself from biotic and abiotic factors such as
herbivory or mechanical aggression at sea [6]. Please note that the content and diversity of
seaweed metabolites are influenced by abiotic and biotic factors such as species, life stage,
nutrient enrichment, reproductive status, light intensity exposure, salinity, phylogenetic
diversity, herbivory intensity, and time of collection; thus, fully exploiting algal diversity
and complexity necessitates knowledge of environmental impacts as well as a thorough
understanding of biological and biochemical variability [7,8].

Seaweeds and their products are particularly low in calories but high in vitamins A,
B, B2, and C, minerals, and chelated micro-minerals (selenium, chromium, nickel, and
arsenic), as well as polyunsaturated fatty acids, bioactive metabolites, and amino acids [9].
Although current research revealed that the amount of specific secondary metabolites
dictates the effective bioactive potential of seaweeds, phenolic molecules are prevalent
among these secondary metabolites [10]. Furthermore, integrating seaweed into one’s daily
diet has been linked to a lower risk of a range of disorders, including digestive health and
chronic diseases such as diabetes, cancer, or cardiovascular disease, according to research
mentioned by [11]. As a result, incorporating seaweed components into the production
of novel natural drugs is one of the goals of marine pharmaceuticals, a new discipline of
pharmacology that has evolved in recent decades.

The $4.7 billion worldwide algae products market is predicted to increase at a com-
pound yearly growth rate of 6.3% to $6.4 billion by 2026. North America has the highest
proportion of the algae market [6]. Functional and nutritional attributes, as well as the
potential sustainability benefits of algae, are driving demand and positioning it as a promis-
ing food of the future. The potential uses of different algae are numerous: generation of
energy [12], the biodegradation of urban, industrial and agricultural wastewaters [13,14],
the production of biofuels [15], the exclusion of carbon dioxide from gaseous emissions via
algae biofixation [16], the manufacturing of ethanol or methane, animal feeds [17], raw ma-
terial for thermal treatment [18], organic fertilizer or biofertilizer in farming [17]. The high
protein content and health advantages have fueled an interest in foods derived from entire
algae biomass [19]. Algae can be used as functional ingredients to boost food’s nutritional
value [20]. In cosmeceuticals, marine algae have received a lot of interest [21]. Seaweeds are
one of the most abundant and harmless marine resources, with little cytotoxicity effects on
people. Marine algae are high in bioactive compounds, which have been demonstrated to
have significant skin advantages, especially in the treatment of rashes, pigmentation, aging,
and cancer [22]. The use of algal bioactive components in cosmeceuticals is growing quickly
since they contain natural extracts that are deemed harmless, resulting in fewer adverse
effects on humans. Marine algae were used as a medicine in ancient times to treat skin prob-
lems such as atopic dermatitis and matrix metalloproteinase (MMP)-related sickness [22].
In summary, marine algae represent a promising resource for cosmeceutical production.

This review aimed to study the bioactive compounds in seaweeds and the role
of these compounds as antioxidants, anti-inflammatory, anti-cancer, antimicrobial and
anti-diabetic activities.
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2. Seaweed Resources

The word “seaweed” has no taxonomic importance; rather, it is a popular term for the
common large marine algae.

2.1. Brown Seaweeds

Phaeophyceae have not been well investigated, despite the fact that they have been
shown to offer several health benefits. Fucoxanthin (Fuco), the principal marine carotenoid
(Car), is a commercially important component of brown seaweeds, in addition to sodium
alginate. Fuco contains anti-inflammatory properties. The presence of the xanthophyll
pigment fucoxanthin, which is higher than chlorophyll-a, chlorophyll-c, -carotene, and
other xanthophylls, gives these seaweeds their brown color [23]. Because of its bigger size
and ease of collecting, brown seaweed is used in animal feed more often than other algae
species. Brown algae are the largest seaweeds, with some species reaching up to 3545 m
in length and a wide range of shapes. Ascophyllum, Laminaria, Saccharina, Macrocystis,
Nereocystis, and Sargassum are the most prevalent genera. Sargassum as a member of brown
seaweeds is low in protein, but high in carbs and easily accessible minerals. They are high
in beta-carotene and vitamins, and they are free of anti-nutrients [24].

2.2. Red Seaweeds

These algae are red because of the pigments phycoerythrin and phycocyanin. The
walls are made of carrageenan and cellulose agar. Both of these polysaccharides with a
lengthy chain are commonly employed in the industry. Coralline algae, which secrete
calcium carbonate on the surface of their cells, are an important category of red algae.
Chondrus, Porphyra, Pyropia, and Palmaria are some of the most common red algae genera.
The antioxidant activity of Phaeophyta (brown seaweeds) is higher than that of green and
red algae [25].

2.3. Green Seaweeds

The majority of the species are aquatic, living in both freshwater and marine habitats.
The green color of these algae is due to chlorophyll-a or chlorophyll-b. Some of them are
terrestrial, meaning they grow in soil, trees, or rocks. Ulva is one of the most common
green seaweeds. Ulva, Cladophora, Enteromorpha, and Chaetomorpha are the most common
genera. Green algae thrive in regions with lots of light, including shallow waterways and
tide pools. Ulva sp. has a high protein content (typically > 15%) and a low energy content
and is abundant in both soluble and insoluble dietary fiber (glucans) [26]. The main types
of seaweeds are shown in Figure 1.

Figure 1. Three example species of brown (a) red (b) and green (c) seaweeds. Adapted from ref. [14]
obtained from mdpi journals.
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3. Bioactive Compounds

The chemical composition of algae varies depending on the species, cultivation lo-
cation, meteorological conditions, and harvesting period. Because of the broad diversity
of compounds produced by seaweeds, they are currently considered to be prospective
organisms for contributing new physiologically active chemicals for the production of
novel food (nutraceutical), cosmetic (cosmeceutical), and medical compounds. Polyphe-
nolic compounds, carotenoids, minerals, vitamins, phlorotannins, peptides, tocotrienols,
proteins, tocopherols, and carbohydrates (polysaccharides) are considered to be a great
variety of bioactive compounds (Figure 2).

Polysaccharides

Vitamins

Pigments

Bioactive Minerals

compounds

Phenolic
compounds

Figure 2. Main bioactive compounds from marine seaweeds.

3.1. Polysaccharides

Seaweeds have a significant carbohydrate component in their cell membranes, or
these polysaccharides are unique to every variety from algae: Brown alginate contains
fucoidan; green Ulvan or red agar contains carrageenan. Polysaccharides are becoming
increasingly popular as a result of their physicochemical properties [27]. Polysaccharides
are biopolymers created from natural resources that have developed as a sustainable
and environmentally friendly alternative to typical polymers and plastics. They are also
known as an energy store and structural molecules in a variety of species, including
plants and marine organisms. Polysaccharides are the major macromolecule in seaweed,
accounting for more than 80% of its weight. Polysaccharides are classified into two types
based on where they are found in seaweeds: cell-membrane polysaccharides or storage
polysaccharides. With the exception of accumulating carbohydrates found in cell plastids,
the majority of seaweed polysaccharides are cell-membrane polysaccharides. At present,
they can be classed as food-grade or non-food-grade polysaccharides, depending on how
they are used [28].

3.1.1. Role of Polysaccharides in Medicine

Algal polysaccharides differ from those found in terrestrial plants because they include
unique poly-uronides, some of which are pyruvylated, methylated, sulfated, or acetylated.
Sulfated polysaccharides including fucan sulfate, ulvan, and carrageenan have received the
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most interest because of their biological features [29]. Some of polysaccharide’s structures
are presented in Figure 3. Sulfated polysaccharides (SPS) are found in edible seaweeds such
as ulvan (Chlorophyta), fucoidan (Phaeophyta), or carrageenan (Rhodophyta), and have
numerous applications in pharmaceutical, nutraceutical, and cosmeceutical sectors. An-
tioxidant, anticancer, anti-inflammatory, anti-diabetic, anticoagulant, immunomodulatory,
or anti-HIV activities have been discovered in SPS. The interaction between polysaccharide
or intestinal microbes is widely credited with these actions, indicating functional or thera-
peutic feature of sulfated polysaccharides [30]. In most circumstances, smaller molecular
weight SPS has more antioxidant activity than high molecular weight SPS because proton
donor action occurs in cells in low molecular weight SPS. Furthermore, this antioxidant
property is vital in preventing generation of free radicals in cell, which prevents oxidative
cell wall damage [31]. The antigenotoxic property of alginate oligosaccharide in form of
nanocomposites extracted from brown alga has received significant attention [32]. Table 1
shows some of the activities and qualities of polysaccharides from seaweeds that are useful
as antioxidants and anticancer agents.
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Figure 3. Chemical structures of different types of polysaccharides in seaweeds.
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Table 1. Seaweeds polysaccharides and their roles in medicine.

Component Species MV(:IIeeig}xlltar Chemical Composition Doses Properties/Activities  References
Heteropolysaccharide
Carrageenan  Tribonema minus 197 kDa composed mainly 250 pg mL~! Anticancer activity [33]
of galactose
Porphyran  Chondrus armatus £9.7-34.6 kDa Mainly composed of 327.3 ug mL~! Anticancer activity [34]
' ) 3,6-anhydro-L-galactose o HE
5.01 mg mL~! of I-fucose,
. . . .
Cladosiphon 75.0 kDa 2.02 mg mL™" of uronic ImgmL-! Ant%cgr'mer 135]
okamuranus acids and 1.65 ppm of activities
Fucoidans sulfate
Fucus vesiculosus - Fucose and Xylose - Antioxidant activity [36]
(1-4)-linked 3,6-anhydro-
i .. 121 x104Daand  o-L-galactose alternating 1 - .
Agar Gelidium amansii 1.85 x 105 Da with (1-3)-linked 25.6mg L Antioxidant activity [37]
-D-galactopyranose
Laminaran  Laminaria digitata - f3-(1,3)-glucan 10 ug mL~! Antioxidant [38]
’ & protection
83.1 from Antioxidant and
; Rhamnose, and xylose 500 mg kg ! antihyperlipidemic [39]
143.2 kDa ..
Ulvan Ulva pertusa activity
143.47 kDa Rhamnose and xylose 1.5mgmL ! Antioxidant [40]
: > me Activity

Carrageenans are polysaccharides present in cell walls of red algae that are classified
into three categories based on their sulfation level: iota, kappa, or lambda [41]. Car-
rageenans, galactan, or xylomannan sulfates discovered in red seaweeds have antimicrobial
effects that prevent viruses from interacting with cells by inhibiting the formation of struc-
turally similar complexes [42]. Carrageenans derived from Hypnea spp. (including green
alga Ulva lactuca) have antioxidant and antiviral characteristics, as well as strong hypoc-
holesterolemic capabilities, by lowering cholesterol or sodium uptake whereas raising
potassium absorption [43]. Agar is polysaccharide made up of agaropectin or agarose,
which are both derived from red seaweeds and have structural or functional characteristics
that are comparable to carrageenans [41]. Porphyran, a polysaccharide produced from
red Porphyra spp., was shown to have anticancer, immunoregulatory, and antioxidant
effects [44].

Sulfated polysaccharides such as galactose, glucose, rhamnose, glucuronic acid, or ara-
binose isolated from the microalgae Spirulina platensis, as well as those speculated from red
algae Gracilariopsis lemaneiformis (i.e., 3,6-anhydro-l-galactose or d-galactose) demonstrated
antiviral and antitumor action [44]. Fucoidan polysaccharides, usually manufactured by
brown algae, such as Ascophyllum nodosum, Laminaria japonica, Viz fucusvesiculosus, Fucus
evanescens, Sargassum thunbergi, or Laminaria cichorioides, were shown to reduce blood choles-
terol levels and deter metabolic syndrome [43]. Antiproliferative, antiviral, anti-peptic,
antioxidant, anticanceranti-coagulant, antithrombotic, anti-inflammatory, or antiadhesive
characteristics are all found in algae fucoidans. They also have potent anticancer properties
or can prevent lung cancer metastasis through hindering matrix metalloproteinases (MMPs)
or Vascular Endothelial Growth Factor (VEGF) [45]. Fucoidans may have a synergistic
impact on currently used anticancer drugs [46]. To improve the efficacy of existing conven-
tional treatments, these polysaccharides can be added into or mixed with them. Caulerpa
lentilifera, Eucheuma cottonii, Ahnfeltiopsis concinna, Chondrus ocellatus, Sargassum polycystum,
Ulva fasciata, Gayralia oxysperma, or Sargassum obtusifolium soluble dietary fibers have been
found to prevent metabolic syndrome or lower blood cholesterol levels [43].

Alginate (3-d-mannuronic acid, c-1-guluronic acid, d-guluronic, or d-mannuronic) is
non-sulfated polysaccharide isolated from dark brown seaweed Laminaria digitata that is
commercially accessible (in acid and salt forms) [41]. Alginates isolated from brown have a
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nutritional function or are beneficial to gut health, donating to water binding, fecal bulking,
or reduction in colon transfer time that is an important indicator through colon cancer
prevention, according to previous studies [47]. Furthermore, because of their binding
nature, alginates alter mineral bioabsorption, aid in maintaining body weight, discourage
overweight and obesity, and lower hypertension [41].

3.1.2. Role of Polysaccharides in Food Industry

While the global market for healthy ingredients expands, there is significant interest
in the identification of new functional food ingredients from various natural sources [48].
As aresult, the prospect of employing algae-derived molecules to create novel functional
food products has piqued the interest of many people in recent years. The largest and most
often used hydrocolloids from marine algae in the food industry include agars, alginates,
and carrageenans, as illustrated in Table 2.

Table 2. Seaweeds polysaccharides and their roles in foods and cosmeceuticals.

Component Species Models Doses MW Activity Results References
Padina Paw edema 1 Anti- COX-2 and iNOS )
Carrageenan tetrastromatic in rats 20mgkg 25 kDa inflammation inhibitions 1491
Human . e
malignant 100400 uggmL~! 60 kDa Anticancer Inhibit cell 1501
activity proliferation
melanoma cells
Fucoidan E ”Cl“s 516 -
vesiculosus murine . . .
melanoma 550 ug mL-1 B Anti- ) Inhibit tyrosmase [51]
melanogenic and melanin
cells
Increase
Human dermal 100 and L
Ulvans Ulva sp. fibroblast 500 pg mL~! 4-57 kDa Anti-aging hyaluror}an [52]
production
Laminaran L,"m’”‘,‘”“ In vitro 15 mg mL~! 250 kDa ant10?< 1F1ant ROS scavenging [53]
Japonica activity potential
Inhibition of
. LPS-induced NO
Fucoidan C’:Z;:f;rzm macff\lﬁla s 27.82 pg mL~! 60 kDa inﬂaﬁqrr\::z;tion production, iNOS, [54]
phag COX-2, and PGE2
levels
Inhibit
. Sargassum RAW 264.7 dose-dependent Anti- LPS-induced
Fucoidan hemi macrophage - . . . [55]
emiphyllum cells manner inflammation inflammatory
response
Fucoidan hSargﬂssum B16 melanoma dose-dependent R Anticancer Activation of 1561
emiphyllum cells manner caspase-3

Agar is a type of phycocolloid formed of agarose (a linear polysaccharide) and a
heterogeneous combination of smaller molecules (agaropectin). Agar is a widely recom-
mended food additive in the USA and in Europe (E406), and cannot be digested into the
gastrointestinal system in humans due to the lack of a/B-agarases [57]. Furthermore, gut
bacteria can convert it to d-galactose [58]. At low doses, agar is an excellent gelling agent,
capable of forming a brittle, stiff, and thermally reversible gel [59].

Surprisingly, agarose is the primary gelling agent in agar. In this manner, hydrogen
bonding between nearby D-galactose and 3,6-anhydro-L-galactose create agar gel along its
linear chains of agarose with repeating units. The food sector uses 90% of the agar produced
for its gellifying characteristics. It is used as a gelling agent in the culinary, food, and
confectionery sectors to produce Asian traditional foods, canned meats, confectionery jellies,
and aerated items such as marshmallows, nougat, and toffees [60]. Agar is commonly used
as a food additive in the production of dishes that require warming before consumption,
such as cake, sausage, roast pig, and bacon [61]. Agar fluid gels can be used to make foams
with excellent stability to replace fat in whipped desserts [61].
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Alginates, such as agar, are commonly used in the food manufactures for gelling,
thickening, stabilizing, and film formation. In contrast to other hydrocolloids, alginates
are unique in their cold solubility, allowing the creation of heat/temperature-independent
non-melting gels, cold-setting gels, and freeze—thaw-stable gels [62].

Carrageenan is commonly used in dairy products such as cheese and chocolate milk to
provide thickening, gelling, stabilizing, and strong protein-binding characteristics [63]. Car-
rageenan was used in dairy products at low doses due to its exceptional ability to link milk
proteins. This hydrocolloid was capable of keeping milk solids suspended and therefore
stabilize them. The meat industry is another area where carrageenan (mostly manufactured
by Eu-cheuma) is used. It is commonly used in the manufacture of hamburgers, ham,
seafood, and poultry preparations, due to its water retention properties. Carrageenan is
also found in aqueous gels such jelly, fruit gels, juices, and marmalade [61]. Carrageenans,
as cryoprotecting agents, play an important role in the structural and textural stability of
frozen foods. Additionally, k-carrageenan was used as a supplementary stabilizer in an ice
cream mix [64].

3.1.3. Role of Polysaccharides in Cosmeceuticals

In algal tissues, there are numerous forms of bioactive polysaccharides. These chemi-
cals are often moisturizing and antioxidant substances that are employed in cosmeceuticals
as shown in Table 2. They are also commonly employed in emulsions as gelling agents and
stabilizers [65]. Agar is a common ingredient in creams, used as an emulsifier and stabilizer,
and to control the moisture content in cosmetic products such as hand lotions, deodor-
ants, foundations, exfoliant/scrub, cleansers, shaving creams, anti-aging treatments, facial
moisturizer/lotions, liquid soaps, acne treatments, body washes, and face powder [66].
Alginates are commonly used as gelling agents in drugs and cosmetics, as thickeners,
protective colloids, or emulsion stabilizers, and are effective for hand gels and lotions,
ointment bases, pomades and other hair products, toothpastes, and other products due to
their chelating characteristics. Alginates can also be used to make a skin-protecting barrier
lotion to avoid dermatitis. This type of cream produces flexible films with increased skin
adhesion and is an appropriate component in beauty masks or facial packs [67,68].

Carrageenans are derived from several carrageenophytes, including Betaphycus gelat-
inum, Chondrus crispus, Eucheuma denticulatum, Gigartina skottsbergii, Kappaphycus alvarezii,
Hypnea musciformis, Mastocarpus stellatus, Mazzaella laminaroides, Sarcothalia crispata, from
the order Gigartinales (Rhodophyta). This phycocolloid is found in dentifrices, lotions, hair
products, lotions, medications, sunscreens, shaving creams, shampoos, deodorants sticks,
sprays, and foams. Over 20% of carrageenan manufacture is used in the pharmaceutical
and cosmetic industries [69].

The usage of laminarin in cosmetics is based on its bioactive qualities rather than
its physical characteristics. In terms of use, laminarin is commonly found in anticellulite
cosmetics [70]. Fucoidan can be effectively “cooked” out of edible seaweed by heating
it in water for 2040 min. It appears to lower the strength of the inflammatory process
and facilitate speedier tissue repair after injuring or surgical trauma when ingested. As
a result, it is recommended for muscle and joint injuries (such as sports injuries), falls,
bruises, deep wounds, and surgery [71]. These sulfated polysaccharides are gaining pop-
ularity due to their numerous bioactivities, which include anticoagulant, antithrombotic,
anti-inflammatory, skin protection against ultraviolet radiation, tyrosinase receptor, an-
ticancer, antimicrobial, anti-obesity, antidiabetic, antioxidative, and antihyperlipidemic
properties [72,73].

According to an ulvans patent, rhamnose and fucose have synergistic skin protecting
and therapeutic benefits against skin aging [74]. The technique of ulvan gel production is
complex, involving the development of spherically shaped ulvan molecules in the presence
of boric acid and calcium ions [75]. Ulvans have moisturizing, protecting, anticancer,
and antioxidative effects in addition to their ability to form gels [76]. The chemical and
physicochemical features of ulvan make it an appealing choice for innovative functional
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and biologically useful polymers in the pharmaceutical, cosmeceutical, agriculture, and
food industries [75].

3.2. Protein and Amino Acids

Protein content in seaweed varies by species, season, and geographic location, and can
be as high as 45% DW. The contents of peptides, proteins, or amino acids in seaweed are af-
fected by seasonal fluctuations and habitat; in general, red algae have larger concentrations
(up to 47%) than green algae (around 9 and 26%), while brown algae have low amounts
(3-15%) [77]. The difference in the amounts of proteinas and amino acids in some seaweeds
are illustrated in Tables 3 and 4. All essential and non-essential amino acids are found in the
proteins of the three macroalgae groups [78]. Seaweed protein and bioactive peptides have
a variety of health benefits as well as significant antioxidant activity, especially through
compounds with low molecular weight compounds that are far secure than produced
substances or have less adverse impacts [79,80].

Table 3. Different proteins accumulation of some seaweeds.

Seaweed Species Name of the Protein Protein Yield % References
“UvGP-1” (0.54)
Ulva sp. Green algae Glycoproteins (GP) “UvGP-2 DA”(0.52) [81]
“UvGP-2-DS”(1.98)

Ulva lactuca Green algae GP fraction G ND [82]
Saccharina japonica Brown algae Glycoprotein 0.27 [83]
Solieria filiformis Red algae Lectins “SfL-1” “SfL-2" ND [84]
Solieria filiformis Red algae Lectin “SfL” ND [85]
Capsosiphon fulvescens Green algae “Cf-hGP” ND [86]
Undaria pinnatifida Brown algae “UPGP” ND [87]

ND: Not detected; SfL: Solieria filiformis lectin; Cf-hGP: Capsosiphon fulvescens hydrophilic glycoproteins; UPGP:
Undaria pinnatifida glycoprotein.

Table 4. Amino acid composition accumulation of some seaweeds (g amino acid 100 g~ protein).

Caulerpa Ulva Kappaphycus Gracilaria TM::J;Z?;I& Durvillaea
No Amino Acids lentillifera reticulate alvarezii (Red salicornia (Brown antarctica
: (AA) (Green Algae) (Green Algae) Algae) (Red Algae) Algae) (Brown Algae)
[88] [8] [89] [89] 5 [91]
[90]
Essential AA
1 Threonine 6.38 5.41 2.49 2.25 0.15 5.84
2 Valine 7.03 6.30 2.49 2.20 0.23 9.97
3 Lysine 6.63 6.02 151 - 0.20 4.22
4 Isoleucine 5.01 4.23 2.14 1.98 0.18 8.05
5 Leucine 8.00 7.90 2.34 2.16 0.26 15.88
6 Phenylalanine 4.93 5.26 2.11 1.79 0.19 9.97
7 Methionine - - 1.69 161 0.05 3.89
Non essential AA
8 Aspartic 11.56 12.50 3.33 - 0.53 4.17
9 Serine 6.14 6.39 2.68 2.90 0.10 5.38
10 Glutamic 14.39 12.98 11.67 2.79 0.58 17.87
11 Glycine 6.87 6.49 2.97 2.18 0.22 18.36
12 Arginine 7.03 8.65 2.40 2.40 0.19 4.83
13 Histidine 0.65 1.08 1.60 2.29 0.07 2.26
14 Alanine 6.87 8.09 293 2.51 0.23 9.57
15 Tyrosine 3.88 3.62 1.81 1.74 0.05 4.45
16 Proline 4.61 5.08 - - 0.17 7.95
17 Cystin - - - - 0.00 0.78
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Various seaweeds contain amino acids such as valine, leucine, isoleucine, or taurine
which have potential biological action as antioxidants [92,93]. Acidic amino acids aspartic
acid or glutamic acid is abundant in most seaweed species, and they comprise most
essential amino acids [94]. While algal proteins were being thought to consist of threonine,
tryptophan, sulfur amino acids (cysteine and methionine), lysine, or histidine-limiting
amino acids, their overall levels are larger than in terrestrial plants [95]. Furthermore,
amino acids are required for the production of hormones and nitrogenous low molecular
weight compounds, both of which are important biologically. Amino acids can be used to
help treat some disorders since they have distinct physiological roles. Supplementing with
methionine, for example, can help people with multiple sclerosis [96]. Despite the fact that
seaweed proteins contain low amounts of some essential amino acids, these seaweeds could
be introduced to cereal foods such as pasta to enhance the amino acid composition [97].

Macroalgal species such as Chlorella sp., Dunaliella tertiolecta, Aphanizomenon flosaquae
and Spirulina plantensis, due to their high protein content or nutritive quality, are often used
as human food sources [98]. Endogenous (threonine, serine, aspartic acid, proline, glutamic
acid, or glycine) and exogenous (histidine, lysine, isoleucine, methionine, phenylalanine,
leucine, valine or threonine) amino acids are abundant in some algae species [43]. Ulva spp.
has glutamic or aspartic acid (26-32% amino acid), Ulva australis has taurine or histidine,
Himanthalia elongata (sea spaghetti) Palmaria palmata (Dulse) and have a lot of glutamic acid,
serin or alanine, and Sargassum vulgare has lot of methionine [99]. Several applications of
seaweeds protein are illustrated in Table 5.

Table 5. Seaweeds proteins and their roles in medicinal.

Component Properties/Activities Seaweed Doses Molecular Weight References

Peptide PPY1 Anti-aging Pyropia yezoensis 250-1000 ng mL~! 532 Da [100]
Peptides PYP1-5 and Boost synthesis of Porphyra yezoensis f. g

porphyra 334 elastin coreana Ueda 0-200 uM 1622 kDa (om

Lactate and progerin

Reduce synthesis,
anti-elastase, Alaria esculenta - 112 KDa [102]
anti-collagenase

Phycobiliproteins Antioxidant Gracilaria gracilis 0.5-30 mg mL~! 240 KDa [103]
Deoxygadusol},' palythene and Antioxidant Rhodymenia : . [104]
usujirene pseudopalmata

Palythine, palythinol,

Palmaria palmate,

porphyra-334, asterina-330, A‘nt10>'<1dan‘t, Mastocarpus stellatus, 2.0-4.0 mg mL~! 244.24 KDa [105]
L . antiproliferative .
shinorine, or usujirene Chondrus crispus
Porphyra-334, shinorine, Antioxidant; Gracilaria
palythine and asterina-330 UV-protective effect vermiculophylla . 34633 KDa (106]

3.2.1. Role of Proteins and Amino Acid in Medicine

Furthermore, mycosporine-like amino acids (MAAs) were revealed in a variety of
species, most notably Rhodophyta: Chondrus crispus spp., Grateloupia lanceola,
Porphyra/ Pyropia spp., Solieria chordalis, Asparagopsis armata, Palmaria palmata, Gracilaria
cornea, Gelidium, or Curdiea racovit [106-108]. Phycobiliproteins are made up of phycobilins,
which are proteins that are covalently attached to chromophores [43]. Such water-soluble
proteins have antioxidant properties and could be used as a natural food colorant [26].
PC, blue-colored phycobiliprotein derived mostly from cyanobacteria Arthrospira spp.,
or PE (pink-colored protein pigment) derived from cyanobacteria Lyngbya spp., both
demonstrated anticancer activity upon A549 lung cancer cells [22]. Glycoproteins were also
proteins found in marine algae which are made up from proteins linked to carbohydrates.
Rhamnose, galactose, glucose, and mannose make up 36.24% of glycoproteins, with a mole
ratio of 38:30:26:6 [109].

Protein concentrations are high in Rhizoclonium riparium, Dictyota caylinica, Enteromor-
pha intestinalis, Catenella repens, Gelidiella acerosa, Polysiphonia mollis, Capsosiphon fulvescens,
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Osmundea pinnatifida, Sphaerococcus coronopifolius, Ulva lactuca, Gelidium microdon, Fucus
spiralis, Pterocladium capillacea, or Ulva compressa [110]. Anti-aging, antioxidant, anti-tumor,
anti-inflammatory or protective qualities of proteins make them valuable in the prevention
and treatments of neurological illnesses, DNA replication, gastric ulcers, improve response,
molecule transfer, or biochemical reaction catalysis [45]. According to Cicero et al. [111],
bioactive peptides can increase biological defenses against oxidative stress and inflamma-
tory illnesses, hence boosting the real frame of nutraceutical and functional meals. As a
result, MAAs have wide range of properties, such as ability to act like natural sunscreens,
anti-inflammatory, antioxidants or anti-aging agents, skin renewal stimulators, cell prolifer-
ation activators, and so on, making it attractive or secure option for cosmetic industries or
pharmaceutical [112].

3.2.2. Role of Proteins and Amino Acid in Cosmeceuticals

Because several amino acids are components of the natural moisturizing factor (NMF)
in human skin, they are commonly used as moisturizing agents in cosmetic prepara-
tions [113,114]. MAA content is higher in the summer and at a mild depth (0-1 m). MAAs
have the ability to be used in cosmetic products and uses as ultraviolet protectors and cell
proliferation stimulators [115].

Algae protein concentration differs significantly among the different algae groups
(brown, red, and green). Brown algae have a lower protein concentration (5-24%) of dry
weight, while red and green algae have a greater protein concentration (10-47%) of dry
weight [116]. Holdt and Kraan [107] show that protein, peptide, and amino acid concen-
tration, like other bioactive components of algae, is affected by a variety of circumstances,
including seasonal change. During the months from February to May, for example, brown
algae Saccharina and Laminaria had the highest protein content [107]. A similar trend
was observed in red algae species, with a high concentration of protein in the summer
and a significant decrease in the winter [116]. Algae proteins are high in glycine, arginine,
alanine, and glutamic acid, and they include essential amino acids at amounts comparable
to FAO/WHO needs. Lysine and cystine are their limiting amino acids [117]. Taurine,
laminin, kainoids, kainic and domoic acids, and several mycosporin-type amino acids
are also found in algae [118]. Taurine is involved in several physiological activities in the
human body, including immunomodulation, membrane stabilization, ocular development,
and nervous system function [119]. Furthermore, kainic and domoic acids play a role in
the control of neurophysiological functions [120].

3.3. Fatty Acids

Fatty acids (FAs) are required for all organisms to function normally. FAs are com-
ponents of plasma membranes that serve as energy storage materials as well as signal
molecules that control cell development and differentiation as well as gene expression.
Elongation and desaturation can change the structure of FAs [121,122]. The quantity of
unsaturated bonds in FA molecules determines their biological effects. Additionally, lipids
are essential to transport and absorb fat-soluble vitamins (i.e., A, E, D or K). PUFAs (25-60%
of total lipids), glycolipids, phytosterols, phospholipids, or fat-soluble vitamins are all
found in low concentrations (1-5% of dry weight) in seaweed lipids (vitamin A, D, E or K,
carotenoids) [1]. Several seaweeds have a greater total lipid concentration above 10% of dry
weight; however, 50% of these lipids are in the form of extractable fatty acids in the brown
alga Spatoglossum macrodontum. In addition, S. macrodontum showed the maximum fatty
acid concentration (57.40 mg g~ ! DW) and a fatty acid profile rich in saturated fatty acids
with a higher concentration of C18:1, making it an excellent biofuel feedstock. Similarly, the
green seaweed Derbesia tenuissima possesses significant quantities of fatty acids (39.58 mg g1
DW), but with a greater amount of PUFA (n-3) (31% lipid) that can be used as nutraceuticals
or fish oil substitutes [123]. The lipid algae concentration is low (1-5%), with neutral lipids
and glycolipids dominating. Because algae generate long-chain polyunsaturated fatty acids,
including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), the amount of
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essential fatty acids in algae is greater than in terrestrial plants [124]. In general, red algae
have higher concentrations of EPA, palmitic acid, oleic acid, and arachidonic acid than
brown algae, which have greater amounts of oleic acid, linoleic acid, and x-linolenic acid
but lower amounts of EPA. Green algae have more linoleic acid and «-linolenic acid, as
well as palmitic, oleic, and DHA [125]. Both red and brown algae contain omega-3 and
omega-6 fatty acids [126]. The different in the amounts of lipid in different seaweeds are
illustrated in Table 6.

Table 6. Lipids accumulation of some seaweeds.

Seaweed Species Lipids g/100 g EPA (%) DHA (%) References
Caulerpa lentillifera Green algae 1.11 4+ 0.05 0.86 - [127]
Codium fragile Green algae 1.5+0.0 2.10 £ 0.00 - [128]
Ulva lactuca Green algae 1.27 £0.11 0.87 +0.16 0.8 +0.01 [129]
Agarophyton Red algae 13400 1.3+ 0.01 - [128]
chilense
Porphyra/ Pyropia B
spp. (China) Red algae 1.0£0.2 104 £7.46 [128]
Ascophyllum
Brown algae 3.62 +0.17 7.24 £ 0.08 - [130]
nodosum
Bifurcaria bifurcata Brown algae 6.54 +0.27 4.09 £+ 0.08 11.10 + 1.13 [130]
Duroillaca Brown algae 08401 495 +0.11 1.66 + 0.02 [129]
antarctica
Fucus vesiculosus Brown algae 3.75+0.20 9.94 +0.14 - [130]
Himanthalia Brown algae <15 7.45 - [131]
elongata
Laminaria spp. Brown algae 1.0+03 16.2 + 8.9 - [132]
Macrocystis pyrifera Brown algae 07+£0.1 0.47 £0.01 - [128]
Sargassum fusiforme Brown algae 14401 424 +119 - [132]
Undaria pinnatifida Brown algae 45+0.7 413.2 £ 0.66 - [132]

EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid.

3.3.1. Role of Fatty Acids in Medicine

There is an increasing need to assess new food sources that do not involve overex-
ploitation of terrestrial ecosystems [133]. Seaweeds have a lipid output of 0.61% to 4.15%
dry weight (DW) on average. Some seaweed species, on the other hand, can have greater
levels since they are a strong source of unsaturated fatty acids. Although seaweed has
lower lipid content than marine fish, their abundance in coastal areas makes it a viable
source of functional lipid. Recent studies indicated that the levels of total lipid (TL) or
omega-polyunsaturated fatty acids in seaweeds vary seasonally, reaching up to 15% TL per
DW or more than 40% omega-3 PUFAs per total fatty acids [134]. Brown seaweed lipids,
on the other hand, contain up to 5% fucoxanthin. Anti-obesity activities of fucoxanthin
have been demonstrated. It also reduces insulin resistance and lowers blood glucose levels
significantly. Brown seaweed lipids are found in brown seaweed, according to a study.
Excess fat builds up in abdomen white adipose tissue (WAT) is dramatically decreased,
or glucose levels are regained to average limits in obesity/diabetes model mice due to
presence of fucoxanthin in lipids [135].

On the other hand, the group of lipid bioactive chemicals known as sterols is another
appealing lipid bioactive substance found in marine sources. Sterols extracted from macro-
or microalgae, as well as other marine invertebrates, were researched extensively by [136].
Previously, it was discovered that sterols and several of their derivatives have a key role in
decreasing low-density lipoproteins (LDL) cholesterol levels in vivo. Anti-inflammatory
and antiaterogenic action are two further bioactivities linked to sterols. Phytosterols (C28
and C29 sterols) are also key precursors of a wide range of chemicals, including vitamins.
Ergosterol, for example, is a precursor to vitamin D2 and cortisone [137].
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Omega-3 (eicosapentaenoic acid, docosahexanoic acid, stearidonic acid, -linolenic
acid) and omega-6 (arachidonic acid, -linoleic acid, -linoleic acid) are the most common
polyunsaturated fatty acids (PUFAs) [1]. Essential fatty acids (EFAs) are nutraceuticals
that are combined with nutritional supplements or used as part of healthy food [41]. Food
and Drug Administration (FDA) declared in 2004 which foods including PUFA omega-3
substances are medicinally essential, as they provide therapeutic properties byregulating
blood pressure, membrane fluidity, or blood clotting; (ii) lowering risk of cardiovascular
disease, osteoporosis, or diabetes; (iii) correcting brain or nervous system development
and function [138]. Marine algae were found to have elevated high levels from PUFAs
(x-linolenic acid, y-linoleic, x-linoleic acid, stearidonic acid, arachidonic acid, and icosapen-
taenoic acid) [1]. Moreover, a previous study asserted that green seaweeds such as Ulva
pertusa possess a high concentration of hexadecatetraenoic, oleic, and palmitic acids [139].
Additionally, Undaria pinnatifida contains significant levels of eicosapentaenoic acid, docosa-
hexanoic acid, and monounsaturated fatty acids (C12:1 (lauroleic acid), C14:1 (myristoleic
acid), C16:1 (palmitoleic acid), C17:1 (cis-10-heptadecenoic acid), and C18:1 (cis-10-hepta
(oleic acid) [140].

Upwards of 200 phytosterols (662-2320 mg/g dry weight) were discovered through
marine algae. Phytosterol derivatives are abundant in brown algae such as Laminaria
japonica, Agarum cribosum, or Undaria pinnatifida (for example, fucosterol, which accounts
for 83-97 percent of total phytosterol content) [141,142]. Phospholipids in seaweed con-
tain about 10-20% total lipids which seem to be more resistant to oxidation and contain
elevated concentration from FAs such as eicosapentaenoic or docosahexanoic acid [43].
Glycolipids make up more than half of all algal material and are characterized by high
levels of n-3 PUFAs (e.g., monogalactosyldiacylglycerides, digalactosyldiacylglycerides
or sulfoquinovosyldiacylglycerides) [41]. Carotenoids are a group of lipophilic colorful
chemicals found in nature that include lutein, lycopene, canthaxanthin, 3-carotene, or
astaxanthin [143]. Furthermore, these properties make algal lipids more bioavailable or
provide a variety of health benefits to people or animals [109].

3.3.2. Role of Fatty Acids in Foods

Microalgae have a high PUFA content. They are fatty acids with many double bonds
in the carbon chain and have numerous useful qualities. Microalgae may produce members
of the PUFAs w-6 family, such as linoleic acid (LA), y-linolenic acid (GLA), and arachidonic
acid (ARA), as well as members of the PUFAs w-6 family, such as «-linolenic acid (ALA),
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) [144,145]. Many microalgae
manufacture the long chain of -3 PUFAs, with yields exceeding 20% of total lipids. The
microalgae most commonly employed for the formation of algal oil rich in w-3 and biomass
are marine members of the Thraustochytriacea and Crythecodiniacea families [146].

Because of their obvious benefits to tissue integrity and health, they are vital ingredi-
ents for food additives and feeds. Microalgae such as Chlorella vulgaris, Arthrospira platensis,
Haematococcus pluvialis, and Dunaliella salina have been identified as safe or permitted as
human and animal food additives. Scenedesmus almeriensis and Nannocholoropsis sp. are two
more species that have been investigated but have not yet been commercialized [147].

Crypthecodinium, Schizochytrium, Thraustochytrids, and Ulkenia microalgal species are
employed in the manufacture important fatty acids [148]. DHA-rich oil derived from
Crypthecodinium cohnii is commercially accessible and contains 40-50% DHA with no EPA
or other longchain PUFAs [149]. Schizochytrium species that synthesize DHA and EPA
are currently employed as an adult dietary supplement in food and drinks, health foods,
animal feeds, and foodstuffs products such as cheeses, yogurts, spreads and sauces, and
breakfast cereals. This microalga’s essential fatty acids are used as supplements in diets for
pregnant and nursing women, as well as cardiovascular patients [149].
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3.3.3. Role of Fatty Acids in Cosmeceuticals

Algae fatty acids and other lipophilic chemicals are also anti-allergic, antioxidant, and
anti-inflammatory [150]. Furthermore, lipids can act as moisturizing ingredients substances,
protecting the skin from water loss [151]. Many fatty acids, including lauric acid, myristic
acid, palmitic acid, and stearic acid, can be used as raw materials. Furthermore, FAs are
skin components that play a crucial role in the maintenance of skin integrity [152].

Waxes are classified as fatty esters, which are a type of fatty acyl [153]. Euglena gracilis is
amicroalga that produces a large quantity of wax-ester as a byproduct of the biodegradation
of storage polysaccharides. These wax-esters are now used in biofuel generation but could
possibly be useful in cosmetics [154]. Waxes, for example, are important components
in lipsticks because they give the stick sufficient rigidity, hardness, stability, and texture.
Today’s lipsticks can be made with a range of waxes. Alkenones are a class of lipids,
long-chain ketones that are produced by haptophyte microalgae such as Isochrysis sp. and
employed as structuring agents in some cosmetic preparations in place of animal-derived
and petroleum-derived waxes. They are a vegan and recyclable marine-based component
that will meet customer demands. Because alkenones can be made in a variety of locales,
their supply is not as limited as that of some other waxes. Given their waxy structure and
relatively high melting point, alkenones may offer an appealing class of natural chemicals
with potential applications in a wide range of cosmetic and skin care products [155]. Table 7
highlights the applications of lipids.

Table 7. The seaweeds lipids and their apllications.

Component Molecular Mass Properties/Activities Seaweed References
E-9-oxooctadec-10-enoic acid 1 i S
E-10-oxooctadec-8-enoic acid 282.46 g mol Anti-inflammatory Gracilaria verrucosa [156]
Essential oil (tetradeconoic acid, Antioxidant: radical scavenging
hexadecanoic acid, 1 Antibacterial activity upon L .
(9Z)-hexadec-9-enoic acid) 280.447 g mol Staphylococcus aureus and Laminaria japonica [1571
(92,127)-9,12-octadecadienoic acid Bacillus cereus
Antioxidant: increased
1 antioxidative enzymes L
Fucosterol 412.69 g mol (glutathione peroxidase, Pelvetia siliquosa [158]
superoxide dismutase, catalase)
Anti-inflammatory,
Fucosterol 412.69 g mol ! Ati-photodamage: decreased Hizikia fusiformis [159]
UVB-induced MMPs
Ulva rigida, Gracilaria sp.,
Palmitic acid 256.430 g mol ! Enzyme inhibition, Antioxidant Saccharina latissima, [160]
Fucus vesiculosus
Omega 3 fatty acids 909.4 g mol~! Antioxidant Brown algae [161]
Arachidonic acid (ARA) } Improves growth and P. purpureum, P. [162]
development of neonates cruentum
Cognition, heart health, .
Eicosapentaenoic protection against Nannochloropsis,
acid (EPA) 500 mg/day arthrosclerosis, P. tricornutum, P. [163,164]
.. cruentum
anti-inflammatory
Brain and eye health,
Docosahexaenoic cardiovascular C. cohnii, Schizochytrium
acid (DHA) 500 mg/day benefits, nervous system sp., Ulkenia sp. [162-164]
development
Anti-agin; . . .
-1 gmng s
Fucosterol 1and 10 pug mL Inhibit MMP expression Hizikia fusiformis [165]
Polyunsaturated fatty acid 10.3 mg mL~! Anti-inflammation Undaria pinnatifida [166]
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3.4. Pigments

Natural pigments are necessary for photosynthesizing algal metabolism, or macroalgae
are divided into three groups depending on pigment content: Phaeophyceae (brown algae),
Chlorophyceae (green algae), or Rhodophyceae (red algae) are three families of algae
(red algae) [139]. Macroalgae can produce three fundamental types of organic pigments:
chlorophylls, carotenoids, or phycobilins [140]. Macroalgae that are wealthy in chlorophylls
a or b seem green, whereas algae appear greenish-brown owing to a combination of
fucoxanthin (carotenoid), and algae appear red owing to combination of chlorophylls a,
¢, or d, and phycobilins. Chlorophylls are natural lipid-soluble greenish pigments with
porphyrin ring [139]. The chemical structures of different types of pigments in seaweeds
are presented in Figure 4.
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Figure 4. Chemical structures of different types of pigments in seaweeds.

Carotenoids have received much interest and are used in nutritional supplements,
fortified foods, animal feed, pharmaceuticals, or cosmetics because of their antioxidant and
antimicrobial characteristics, which assist to decrease the prevalence of cardiovascular
diseases, ophthalmologic diseases, or cancer [138]. Carotenoids are lipophilic, linear
polyenes in two categories: (i) carotenoids, carotenoids, and lycopene; (ii) xanthophylls
(e.g., antheraxanthin, zeaxanthin, lutein, fucoxanthin, violaxanthin) [167]. Ascophyllum
nodosum, Cladosiphon okamuranus, Fucus serratus, Chaetoseros sp., Ishige okamurae, Ecklonia
stolonifera, Himanthalia elongata, and Fucus vesiculosus all contain carotenoid. It is more
efficient upon Gram-positive bacteria (like, Streptococcus agalactiae, Staphylococcus aureus,
Proteus mirabilis, Pseudomonas aeruginosa, Staphylococcus epidermidis, or Serratia marcescens)
and Gram-negative bacteria (like, Klebsiella pneumoniae, Klebsiella oxytoca, Serratia marcescens,
Acinetobacter lwoffii, Pseudomonas aeruginosa or Escherichia coli) [139].

Phycobiliproteins are naturally fluorescent, water-soluble proteins classified as PC
(blue pigment), PE (red pigment), and allophycocyanins (light-blue pigment), with PE
being most common in several red macroalgae species [139]. Algae rich in phycobiliproteins
include Spirulina, Botryococcus, Chlorella and Nostoc. These pigments were discovered to
have anti-obesity, anti-inflammatory, anti-angiogenic, antioxidant, anti-carcinogenic or
neuroprotective activities in a recent study [168]. Table 8 illustrates the role of different
carotenoids in human health.
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Table 8. Summarizes the key activities of carotenoids in human health.

Seaweed

Bioactive

Carotenoid Effect Model . Target Reference
Source Concentration
Hum%{gg;)"cytes 10 uM SHP-1 [168]
Antioxidant
. . MDA, NO,
Mice brain 2 mg/kg/day APOP, GSH. [169]
Leydig cells 10 pg/mL StAR [170]
human prostatic rostate specific
Antiproliferative adenocarcinoma 10 uM P i II)’S A [171]
Astaxanthin ~ Hematococcus (LNCaP) antigen (PSA)
pluvialis
transplantable
immune system  methylcholanthrene- interferon-g
stimulation induced fibrosarcoma 40 mg/kg/day (IFN-y) [172]
(Meth-A tumor)
anti-obesity Humans o i;llgz/ilr;i 18 adiponectin [173]
. spontaneously
Car(j;(t);/;si‘c;;lar hypertensive rats 50 mg/kg blood(g;;?ssure [174]
P (SHR)
antioxidant and 550,100 and
rotective Vero cells 200 uM (50 uM DNA [175]
P H,02)
5,50 and 100
UV protection Human fibroblasts uM (50 mJ/cm2 DNA [176]
UV-B)
CAT, GST and
Antioxidant Retinol deficiency rats 0.83 uM Na*K* ATPase [177]
activity
. 11.3 and 45.2 DNA
leukemia cells (HD-60) M fragmentation [178]
colorectal
adenocarcinoma cells 15.2 uM DNA . [178]
Sargassum (Caco-2) fragmentation
Fucoxanthin horneri
colorectal DNA
Antiproliferative adenocarcinoma cells 15.2 uM . [178]
P (DLD-1) fragmentation
colorectal
adenocarcinoma cells 15.2 uM fra n]?(le\rl'lé\tion [178]
(CHT-29) &
human colorectal Bel-xL, PARP
carcinoma (HCT116) 5and 10 pM and ac::(sjll:);se 3 [179]
S . human urinary bladder
Antiproliferative cancer cells (EJ-1) 20 UM [180]
absorption of
anti-obesity Rats 2mg tr1glycer1d_es, [181]
pancreatic
lipase
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Table 8. Cont.

Seaweed

Bioactive

Carotenoid Effect Model . Target Reference
Source Concentration
human prostate cancer Bel-xL, PARP
Antiproliferative P 2.0 uM and caspase 3 [179]
(PC-3)
and 7
Fucoxanthinol ~ Corbicula absorption of
fluminea trio] id
anti-obesity Rats 2mg niglycerices, [181]
pancreatic
lipase
Halocynthia- ~ Mastocarpus L . human neuroblastoma
xanthin stellatus Antiproliferative cells (GOTO) 5ug/mL [182]
Antioxidant Smokers 20 mg Breath pentane [183]
Cure of 30 to 90
erythema Humans mg/day [184]
[-carotene Kappaphycus Antiproliferative murine osteosarcoma 30 uM [185]
alvarezii (LM8)
human umbilical vein VCAM-1,
Antiinfiammatory endothelial cells 0.02 umol/L ICAM-1 and [186]
(HUVECsS) E-Selectin
Human Dermal .
ADM Lymphatic Endothelial 5uM DNA, lipid and [187]
. B prevention Cells (HLEC protein level
Lutein Zostera noltii ells ( )
Cardiovascular Human monocytes 0.1,1,10 and LDL associated [182]
protective Y 100 nM with artery wall
. Human Dermal .
Zeaxanthin Pyrop " ADM Lymphatic Endothelial 5 uM DNA, 1‘1p1d and [187]
yezoensis prevention protein level

Cells (HLEC)

Abbreviations: SHP-1: protein tyrosine phosphatase non-receptor type 6; MDA: Malondialdehyde; NO: nitric
oxide; APOP: protein oxidation product; GSH: glutathione; CAT: catalase; GST: glutathione S-transeferase; Bcl-
xL: antiapoptotic factor; PARP: poly-ADP-ribose polymerase; (VCAM-1, ICAM-1): genes coding for vascular
adhesion proteins.

3.5. Phenolic Compounds

Phenolic acids, tannins, flavonoids, and catechins are some of the phenolic compounds
found in marine algae. The method of phenolic chemical extraction and the yield are
strongly dependent on seaweed species. Brown seaweeds (Pheophyceae: P) are known
for their high content of phlorotannins, complicated polymers made up of oligomers of
phloroglucinol (1,3,5-trihydroxybenzene), while red or green seaweeds (Rhodophyceae: R)
are known for their phenolic acids, flavonoids or bromophenols [10]. Polyphenols extracted
from seaweeds were linked to variety of biological functions, containing antimicrobial, an-
ticancer, antiviral, anti-obesity, antitumor, antiproliferative, antidiabetic, anti-inflammatory,
or antioxidant effects [10]. Previous studies [101,188] demonstrated the anti-inflammatory
activity of polyphenol-rich fraction derived from Rhodophyceae. Furthermore, phlorotan-
nins and bromophenols derived from green or red algae possess strong inhibitory activity
upon in vitro cancer cell proliferation or in vivo tumor growth, as well as antidiabetic and
antithrombotic activities in vitro.

The phenolic active ingredients in seaweeds differ depending on whether they are red,
green, or brown. Different phyla create different chemicals; for example, brown seaweeds
produce phlorotannins, but red seaweeds produce a greater range of mycosporine-like
amino acids (MAAs) than green species [189,190]. As a result of cellular mechanisms and
genetic codification, the synthesis and diversity of phenolic chemicals are intimately tied to
the seaweed taxonomic group and individual species [191]. Furthermore, phenolic acids
such as benzoic acid, p-hydroxybenzoic acid, salicylic acid, gentisic acid, protocatechuic
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acid, vanillic acid, gallic acid, and syringic acid have been found in the genus Gracilaria
(Rhodophyta, red alga) [192,193]. Phlorotannins are well-known phenolic chemicals that
brown seaweeds produce [194]. Flavonoids such as rutin, quercitin, and hesperidin were
detected in many Chlorophyta, Rhodophyta, and Phaeophyceae species [195]. Chon-
drus crispus and Porphyra/Pyropia spp. (Rhodophyta), as well as Sargassum muticum and
Sargassum vulgare (Phaeophyceae), may synthesis isoflavones, as can daidzein and genis-
tein [196]. Furthermore, several flavonoid glycosides were found in the brown seaweeds
Durvillaea antarctica, Lessonia spicata, and Macrocystis pyrifera (also known as Macrocystis
integrifolia) [195].

Terpenoids are belonging to secondary metabolites discovered in seaweeds [190].
Meroditerpenoids (such as plastoquinones, chromanols, and chromenes) were discovered
in brown seaweeds, primarily from the Sargassaceae family (Phaeophyceae). These com-
pounds are produced in part from terpenoids and are distinguished by the presence of
a polyprenyl chain connected to a hydroquinone ring moiety [197]. In Rhodomelaceae,
red seaweeds manufacture phenolic terpenoids such as diterpenes and sesquiterpenes.
Callophycus serratus, for example, synthesizes a particular diterpene called bromophycol-
ide [198]. Some studies revealed the existence of phenolic and flavonoids acids in marine
algae as seen in Figure 5 and the chemical structure of phenolics also presented in Figure 6.

B¢

LW SRR

Figure 5. Several seaweeds synthesize phenolic substances. Adapted from ref [194] obtained from
mdpi journals. (A)—Ascophyllum nodosum (P); (B)—Bifurcaria bifurcata (P); (C)—Fucus vesiculosus (P);
(D)—Leathesia marina (P); (E)—Lobophora variegata (P); (F)—Macrocystis pyrifera (P); (G)—Asparagopsis
armata (R); (H)—Chondrus crispus (R); (I)—Gracilaria sp. (R); (J)—Kappaphycus alvarezii (R); (K)—
Neopyropia sp. (R); (L)—Palmaria palmata (R); (M)—Dasycladus vermicularis (Chl); (N)—Derbesia
tenuissima (Chl); (O)—Ulva intestinalis (Chl); P—Phaeophyceae, R—Rhodophyta; Chl—Chlorophyta.
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Figure 6. Chemical structures of different types of phenols in seaweeds.

3.6. Minerals

Seaweeds comprise greater numbers of important minerals, such as macroelements
(e.g., Na, Ca, P, Mg, K) and trace minerals (like, Fe, Zn, Mn, Cu) due to their marine
environment [118]. Minerals and cell wall polysaccharides (such as agar, alginic acid,
alginate, or cellulose) play critical roles in the formation of human tissues or the regulation
of crucial reactions as cofactors of some enzymes as cofactors among some enzymes [107].
As a result, seaweeds are important source of minerals and, when consumed regularly,
have been recognized as advantageous functional foods (i.e., food supplements) [98]. It is
worth noting that brown algae have greater mineral content than red algae [118].

Furthermore, elements such as Fe or Cu are found in higher concentrations in seaweeds
than in meats and spinach [43]. Seaweeds were identified to be a promising supplier of
iodine, which occurs at different chemical components, or brown algae, which contains
more than 1% moisture content; its buildup in seaweed tissues may be 30,000 times greater
than its concentration in sea water [45]. lodine, which comes in a variety of forms, is
anti-goiter, anticancer, antioxidant agent or a key nutrient in metabolic control. However,
excessive intake may result in some unfavorable effects [43].

Green seaweeds have a Na* /K" ratio of 0.9 to 1, red seaweeds have a ratio of 0.1 to
1.8, and brown seaweeds have a ratio of 0.3 to 1.5. This ratio was found to be especially low
in Palmaria palmata (0.1) and Laminaria spp. (0.3-0.4) from Spain [199]. Because the World
Health Organization (WHO) recommends a Na* /K" ratio close to one, consumption of
food products with this proportion or lower should be examined for healthy cardiovascular
purposes [199]. In contrast, using seaweeds as NaCl replacements in processed meals could
be a useful technique for reducing overall Na+ consumption while boosting intake of K*
and other lacking components that would otherwise not be present in NaCl salted foods. In
addition to Na* and K*, Ca?* and Mngr intake is linked to cardiovascular health. Indeed, it
was proposed that enough Mg?* intake may lower blood pressure by acting as a calcium
antagonist on smooth muscle tone, inducing vasorelaxation [200].

Green seaweeds accumulate Mg?* more than Ca?*, whereas brown seaweeds do the
opposite. In turn, with the exception of Phymatolithon calcareum, which can accumulate
exceptionally high concentrations of Ca?* [201], red seaweeds generally have lower, but
balanced, amounts of these two minerals compared to the two other macroalgae types. It
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should be noted that the Ca/Mg ratio is also important in terms of calcium absorption
because a lack of magnesium can result in a buildup of calcium in soft tissues, resulting in
the production of kidney stones and the formation of arthritis [202].

Finally, phosphorus (P) levels appear to be similar in the three macroalgae groups,
with values ranging from 0.5 to 7 g/kg DW. Notably, Fe is prevalent in all three macroalgae
types, while Chlorophyta has a greater rate than Rhodophyta and Phaeophyta. However,
at low doses, some species from the chlorophyta phylum (e.g., Alaria esculenta, Saccharina
latissima, and Fucus spp.) might also be proposed to be a good source of Fe, as accumulation
in some cases can exceed 1 g/kg DW [203]. In turn, the maximum Mn concentrations
were found in red seaweeds, specifically Chondrus crispus, Palmaria palmata, and Gracilaria
spp. [204]. Dawczynski et al. [205] also described the preferential deposition of Mn by red
macroalgae over brown macroalgae.

The production of seaweed-fortified foods with the goal of reducing NaCl consump-
tion and increasing nutritive value has been notably emphasized in meat-based products.
Lépez-Lopez et al. [206] conducted outstanding work in the reformulation of many meat
products, partially replacing the application of sodium chloride with diverse species of
edible seaweeds while retaining their textural and sensory qualities. This research group
created meat emulsions, meat patties, and frankfurters enriched with Undaria pinnatifida,
Himanthalia elongata, or Porphyra umbilicalis that were both low in Na+ and rich in K*,
presenting Na* /K* ratios below 1, which is much smaller than the ratios above 3 observed
in their traditional recipes [207,208].

Furthermore, increasing the mineral content of meat, fish, and other animal-derived
products can be accomplished by providing algae-supplemented diets to animals. Similarly,
supplementing fish with seaweed-fortified meals has been shown to be an efficient way of
increasing the iodine content of their fillets. Milk, dairy products, and, more recently, plant
“milks” (e.g., soy, almond, oat, and rice) are another category of food products that play a
critical role in the dietary routines of specific geographical areas of the world and, as such,
are ideal candidates for macroalgae supplementation [209].

3.7. Vitamins

Vitamins are needed for a variety of skin functions and can be obtained from food or
by topical application. Supplementation is indicated for skin protection against dryness
and premature aging, aesthetic UV protection, and sebaceous gland secretory activity
modulation. Vitamins are frequently found in skin care products or cosmetics. Vitamins A,
C,E, K, or vitamin complex B seem to be the most essential or medically proven vitamins for
skin photoaging treatment or prevention [77], as well as most abundant vitamins through
algae have been vitamins A, B, C, or E [210].

Some seaweeds contain vitamins with several health benefits and antioxidant activity,
which help to lower a variety of health issues such as high blood pressure, cardiovascular
illnesses, and the risk of cancer [211]. Various seaweeds have been found to include water-
soluble vitamins B1, B2, B12, and C, as well as fat-soluble vitamins E and 3-carotene with
vitamin A activity [212].

Vitamin A (3-carotene), in the form of retinol, has antioxidant and anti-wrinkle qual-
ities [213] and is used in cosmetics to reduce hyperpigmentation or fine wrinkles on the
face [214]. Vitamin B complex is found with higher concentrations in green or red seaweeds
(B1, B2, B3 or niacine, B6, B9, B12, or folic acid) [215]. Active forms of vitamin B3 found in
skincare products contain nicotinate esters, niacinamide, or nicotinic acid. Niacinamide
is antioxidant that lowers hyperpigmentation (also caused by blue light) and enhances
epidermal features by lowering trans-epidermal water loss [216]. Red algae or other species
are good sources of vitamin B12, which has anti-aging characteristics or is required for hair,
nail growth, or health in vegetarians [217].

Vitamin C is employed in cosmeceutical production because it contains L-ascorbic
acid, the bioactive version of which is most well-known [213]. In this context, Ceramium
rubrum and Porphyr leucosticta are red algae with elevated vitamin C content. This vitamin
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possesses antioxidant, antiviral, anti-inflammatory, antibacterial, detoxifying, or anti-stress
properties when applied topically and could be used to improve tissue growth, repair
blood vessels, teeth or bones [218]. A previous study found that if it is present in optimum
concentration in cosmetic product, it can improve complexion, reduce pigmentation, and
inflammation [219]. Vitamin C suppresses tyrosinase by interacting to copper ions that
reduces melanogenesis, according to several studies [213].

Water-soluble vitamins, such as vitamin C, are abundant in Ulva lactuca, Eucheuma cot-
tonii, Caulerpa lentillifera, Sargassum polycstum, and Gracilaria spp. and aid in the inhibition of
low-density lipoprotein (LDL) oxidation and the creation of thrombosis/atherosclerosis [220].
Red algae have significantly higher levels of dried carotene (e.g., 197.9 mg/g in Codium
fragile and 113.7 mg/g in Gracilaria chilensis) than other vegetables (e.g., 17.4 mg/g in
Macrocystis pyrifera) [98], while brown seaweeds (e.g., Undaria pinnatifida) have greater con-
centrations of a-tocopherol/vitamin E (99% vitamins) than green and red seaweeds [107].

The primary fat-soluble vitamins (A and E) boost nitric oxide (NO) and nitric oxide
synthase (NOS) activity, which aids in the prevention of CVDs [220]. Furthermore, vitamin
E has antioxidant properties that can limit the oxidation of LDL [211]. Many disorders,
such as chronic fatigue syndrome (CFS), anemia, and skin problems, are caused by a
lack of water-soluble vitamins such as B12. Most terrestrial plants do not synthesize
vitamin Bjp, but numerous prokaryotes that can synthesize vitamin By, interact with
seaweeds, and this interaction enhances vitamin levels in macroalgae [221]. Arthrospira
(previously Spirulina) (Cyanobacteria) contains four times more vitamin B12 than raw
liver [222]. Brown and green seaweeds are high in vitamin A, with 500-3000 mg/kg dry
weight on average, but red algae have 100-800 mg/kg dry weight [223]. When compared
to terrestrial plants, seaweeds such as Crassiphycus changii (previously Gracilaria changii),
Porphyra umbilicalis (Rhodophyta), and Himanthalia elongata (Ochrophyta, Phaeophyceae)
are high in vitamins [224]. Vitamins (A, B, C, D, and E) are found in seaweeds and are
widely used in skincare [225].

Vitamin C minimizes the severity of allergic reactions to infection, boosts the immune
system, regulates the creation of conjunctive tissue, and aids in the removal of free radicals.
It also plays an important role in many diseases and disorders such as diabetes, atheroscle-
rosis, cancer, and neurodegenerative problems [226]. The brown seaweeds Ascophyllum
and Fucus sp. have higher levels of vitamin E («-tocopherols) than other red and green
seaweeds [227]. The seaweed Macrocystis pyrifera (Ochrophyta, Phaeophyceae) is high in
vitamin E, similar to plant oils recognized for their vitamin E content, such as soybean oil
(Glycine max), sunflower seed oil (Helianthus annuus), and palm oil (Elaeis guineensis) [227].
Vitamin E prevents the oxidation of low-density lipoprotein and is also effective in reducing
the risk of cardiovascular disease [228].

4. Biological Activities
4.1. Antioxidant Activity

An imbalance in the creation and neutralization of free radicals causes oxidative stress,
which leads to a variety of degenerative illnesses [229]. Several free radicals, particularly
reactive oxygen species (ROS), were created in living organisms as a result of metabolic
activity, and hence have an impact on health (Figure 7). ROS were formed in form of
hydrogen peroxide (H,O,), superoxide radical (O, ™), hydroxyl radical (-OH), or nitric
oxide (NO). Oxidative stress causes unconscious or prominent enzyme activation, as
well as oxidative damage for cellular systems [230]. ROS attack or damage important
macromolecules including lipids membrane, proteins, or DNA, resulting in a variety of
conditions include inflammatory or neurodegenerative diseases, diabetes mellitus, cancer,
or severe tissue injuries [231,232] (Figure 7).
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Figure 7. Damage caused via reactive oxygen species (ROS). Adapted from ref. [233] obtained from
mdpi journals.

Antioxidants may have a favorable impact on human health because they may protect
the body from damage caused via reactive oxygen species (ROS) [234]. To determine the
antioxidant activity of marine derived bioactive peptides, researchers used electron spin
resonance spectroscopy as well as intracellular free-radical scavenging assays.

ROS can produce several detrimental biological events, such as DNA oxidative lesions,
membrane peroxidation, structural changes in proteins and functional carbohydrate, and
so on. All of these structural and functional changes have direct clinical effects, speed up
the aging process while also causing pathological phenomena, such as increased capillary
permeability and impaired blood cell function [235]. All of these antioxidant systems
behave differently depending on their structure and characteristics, whether hydrophilic or
lipophilic, and where they are located (intracellular or extracellular, in cell or organelles
membrane, in the cytoplasm, etc.). All of the above processes work in concert to es-
tablish a network that protects live cells from the damaging impacts of reactive oxygen
species (ROS).

Figure 8 represents reactive oxygen species and neutralization with several biomolecu-
les [236]. Hydrophobic amino acids in peptide chain contribute to their possible antioxidant
effect [237]. Seaweeds also include nutraceutical and medicinal chemicals such phenols that
have antioxidant activity. Polyphenols generated by seaweeds received special attention
because their pharmacological action and broad range of health-promoting advantages, as
polyphenols play a vital role in a variety of seaweed biological activities. Seaweed phenolic
compounds are metabolites with hydroxylated aromatic rings that are chemically defined
as molecules. In this context, Al-Amoudi et al. [25] stated that sulfated polysaccharides
from three marine algae (Phaeophyta Sargassum crassifolia (S), Chlorophyta Ulva lactuca (U)
and Rhodophyta Digenea simplex (D) exert antioxidant activity.
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4.2. Antimicrobial Activity

Susceptibility testing of harmful microorganisms (e.g., bacteria and fungi) in the
presence of possible compounds of interest is the focus of antimicrobial activity assays.
Microbial infections can cause life-threatening illnesses, resulting in millions of deaths each
year. Despite the fact that the discovery of penicillin pushed many aggressive pathogenic
bacteria back, many strains evolved and developed remarkable resistance mechanisms
to most antibiotics [238]. Variable solvents have different antibacterial action depending
on their solubility and polarity. As a result, chemical compounds isolated from various
seaweeds should be optimized for antibacterial activity by selecting the optimal solvent
system [239]. Micro-algal cell-free extracts are already being studied as food and feed
additives in an attempt to replace synthetic antibacterial chemicals currently in use. Ac-
cording to Tuney et al. [240], the antibacterial action of the extract is attributable to various
chemical agents found in the extract, such as flavonoids, triterpenoids, and other phenolic
compounds or free hydroxyl groups. Extraction procedures, solvents used, and the time
window in which samples were collected all have the potential to alter antibacterial activ-
ity [241]. A variety of organic solvents had previously been recommended for screening
algae for antibacterial activity.

Pérez et al. [242] demonstrated that seaweed extracts are effective at suppressing a
variety of pathogens, including E. coli and Salmonella. The majority of the research looked at
crude seaweed extracts of the chemicals in ethanol or methanol crude extract. It is unclear
from these investigations whether the antibacterial activity is due to a single molecule
or a combination of chemicals working together. Phytochemicals were shown in several
investigations to produce significant bacterial cell-membrane damage by disrupting mem-
brane integrity [243]. The active phytochemical substances can penetrate the bacterium
after the membrane has been disrupted and interfere with DNA, RNA, protein, or polysac-
charide formation, resulting in bacterial cell inactivation [244]. Two of the most common
types of seaweeds, namely, the total phenolic, total flavonoid, and antibacterial properties
of Padina boryana Thivy and Enteromorpha sp. marine algae were extensively examined,
and the authors revealed that both seaweeds show antimicrobial activity against multiple
pathogens [245].
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4.3. Anticancer Activity

Cancers are life-threatening diseases that are considered to be a major public health
issue around the world [246,247]. Uncontrolled cell development spreads into the sur-
rounding tissues, resulting in the formation of a tumor mass [248]. Much research has
looked into the anticancer potential of natural compounds derived from seaweeds, as well
as the signaling pathways involved in anticancer activity [249]. Because those secondary
metabolites have no hazardous effects, they have seen a lot of progress in the treatment of
numerous diseases, including cancer. Thymoquinone (TQ) is one of the most important
bioactive elements of black seeds, and it has been found to have numerous health advan-
tages, including cancer prevention and treatment. Following on this, Algotiml et al. [250]
studied the effect of biosynthesized Red Sea marine algal silver nanoparticles AgNPs on
anticancer and antibacterial properties and the authors stated that due to their relatively
moderate side effects, marine resources are currently being increasingly examined for
antibacterial and anticancer medication prospects.

According to Palanisamy et al. [251], Fucoidans derived from Sargassum polycystum
show antiproliferative characteristics at 50 g/mL. Additionally, Usoltseva et al. [252] also
showed that native and deacetylated fucoidans (at 200 g/mL) from the brown seaweeds
Sargassum duplicatum, Sargassum feldmannii, impeded colony formation in human colon
cancer cells (DLD-1, HCT-116 or HT-29). According to findings of previous study [253],
fucoidan extracted from the Brown seaweed Sargassum cinereum displays potent anti-
cancer or apoptotic effects via preventing metastasis. In B-16 (mouse melanoma), CT-26
(murine colon cancer), HL-60 (human promyelocytic leukemia), or U-937 (human leukemic
monocyte lymphoma) cell lines, polysaccharides produced through Pheophyceae Ecklonia
cava show putative antiproliferative properties [254].

In addition, kappa-carrageenan extracted from Hypnea musciformis (Hm-SP) decreased
proliferation of MCF-7 or SH-SY5Y cancer cell lines [255]. Additionally, polysaccharides
derived from Sargassum fusiforme (SFPS) reduced SPC-A-1 cell proliferation in vitro and
tumor formation in vivo [256]. Additionally, Ji and Ji [257] found that commercial lami-
naran (400-1600 g/mL) inhibited the growth of human colon cancer LoVo cells through
stimulating mitochondrial or DR pathways. Additionally, Fucoidans isolated from Undaria
pinnatifida have anticancer potential comparable to commercial fucoidans in cell lines Hela
(human cervical), PC-3 (human prostate), HepG2 (human hepatocellular liver carcinoma),
or A549 (carcinomic human alveolar basal epithelial) [258]. Moreover, previous study re-
ported that fucoidan isolated from Sargassum hemiphyllum may increase miR-29b expression
in human hepatocellular carcinoma cells, which aids in the lowering of DNA methyltrans-
ferase 3B expression [259]. Moreover, Fucoidans from Fucus vesiculosus were revealed to
have anticancer potential, inducing apoptosis in MC3 human mucoepidermoid carcinoma
cells via caspase-dependent apoptosis signaling cascade [260] (Figure 9).
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Figure 9. Demonstrate the ability of algal polysaccharide (SP)-based customized signals produced
from sea algae to cause tumor cell death (apoptosis). Adapted from ref. [233] obtained from
mdpi journals.

4.4. Antidiabetics Activity

As a result of an unhealthy lifestyle, obesity, and stress, diabetes is becoming a global
illness. Additionally, obesity has been on the rise in Saudi Arabia as a result of changing
lifestyles and socioeconomic status [260,261]. There is a close association between obesity
and type 2 diabetes. Drugs that suppress the enzymes «-glucosidase and x-amylase, which
break down starch into glucose before it is absorbed into the bloodstream, could be used
to treat diabetes [262]. It is necessary to look for effective therapeutic natural medications
with less side effects. Garcimartn et al. [263] showed that a «-glucosidase inhibitory
effect on restructured pork treated with seaweeds such as Undaria pinnatifida, Himanthalia
elongata, and Porphyra umbilicalis caused a reduction in the blood glucose absorption.
Padina tetrastromatica phenolic extracts inhibited both a-glucosidase and x-amylase, with
higher inhibition linked with a higher phenolic concentration in the extracts. The extracts
inhibited a-glucosidase (ICsy value of 28.8 g mL~1) and -amylase (IC5p value of 47.2 g
mL~1) by 38.9 and 26.8%, respectively [264]. Similarly, a-glucosidase inhibitory action
was observed in methanol, ethanol, and acetone extracts of Durvillea antarctica, methanol
extracts of Ulva sp., and acetone extracts of Lessonia spicata [265]. Methanol extracts of
Padina tenuis (400 ug mL~1) and ethanol extract of Eucheuma denticulatum (10 mg mL~1)
and Sargassum polycystum (10 mg mL~!) significantly inhibited a-amylase by 60%, 67%, and
46%, respectively [266]. Recently, the acetone extract (80%) of brown seaweed Turbinaria
decurrens was studied for its antihyperglycemic effects in alloxan induced diabetic wistar
male rats [267]. The results showed a significant reduction in postprandial blood glucose
levels of seaweed extracts treated rats to 180.33 mg dL~! and 225.33 mg dL ™! at the dose of
300 mg/kg body weight and 150 mg/kg body weight, respectively, compared to diabetic
control (565.0 mg dL.~!) and positive control (115.33 mg dL~1). The bioactive compounds
derived from algae and their application is illustrated in Table 9.
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Table 9. Bioactive compounds derived from algae and their applications.

. Bioactive . . .. . . .
Algae Species Compound/Extract Beneficial Activity Mechanism of Action Experimental Model Reference
Brown algae
Ascophyllum nodosum Ascophyllan Anticancer Inhibit MMP expression B16 melanoma cells [268]
Bifurcaria bifurcata Eleganonal Antioxidant DPPH inhibition In vitro [269]
Chnoospora implexa Ethanol extract Antimicrobial Bacterial growth inhibition Staphylococcus aureus, [270]
Staphylococcus pyogenes
Inhibition of LPS-induced
Chnoospora minima Fucoidan Anti-inflammation NO production, iNOS, RAW macrophages [53]
COX-2, and PGE2 levels
Cladosiphon okamuranus Fucoxanthin Antioxidant DPPH inhibition In vitro [271]
Colpomenia sinuosa Ethanol extract Antimicrobial Bacterial growth inhibition S. aureus, S. pyogenes [270]
Fat-soluble vitamin High fat-soluble vitamin
Cystoseira barbata soluble vitamy Antioxidant and In vitro [272]
and carotenoids .
carotenoid content
Dictyopteris delicatula Ethanol extract Antimicrobial Bacterial growth inhibition S. aureus, S. pyogenes [270]
Inhibit the synthesis of the  Penicillium purpurescens,
Dictyota dichotoma Algae extract Antimicrobial peptidoglycan layer of Candida albicans, [273]
bacterial cell walls Aspergillus flavus
Eisenia arborea Phlorotannin Anti-inflammation  Inhibit release of histamine Rat basophile leukemia [274]
cells (RBL-2HE)
Fucus evanescens Fucoidan Anticancer Inhibit cell proliferation Human malignant [50]
melanoma cells
COX inhibitory
Halopteris scoparia Ethanol extract Anti-inflammation COX-2 inhibition screening [275]
assay kit
Laminaria japonica Fucoxanthin Anti-melanogenic ~ Suppress tyrosinase activity UVB-1rrac;§1gted guinea [276]
Padina concrescens Ethanol extract Antimicrobial Bacterial growth inhibition S. aureus, S. pyogenes [270]
High total phenolic content,
Saccharina latissima Phenol Antioxidant DPPH scavenging activity In vitro [277]
and FRAP
Red algae
Escherichia coli,
Kilebsiella
Alsidium corallinum Methanol extract Antimicrobial Bacterial growth inhibition pneumoniae, [278]
Staphylococcus
aureus
Escherichia coli,
Ceramium rubrum Methanol extract Antimicrobial Bacterial growth inhibition Enterococcus faecalis, [278]
Staphylococcus aureus
Ganonema farinosum Ethanol extract Antimicrobial Bacterial growth inhibition S. aureus, S. pyogenes [270]
Gelidium robustum Ethanol extract Antimicrobial Bacterial growth inhibition S. aureus, S. pyogenes [270]
Jania rubens Glycosaminoglycan Anti-aging Collagen synthesis Unknown [279]
Laurencia luzonensis Sesquiterpenes Antimicrobial Bacterial growth inhibition Bacillus megaterium [280]
Palisada flagellifera Methanol extract Antioxidant B —caro:ecl';iev}iatl;achlng In vitro [281]
Porphyra haitanensis Sulfated Antioxidant ROS scavenging potential Mice [282]
Polysaccharide
Schizymenia dubyi Phenol Anti-melanogenic Inhibit tyrosinase activity In vitro [283]
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Table 9. Cont.

. Bioactive . . .. . . .
Algae Species Compound/Extract Beneficial Activity Mechanism of Action Experimental Model Reference
Green algae
Bryopsis plumose Polysaccharide Antioxidant ROS scavenging potential In vitro [54]
Cladophora sp. Ethanol extract Antimicrobial Bacterial growth inhibition S. aureus, S. pyogenes [270]
Entromorpha intestinalis Chloroform and Antioxidant SOD activity is reduced Labidochromis caeruleus [284]
methanol extract
. . A High FRAP value .
Gayralia oxysperma Fucoxanthin Antioxidant (>6 1M/ g of extract) In vitro [285]
Ulva dactilifera Ethanol extract Antimicrobial Bacterial growth inhibition 5. aure»;]sy,osgtgrj;ez Stococcus [270]
Ulva fasciata Fucoxanthin Antioxidant DPPH inhibition (83.95%) In vitro [286]
Ulva pertusa Polysaccharide Antioxidant ROS scavenging potential In vitro [54]
Microalgae/Cyanobacteria
L Antioxidant .
Anabaena vaginicola Lycopene Anti-aging N/A In vitro [287]
Arthrospira platensis Methanol extragts of Antioxidant N/A In vitro [287]
exopolysaccharides
) . . Protect cells from UV
Chlorella fusca Sporopollenin Anti-aging radiation N/A [288]
Chlorella minutissima MAA Anti-aging Protect ce'l ls'from uv N/A [288]
radiation
L Protect cells from UV
MAA Anti-aging radiation N/A [288]
Chlorella sorokiniana Reduce UV induced
. L educe induce
Lutein Anti-aging damage N/A [289]
L .. Human diploid
Anti-aging Reduced activity of SOD fibroblast [290]
Chlorella vulgaris Hot water extract Down-regulated mRNA
Anti-inflammation expression NC/Nga mice [291]
levels of IL-4 and IFN-y
[3-carotene Antioxidant Protect against oxidative Rat [292]
stress
Reduced the production of
Dunaliella salina IL-1pB, LPS-stimulated RAW
B-cryptoxanthin Anti-inflammation IL-6, TNF-«, the protein -stimulate [293]
X . 264.7 cells
expression of iNOS and
COX-2
Mice and human
Haematococcus Astaxanthin Anti-aging Inhibit MMP expression ; kilertr:lqal [294]
pluvialis (carotenoid) ibroblasts
Anticancer ROS scavenging potential Mice [295]
Nannochloropsis Carotenoid Antioxidant DPPH inhibition In vitro [296]
granulata
Nanzt;illl[l;;zopszs Zeaxanthin Anti-melanogenic Inhibit tyrosinase In vitro [297]
Nitzschia sp. Fucoxanthin Antioxidant Reduced oxidative stress Human Glioma Cells [298]
Nostoc sp. MAA Antioxidant ROS scavenging potential In vitro [299]
Odontella aurita EPA Antioxidant Reduce oxidative stress Rat [300]
Campylobacter jejuni, E.
Plﬂn:;o;}]gg””a Fatty acid Antimicrobial Bacterial growth inhibition coli, Salmonella enterica [301]
var.
Porphyridium s Sulfated Anti-inflammation Inhlbltg?&ifll:t[;mamry Unknown [282]
Py P- polysaccharide Antioxidant 3T3 cells

Inhibited oxidative damage
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Table 9. Cont.

. Bioactive . . .. . . .
Algae Species Compound/Extract Beneficial Activity Mechanism of Action Experimental Model Reference
Rhodella reticulata Sulfated- Antioxidant ROS scavenging potential In vitro [282]
polysaccharide
Polyunsaturated Human melanoma cells
Skeletonema marinoi aldehyde and fatty Anticancer Inhibit cell proliferation (A2058) [302]
acid
.o Inhibit lipid peroxidation Mouse Human dermal
Prearoteneand - Antloxidant ' nhibit TNF-o and IL-6 fibroblast cells [303]
phycocy: expressions (CCD-986sk)
Spirulina platensis E. coli, Pseudonionas
Ethanol extract Antimicrobial Bacterial growth inhibition aerugl:ls;ltl{lgmll/us [304]
and Aspergillus niger
Synechocystis spp. Fattg;:;iiand Antimicrobial Bacterial growth inhibition E. coli, S. aureus [305]

5. Seaweeds in Bio-Manufacturing Applications

Modern consumers are well aware of the nutritional value of food and the negative
impact that synthetic preservatives may have worse effect on their health, so it is unsurpris-
ing that they prefer fresh and lightly preserved foods that are free of chemical preservatives,
but contain natural compounds that may benefit their health [306].

5.1. Fertilizer and Soil Conditioners

Seaweed extracts have been frequently employed in agriculture in recent years to
increase crop yield. This improvement is achieved by stimulating various physiological
processes involved in plant growth and development, as well as improving final product
quality (Figure 10). The use of traditional chemical fertilizers has expanded dramatically
as result of world’s fast-growing population or ever-increasing food demand [307]. The
usage of these chemical fertilizers, as well as their impacts, notably on environment, has
become major source of worry [308]. As a result, farmers began to switch to organic farming
rather than using synthetic agricultural fertilizers. Seaweeds are abundant or long-lasting
resources discovered along the world’s coastlines, and they are important sources of food,
feed, biofuels, cosmetics, fertilizers, nutraceuticals, and pharmaceuticals [309,310]. Due
to their commercial importance or potential applications, seaweeds are used as fodder,
cosmetics, human food, or biofertilizers [311]. Because of availability of various trace
elements, vitamins, growth regulators, or amino acids, macroalgae extracts are currently
being used as foliar sprays or presoaking for boosting growth or production of variety of
plants, particularly crops [312]. Each year, more than 15 million tons of seaweed is produced,
with much of it used as biofertilizers in agriculture or horticulture industries [313,314].

192



Mar. Drugs 2022,

20,342

Fruit quality

Hydrophilic antioxidant activity (.

Plant physiology

Chlorophyll content (+)

Vitamin C (+) Photosynthesis rate (+)
Total Phenols (+) Stomatal conductance (+)
Total soluble solids (+) Electron transfer rate (+)

Fructose (+)
Sucrose (+)
Anthocyanins (+)

Phytohormones

Gibberellin (+)
Cytokinin (+)
Auxin (+)

o ! 'f‘]‘ ] Shoot growth

Leaf surface area (+)
Shoot length (+)
Yield (+)

Hydrogenase activity (+)

Invertase (+) Root growth
Urease (+)

Proteinase (+) Root elongation (+)
Phosphatase (+) Root architecture
Microbial activity (+) modulation (+)

Soil texture and water

retention (+) l

ilabl jents (P, N, K, Cu, ..) (+) |
Nutrient use efficiency (P, N, K, Cu, ...) (+}

Figure 10. Illustration demonstrating beneficial effects of seaweed extracts on the entire soil-plant sys-
tem. Such impacts include increased fruit quality and phytohormone content in plants, increased soil
enzymatic activity, improved roots system, and overall physiological properties of plants. Adapted
from ref. [315] obtained from mdpi journals.

5.2. Medical and Pharmaceutical Use
5.2.1. Biomedical Applications of Seaweeds

Bioactive chemicals found in seaweeds have features that make them appealing for
biomedical applications. Many species of seaweeds have been employed in traditional
medicine for a long time, notably in Asian nations, against goiter, nephritic disorders,
anthelmintic, catarrh, and a few other ailments as medicaments or pharmaceutical auxil-
iaries, long before scientific study information [316]. Fucus vesiculosus has been used as a
medicinal drug, primarily due to its iodine content, for obesity defects and goiters [316],
for the treatment of sore knees [317], healing wounds [318], and also as herbal teas for their
laxative effects [319]. The application of different seaweeds is presented in Table 10.

Table 10. Biomedical effects of seaweed bioactive compounds.

Compound Cell Lines/Animals Route of
Seaweed Extracted Surveyed Administration Dosage (ug/mL) Effect Reference
The lyophilized
Laminaria crude In vitro
cichorioides Sulfated fucan Human plasma polysaccharide 10, 30, 50 anticoagulant [320]
(Phaeophyceae) was dissolved in activity
human plasma
In vitro and
Fucus evanescens . Human plasma Intravenous in vivo
(Phaeophyceae) Fucoidans Rat plasma Injection 125,250, 500, 1000 anticoagulant [321]
activity
Gracilaria edulis Phenolic, Flavonoid Bovine serum The extracts were 20, 40, 60, 80, 100, Hypoglycemic
(Rhodophyceae) and albumin (protein) tested on the 120 activity 1322]
PRy Alkaloid compounds P protein
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Table 10. Cont.

Compound Cell Lines/Animals Route of
Seaweed Extracted Surveyed Administration Dosage (ug/mL) Effect Reference
Antioxidant,
Sareassim Phlorotannins, anticancer,
fuli e}iunr grasshoppgr Mice .OAr-al ) Based on ‘weight of ant%inﬂamfnatory, [323]
(Phacophyceae) ketone, fucolde}n administration mice antlbfxcterlal, and
and polysaccharides anticoagulant
activities
Antiviral activity
Griffthsia's MERS-CoV and The extracts were against
(Rhodoph cezle) Griffithsin (protein) SARS-CoV tested on the 0.125,0.25,0.5,1, 2 MERS-CoV virus [324]
PRy’ glycoproteins proteins and SARS-CoV
glycoprotei
500 mL of water In vivo
with extracts in 2% antihyperglycaemic,
Ulva rigida . Twenty-four male Oral wt/vol as drinking antioxidative and
(Chlorophyceae) Ethanolic extract Wistar rats administration water for exposed genotoxic/ [325]
groups per each day antigenotoxic
(from 3 to 30 days). activities
Saccharina The extracts were I,
japonica polysaccharides S[;RS-CO.V_Z tested on the 50-500 In vitro inhibition [326]
-protein . to SARS-CoV-2
(Phaeophyceae) proteins

Chondrus crispus (Rhodophyta) carrageens have been used as mucilage against
diarrhea, dysentery, gastric ulcers, and as a component of several health teas, such as for
colds, for a long time. Gelidium cartilagineum (Rhodophyta) has been used in pediatric
medicine in Japan for colds and scrofula [284]. Ulva lactuca (Chlorophyta) has been used for
gout and as an astringent in folk medicine [284]. Rhodophyta extracts are very promising
natural chemicals that could be used in biomedicine. Many species of Asian seaweeds are
employed in traditional medicine, including Gracilaria spp. (Rhodophyta), which is used as
a laxative, Sargassum spp. (Phaeophyceae), which is used to treat Chinese influence, and
Caloglossa spp., Codium spp., Dermonema spp., and Hypnea spp. (Rhodophyta) [327].

Carrageenans’ biological actions make them attractive candidates for future antitu-
moral therapeutics since they activate antitumor immunity [328]. Kappaphycus species
(Rhodophyta), for example, are used to treat ulcers, headaches, and tumors [327]. An-
titumoral efficacy of carrageenans derived from Kappaphycus striatum against human
nasopharyngeal carcinoma, human gastric carcinoma, and cervical cancer cell lines [329].
The bioactivity of chemicals from various Laurencia species (Rhodophyta) was investi-
gated. In vitro, certain halogenated metabolites of Laurencia papillosa showed action against
Jurkat (acute lymphoblastic leukemia) human tumor cells [330]. Laurencia obtuse extracts,
specifically three sesquiterpenes, have been extracted and tested against Ehrlich ascites
cancer cells. The sesquiterpenes were found to have antitumoral action against Ehrlich
ascites cells [331]. Gracilaria edulis ethanol extracts showed antitumor efficacy in mice with
ascites tumors [332].

Undaria pinnatifida (Phaeophyceae) has anti-inflammatory qualities and can be used to
treat postpartum depression in women. This alga can also be used to treat edema and as a
diuretic. Celikler et al. [333] investigated the antigenotoxic effect of Ulva rigida extracts in
human cells in vitro (Chlorophyta).

Seaweeds have been suggested as a way to avoid neurogen-erative illnesses in in-
vestigations over the last decade [334]. Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), and Amyotrophic Lateral Sclerosis (ALS) are the most
frequent [334]. According to Bauer et al., several studies highlighted the use of algal polysac-
charides for the treatment of neurodegenerative illnesses [335]. Park et al. [336] found that
mice treated with fucoidan extracts from Ecklonia cava had better memory and learning;
consequently, the study implies favorable results in future human trials. In comparison
to the control group, mice treated with polysaccharide isolated from Sargassum fusiforme
demonstrated enhanced memory and cognition [337]. Dieckol and phlorofucofuroeckol,
two phlorotannins from Ecklonia cava, are linked to an increase in the main central neuro-
transmitters in the brain, particularly Acetylcholine (ACh) [338]. Ahn et al. [339] investi-
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gated Eisenia bicyclis phlorotannins and found that 7-phloroeckol and phlorofucofuroeckol
A were powerful neuroprotective agents against induced cytotoxicity, while eckol had a
weaker impact.

5.2.2. Pharmaceutical Applications of Seaweeds

Bioactive chemicals from seaweeds are used in the pharmaceutical industry to help de-
velop new formulations for revolutionary treatments and to replace synthetic components
with natural ones. Bioactive chemicals found in seaweeds have important pharmaco-
logical properties, including anticoagulant, antioxidant, antiproliferative, antititumoral,
anti-inflammatory, and antiviral effects [340] (Table 11).

Table 11. The potential pharmacological activity of brown, red and green seaweeds.

Component Properties/Activities Seaweed Doses Models References
Antitumoral activity on Female and male (1:1
lun Laminaria japonica 12.5-100 uM ratio) BALB/c nude [341]
8 Jap : ” mice (18-20 g; 6-8
cancer cells
weeks of age)
Antitumoral activity on Colpomenia sinuosa, Paracetamol-
MCF-7, HepG-2, Sargassum 100 and 200 mg/kg administered rats (one [342]
HCT-116 cells prismaticum dose of 1 g/kg)
Antitumoral activity on L o 1.5625, 6.25,12.5, 25, 50, .
SiHa, Malme-3M cells Undaria pinnatifida 80, 100 uM Human cell lines [343]
Fucoxanthins Cladosivh
- . - adosiphon . .
Antimicrobial activity okamiranis 2-2000 pg/mL. Helicobacter pylori [344]
- . . L . 2,3,4,5,6,7,and 7.5 Staphylococcus aureus,
Antimicrobial activity Laminaria japonica mg/mL Fecherichia coli [345]
Staphylococcus aureus,
Bacillus licheniformis,
Antimicrobial activity Fucus vesiculosus 2,4,6,8and 10 mg/mL Escherichia coli, [346]
Staphylococcus
epidermidis
Antiviral activity Female outbred mi
against ECHO-1, HIV-1, Fucus evanescens 200 pg/mL € (elg—ZO e) 1ce [347]
HSV-1, HSV-2 8
Antiviral activity Vero cells (African
against Sargassum patens 0.78-12.5 ug/mL green monkey kidney [348]
Sulfate HSV-1, HVS-2 cell line)
polysaccharide
Anti-obesity, Gracilaria 5-10% Seaweed Dawley laboraﬁorykrlats
antidiabetic activities lemaneiformis powder (4 to 5 months old, (349]
250-300 g)
. Anti-inflammatory . 1,5,10,50 HT1080 and
Phloroglucinol activity Ecklonia cava 100 uM RAW264.7 cells [350]

Fucoidans extracted from Laminaria cichorioides (Phaeophyceae) [351] and Fucus evanesc-
ens [352] behave like heparin in both in vitro and in vivo experiments, demonstrating
anticoagulant activity by accelerating the development of antithrombin III to inhibit the
effect against thrombin.

Fucoidans have a variety of characteristics. Pozharitskaya et al. [353] investigated the
antioxidant, anti-inflammatory, anti-hyperglycaemic, and anticoagulant bioactivities of
fucoidans isolated from Fucus vesiculosus. Even though their free-radical scavenging activity
was lower than that of synthetic antioxidants, it was comparable to that of the natural
antioxidant quercetin, which is found in plants. Furthermore, inhibition of both isoforms of
the pro-inflammatory cyclooxygenase (COX-1) enzymes has been demonstrated, making fu-
coidans isolated from Fucus vesiculosus interesting substances for anti-inflammatory natural
medicines [353]. Fucoidans from Fucus vesiculosus also have a role in fucoidan’s suppression
of the enzyme DPP-IV. This enzyme is involved in the breakdown of incretin hormones,
which prevents greater levels of glucose in the blood (postprandial hyperglycemia); a new
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pharmaceutical company is developing DPP-IV inhibitors to lower blood glucose levels
and ensure anti-hyperglycaemic effects. As a result, according to Pozharitskaya et al. [353],
fucoidans may be engaged in anti-hyperglycaemic activity via DPP-IV inhibition. Sargas-
sum fulvellum (Phaeophyceae) has been found to contain a variety of bioactive compounds,
including phlorotannins, grasshopper ketone, fucoidan, and polysaccharides, according
to previous research. For years, Sargassum fulvellum extracts have been researched for
their various pharmacological effects, including antioxidant, anticancer, anti-inflammatory,
antibacterial, and anticoagulant properties [354].

Sargassum fulvellum extracts were studied for disorders such a lump, swelling, testic-
ular discomfort, and urinary tract infections [355]. Agar made from red algae is frequently
used in biomedicine as a suspension component in medicinal solutions and prescrip-
tion goods, as well as anticoagulant and laxative agents in capsules [356]. The red algae
Gracilaria edulis is well-known around the world for its biological and medicinal qualities.
Gracilaria edulis extract exhibited antidiabetic, antioxidant, antibacterial, anticoagulant,
anti-inflammatory, and antiproliferative characteristics [357]; consequently, these com-
pounds could be used in new pharmaceutical formulations. Furthermore, Gunathilaka
et al. [358] investigated the in vitro hypoglycemic efficacy of Gracilaria edulis phenolic,
flavonoid, and alkaloid extracts. The suppression of carbohydrate-digesting enzymes,
glucose absorption, and the generation of antiglycation end products demonstrated the red
alga’s hypoglycemic potential. In vivo, Ulva rigida (Chlorophyta) has been shown to have a
hypoglycemic impact [359].

Seaweeds’ antiviral qualities make them an excellent alternative for improving the
health of infected persons; also, their use in pharmaceuticals will provide new and natural
antiviral drugs that can replace synthetic chemicals. Furthermore, when compared to the
creation of synthetic antivirals, the use of bioactive components from seaweeds is less
expensive [360]. Antiviral activity of macroalgae has been discovered to protect against
a variety of viruses, including HIV, Herpes Simplex Virus (HSV), genital warts [361], and
hepatitis C (HCV) [362]. HSV [363], Encephalomyocarditis virus, Influenza “A” virus [364],
and human metapneumovirus [365] are only a few of the viruses that Chlorophyta species
have been shown to be effective against. The antiviral action of macroalgae is linked to a
variety of substances such as as fatty acids and diterpenes, but most notably to the presence
of Seaweed bioactive compounds [366], which can inhibit virus multiplication or help the
immune system combat viral infection.

5.3. Cosmetic Industry

Cosmetics and cosmeceuticals are commonplace therapies for improving the skin’s
appearance and treating several dermatological problems. Seaweeds are a valuable com-
ponent in product development because of their wide range of functional, sensory, and
biological properties. Consumer demand for green or eco-friendly products has risen in
recent years. This pattern can be seen in the globally competitive cosmetics industry, in
need of natural, secure, or effective ingredients to make innovative skin care products [367].
The usage of seaweed-isolated compounds in cosmetic products rose steadily as a result of
various scientific studies revealing prospective skincare properties of seaweed bio-actives.
Biologically active substances include carotenoids, polysaccharides, phlorotannins, fatty
acids, sterols, tocopherol, vitamins, phycocyanins, or phycobilins [368-372]. In this context,
a Sargassum plagyophyllum extract was shown to have antioxidant and anti-collagenase
that can considered to be potent pharmaceutical ingredient for anti-wrinkle cosmetics
action [373-376]. As a form of polyphenol, phlorotannins contain a group of heterogeneous
polymeric molecules with substantial chemical modifications and various chemical struc-
tures [377]. These molecules can play a key role in the interaction between the skin and
UVR, such as preventing radiation from penetrating the skin and lowering inflammation,
oxidative stress, DNA damage, and maintaining signaling pathways intact. They also
attracted a lot of interest because of their participation in several phototoxic pathways and
mechanisms [378]. Brown algae Sargassum fusiforme [379], Halidrys siliquosa [380], Padina
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australis [381], Sargassum coreanum [382], and Polycladia myrica [383] have been explored for
using in cosmetic products.

6. Materials and Methods
Literature Search

The preferred reporting items for systematic reviews were used for the collection,
identification, screening, selection, and analysis of the studies reviewed. A literature
search was performed using different databases, including Scopus, Web of Science, Google
Scholar, Wiley, MDPI, and PubMed. The search criteria included scientific articles on
seaweeds published between 1989 and 2022. The keywords used in the literature search
were “seaweeds” and “bioactivites OR “biological activities” OR “safety” OR “toxicity”
OR “characteristics” OR “structure” OR “anticancer” OR “antidiabitics” OR “lipids” OR
“polysaccarides” OR “phenolic compounds” OR “vitamines” OR “cosometics” OR “foods”
OR “human” OR “minerals” OR “pigments and carotenoids” OR “protein” OR “amino
acids”. The total number of articles found was 650. Studies focusing on the above keywords
were selected, as well as those addressing the biological activity of seaweeds and the
different applications of seaweeds. The figures were obtained from MDPI journals, and the
chemical structure of compounds was designed by Chem windo 6 ver.4.1.1 Biorad edition.

7. Conclusions

Seaweeds include a wealth of bioactive compounds that could be used to develop
novel functional ingredients for food as well as a therapy or prevention strategy for chronic
diseases. Seaweeds could be an alternative source for synthetic substances that may
help to increase consumer well-being via being incorporated into new functional foods
or medications, as consumers have recently paid a lot of attention to natural bioactive
compounds as functional ingredients in foods (Figure 11). However, because of the probable
presence of hazardous pollutants such as heavy metals or their high iodine content, seaweed
eating must be accompanied with an understanding of the hazards to human health.
Because of the presence of numerous of innovative bioactive substances with potential
anti-disease activities, using green extraction or purification processes of compounds from
complex seaweed matrix is a viable or logical strategy for avoiding these health-related
issues or creating added-value functional products.
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in different applications. Adapted from ref. [384] obtained from mdpi journals.
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