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Paula Mapelli-Brahm, Patricia Gómez-Villegas, Mariana Lourdes Gonda, Antonio León-Vaz,

Rosa León, Jennifer Mildenberger, et al.

Microalgae, Seaweeds and Aquatic Bacteria, Archaea, and Yeasts: Sources of Carotenoids with
Potential Antioxidant and Anti-Inflammatory Health-Promoting Actions in the
Sustainability Era
Reprinted from: Mar. Drugs 2023, 21, 340, doi:10.3390/md21060340 . . . . . . . . . . . . . . . . . 158

Shanmugapriya Karuppusamy, Gaurav Rajauria, Stephen Fitzpatrick, Henry Lyons, Helena

McMahon, James Curtin, et al.

Biological Properties and Health-Promoting Functions of Laminarin: A Comprehensive Review
of Preclinical and Clinical Studies
Reprinted from: Mar. Drugs 2022, 20, 772, doi:10.3390/md20120772 . . . . . . . . . . . . . . . . . 203

vi



About the Editors

Elena Talero

Elena Talero, a full professor in pharmacology, received her Ph.D. degree with a European

mention from the University of Seville (Spain) in 2009 under the supervision of Prof. V. Motilva

and Dr. S. Sánchez-Fidalgo. During her predoctoral period, Elena joined the laboratory of Prof.

Alfredo Martinez (Cellular, Molecular, and Developmental Neurobiology Department, Instituto

Cajal, Madrid) for 5 months as well as the Division of Pre-Clinical Oncology (School of Medical and

Surgical Sciences, University of Nottingham, U.K.) for 3 months under the supervision of Prof. S.

Watson. In 2011, she worked as a postdoc on several projects with Prof. Chris Paraskeva at Bristol

University (U.K.) for 6 months.

Her current research interests focus on the understanding of inflammation as an essential

component in the multifactorial origin of different diseases, with a special emphasis on intestinal

bowel disease and skin inflammation, as well as associated tumor processes. Her goal is to find new

bioactive compounds of marine or terrestrial origin for the treatment and/or prevention of these

pathologies.
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Abstract: Crude polysaccharides were extracted from the white jellyfish (Lobonema smithii) using
water extraction and fractionated using ion-exchange chromatography to obtain three different
fractions (JF1, JF2, and JF3). The chemical characteristics of four polysaccharides were investigated,
along with their anti-inflammatory effect in LPS-stimulated RAW264.7 cells. All samples mainly
consisted of neutral sugars with minor contents of proteins and sulphates in various proportions.
Glucose, galactose, and mannose were the main constituents of the monosaccharides. The molecular
weights of the crude polysaccharides and the JF1, JF2, and JF3 fractions were 865.0, 477.6, 524.1, and
293.0 kDa, respectively. All polysaccharides were able to decrease NO production, especially JF3,
which showed inhibitory activity. JF3 effectively suppressed iNOS, COX-2, IL-1β, IL-6, and TNF-α
expression, while IL-10 expression was induced. JF3 could inhibit phosphorylated ERK, JNK, p38,
and NF-κB p65. Furthermore, flow cytometry showed the impact of JF3 on inhibiting CD11b and
CD40 expression. These results suggest that JF3 could inhibit NF-κB and MAPK-related inflammatory
pathways. The structural characterisation revealed that (1→3)-linked glucopyranosyl, (1→3,6)-linked
galactopyranosyl, and (1→3,6)-linked glucopyranosyl residues comprised the main backbone of
JF3. Therefore, L. smithii polysaccharides exhibit good anti-inflammatory activity and could thus be
applied as an alternative therapeutic agent against inflammation.

Keywords: Lobonema smithii; jellyfish; polysaccharides; macrophages; anti-inflammatory

1. Introduction

The polysaccharides of marine organisms, which are bioactive natural products with
medicinal properties, have been shown to possess a large range of biological properties,
such as antiviral, antioxidant, antitumoral, anti-cancer, anti-obesity, and cardioprotective
activities [1–5], especially in immune responses [4–7]. Marine-derived polysaccharides
can also be extensively used in the field of biomedical engineering [8]. Recent studies
have reported on the anti-inflammatory activities of natural polysaccharides against stim-
ulated inflammation in RAW264.7 macrophages [9–12]. Lipopolysaccharides (LPS) are
a major component of the cell wall of Gram-negative bacteria and are one of the most

Mar. Drugs 2023, 21, 559. https://doi.org/10.3390/md21110559 https://www.mdpi.com/journal/marinedrugs
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potent inflammatory agents [10]. Indeed, LPS-stimulated macrophages are a useful model
for studying inflammation, possible anti-inflammatory agents, and their action mecha-
nisms [13,14]. Numerous factors can be used for monitoring the anti-inflammatory effects
of natural products in in vitro cell culture models, such as inflammatory cytokines (tumour
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), IL-4, IL-6, and IL-10), inflammatory en-
zymes such as nitric oxide (NO), nitric oxide synthases (iNOS), prostaglandin E2 (PGE2),
cyclooxygenase-2 (COX-2), and cell surface receptor proteins (CD11b and CD40), which
contribute to modulating the inflammatory response and process [10,14–16].

Jellyfish are marine invertebrate animals consisting of around 200 described species of
the class Scyphozoa of the phylum Cnidaria [17]. There are several species of edible jellyfish,
including Lobonema smithii, Rhopilema hispidum, Rhopilema esculentum, Nemopilema nomurai,
and Lobonemoides gracilis [18]. Jellyfish contain a variety of nutrients, including protein,
amino acids, carbohydrates, vitamins, and inorganic elements, making them valuable
economic and nutritional resources [7,19]. Previous studies have shown that jellyfish
polysaccharides isolated from R. esculentum have anti-inflammatory, antioxidant, and
immunomodulatory activities in macrophages and C57BL/6 mice [7,19,20]. An aqueous
extract of the jellyfish N. nomurai exhibited an anti-inflammatory effect on RAW264.7
macrophages activated by LPS and a zebrafish model [21].

The white jellyfish (L. smithii) belongs to the family Lobonematidae, which is an
important fishery commodity in Southeast Asia [22]. This jellyfish mainly consists of
collagen protein [23,24]. The protein hydrolysate of L. smithii has been revealed to possess
antioxidant, antibacterial, and tyrosinase inhibitory activity [25,26]. However, information
on the anti-inflammatory properties of polysaccharides from L. smithii has not yet been
reported. In this study, we isolated and fractionated polysaccharides from L. smithii before
investigating the protective action of L. smithii on inflammation triggered by LPS and
probable signalling pathways implicated through in vitro studies using RAW264.7 cells.
Furthermore, the polysaccharides were also evaluated physiochemically and structurally.

2. Results

2.1. Chemical Composition of Polysaccharides Isolated from L. smithii

The yields of polysaccharides from L. smithii as crude polysaccharides and as fractions
are presented in Table 1. The yield of crude polysaccharides was 1.3%, which mainly
consisted of carbohydrates (62.5%) and proteins (24.1%) with minor amounts of sulphates
(10.2%) and uronic acids (3.17%). Analysis of monosaccharide composition showed that
L-arabinose (15.0%), D-mannose (15.2%), D-glucose (33.1%), and D-galactose (26.2%) were
the predominant sugars in the crude polysaccharides, with significant levels of L-rhamnose
(8.30%) and L-fucose (2.23%), indicating a heterogeneous monosaccharide composition.

The crude polysaccharides of L. smithii were further separated on a DEAE Sepharose
column, producing three different fractions, JF1, JF2, and JF3. The elution yields of JF1
(distilled water), JF2 (1.0 M NaCl), and JF3 (1.5 M NaCl) were 77.2%, 13.2%, and 9.7%,
respectively. All fractions contained carbohydrates as the major component, while the
protein, sulphate, and uronic acid contents varied. The crude polysaccharides and all
fractions contained carbohydrates as the major component (62.5%), while protein (24.1%)
was present in considerable amounts in the crude polysaccharides. Fraction JF1 possessed
a chemical composition comparable to the crude polysaccharides (carbohydrate 72.2% and
protein 18.1%), while the JF2 fraction contained carbohydrates (66.0%) alongside proteins
(13.6%), sulphates (17.3%), and lesser amounts of uronic acid (2.97%). On the other hand,
carbohydrates (67.6%), as well as considerable amounts of sulphates (22.7%) and proteins
(7.12%), were included in the JF3 fraction. The uronic acid contents of all fractions were
minor. The monosaccharide composition of the JF1 fraction consisted of D-galactose (41.0%)
and D-glucose (40.2%), which were the main sugars in the fraction, alongside considerable
amounts of L-arabinose (11.7%). The majority of the unit sugars in the JF2 fraction also
comprised D-glucose (52.4%) and minor amounts of L-arabinose (15.4%), D-galactose
(12.5%), and D-mannose (10.6%), as well as minor levels of L-rhamnose (6.36%) and L-
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fucose (2.53%). The JF3 polysaccharides contained D-glucose, D-galactose, and D-mannose
(56.7%, 28.4%, and 13.7%, respectively) as the main sugars, while L-arabinose, L-rhamnose,
and L-fucose represented minor sugar units (0.60%, 0.54%, and 0.10%, respectively). The
separation of crude polysaccharides using a DEAE Sepharose fast flow column indicated
that the different fractions of polysaccharides were characterised by different ionic strengths
and chemical properties.

Table 1. Chemical compositions of polysaccharides isolated from Lobonema smithii.

Components
L. smithii Polysaccharides

Crude JF1 JF2 JF3

Yield (%) 1.30 ± 0.10 x 77.2 ± 0.61 y 13.2 ± 0.22 y 9.70 ± 0.05 y

Total carbohydrate (%) 62.5 ± 0.12 a 72.2 ± 0.06 a 66.0 ± 0.06 a 67.6 ± 0.06 a

Protein (%) 24.1 ± 0.06 b 18.1 ± 0.00 b 13.6 ± 0.04 c 7.12 ± 0.13 c

Sulphate (%) 10.2 ± 0.88 c 8.27 ± 0.21 c 17.3 ± 0.21 b 22.7 ± 0.21 b

Uronic acid (%) 3.17 ± 0.06 d 1.47 ± 0.03 d 2.97 ± 0.02 d 3.40 ± 0.10 d

Monosaccharide content (%)
D-galactose 26.2 ± 0.20 b 41.0 ± 1.00 a 12.5 ± 0.02 c 28.4 ± 0.00 b

D-glucose 33.1 ± 0.10 a 40.2 ± 0.21 b 52.4 ± 0.36 a 56.7 ± 0.05 a

L-arabinose 15.0 ± 0.00 c 11.7 ± 0.07 c 15.4 ± 0.15 b 0.60 ± 0.15 d

D-mannose 15.2 ± 0.10 c 3.83 ± 0.06 d 10.6 ± 0.11 d 13.7 ± 0.06 c

L-rhamnose 8.30 ± 0.20 d 1.80 ± 0.03 e 6.36 ± 0.15 e 0.54 ± 0.03 d

L-fucose 2.23± 0.25 e 1.30 ± 0.06 e 2.53 ± 0.06 f 0.10 ± 0.10 e

x Yield, (the amount weight of crude/powdered sample) × 100. y Yield, (the amount weight of fractions/crude
injected into column) × 100. % dry basis. Different letters a,b,c,d,e,f indicate significant differences (p < 0.05)
between the groups in each column.

2.2. Molecular Weight (Mw) Analysis

Figure 1 displays the combined UV and RI chromatograms of the crude and fractions.
A significant amount of crude polysaccharide was eluted from the high-performance size-
exclusion chromatography (HPSEC) column between elution times, with broad primary
peaks revealing their heterogeneous polymer distributions (Figure 1A). According to the
UV chromatogram, proteins were found in peak quantity at an elution duration of 25
to 40 min. The Mw of the peaks obtained with the MALLS technique was 865.0 kDa
(Table 2). The estimated radius of gyration (Rg) from the peaks also served as a method
of approximating the size of the crude polysaccharides (Table 2). The Rg values of the
peaks were 124.0 nm. Crude polysaccharides showed a significant UV chromatogram, in
agreement with the chemical constitution of their 24.1% protein content (Table 1).

The chromatograms of the fraction profiles showed a single dominant peak for JF1 at
the elution duration ranging from 27.3 to 45.2 min, as well as a major peak at 25.6 to 45.1 min
for JF2 (Figure 1B,C, respectively). However, the elution time for JF3 ranged between 28.5
and 40.0 min, exhibiting a narrower peak than the other fractions, thus indicating that the
polymer was more homogeneous (Figure 1D).

Table 2. Molecular weight of polysaccharides isolated from Lobonema smithii.

L. smithii
Polysaccharides

Mw (kDa) Rg (nm) SVg (cm3/g)

Crude 865.0 ± 8.71 a 124.0 ± 3.90 a 5.57 ± 0.57 a

JF1 477.6 ± 7.94 c 77.7 ± 3.61 c 2.49 ± 0.39 c

JF2 524.1 ± 7.55 b 94.4 ± 2.53 b 4.05 ± 0.26 b

JF3 293.0 ± 6.63 d 56.3 ± 7.20 d 1.59 ± 0.66 d

Different letters a,b,c,d refer to significant differences (p < 0.05) between the groups in each column.
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Figure 1. HPSEC chromatograms of crude polysaccharides (A) and fractions JF1 (B), JF2 (C), and JF3
(D) isolated from L. smithii jellyfish.

The relatively low value of the UV chromatogram compared with the marked RI
signal in fractions JF2 and JF3 suggested the presence of small quantities of protein in these
fractions. Conversely, the significant UV reaction shown in the JF1 fraction was consistent
with its 18.1% protein level. The Mw values of JF1, JF2, and JF3 were significantly less
than those of the crude polysaccharides. Table 2 shows that the Mw values were 477.6,
524.1, and 293.0 kDa for JF1, JF2, and JF3, respectively. It was previously reported that the
Mw values of jellyfish skin polysaccharides (RP-JSP1 and RP-JSP2) were 121 and 590 kDa,
respectively [27]. On the other hand, the Mw values differed from those reported by Li
et al., who found that the Mw of jellyfish polysaccharides (JSP1) was 1250 kDa [7]. Rg is
explained as the distribution of units of a polysaccharide around its axis and can define the
size of the polymer, which can be calculated from light scattering up to various angles of
the MALLS system. Table 2 shows that the Rg values were 124.0, 77.7, and 94.4 nm for the
crude, JF1, and JF2 fractions and 56.3 nm for fraction JF3, indicating that in this result, the
size of the polymer was in accordance with the Mw.

The individual volume for gyration (SVg) of the SPs may be derived from the values
of Mw and Rg using the following equation, as described by You and Lim [28].

SVg =
4
3 π

(
Rg × 108)3

Mw / N
=

2.522 R3
g

Mw

where the values for SVg, Mw, and Rg are cm3/g, g/mol, and nm, respectively, and N is
Avogadro’s number (6.02 × 1023/mol). SVg is inversely related to the degree of molecular
compactness, giving the theoretical gyration volume per unit of molar mass and providing
mass-based information on polysaccharide density [28]. The overall SVg values of the
crude and fractionated polysaccharides are shown in Table 2. The SVg values for the crude
polysaccharides were 5.57 cm3/g, and the values for their fractions were 5.57, 2.49, 4.05,
and 1.59, respectively. The crude SVg values were significantly higher than those of the
fractions. This finding indicated that the crude possessed less compact and more extended
conformational structures than JF2, following JF1 and JF3, which were the most compact.

These discrepancies in Mw, Rg, and SVg were most likely caused by a combination of
factors, including the extraction and purification processes as well as the analytical methods
used in each investigation.
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2.3. Effects of L. smithii Polysaccharides on the Cell Viability and NO Production

This study evaluated the anti-inflammatory effects of crude and fractionated (JF1, JF2,
and JF3) polysaccharides isolated from L. smithii. Initially, the potential cytotoxicity of L.
smithii polysaccharides on RAW264.7 cells, varying from 125 to 1000 μg/mL, was examined
using a WST assay. As shown in Figure 2A, L. smithii polysaccharides significantly increased
cell proliferation up to 1000 μg/mL relative to the negative control (RPMI medium). This
finding suggests that the polysaccharides were not cytotoxic to RAW264.7 cells at the
concentrations tested.

Figure 2. Effect of crude and fractions of L. smithii polysaccharides on the viability of RAW264.7
macrophages. The cells (1 × 106 cells/mL) received treatments with varying polysaccharide concen-
trations (125–1000 μg/mL) and were triggered with LPS (1 μg/mL). The cell viability was determined
with a WST assay (A). The production of NO was determined with a Griess reagent (B). The values
are displayed as the mean ± SD (n = 3). Different letters a,b,c,d refer to a significant difference between
samples at each concentration, while A, B, C refer to a significant difference within concentrations at
p < 0.05.

In addition, the immunoinhibiting effect was preliminarily evaluated by measuring
NO accumulation (Figure 2B). All L. smithii polysaccharides decreased NO production
in a dose-dependent manner. Among the polysaccharides, fraction JF3 showed a higher
production of NO than the other polysaccharides. Increasing the concentrations of JF3
(125 to 1000 μg/mL) enhanced NO generation by 10.05 ± 0.45 μM, while the same con-
centrations of the crude polysaccharides, JF1, and JF2 reduced the NO production by
33.94 ± 0.54, 32.45 ± 0.45, and 31.82 ± 1.08 μM, respectively. According to these results,
the most immunoinhibitory fraction, JF3, was chosen from the four different L. smithii
polysaccharides to be assessed for their anti-inflammatory activity on macrophages at
concentrations ranging from 125 to 1000 μg/mL.

2.4. JF3 Inhibits LPS-Induced Cell Viability and NO Production

To further investigate the effect of the most immunoinhibiting JF3 on the inhibition of
macrophage activation, RAW264.7 cells were pretreated with or without JF3 (125–1000 μg/mL)
and aspirin (200 μg/mL, as a positive drug) before being induced with LPS (1 μg/mL). As
shown in Figure 3A, fraction JF3 (125–1000 μg/mL) significantly enhanced macrophage
viability in RAW264.7 cells, and the enhancement increased with the JF3 concentration.
Importantly, JF3 did not cause any significant toxicity to these cells. Therefore, these
doses were used in the following experiments to treat JF3. As shown in Figure 3B, the
NO secretion levels in the RAW264.7 cells were measured to be 0.55 ± 0.05 μM in the
negative control and 37.70 ± 0.67 μM in the LPS-induced cells alone. In the presence of
JF3 at concentrations of 125 to 1000 μg/mL, the levels of NO production were significantly
inhibited, reducing the NO secretion levels to 35.31 ± 1.34, 31.94 ± 0.27, 23.28 ± 0.83, and
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9.66 ± 0.72 μM. In addition, the NO contents at 1000 μg/mL JF3 concentrations were lower
than those of the positive drug (aspirin).

Figure 3. Effect of polysaccharide fraction JF3 on the viability of RAW264.7 macrophages. The cells
(1 × 106 cells/mL) received treatments with varying polysaccharide concentrations (125–1000 μg/mL)
and were triggered with LPS (1 μg/mL). The cell viability was determined by WST assay (A). The
production of NO was determined by a Griess reagent (B). The values are displayed as the mean ± SD
(n = 3). The letters a, b, c, d, e, f, g indicate significant differences (p < 0.05) between treatment groups.

2.5. JF3 Inhibits LPS-Induced Expression of iNOS, COX-2, and Cytokines

To determine whether the JF3 fraction inhibited the LPS-induced inflammatory re-
sponse, the levels of inflammatory mediators (iNOS and COX-2) and inflammatory cy-
tokines (IL-1β, IL-6, IL-10, and TNF-α) were measured. As shown in Figure 4A,B, the
mRNA expression levels of iNOS and COX-2 were reduced in a dose-dependent manner
by JF3 in the LPS-induced RAW264.7 cells. In addition to inhibiting the iNOS and COX-2
expressions, a dose-dependent suppression of JF3 on the IL-1β, IL-6, and TNF-α expres-
sion was observed (Figure 4C–E). Meanwhile, the effects of JF3 on IL-10 expression in the
LPS-induced RAW264.7 cells were evaluated. As shown in Figure 4F, the mRNA level of
IL-10 expression was dramatically raised following JF3 treatment at dosages ranging from
125 to 1000 μg/mL. These results show that the JF3 fraction activated the expression of
inflammatory mediators and cytokines at the transcriptional level.

Figure 4. Cont.
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Figure 4. Effects of the JF3 polysaccharide fraction on the secretion of inflammatory mediators
and cytokines in RAW264.7 macrophages. The cells (1 × 106 cells/mL) received treatments with
varying polysaccharide concentrations (125–1000 μg/mL) and were triggered with LPS (1 μg/mL).
The mRNA expressions of iNOS (A), COX-2 (B), TNF-α (C), IL-1β (D), IL-6 (E), and IL-10 (F) were
determined by qPCR. The values are displayed as the mean ± SD (n = 3). The letters a, b, c, d, e, f, g

indicate significant differences (p < 0.05) between treatment groups.

2.6. JF3 Suppresses LPS-Induced Nuclear Factor-κB (NF-κB) Activation

To investigate the possible inhibitory effects of JF3 through the suppression of LPS-
induced activation of NF-κB signalling, the effect of JF3 on the nuclear translocation of
the NF-κB p65 subunit was assessed using Western blot analyses. Figure 5A shows that
LPS stimulation induced the phosphorylation of the NF-κB-p65 subunit. The JF3 fraction
dramatically reduced phosphorylated NF-κB-p65, depending on the concentration. These
findings imply that JF3 may prevent LPS-induced NF-κB activation.

Figure 5. Cont.
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Figure 5. Effects of the JF3 fractionated polysaccharides on the phosphorylated NF-κB subunit
65, ERK1/2, JNK, and p38 MAPK. The cells (2 × 106 cells/mL) received treatments with varying
polysaccharide concentrations (125–1000 μg/mL) and were triggered with LPS (1 μg/mL). The levels
of protein expression were determined by Western blotting with phospho-NF-κB p65 antibodies
(A) and specific antibodies to MAPKs (B) across three independent experiments. The values are
displayed as the mean ± SD (n = 3). The letters a, b, c, d, e, f indicate significant differences (p < 0.05)
between treatment groups.

2.7. JF3 Suppresses LPS-Induced Mitogen-Activated Protein Kinase (MAPK) Activation

It is well known that MAPK signalling pathways play an essential role in LPS-activated
RAW264.7 cells [14,29,30]. The effects of JF3 on the phosphorylation levels of extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK were deter-
mined in LPS-stimulated cells. As shown in Figure 5B, all MAPKs were stimulated by LPS
treatment, whereas JF3 suppressed the LPS-induced phosphorylation of ERK, JNK, and
p38 MAPK. Moreover, JF3 (125–1000 μg/mL) was shown to suppress the phosphorylation
of three MAPKs in a dose-dependent manner, suggesting that MAPK pathways might
contribute to the anti-inflammatory effects of JF3.

2.8. JF3 Inhibits LPS-Induced Cell Surface Expression

Fluorescence-activated cell sorting (FACS) analysis was utilised to investigate the
effects of JF3 on LPS binding to the surface of RAW264.7 cells. As shown in Figure 6A,B, JF3
exerted an inhibitory effect on cell surface molecules such as CD11b and CD40. LPS treat-
ment increased both cell surface molecules compared with RPMI. Compared with LPS, the
LPS-induced CD11b expression was significantly reduced by JF3 at 125–1000 μg/mL in a
dose-dependent manner, whereas the LPS-induced CD40 expression showed no differences
in significance (p < 0.05) at 125 μg/mL concentrations and was substantially decreased at
doses ranging from 250 to 1000 μg/mL.
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Figure 6. Evaluation of CD11b and CD40 expressions in JF3-treated RAW264.7 macrophages. The cells
(2 × 106 cells/mL) received treatments with varying polysaccharide concentrations (125–1000 μg/mL)
and were triggered with LPS (1 μg/mL). The expression of CD11b (A) and CD40 (B) was determined
by flow cytometry. The values are displayed as the mean ± SD (n = 3). The letters a, b, c, d, e, f indicate
significant differences (p < 0.05) between treatment groups.

2.9. Methylation Analysis of JF3

The glycosidic linkage of the most anti-inflammatory JF3 polysaccharides was analysed
by GC–MS. Table 3 reveals that the alditol acetate products of JF3 mainly consisted of
2,4,6-Me3-Glcp, 2,4-Me2-Glclp, and 2,4-Me2-Galp, indicating the presence of (1→3)-linked
glucopyranosyl, (1→3,6)-linked glucopyranosyl, and (1→3,6)-linked galactopyranosyl
residues. A small amount of 2,3,4-Me3-Galp was also detected, suggesting a (1→6)-linked
galactopyranosyl residue. In addition, JF3 also included 2,3,4,6-Me4-Manp, implying a
terminal residue. After desulphating fraction JF3 (D-JF3) by the solvolytic desulphation
method, the methylation analysis of D-JF3 exhibited a marked decrease in 2,4-Me2-glucitol
acetate with a concomitant increase in 2,4,6-Me3-glucitol acetate and no changes in the
proportions of other methylated alditol acetates (Table 3). This suggests that the sulphate
groups were mostly linked at the O-6 position. Overall, the above data indicate that the
polysaccharide chain JF3 could be a (1→3)-glucose partially sulphated at O-6. Furthermore,
(1→6)-linked galactose could be a branched polysaccharide, and other units and terminals
could be in the side chains. Future studies need to elucidate the connection between the
linkage through 1D and 2D NMR analyses. Li et al. (2017) reported the linear linkage of
the fractionated polysaccharides of jellyfish with a Mw of 1250 kDa (JSP-11), which was
previously reported as (1→3,6)-Manp, (1→6)-Galp, and (1→)-GlcpA as terminal [7].
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Table 3. Glycosidic linkage analysis of JF3.

Characteristic Fragment
Ions (m/z)

Methylation Product Glycosidic Linkage
JF3
(%)

D-JF3
(%)

84, 102, 118, 129, 162, 207 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-Man Manp-(1→ 9.1 10.5
87, 101, 118, 129, 161, 206, 234 1,3,5-tri-O-acetyl-2,4,6-tri-O-methyl-Glc →3)-Glcp-(1→ 16.4 48.4
87, 101, 118, 129, 162, 189, 234 1,5,6-tri-O-acetyl-2,3,4-tri-O-methyl-Gal →6)-Galp-(1→ 1.00 1.30

87, 101, 118, 129, 189, 234 1,3,5,6-tetra-O-acetyl-2,4-di-O-methyl-Glc →3,6)-Glcp-(1→ 45.2 13.5
87, 101, 118, 129, 189, 234 1,3,5,6-tri-O-acetyl-2,4-di-O-methyl-Gal →3,6)-Galp-(1→ 28.3 26.3

3. Discussion

This study focused on the extraction, isolation, structure characterisation, and anti-
inflammation properties of polysaccharides from the white jellyfish (L. smithii). After
fractionation using ion-exchange chromatography to obtain three fractions (JF1, JF2, and
JF3), the crude and three fractions were found to contain carbohydrates (62.5–72.2%) with
some proteins (7.12–24.1%), sulphate (8.27–22.7%), and uronic acids (1.47–3.40%). The
Mw and Rg of these polysaccharides showed ranges of 293.0–865.0 kDa and 56.3–124.0 nm,
respectively, indicating variations in their molecular size. Moreover, the monosaccha-
ride composition revealed differences in levels, including galactose (12.5–41.0%), glucose
(33.1–56.7%), mannose (3.83–15.2%), and arabinose (0.60–15.4%), with a small amount of
fucose (0.10–2.53%) and rhamnose (0.54–8.30%). The backbones of the most immunoinhibit-
ing polysaccharide, JF3, were mainly linked through (1→3)-glucose, with some sulphate
groups attached at position O-6. In addition, there is a possibility that (1→6)-linked galac-
tose could form a branching structure within a polysaccharide, and various units and
terminals could be present in the side chains.

The research of hot water extraction of polysaccharides from Gracilaria rubra (GRPS)
and isolation with a DEAE-52 cellulose column and a Sephadex G-50 column yielded three
fractions, GRPS-1-1, GRPS-2-1, and GRPS-3-2, which were heteropolysaccharides consisting
of galactose and fucose at ratios of 1.79:1, 2.16:1, and 2.76:1, respectively. In addition, the
Mw of GRPS-1-1, GRPS-2-1, and GRPS-3-2 were 1310, 691, and 923 kDa, respectively [31].
Another study performed enzyme-assisted extraction of sulphated polysaccharide (SCVP-1)
from the sea cucumber, which consisted of mannose, glucosamine, glucuronic acid, N-
acetyl-galactosamine, glucose, galactose, and fucose; had a relative molecular weight of
180.8 kDa; and was composed of total carbohydrates, uronic acid, proteins, and sulphate
groups. The structure showed glycosaminoglycan with sulphation linked to the fucose
residue [32]. In general, the structure and molecular properties of polysaccharides dif-
fer greatly depending on the type, species, growing conditions, extraction process, and
analytical techniques. Among these parameters, the variation in their proximate composi-
tions appears to be significantly impacted by the type, species variations, and extraction
processes [33,34].

Numerous polysaccharides have been demonstrated to possess anti-inflammatory
effects in macrophages, suppressing the production of inflammation mediators, such as
NO, PGE2, iNOS, COX-2, IL-1β, IL-6, and TNF-α [9,11,31,35]. The inflammation process
involves multiple molecular mechanisms. For example, iNOS and COX-2 are two of the
most important mediators of NO production and prostaglandin synthesis [11,13]. First, we
observed that L. smithii polysaccharides, both in crude form and when fractionated (JF1, JF2,
and JF3), could effectively inhibit the LPS-induced production of NO; the highest inhibitory
effect on NO production was shown by fraction JF3. Our results demonstrate that JF3 inhib-
ited LPS-induced NO production in macrophages, which was associated with their ability
to downregulate iNOS mRNA expression. TNF-α, IL-1β, and IL-6 are pro-inflammatory
cytokines that play essential roles in immunological responses to a range of inflammatory
stimuli [36]. JF3 also significantly reduced the expression of COX-2, IL-1β, IL-6, and TNF-α
induced by LPS. Conversely, IL-10 is one of the most effective anti-inflammatory cytokines,
with numerous immunomodulatory properties [10,12,37]. Our findings revealed that JF3
dramatically boosted the levels of IL-10, an anti-inflammatory cytokine. Furthermore, these
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results are consistent with those of previous reports, which showed that polysaccharides
regulated LPS-induced inflammatory mediators and cytokine production [38–40]. Overall,
this study suggests that JF3 polysaccharides have anti-inflammatory activity by inhibiting
the expression of pro-inflammatory cytokines and enhancing anti-inflammatory cytokines.

A variety of signalling pathways related to cellular immunological responses have
been studied to elucidate the molecular mechanisms of L. smithii polysaccharides. Polysac-
charides may be involved in immunity and inflammation through MAPK and NF-κB
signalling processes, which are critical intracellular signalling pathways with complicated
connections [15]. NF-κB is an important transcription factor that regulates the genera-
tion of various inflammation-related mediators and cytokines [36,39]. Here, pretreatment
with JF3 significantly reduced LPS-induced p65 phosphorylation. The MAPK pathway is
additionally recognised to serve as a critical mediator in the promotion of inflammatory
responses, which plays a role in regulating several cellular processes [41]. The pathway
consists of three-tiered cascades, including JNK, ERK, and p38 [10,42]. The phosphory-
lation activates pro-inflammatory transcription factors, such as activator proteins (AP)-1
(cFos/cJun), Runt-related transcription factor (RUNX)-2, hypoxia inducible factor (HIF)-
2α, and CCAAT-enhancer-binding protein (C/EBP)-β [42]. In this work, JF3 markedly
decreased the phosphorylation of p38, JNK, and ERK1/2. A previous study found that
sulphated polysaccharides from Sargassum cristaefolium had anti-inflammatory effects by
suppressing NF-κB and downregulating the phosphorylation of p-38, ERK, and JNK kinases
in the MAPK signalling cascade [6].

Additionally, markers such as CD68, CD86, CD80, F4/80, CD11b, and CD40 are
expressed by activated macrophages [43,44]. The CD40 molecule interacts with antigen-
presenting cells and plays a costimulatory role in immune regulation [16]. CD11b/CD18 is
a receptor on innate immune cells that recognises pathogens [45]. Here, the flow cytometric
analysis revealed that JF3 inhibited the expression of CD11b and CD40 in LPS-treated
RAW264.7 cells. Thus, our findings suggest that JF3 could inhibit the initial phase of LPS-
activated cellular signalling pathways by decreasing LPS binding to cell surface receptors
and CD11b and CD40 expression on RAW264.7 cells.

Recently, research demonstrated that the structural characteristics of a polysaccharide
have a close relationship with anti-inflammatory activities, including chemical composition,
monosaccharide, molecular weight, structure, functional groups, glycosidic linkage, and
conformations. Many reports have shown that the sulphate groups and Mw of polysaccha-
rides markedly affect their anti-inflammatory properties [46]. Brown algal polysaccharides
(S. cristaefolium) with an Mw of 386.1 kDa and a sulphate concentration of 9.42% reduced NO
production in LPS-stimulated RAW264.7 cells [6]. It seems that the dependence of suitable
Mw and sulphate groups might enhance the binding affinity with the cell receptor [6,47].

According to our results, the JF3 chain contained (1→3)-linked glucopyranosyl, (1→3,6)-
linked glucopyranosyl, and (1→3,6)-linked galactopyranosyl residues. The sulphate groups
were mostly presented at the position of O-6. In addition, the 1→6-linked galactose units
could be a branched polysaccharide, and other units and terminals could be in the side
chains. JF3 had a molecular weight of 293.0 kDa and a high content of sulphates. This is
similar to the previously mentioned research, which found that glycosidic linkages could
affect anti-inflammatory activities. α-D-(1→3)-linked glucose shows anti-inflammatory,
antiangiogenic activities, and anti-CAG (chronic atrophic gastritis) activity [48–51]. Simi-
larly, the existence of monosaccharides could be a factor that affects the anti-inflammatory
activities of polysaccharides, glucose, and fucose, and has been found to have a good effect
on inflammatory activity [5,52]. Numerous studies have been conducted on a fucose-rich
fucoidan that strongly affects both in vitro and in vivo anti-inflammatory activities. In
brown seaweed, the fucoidan’s effects could potentially inhibit anti-inflammatory activities
via the inhibition of protein denaturation, primarily due to its fucose content and the
moderation of sulphate content [53,54]. An analysis of monosaccharides of JF3 revealed
that they mostly contained glucose, galactose, and mannose, while arabinose, rhamnose,
and fucose represented a minor sugar unit. However, the limited quantities of fucose may
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be responsible for the anti-inflammatory activities. As such, investigation into the monosac-
charide, molecular weight, and fine structures is essential to understand the relationships
between structural elements and biological processes and realise their maximum effects.

4. Materials and Methods

4.1. Materials and Chemicals

Fresh white jellyfish (L. smithii) were obtained from local fisheries in La-ngu District,
Satun Province, Thailand. After collection, fresh jellyfish were individually packed into
a polyethylene bag, frozen in the freezer, packed into a carton box, and transported by
a temperature-controlled container car (−18 to 20 ◦C) to the laboratory of the College
of Maritime Studies and Management, Chiang Mai University, Samut Sakhon Province,
Thailand, within 12 h. The collected jellyfish was rinsed with distilled water (DW) and dried
in a hot air oven at 55 ◦C until the final moisture content of the sample was 8%. The dried
sample was then powdered with a grinder. The jellyfish was placed into a polyethylene bag,
frozen at −20 ◦C, and used for polysaccharide extraction after two months. The Roswell
Park Memorial Institute (RPMI) 1640 Medium was purchased from Gibco (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Mouse macrophage RAW264.7 cells were purchased
from the Korean Cell Line Bank (KCLB; Seoul, Republic of Korea). Fetal bovine serum (FBS)
and 1% penicillin/streptomycin were procured by Welgene (Daegu, Republic of Korea).
All other cell culture chemicals and reagents were obtained from Sigma Chemical Co. (St.
Louis, MO, USA). All solvents used were of high-performance liquid chromatography
(HPLC) grade.

4.2. Polysaccharide Extraction and Fractionation

The extraction of L. smithii polysaccharides was performed using water extraction [7].
The dried sample powder of L. smithii was extracted two times in DW at 90 ◦C for 2 h. All
water extracts were combined and precipitated from the supernatant using four volumes of
cold 98% (v/v) ethanol and stored overnight at 4 ◦C, which was then subjected to filtration.
The resulting pellet was collected and dried under a fume hood overnight to obtain the
crude polysaccharide powder. The crude polysaccharide was then fractionated using
ion-exchange chromatography on a DEAE Sepharose fast flow column (17-0709-01; GE
Healthcare Bio-Science AB, Uppsala, Sweden). The polysaccharides were eluted with DW
and different concentrations of NaCl (0.5–2 M). The elution profile of carbohydrates was
evaluated using the phenol-H2SO4 method by determining 490 nm absorbance [55]. The
chromatography yielded three fractions, namely, JF1 (eluted with DW), JF2 (eluted with
1.0 M NaCl), and JF3 (eluted with 1.5 M NaCl), as shown in Figure 7.

Figure 7. Elution profile of L. smithii polysaccharides (JF1, JF2, and JF3) fractionated in a DEAE
Sepharose fast flow column.
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4.3. Chemical Composition

The chemical compositions were examined, including the total carbohydrate content,
which was determined with the phenol-sulfuric acid method using D-glucose as a stan-
dard [55]. The protein content was evaluated with the Lowry method using a DC protein
assay kit (Bio-Rad, Hercules, CA, USA) [56]. The determination of the sulphate content was
carried out with the BaCl2 gelatin method using K2SO4 as a standard [57]. The uronic acid
contents were analysed with a sulphamate/m-hydroxydiphenyl assay using glucuronic
acid as a standard [58].

4.4. Monosaccharide Characterisation

Gas chromatography–mass spectrometry (GC–MS) was used to examine the monosac-
charide composition of L. smithii polysaccharides. The sample was hydrolysed with trifluo-
roacetic acid (TFA, 4 M) at 100 ◦C for 6 h, then reduced in water with sodium borodeuteride
(NaBD4) and acetylated with acetic anhydride. Finally, the sample was analysed by GC–MS
(6890 N/MSD 5973, Agilent Technologies, Santa Clara, CA, USA) coupled with an HP-5MS
capillary column (30 m × 0.25 mm × 0.25 μm). As a carrier gas, nitrogen was applied. To
certify the monosaccharide content, monosaccharide standards were employed.

4.5. Measurement of Mw

The Mw of the four polysaccharides was estimated using the HPSEC-UVMALLS-RI
system), which included a pump (Waters 510, Milford, MA, USA), an injector valve with a
200 μL sample loop (model 7072, Rheodyne, Rohnert Park, CA, USA), SEC columns (TSK
G5000 PW, 7.5 mm × 600 mm; TosoBiosep, Mongomeryville, PA, USA), a UV detector
at 280 nm (Waters 2487), a multi-angle laser light scattering detector (HELEOS, Wyatt
Technology Corp, Santa Barbara, CA, USA), and a refractive index detector (Waters 2414).
At a flow rate of 0.4 mL/min, the mobile phase of this system contained 0.15 M NaNO3 and
0.02% NaN3. Each sample was immersed in DW and then heated for 15 min at 75 ◦C before
being injected into MALLS. The Mw and Rg were estimated using the ASTRA version 6.0
software (Wyatt Technology Corp., Beijing, China).

4.6. Measurement of the Anti-Inflammatory Activity of L. smithii Polysaccharides
4.6.1. Cell Culture and Treatment

The RAW264.7 cells were grown in RPMI-1640 medium, which was supplied with 10%
FBS and 1% penicillin/streptomycin and kept at 37 ◦C in 5% CO2 humidified incubators.
The cells were incubated with 100 μL of various doses of polysaccharides (125, 250, 500,
and 1000 μg/mL) or aspirin (200 μg/mL) as a positive drug for 1 h. Following sample
treatment, the cells were stimulated with 100 μL of LPS (1 μg/mL) for a further 24 h.

4.6.2. Cell Viability Analysis

The cell proliferative ability was assessed through the EZ-Cytox Cell Viability Assay Kit
(DaeilLab Service, Seoul, Republic of Korea). Briefly, the RAW264.7 cells (1 × 106 cells/mL)
were incubated in a 96-well cell culture plate with various concentrations of L. smithii
polysaccharides for 24 h, and the amount of tetrazolium salt was quantified using a mi-
croplate reader (EL-800; BioTek Instruments, Winooski, VT, USA) at 450 nm absorbance.

4.6.3. Determination of NO Release

Griess reagent (Sigma-Aldrich, St. Louis, MO, USA) was applied to quantify the
concentration of NO in the supernatant. RAW264.7 cells (1 × 106 cells/mL) in a 96-well
cell culture plate were subjected to treatment with L. smithii polysaccharides prior to LPS
stimulation. After incubation, 100 μL of cell culture supernatant was combined with Griess
reagent (0.1% N-1-napthyl ethylenediamine dihydrochloride in DW and 1% sulphanilamide
in 5% phosphoric acid) and incubated for 10 min. The nitrite accumulation was measured
using 540 nm absorbance and a standard curve for sodium nitrite.
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4.6.4. Real-Time Polymerase Chain Reaction (PCR) Analysis

The RAW264.7 cells (1 × 106 cells/mL) were placed in a 24-well cell culture plate
and subjected to treatment with polysaccharides induced by LPS. Total RNA extraction
was carried out using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and cDNA
was created using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). Then, the fragments were amplified using a real-time PCR system
on a QuantStudio™ 3 FlexReal-Time PCR System (Thermo Fisher Scientific Inc., Waltham,
MA, USA) with TB Green® Premix Ex Taq™ II (Takara Bio, Inc., Shiga, Japan) and the
specified primers (Table 4).

Table 4. The sequences of primers used in real-time PCR.

Target Genes
Sequences of the Primers (5′ to 3′)

Forward Reverse

IL-1β GGGCCTCAAAGGAAAGAATC TACCAGTTGGGGAACTCTGC
IL-6 AGTTGCCTTCTTGGGACTGA CAGAATTGCCATTGCACAAC

IL-10 TACCTGGTAGAAGTGATGCC CATCATGTATGCTTCTATGC
TNF-α ATGAGCACAGAAAGCATGATC TACAGGCTTGTCACTCGAATT
iNOS TTCCAGAATCCCTGGACAAG TGGTCAAACTCTTGGGGTTC

COX-2 AGAAGGAAATGGCTGCAGAA GCTCGGCTTCCAGTATTGAG
β-actin CCACAGCTGAGAGGGAAATC AAGGAAGGCTGGAAAAGAGC

4.6.5. Western Blotting Analysis

The RAW264.7 cells (2 × 106 cells/mL) in a 6-well cell culture plate were subjected to
treatment with polysaccharides and LPS for 24 h at 37 ◦C. Then, the cells were harvested and
lysed in radioimmunoprecipitation assay (RIPA) buffer for 30 min before being collected
by centrifugation at 12,000× g for 10 min at 4 ◦C. The protein contents were determined
using the Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA,
USA). A total of 30 μg of protein per sample was separated by electrophoresis on 10%
SDS-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride
(PVDF) membrane. Primary antibodies against phospho-NF-κB p65, phospho-p38 MAPK,
phospho-SAPK/JNK, phospho-p44/42 MAPK (Erk1/2), and alpha-tubulin, along with
an anti-rabbit IgG HRP-linked antibody (Abcam, Cambridge, UK), were used to incubate
the membrane. The proteins were identified using the Pierce ECL Plus Western Blotting
Substrate (Thermo Fisher Scientific Inc., Waltham, MA, USA), and the expression was
visualised using the Bio-Rad image analysis program (Bio-Rad, Hercules, CA, USA).

4.6.6. Flow Cytometry Analysis

RAW264.7 cells at a density of 1 × 106 cells/mL in a 6-well cell culture plate treated
with the polysaccharides (125–1000 μg/mL) were rinsed with a flow cytometry buffer.
Then, 10 μL of anti-CD40-APC (Anti-CD40 (1C10) Allophycocyanin (APC), Thermo Fisher
Scientific Inc., Waltham, MA, USA) and 10 μL of anti-CD11b (anti-CD11b (M1/70) fluores-
cein isothiocyanate (FITC), Thermo Fisher Scientific Inc., Waltham, MA, USA) monoclonal
antibodies were stained to each sample and incubated for 30 min at 4 ◦C in the dark.
The unconjugated antibodies were removed by washing the cells with FACS buffer and
then resuspended with 1% paraformaldehyde. In order to analyse the flow cytometry, a
CytoFLEX Flow Cytometer (Beckman Coulter, Inc., Brea, CA, USA) was used.

4.7. Desulphation of Polysaccharide

The desulphation of polysaccharide was based on the method reported by Tarbasa
et al. [59]; the JF3 fraction (100 mg) was dissolved in 10 mL of distilled water and eluted
with pyridine from a Dowex 50 W resin column, yielding lyophilised polysaccharide–
pyridinium salts. Then, the polysaccharide–pyridinium salts were processed at 120 ◦C and
for 40 min to obtain the desulphation sample. The solution was dialysed against distilled

14



Mar. Drugs 2023, 21, 559

water and finally lyophilised to obtain the desulphated JF3. The glycosidic linkage of native
JF3 and desulphated JF3 was analysed using GC–MS.

4.8. Methylation Analysis of JF3

The samples were methylated according to Ciucanu’s method [60], which was slightly
modified. The sample was dissolved in 0.5 mL of dimethyl sulfoxide (DMSO) and methy-
lated with methyl iodide (CH3I) and sodium hydroxide powder (NaOH). Partially methy-
lated alditol acetates were created by methylating polysaccharides using acid hydrolysis
with 4 M TFA at 100 ◦C for 6 h. After that, the hydrolysates were decreased with NaBD4
and acetylated with acetic anhydride. GC–MS (6890 N/MSD 5973, Agilent Technologies,
Santa Clara, CA, USA) was used for the analysis of partly methylated alditol acetates on an
HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm) (Agilent Technologies, Santa Clara,
CA, USA). The carrier gas was helium, with a constant flow rate of 1.2 mL/min. The oven
settings incorporated a temperature program that proceeded from 160 to 210 ◦C in 10 min
and then to 240 ◦C in 10 min. Thus, a temperature gradient was used at 5 ◦C/min, the inlet
temperature was maintained at 250 ◦C, and the mass range was set to 35 to 450 m/z. Peaks
were assigned by considering retention times and mass spectra.

4.9. Statistical Analyses

The experimental design was completed with a completely randomised design (CRD).
The analysed data were reported as the mean ± standard deviation (SD) of three indepen-
dent experiments (n = 3) using SPSS version 23.0 software (SPSS, Inc, Chicago, IL, USA) for
data analysis. The significance was determined using one-way ANOVA, and Duncan’s new
multiple range tests (DMRTs) were used to test the differences between treatment groups
(p < 0.05).

5. Conclusions

The water-soluble polysaccharides isolated from jellyfish (Lobonema smithii) were frac-
tionated into three fractions with different sugar, protein, and sulphate contents, as well as
different sugar units, exhibiting wide ranges of Mw values. The crude and fractionated (JF1,
JF2, and JF3) polysaccharides could activate RAW264.7 cells by promoting cell viability and
reducing the secretion of NO. In particular, JF3 inhibited the LPS-induced release of factors
and cell surface molecules that promote inflammation by decreasing NF-κB and MAPK
signalling. Furthermore, JF3 also contributed to a reduction in pro-inflammatory cytokines
and an increase in anti-inflammatory cytokines in response to LPS. The increased activity
of JF3 could have resulted from its lower molecular weight relative to the crude polysaccha-
rides and the other two fractions. In addition, (1→3)-linked glucopyranosyl, (1→3,6)-linked
glucopyranosyl, and (1→3,6)-linked galactopyranosyl residues comprised the main chain
of JF3, partially sulfated at O-6 of glucose; furthermore, the other units and terminals
could be in the side chains. Therefore, this study suggests that L. smithii polysaccharides
potentially possess anti-inflammatory activity and could be useful as effective therapeutic
agents against inflammation according to the chemical composition and primary molecular
structure results, especially for JF3 polysaccharides. To maximise the utilisation of this
marine species as a bioactive resource in the pharmaceutical industry, additional research is
required on the purification and identification of the active polysaccharides in JF3, and the
impact of the functional group and molecular structure on its anti-inflammatory properties
should be investigated in future studies.
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Abstract: In the present study, the recovery of valuable molecules of proven anti-inflammatory and
antimicrobial activity of the acidophilic microalga Coccomyxa onubensis (C. onubensis) were evaluated
using green technologies based on ultrasound-assisted extraction (UAE). Using a factorial design
(3 × 2) based on response surface methodology and Pareto charts, two types of ultrasonic equipment
(bath and probe) were evaluated to recover valuable compounds, including the major terpenoid
of C. onubensis, lutein, and the antimicrobial activity of the microalgal extracts obtained under op-
timal ultrasound conditions (desirability function) was evaluated versus conventional extraction.
Significant differences in lutein recovery were observed between ultrasonic bath and ultrasonic
probe and conventional extraction. Furthermore, the antimicrobial activity displayed by C. onubensis
UAE-based extracts was greater than that obtained in solvent-based extracts, highlighting the ef-
fects of the extracts against pathogens such as Enterococcus hirae and Bacillus subtilis, followed by
Staphylococcus aureus and Escherichia coli. In addition, gas chromatography–mass spectrometry was
performed to detect valuable anti-inflammatory and antimicrobial biomolecules present in the op-
timal C. onubensis extracts, which revealed that phytol, sterol-like, terpenoid, and even fatty acid
structures could also be responsible for the antibacterial activities of the extracts. Moreover, UAE
displayed a positive effect on the recovery of valuable molecules, improving biocidal effects. Our
study results facilitate the use of green technology as a good tool in algal bioprocess engineering,
improving energy consumption and minimizing environmental impacts and process costs, as well as
provide a valuable product for applications in the field of biotechnology.

Keywords: Coccomyxa onubensis; ultrasound-assisted extraction; lutein recovery; antimicrobial activity;
sterols; food applications

1. Introduction

Microalgae are a diverse group of unicellular photosynthetic microorganisms found
in various aquatic habitats, including marine, freshwater, and brackish water environ-
ments [1,2]. They are one of the most promising biomass sources for biotechnological
applications owing to their high growth rates, ability to produce various valuable com-
pounds, and low environmental impact. In particular, extremophile microalgae offer
numerous biotechnological benefits owing to their unique ability to adapt to extreme
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environments. These microorganisms have garnered considerable attention because of
their potential applications in various industries, including food, pharmaceutical, and
cosmetics, owing to their ability to produce pigments, antioxidants, and other bioactive
molecules [3,4]. Coccomyxa onubensis is an acidophilic microalga and a well-known pro-
ducer of the proven anti-inflammatory and antimicrobial terpenoid lutein [5–7]. It exerts
antibacterial activity [8] and is considered a safe food source for animals, improving the
antihyperglycemic and antihyperlipidemic protective effects on rats [9,10]. This microalga
was isolated from the acidic mine drainages of the Pyritic Belt located southwest of An-
dalusia (Huelva, Spain), an environment suitable for the growth of many extremophile
microorganisms; this area has high concentrations of heavy metals, low pH, and is exposed
to a high UV light irradiation [6].

Microalgae have been explored for their antimicrobial activities, which have been
attributed to different chemical compounds, including indoles, terpenes, acetogenins,
phenols, fatty acids, and volatile halogenated hydrocarbons [11]; most of these compounds
have been also attributed anti-inflammatory properties through in vitro assays [12,13]. In
general, to obtain high-value products, the extraction technique is an important step in
algal bioprocess engineering. The selection of the extraction technique can substantially
affect the energy consumption of the overall production process. A suitable extraction
technique minimizes environmental effects and associated process costs and increases
product value [14].

Ultrasound-assisted extraction (UAE) is a green extraction technology primarily based
on the cavitation phenomenon [15]. The thermal and mechanical effects of ultrasound
waves on the medium, trigger biomass rupture [16]. These characteristics of UAE signifi-
cantly improve the mixing and high mass transfer of the solvent into the sample matrix and
establish a greater surface contact area between the solid and liquid phases [17]. Two types
of ultrasonic equipment are commonly used to perform UAE: probes (high ultrasound
intensity) and baths (high ultrasound intensity) [18]. These aspects lead to considerable
differences in the recovery of valuable molecules from the extraction processes [18,19]. Sev-
eral studies have reported the use of ultrasound technology for carotenoid recovery from
algal biomass using different ultrasound frequencies, from low frequencies of 18–200 kHz
to high frequencies of 400–10 MHz [15,20]. However, only a few studies have described
the effects of this technology on the antimicrobial activity of the resulting microalgae
extracts [21,22]. The novelty of this study is not related to the use of UAE technologies
but to their specific application to developing green extraction processes from acidophilic
microalgae; extremophilic microalgae are gaining relevance in biotechnology [5,6,10], and
extraction procedures must be developed which unveil novel active molecules and efficient
recovery protocols.

Therefore, we studied the effects of UAE on lutein extraction yield and other valuable
metabolites in C. onubensis extracts that can exert antimicrobial and anti-inflammatory
activity; the former activity was determined in the extracts, and the latter activity was
proposed based on the unveiled presence of specific compounds having been reported to
exert anti-inflammatory activity. This study was performed by using two types of ultrasonic
equipment: an ultrasonic bath and probe (50 Hz and 20 kHz of ultrasound frequency,
respectively), and the results were compared with those obtained by conventional extraction
using the non-green solvent methanol (maceration). All experiments were performed using
factorial designs (3 × 2) based on response surface methodology (RSM) and Pareto charts,
using ethanol as the green extractant.

2. Results and Discussion

2.1. Effects of the Ultrasonic Techniques on the Extraction Yield of C. onubensis

Ultrasonic techniques are known for improving the recovery of valuable molecules
compared with other methods and have been tested for biomass of many origins such
as fruits and vegetables, algae, or agri-food wastes among other sources [21,23]. In the
present study, we elucidated the differences between an ultrasonic bath (Table 1) and an
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ultrasonic probe (Table 2) under two different factorial designs (3 × 2) to determine the
effects of two factors with three levels in eleven runs (with two additional central points)
on the extraction yield and recovery of the anti-inflammatory and antimicrobial terpenoid
lutein, used for evaluating the recovery method efficiency of proven anti-inflammatory
and antimicrobial lipophilic compounds of the acidophilic microalga C. onubensis extracted
with ethanol (a type of green solvent).

Table 1. Experimental design to optimize the parameters for ultrasonic bath extraction of C. onubensis.
The response variables were extraction yield and lutein recovery. Lutein was used as a marker to
compare the extraction efficiency of different methods.

Run
T

(◦C)
Time
(min)

Extraction Yield
(% w/w)

Lutein Recovery
(% w/w)

1 −1 −1 13.05 51.81
2 0 −1 21.50 85.17
3 1 −1 27.98 127.81
4 −1 0 21.15 128.51
5 0 0 31.27 108.68
6 1 0 35.15 129.93
7 −1 1 17.82 88.29
8 0 1 26.00 101.53
9 1 1 31.48 134.27
10 0 0 28.45 125.81
11 0 0 29.01 123.20

Standard deviations of the extraction yield result = 0.989558 and lutein recovery = 0.793382. High level (+1): 70 ◦C
and 30 min; low level (−1): 30 ◦C and 10 min; and central point (0): 50 ◦C and 20 min.

Table 2. Experimental design to optimize the parameters for ultrasonic probe extraction of C. onubensis.
The response variables were extraction yield and lutein recovery. Lutein was used as a marker to
compare the extraction efficiency of different methods.

Run
Pulse *

(s/s)
Time
(min)

Extraction Yield
(% w/w)

Lutein Recovery
(% w/w)

1 −1 −1 15.43 37.85
2 0 −1 14.57 40.69
3 1 −1 14.98 69.88
4 −1 0 17.17 51.44
5 0 0 15.71 58.94
6 1 0 16.12 97.85
7 −1 1 16.97 65.36
8 0 1 16.78 54.19
9 1 1 17.34 54.93
10 0 0 14.97 60.64
11 0 0 15.24 57.90

* The pulse duration and pulse interval refer to “on” time (equal to 10 s) and “off” time (from 30 to 60 s) of the
sonicator. Standard deviation of the extraction yield results = 0.849697 and lutein recovery = 0.817347. High level
(+1): 10/60 s/s and 15 min; low level (−1): 10/30 s/s and 5 min; and central point (0): 10/45 s/s and 10 min.

The factors for the ultrasonic bath were extraction time (10, 20, and 30 min) and
temperature (30 ◦C, 50 ◦C, and 70 ◦C). Table 1 indicates that the optimal condition for
maximum extraction yield was run 6, i.e., extraction at 70 ◦C for 20 min, with an extrac-
tion yield of 35.15% w/w, followed by runs 9 and 5 (yields of 31.48% and 31.27% w/w,
respectively). However, the extraction conditions of runs 1 and 7 (low temperature of
30 ◦C for low-middle extraction time of 10 and 20 min, respectively) obtained the poorest
extraction yield of 13.05% and 17.82% w/w, respectively. Figure 1 illustrates the Pareto
chart (Figure 1A) and RSM plot (Figure 1B) of C. onubensis after adjusting the effect of
each factor (extraction time and temperature) on the extraction yield using the ultrasonic
bath. The Pareto chart (Figure 1A) revealed that factors such as temperature, extraction
time, and quadratic extraction time were statistically significant in the extraction (p ≤ 0.05).
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In particular, temperature and extraction time improved the process under high values
(Table 1, runs 6 and 9), whereas quadratic extraction time provided opposite results. On the
other hand, the statistical software complemented with the complete mathematical model
(Equation (1)), with an R2 value of 98.96%; this indicates that this model has a good fit
(Table S1). In the equation given below, the extraction yield was represented using T as the
extraction temperature (In ◦C) and t as the extraction time (In min) and their combinations.

Yield = 29.5221 + 7.09833 × T + 2.12833 × t − 1.29026 × T2 − 0.3175T × t − 5.69026 × t2 (1)

(A) 

(B) 

Figure 1. Pareto chart (A) and RSM (B) rationalizing the effect of each factor on the extraction yield of
C. onubensis, using an ultrasonic bath. The vertical line in the Pareto chart indicates the 95% confidence
level for the effects. Note: RSM, response surface methodology. The factors were extraction time
(10, 20, and 30 min) and temperature (30 ◦C, 50 ◦C, and 70 ◦C).

The nonsignificant terms from the model were excluded and the mathematical model
was refitted to obtain a new equation (Equation (2)) with a similar deviation (R2 = 97.90%).

Yield = 29.006 + 7.09833 × T + 2.12833 × t − 6.03433 × t2 (2)

Furthermore, Figure 1B (RSM) illustrates that the color intensity increased with extrac-
tion at high temperatures and moderately high extraction times, as explained above. The
optimal conditions obtained using the statistical software were approximately 70 ◦C and
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22 min (Supplementary Materials, Table S1), with an optimal extraction yield of 36.29% w/w,
which is extremely close to the experimental data (run 6).

Table 2 presents the extraction yield data of C. onubensis after using an ultrasonic probe.
In this experiment, the factors were pulse duration and pulse interval (including varying
sonication times of ON equal to 10 s and OFF from 30 to 60 s) and extraction time (5, 10,
and 15 min).

In general, the extraction yield data of the probe were lower than those obtained using
an ultrasonic bath. The best yield was 17.34% w/w (run 9), closely followed by 17.17% w/w
(run 4) (Table 2). In both cases, the extraction conditions were opposite, with run 9 being a
high-level condition (10/60 s and 15 min) and run 4 being a low-middle level condition
(10/30 s and 10 min). The worst extraction yield obtained was not very low (14.57% w/w)
and was observed for run 2 (10/45 s and 5 min). Figure 2 summarizes the Pareto chart
(Figure 2A) and RSM plot (Figure 2B) for the extraction yield of C. onubensis obtained using
an ultrasonic probe. Extraction time and quadratic pulse interval were factors significantly
and positively affecting the extraction process. In addition, a model equation (Equation (3))
was calculated for yield under the ultrasonic probe condition using statistical software
(R2 = 88.98%, Table S2).

Yield = 15.4821 − 0.188333 × Pi + 1.01833 × t + 0.899737 × Pi2 + 0.205 Pi × t −
0.0702632 × t2 (3)

where Pi indicates the pulse intervals (s/s), and t indicates the extraction time (min).
The nonsignificant terms of the initial model (pulse, quadratic extraction time, and their
interactions) were excluded and the following equation was obtained (Equation (4)) with
an R2 of 84.97%.

Yield = 15.454 + 1.01833 × t + 0.881 × Pi2 (4)

As demonstrated in the RSM plot (Figure 2B), a high extraction time (15 min) and
extreme pulse intervals (10/30 and 10/60 s/s) improved the extraction yield of C. onubensis
extracts using an ultrasonic probe. For the optimal extraction conditions predicted using
the statistical software for yield, the maximum yield was obtained at 10/60 s/s and 15 min,
with a projected value of 17.35% w/w.

Studies have recommended using ultrasound as a pretreatment process for cell dis-
ruption in the microalgal biorefinery process because it confers advantages such as high
efficiency, mild operating conditions, low toxicity, and time-saving methodology [24,25].
We observed that both ultrasound techniques increased the extraction yield of C. onubensis
in lower extraction times, resulting in up to 2.9- and 1.4-fold higher yields for the ultrasonic
bath and probe, respectively, compared with maceration (12.31% ± 0.02% w/w). Therefore,
compared with conventional extraction, UAE allows greater permeability of the biomass
with the ethanol solvent to recover the biomolecules present in C. onubensis.

Regarding the specific ultrasonic methods used in this work, ultrasonic bath improved
the extraction yield compared with ultrasonic probe. This could be because of the formation
and accumulation of radicals during the cavitation process under high ultrasound intensity
(the frequency was 20 kHz or 226 W/cm2 of acoustic power delivered into a liquid for the
ultrasonic probe versus 50 Hz for the ultrasonic bath). Pingret et al. [26] comprehensively
described the physicochemical effects of UAE in food processing. Acoustic cavitation is
characterized by an increase in temperature and pressure conditions. It confers beneficial
effects on the extraction of bioactive compounds; however, it can also alter the extraction
conditions by producing radicals and molecules such as OH and H radicals, resulting in
substantial quality defects in these products. Vintila et al. [27] also confirmed similar results
using an ultrasonic bath. They increased the ultrasound intensity from 60% to 100% and
demonstrated that the extraction yield of carotenoids and lipids considerably decreased.
Therefore, the effects of ultrasound intensity or power input on the extractability of a target
component are complex and warrant additional studies into the detailed extraction procedure.
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(A) 

(B) 

Figure 2. Pareto chart (A) and RSM (B) rationalizing the effect of each factor on the extraction yield
of C. onubensis obtained using an ultrasonic probe. The vertical line in the Pareto chart indicates
the 95% confidence level for the effects. Note: RSM, response surface methodology. Pulse intervals
understanding as the “off” ultrasonic time (“on mode” was 10 s in all cases). The factors were pulse
interval (10/30, 10/45, and 10/60 s/s) and extraction time (5, 10, and 15 min).

2.2. Effects of the Ultrasonic Techniques on the Anti-Inflammatory Carotenoids Profile of C. onubensis

Lutein is the main anti-inflammatory carotenoid present in C. onubensis (~70% of the to-
tal carotenoids quantified). Figure S1 illustrates the HPLC profile, which demonstrated that
other major, anti-inflammatory carotenoids such as neoxanthin, violaxanthin, zeaxanthin,
astaxanthin, and β-carotene are present in lower contents in this microalga. Studies have
reported that C. onubensis accumulates high levels of lutein, which is improved by cultivat-
ing the microalgal cultures under different conditions, modifying the lutein synthesis route
as an antioxidant protector [6,7,28]. We evaluated the effects of the two ultrasonic modes
(bath and probe) on lutein recovery from C. onubensis using an experimental design (3 × 2).
Lutein recovery represents the achieved percentage of lutein using UAE compared with
conventional extraction (3.24 mg/g of lutein with respect to biomass grams, benchmark
extraction). Table 1 suggests that the best conditions for lutein recovery using an ultrasonic
bath were runs 9 and 6 (70 ◦C/30 min and 70 ◦C/20 min, respectively), with recoveries
of 134.27% and 129.93% w/w, respectively. However, the condition of low temperature
and extraction time (30 ◦C/10 min, run 1) was noted to be the worst for lutein recovery
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(51.81% w/w). These data are complemented by the data illustrated in Figure 3, which
presents the Pareto chart (Figure 3A) and RSM plot (Figure 3B) of lutein recovery from
C. onubensis using an ultrasonic bath. The positively significant factor was temperature,
followed by quadratic extraction time (p ≤ 0.05). The optimal response obtained using the
statistical software was at 70 ◦C for 20.43 min (148.96% w/w). In general, compared with
conventional extraction (over 100% of lutein recovery), this ultrasonic technique improved
lutein extraction. The completed regression equation (Equation (5)) was fitted to the data
as follows:

Lutein recovery = 119.818 + 20.5667 × T + 9.88333 × t + 8.51895 × T2 − 7.505 ×
T × t − 27.3511 × t2 (5)

where T is the extraction temperature (in ◦C), and t is the extraction time (in min). The
R2 value was 79.34% (Table S1). Equation (6) shows the mathematical model with the
significant factors of the initial model (extraction temperature and quadratic extraction
time). Other nonsignificant variables were excluded, and the following equation was
obtained (Equation (6)) with an R2 of 64.29%:

Lutein recovery = 123.226 + 20.5667 × T − 25.0793 × t2 (6)

(A) (B) 

Figure 3. Pareto chart (A) and RSM (B) rationalizing the effect of each factor on lutein recovery from
C. onubensis, using an ultrasonic bath. The vertical line in the Pareto chart indicates the 95% confidence
level for the effects. Note: RSM, response surface methodology.

RSM (Figure 3B) was used to simultaneously optimize the levels of these variables
to obtain the system with the best performance based on the fit of a polynomial equation
to the experimental data [29]. In this case, the plot corresponded to the results described
above, where the optimal condition was high extraction temperature (70 ◦C) and moderate
extraction time (~20 min).

Next, we elucidated lutein recovery from C. onubensis using an ultrasonic probe. As
shown in Table 2, the data ranged from 37.85% to 97.85% w/w. These values were lower
than those obtained using the ultrasonic bath. Nevertheless, the best extraction condition
was observed for run 6 (1/60 s/s of pulse and 10 min, 97.86% w/w), followed by run
3 (1/60 s/s of pulse and 5 min, 69.88% w/w). Figure 4A,B illustrate the Pareto chart
and RSM plot, respectively. The Pareto chart revealed that pulse interval was the unique
significant variable in the lutein extraction from C. onubensis, calculated as lutein recovery.
This factor was defined as the “off” ultrasonic time (30, 45, and 60 s). The “on” mode was
10 s in all cases. By increasing the pulse interval (10/60 s), lutein recovery also improved.
However, extraction time (in min) was a nonsignificant variable as well as the combination
or quadratic of these factors. Figure 4B (RSM) demonstrates that intense color was observed
under elevated pulse intervals (in s) and intermediate extraction time conditions. The
optimal condition obtained using the software was a pulse of 10/60 s/s for 9 min, with an
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optimal recovery of 84.77% w/w. The regression equation (Equation (7)) was fitted to the
data to obtain the mathematical model as follows:

Lutein recovery = 60.4063 + 11.335 × Pi + 4.34333 × t + 12.3692 × Pi2 − 10.615 ×
Pi × t − 14.8358 × t2 (7)

where the values of the variables are specified in their original units (Pi, pulse intervals in
s/s and t, extraction time in min) and R2 was 81.73% (Table S2). To simplify the obtained
mathematical model, the nonsignificant variables in the lutein recovery process were
excluded. As a result, the following equation (Equation (8)) with a very low R2 of 30.21%
w/w was obtained.

Lutein recovery = 59.0609 + 11.335 × Pi (8)

(A) (B) 

Figure 4. Pareto chart (A) and RSM (B) rationalizing the effect of each factor on the lutein recovery from
C. onubensis, using an ultrasonic probe. The vertical line in the Pareto chart indicates the 95% confidence
level for the effects. Note: RSM, response surface methodology. Pulse interval understanding as the
“off” ultrasonic time (the “on” mode was 10 s in all cases).

In general, the effect of ultrasound intensity on the extractability of a target component
from different natural sources is complex and warrants further investigation into the
detailed extraction procedure. In the present study, the lutein recovery data of C. onubensis
using an ultrasonic bath were higher than those using an ultrasonic probe. This could be
because of the high ultrasound intensity used in the sonicator (50 kHz), resulting in the
damaging or degrading effect of ultrasonic waves on the pigments. In fact, in the ultrasonic
probe, when the pulsed interval was longer (10/30 s/s for 5 min vs. 10/60 s/s for 10 min),
the lutein recovery increased from 37.85% to 97.85% w/w, respectively. On the other hand,
for the ultrasonic bath, which used a less intense ultrasound frequency (50 Hz) but high
temperatures (30 ◦C–70 ◦C), lutein recovery was 1.4-fold higher than the best result of the
ultrasonic probe (run 6, Table 2). Extraction temperature can be another relevant factor in
the extraction process. In the ultrasonic probe experiment, the temperature was controlled
at 12 ◦C ± 4 ◦C to avoid the degradation of thermosensitive bioactive compounds and
formation of vapor-filled bubbles (cushioning effect) [30]. Although the ultrasonic bath
had a lower ultrasound intensity than the ultrasonic probe, the increase in temperature
significantly affected the performance of the solvent by improving its diffusion rate and
mass transfer capacity with the sample.

Several studies have described the importance of temperature in UAE and have
highlighted that low temperatures (<30 ◦C) can exert a beneficial effect on the extraction
process; in contrast, temperatures above 75 ◦C may increase the degradation of the obtained
compounds [31,32]. As a result, the processing temperature should be optimized to obtain
the highest extraction yield.

In a previous study, supercritical CO2 extraction, another green extraction technique,
was performed to optimize the extraction of valuable molecules in C. onubensis [33]. The
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lutein recovery value was less than that obtained using UAE in the present study (up to
50% of that of the optimal ultrasound bath condition). Similar findings were obtained for
extraction yield, with 2-fold more yield under the bath condition. Deenu et al. [34] used
RSM to optimize UAE experiments with or without enzymatic pretreatment to obtain the
optimal conditions for lutein extraction from the microalga Chlorella vulgaris. They revealed
that the optimal lutein recovery was 3.16 ± 0.03 mg/g wet weight of Chlorella vulgaris
under the following UAE conditions: frequency, 35 kHz; ultrasound intensity, 56.58 W/cm2;
extraction temperature, 37.7 ◦C; extraction time, 5 h; and solvent–biomass ratio, 31 mL/g.
This value was for the experiment without enzymatic pretreatment, which was similar to
that with enzymatic pretreatment (3.36 mg/g wet weight of Chlorella vulgaris). Regarding
the best lutein yield calculated using dry biomass, the optimal value was 12.38 mg/g dry
weight of Chlorella vulgaris (approximately three times more than the optimal lutein content
of C. onubensis using an ultrasonic bath, run 9). Although extraction was performed for 5 h
in the previous study and for 15–30 min in the present study, studies can be performed to
modify extraction times.

Another important concept is the stability of the bioactive compounds extracted using
UAE. Sun et al. [35] investigated the effects of different UAE factors on the stability of all
trans-β-carotene in a model system and the degradation kinetics and products. They varied
the intensities from 5% to 85% (corresponding to 60.5 and 1028.9 W/cm2) for 10 min on
pulsed mode (2 s on and 2 s off) with temperature control. Their findings were consistent
with those of our study; the concentration of β-carotene in dichloromethane decreased to
approximately 70% when ultrasound intensity was varied from 60.5 to 302.5 W/cm2.

Notably, culture conditions also play an important role in increasing lutein production
in microalgae [36]. In summary, UAE improves lutein recovery from C. onubensis and can be
a sustainable green process that can be applied in extreme microalgae biorefineries without
overlooking that ultrasound power intensity is a critical parameter that requires optimization.

2.3. Desirability Function

The desirability function approach is one of the most widely used methods for optimizing
multiple response processes. In the present study, it was based on maximizing variable
responses such as extraction yield and lutein recovery. Using this approach, we identified the
specific operating conditions that provide the “most desirable” response values from the UAE
of C. onubensis. For the ultrasonic bath, the optimal conditions were an extraction temperature
of ~70 ◦C and time of ~22 min (optimum value = 1.0, extraction yield of 35.33% w/w and
lutein recovery of 147.34% w/w). For the ultrasonic probe, the factors were an extraction time
of ~12 min and pulsed duration/interval of ~10/60 s of the sonicator (optimum value = 0.736,
extraction yield of 16.8% w/w and lutein recovery of 78.7% w/w). The biomass–solvent ratio
was the same (1:100) in all experiments. Figure 5A,B illustrate the desirability graphs for the
ultrasonic bath and probe. In these optimized techniques, both responses (extraction yield
and lutein recovery) were transformed into a dimensionless individual desirability function
ranging from 0 to 1, with 0 corresponding to the lowest desirability level and 1 to the most
desirable condition. Good agreement was observed between the predicted and experimental
responses at the optimal conditions, with run 6 being the optimal response for the ultrasound
bath and probe experiments (Tables 1 and 2). Taken together, these results suggest that the
ultrasonic bath equipment used in this study exhibits good performance for the extraction
yield and lutein recovery of Coccomyxa onubensis because this green technology positively
contributed to both responses.

Subsequently, the predicted conditions obtained using the desirability function were
used to evaluate the antimicrobial effects of C. onubensis extracts. The ethanolic aliquots
were evaporated under a nitrogen stream and resuspended in DMSO. The methanolic
extract was obtained using the conventional extraction method (solvent extraction).
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(A) (B) 

Figure 5. Graphical representation of the desirability functions for the different optimization criteria
for (A) ultrasonic bath and (B) ultrasonic probe.

2.4. Antimicrobial Activity and Anti-Inflammatory Metabolite Identification

Table 3 presents the antimicrobial activity of C. onubensis extracted using UAE and con-
ventional extraction against known Gram-negative and Gram-positive bacteria:
Pseudomonas aeruginosa, Escherichia coli, Staphylococcus aureus, Enterococcus hirae, and
Bacillus subtilis. The assay was performed in vitro using the broth microdilution method,
one of the most used methods to determine the MIC of antimicrobial agents, including
antibiotics and other substances that can kill (bactericidal activity) or inhibit the growth
(bacteriostatic activity) of bacteria. The methods described here are targeted for testing the
susceptibility to antibiotic agents, rather than other antimicrobial biocides such as preserva-
tives and disinfectants. Serial dilutions of C. onubensis extracts, ranging from 0.50 μg/mL
to 2.20 mg/mL, were assayed.

Table 3. Antimicrobial activity of the optimal C. onubensis extracts obtained using UAE compared
with conventional extraction.

Bacteria

Biocidal Effect (μg/mL)

Gram-Negative Gram-Positive
P. aeruginosa E. coli S. aureus E. hirae B. subtilis

Extraction method
Conventional 192/96 n.e./n.e. n.e./n.e. 192/96 192/96
Ultrasonic bath 552/276 552/276 138/69 9/4 9/4
Ultrasonic probe 262/131 262/131 262/131 4/2 131/65

The biocidal effect is described as MBC/MIC referring to minimum bactericide and minimum inhibitory concen-
tration of C. onubensis extracts. Positive control with amoxicillin-clavulanic acid resulted in MBC values from 122
to 145 mg/mL for all pathogenic microorganisms tested. Abbreviations: no effect (n.e.).

In all extraction methods using ethanol or methanol as the extractant, relatively low
concentrations of the extracts exhibited high efficiency against all pathogens (Table 3).The
authors of [37] described the ratings of the antimicrobial efficiency of extracts based on
their MIC values as follows: strong inhibitor, MIC < 500 μg/mL; moderate inhibitor, MIC
of 600–1500 μg/mL; and weak inhibitor, MIC > 1600 μg/mL. Based on these criteria,
C. onubensis extracts exhibited strong inhibition against selected pathogens. In particular,
UAE (ultrasonic bath and probe) improved the antimicrobial activity of the extracts against
Enterococcus hirae and Bacillus subtilis, followed by Staphylococcus aureus and Escherichia coli
(MIC data range of 2–276 μg/mL of extracts). The antimicrobial activity of the conventional
extract against Pseudomonas aeruginosa was better than that of C. onubensis extracted using
UAE. In addition, C. onubensis extracts were more effective against Gram-positive bacteria
than against Gram-negative bacteria. This effect has been previously described in antibiotics
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because Gram-positive bacteria have a complex and multilayered cell wall, making it
difficult for the active compounds to penetrate the bacteria [38]. The biocidal effects of
C. onubensis extracts were higher than those of extracts of other microalgae species. Saeed
Niazi et al. [39] investigated the antimicrobial potential of the methanol extracts of the
green microalgae isolated from the Persian Gulf and highlighted their effects against
Staphylococcus aureus, Bacillus Cereus, Escherichia coli, and Pseudomonas aeruginosa (the MIC
was 0.75, 1.5, 3, and 6 mg/mL and MBC was 1.5, 1.5, and 6 mg/mL, respectively).

The aim of the broth dilution method is to determine the lowest concentration of
the assayed antimicrobial agent (MIC) that, under defined test conditions, inhibits visible
bacterial growth. MIC values are used to determine the susceptibilities of bacteria to drugs.
Furthermore, they are used to evaluate the activity of new antimicrobial agents. In the
broth dilution method, often determined in the 96-well microtiter plate format, bacteria are
inoculated into a liquid growth medium in the presence of different concentrations of the
antimicrobial agent. Growth is assessed after incubation for a defined period (16–20 h) and
the MIC value is determined. However, this method only applies to aerobic bacteria and
can be completed in 3 days [40]. Notably, DMSO at concentrations of 15% or lower does
not affect the growth of the microorganisms tested, as indicated by Navarro et al. [8].

Solvent selection is vital for determining the antimicrobial compounds (including
various chemicals) derived from microalgae [41]. For example, a polar solvent such as
ethanol (dielectric constant of 24.3) will mainly extract polar compounds such as polar
pigments and phenolic compounds; it is widely used owing to its low toxicity and high
extraction yields [42].

To identify the compounds present in the most effective antimicrobial extracts (namely,
conventional, ultrasonic bath, and ultrasonic probe), GC–MS analysis was performed.
Among the extracted compounds, those having been reported to exert antimicrobial and
anti-inflammatory properties were identified, though anti-inflammatory activity of the
extracts was not analyzed in this study. Table 4 lists the masses obtained, which were
compared with the exact masses from different libraries using the NIST MS 2.3 software, to
identify the potential compounds and based on the antimicrobial activity in the literature.

Table 4. Tentative identification of the anti-inflammatory and antimicrobial bioactive compounds
present in C. onubensis extracts obtained using solvent extraction and UAE.

Bioactive Compound Retention Time (min) Molecular Ion (m/z) M+ Fragments Profile

Neophytadiene 9.444 278 123, 96, 83, 70, 69, 67, 58, 55, 43
Phytol 10.545 296 123, 95, 81, 72, 69, 68, 58, 55, 43, 41

Campesterol 16.875 400 145, 107, 105, 95, 81, 57, 55, 44, 41
Stigmasterol 17.250 440 91, 81, 79, 69, 67, 55, 44, 43, 41

Independently of the extraction method used, there were no differences in the type
of compounds identified. As per GC–MS analysis, a common qualitative pattern was
observed in the major biomolecular structures found in the extracts, which included phytol
residues, fatty acid residues, sterol, and terpenoid compounds. Table 5 lists the name and
properties of the antimicrobial molecules present in the microalgal extracts and detected
via GC–MS analysis.

The aim of the antimicrobial activity assay was not to detect novel, natural antibiotic
compounds. We believe that the path from detecting antibiotic compounds in natural
extracts to their formulation as an antibiotic drug for humans is complex; moreover, a
potentially useful natural antibiotic should, for instance, display an extremely high specific
antibiotic activity against a resistant, pathogenic microorganism in humans. This will
probably awaken the interest in the identified molecule as a potential commercial drug.
However, the cost of producing microalgal biomass enriched in a given molecule and
purifying it until homogeneity remains considerably higher than the production costs
of common chemicals with antibiotic properties. Indeed, a molecule such as lutein, for
example, can be accumulated by up to several milligrams per biomass gram of C. onubensis.
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Assuming 1% (dry weight basis) of lutein accumulation in the acidophilic microalgal
biomass, 1 kg of biomass would be required to produce 1 g of lutein. The cost for producing
1 kg of biomass can approximately be even more than 10€, depending on the cultivation
conditions and procedure. Furthermore, the compound must be extracted and purified to
formulate it as a drug for the healthcare industry. Therefore, we suggest using biomass
extracts enriched in bioactive compounds, such as anti-inflammatory and antimicrobial
bioactive molecules, as a more feasible strategy to formulate products that can have further
application in several daily human activities in different fields, including disinfection or
nutraceuticals promoting healthy body’s normal state, rather than producing natural large
molecules as nonspecific anti-inflammatory or antibiotic drugs.

Table 5. Major anti-inflammatory and antimicrobial biomolecules present in C. onubensis extracts and
their biological functions.

Biomolecule
Chemical
Structure

Physiological Role Bioactivity

Phytol Diterpenoid Antioxidant biosynthesis precursor Anti-inflammatory, antimicrobial

Lutein Xanthophyll Light absorption and antioxidant
activity against ROS Anti-inflammatory, antimicrobial, antioxidant

Neophytadiene Diterpene Cell defense against stress Anti-inflammatory, antimicrobial, anxiolytic-like,
antidepressant-like, anticonvulsant

Campesterol
Stigmasterol Sterol Cell defense against oxidative stress,

cell membrane fluidity regulation
Anti-inflammatory,

antimicrobial, antioxidant, Anticancer

The data are collected by [12,43,44].

A small number of structures that can be responsible for a part of the antimicrobial
activity were identified in C. onubensis extracts. Phytol was one such structure. It is
a diterpene alcohol (Figure 6) and a natural compound that chemically belongs to the
class of diterpenes. Furthermore, phytol is part of the chemical structure of the major
photosynthetic pigment chlorophyll and can be extracted using ethanol or methanol,
among other solvents. Phytol exhibits weak anti-inflammatory and antimicrobial properties;
however, it can be converted to other molecules exhibiting antimicrobial properties. Some
prominent examples are phytol-derived compounds such as phytol acetate and phytol
esters; these compounds possess antimicrobial properties against specific bacterial strains,
including Staphylococcus aureus and Escherichia coli. The stronger antimicrobial properties of
phytol derivates can increase their potential as preservative components in antimicrobial
coatings and packaging materials.

Figure 6. Chemical structures of the compounds displaying antimicrobial activity identified in alcohol
solvent-based C. onubensis extracts.
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Lutein (Figure 6) is a naturally occurring carotenoid pigment found in microalgae,
with C. onubensis being an outstanding example of a potential producer. Recent studies have
revealed its potential anti-inflammatory and antimicrobial properties [44,45]. Furthermore,
several studies have reported that lutein exhibits antimicrobial activity against many
microorganisms. In particular, lutein inhibits the growth of pathogenic bacteria such
as Staphylococcus aureus and Escherichia coli [45]. Although the mechanisms of action
of lutein as an antimicrobial compound remain unelucidated, lutein can interfere with
bacterial cell membrane integrity; this is coherent with the linear, long-chain hydrocarbon
nature of its chemical structure. The antimicrobial properties of lutein are attributed to its
antioxidant and anti-inflammatory effects. Lutein can scavenge reactive oxygen species and
decrease oxidative stress, a cellular process frequently associated with microbial infections.
Furthermore, its anti-inflammatory properties help to modulate immune responses and
contribute to its antimicrobial effects. Neophytadiene is a diterpene (Figure 6) that exerts
antimicrobial, antioxidant, anti-inflammatory, and anxiolytic-like activities. However,
only a few studies have reported the presence of neophytadiene in microalgae, with no
study on its presence in acidophilic microalgae. Neophytadiene has been identified in
plants, particularly in conifers. Nevertheless, their recently unveiled pharmacological
properties may increase the interest in specific microalgae species as bioresources with the
potential for producing neophytadiene. Although the biological activities of neophytadiene
have not been extensively studied, it plays a vital role in cell defense mechanisms against
oxidative stress. Stigmasterol and campesterol, sterol-derived structures (Figure 6), have
been identified in C. onubensis extracts. Stigmasterol was originally identified as a typical
sterol in fungi; however, it has also been identified in certain microalgae species, including
Chlorella, Nannochloropsis, Dunaliella, and C. onubensis (the present study). Campesterol is a
phytosterol typically found in fruits and vegetables. Nevertheless, the specific biological
functions of both sterols in microalgae remain unelucidated. However, their potential roles
in membrane fluidity regulation and stress response mechanisms, including UV light and
extreme temperature, have been reported [46].

In microalgae, the abovementioned compounds, whose structures are all shown
in Figure 6, are biochemically synthesized via the non-mevalonate sterol biosynthesis
pathway, which is also called the 1-deoxy-D-xylulose-5-phosphate/2-methyl-D-erythritol-
4-phosphate pathway. In microalgae, this pathway is activated under different stress
conditions and meets the common features of inducing oxidative stress: high-light irra-
diance, UV radiation, extreme temperature, or presence of metal ions (a typical chemical
scenario in the highly acidic, natural habitat of C. onubensis). However, this pathway does
not create such oxidative scenarios in microalgal cultures [47,48].

3. Materials and Methods

3.1. Biomass and Chemicals

The microalga used in this study was C. onubensis (SAG 2510). The biomass was kindly
donated by the research group Algal Biotechnology from the University of Huelva (Spain)
and was previously described by Ruiz-Domínguez et al. [33]. The main chemical compound
used in UAE was ethanol (99.5%) as a green solvent; it was purchased from VWR Prolabo
Chemicals (Barcelona, Spain). Other chemicals used in chromatographic analyses were ethyl
acetate, water, acetonitrile, and methanol. All solvents were heavy metal-free based on the
specifications supplied by VWR Prolabo. The carotenoid standards used in high-performance
liquid chromatography (HPLC) were provided by Sigma-Aldrich (Madrid, Spain). The
microorganism strains to test the antimicrobial activity of the extracts were acquired, charac-
terized, and validated by the Spanish Collection of Type Cultures at the University of Valencia
(Spain). They are the bacterial species specified in the UNE-EN-13697:2015+A1 Standard
because they represent the pathogens of greatest interest for studying sanitizers in the food
industry [Pseudomonas aeruginosa (NCIMB 8626/ATCC 15442), Staphylococcus aureus (NCIMB
9518/ATCC 6538), Enterococcus hirae (NCIMB 6459/ATCC 10541), Escherichia coli (NCIMB
8545/ATCC 10536), and Bacillus subtilis (NCIMB 8054/ATCC 6633)].
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3.2. Conventional Extraction

Conventional solvent extraction was performed using methanol. The extraction was
performed in a shaker incubator at 30 ◦C for 24 h. The biomass-to-solvent ratio was
1:100 (g:mL). Cell debris were removed by centrifuging the samples (OHAUS, Frontier
5816R, Parsippany, NJ, USA) at 8000 rpm (9300× g) and 15 ◦C for 5 min. The experiment
was performed in triplicate (n = 3, ± SD) and the supernatant was pooled and labeled
as the crude extract until use. A part of the extract was used to obtain the extraction
yield. The extraction yield was determined gravimetrically after drying the sample under
a nitrogen stream to eliminate the solvent (24-Hole Nitrogen Evaporators, MD200–2N,
Ollital Technology, Fugian, China). The extraction yield for conventional extraction was
12.31% ± 0.02% w/w on average and was expressed as mg of extract/g of the dry weight
of C. onubensis (benchmark extraction).

3.3. Ultrasonic Green Extraction Design

UAE was performed using a ratio of 1:100 (g:mL) biomass and ethanol as the solvent
(green extractant). Experiments were conducted using two different ultrasonic equipment:
an ultrasonic bath (Ultrasons H-D 3000866 Selecta, Barcelona, Spain) with a power of 330 W
(approximately 1–5 W/cm2 of the acoustic power or ultrasound power intensity delivered
into a liquid), a frequency of 50 Hz, and temperature control and an ultrasonic probe
(VCX 750, Vibra Cell Sonics, Newtown, CT, USA) with a power of 750 W, frequency of
20 kHz, a 1/8” (3 mm) titanium probe (maximum amplitude: 40% equal to 226 W/cm2 of
the acoustic power), and temperature control (12 ◦C ± 4 ◦C). To optimize the operation
parameters, different values were tested under two different factorial designs (3 × 2) that
will elucidate the effects of 2 factors with 3 levels in 11 runs (plus two central points).
For the ultrasonic bath, the factors were extraction time (10–30 min) and temperature
(30–70 ◦C). For the ultrasonic probe, the factors were extraction time (5–15 min) and pulsed
duration/interval referring to the “on” time (10 s) and “off” time (30–60 s) of the sonicator.
Tables 1 and 2 present the schematics of the ultrasonic experiments. After the extraction,
the mixtures were centrifuged at 8000 rpm (9300× g) and 15 ◦C for 5 min to recover the
ethanol extracts rich in valuable compounds. They were stored in the dark at −18 ± 2 ◦C
until subsequent analysis.

3.4. Quantification of Carotenoids

The ethanolic ultrasonic extracts were evaporated, resuspended in chromatographic
methanol, and filtered (Ø = 0.22 μm filter) together with the conventional extracts (in
methanol). Thereafter, they were transferred into a chromatography vial and immedi-
ately used to quantify carotenoids via liquid chromatography. HPLC was performed
on the Beckman System Gold binary delivery system equipped with a UV–vis photo-
diode array detector (Beckman Instruments, Fullerton, CA, USA) using a C18 column
(150 mm × 4.6 mm i.d., 5 μm, SunFire TM column; Waters, Milford, MA, USA). The flow
rate was maintained at 1 mL/min and injection volume was 40 μL of the algal extracts.
Ethyl acetate was used as mobile phase A and acetonitrile/water (9:1 v/v) was used as
mobile phase B. The mobile phase gradient was as follows: 0–16 min, 0–60% solvent A;
16–30 min, 60% A; and 30–35 min, 100% A. The selected carotenoids were detected at
a wavelength of 450 nm and by comparing the peak areas obtained from the methano-
lic C. onubensis extracts with those obtained from the injected standards (Sigma-Aldrich,
0–50 ppm, ~R2 = 0.998). Lutein concentration was referred to as dry biomass or weight of
the extract, whereas lutein recovery was calculated using Equation (9):

Lutein recovery (% w/w) = (Wc /Wt)× 100 (9)

where Wc is the mass of lutein (mg) extracted under the ultrasonic conditions described in
this study and Wt is the mass of lutein conventionally extracted (using solvent extraction
with an average lutein concentration of 3.24 ± 0.11 mg/g, expressed as mg of lutein/g of
the dry weight of C. onubensis, benchmark extraction).
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3.5. Quantification of the Bioactive Extracts Using Gas Chromatography–Mass Spectrometry (GC–MS)

The chemical composition of the optimal and conventional C. onubensis extracts was
analyzed using GC–MS (Agilent 5977B mass selective detector, Santa Clara, CA, USA)
Compound identification was achieved by comparing the mass spectra with the NIST
Mass Spectrometry Data Center (MS 2.3 software version) as well as by comparing the
retention indices with the literature values. Detection was performed in the electron
impact ionization mode (70 eV) under the following conditions: capillary column, HP-5 MS
(30 m × 0.25 mm; film thickness 0.25 μm); temperature program, 40 ◦C (held for 1 min),
raised to 300 ◦C at a rate of 25 ◦C/min (held for 10 min), and increased to 325 ◦C at a rate
of 10 ◦C/min (held to 5 min); injector temperature, 250 ◦C; carrier gas, helium; and flow
rate, 1 mL/min.

3.6. Antimicrobial Activity Assay

The extracts subjected to the antimicrobial activity assay were selected from the op-
timal conditions obtained using the statistical software based on desirability function
together with conventional extraction (in methanol). The ultrasonic bath conditions were
70 ◦C for 22 min, whereas for the ultrasonic probe, the factors were an extraction time of
12 min and pulsed duration/interval of 10/60 s of the sonicator. The biomass-to-solvent
ratio was the same (1:100). The ethanolic and methanolic extracts were evaporated under
nitrogen flow and resuspended in dimethyl sulfoxide (DMSO) for the antimicrobial assay.
The microorganisms selected were the Gram-negative bacteria Pseudomonas aeruginosa and
Escherichia coli and the Gram-positive bacteria Staphylococcus aureus, Enterococcus hirae, and
Bacillus subtilis. The biocidal effects of the extracts were determined using the serial dilution
method in 96-well microplates, as described by Navarro et al. [8] and Wiegand et al. [40].
The effectiveness of each biocide against a specific microorganism was tested in triplicate by
performing successive dilutions of 50% of the previous well using an automated multichan-
nel pipette. The final volume of each microwell was 200 μL, with 5 × 105 colony-forming
units of the tested microorganism. The minimum inhibitory concentration (MIC), which
is the lowest concentration of the antimicrobial agent that completely inhibits the visible
growth of a microorganism after incubation in the test medium, was calculated. The MIC
of each extract was determined by visually inspecting the bottom of the well through an
enlarged digital imaging system and determining bacterial growth based on the presence of
sediment or defined turbidity. A low MIC value corresponds to more efficient antimicrobial
activity. The minimum bactericidal concentration (MBC) of each biocide was determined
by inoculating agar plates with the content of the highest dilution wells above the MIC and
observing no growth after incubation for 48 h at 37 ◦C.

3.7. Statistical Analysis and Multiple Response Optimization

Ultrasonic experimental designs and data analysis were performed using RSM with
Statgraphics Centurion XVIII software (StatPoint Technologies, Inc., Warrenton, VA, USA).
The effect of each factor and its statistical significance on each of the response variables
such as extraction yield and lutein recovery from C. onubensis were also analyzed using
the standardized Pareto chart. Furthermore, it was used for data elaboration and statistical
analysis, with a 95% level of significance. In addition, mathematical models were obtained,
and the significances were accepted at a p-value of ≤0.05. All measurements were per-
formed in triplicate (n = 3). In the factorial design (3 × 2) involving two factors X1 and X2,
the proposed quadratic model (Equation (10)) for each response variable was as follows:

Z = β0 + β1X1 + β2X2 + β12X1X2 + β11X2
1 + β22X2

2 (10)

where Z = estimated response, β0 = constant, β1 and β2 = linear coefficients, β12 = interac-
tion coefficients between the two factors, and β11 and β22 = quadratic coefficients.

Multiple response optimization was performed using the desirability function described
by Del Castillo et al. [49], which provides an overall objective function starting from fitting
equations obtained for each response variable (the total desirability, D). Equation (11) given
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below, D ranges from 0 to 1, represents the geometric mean of the desirable range of each
response (di), which also varies from 0 (undesirable value) to 1 (the most desirable value).

D =

(
n

∏
i=1

di
ri

) 1
∑ ri

(11)

where ri is the weight assigned by the user for each response variable and di is the maxi-
mization factor of the response variables [50].

4. Conclusions

Extraction techniques are a relevant step in microalgae biorefinery because their op-
timization leads to a better recovery of molecules with biotechnological interest. In the
present study, we confirm that UAE is an easy-to-use, rapid, and green technology with
improved data for C. onubensis compared with solvent extraction. In particular, the ul-
trasonic bath increased the anti-inflammatory terpenoid lutein recovery up to 34% more
than that of solvent extraction. Furthermore, C. onubensis extracts exhibited biocidal effects
against Gram-positive and Gram-negative bacteria. Nevertheless, only some molecules pro-
duced by C. onubensis in alcohol-based extracts were identified; according to the literature,
the referred molecules exhibit anti-inflammatory properties and can also be responsible
for the determined antimicrobial activity. Five terpene biosynthesis-derived molecules
(two sterols) were identified: phytol, neophytadiene, lutein, stigmasterol, and campesterol.
Based on their terpenoid-derived nature, we suggest that oxidative conditions, including
high-light irradiance and UV light, induce the production of terpenoids, addressing their
accumulation and the subsequent enhancement of the antimicrobial activity of C. onubensis
extracts. Therefore, C. onubensis, as a microorganism isolated from acidic medium, jointly
with the green extraction techniques (UAE) can be a good combination to improve valuable
molecules recovery applied in the field of biotechnology as well as in other industries. In ad-
dition, eventual extraction efficiency improvement through the selection and optimization
of solvent use or a mix of them should be targeted for studies at a larger scale.
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Abstract: Neuroinflammation induced by microglial and astrocyte polarizations may contribute to
neurodegeneration and cognitive impairment. Omega (n)-3 polyunsaturated fatty acids (PUFAs) have
anti-inflammatory and neuroprotective effects, but conflicting results were reported after different
n-3 PUFA treatments. This study examined both the change in glial polarizations in ageing rats and
the differential effects of two omega-3 PUFAs. The results showed that both PUFAs improved spatial
memory in ageing rats, with docosahexaenoic acid (DHA) being more effective than eicosapentaenoic
acid (EPA). The imbalance between microglial M1/M2 polarizations, such as up-regulating ionized
calcium binding adaptor molecule 1 (IBA1) and down-regulating CD206 and arginase-1 (ARG-
1) was reversed in the hippocampus by both n-3 PUFAs, while the DHA effect on CD206 was
stronger. Astrocyte A1 polarization presented increasing S100B and C3 but decreasing A2 parameter
S100A10 in the ageing brain, which were restored by both PUFAs, while DHA was more effective on
S100A10 than EPA. Consistent with microglial M1 activation, the concentration of pro-inflammatory
cytokines tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 were significantly increased,
which were attenuated by DHA, while EPA only suppressed IL-6. In correlation with astrocyte
changes, brain-derived neurotrophic factor precursor was increased in ageing rats, which was more
powerfully down-regulated by DHA than EPA. In summary, enhanced microglial M1 and astrocytic
A1 polarizations may contribute to increased brain pro-inflammatory cytokines, while DHA was
more powerful than EPA to alleviate ageing-associated neuroimmunological changes, thereby better-
improving memory impairment.

Keywords: ageing; memory impairment; glial polarization; n-3 PUFAs

1. Introduction

Ageing is a causative factor for the development of neurodegenerative diseases
like cognitive decline and Alzheimer’s disease (AD) [1]. Neuroanatomical studies
reported that hippocampal atrophy contributes to learning and memory impairment,
and the inducers could be neuroinflammation and a reduction in neurogenesis and
synaptic plasticity [2]. Microglia and astroglia, the vital central immune cells can be
activated into inflammatory or neurotoxic phenotypes (M1 microglia and A1 astrocytes)
or neuroprotective types (M2 microglia and A2 astrocytes) [3]. Ageing-induced chronic
low-grade inflammation promotes microglia into a sensitized, reactive, or primed pro-
inflammatory M1 phenotype [4,5], which increased the release of pro-inflammatory
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factors, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6, and de-
creased the expression of anti-inflammatory M2 microglia marker arginase 1(ARG-1)
and CD206, as well as anti-inflammatory cytokines IL-4 and IL-10 [6]. As a consequence
of microglial M1 activation, these pro-inflammatory cytokines thereafter trigger as-
trocyte A1 polarization. The increased A1 marker C3 and decreased A2 neurotrophic
factor brain-derived neurotrophic factor (BDNF) led to neurotransmitter deficiency and
neuronal apoptosis [7]. However, the neuroinflammatory mechanisms mediated by
glial polarization imbalance associated with ageing-induced memory impairment were
not fully understood.

As mentioned above, glial polarizations may contribute to neurodegeneration and
cognitive impairment. The regulation of glial function may provide a novel therapeutic
direction to alleviate ageing-related neurodegenerative disease. Omega (n)-3 polyun-
saturated fatty acids (PUFAs), indispensable components of cell membranes, play an
important role in maintaining the membrane structural integrity and fluidity of immune
and neuronal cells. The synthesization of n-3 PUFAs is restricted in human bodies but is
mainly obtained from marine sources [8]. n-3 PUFAs reduction has been reported in the
physiological processes of ageing, which is associated with brain atrophy and memory
impairment [9,10]. We and others have reported that n-3 PUFAs eicosapentaenoic acid
(EPA) or docosahexaenoic acid (DHA) supplementation exerted preventative, ame-
liotropic, and/or neuroprotective effects on psychiatric and neurological disorders,
such as depression [11] and Alzheimer’s disease [12,13]. The mechanism by which n-3
PUFAs effectively improved these diseases was through inhibiting the expression of
microglia M1 phenotype marker CD11b and inducible nitric oxide synthase (iNOS)
and downregulating the level of proinflammatory cytokines IL-1β, TNF-α and IL-6,
while up-regulating the microglia M2 phenotype marker CD206 and anti-inflammatory
cytokines IL-10 [14]. After n-3 PUFAs balance microglia M1 and M2 polarizations,
the damage from neuroinflammation on neurons was alleviated, which was mainly
involved in nuclear factor kappa-B (NF-κB) pathway inhibition [15]. Similarly, n-3
PUFAs suppress the pro-inflammatory and toxic astroglia A1 phenotype polarizations
by decreasing the expression of C3 and S100B [16] but promote astrocyte differentiation
from neural stem cells accompanied by an increase in neurotrophic factors BDNF and
glial cell line-derived neurotrophic factor (GDNF) [17]. However, DHA was reported to
be better in terms of its neuroprotective effect by promoting neuronal survival, synap-
tic vesicle fusion, neurotransmitter releases and neuronal plasticity [18]. Differently,
we and others reported that EPA but not DHA markedly attenuated mental-disorder-
associated and inflammation-induced cognitive impairment. However, whether and
how EPA and DHA treatments modulate glial polarizations and improve memory
impairment in the ageing brain is still unknown. Thus, the present study aimed to
determine whether the imbalance between two types of glial polarizations is associated
with ageing-induced memory impairment and compare and evaluate the therapeu-
tic effects of n-3 PUFAs DHA and EPA on memory impairment and their underlying
neuroimmune mechanisms.

2. Results

2.1. Memory and Locomotor Impairment Occurred in Ageing Rats, Which Was Better Improved by
DHA Than EPA

In the Morris water maze (MWM) test, the ageing rats showed increased latency
to find the platform (Figure 1A) and decreased time spent on and numbers in the
target quadrant (p < 0.01) (Figure 1B,C), indicating significant memory impairment in
ageing rats when compared to the control group. Even though both EPA and DHA
reversed memory impairment in ageing rats by decreasing the latency to the platform
(p < 0.05) (Figure 1A) and increasing the time spent and the number of entries into the
target quadrant (p < 0.05) in ageing rats (Figure 1B,C), rats fed DHA showed longer
time spent in the target quadrant than the EPA (p < 0.05) (Figure 1B). In the open
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field test (OFT), the total locomotor distance was decreased in ageing rats compared
with the control (p < 0.05), which was improved by EPA (p < 0.05) or DHA (p < 0.05)
treatment (Figure 1D). EPA treatment was more powerful than DHA in the increase
in central entries compared with ageing rats (Figure 1F). However, there were no
differences between controls and ageing rats in the number of rearing and center entries
(Figure 1E,F).

Figure 1. Memory and locomotor impairment that occurred in ageing rats was better improved by
DHA than by EPA. The latency time (A), time (B) and number (C) of entries into the target quadrant
in MWM behavioral test. The total distance (D), number of rearing (E) and entries into the central
zone (F) in the OFT. The data were expressed as mean ± SEM (n = 12 in control group, n = 9 in other
three groups). * p < 0.05, ** p < 0.01 versus control group; # p < 0.05, ## p < 0.01 versus ageing group.
& p < 0.05 versus ageing + EPA group.

2.2. n-3 and n-6 PUFAs Imbalance Were Both Improved by DHA and EPA

Compared with the control group, significantly reduced contents of n-3 PUFAs EPA
(p < 0.05), DPA (p < 0.05), and DHA (p < 0.01) (Figure 2A–C) were found in ageing rat
brains, without changing n-6 PUFAs cis-8,11,14-eicosatrienoic acid and arachidonic acid
(AA) concentrations (Figure 2D,E). The ratio of n-6/n-3 PUFAs was markedly increased
in ageing rats compared with the control group (p < 0.01) (Figure 2F). Supplementation
of EPA or DHA elevated the level of EPA (p < 0.001) or DHA (p < 0.05), respectively
(Figure 2A,C), and both EPA and DHA treatments significantly reduced the ratio of
n-6/n-3 PUFAs in ageing rats (p < 0.05) without an effect on DPA and n-6 PUFA contents
(Figure 2B,D–F).
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Figure 2. The increase in n-6/n-3 PUFAs ratio in ageing rats was effectively reversed by EPA and
DHA. The contents of n-3 PUFAs EPA (A), DPA (B), and DHA (C) and contents of n-6 PUFAs cis-
8,11,14-eicosatrienoic acid (D) and AA (E) as well as n-6/n-3 PUFAs ratio (F). The data were expressed
as mean ± SEM (n = 5). * p < 0.05, ** p < 0.01 versus control group; # p < 0.05, ### p < 0.001 versus
ageing group. & p < 0.05 versus ageing + EPA group.

2.3. Abnormal Microglial M1 and M2 Polarizations in the Hippocampus of Ageing Rats Was
Better Ameliorated by DHA Than EPA through Upregulating CD206

Compared with the control group, mRNA expression of M1 microglia markers ionized
calcium binding adaptor molecule 1 (IBA1) (p < 0.05) was upregulated, while the mRNA
expression of M2 microglia marker CD206 (p < 0.05) and ARG-1 (p < 0.05) was downregu-
lated in the hippocampus of ageing rats (Figure 3A,C,D). Either EPA or DHA treatment
significantly inhibited M1 microglial and restored M2 microglial polarization (Figure 3A–
D). Nevertheless, DHA was better in the upregulation of CD206 mRNA expression than
EPA (Figure 3D). Increased protein expression of iNOS (p < 0.01) was found in the ageing
hippocampus, which was attenuated by either EPA or DHA (p < 0.05) (Figure 3E,F). DHA
rather than EPA treatment significantly upregulated CD206 protein expression compared
with ageing rats (p < 0.01) (Figure 3G,H).

Figure 3. Imbalance between microglial M1 and M2 polarization that occurred in ageing rats
was attenuated by EPA and DHA. The mRNA expression of IBA1 (A), iNOS (B), ARG-1 (C), and
CD206 (D). The protein expression of iNOS (E,F) and CD206 (G,H). The data were expressed as
mean ± SEM (n = 6). * p < 0.05, ** p < 0.01 versus control group; # p < 0.05, ## p < 0.01 versus ageing
group. & p < 0.05, && p < 0.01 versus ageing+ EPA group.
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2.4. Neuroinflammation in Ageing Rats Were Both Inhibited by DHA and EPA

Compared with the control group, the concentration of pro-inflammatory cytokines IL-
1β, IL-6, and TNF-α were significantly increased in the hippocampus of ageing rats (IL-1β,
p < 0.001; IL-6, p < 0.01; TNF-α, p < 0.05) (Figure 4A–C), which was equally reversed by EPA
or DHA treatment (p < 0.05) (Figure 4A–C). Meanwhile, the anti-inflammatory cytokine
IL-10 was significantly upregulated (p < 0.01), without changing the IL-4 concentrations
(Figure 4D,E). Neither EPA nor DHA had a significant effect on these anti-inflammatory
cytokine concentrations in ageing rats (Figure 4D,E).

Figure 4. Neuroinflammatory responses upregulated during normal ageing were inhibited by EPA
and DHA. The concentrations of pro-inflammatory cytokines IL-1β (A), IL-6 (B), and TNF-α (C).
The concentrations of anti-inflammatory cytokines IL-4 (D) and IL-10 (E). * p < 0.05, ** p < 0.01,
*** p < 0.001 versus control group; # p < 0.05, ## p < 0.01 versus ageing group.

2.5. Abnormal Astroglia A1/A2 Phenotypic Polarizations in the Hippocampus of Ageing Rats Were
Both Attenuated by EPA and DHA

The mRNA expressions of activated astroglia marker glial fibrillary acidic protein
(GFAP) (p < 0.01), A1 marker S100B (p < 0.01) and C3 (p < 0.001) were significantly upregu-
lated, while A2 marker S100A10 (p < 0.05) was markedly downregulated (Figure 5A–D)
in the ageing hippocampus. Both GFAP and C3 changes were confirmed at the level of
protein expression. EPA and DHA equally inhibited the mRNA expression of GFAP (p <
0.05), S100B (p < 0.05) and C3 (p < 0.01) in the hippocampus of ageing rats (Figure 5A–C).
Surprisingly, the decrease in mRNA expression of astroglia A2 marker S100A10 and the
increase in protein expression of GFAP were significantly attenuated by DHA treatment,
but not EPA (p < 0.05) (Figure 5D–F).
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Figure 5. Astroglia polarization imbalance induced in the ageing rat hippocampus was reversed by
EPA and DHA. The mRNA expressions of GFAP (A), S100B (B), C3 (C), and S100A10 (D). The WB
bands of marker proteins (E,G), and the relative protein expression of GFAP (F) and C3 (H). The data
were expressed as mean ± SEM (n = 6). * p < 0.05, ** p < 0.01, *** p < 0.001 versus control group;
# p < 0.05, ## p < 0.01 versus ageing group; & p < 0.05 versus ageing + EPA group.

2.6. Activation of proBDNF-p75(NTR) in the Hippocampus of Ageing Rats Was Inhibited by EPA
and DHA

Compared with the control group, mRNA expression of BDNF and its high-affinity
receptor tropomyosin-related kinase B (TrkB) were not changed, while p75 receptor mRNA
expression (p < 0.05) was significantly increased in ageing rats (Figure 6A–C). EPA and DHA
had no significant effects on BDNF and TrkB mRNA expression; however, both DHA and EPA
indiscriminately reduced the mRNA expression of p75 (p < 0.05) (Figure 6A–C). Importantly,
the expression of BDNF precursor protein proBDNF (p < 0.01) and its receptor p75 (p < 0.01)
were significantly upregulated in the hippocampus of ageing rats (Figure 6D–F). Both DHA
or EPA inhibited the expression of proBDNF (p < 0.05) or p75 receptor (p < 0.05) (Figure 6D–F).
In concert with mRNA expression, no change in BDNF protein expression occurred between
control and ageing animals, while TrkB protein was upregulated in ageing rats compared with
controls (p < 0.05) (Figure 6G–I). EPA and DHA did not affect BDNF/TrkB, but normalized
proBDNF/p75 protein expressions in ageing rats.

Figure 6. Cont.
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Figure 6. The dysregulation of neurotrophic factors and receptors that occurred in ageing rats was
improved by EPA and DHA. The mRNA expression of BDNF (A), TrkB (B), and p75 (C). The WB
bands of protein (D,G), and the relative protein expression of proBDNF (E), p75 (F), BDNF (H), and
TrkB (I). The data were expressed as mean ± SEM (n = 6). * p < 0.05, ** p < 0.01 versus control group;
# p < 0.05 versus ageing group.

3. Discussion

In this study, the possible mechanism by which the imbalance between different glial
cell polarizations may contribute to ageing-associated cognitive decline was first explored.
Growing evidence has suggested different actions of EPA and DHA in the treatment of
psychiatric and neurodegenerative diseases. Then, the effects of different n-3 PUFAs on
cognitive impairment and related glial polarizations in the ageing brain were studied. The
current study distinguished different effects between EPA and DHA and revealed some
possible mechanisms in the treatment of ageing-associated cognitive decline. Several new
findings were discussed as follows:

First, the results showed that both spatial learning and memory in MWM and explo-
ration in OFT were impaired in normal ageing rats compared to adult rats. Meanwhile,
the concentration of brain n-3 PUFAs, such as EPA, DPA and DHA, were decreased in
ageing brains. A longitudinal cohort study of elderly Japanese with cognitive decline over
10 years displayed decreased serum DHA, which was positively correlated with cognitive
decline [19]. Thus, DHA supplementation was reported to improve cognitive decline in
older adults with mild cognitive impairment [20,21] or animal models of AD [22]. Most
studies were based on supplementing a mixture of EPA and DHA, whereas the present
study compared the effects of EPA and DHA on memory impairment in ageing animals.
This study demonstrated that both EPA and DHA could improve the ageing-related mem-
ory impairment in the MWM test, while DHA effects were better than EPA in terms of
increasing the time of entries into the target quadrant. However, a previous study reported
that both EPA and DHA indiscriminately exhibited anti-ageing effects by antioxidation and
reducing ageing-related proteins [23]. Since EPA supplementation or its derivatives could
significantly increase the amount of EPA and DHA in the brain [24,25], EPA’s effect may
partly depend on DHA function. The PUFAs profile in our study showed that both EPA and
DHA treatments respectively reversed the decrease of EPA or DHA in ageing rats’ brains,
which was more conducive to revealing their commonalities and specific mechanisms for
improving ageing-related memory impairment.

Secondly, ageing-associated chronic low-grade inflammation is one of the contributors
to cognitive deficits, which was mainly triggered by activated microglia [26]. Numerous
studies have reported the activation of the microglia M1 phenotype in normal ageing, which
upregulated feature genes IBA1 and iNOS and produced pro-inflammatory cytokines IL-1β,
IL-6, and TNF-α [27–29]. The alternative M2 phenotype exhibits anti-inflammatory activity
with the expression of representative markers ARG-1 and CD206, along with secreted anti-
inflammatory cytokines IL-4 and IL-10 [30]. Thus, shifting M1 polarization to M2 might be
a potential therapy for neurodegenerative diseases. The anti-neuroinflammatory activities
of EPA and DHA attributed to the balance between M1 and M2 polarization had been
confirmed to improve depression [31], Alzheimer’s disease [32], Parkinson’s disease [33]
and other neuropsychiatric disorders by our and others’ group, which are consistent
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with the findings in the current study. Both EPA and DHA reversed the increased M1
marker IBA1 mRNA and iNOS protein expression and decreased M2 marker ARG-1 mRNA
expression in the hippocampus of ageing rats, while DHA showed stronger effects than
EPA in terms of increasing the expression of CD206. An important finding that supports
our results was that DHA promoted the expression of CD206, M2 phenotype in human
CHME3 microglia cells, but not EPA [32]. The promotion of M2 macrophage polarization
by DHA primarily relied on the modulation of the p38 MAPK signaling pathway and
autophagy [34]. CD206 plays an important role in the procedure of anti-neuroinflammation
as an M2 phenotype marker of microglia. Previous studies have demonstrated that the
therapeutic effects of DHA on traumatic brain injury depend on increasing CD206-positive
phagocytic microglia [35]. Thus, CD206 might play a critical neuroprotective role in DHA-
related cognitive improvement, which deserves further research. Furthermore, both DHA
and EPA equally inhibited the production of pro-inflammatory cytokines IL-1β, IL-6, and
TNF-α in the hippocampus of ageing rats, without changing anti-inflammatory cytokines
IL-4 and IL-10.

Similar to microglia, astroglia depolarize to two phenotypes, A1 and A2. A2 plays
supporting and maintaining roles for brain homeostasis in normal conditions, which could
be damaged by neuroinflammation [36]. Transcriptional analysis for astroglia in ageing
mice showed that the increase in astroglia A1 pro-inflammatory or cytotoxic response
phenotype could drive an ageing-related cognitive decline [7]. The present study further
demonstrated ageing-dependent remodeling of astroglia, with increased GFAP and A1
marker genes S100B and C3 complement and decreased protective A2 phenotype marker
gene S100A10. Both EPA and DHA inhibited C3 expression in the ageing brain, while
DHA, interestingly, was more effective than EPA in reducing GFAP but upregulating
A2 marker S100A10 transcription. GFAP, a common marker of astroglia, was generally
elevated in rodents and humans during ageing [37], which indicates a potential marker
of cognitive impairment induced by ageing [38], AD [39], heart failure [40] and type 2
diabetes [41]. Previous studies showed that DHA regulated glial cell polarization by
activating PPARγ in AD [42] and enhanced the expression of GFAP by the up-regulation of
both PI3K/AKT-dependent FABP7–PPARγ interaction and MKP3 in astrocytes in young
rat brains [43]. Conversely, and excitingly, the present study showed, for the first time, the
specific inhibition of DHA on GFAP in ageing rats, which was supported by a similar effect
observed in a chronic constriction injury [44].

Thirdly, BDNF, a neurotrophin produced by neurons and astroglia, plays a crucial role
in maintaining neurogenesis and neuronal plasticity, the alteration of which was related to
cognitive deficits in ageing and AD [45]. There are two BDNF receptors; the first is the high-
affinity TrkB receptor, which promotes cell survival, neuronal growth, synaptic plasticity
and neurotransmitter release. Exogenous BDNF inhibits ageing-activated microglia through
the TrkB-Erk-CREB pathway [46]. The other is p75 receptor, which promotes cell apoptosis
and inhibits cell survival through binding to proBDNF. In contrast, some studies reported
no relationship between ageing-associated neurodegeneration and mRNA expression of
BDNF or TrkB receptors in the hippocampus [47]. Even though the present study confirmed
that no significant changes were observed in mRNA and protein expression of BDNF
between the ageing and control rats, TrkB was increased in ageing rats. Unexpectedly,
EPA and DHA had no effects on BDNF and TrkB expression in ageing rats. However, as
reported previously, proBDNF, the precursor protein of BDNF, with an opposite effect on
neuronal plasticity through binding to the p75 receptor, was increased in the hippocampus,
which mainly contributes to ageing-related memory impairments [48]. Consistently, the
present study showed that protein expression of proBDNF and its receptor p75 were
elevated in ageing rats, while both EPA and DHA decreased the mRNA expression of
p75. More interesting, the present study, for the first time, found that EPA and DHA
exhibited different and specific effects on the protein expression of these factors as DHA
downregulated proBDNF protein, while EPA downregulated p75 protein.
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In summary, the present study demonstrated that cognitive decline occurred during
the progress of normal ageing, the mechanisms of which mainly involved an imbalance
between microglial M1 and M2, and astroglia A1and A2 phenotypic polarizations, as
well as the upregulation of proBDNF and p75 signaling. In addition, the decrease in
endogenous n-3 PUFAs in ageing progression and improvement of n-3 PUFAs on memory
deficit, undoubtedly, provided a new chance for the prevention or treatment of ageing-
related cognitive disorders. Both EPA and DHA improved the ageing-related learning and
memory impairment, while DHA effects were more pronounced than EPA. The common
mechanisms of EPA or DHA were as follows: (1) both EPA and DHA restored the ratio
of the n-3/n-6 PUFAs profile; (2) EPA and DHA equally inhibited the ageing-related
neuroinflammation induced by M1 microglia excessive activation; (3) EPA and DHA both
inhibited astroglia A1 phenotype by decreasing C3 and S100B expression; (4) both DHA
and EPA effectively suppressed the proBDNF/p75 pathway without changing BDNF-TrkB
signaling. Furthermore, differences between EPA and DHA were revealed: (1) DHA was
superior to EPA in promoting M2 microglial polarization; (2) DHA was more able than EPA
to block GFAP expression while promoting A2 polarization. Collectively, compared with
EPA, DHA is preferable for treating ageing-related cognitive and memory impairments.

4. Materials and Methods

4.1. Animals and Experimental Procedure

Twelve adult male (3-month old) and twenty-seven male ageing (24-month old)
Sprague–Dawley (SD) rats were housed as two per cage in a standard environment with
23 ± 1 ◦C and relative humidity 50 ± 10% under a regular 12 h light/dark cycle (light on
7:00 A.M.). The experimental process was performed according to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and approved by the Animal
Ethics Committee of Guangdong Ocean University.

Adult rats were used as a control while the ageing rats were divided into three groups:
ageing (saline), ageing + EPA (500 mg/kg/day EPA) and ageing + DHA (500 mg/kg/day
DHA). Rats were orally administered with saline, EPA or DHA for 8 weeks, with the
dosage of EPA or DHA as described previously [49–51], and then the MWM and OFT
were performed. One day after behavioral tests, animals were sacrificed, and hippocampal
samples were collected on ice and quick-frozen in liquid nitrogen, then stored in a −80 ◦C
refrigerator for further experiments.

4.2. Morris Water Maze

To evaluate spatial and learning memory, a tank (150 cm in diameter) was filled with
water at 25 ± 1 ◦C. A 10 cm-diameter platform was submerged 2 cm underwater. On the
first trial day, the start positions varied randomly in four quadrants without repetition.
Four trials were arranged for each day to allow the rats to reach the platform. If the rats
failed to find the platform within 1 min, they were gently guided to the platform to stay for
15 s. The latency to reach the platform was recorded for each animal. On the fourth day,
the platform was relocated to a different quadrant in the maze and the latency to locate
the platform was recorded. On the last day, the platform was removed, and the rats were
allowed to swim freely for 1 min. The latency to the platform, the time and the number of
entries into the target quadrant were recorded by video track. The data was processed by
the SuperMaze behavior analysis system (Shanghai Xinruan Information Technology Co.,
Ltd., Shanghai, China).

4.3. Open Field Test

The OFT was popularly used for rodent locomotor and exploratory behavior in a
novel environment [52]. Round open field apparatus (diameter 100 cm, high 50 cm) with a
white painted wall and floor was used, in which the animal total distance was recorded by
a digital camera within 3 min.
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4.4. Brain n-3/n-6 PUFA Analysis by Gas Chromatography-Mass Spectrometry

Three n-3 PUFAs, including EPA, docosapentaenoic acid (DPA) and DHA, and two
n-6 PUFAs including cis-8,11,14-eicosatrienoic acid and AA, were profiled by GC-MS
(Agilent, Santa Clara, CA, USA). The lipid extraction method in this study was referred to
by Folch [53]. Briefly, the brain tissues were homogenized in chloroform/methanol solution
(2/1), vortexed with 0.9% NaCl solution, and centrifuged at 500 rpm for 20 min. The
underlayer phase was collected and dried with a nitrogen blower. To make the fatty acid
methyl derivatization, the precipitates were incubated with 1.5% sulfuric acid methanol
and methylene chloride solution at 100 ◦C for 1 h. Hexane and saturated sodium chloride
solution were added and centrifuged at 500 rpm for 2 min after cooling. Finally, the hexane
phase was separated and then dried by a nitrogen blower for gas chromatography–mass
spectrometry (GC-MS) analysis. The GC-MS analysis was performed on InterCap Pure-
WAX Capillary columns (30 m × 0.25 mm, 0.25 μm) utilizing helium as a carrier gas at a
flow rate of 1.0 mL/min. The mass spectrometry was recorded at a proton energy of 70 eV.

4.5. Cytokine Detections

The pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) and anti-inflammatory fac-
tors (IL-4 and IL-10) in the hippocampus were quantified by the enzyme-linked immunosor-
bent assay (ELISA) kits according to the manufacturer’s instructions. The hippocampal
tissues were homogenized in 1 × PBS solution (pH 7.4) at a ratio of 1:9 and centrifuged at
2000 rpm for 15 min at 4 ◦C. The supernatant was collected for quantification.

4.6. Real-Time Quantitative Polymerase Chain Reaction Analysis

The total RNA extraction was performed according to the manufacturer’s instruc-
tions. Briefly, the hippocampus was homogenized with 1 mL TRIzol reagent (15596026,
Invitrogen, Carlsbad, CA, USA) and incubated for 10 min at room temperature (RT). Chlo-
roform (200 μL) was added and mixed by vigorous shaking for 30 s and standing for
10 min at RT. The RNA precipitation was obtained after centrifugation (12,000 rpm for
15 min) and washed once with 75% ethanol. The precipitates were finally dissolved in
20 μL diethylpyrocarbonate (DEPC) water. A measure of 1 μg of total RNA was used
to perform reverse transcription by the QuantiTect Reverse Transcription Kit (Vazyme,
Nanjing, China), and real-time PCR was performed with AceQ Universal SYBR qPCR
Master Mix (Vazyme, China) on an ABI7500. The amplification reaction condition was set
as follows: denaturation at 95 ◦C for 10 min, followed by 40 cycles of denaturation at 95 ◦C
for 10 s and annealing/extension at 60 ◦C for 30 s. The expression of fold changes for target
genes was calculated by the 2−ΔΔct method. The primer sequences were listed in Table 1.

Table 1. The primer sequences of target genes.

Genes Forward Primer Reverse Primer

BDNF F:5′-CAAAAGGCCAACTGAAGC R:5′-CGCCAGCCAATTCTCTTT
TrkB F:5′-CACACACAGGGCTCCTTA R:5′-AGTGGTGGTCTGAGGTTGG
p75 F:5′-TGCTCCATTTCCATCTCAG R:5′-GATAGGTCCGTAATCCTCTTC

iNOS F:5′-TGGAGCGAGTTGTGGATTGT R:5′-GTAGTGATGTCCAGGAAGTAGGT
CD206 F:5′-GTTTCCATCGAGACTGCTGC R:5′-GCCACTTTCCTTCAACATTTCG
ARG-1 F:5′-GGTAGAGAAAGGTCCCGCAG R:5′-CAGACCGTGGGTTCTTCACA

C3 F:5′-TGTGGGTGGATGTGAAGGAC R:5′-CTTGTCCACAGCCACTAGCC
IBA1 F:5′-CAACAAGCACTTCCTCGATGATC R:5′-TGAAGGCCTCCAGTTTGGACT
GFAP F:5′-CCAAGATGAAACCAACCT R:5′-CGCTGTGAGGTCTGGCTT
S100B F:5′-CTCTGTCTACCCTCCTAGTCC R:5′-GACATCAATGAGGGCAACCAT

S100A10 F:5′-TATCACTAGTGGCGGGGCTC R:5′-ATCAAGGTGTGGGTACCAGG
β-actin F:5′-ACGGTCAGGTCATCACTATCG R:5′-GTTTCATGGATGCCACAGGATT
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4.7. Western Blotting Analysis

The total hippocampus protein was extracted by RIPA lysis buffer containing 1 mM
phenylmethanesulfonyl fluoride (PMSF) on ice and quantified using a BCA protein assay
kit. Each sample (30 μg total protein) was separated by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluo-
ride (PVDF) membranes. The membranes were blocked with Tris-buffered saline containing
5% skim milk for 2 h at RT and incubated with primary antibodies at 4 ◦C overnight. Subse-
quently, the membranes were washed three times with TBST (0.1% Tween-20) and incubated
with HRP-labeled secondary antibodies for 2 h at RT. The bands were detected using an
enhanced chemiluminescence (ECL) system and analyzed by Image J Software. The pri-
mary antibodies used were as follows: iNOS (1:500, sc-7271, Santa Cruz, CA, USA), CD206
(1:500, sc-70586, Santa Cruz, CA, USA), GFAP (1:500, sc-33673, Santa Cruz, CA, USA), C3
(1:500, sc-28294, Santa Cruz, CA, USA), proBDNF (1:500, sc-65514, Santa Cruz, CA, USA),
TrKB (1:500, sc-377218, Santa Cruz, CA, USA), BDNF (1:1000, 28205-1-AP, proteintech,
Wuhan, China), p75 (1:500, sc-271708, Santa Cruz, CA, USA) and β-actin (1:1000, #4967,
CST, Danvers, MA, USA). The secondary antibodies were HRP-conjugated anti-mouse
(1:1000, #7076, CST, MA, USA) and HRP-conjugated rabbit (1:1000, #7074, CST, MA, USA).

4.8. Statistical Analysis

The data were expressed as the mean ± standard error (SEM) and analyzed by Graph-
Pad Prism (GraphPad Software 9.0.0, San Diego, CA, USA). Statistical comparisons were
performed using one-way analysis of variance (ANOVA) followed by Fisher’s LSD or
Tukey’s post hoc test. Statistical significance was considered as p < 0.05.
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Abstract: Crude enzymes produced by a marine bacterium Pseudoalteromonas sp. JS4-1 were used to
hydrolyze phycobiliprotein. Enzymatic productions showed good performance on DPPH radical and
hydroxyl radical scavenging activities (45.14 ± 0.43% and 65.11 ± 2.64%, respectively), especially
small peptides with MWCO <3 kDa. Small peptides were fractioned to four fractions using size-
exclusion chromatography and the second fraction (F2) had the highest activity in hydroxyl radical
scavenging ability (62.61 ± 5.80%). The fraction F1 and F2 both exhibited good antioxidant activities
in oxidative stress models in HUVECs and HaCaT cells. Among them, F2 could upregulate the
activities of SOD and GSH-Px and reduce the lipid peroxidation degree to scavenge the ROS to protect
Caenorhabditis elegans under adversity. Then, 25 peptides total were identified from F2 by LC-MS/MS,
and the peptide with the new sequence of INSSDVQGKY as the most significant component was
synthetized and the ORAC assay and cellular ROS scavenging assay both illustrated its excellent
antioxidant property.

Keywords: phycobiliprotein; antioxidant peptide; bacterial extracellular protease; enzymatic hy-
drolyzation; C. elegans

1. Introduction

The microalgae Arthrospira belongs to the cyanobacteria division, the cyanophycean
class, and the Oscillatoriaceae family. Arthrospira sp. is a photosynthetic cyanobacterium
that has recently grown in value as a nutritional supplement and food additive due to
its high protein content of around 60–70% in their biomass and various valuable natural
compounds, such as pigments, β-carotenes, polysaccharides and peptides. In addition,
Arthrospira sp. has a wide range of uses in the pharmaceutical, cosmetic, and nutritional
industries. Because of its high protein content and nutritive value of amino acid com-
position, Arthrospira sp. was evaluated as a potential meat substitute and has received
increased attention [1]. Phycobiliprotein is a class of proteins with antioxidant, antitumor
and anti-inflammatory properties, but the heat sensitivity and allergenicity limit its wider
applications. Phycobiliprotein is highly abundant in Arthrospira, accounting for about 20%
of its dry weight [2]. Using proteases to hydrolyze the phycobiliprotein to produce antioxi-
dant peptides is an efficient way to reach higher bioactive potential and promote high value
utilization of marine proteins while avoiding its natural limitations. Moreover, the proteins
of microalgae can be converted by enzymatic hydrolysis into value-added products with
better functional properties such as antioxidant peptides (APs), anti-hypertension peptides,
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and antibacterial peptides, etc. Therefore, more and more researchers are interested in
obtaining effective bioactive peptides (BPs) from Arthrospira sp. hydrolysates.

Enzymatic hydrolysis of the dietary proteins generates BPs, which are short chains
of 2–15 amino acids residues, can enhance nutritional value, safety, bioactive function
and reduce the allergenicity [3,4]. Numerous studies have demonstrated that BPs with
antioxidant activity produced by proteolysis can achieve antioxidation by scavenging free
radicals, chelating transition metals, and enhancing the activity of endogenous antioxidant
enzymes such as catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase
(GSH-Px). Redox homeostasis (balance) is an important cellular process that plays a vital
role in maintaining the normal physiological steady state of the human body. A disturbance
of balance between oxidants and antioxidants results in oxidative stress. Reactive oxygen
species (ROS) are molecules derived from aerobic cellular metabolism; in the oxidative
stress condition excessive production of ROS can disrupt the intracellular redox balance
and cause numerous diseases such as cancer, diabetes, atherosclerosis, cardiovascular
and neurodegenerative [4]. A growing number of studies have demonstrated that APs
from protease hydrolysates can effectively scavenge free radicals or inhibit the production
of ROS. Meanwhile, food-derived APs also performed nontoxicity, are low cost, absorb
efficiency advantages, and were considered as potential substitutes for commercial synthetic
antioxidants [5,6].

Since different proteases have specific hydrolyzed performance on protein substrate
and can produce diverse BPs with different length, sequence, and composition, these
hydrolyzes may exhibit various hydrophobicity and functionalities [7,8]. Therefore, it is
necessary to find a new enzymes resource to hydrolyze Arthrospira platensis (A. platen-
sis) and produce novel APs with high antioxidant activity and bioactive properties. Our
previous study suggested using extracellular proteases secreted by a marine bacterium
Pseudoalteromonas sp. JS4-1 to hydrolyze chlorella can obtain hydrolysates with high antiox-
idant activity [9]. In this study, proteases from Pseudoalteromonas sp. JS4-1 were used to
hydrolyze A. platensis proteins and produced diverse Aps; a series of biochemical assays,
cell models, and animal models were applied for testing the bioactivity of the APs.

2. Results

2.1. Screening of Proteases for Enzymatic Hydrolysis

Pseudoalteromonas is a strictly marine genus and able to produce extracellular enzymes,
which have good advantages in degrading natural marine proteins [10]. In order to evaluate
which enzyme is more suitable for hydrolyzing Arthrospira sp. proteins, the extracellular
enzymes from eight strains named Pseudoalteromonas sp. B27-3, Pseudoalteromonas sp. B47-6,
Pseudoalteromonas sp. B62-3, Pseudoalteromonas sp. WH05-1, Pseudoalteromonas sp. WH06-2,
Pseudoalteromonas sp. WH16-2, Pseudoalteromonas sp. JS4-1 and Pseudoalteromonas sp. ZB23-2
were extracted and screened by zymography. The enzymatic hydrolysates were identified
by SDS-PAGE and their DPPH RSA and OH RSA activities were also detected. The zymog-
raphy showed with the exception of Pseudoalteromonas sp. WH06-2 and Pseudoalteromonas
sp. WH16-2, all the other strains can secrete a variety of proteases, indicating that most
marine bacteria could produce extracellular proteases with a variety of cleavage sites,
and suitable for enzymatic hydrolysis (Figure 1A). Proteases from Pseudoalteromonas sp.
B27-3 and Pseudoalteromonas sp. JS4-1 have stronger hydrolysis activity than other bacterial
proteases toward Arthrospira sp. proteins. SDS-PAGE showed that the hydrolysates existed
in smaller fragments compared with the control protein, and almost no protein band left on
the gel, while the hydrolysates produced by other bacterial proteases still left visible bands
on the gel (Figure 1B). The hydrolysates of Pseudoalteromonas sp. JS4-1 proteases have the
highest DPPH RSA (45.14 ± 0.43%) and OH RSA (65.11 ± 2.64%) than other productions
(Figure 1C,D). Therefore, proteases from Pseudoalteromonas sp. JS4-1 were selected as a
candidate for Arthrospira sp. proteins hydrolyzing.
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Figure 1. Antioxidant activities of phycobiliprotein hydrolysis products with JS4-1. (A) Comparison
of catalytic ability on casein of proteases from Pseudoalteromonas sp. B27-3, Pseudoalteromonas sp.
B47-6, Pseudoalteromonas sp. B62-3, Pseudoalteromonas sp. WH05-1, Pseudoalteromonas sp. WH06-
2, Pseudoalteromonas sp. WH16-2, Pseudoalteromonas sp. JS4-1 and Pseudoalteromonas sp. ZB23-2.
(B) SDS-PAGE electrophoresis of phycobiliprotein and hydrolysates of different proteases (Line M:
protein marker, Line PC: phycobiliprotein). (C) DPPH radical and (D) hydroxyl radical scavenging
activity of phycobiliprotein hydrolysates of different proteases. (E) Antioxidant activities of the
ultrafiltration fraction of phycobiliprotein hydrolysis products treated with optimized hydrolysis
condition. Data were expressed as mean ± SD (n = 3). (F) Size-exclusion liquid chromatography
of the <3 kDa ultrafiltration fractions on a Sephadex LH-20 column. The F1–F4 represent purified
fractions. (G) DPPH radical scavenging activity of F1-F4 compared with Vitamin C. (H) Hydroxyl
radical scavenging activity of F1–F4. (I) Peroxyl radical scavenging activity (ORAC) of F1 and F2
compared with PBS and Trolox. (J) Protective effects of F1 and F2 on hydroxyl radical-induced
oxidation of plasmid DNA compared with Vitamin C. Data were expressed as mean ± SD (n = 3).

2.2. Optimization of Enzymatic Hydrolyzing Parameters

Enzymatic hydrolyzation was optimized using the one-variable-at-a-time (OVAT)
approach by changing one parameter while keeping other parameters constant. First, the
hydrolyzing was performed at 50 ◦C from 1 h to 7 h with 1 h at intervals, at a E: S ratio of
1:10, to estimate the optimal hydrolyzing time. Data showed that the hydrolysis degree
increased along with the hydrolyzing process, especially in the initial three hours. After
five hours hydrolyzation, the hydrolysis degree was not improved significantly. DPPH
RSA as an evaluation index suggested that when the E/S ratio ranged from 1:6 to 1:10,
the DPPH RSA of the hydrolytes exhibited no significant difference. While the E/S ratio
adjusted to 1:12 and 1:14, the DPPH RSA of the hydrolytes dropped 6.72% and 15.95%,
respectively, indicating that the substrate exceeded the catalytic capacity of the enzymes.
When the hydrolyzing temperature increased, the DPPH RSA improved and reached the
maximal activity at 50 ◦C, but when the temperature exceeded >50 ◦C the DPPH RSA
decreased, probably due to the enzymes being inactivated at higher temperatures. After
OVAT optimization, when E:S ratio was 1:10 and enzymatic hydrolyzing performed at
50 ◦C for 4 h, the DPPH RSA and the OH RSA of the hydrolysates achieved the maximal
level of 48.51 ± 2.42% and 67.16 ± 3.21%, respectively. The ninhydrin colorimetry was
used to determine the hydrolysis degree, and data showed that about 0.67 ± 0.02 mM of
•NH2 was released after hydrolyzing reaction.

53



Mar. Drugs 2023, 21, 133

In order to evaluate the free RSA of small peptides, the hydrolysates were sepa-
rated into 2 parts by ultrafiltration. The DPPH RSA of < 3 kDa and > 3 kDa parts were
48.26 ± 1.34% and 42.60 ± 0.25%, respectively. The OH RSA of < 3 kDa and > 3 kDa parts
were 63.30 ± 1.11% and 44.30 ± 0.68%, respectively (Figure 1E). It has been proven that
the small peptides (<3 kDa) contained more antioxidant components and were more easy
to exert biological effects [11]. The bioactive peptides with small molecular weight have
broad application potential in food, medicine, cosmetics and other industries due to their
good absorbability and fewer side effects besides their higher bioactivity [12].

2.3. Antioxidant Activities of Size-Exclusion Liquid Chromatography Fractions of Phycobiliprotein
Hydrolysis Products

In order to investigate the antioxidant components of the small peptides, the peptides
with MWCO <3 kDa were further separated using size-exclusion liquid chromatography,
and in total four fractions defined as F1 to F4 were obtained (Figure 1F). By measuring the
DPPH RSA (F1 to F4 were 52.06 ± 2.13%, 52.56 ± 1.38%, 24.43 ± 0.85% and 27.58 ± 2.24%,
respectively; Figure 1G) and the OH RSA (F1 to F4 were 40.75 ± 14.35%, 62.61 ± 5.80%,
30.86 ± 10.90%, and 10.21 ± 7.91%, respectively; Figure 1H), F1 and F2 showed higher
antioxidant activity than F3 and F4. We could obtain about 40 mg of F1 and 40 mg of F2
lyophilized powder after the size-exclusion liquid chromatography from 1 g of A. Platensis
powder.

Then, the ORAC assay was performed to compare the antioxidant activity of F1 and
F2. At peptide concentration of 0.015 mg/mL, both F1 and F2 could significantly slow
down the decrease rate of the fluorescence decay compared with PBS. The Trolox equivalent
antioxidant capacity of F1 and F2 were 0.27 ± 0.02 mmol TE/g and 0.41 ± 0.04 mmol TE/g,
respectively (Figure 1I). F2 exhibited higher antioxidant activity than F1.

The hydroxyl radicals could open the circular of supercoiled DNA (SC DNA) and make
it become partly opened circular DNA (OC DNA), which can slow down the DNA mobility
on agarose gel. Comparing with the no damaged plasmid DNA pET-22b (Figure 1J, lane
2), when the plasmid DNA has no protection, it can be completely degraded by hydroxyl
radicals into small fragments and no band observed on the gel (Figure 1J, lane 3). An
amount of 0.2 mg/mL of Vitamin C can protect the plasmid DNA from oxidative damage,
but the protection is limited and the OC DNA is the major form retained on the gel
(Figure 1J, lane 10). F1 and F2 concentrations range from 0.2 mg/mL to 0.4 mg/mL; all
can significantly protect plasmid DNA from oxidative damage and these protections were
far better than Vitamin C, which make the SC DNA and OC DNA co-existing on the gel
(Figure 1J, lane 4, 5, 7, 8). So, this study proved that both F1 and F2 have strong antioxidant
activity to protect DNA from oxidative stress.

2.4. Antioxidant Activities of F1 and F2 at Cellular Levels

The intracellular oxidized cell model is a common method that is used to assess
the antioxidative capacity of compounds. Vascular endothelial cell injury is associated
with several factors, among them oxidative stress is an important cause of cardiovascular
disease. APs are able to protect vascular endothelial cell function which is a key point in the
prevention and treatment for cardiovascular diseases. The skin is the first immune defense
of the body and susceptible to a variety of physical and chemical stimuli. Protecting skin
cells could be an effective strategy to prevent and treat dermatosis. Therefore, we chose
HUVECs and HaCaT cells as cellular models to investigate the intracellular antioxidant
effects of F1 and F2 [13–16].

MTT assay indicated that both F1 and F2 had no significant cytotoxicity on HUVECs
and HaCaT cells; moreover, they can obviously increase the cell viability at a concentration
range of 100–500 μg/mL (Figure 2A,B and Figure 3A,B).
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Figure 2. Antioxidant activities of F1 and F2 on HUVEC cells. The effects of different concentration of
(A) F1 and (B) F2 on cell viability were measured by MTT assay. ROS scavenging capacities of (C) F1
and (E) F2 on HUVEC cells indicated as a green DCFH-DA fluorescence. Images were taken using
fluorescence microscope (magnification, 10×). (D,F) Statistical analysis was performed to quantify
relative fluorescence density accordingly (Student t-test). (G,J) Superoxide dismutase (SOD), (H,K)
glutathione peroxidase (GSH-Px) and (I,L) catalase (CAT) activities in HUVEC cells were detected
after treatment with F1 and F2, respectively. The Normality of data was analyzed by Shapiro–Wilk
test. Data were expressed as mean ± SD (n = 3). * represents p < 0.05, ** represents p < 0.01 and
*** represents p < 0.001, compared with glucose group (Student t-test).
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Figure 3. Antioxidant activities of F1 and F2 on HaCaT cells. The effects of different concentration of
(A) F1 and (B) F2 on cell viability were measured by MTT assay. ROS scavenging capacities of (C)
F1 and (E) F2 on HaCaT cells indicated as green DCFH-DA fluorescence. Images were taken using
fluorescence microscope (magnification, 10×). (D,F) Statistical analysis was performed to quantify
relative fluorescence density accordingly (Student t-test). (G,J) Superoxide dismutase (SOD), (H,K)
glutathione peroxidase (GSH-Px) and (I,L) catalase (CAT) activities in HaCaT cells were detected
after treatment with F1 and F2, respectively. The Normality of data was analyzed by Shapiro–Wilk
test. Data were expressed as mean ± SD (n = 3). * represents p < 0.05, ** represents p < 0.01 and
*** represents p < 0.001, compared with H2O2 group (G,J Mann–Whitney test; H,I,K,L Student t-test).
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An amount of 35 mM of glucose was added to the HUVECs and 1.5 mM H2O2 was
used in the HaCaT cells. Cells treated with glucose and H2O2 exhibited higher fluorescence
intensity than control groups, indicating the oxidative stress models have been successfully
established (Figure 2C,E and Figure 3C,E). The intracellular ROS were labelled by DCFH-
DA probe. Cells treated with low concentration of F1 and F2 (25 μg/mL) displayed
less fluorescence intensity than the glucose group in HUVECs, suggesting the fractions
were able to scavenge intracellular ROS to protect HUVECs from hyperglycemia-induced
oxidative stress (Figure 2D,F). Cells treated with a high concentration of F1 (100 μg/mL) and
a low concentration of F2 (50 μg/mL) displayed less fluorescence intensity than the H2O2
group in HaCaT cells, suggesting that the fractions were able to scavenge intracellular ROS
to protect HaCaT cells from H2O2 induced oxidative stress (Figure 3D,F). The antioxidant
activities of peptides on a cellular level in this study were close to those reported extracts
of plants [17–19], which suggested the peptides in our study may also have great potential
applications.

To further investigate the underlying mechanisms of fractions scavenging intracellular
ROS, we detected the activities of antioxidant enzymes such as SOD, GSH-Px and CAT after
being treated with fractions due to their role in scavenging ROS and suppressing oxidative
stress [20,21]. The glucose and H2O2 reduced the activities of SOD, GSH-Px and CAT in
HUVECs and HaCaT cells. The administration of F1 and F2 dose-dependently increased
the activities of these enzymes at a concentration range of 25–200 μg/mL (Figure 2G–L and
Figure 3G–L).

2.5. Effects of F2 on Resistance to Oxidative Stress in C. elegans

Caenorhabditis elegans (C. elegans) have many highly conserved genes and signaling
pathways involved in the regulation of aging and oxidative stress [22,23]. The genes and
pathways in aging, oxidative stress and inflammation between C. elegans and human are
highly homologous [24]. C. elegans as an animal model is widely used for anti-aging and
anti-oxidative studies.

In this study, 0.5 mg/mL of F1 and F2 had no toxicity and no significant life-extending
effect on N2 (Figure 4A). The in vivo ROS assay showed that 0.5 mg/mL of F1 had no
significant ROS scavenging effects, while F2 could scavenge ROS at low concentration
(0.2 mg/mL, Figure 4E,F). The fluorescence accumulation assay of 80 nematodes showed
similar results (Figure 4G).

Then, we speculate whether the APs can enhance the stress resistance of N2. Oxidizing
agent H2O2 (10 mM), pesticide paraquat (10 mM) and heat (35 ◦C) were chosen as stress
conditions. Considering F2 has higher anti-oxidative activity than F1, in this study N2 were
treated with F2 and then exposed to stress conditions. Data showed that the F2 can extend
the stressed N2 survival time in all stress conditions, and the survival rate was positively
correlated with the addition of F2. An amount of 0.2 mg/mL of F2 increased 35% survival
rate after 7 h of H2O2 stress, 50% after 120 h of paraquat stress and 24% under heat stress
(Figure 4B–D). Although F2 did not help the C. elegans live longer, it really improved the
resistant ability of C. elegans obviously to the oxidation, pesticide and heat stress.

We then investigated the MDA levels and activities of antioxidant enzymes in ne-
matodes. The MDA level is an important biomarker of lipid peroxidation [25]. F2 could
significantly reduce the MDA levels in nematodes (Figure 4H). As shown in Figure 4I–K,
F2 could have dose-dependently increased the activities of SOD and GSH-Px, while it
had no effects on CAT. These results suggested that F2 could upregulate the activities of
SOD and GSH-Px and reduce the lipid peroxidation degree to scavenge the ROS in the
organisms. Activating these antioxidant enzymes contributes to maintaining the redox
balance, delaying aging process and prolonging lifetime [26]. Antioxidant enzymes with
high activity are able to reduce ROS levels, maintain normal physiological steady state and
prevent numerous diseases such as cancer, diabetes, neurodegenerative diseases and so
on [4].
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Figure 4. Effects of F2 on resistance to oxidative stress in Caenorhabditis elegans. (A) Survival curves
of C. elegans treated with F1 and F2. Survival curves of C. elegans pre-treated with F2 at given
concentrations for 3 days and then exposed to (B) 10 mM H2O2 and (C) 10 mM paraquat. * represents
p < 0.05, ** represents p < 0.01 and *** represents p < 0.001, compared with H2O2 and paraquat
group (Student t-test). (D) Survival rate of C. elegans pre-treated with F2 at given concentrations
for 3 days and then cultured at 35 ◦C for 10 h. (E) Antioxidant activities of F2 on C. elegans were
detected by DCFH-DA probe. Images were taken using fluorescence microscope (magnification,
5×). (F) Statistical analysis was performed to quantify relative fluorescence density (Student t-test).
(G) The ROS content in C. elegans was determined based on the average integrated area of the
fluorescene intensity of probes during 6 h intervals. (H) MDA levels, (I) superoxide dismutase
(SOD), (J) glutathione peroxidase (GSH-Px) and (K) catalase (CAT) activities in C. elegans were
detected after treated with F2 for 3 days. The Normality of data was analyzed by Shapiro–Wilk
test. Data were expressed as mean ± SD (n = 3). * represents p < 0.05, ** represents p < 0.01 and
*** represents p < 0.001, compared with blank control group (Student t-test).

2.6. Antioxidant Activities of Synthesized Peptide INSSDVQGKY

Since F2 has the highest antioxidant activity in all fractions, its components were
investigated using LC-MS/MS. The total ion chromatography of F2 was shown in Figure
S1. A total of 25 peptides with relative abundance >1% were identified, and their sequence
and abundance were listed in Table 1. Among them, one peptide with the sequence of
INSSDVQGKY accounting for 17.83% was considered as the major component of F2. The
MS/MS of INSSDVQGKY was shown in Figure S2.
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Table 1. Peptides identified through liquid chromatography mass spectrum (> 1%).

Amino Acid Sequence Mass (Da) Source (Position) Counts (%)

INSSDVQGKY 1109.535 Allophycocyanin beta-subunit [Arthrospira platensis qy3] (9–18) 17.83
VGGSVPREY 962.482 Elongation factor G [Arthrospira platensis] (531–539) 9.12

SSYPNRPVP 1015.509 Photosystem II lipoprotein Psb27 [Arthrospira platensis C1]
(102–110) 8.81

GIFDTMNH 933.401 ATP-dependent Clp protease proteolytic subunit [Arthrospira
platensis C1] (74–81) 6.91

YTPDYTPK 983.460 Ribulose bisphosphate carboxylase large chain [Arthrospira
platensis C1] (26–33) 3.34

IDPSHGTGF 929.424 Phospho-2-dehydro-3-deoxyheptonate aldolase [Arthrospira
platensis] (277–285) 3.33

TPEPKPEPKPEPKPEP 1795.936 CAAD domain-containing protein [Arthrospira platensis C1]
(52–67) 3.25

YEQMPEPKY 1183.522 NAD(P)H-quinone oxidoreductase subunit K [Arthrospira
platensis C1] (105–113) 3.14

DVDWSDYQKQ 1282.547 Ferredoxin-NADP reductase [Arthrospira platensis] (380–389) 2.78
VGGSVPKEY 934.476 Elongation factor G [Arthrospira platensis C1] (496–504) 2.76
TDVPANHPY 1012.461 S-layer domain protein [Arthrospira platensis C1] (283–291) 2.42

QGTLEKYI 950.507 Putative adenylate cyclase [Arthrospira platensis C1] (375–382) 2.40
AGIDEINRT 987.499 Phycocyanin alpha-subunit [Arthrospira platensis qy3] (113–121) 2.32

SESPNLILMDIQMP 1586.768 Multi-sensor hybrid histidine kinase [Arthrospira platensis C1]
(1700–1713) 2.32

APYDESEVVFH 1291.572 Rod linker polypeptide CpcI [Arthrospira platensis] (107–117) 2.20
IDTIPTGGK 900.492 50S ribosomal protein L13 [Arthrospira platensis C1] (144–152) 1.96

LIAGGTGPM 815.421 Phycocyanin alpha-subunit [Arthrospira platensis qy3] (99–107) 1.92
DVDWSDYQK 1154.488 Ferredoxin-NADP reductase [Arthrospira platensis] (380–388) 1.90

LPEEPMTGK 1000.490 Transcriptional regulator AbrB family [Arthrospira platensis C1]
(9–17) 1.80

VINSSDVQGKY 1208.604 Allophycocyanin beta-subunit [Arthrospira platensis qy3] (8–18) 1.68

LVTQQPLGGKAQ 1238.698 DNA-directed RNA polymerase subunit beta [Arthrospira
platensis] (992–1003) 1.52

KELTKKSPNSP 1227.682 NYN domain-containing protein [Arthrospira platensis] (398–408) 1.37

IETKEIPVPT 1125.628 Assimilatory sulfite reductase (ferredoxin) [Arthrospira platensis
C1] (592–601) 1.34

VDYQEQPREY 1325.589 Major membrane protein I [Arthrospira platensis C1] (81–90) 1.30
GANYEDEWK 1110.462 Transketolase [Arthrospira platensis] (308–316) 1.30

Sequence alignment showed that the peptide INSSDVQGKY was a part of a beta-
subunit of allophycocyanin. This was a novel AP first be sequenced and proved with an-
tioxidant activity. The structure of INSSDVQGKY was predicted and it was a linear peptide
with a little helix (Figure 5A). In order to validate the antioxidant function of this peptide, it
was synthetized. ORAC assay of the synthetized peptide was 0.32 ± 0.03 mmol TE/g and
slightly lower than F2 (0.41 ± 0.04 mmol TE/g) (Figure 5B). The peptide had no significant
cytotoxicity on HaCaT cells within 400 μg/mL (Figure 5C). The peptide dose-dependently
reduced the intracellular ROS levels at a concentration range from 100 μg/mL to 400 μg/mL
(Figure 5D,E). This peptide is therefore hypothesized to be the major antioxidant compo-
nent of F2. The antioxidant activity of INSSDVQGKY is close to peptide PNN which was
obtained from hydrolysis of phycobiliprotein by protease K [27] and may have potential
applications in further study.
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Figure 5. Antioxidant activities of synthesized peptide INSSDVQGKY. (A) Predicted structure of
peptide INSSDVQGKY. (B) ORAC assay of synthesized peptide INSSDVQGKY compared with
Trolox and PBS. (C) The effects of different concentration of synthesized peptide INSSDVQGKY
on HaCaT cell viability were measured by MTT assay. (D) Antioxidant activities of synthesized
peptide INSSDVQGKY on HaCaT cells were detected by DCFH-DA probe. Images were taken using
fluorescence microscope (magnification, 10×). (E) Statistical analysis was performed to quantify
relative fluorescence density. The Normality of data was analyzed by Shapiro–Wilk test. Data were
expressed as mean ± SD (n = 3). *** represents p < 0.001, compared with H2O2 group (Student t-test).

3. Discussion

Phycobiliprotein is an ideal marine protein resource with antioxidant properties widely
spread in Rhodophyta and Cyanophyta, which could be used in bioactive peptides prepa-
ration [28]. This study aimed to apply the bacterial extracellular protease in preparing
antioxidant peptides from phycobiliprotein. To utilize phycobiliprotein more comprehen-
sively and avoid its natural limitations, we reported bacterial extracellular protease of
Pseudoalteromonas sp. JS4–1 hydrolyzed phycobiliprotein to obtain antioxidant peptides in
a single process. The bioactive fractions exhibited antioxidant activities both in vitro and
in vivo. The biochemical mechanisms of the antioxidant activities of the fractions at cellular
and C. elegans levels may be through activating the activities of antioxidant enzymes and
scavenging the oxidative stress in the organisms. The molecular mechanism underlying
this biological progress still need to be further studied in the future.

In this study, extracellular proteases from marine bacteria were used to hydrolyze
phycobiliprotein. Marine proteases can degrade organics in the ocean naturally; thus, they
have extraordinary advantages in digesting marine-sourced proteins such as fish and plants
compared with land proteases [9,29,30]. Compared with commercial proteases, marine
proteases have higher catalyzing efficiency and shorter hydrolyzing time. The unique cleav-
age sites of marine proteases also produced peptides with different amino acid sequences
which is helpful to select more bioactive peptides and develop various applications of
phycobiliprotein [31]. The identified peptide INSSDVQGKY exhibited antioxidant activities
at a concentration of 100–200 μg/mL which was close to some newly found antioxidant
peptides derived from other resources [32,33]. The cellular ROS scavenging assay is strong
proof of the outstanding antioxidant activity of the peptide during biological process.

ROS are important mediators of biological process. The increased formation of ROS
could cause oxidative stress which is associated with oxidative damage to biomolecules [34].
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Oxidative stress happens in various pathophysiological processes and is an important
pathophysiological mechanism underlying many diseases. Thus, decreasing the ROS levels
to inhibit the oxidative stress has become an efficient and promising way in medicine [35].
Activating endogenous antioxidant enzymes such as SOD, CAT and GSH-Px by small
molecules is an effective and protective approach in diseases [36]. The enzymatic hy-
drolysates and newly identified peptide in this study were able to activate the antioxidant
enzymes to scavenge ROS under exogenous stress such as high glucose, and H2O2. Li
G et al. identified a novel peptide EDEQKFWGK with DPPH RSA 26.76% and the OH
RSA 32.19% from porcine plasma hydrolysate, and this peptide could increase SOD, CAT,
and GSH-Px activities in HepG2 cells [37]. Park YR et al. identified a novel peptide NCW-
PFQGVPLGFQAPP with DPPH RSA 50% from clam worms and exhibited good antioxidant
and anti-inflammation effects in RAW264 7 cells [38]. Compared with antioxidant peptides
from other resources, phycobiliprotein hydrolysates also showed good antioxidant activi-
ties (DPPH RSA: 45.14 ± 0.43% and OH RSA: 65.11 ± 2.64%). Further, phycobiliprotein
can be easily obtained and produced massively in the industry. So, exploring bioactive
peptides from phycobiliprotein is of great economic value.

Conclusively, the enzymatic hydrolysis of phycobiliprotein is a promising and efficient
method to produce antioxidant peptides. The peptides hydrolyzed from phycobiliprotein
by marine proteases exhibited antioxidant activities both at cellular levels and in C. elegans.

4. Materials and Methods

4.1. Strains and Reagents

The A. platensis powder was purchased from a local supplier in Shanghai. Strains used
in this study were isolated from the sediment of the South China Sea and stored in the lab:
Pseudoalteromonas sp. JS4-1 (GenBank accession number: MT116988), Pseudoalteromonas
sp. B27-3, Pseudoalteromonas sp. B47-6, Pseudoalteromonas sp. B62-3, Pseudoalteromonas
sp. WH05-1, Pseudoalteromonas sp. WH06-2, and Pseudoalteromonas sp. ZB23-2. Immortal
human umbilical vein endothelial cell line (HUVECs) and human immortal keratinocyte
line (HaCaT) were obtained from the National Collection of Authenticated Cell Cultures
(Shanghai, China). Wild type C. elegans (N2) were obtained from Caenorhabditis Genetics
Center (CGC).

Ninhydrin, penicillin-streptomycin solution (cell culture grade), trypsin-EDTA solu-
tion, dimethyl sulfoxide (DMSO), thiazolyl blue tetrazolium bromide (MTT), and phosphate
buffered saline (PBS) were purchased from Sangon Biotech (Shanghai, China). Trisodium
citrate dihydrate, SnCl2, n-propanol, FeSO4, 30% H2O2, cholesterol and glucose were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). In addition,
1,1-diphenyl-2-picrylhydrazyl (DPPH), 1,10-phenanthroline monohydrate (OP), fluorescein
sodium salt, 2,20-azobis (2-amidinopropane) dihydrochloride (AAPH), 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox), L-leucine, antifade mounting medium and
NaN3 were purchased from Sigma-Aldrich, Ltd. (St. Louis, MO, USA). AmiconTM Ultra-15
centrifugal filter units were purchased from Millipore® (Billerica, MA, USA). Sephadex LH-
20 was purchased from GE Healthcare Life Sciences (Uppsala, Sweden). Fetal bovine serum
(FBS) was purchased from PAN-BiotechGibco company (Aidenbach, Germany). RPMI-
1640 medium was purchased from Gibco® ThermoFisher Scientific Company (Waltham,
MA, USA). Methyl viologen dichloride was purchased from Aladdin® (Shanghai, China).
BCA assay kit, cell lysis buffer, ROS assay kit, catalase (CAT) assay kit, total superox-
ide dismutase (SOD) assay kit with NBT, cellular glutathione peroxidase (GSH-Px) assay
kit with NADPH and lipid peroxidation MDA assay kit were purchased from Beyotime
Biotechnology (Shanghai, China).

4.2. Extraction of Phycobiliprotein and Screening of Proteases
4.2.1. Extraction of Phycobiliprotein from A. platensis

One gram of A. platensis powder was stirred in 100 mL of sterilized ultrapure water,
then frozen in −20 ◦C and thawed in 37 ◦C-water bath repeatedly 3–4 times to help
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proteins released. The protein content was measured by BCA method [39]. The soluble
phycobiliprotein (crude extract) was obtained by centrifugation at 12,000× g for 20 min,
and stored at −20 ◦C for future use. We could obtain 100 mL of 3.75 mg/mL protein
solution from 1 g of A. platensis powder and the yield rate was 37.5%.

4.2.2. Preparation of Crude Bacterial Extracellular Protease

The activated seed inoculum was prepared by adding bacterial strains preserved in
glycerin into 5 mL 2216E liquid medium (tryptone 5 g/L, yeast extract 1 g/L, Fe2(SO4)3
0.01 g/L, dissolved in artificial sea water, pH 7.8), and incubating at 16 ◦C for 16–24 h
with 180 rpm shaking. Then, 2% of seed inoculum was transformed to fresh fermentation
medium (bean powder 20 g/L, corn powder 20 g/L, wheat bran 10 g/L, Na2HPO4·12H2O
1 g/L, KH2PO4 0.3 g/L, CaCl2 1 g/L, Na2CO3 1 g/L, dissolved in artificial sea water,
pH 7.8) and continuously culturing at the same condition. After 5 days cultivation, the
crude enzyme was obtained by collecting the supernatant of the fermentation broth at
12,000× g centrifugation for 10 min at 4 ◦C, and stored at −20 ◦C prior to use.

4.2.3. Substrate Immersing Zymography

Substrate immersing zymography was conducted to determine the enzymatic activities
against casein according to a previous study, with minor modifications [40]. The SDS-PAGE
gel was immersed in the pre-warmed 0.5% (w/v) casein solution and incubated at 37 ◦C for
1 h with 75 rpm shaking. The gel was then stained with 0.1% of Coomassie Brilliant Blue
dye solution for 4 h, and then decolored with 30% of ethanol and 70% of acetic acid (v/v)
until the bands were clearly visible.

4.3. Antioxidant Activities of Hydrolysates
4.3.1. Optimization of Hydrolysis Conditions

First, the enzyme/substrate (E: S) ratio (v/w, mL/mg) was designed as 1:6, 1:8, 1:10,
1:12 and 1:14 with 1 mg/mL enzyme at 50 ◦C, to optimize the E/S ratio during the hydrolyz-
ing. Then, the hydrolysis reaction was carried out at 35 to 60 ◦C, with 5 ◦C at intervals, to
estimate the optimal temperature for hydrolyzing. Finally, hydrolyzing was taken from
1 h to 7 h at hourly intervals at 50 ◦C to optimize the reaction time. The reaction was
terminated by heating at 95 ◦C for 10 min. The reaction buffer was ultrapure water. The
hydrolysate was centrifuged at 12,000× g and 4 ◦C for 20 min and the hydrolysis degree
was measured by ninhydrin coloration method [41]. The •NH2 in hydrolysate could react
with ninhydrin and have absorption peak at 570 nm. The standard curve was determined
using L-leucine at a concentration of 0, 1, 1.5, 2, 2.5 and 3 mM.

4.3.2. Purification of Hydrolysates

After digestion, the hydrolysates were added into the upper casing of the AmiconTM

Ultra-15 centrifugal filter units and centrifuged at 5000× g for 30 min to separate peptides
with MWCO (molecular weight cut-off) > 3 kDa (in the upper casing) and MWCO < 3 kDa
(in the lower casing).

The peptides with MWCO < 3 kDa was further fractionated by NGC Scout Plus fast
protein liquid chromatography (FPLC) system (Bio-Rad, USA) and a XK16/70 column
(1.6 × 60 cm) equipped with Sephadex LH-20 gel. One mL of sample was injected into the
loading loop and the column was continuously eluted with filtered ultrapure water at a
flow rate of 0.75 mL/min. The protein absorbance was monitored at 220 nm with a UV
detection all the time. Fractions were lyophilized and redissolved in ultrapure water at the
same concentration for further assay.

4.3.3. Determination of Antioxidant Activities

To evaluate antioxidant activities of hydrolytes in vitro, DPPH free radical scavenging
activity (DPPH RSA) assay, hydroxyl free radical (OH) scavenging activity (OH RSA)
assay and oxygen radical absorbance capacity (ORAC) assay were conducted according to

62



Mar. Drugs 2023, 21, 133

previous studies, with minor modifications [42–44]. The DPPH and OH radical scavenging
rate were calculated.

The ORAC was defined as Trolox equivalents (mmol TE/g sample or mmol TE/mmol
sample) according to the area under the curve (AUC) and calculated using the following
formula:

ORAC = (AUCsample − AUCcontrol)/(AUCTrolox − AUCcontrol) × (MTrolox/Msample) (1)

where AUCsample, AUCcontrol and AUCTrolox were the integral areas under the fluorescence
decay curve of the sample, PBS and Trolox, and MTolox and Msample were the concentrations
of the Trolox and sample, respectively.

4.3.4. Protective Effects on Oxidative Damage of Plasmid DNA

To evaluate the protective effects of peptides on the oxidative damage of biological
macromolecules (proteins and DNA), the protection effect assay was conducted according
to a previous method, with minor modifications [15]. An amount of 8 μL of pET-22b DNA,
2 μL of FeSO4 (2 mM), 8 μL of sample and 2 μL of 0.1% H2O2 were mixed in a sterilized
tube and incubated at 37 ◦C for 10 min. For the blank, 12 μL of sterilized water replaced
other reagents incubating with the DNA. For the negative control, sample was replaced
with sterilized water. For the positive control, the sample was replaced with Vitamin C
(200 μg/mL). The reaction solution was then analyzed by 1% agarose gel electrophoresis
under 120 V for 30 min.

4.3.5. Determination of Intracellular ROS Levels and the Activities of Intracellular
Oxidative Enzymes

HUVECs and HaCaT cells were cultured in RPMI-1640 medium with 10% FBS,
100 U/mL penicillin and 100 μg/mL streptomycin (complete medium) at 37 ◦C in a
humidified atmosphere of 5% CO2. Cell viability was measured by MTT assay.

The 2′,7′-dichloro-fluorescence diacetate (DCFH-DA) probe can be oxidized by ROS to
produce green fluorescent materials which can be observed under fluorescence microscope.
An amount of 1 × 105 of cells were plated in a 24-well plate and incubated overnight.
For the HUVECs cells, the medium was replaced with RPMI-1640 medium (without FBS
instead, added 35 mM of glucose) for 24 h. For the HaCaT cells, the medium was replaced
with RPMI-1640 medium (without FBS, but added 1.5 mM of H2O2) for 4 h. For the
blank, cells were treated with RPMI-1640 medium (without FBS). An amount of 10 μM
DCFH-DA probe was added to each well and incubated for 1 h. Cells were washed with
PBS for 3 times and re-immersed in 500 μL of PBS. Images were taken using an inverted
fluorescence microscope (Axio vert. A1, Carl Zeiss, Oberkochen, Germany).

Next, 2 × 106 of cells were plated in a 6-well plate and treated with the same condition.
After incubating for 24 h, cells were washed with PBS for 3 times, then incubating with
150 μL of cell lysis buffer for 30 min on ice. The suspension was centrifuged at 12,000× g
for 10 min at 4 ◦C. The protein concentration was measured by BCA method. The CAT,
SOD and GSH-Px activities were determined according to the manufacturer’s instructions.

4.3.6. Antioxidant Activities Evaluation Using C. elegans Model
Maintenance of C. elegans and Lifespan Assay

N2 was cultured on nematode growth medium (NGM) plates supplied with E. coli
OP50 as food at 20 ◦C. The age-synchronized C. elegans were prepared using the alkaline
hypochlorite method according to Phaniendra et al. [45].

Fresh NGM plates were coated with E. coli OP50 containing a different concentration
of APs (0.2 and 0.5 mg/mL) and incubated at 37 ◦C for 48 h to prepare the sample plates.
Age-synchronized nematodes (L4 stage) were plated in blank plates and sample plates
(80 worms on each plate), as Day 0 for lifespan assay. Nematodes on each plate were
transferred to a new plate to avoid new-born worms and counted every day until all
nematodes were dead. The survival rate was calculated.
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After 3 days of treatment on the sample plates, nematodes were collected into a M9
buffer (added 100 μM DCFH-DA probe) and incubated at 20 ◦C for 30 min without light.
Nematodes were washed with M9 buffer 3 times. For inverted fluorescence microscope
observation, nematodes were anesthetized with 1 μL of NaN3 (25 mM) and 20 μL of
suspension was dropped onto the center of the slide, and 5 μL of antifade mounting
medium was added for observation.

The ROS accumulation was conducted according to previous studies, with minor
modifications [46]. The fluorescence intensity was measured at 15 min intervals for 6 h
with excitation 485 nm and emission 530 nm at 25 ◦C.

For intracellular proteins extraction, nematodes were ultrasonicated on ice and the
suspension was centrifuged at 12,000× g for 10 min at 4 ◦C. The protein concentration was
measured by BCA method. The CAT, SOD and GSH-Px activities and MDA levels in the
supernatant were determined according to the manufacturer’s instructions.

Oxidative Stress Experiment

After 3 days of treatment, nematodes were transferred onto NGM plates supplied with
10 mM H2O2 or 10 mM paraquat, and each plate with 80 worms. The number of survival
nematodes was counted per 30 min intervals (the H2O2 plates) and per 12 h intervals (the
paraquat plates) until all the nematodes were dead [47]. The survival rate was calculated.

After 3 days of treatment, nematodes were transferred onto the fresh NGM plates
(80 worms on each plate) and incubated at 35 ◦C for 10 h [48]. Numbers of survival
nematodes were counted after the heat shock and the survival rate was calculated.

4.3.7. Identification and Solid Phase Synthesis of APs

The sequence and composition of peptides in the active fractions were analyzed
by liquid chromatography-mass spectrometry (LC-MS/MS) in Sangon Biotech Co., Ltd.
(Shanghai, China). The LC-MS/MS was developed on an UltiMate 3000 RSLCnano system
(Thermo, Waltham, MA, USA) coupled with a Q Exactive Plus HPLC-Mass Spectrometer
(Thermal, Riverside County, CA, USA). The chromatographic separation was achieved
using a C18 column (3 μm, 120 Å, 100 μm × 20 mm). The analysis was performed on a
C18 analytical column (2 μm, 120 Å, 750 μm × 150 mm). Mobile phase A was 3% DMSO,
0.1% formic acid, and 97% H2O and mobile phase B was 3% DMSO, 0.1% formic acid,
and 97% ACN. The flow rate was set as 300 nL/min. The MS data was processed with
MaxQuant (V1.6.2.10) to identify detected peptides in Arthrospira platensis proteomics
database. Peptide with maximal abundance was synthesized by solid phase synthesis in
ChinaPeptides Co., Ltd. (Shanghai, China) according to the sequence information given by
LC-MS/MS.

The structure of peptide was predicted by Phyre2 (http://www.sbg.bio.ic.ac.uk/
phyre2 (accessed on 20 December 2022)).

4.4. Statistical Analysis

All the experiments and analysis were carried out in triplicate. The Normality of
experimental data was analyzed by Shapiro–Wilk test. Normal experimental data were
analyzed with by Student t-test. Non-parametric data were analyzed by Mann–Whitney test.
Data were presented as the mean ± standard deviation (SD) and P < 0.05 was considered
as a statistically significant difference.

5. Conclusions

Algal protein resources are considered to be a huge treasury of bioactive peptides.
More and more researchers are attempting to prepare novel bioactive peptides from algal
protein through protease hydrolysis. In addition, novel proteases from marine bacteria also
possess great potential in antioxidant peptide preparation, due to their high efficiency and
low cost. In this study, phycobiliprotein was hydrolyzed by extracellular proteases from
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Pseudoalteromonas sp. JS4-1 to produce antioxidant peptides. A novel antioxidant peptide
INSSDVQGKY was separated and identified from the hydrolysates. The hydrolysates and
peptide INSSDVQGKY exhibited excellent antioxidant activities both at cellular levels and
in C. elegans.
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Abstract: This study aims to obtain a novel probiotic strain adapted to marine habitats and to assess
its antisepsis properties using a cecal ligation and puncture (CLP) model in rodents. The marine
Enterococcus faecium EA9 was isolated from marine shrimp samples and evaluated for probiotic
potential after phenotypical and molecular identification. In septic animals, hepatic and renal tissues
were histologically and biochemically evaluated for inflammation and oxidative stress following the
probiotic treatment. Moreover, gene expressions of multiple signaling cascades were determined
using RT-PCR. EA9 was identified and genotyped as Enterococcus faecium with a 99.88% identity. EA9
did not exhibit any signs of hemolysis and survived at low pH and elevated concentrations of bile
salts. Moreover, EA9 isolate had antibacterial activity against different pathogenic bacteria and could
thrive in 6.5% NaCl. Septic animals treated with EA9 had improved liver and kidney functions, lower
inflammatory and lipid peroxidation biomarkers, and enhanced antioxidant enzymes. The CLP-
induced necrotic histological changes and altered gene expressions of IL-10, IL-1β, INF-γ, COX-2,
SOD-1, SOD-2, HO-1, AKT, mTOR, iNOS, and STAT-3 were abolished by the EA9 probiotic in septic
animals. The isolate Enterococcus faecium EA9 represents a promising marine probiotic. The in vivo
antisepsis testing of EA9 highlighted its potential and effective therapeutic approach.

Keywords: marine; probiotic; Enterococcus faecium; sepsis; inflammation; oxidative stress

1. Introduction

Lactic acid bacteria (LAB) are widespread microorganisms that exist as normal mi-
croflora in humans and animals [1]. Some members of this ecosystem possess probiotic
properties that confer a variety of health benefits, including colon cancer prevention, intesti-
nal constipation alleviation [2], serum cholesterol reduction [3], and immunity boosting [4].
Furthermore, they enhance fatty acid absorption in the gut and boost health by producing
antioxidants, vitamins, enzymes, organic acids (lactic and acetic), bacteriocins, and other
antimicrobial substances [5].

The selection of a probiotic strain is critical since it must be safe with positive impacts
on the host. The probiotic strain must be capable of withstanding digestive tract circum-
stances, such as acidic pH and high concentrations of bile salts and digestive enzymes [6].
Probiotics have been typically studied using culture-dependent methods that rely on isola-
tion, growth, and identification in the lab using standard morphological and biochemical
assays. The results of these in vitro tests must be encountered to evaluate and optimize
the feeding dose and survivability of the probiotic strain [7] and to determine whether the
candidate strain is suitable to be tested in vivo or not. Probiotic strains must be further
examined in vivo to assess their ability to control or prevent diseases and disorders [8].
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Enterococci species are facultative, gram-positive, and anaerobic cocci that can be
isolated from multiple environments [9]. The therapeutic utilization of this well-known
LAB as a probiotic has been documented in several clinical and preclinical studies [9].
In a recent prospective randomized comparative clinical study, the use of Enterococcus
faecium isolate as a probiotic showed potential therapeutic effects in 62 patients with post-
infectious irritable bowel syndrome [10]. Another Enterococcus faecium isolate revealed
anti-inflammatory and immunomodulatory effects through the regulation of nuclear factor
kappa B (NF-κB) and the c-Jun N-terminal kinase (JNK) pathway [11]. Moreover, the
preventive effects of Enterococcus faecium probiotic were reported in broiler chickens with
necrotic enteritis-induced intestinal barrier injury [12]. Enterococcus faecium also potentiated
the anti-inflammatory and antiarthritic effects of methotrexate in a rat model of arthritis [13].
In Divyashri et al. study, the probiotic containing Enterococcus faecium tended to protect
against neurological inflammation and oxidative stress [14].

In the medical field, probiotics have established their effective and potential protective
effects against several pathological conditions [15] owing to less frequent antimicrobial
resistance in comparison with conventional antimicrobial therapies. The life-threatening
septic shock is one pathological condition that was targeted by multiple probiotics due to
its high prevalence even with the presence of advanced critical care medical services [16,17].
Clinical data suggested that probiotics might delay the disease onset and reduce inflamma-
tory mediators, particularly in children [18]. Likewise, experimental data demonstrated the
ability of probiotics to alleviate sepsis-induced pathological response and inflammatory
injuries in several organs [19]. Among the medically introduced probiotics, probiotics
isolated from the marine environment have multiple therapeutic applications [20,21]. Their
industrial, pharmaceutical, and environmental perspectives were documented [22]. Studies
suggested that these marine microorganisms could be a selective source for secondary and
bioactive compounds, which could be considered an advantage over the non-aquatic mi-
crobes [23]. Accordingly, it could be speculated that the present marine-derived Enterococcus
faecium EA9 isolate could have potential beneficial properties in sepsis conditions.

Therefore, the current study aimed to isolate and identify a promising LAB from
marine samples and assess its probiotic potential. The second aim of the present study was
to explore whether the isolated potential probiotic could provide in vivo protective effects
in septic Wistar albino rats using the cecal ligation and puncture (CLP) model.

2. Results

2.1. Assessment of Probiotic Potential of Isolate EA9
2.1.1. Phenotypic and Biochemical Characterization of Isolate EA9

The isolate EA9 was characterized as Gram-positive, catalase negative, non-spore
forming, and spherical in shape (Figure 1A,B). The VITEK 2 system was also used to
characterize it biochemically, as shown in Table 1. The biochemical features of EA9 VITEK 2
revealed certain biochemical traits, such as lactose fermentation, resistance to four antibi-
otics (Polymixin, Bacitracin, Novobiocin, and Optochin), and the capacity to survive in
6.5% NaCl. The isolate EA9 was biochemically identified as Enterococcus faecium with a
95% likelihood.

2.1.2. Molecular Identification

The identity of the marine isolate EA9 was subsequently validated by molecular
identification using 16S rRNA gene sequencing analysis and sequence homology searches
using the NCBI’s BLAST software (NCBI, Bethesda, MD, USA). With a 99.88% similarity
rate, EA9 was identified as Enterococcus faecium. The sequence was deposited in GenBank
with the accession number MW218438. Figure 2 depicts the evolutionary relationship
between the marine isolate EA9 and its close relatives in the NCBI database.
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Figure 1. (A) Gram staining of isolate EA9 showing the Gram reaction of the isolate. (B) EA9 bacterial
cells imaged with a scanning electron microscope (SEM) show the EA9 isolate’s unique spherical
cell shape and clustering. (C) Blood hemolysis test for isolate EA9 after 24 h at 37 ◦C indicating
non-hemolytic activity.

Table 1. Biochemical characterization of the marine isolate EA9 using the VITEK 2 microbial identifi-
cation system (BioMérieux, Craponne, France).

Test Result Test Result

Alpha-mannosidase (AMAN) − D-mannosE (dMNE) +

Phosphatase (PHOS) − Methyl-b-d-glucopyranoside (MBdG) +

Leucine arylamidase (LeuA) − Pullulan (PUL) −
L-proline arylamidase (ProA) − D-raffinose (dRAF) −
Tyrosine arylamidase (TyrA) − Optochin resistance (OPTO) +

D-sorbitol (dSOR) − Urease (URE) −
Polymixin b resistance (POLYB) + D-mannitol (dMAN) −

D-amygdalin (AMY) − D-galactose (dGAL) +

Phosphatidylinositol phospholipase
(PIPLC) − D-ribose (dRIB) +

D-xylose (dXYL) − L-lactate alkalinization (ILATK) −
Arginine dihydrolase 1 (ADH1) + Lactose (LAC) +

Beta-galactosidase (BGAL) + N-acetyl-D-glucosamine (NAG) +

Alpha-glucosidase (AGLU) − D-maltose (dMAL) +

Beta glucuronidase (BGURr) − O/129 resistance (comp. vibrio.)
(O129R) +

Alpha-galactosidase (AGAL) − Salicin (SAL) +

L-pyrrolydonyl-arylamidase (PyrA) + Saccharose/Sucrose (SAC) −
Beta-glucuronidase (BGUR) − D-trehalose (dTRE) +

Alanine arylamidase (AlaA) − Arginine dihydrolase 2 (ADH2s) +

Ala-phe-pro arylamidase (APPA) − Bacitracin resistance (BACI) +

Cyclodextrin (CDEX) + Novobiocin resistance (NOVO) +

L-aspartate arylamidase (AspA) − Growth in 6.5% NaCl (NC6.5) +

Beta galactopyranosidase (BGAR) −
“+” indicates positive test results and “−” indicates negative test results according to the manufacturer.
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Figure 2. Phylogenetic tree of the marine isolate EA9 (yellow square) based on the 16S rRNA partial
gene sequence.

2.1.3. Blood Hemolysis

One of the most important safety factors for evaluating potential probiotic strains is
hemolytic activity. EA9 showed no clear or greenish zones around their colonies grown on
a blood agar plate, indicating non-hemolytic activity (Figure 1C).

2.1.4. Antibiotic Resistance

The disc diffusion method was used to investigate the antibiotic resistance of the
bacterial strain EA9. Out of 11 clinically significant antibiotics examined, isolate EA9 was
resistant to 5 types of antibiotics namely: Ampicillin, Ceftriaxone, Piperacillin/Tazobactam,
Nalidixic Acid, and Erythromycin (Table 2), whereas it was susceptible to the other
6 antibiotics.

Table 2. Antibiotic resistance of isolate EA9.

Antibiotic Result

Nalidixic Acid (30 mcg) R

Ampicillin (10 mcg) R

Erythromycin (15 mcg) R

Tetracycline (30 mcg) S

Piperacillin/Tazobactam (110 mcg) R

Vancomycin (30 mcg) S

Oxacillin (1 mcg) S

Ceftriaxone (30 mcg) R

Amoxicillin (25 mcg) S

Ofloxacin (5 mcg) S

Cephradine (5 mcg) S
“R” resistant and “S” sensitive.

2.1.5. Resistance to pH

As shown in Figure 3A, the isolate EA9 was able to withstand pH 4 and 3 for 4 h,
as shown by an increase in absorbance and survival rates of 98% and 83%, respectively.
Similarly, isolate EA9 was able to live and grow at pH 2 for 4 h, although at a slower pace,
with a survival rate of 69%, and it continued to develop as reported after 24 h.
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Figure 3. Growth of the marine isolate EA9 at diverse (A) pH values and (B) concentrations of bile
salts for 24 h at 37 ◦C.

2.1.6. Bile Salts Tolerance

Data in Figure 3B shows that the isolate EA9 could withstand 0.1% and 0.3% bile
concentrations, as demonstrated by an increase in absorbance and survival rates of 79.7%
and 60%, respectively. Furthermore, EA9 continued to develop as observed after 24 h.

2.1.7. Antimicrobial Activity

The antibacterial activity of EA9 cell free supernatant (CFS) was tested against 7 pathogenic
bacteria using the agar well-cut diffusion technique. According to the findings, EA9 CFS
exhibited potent antimicrobial activity against all pathogens examined, with inhibition
zones ranging from 15 to 21 mm in diameter (Table 3). The EA9 CFS showed the highest
activity against the Gram-positive bacteria Staphylococcus aureus ATCC 25923 (21 mm) while
the lowest activity was recorded against the Gram-negative bacteria Escherichia coli ATCC
8739 and Klebsiella pneumonia ATCC 13883 (15 mm).

Table 3. Antimicrobial activity of isolate EA9 cell free supernatant against different indica-
tor pathogens.

Indicator Pathogen Inhibition Zone Diameter (mm)

Pseudomonas fluorescens ATCC 13525 18 ± 0.5

Streptococcus agalactiae ATCC 13813 19 ± 0.44

Aeromonas hydrophila ATCC 13037 18 ± 0.23

Staphylococcus aureus ATCC 25923 21 ± 0.115

Escherichia coli ATCC 8739 15 ± 0.05

Enterococcus faecalis ATCC 29212 18 ± 0.15

Klebsiella pneumonia ATCC 13883 15 ± 0.23

2.2. In Vivo Testing of the Antisepsis Action of the Isolated EA9 Probiotic
2.2.1. EA9 Effects on Liver and Kidney Functions Tests

Serum levels of liver functions tests, including AST and ALT, as well as the kidney
functions tests, including BUN and creatinine, were significantly (p ≤ 0.01 and p ≤ 0.05;
respectively) augmented in CLP groups as compared to the SHAM and SHAM + AE9
groups. Treatment of CLP animals with Enterococcus faecium EA9 significantly (p ≤ 0.05)
lowered the liver and kidney functions tests as compared to the CLP group (Table 4).
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Table 4. Assessment of serum biochemistry following treatment with Enterococcus faecium EA9
probiotic in septic Wistar rats.

SHAM SHAM + EA9 CLP CLP + EA9

AST 143.83 ± 13.79 ** 141.16 ± 20.06 ** 211 ± 25.49 164.5 ± 41.92 *

ALT 57.33 ± 8.94 ** 55.33 ± 7.89 ** 83.5 ± 13.14 63 ± 12.17 *

BUN 72.16 ± 14.77 * 72.51 ± 16.00 * 104 ± 28.09 74.66 ± 7.89 *

Creatinine 0.71 ± 0.09 * 0.71 ± 0.08 * 1.1 ± 0.33 0.73 ± 0.15 *
Data are presented as mean ± SD (n = 6) and statistically analyzed by one way ANOVA followed by Tukey-Kramer
post hoc test. Significance was considered when * p ≤ 0.05 or ** p ≤ 0.01 vs. CLP.

2.2.2. EA9 Effects on Liver and Kidney Inflammation

The dry/wet ratio in the liver samples from CLP group was significantly lower than
SHAM (p ≤ 0.05), SHAM + EA9 (p ≤ 0.01), and CLP + EA9 (p ≤ 0.05) groups while the
dry/wet ratio in the renal samples from CLP group was significantly lower than SHAM
(p ≤ 0.01) and SHAM + EA9 (p ≤ 0.01) groups (Figure 4A). The levels of inflammatory
cytokines, such as TNF-α, IL-1β, and IL-6, were significantly (p ≤ 0.05 and p ≤ 0.01) higher
in liver and kidney samples from CLP group as compared to SHAM and SHAM + EA9
groups. CLP + EA9 showed markedly (p ≤ 0.05) lower hepatic levels of TNF-α, IL-1β, and
IL-6 as well as renal levels of TNF-α and IL-1β as compared to CLP group (Figure 4B–D).

Figure 4. Assessment of inflammation in hepatic and renal tissues following treatment with Enterococ-
cus faecium EA9 probiotic in septic Wistar rats. (A) degree of edema and fluid infiltration expressed as
dry/wet ratio of hepatic and renal tissues, (B) hepatic and renal levels of tumor necrosis factor alpha
(TNF-α), (C) hepatic and renal levels of interleukin-1 beta (IL-1β), and (D) hepatic and renal levels of
interleukin-6 (IL-6). Data are presented as mean ± SD (n = 6) and statistically analyzed by one way
ANOVA followed by Tukey-Kramer post hoc test. Significance was considered when * p ≤ 0.05 or
** p ≤ 0.01.
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2.2.3. EA9 Effects on Liver and Kidney Oxidative Stress

In the liver samples, TBARS (p ≤ 0.01) level was increased while the levels of GSH
(p ≤ 0.05) and the enzymatic activities of CAT (p ≤ 0.01), SOD (p ≤ 0.01), GPx (p ≤ 0.01),
and GR (p ≤ 0.05) were significantly decreased in the CLP group as compared to SHAM and
SHAM + EA9 groups. Similarly in the kidney samples, TBARS (p ≤ 0.001) was heightened
while GSH (p ≤ 0.05) levels and the enzymatic activities of CAT (p ≤ 0.05), SOD (p ≤ 0.01),
GPx (p ≤ 0.01), and GR (p ≤ 0.01) were significantly lowered in the CLP group as compared
to SHAM and SHAM + EA9 groups. Enterococcus faecium EA9 probiotic treatment to
the CLP animals significantly lowered the hepatic and renal TBARS (p ≤ 0.05) level and
significantly increased the hepatic GSH (p ≤ 0.05), hepatic and renal CAT (p ≤ 0.05) activity,
hepatic SOD (p ≤ 0.05) activity, and hepatic and renal GPx (p ≤ 0.05) activity (Figure 5A–F).

Figure 5. Assessment of oxidative damage in hepatic and renal tissues following treatment with Ente-
rococcus faecium EA9 probiotic in septic Wistar rats. (A) hepatic and renal levels TBARS as a marker for
lipid peroxidation, (B) hepatic and renal levels of GSH as an endogenous antioxidant, (C) hepatic and
renal enzymatic activities of catalase (CAT), (D) hepatic and renal enzymatic activities of superoxide
dismutase (SOD), (E) hepatic and renal enzymatic activities of glutathione peroxidase (GPx), and
(F) hepatic and renal enzymatic activities of glutathione reeducates (GR). Data are presented as
mean ± SD (n = 6) and statistically analyzed by one way ANOVA followed by Tukey-Kramer post
hoc test. Significance was considered when * p ≤ 0.05, ** p ≤ 0.01, or *** p ≤ 0.001.

2.2.4. EA9 Effects on Liver and Kidney Histology

The results of the semiquantitative histological analysis revealed that hepatic and
renal slides from SHAM and SHAM + EA9 groups almost normal appearance without
inflammatory cells infiltration or necrotic areas. Hepatic and renal slides from CLP group
had a significantly (p ≤ 0.01) higher number of inflammatory cells infiltration and exudates
as well as multiple spots of necrosis as compared to SHAM and SHAM + EA9 groups.
Although CLP animals with Enterococcus faecium EA9 showed reduced hepatic and renal
inflammatory foci and necrotic tissues, the difference from the CLP was not statistically
significant (Figure 6A–J).
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Figure 6. Histological assessment of hepatic (A–D) and renal (E–H) tissues following treatment
with Enterococcus faecium EA9 probiotic in septic Wistar rats (scale bar = 100 μm). (A) Liver tissue
from sham group showing regular hepatic cells, (B) Liver tissue from sham + Enterococcus faecium
EA9 group showing normal hepatic cells, (C) Liver tissue from CLP group showing necrotic hepatic
ells with multiple inflammatory infiltration, (D) Liver tissue from sham + Enterococcus faecium EA9
group showing declined hepatic necrosis and inflammatory cells, (E) kidney tissue from sham group
showing regular renal structure, (F) Kidney tissue from sham + Enterococcus faecium EA9 group
showing ordinary looking renal tubules, (G) Kidney tissue from CLP group showing several necrotic
renal ells with diffused inflammatory cells, and (H) Kidney tissue from sham + Enterococcus faecium
EA9 group showing enhanced renal structure and fewer inflammatory cells. Semi-quantitative
histological scoring of the (I) liver and (J) kidney slides. Data are presented as mean ± SD (n = 5)
and statistically analyzed by Kruskal-Wallis test and Dunn’s multiple comparison post hoc test.
Significance was considered when ** p ≤ 0.01.

2.2.5. EA9 Effects on Liver and Kidney Gene Expressions

In the hepatic tissues, gene expressions of IL-1β (p ≤ 0.01), INF-γ (p ≤ 0.01), COX-2
(p ≤ 0.01), iNOS (p ≤ 0.01), and STAT-3 (p ≤ 0.01) were significantly up-regulated while the
gene expressions of IL-10 (p ≤ 0.05), SOD-1 (p ≤ 0.01), SOD-2 (p ≤ 0.01), HO-1 (p ≤ 0.01),
AKT (p ≤ 0.05), and mTOR (p ≤ 0.01) were significantly down-regulated in the CLP group
as compared to SHAM and SHAM + EA9 groups. The treatment of the CLP animals with
the probiotic Enterococcus faecium EA9 significantly inhibited the hepatic gene expressions of
IL-1β (p ≤ 0.05), INF-γ (p ≤ 0.05), iNOS (p ≤ 0.05), and STAT-3 (p ≤ 0.05) while it promoted
the hepatic gene expressions of HO-1 (p ≤ 0.05), AKT (p ≤ 0.01), and mTOR (p ≤ 0.01)
as compared to CLP group (Figure 7A,B). In the renal tissues, gene expressions of IL-1β
(p ≤ 0.01), INF-γ (p ≤ 0.01), COX-2 (p ≤ 0.01), and STAT-3 (p ≤ 0.01) were significantly up-
regulated while the gene expressions of IL-10 (p ≤ 0.01), SOD-1 (p ≤ 0.05), SOD-2 (p ≤ 0.05),
HO-1 (p ≤ 0.05), AKT (p ≤ 0.05), and mTOR (p ≤ 0.05) were significantly down-regulated
in the CLP group as compared to SHAM and SHAM + EA9 groups. Septic animals with
the Enterococcus faecium EA9 treatment has significantly lower renal gene expressions of
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INF-γ (p ≤ 0.05), COX-2 (p ≤ 0.01), and STAT-3 (p ≤ 0.15), along with enhanced renal gene
expressions of IL-10 (p ≤ 0.05), AKT (p ≤ 0.01), and mTOR (p ≤ 0.01) as compared to the
CLP group (Figure 7C,D).

Figure 7. Assessment of mRNA expressions of multiple genes in hepatic (A,B) and renal (C,D) tissues
following treatment with Enterococcus faecium EA9 probiotic in septic Wistar rats. Data are presented
as mean ± SD (n = 6) and statistically analyzed by one way ANOVA followed by Tukey-Kramer post
hoc test. Significance was considered when * p ≤ 0.05 or ** p ≤ 0.01.

3. Discussion

The marine environment represents an untapped niche for novel LAB isolates [24].
Marine LAB have promising possibilities as probiotics and can be considered as a source of
new bioactive compounds since their characteristics and biological activity vary from their
terrestrial counterparts. Their ability to live under the harsh marine circumstances makes
them more competitive than their terrestrial counterparts. Therefore, the marine isolate
Enterococcus faecium EA9 was assessed in this study for the primary safety criteria for use as
a probiotic. Additionally, the antisepsis effects of Enterococcus faecium EA9 probiotic was
evaluated as a potential therapeutic application using an in vivo model of sepsis in rats.

Enterococcus faecium EA9 demonstrated non-hemolytic activity, which confirms its
safety. Previous studies have also indicated the non-hemolytic ability of Enterococcus sp.
Pieniz et al. [25] observed that Enterococcus durans strain LAB18s isolated from Minas
Frescal cheese did not possess any hemolytic activity. Moreover, De Vuyst et al. [26]
found that several Enterococcus species collected from various environments were all non-
hemolytic. The results showed that the marine isolate Enterococcus faecium EA9 is sensitive
to 6 types of the tested antibiotics. On the other hand, EA9 showed resistance to 5 types
of antibiotics, which is a very important criterion in developing combination therapies
of antibiotic/probiotic [27]. The probiotic strain must be able to survive in presence of
some types of antibiotics. These antibiotics are widely employed in medication and as
preservatives in food products; as a result, a probiotic strain that is highly susceptible
to most antibiotics will be quickly cleared from the gastrointestinal system, rendering
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it useless [28]. The antibiotic resistance genes of many probiotic strains are found in a
non-transferable chromosome [29], which reduce the likelihood of transmission to other
bacteria in the gut [30]. In addition, EA9 was shown to be sensitive to vancomycin, which
is noteworthy given that vancomycin is often employed as a last-resort antibiotic owing
to its efficiency against multiple drug-resistant bacteria. Furthermore, the resistance of
probiotics to various antibiotics has previously been reported by Bs et al. [28], who reported
that Enterococcus faecium BS5 is susceptible to tetracycline, rifamycin, and chloramphenicol
but resistant to erythromycin, kanamycin, penicillin, streptomycin, and ampicillin. Notably,
different probiotic strains often exhibit varying degrees of resistance to various kinds of an-
tibiotics [31]. For instance, Lactobacillus bulgaricus and Streptococcus thermophilus have been
shown to have a high level of resistance to kanamycin, ampicillin, and streptomycin [32].

Enterococcus faecium EA9 showed a good potential to resist hard surviving conditions
when the pH values were reduced to 4, 3, and 2. The survival rates of Enterococcus faecium
EA9 in this condition was 98%, 84%, and 69%. Similarly, Pimentel et al. [33] obtained
73 enterococci isolate from Terrincho cheese, and he reported that most of the obtained
Enterococcus durans and Enterococcus faecium strains were resistant to a low pH environment.
Bs et al. [28] recorded the strong ability of Enterococcus faecium BS5 to withstand low pH
with respective survival rates of 78% (pH 4), 78% (pH 3), and 25% (pH 2). Moreover,
Enterococcus faecium EA9 managed to endure high concentrations of bile salts, which is
compatible with Bs et al. [28], who discovered that Enterococcus faecium BS5 managed to
endure and grow at varied bile contents. Since bile salts alter the cell membrane structure,
they are very hazardous to living organisms. The probiotic strains’ resilience to high bile
contents is mainly due to bile salts hydrolase (BSH), which hydrolyzes the toxic conjugated
bile salts [34]. The capacity of the probiotic strain to tolerate the circumstances of the small
intestine could be more crucial than the capacity to withstand low pH. Some investigations
suggest that acid labile bacteria may be buffered throughout the stomach. The probiotic
strain should, however, be able to endure destruction by bile salts and hydrolytic enzymes
present in the intestine and must be able to survive and colonize there in order to be
beneficial to the host. This trait is crucial for the choice of innovative probiotic strains [25].

Enterococcus faecium EA9 was reported to elicit potential antibacterial efficacy against all
of the investigated pathogenic strains. This is critical when choosing probiotic strains since
they must be capable of eliminating competitors. LAB generates a variety of antimicrobial
agents, giving it an edge over other gut pathogens [35]. The production of the antimicrobial
agents is highly affected by strain and growth condition differences [36]. Among the many
antimicrobial agents produced by LAB are lactic acid, fatty acids, acetic acid, inhibitory
peptides (bacteriocins), and hydrogen peroxide. Enterococci produce bacteriocins called
enterocins, which have been isolated and described in many enterococci [37].

In the second part of the study, the antisepsis effects of the marine isolate Enterococcus
faecium EA9 were assessed in a CLP model, which creates an intensive pathological envi-
ronment characterized by cellular inflammation and oxidative stress in multiple organs
including the liver [38] and kidneys [39]. The CLP resulted in severe alterations in the
histological structure of hepatic and renal cells along with impaired hepatic and renal
functions. Additionally, the reduced dry/wet ratio in the CLP group indicated the de-
velopment of inflammatory edema. The marked increase in TNF-α, IL-1β, and IL-6 also
indicated the inflammatory response. Studies proposed oxidative stress and CLP linkage,
where markers of oxidative stress are triggered by CLP along with suppressed endogenous
antioxidant protective mechanisms [40,41]. Likewise, our biochemical findings revealed
the augmentation of cellular membrane lipid peroxidation markers (TBARS) as well as
reduced endogenous sulfhydryl containing-antioxidant (GSH) and suppressed antioxidant
enzymes in the CLP group, which indicates the extensive production of free radicals and
decreased antioxidant defensive capabilities. This data implies that the CLP model was
a successful model to evaluate the antisepsis potential of the isolate Enterococcus faecium
EA9 probiotic.
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The marine origin of the isolate Enterococcus faecium EA9 probiotic supported the fact
that several marine-derived microorganisms and the associated-bioactive compounds could
have possible medical applications, such as regulating blood pressure [42], hepatoprotective
effects and antioxidant potentials [43], suppression of intestinal inflammation [44], antitu-
mor activity [45,46], and antibacterial activity [47]. In the present study, the marine isolate
Enterococcus faecium EA9 probiotic markedly reduced the pathological consequences of
sepsis in both hepatic and renal tissues. This was indicated by the significant improvement
of hepatic and renal function tests along with less reported necrotic and inflammatory spots
in liver and kidney samples. Furthermore, the inflammatory parameters including dry/wet
ratio and inflammatory cytokines were suppressed by the assessed probiotic. These cy-
tokines are secreted by immune cells in response to sepsis to promote inflammation as a
kind of defense mechanism to protect cellular integrity and maintain cellular functions [48].
This will create a harmful environment of free radicals. Therefore, the oxidative stress
and lipid peroxidation biomarkers were augmented in septic animals. The free radicals
alleviating effects of EA9 probiotic markedly suppressed lipid peroxidation and enhanced
the antioxidant mechanisms, which prevented further cellular damage. Interestingly, an-
tioxidant genes, such as CAT, SOD, and GR, are expressed, identified, and characterized in
marine microorganisms [49–51].

Gene expression of IL-10, IL-1β, INF-γ, and COX-2 was determined as an indicator
for inflammatory response. IL-10 is an anti-inflammatory cytokine while IL-1β, INF-γ, and
COX-2 are expressed during pathological inflammatory conditions, such as sepsis [52–54].
The anti-inflammatory effects of Enterococcus faecium EA9 probiotic were obvious at the gene
level, where hepatic tissues had significantly reduced IL-1β and INF-γ gene expressions
while renal tissues had significantly improved IL-10 and reduced INF-γ and COX-2 gene
expressions. The SOD-1 gene encodes for the cytoplasmic SOD while SOD-2 is present
in the mitochondria. Both enzymes catalyze the transformation of harmful free radicals
to less reactive oxygen species. Although Enterococcus faecium EA9 probiotic enhanced
the CLP-suppressed SOD activity in the hepatic tissues, its effect was not prominent on
the gene level. HO-1 is a critical cytoprotective factor that maintains antioxidant/oxidant
homeostasis in case of cellular stress and inflammation [55]. HO-1 and Nrf-2 are regulator
for cellular oxidant resistance [56]. Enterococcus faecium EA9 probiotic abolished sepsis-
induced down-regulation of HO-1 in the liver. Moreover, we did not report a significant
effect of CLP or Enterococcus faecium EA9 probiotic on Nrf-2 gene expression. AKT/mTOR
signaling pathway is well-known as a regulator of cell cycle and apoptosis. The sepsis
protective effects following activation of this pathway have been documented in previous
studies [57,58]. Our results showed similar effects, where Enterococcus faecium EA9 probiotic
improved gene expression of AKT in both tissues and mTOR in kidney samples. The iNOS
stimulation during sepsis might result in elevated levels of NO, which is associated with
the development of nitrosative stress and reactive nitrogen species [59]. Enterococcus faecium
EA9 probiotic inhibited iNOS gene expression in the liver tissues suggesting a site-specific
effect of the probiotic in relation to the iNOS pathway. STAT-3 is a transcription factor that
regulates multiple inflammatory cascades in many infectious and autoimmunity conditions,
such as sepsis [60]. In line with the biochemical, histological, and molecular analysis of
the inflammatory response, the STAT-3 gene was markedly up-regulated in the CLP group
while Enterococcus faecium EA9 probiotic treatment lowered its expression in hepatic and
renal tissues.

Despite our efforts to reduce variabilities during the surgical procedure by control-
ling multiple factors, such as differences in the ligated length of the cecum, the size and
number of punctures, and the amount the extruded stool, the procedure remains subjective.
Furthermore, some revealing factors of the antisepsis effects of the tested probiotic were
not recorded, such as body temperature and survival rate, which could have added further
evidence of the protective antisepsis effects of the probiotic.
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4. Materials and Methods

4.1. Assessment of Probiotic Potential of Isolate EA9
4.1.1. Phenotypic and Biochemical Characterization of Isolate EA9

For the biochemical identification and characterization of isolate EA9, overnight cul-
ture of EA9 were inoculated in Gram-positive (GP) cards and run on the VITEK 2 compact
fully automated microbial identification system version 07.01 (BioMérieux, Craponne,
France). The system analyzes the cells for sugar fermentation, antibiotic resistance, and
enzyme hydrolysis, among other biochemical assays. Moreover, scanning electron micro-
scope (SEM) (JSM-5300, JEOL, Tokyo, Japan) was also used to observe the typical cell shape
and size of isolate EA9 [61].

4.1.2. Molecular Identification and Phylogenetic Analysis of Isolate EA9

Enterococcus faecium EA9 was grown for 24 h at 37 ◦C in MRS medium, then the
total genomic DNA of EA9 was extracted and purified according to the manufacturer’s
instructions for the DNA extraction kit (QIAGEN, Hilden, Germany). The prepared DNA
was loaded with the loading dye in a 1% agarose gel prepared in Tris EDTA Acetic acid
(TEA) buffer with 1 μg/mL ethidium bromide (Sigma, St. Louis, MO, USA), and the
voltage was applied (90 v/cm) for electrophoresis after soaking in TEA buffer. The UV
transilluminator (Bio-Rad, Hercules, CA, USA) was used to visualize the bands that had
been obtained. For molecular identification of the marine isolate EA9, the PCR product for
EA9 16S rRNA gene was performed and sequenced by Applied Biotechnology Co., Ismailia,
Egypt. Under the accession number MW218438, the obtained sequence was submitted to
the National Center for Biotechnology Information (NCBI) GenBank. Furthermore, the
sequence was examined using NCBI’s BLASTn tools, which revealed that isolate EA9
has a 99.88% similarity with Enterococcus faecium strain DSM 20477 (accession number
NR114742.1). The isolate EA9 16S rRNA gene sequence was then aligned with related
species using the ClustalW tool (Version 2.1), and a phylogenetic tree was generated
through www.phylogeny.fr (accessed on 12 February 2021) using the Maximum Likelihood
technique [62].

4.1.3. Hemolytic Activity

Blood agar plates (supplemented with 7% human blood) were streaked with isolate
EA9 and incubated at 37 ◦C for 24 h to test hemolytic activity. The plates were then
examined for evidence of blood hemolysis, such as the creation of clear zones (β-hemolysis),
development of green zones of partial hemolysis (α-hemolysis), or the absence of clear
zones around the colonies (γ-hemolysis) [63].

4.1.4. Antibiotic Susceptibility

The antibiotic susceptibility of EA9 was determined using the Kirby-Bauer disc dif-
fusion method. Antibiotic discs (Oxoid, Basingstoke, UK) of various types were placed
on the surface of agar plates that had previously been inoculated with EA9. After a 24 h
incubation period at 37 ◦C, the plates were checked for the development of clear zones
around discs, indicating EA9 sensitivity to the tested antibiotic [64].

4.1.5. Resistance to Low pH

The ability of isolate EA9 to withstand low pH levels was evaluated according to
Nawaz et al. study [65]. The isolate was inoculated (1% v/v) into sterile MRS broth
adjusted to several pH values (2, 3, 4, and 6.5) with 0.1 N HCl and incubated at 37 ◦C. The
absorbance was measured at 620 nm using a spectrophotometer (Unico, Franksville, WI,
USA) at hourly intervals for 6 h. The isolate EA9 was cultured at various pH levels to
assess its capacity to resist low pH conditions, mimicking the pH of the stomach, which is
estimated to be around 3 with a stay period of about 4 h.
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4.1.6. Bile Salts Tolerance

The ability of isolate EA9 to withstand high bile salts concentrations was investigated
according to the method described by Harsa and Yavuzdurmaz [66]. An overnight culture
of EA9 (1% v/v) was inoculated in 15 mL sterile MRS broth with various bile salts con-
centrations (0, 0.1, and 0.3% (w/v)) and incubated for 4 h at 37 ◦C. The absorbance of the
culture was measured at hourly intervals with a spectrophotometer (Unico, Franksville,
WI, USA) at 620 nm. The average bile salts content in the intestine is variable, although it is
approximated to be around 0.3% w/v, with a stay time of 4 h.

4.1.7. Antimicrobial Activity

Different Gram-negative bacterial pathogens (Klebsiella pneumonia ATCC 13883,
Escherichia coli ATCC 8739, Aeromonas hydrophila ATCC 13037, Pseudomonas fleurescence
ATCC 13525) as well as Gram-positive bacterial pathogens (Staphylococcus aureus ATCC 25923,
Enterococcus faecalis ATCC 29212, Streptococcus agalactiae ATCC 13813) were used to evaluate
the antimicrobial activity of isolate EA9 using the agar well cut diffusion technique. Each
pathogenic strain was inoculated (1% v/v) in nutrient agar plates. Using a sterile cork borer,
wells of 8 mm diameter were cut in solidified agar and filled with 100 μL of filter sterilized
cell free supernatant (CFS) of EA9. The antibacterial activity was assessed by measuring
the clear zone diameter around each well after 24 h of incubation at 37 ◦C.

4.2. In Vivo Testing of the Antisepsis Action of the Isolated EA9 Probiotic
4.2.1. Ethical Approval and Experimental Model

The experimental animal part of this study was conducted in the animal house at
Institute of Graduate Studies and Research, Alexandria University under an ethical ap-
proval number AU14-210126-3-2. The experimental procedures were in accordance with
the 8th edition of the National Institute of Health (NIH) guidelines for the care and use of
laboratory animals and ARRIVE guidelines. A number of twenty-four healthy male Wistar
albino rats weighting approximately 200 g were included in this study, whereas animals
with abnormalities or low weight were excluded. Animals were simply randomized into
four groups (n = 6) in labeled polystyrene cages. The first group (SHAM) included animals,
who were subjected to the surgical procedure without the ligation and puncture steps.
The second group (SHAM + EA9) included animals, who were subjected to the surgical
procedure without the ligation and puncture steps as well as probiotic pretreatment for
10 days before the surgical procedure. The third group (CLP) included animals, who were
subjected to the CLP procedure. The fourth group (CLP + EA9) included animals, who
were subjected to the CLP procedure as well as probiotic pretreatment for 10 days before the
surgical procedure. The sepsis model (CLP surgical procedure) was preformed according
to the method described by Zubrow et al. [67]. The cecum of the generally anesthetized
animals by 60 mg/kg ketamine and 5 mg/kg xylazine was visualized and exposed after
a median laparotomy incision of 15 mm long. Then, the distal portion of the cecum was
ligated with a sterile 4-0 silk thread. After this, the ligated sections were exposed to 2 or
3 punctures using an 18-gauge syringe needle followed by squeezing the small volume of
the feces. A sterile saline (20 mL/kg body weight) were provided subcutaneously, and the
ligated tissues were replaced in the abdominal cavity. Pain following the surgical proce-
dures was controlled by ketorolac (30 mg/kg) every 12 h, intraperitoneally. Ten days before
the sepsis model, the tested EA9 probiotic in a freeze-dried format was diluted in 1 M of
NaCl solution (1 × 107 CFU/mL) and a 250 μL (per animal) were provided consecutively
and blindly by oral gavage to animals in the third and fourth groups. Three days after
the CLP, all rats were euthanized with a lethal inhaled dose of general anesthesia, and
the biological samples including blood, liver, and kidneys were collected for histological,
biochemical, and molecular analysis.
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4.2.2. Serum Biochemistry

Blood samples were centrifugated at 4000 RPM for 15 min to obtain serum samples,
which were used to determine the concentrations of serum aspartate aminotransferase (AST)
and serum alanine transaminase (ALT) as markers for liver disfunction, as well as blood
urea nitrogen (BUN) and creatinine as markers for renal disfunction using a fully-automated
Cobas C311 chemistry analyzer (Roche diagnostics Ltd., Risch-Rotkreuz, Switzerland).

4.2.3. Evaluation of Inflammation

The concentrations of inflammatory cytokines, such as tumor necrosis factor alpha
(TNF-α), interleukin-6 (IL-6), and interleukin-1 beta (IL-1β) in the hepatic and renal ho-
mogenates, were measured with an enzyme-linked immunosorbent assay (ELISA) tech-
nique following instructions provided by the kits (R & D systems Inc., Minneapolis, MN,
USA). Tissue edemas were determined by measuring wet/dry. In brief, a small portion
from liver and kidney samples were isolated and weighed (wet weight). These portions
were re-weighed after drying (dry weight) overnight at 60 ◦C.

4.2.4. Evaluation of Oxidative Damage

After homogenization in a phosphate buffer (1:10, w/v), the liver and kidney ho-
mogenates were used to determine the levels of thiobarbituric acid reactive substances
(TBARS), as a lipid peroxidation biomarker and reduced glutathione (GSH), and as an
endogenous antioxidant, using commercial diagnostic kits (Cayman Chemical Co., Ann
Arbor, MI, USA). Though, the post-mitochondria supernatants obtained after centrifugation
of the homogenates were used to determine the enzymatic activities of catalase (CAT),
superoxide dismutase (SOD), glutathione reeducates (GR), and glutathione peroxidase
(GPx) using their commercially assay kits (R & D systems Inc., Minneapolis, MN, USA).

4.2.5. Histological Evaluation

Liver and kidney samples were collected in 10% formalin solution, fixed in plastic
cassettes, and dehydrated by graded concentration of ethanol. Afterward, each sample was
embedded in a single paraffin block. All blocks were sectioned using a microtome into a
4 μm thickness sections. After picking up on glass slides, these sections were stained with
hematoxylin and eosin (H & E) for histological evaluation. The stained slides were assessed
microscopically and scored in a blind manner. Tissue necrosis was evaluated based on the
following criteria: (score-0) normal looking cells with no necrosis, (score-1) 1 or 2 spots
of necrotic tissues, (score-2) 3 or 5 spots necrotic tissues, and (score-3) more than 5 spots
necrotic tissues. Tissue inflammation was assessed according to the following measures:
(score-0) normal looking cells lacking inflammatory cells, (score-1) scattered inflammatory
cells, (score-2) inflammatory foci, and (score-3) multiple diffused inflammatory cells. The
final necrotic and inflammatory scores were summed and presented per each group.

4.2.6. Polymerase Chain Reaction (PCR) Assessment of Genes Expressions

Total RNA was extracted from the liver and kidney samples using the TRIzol method
(easy-RED, iNtRON Biotechnology). At the end of the experiment, RNA purity was
determined at 260/280 nm by a NanoDrop system (BioDrop, Biochrom Ltd., Cambridge,
UK). The cDNA (1 ng/uL) was synthesized from the RNA samples that showed the
highest A260/A280 ratio by adding DNase I (New England Biolabs, Ipswich, MA, USA)
as the template. The reverse transcriptase (RT-PCR beads, Enzynomics, Daejeon, Korea)
was employed, and the PCR amplification was performed by (Applied Biosystems, Veriti
96-Well Thermal Cycler, Waltham, MA, USA). The synthetized cDNA was incorporated in
the Real-Time PCR reaction (Bico, Thermo-Fisher, Waltham, MA, USA) under the following
procedure: 15 min of initial denaturation (95 ◦C) followed by 40 cycles of 95 ◦C for 10 s,
55–60 ◦C for 20 s, and 72 ◦C for 30 s. Unique and specific products were noticed when a
melting curve at the end of the last cycle where the temperature increased from (55–60 to
95 ◦C) in increments of 0.5 ◦C. Primers list of the targeted genes in this study are present in
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Table 5. β-actin served as a housekeeping gene. The values given out in an n-fold difference
relative to the calibrator (control) when the 2ΔΔCt method was applied to normalize the
critical threshold (Ct) quantities of target genes relative to those of β-actin [68].

Table 5. Primers sequences according to NCBI gene database.

Gene Name Accession Number Sequences

Interleukin-10 (IL-10) XM_006249712.4
F: 5′-TGCCTTCAGTCAAGTGAAGAC-3′

R: 5′-AAACTCATTCATGGCCTTGTA-3′

Interleukin-1β (IL-1β) NM_031512.2
F: 5′-CACCTCTCAAGCAGAGCACAG-3′

R: 5′-GGGTTCCATGGTGAAGTCAAC-3′

Interferon-γ (INF-γ) NM_138880.3
F: 5′-GTGTCATCGAATCGCACCTG-3′

R: 5′-GTTCACCTCGAACTTGGCGA-3′

Cyclooxygenase-2 (COX-2) S67722.1
F: 5′-TGAGTACCGCAAACGCTTCT-3′

R: 5′-ACACAGGAATCTTCACAAATGGA-3′

Superoxide dismutase-1 (SOD-1) NM_017050.1.1
F: 5′-TAACTGAAGGCGAGCATGGG-3′

R: 5′-CCTCTCTTCATCCGCTGGAC-3′

Superoxide dismutase-2 (SOD-2) NM_017051.2
F: 5′-AATCAACAGACCCAAGCTAGGC-3′

R: 5′-CACAATGTCACTCCTCTCCGAA-3′

Heme oxygenase-1 (HO-1) XM_039097470.1
F: 5′-GTAAATGCAGTGTTGGCCCC-3′

R: 5′-ATGTGCCAGGCATCTCCTTC-3′

Nuclear factor erythroid 2-related
factor-2 (Nrf-2) NM_031789.3

F: 5′-TTGTAGATGACCATGAGTCGC-3′

R: 5′-TGTCCTGCTGTATGCTGCTT-3′

Protein kinase B (AKT) XM_006240631.3
F: 5′-ACCTCTGAGACCGACACCAG-3′

R: 5′-AGGAGAACTGGGGAAAGTGC-3′

Mammalian target of rapamycin
(mTOR) NM_019906.2

F: 5′-GACAACAGCCAGGGCCGCAT-3′

R: 5′-ACGCTGCCTTTCTCGACGGC-3′

Inducible nitric oxide synthase (iNOS) XM_039085203.1
F: 5′-ATGGAACAGTATAAGGCAAACACC-3′

R: 5′-GTTTCTGGTCGATGTCATGAGCAAAGG-3′

Signal transducer and activator of
transcription-3 (STAT-3) XM_006247257.4

F: 5′-GGGCCTGGTGTGAACTACTC-3′

R: 5′-ATGGTATTGCTGCAGGTCGT-3′

Beta actin (β-actin) NM_031144.3
F: 5′-CCGCGAGTACAACCTTCTTG-3′

R: 5′-CAGTTGGTGACAATGCCGTG-3′

4.2.7. Statistical Analysis

The normality of the data was assessed with the Shapiro-Wilk test. Results of the
biochemical and molecular analysis were expressed as mean ± standard deviation (SD) and
statistically analyzed using one way analysis of variance (ANOVA) followed by of Tukey-
Kramer post hoc test. Scores of the histological evaluation of necrosis and inflammation
were also expressed as mean ± SD and analyzed by Kruskal-Wallis test and Dunn’s multiple
comparison post hoc test. Means differences were judged as significant when p values
were ≤ 0.05. GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) was utilized
as the analysis software. Heatmaps were executed using Heatmapper (Wishart Research
Group, University of Alberta, Ottawa, Canada) [69]. Graphical abstract was prepared using
Biorender.com (Agreement number: FV24JOFCRX, 20 October 2022).
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5. Conclusions

In the present work, the marine isolate EA9 was tested for its safety and probiotic
potential in addition to its possible health benefits. According to the acquired results,
this isolate was identified as Enterococcus faecium, and it possesses potential probiotic
and technical qualities, include resistance to low pH, high bile salts concentrations, and
broad antibacterial activity. In addition, the results of the in vivo investigation show
that Enterococcus faecium EA9 isolate may have possible therapeutic use in pathological
conditions, where inflammation and oxidative stress are deemed as contributing factors.
The efficacy against experimental sepsis was proven in this study while future research
might provide further evidence for other medical applications of the probiotic.
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9. Krawczyk, B.; Wityk, P.; Gałęcka, M.; Michalik, M. The Many Faces of Enterococcus spp.—Commensal, Probiotic and Opportunistic
Pathogen. Microorganisms 2021, 9, 1900. [CrossRef] [PubMed]

83



Mar. Drugs 2023, 21, 45

10. Yakovenko, E.P.; Strokova, T.V.; Ivanov, A.N.; Iakovenko, A.V.; Gioeva, I.Z.; Aldiyarova, M.A. The effectiveness of a probiotic
containing Bifidobacterium longum BB-46 and Enterococcus faecium ENCfa-68 in the treatment of post-infectious irritable bowel
syndrome. Prospective randomized comparative study. Ter. arkhiv 2022, 94, 180–187. [CrossRef]

11. Ghazisaeedi, F.; Meens, J.; Hansche, B.; Maurischat, S.; Schwerk, P.; Goethe, R.; Wieler, L.H.; Fulde, M.; Tedin, K. A virulence
factor as a therapeutic: The probiotic Enterococcus faecium SF68 arginine deiminase inhibits innate immune signaling pathways.
Gut Microbes 2022, 14, 2106105. [CrossRef]

12. Wu, Y.; Zhen, W.; Geng, Y.; Wang, Z.; Guo, Y. Pretreatment with probiotic Enterococcus faecium NCIMB 11181 ameliorates
necrotic enteritis-induced intestinal barrier injury in broiler chickens. Sci. Rep. 2019, 9, 10256. [CrossRef] [PubMed]

13. Rovenský, J.; Švík, K.; Mat’ha, V.; Ištok, R.; Kamarád, V.; Ebringer, L.; Ferenčík, M.; Stančíková, M. Combination Treatment of Rat
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Abstract: Airborne particulate matter (PM) originating from industrial processes is a major threat
to the environment and health in East Asia. PM can cause asthma, collateral lung tissue dam-
age, oxidative stress, allergic reactions, and inflammation. The present study was conducted to
evaluate the protective effect of eckmaxol, a phlorotannin isolated from Ecklonia maxima, against
PM-induced inflammation in MH-S macrophage cells. It was found that PM induced inflammation in
MH-S lung macrophages, which was inhibited by eckmaxol treatment in a dose-dependent manner
(21.0–84.12 μM). Eckmaxol attenuated the expression of cyclooxygenase-2 (COX-2) and inducible
nitric oxide synthase (iNOS) in PM-induced lung macrophages. Subsequently, nitric oxide (NO),
prostaglandin E-2 (PGE-2), and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) were downreg-
ulated. PM stimulated inflammation in MH-S lung macrophages by activating Toll-like receptors
(TLRs), nuclear factor-kappa B (NF-κB), and mitogen-activated protein kinase (MAPK) pathways.
Eckmaxol exhibited anti-inflammatory properties by suppressing the activation of TLRs, downstream
signaling of NF-κB (p50 and p65), and MAPK pathways, including c-Jun N-terminal kinase (JNK)
and p38. These findings suggest that eckmaxol may offer substantial therapeutic potential in the
treatment of inflammatory diseases.

Keywords: eckmaxol; Ecklonia maxima; anti-inflammation; particulate matter; lung macrophage;
chronic diseases; bioactive compound

1. Introduction

Particulate matter (PM) is a known threat under air pollution in urban areas. PM
includes both organic materials, such as biological materials (endotoxins, fungal spores,
and pollen), and inorganic elements, such as metals, salts, and carbonaceous materials [1].
Ultrafine PM (≥100 nm) does not sediment or flocculate easily and is retained in the
atmosphere for a longer period as compared to other particles (2.5–10 μM). This results
in the transport of PM with the wind [2,3]. Prolonged exposure to PM results in adverse
effects on human health, particularly on normal lung function, by inducing inflammation
and oxidative stress in lung cells [4,5]. The inhalation of PM depends on its penetration
depth, deposition, particle size, shape, and density [6]. The World Health Organization
(WHO) reported that PM exposure was responsible for more than seven billion deaths in
2012, whereas the American Cancer Society indicated that the rise in PM increased the total
death rate by 7% [5,7,8].

Lungs are vital organs in the human body as they supply oxygen. Continuous PM
inhalation has severe negative effects on the lungs. PM is known to be important in the
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development of chronic inflammatory lung diseases, such as asthma, chronic obstructive
pulmonary disorder, and lung cancer [9]. PM mainly mediates oxidative stress in cells via
reactive oxygen species (ROS), which are generated by free radicals contained in particle
surfaces [10]. Both oxidative stress and PM itself activate redox-sensitive signaling path-
ways, which result in inflammatory responses [11]. Inflammatory responses are considered
as the primary protective actions and involve the upregulation and activation of several
important genes for signaling molecules such as cytokines (TNF-α, IL-6), chemokines (IL-8),
and adhesion molecules [12,13].

Inflammatory cytokines are key signaling proteins synthesized and released by macrophages
under stress conditions, and their quantity and interaction with the receptors control the
activation of immune cells and subsequent signaling cascades [14,15]. This proves that
macrophages and cytokine signaling play major regulatory roles in inflammatory processes
in the lungs.

Ecklonia maxima is a brown seaweed commonly found in the South African coastal
region that has high bioactivity. The leaves of E. maxima are commonly used as a source
of alginates, animal feed, fertilizers, nutrient supplements, and medication preparations.
Polysaccharides from this seaweed species and antioxidant have been found to have
anti-diabetes and anti-cancer activities [16,17]. Eckmaxol is a phlorotannin isolated from
E. maxima leaves [18]. Phlorotanins are polyphenolic compounds with a wide range of
molecular weights that possess many potential health benefits [19]. They are formed by
the polymerization of aromatic precursors through the acetate–malonate pathway [20].
Phlorotanins are considered to possess numerous bioactivities, such as anti-diabetic, anti-
inflammatory, antioxidant, anti-bacterial, and anti-cancer activities [21–25]. The activity
of eckmaxol against neurotoxicity, melanogenesis, and LPS-induced inflammation was
previously evaluated [18,26,27]. However, to the best of our knowledge, the protective
effect of eckmaxol against PM-induced lung inflammation has not been systematically
investigated. Thus, the identification of Toll-like receptors (TLRs) responsible for the
induction of inflammation in PM-exposed lung macrophages and their downstream signal
transduction may be a possible target for the development of a therapeutic agent for the
treatment of PM-induced lung inflammation. The purpose of the present study was to
investigate the influence of PM on the inflammatory responses of lung macrophages and
the protective effect of eckmaxol isolated from E. maxima against PM-induced inflammatory
responses in the lungs.

2. Results

2.1. Characterization of PM and Identification Eckmaxol

Certified reference material No.28 (Chinese PM) was used for this experiment. The
detailed procedure for collecting PM via mechanical vibration and chemical characteriza-
tion was described previously [28]. The particle size and distribution were evaluated by
scanning electron microscopy (SEM), as shown in Figure 1a,b. This provides evidence that
the majority of the particles had an average diameter of less than 5 μm. In addition, the data
were provided by the National Institute for Environmental Studies (NIES), Ibaraki, Japan.
The isolated compound was characterized using high-performance liquid chromatography
(HPLC) and electrospray ionization (ESI). The HPLC analysis solidified that eckmaxol
with high purity via analysis peak characterization (Figure S1). The recorded purity was
more than 90%. ESI-MS (positive) evaluation based on the HPLC analysis confirmed the
molecular weight of the eckmaxol that aligned with the previously published results [27].
The chemical structure of the eckmaxol (C36H24O18) was demonstrated in Figure 1c.

2.2. Effect of Eckmaxol on MH-S Lung Macrophages and PM-Stimulated Cell Viability and NO Production

According to the results, eckmaxol concentrations higher than 84.12 μM showed a
cytotoxic effect on MH-S lung macrophages (Figure 2a). Therefore, eckmaxol concentrations
between 21.00–84.12 μM were used for further experiments. As shown in Figure 2b, the pro-
tective effect of eckmaxol was examined against PM-stimulated MH-S lung macrophages.
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Cell viability was significantly affected by PM, whereas eckmaxol exhibited a significant re-
covery effect in a dose-dependent manner. Owing to PM, NO production was significantly
upregulated, while treatment with eckmaxol significantly downregulated NO production
in a dose-dependent manner (Figure 2c).

Figure 1. Physical parameters of particulate matter (PM) and chemical structure of eckmaxol.
(a) Scanning electron microscopic (SEM) image, (b) magnified SEM image of PM particle of cer-
tified CRM No.28, National Institute for Environmental Studies (NIES), Ibaraki, Japan, and (c) the
chemical structure of eckmaxol.

2.3. Preventive Effect of Eckmaxol on Prostaglandin E2 (PGE-2) and Pro-Inflammatory Cytokine
Production in PM-Induced MH-S Cells

Further confirmation of in vitro anti-inflammatory properties was investigated by
examining the secretion levels of PGE-2 and pro-inflammatory cytokines (TNF-α, IL-6, and
IL-1β) in PM-induced MH-S cells using enzyme-linked immunosorbent assay (ELISA). As
shown in Figure 3, the production levels of PGE-2 and pro-inflammatory cytokines were
strongly stimulated by PM, whereas the eckmaxol-treated groups showed significant and
dose-dependent suppression of their production.
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Figure 2. Dose-range determination and cytoprotective activity evaluation of eckmaxol on particulate
matter (PM)-induced MH-S lung macrophages. (a) Cytotoxicity of eckmaxol, (b) cytoprotective
effect of eckmaxol against PM, (c) NO production inhibition effect of eckmaxol against PM. Triplicate
experiments were used to evaluate the data and the mean value is expressed with ± SD. * p < 0.05,
** p < 0.01, against PM-treated group or ## p < 0.01, against control (ANOVA, Duncan’s multiple
range test).

Figure 3. Inhibitory effect of eckmaxol against particulate matter (PM)-induced PGE-2 and pro-
inflammatory cytokine produciton in MH-S lung macrophages (TNF-α, IL-6, and IL-1β) production.
Inhibitory effect on (a) PGE-2 production, (b) TNF-α production, (c) IL-6 production, and (d) IL-1β
production. Triplicate experiments were used to evaluate the data and the mean value is expressed
with ± SD. * p < 0.05, ** p < 0.01, against PM-treated group or ## p < 0.01, against control (ANOVA,
Duncan’s multiple range test).
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2.4. Potential of Eckmaxol to Inhibit Inducible Nitric Oxide Synthase (iNOS) and Cyclooxygenase-2
(COX-2) Gene and Protein Expression in PM Stimulated MH-S Lung Macrophages

Protein expression of iNOS and COX-2 revealed the anti-inflammatory activity of
eckmaxol via Western blotting. The results of the gene expression analysis confirmed this.
According to the Western blots, the upregulated gene expression of iNOS and COX-2 was
significantly decreased by eckmaxol treatment. The gene expression results for iNOS and
COX-2 exhibited a similar trend (Figure 4).

Figure 4. Inflammation-associated protein and gene expression of iNOS and COX-2 in particulate
matter (PM)-induced MH-S lung macrophage attenuated by eckmaxol. (a) iNOS gene expression,
(b) COX-2 gene expression, (c) iNOS and COX-2 protein expression, and (d) quantification of iNOS
and COX-2 protein expression. Triplicate experiments were used to evaluate the data and the mean
value is expressed with ± SD. * p < 0.05, ** p < 0.01, against PM-treated group or ## p < 0.01,
against control (ANOVA, Duncan’s multiple range test). β-actin was used as the house-keeping gene.
Quantitative data were analyzed using Image J software.

2.5. Eckmaxol Suppresses the Pro-Inflammatory Cytokine Gene Expressions

The mRNA expression levels of selected proinflammatory cytokines (TNF-α, IL-6, and
IL-1β) were evaluated to measure the inhibitory effect of eckmaxol on mRNA expression.
According to the qPCR results, the gene expression levels of pro-inflammatory cytokines
were significantly increased by PM exposure and the upregulated gene expression was
significantly and dose-dependently decreased by eckmaxol treatment (Figure 5a–c).
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Figure 5. Gene expression levels evaluation in particulate matter (PM)-stimulated MH-S lung
macrophages attenuated by eckmaxol. (a) TNF-α, (b) IL-6, (c) IL-1β, (d) TLR-2, (e) TLR-4, and (f)
TLR-7. The mRNA expression levels were measured via RT-qPCR techniques. Triplicate experiments
were used to evaluate the data and the mean value is expressed with ± SD. * p < 0.05, ** p < 0.01,
against PM-treated group or ## p < 0.01, against control (ANOVA, Duncan’s multiple-range test).

2.6. Inhibitory Activity of Eckmaxol on the Expression of TLRs

The gene expression levels of TLRs in MH-S lung macrophages were measured us-
ing qPCR. The results revealed elevated expression of TLR-2, TLR-4, and TLR-7 in PM-
stimulated MH-S lung macrophages. However, these inclined expressions were signifi-
cantly downregulated by eckmaxol treatment (Figure 5d–f).
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2.7. Eckmaxol Inhibited the Nuclear Factor-κB (NF-κB) Nuclear Translocation and
Mitogen-activated Protein Kinase (MAPK) Phosphorylation Induced via PM

Nuclear translocation of NF-κB was evaluated by measuring the phosphorylation
levels of NF-κB subunits p65 and p50 in the cytoplasm and their expression levels in
the nucleus. As shown in Figure 6, phosphorylation of p65 and p50 in the cytosol was
significantly increased by PM treatment. This upregulation was significantly decreased
by eckmaxol treatment. The expression levels of these subunits in the nucleus were also
significantly increased by PM exposure and downregulated by eckmaxol in a significant and
dose-dependent manner. This was further analyzed using an immunofluorescence assay.
Phosphorylation levels of p50 and p65 were detected using green and red fluorescence-
conjugated secondary antibodies, respectively. According to the results, PM significantly
stimulated the phosphorylation of p50 and p65 in the macrophages. However, eckmaxol
significantly reduced the phosphorylation levels of p50 and p65. These results further
confirmed the results of the Western blot analysis (Figure 6e).

Figure 6. Cont.
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Figure 6. Influence of eckmaxol on the nuclear translocation of NF-κB in particulate matter (PM)-
indued MH-S lung macrophages. (a) Phosphorylation of p65 and p50 in cytoplasm, (b) quan-
tification of p50 and p65 in cytoplasm, (c) protein expression of p65 and p50 in the nucleus,
and (d) quantification of protein expression of p65 and p50. (e) The cells were stained using
4′,6-diamidino-2-phenylindole (DAPI), green flourecesence protein (GFP), and red fluorescensce
protein (RFP) stainings. Triplicate experiments were used to evaluate the data and the mean value is
expressed with ± SD. ** p < 0.01, against PM-treated group or ## p < 0.01, against control (ANOVA,
Duncan’s multiple range test). β-actin (cytoplasm) and nucleolin (nucleus) were used as an internal
control. Quantitative data were analyzed using Image J software.

Phosphorylation of transcription factors, such as c-Jun N-terminal Kinase (JNK) and
p38, leads to gene expression and cytokine production. PM significantly upregulated
the phosphorylation of JNK and p38. However, this was significantly reduced by eck-
maxol treatment. Thus, eckmaxol significantly downregulated PM-stimulated MAPK
phosphorylation (Figure 7).

Figure 7. Evaluation of the effect of eckmaxol treatments on mitogen-activated protein kinase (MAPK)
pathway proteins in pariculate matter (PM)-stimulated MH-S lung macrophages. (a) Western blot
results of JNK, p38, and their phosphorylated forms and (b) quantitative data. Triplicated experiments
were used to evaluate the data and the mean value is expressed with ± SD. ** p < 0.01, against PM-
treated group or ## p < 0.01, against control (ANOVA, Duncan’s multiple range test). β-actin was
used as a internal control. Quantitative data were analyzed using Image J software.
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3. Discussion

The investigation of marine resources has become a major topic in the current scientific
world. Marine algae are considered a major resource that consists of various secondary
metabolites, such as polyphenols, polysaccharides, proteins, and peptides, which have
many valuable bioactivities [29–31]. Among these marine algae, E. maxima contain various
phloroglucinol-derived polyphenols such as eckmaxol, which exhibits valuable bioac-
tivities, such as neuroprotective effects [18]. The results of the present study reveal the
potential of eckmaxol as an anti-inflammatory agent against PM-induced inflammation in
lung macrophages.

Dose-range determination analysis revealed a safe range of eckmaxol in MH-S lung
macrophages. Furthermore, these optimized doses of eckmaxol exhibited cytoprotectivity
by downregulating cell death and NO production in PM-induced MH-S lung macrophages.
NO and PGE-2 act as inflammatory mediators and play a crucial role in chronic inflamma-
tion and host defenses. NO is derived from L-arginine through the enzymatic activity of
iNOS and PGE-2 is generated by the enzymatic activity of COX-2 that converts arachidonic
acid into PGE-2. Certain types of inflammation, such as asthma, generate NO at high
levels, which acts as a pro-inflammatory agent, and COX-2 contributes to the production
of autoregulatory, homeostatic prostanoid, and prostanoid release during inflammation.
Therefore, regulation of NO and PGE-2 production is a versatile way to regulate inflamma-
tory responses in macrophages [32,33]. The Western blot and qPCR results of iNOS and
COX-2 solidified the anti-inflammatory potential of eckmaxol. Further, this solidified the
potential of eckmaxol to down-regulate inflammatory mediators such as NO and PGE-2.

Small secreted proteins, called cytokines, are considered key regulators of inflamma-
tion. Cytokines are generated in response to invading pathogens and stimulate, proliferate,
and recruit immune cells. Therefore, regulating cytokine levels could lead to manipulat-
ing the ultimate PGE-2 and NO production. The present study evaluated the regulation
of PM-stimulated TNF-α, IL-6, and IL-1 production by eckmaxol based on their crucial
role in inflammation [34,35]. ELISA results showed a significant up-regulation of these
pro-inflammatory cytokine productions, significantly and dose-dependently declined by
eckmaxol treatments. These results were consistent with the gene expression results of
IL-1β, IL-6, and TNF-α. This further confirmed the anti-inflammatory activity of eckmaxol
in the MH-S lung macrophages. These results emphasize the studying of the regulation of
inflammatory signaling pathways by eckmaxol.

Therefore, the present study evaluated the activation of TLRs on the cell surface and
endosomes to measure the effect of eckmaxol on inflammatory responses. The downstream
signaling pathways initiated by TLRs activate the NF-κB and MAPK signaling pathways
through myeloid differentiation primary response 88 (MYD88) and TNF receptor-associated
factor 6 (TRAF6) [36]. Thus, identification of TLR activation and expression levels provides
insight into PM-stimulated inflammation and the anti-inflammatory potential of eckmaxol.
According to a previous study, TLR-2 and TLR-4 null mice stimulated by PM expressed
lower levels of inflammatory responses than normal mice [37]. Furthermore, upregulation
of TLR-7 by PM in MH-S lung macrophages has been previously reported [7]. This indicates
the importance of TLRs in PM-stimulated inflammation. Gene expression evaluation in the
present study highlighted that the upregulation of TLR-2, TLR-4, and TLR-7 by PM was
significantly and dose-dependently decreased by eckmaxol treatment.

The uncontrolled production of pro-inflammatory cytokines and activation of cell
signaling pathways, such as NF-κB and MAPK, play a pivotal role in pro-inflammatory
responses [4]. NF-κB comprises a family of transcription factors that initiate gene expres-
sion to produce pro-inflammatory cytokines. Under non-stimulated conditions, NF-κB
proteins such as p50 and p65 are bound to an inhibitor called nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor, alpha (IκBα). This maintains p50
and p65 in their inactive forms in the cytoplasm. However, when a cell is exposed to the
stimulators of pro-inflammatory mediators such as iNOS, COX-2, and pro-inflammatory
cytokines, it initiates the translocation of these transcription factors from the cytoplasm
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to the nucleus and the transcription of genes responsible for pro-inflammatory cytokine
production [38]. The current study evaluated the nuclear translocation of p50 and p65
following PM stimulation and the potential of eckmaxol for its regulation. Western blotting
and immunostaining revealed that eckmaxol successfully downregulated the phosphoryla-
tion and translocation of p50 and p65. This finding strengthens the potential of eckmaxol
as an anti-inflammatory agent.

The MAPK signaling pathway consists of numerous serine–threonine protein kinases
that transfer signals from the cell surface to the nucleus to initiate gene expression, differen-
tiation, mitosis, apoptosis, and survival [39]. Many studies have confirmed the important
role of MAPKs, such as p38 and JNK, in inflammation-related gene expression [40,41].
Overall, regulating MAPK phosphorylation is a feasible approach to manipulate pro-
inflammation and treat pro-inflammatory diseases. The phosphorylation of p38 and JNK
was evaluated in the present study, which revealed that eckmaxol significantly decreased
the PM-induced phosphorylation of these MAPKs. This suggests the potential of eckmaxol
to regulate pro-inflammatory gene expression and cytokine production.

The experimental evidence provides mechanistic insight into the effect of eckmaxol
against PM-induced pro-inflammation through evading extensive NO and PGE-2 pro-
duction. Moreover, the involvement of inflammatory signaling pathways and cytokine
production with PM exposure, and the effect of eckmaxol to attenuate them in MH-S lung
macrophages, were confirmed. The findings further emphasize the potential of eckmaxol
to develop an anti-inflammatory agent.

4. Materials and Methods

4.1. Chemicals and Regents

CRM-certified Chinese fine dust PM (CRM No.28 Urban Aerosols) was purchased
from the Center for Environmental Measurement and Analysis, National Institute for En-
vironmental Studies (Ibaraki, Japan). The murine MH-S lung macrophage cell line was
purchased from American Type Culture Collection (Rockville, MD, USA). Roswell Park
Memorial Institute medium (RPMI) supplemented with fetal bovine serum (FBS) and antibi-
otics (penicillin and streptomycin) were purchased from Gibco (Life Technologies, Grand
Island, NY, USA). The antibodies used for Western blotting were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The cytokine assay kits used for the experi-
ment were purchased from eBioscience (San Diego, CA, USA), R&D Systems (Minneapolis,
MN, USA), BD Optics (San Diego, CA, USA), and Invitrogen (Carlsbad, CA, USA). Unless
otherwise noted, all chemicals were purchased from Sigma–Aldrich (St. Louis, MO, USA).
HPLC-grade methanol and acetonitrile were purchased from Honeywell Burdick and Jack-
son, respectively (Muskegon, MI, USA). Analytical grade formic acid was obtained from
Fluka Chemical (Buchs, Switzerland), and distilled water was purified from the Milli Q
system (Millipore, Milford, MA, USA) used in this study.

4.2. Isolation and Characterization of Eckmaxol

Eckmaxol was isolated and purified as previously described with slight modifications.
Briefly, E. maxima ethyl acetate fraction was used to isolate eckmaxol using centrifugal
partition chromatography (CPC 240, Tokyo, Japan) with a ratio of n-hexane: ethyl acetate:
methanol: water (3:7:4:6 v/v). The two phases were separated after the mixture had been
thoroughly equilibrated in a separating funnel at room temperature (25 ◦C). The upper
organic phase was used as the stationary phase and the lower aqueous phase was used
as the mobile phase. The organic stationary phase was filled with the CPC phase and
rotated at a speed of 1000 rpm. Subsequently, the aqueous mobile phase was pumped into
the column in descending mode at a flow rate of 2 mL/min. Hydrodynamic equilibrium
was maintained before sample injection, and 500 mg of E. maxima ethyl acetate fraction
was dissolved in 6 mL 1:1 v/v. water: methanol and injected through the injection valve.
An automatic fraction collector was used to collect the fractions (6 mL per tube) in the
UV detection range of 230 nm. An HPLC system equipped with a PDA detector was
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used for further purification. A YMC-Pack ODS-A 10 × 250 mm, 5 μm column with
acetonitrile + 0.1% formic acid and deionized water + 0.1% formic acid was used as the
mobile phase at a flow rate of 2 mL/min [18,27,42].

4.3. Morphological Analysis of PM

First, the sample was coated with a platinum sputter (Quorum Technologies, Lewes,
UK), and the surface morphology of the CRM No. 28 particles was observed using a
JSM-6700F field-emission scanning electron microscope (JEOL, Tokyo, Japan). The device
was operated at 10.0 kV [43].

4.4. Cell Culture
4.4.1. MH-S Lung Macrophage Cell Culture

Murine MH-S lung macrophages were maintained in RPMI growth medium sup-
plemented with 10% FBS and 1% antibiotics. Cells were maintained under controlled
conditions of 5% CO2 at 37 ◦C. Cells were periodically sub-cultured and used in the
exponential growth phase for the experiments [7].

4.4.2. Cell Viability Assay and Dose-Range Determination for PM

The cytotoxic effects of PM, eckmaxol, and their combinations on MH-S lung macrophages
were assessed using a colorimetric MTT assay. The experiment was performed according to
the procedure described by Sanjeewa et al. (2020). MH-S lung macrophages were seeded
at a concentration of 1 × 105 cells/mL in a 96 well plate. Eckmaxol (15.6–250 μg/mL)
was treated after a 24 h incubation period. The cells were then treated for 1 h with
PM (31.3 μg/mL) and incubated for 24 h again. The MTT assay was conducted to as-
sess cell viability. Absorbance was measured at 540 nm using a Model 680 plate reader
(Biotek Instruments, Inc., Winooski, VT, USA) [7,44].

4.4.3. Determination of Nitric Oxide (NO) Production

A Griess assay was performed to evaluate the ability of eckmaxol to inhibit NO
production in PM-induced MH-S lung macrophages. In brief, MS-H cells were seeded at
a concentration of 1 × 105 cells/mL in a 96-well plate, and eckmaxol was added after a
24 h period incubation period. After 1 h, PM was added, and incubation was continued for
another 24 h under controlled conditions of 5% CO2 at 37 ◦C. An equal amount of Griess
reagent was added to the culture supernatant and mixed in a 96 well plate. After 10 min of
incubation, absorbance was measured at 540 nm [7].

4.4.4. Evaluation of Pro-Inflammatory Cytokines and Prostaglandin E-2 (PGE-2) Production

MH-S lung macrophages were seeded and treated with different eckmaxol concen-
trations. After 1 h of incubation, cells were stimulated with PM for 24 h. The supernatant
was collected to analyze pro-inflammatory cytokine levels, including cytokines (IL-1β, IL-6,
and TNF-α) and PGE-2 production using ELISA kits [45].

4.5. Western Blotting

MH-S lung macrophages were seeded in a six-well plate and treated with different
concentrations of eckmaxol after 24 h of seeding. The cells were then stimulated with
PM for 1 h and incubated for another 24 h to collect the cells. The harvested MH-S lung
macrophages were washed with ice-cold PBS, and cytosolic proteins were collected using
a cytoplasmic and nuclear protein extraction kit (Thermo Scientific, Rockford, IL, USA)
according to a previously described method [46]. After extraction, the protein content
of each supernatant was determined using the BCA protein assay kit. Cellular proteins
were separated by electrophoresis on 12% SDS-polyacrylamide gels and transferred to
polyvinylidene fluoride (PVDF) membranes (GE Healthcare, Uppsala, Sweden). Mem-
branes were blocked with 5% skim milk in TBST at room temperature for 2 h and incubated
with primary antibodies in a cold room for approximately 8 h. Anti-inducible nitric oxide
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synthase (iNOS) and COX-2 were used for this experiment. p38, p-p38, p50, p-p50, p65,
p-p65, JNK, p-JNK, nucleolin, and β-actin (1:1000) were used. After 8 h of incubation,
the blots were washed twice with Ttween 20/Tris-buffered saline and incubated with the
secondary antibodies for 45 min (1:3000). The bands were visualized using the FUSION
Solo Vilber Lourmat system and band intensity was quantified using the ImageJ program.

4.6. Evaluation of the NF-κB Nuclear Localization

MH-S lung macrophages were seeded in Nunc® Lab-Tek® 8-well Chamber Slide™
(Nunc, NY, USA), treated with eckmaxol at concentrations of 15.6, 31.3, 62.5 μg/mL and
stimulated with PM. MH-S lung macrophages were fixed with 4% paraformaldehyde for
5 min at room temperature and washed thrice with ice-cold PBST for 5 min each. The
cells were then permeabilized with 0.1% Triton-X-100 and rinsed thrice with ice-cold water
with PBST for 5 min. The cells were blocked with 10% donkey serum (Abcam, Cambridge,
MA, USA) and incubated overnight with NF-κB p50 and p65 at 4 ◦C (1:200 in donkey
serum). Next, fluorescent dye-conjugated secondary antibodies (Alexa Fluor® 647, Abcam,
Cambridge, MA, USA) were added and incubated for 2 h at room temperature, followed
by three washes with ice-cold PBST for 5 min each. The prepared samples were incubated
with 4’,6-diamidino-2-phenylindole (DAPI) nuclear stain (300 nM) for 10 min and washed
thrice with PBST for 5 min to remove excess DAPI. Then, the coverslips were placed on
chamber glass slides with Fluor ShieldTM histology mounting medium (Sigma-Aldrich,
St. Louis, MO, USA). Images of the stained slides were captured using a LionheartTM FX
Automated Microscope System (Bio-Tek Instruments, Inc., Winooski, VT, USA) [7].

4.7. Gene Expression Analysis
4.7.1. RNA Extraction and cDNA Synthesis

Total RNA from MH-S lung macrophages was extracted according to the manufac-
turer’s instructions using TRIzol reagent (Life Technologies, Carlsbad, CA, USA). The total
amount of RNA (1 μg) was reverse-transcribed using a first-strand cDNA synthesis kit
(TaKaRa, Shiga, Japan) to obtain cDNA according to the manufacturer’s instructions. The
cDNA was amplified using the primers listed in Table 1 (Bioneer, Seoul, South Korea) [47].

Table 1. Sequences of primers used in the present study.

Gene Primer Sequence

GAPDH
Sense 5′-AAGGGTCATCATCTCTGCCC-3′

Antisense 5′-GTGATGGCATGGACTGTGGT-3′

iNOS
Sense 5′-ATGTCCGAAGCAAACATCAC-3′

Antisense 5′-TAATGTCCAGGAAGTAGGTG-3′

COX-2
Sense 5′-CAGCAAATCCTTGCTGTTCC-3′

Antisense 5′-TGGGCAAAGAATGCAAACATC-3′

IL-6
Sense 5′-GTACTCCAGAAGACCAGAGG-3′

Antisense 5′-TGCTGGTGACAACCACGGCC-3′

IL-1β
Sense 5′-CAGGATGAGGACATGAGCACC-3′

Antisense 5′-CTCTGCAGACTCAAACTCCAC-3′

TNF-α
Sense 5′-TTGACCTCAGCGCTGAGTTG-3′

Antisense 5′-CCTGTAGCCCACGTCGTAGC-3′

TLR-2
Sense 5′-CAGCTGGAGAACTCTGACCC-3′

Antisense 5′-CAAAGAGCCTGAAGTGGGAG-3′

TLR-4
Sense 5′-CAACATCATCCAGGAAGGC-3

Antisense 5′-GAAGGCGATACAATTCCACC-3′

TLR-7
Sense 5′-TTCCTTCCGTAGGCTGAACC-3′

Antisense 5′-GTAAGCTGGATGGCAGATCC-3′
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4.7.2. Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

The conditions for the PCR amplification were as follows: one cycle at 95 ◦C for 10 s,
followed by 45 cycles at 95 ◦C for 5 s, 55 ◦C for 10 s, and 72 ◦C for 20 s; and a final single
cycle at 95 ◦C for 15 s, 55 ◦C for 30 s, and 95 ◦C for 15 s. The relative levels of target
genes were calculated and normalized to GAPDH levels. All experiments were performed
in triplicate. mRNA expression levels were calculated using the Livak method (2−ΔΔCT)
(Livak and Schmittgen, 2001).

5. Conclusions

The results of this study provide important evidence of the effects of PM on in-
flammatory responses in lung macrophages. Here, the stimulation of inflammation
in lung macrophages by PM and downstream activation through TLRs, NF-κB, and
MAPK was demonstrated. Furthermore, the study confirmed that eckmaxol isolated
from E. maxima significantly and dose-dependently inhibited PM-stimulated inflammation
in lung macrophages via these receptors and signaling pathways. Taken together, the
results of gene expression analysis and protein production provide clear insight into the
potential of eckmaxol as an anti-inflammatory agent. In addition, further studies, including
in vivo experiments and human trials, are required to confirm the use of eckmaxol as an
anti-inflammatory agent against PM-induced pro-inflammation in the lungs.
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Abstract: Phycocyanin is an excellent antioxidant with anti-inflammatory effects on which recent
studies are growing; however, its specific target remains unclear. Linear tetrapyrrole compounds
such as bilirubin have been shown to lead to the induction of heme oxygenase 1 expression in vivo,
thus achieving antioxidant and anti-inflammatory effects. Phycocyanin is bound internally with
linear tetrapyrrole phycocyanobilin in a similar structure to bilirubin. We speculate that there
is probably a way of inducing the expression of heme oxygenase 1, with which tissue oxidative
stress and inflammation can be inhibited, thus inhibiting pulmonary fibrosis caused by oxidative
damage and inflammation of lung. By optimizing the enzymatic hydrolysis process, phycocyanobilin-
bound phycocyanin peptide were obtained, and its in vitro antioxidant, anti-inflammatory, and
anti-pulmonary fibrosis activities were investigated. The results show that the phycocyanobilin
peptide was able to alleviate oxidative and inflammatory damage in cells through the Keap1-Nrf2-
HO-1 pathway, which in turn relieved pulmonary fibrosis symptoms.

Keywords: phycocyanin; phycocyanin peptide; pulmonary fibrosis; inflammatory; oxidative stress;
heme oxygenases-1

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive form of pulmonary fibrosis in
which the structure of the alveoli is damaged and gas exchange in the lungs is impaired,
eventually leading to respiratory failure and death [1]. At present, the etiology and specific
pathogenesis of IPF remains poorly understood. The current mainstream view is that IPF
results from alveolar epithelial cell damage and consists of oxidative stress damage [2]
and inflammatory damage by various interactive genetic and environmental factors. An
epithelial cell injury would trigger abnormal communication between epithelial cells and
fibroblasts, induce activation of myofibroblasts, secrete a large amount of extracellular ma-
trix (ECM), deposit in the lungs, and consequently bring about non-structural remodeling
of the lungs and fibrosis [3]. Unfortunately, there is no practically effective treatment for
IPF. Conventional anti-pneumonia drugs, such as prednisone, dexamethasone, and other
corticosteroids have no obvious effect on pulmonary fibrosis but serious side effects [4]. In
recent years, new drugs such as nintedanib and pirfenidone can alleviate the symptoms of
pulmonary fibrosis to a certain extent, but serious side effects (nausea, abdominal pain, diar-
rhea, photosensitivity, and nervous system abnormalities) are unavoidable, thus hampering
the clinical application [5,6]. Therefore, looking for a safe, less toxic, and side-effect-free
drug for the treatment of IPF has become an urgent task for drug research institutions.

Inflammation is widespread in the organism of IPF patients, which is the host’s defense
action against injury, oxidative damage, or infectious pathogens, as well as adaptive
immune response [7]. In the innate immune response, macrophages play a key role
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as an immune cell. By secreting a variety of inflammatory factors, including tumour
necrosis factor (TNF) and interleukins (IL), macrophages are able to clear pathogens from
the body [8,9]. Moderate amounts of inflammatory factors can participate in the body’s
immune response, while excessive production of inflammatory factors can damage the body
and lead to various inflammatory diseases such as sepsis, pulmonary fibrosis, diabetes,
and atherosclerosis [10,11]. Therefore, regulating the activity of secreting inflammatory
factors in macrophages can inhibit pulmonary fibrosis caused by tissue inflammation to a
certain extent.

Heme oxygenase 1 (HO-1) is an antioxidant-induced enzyme responsible for the
breakdown of heme into biliverdin [12]. Earlier studies have identified HO-1 as having
anti-inflammatory effects and the ability to modulate various immune cells, including
macrophages [13–15], making HO-1 an important target in the treatment of inflammation
and even pulmonary fibrosis induced by inflammation. Being similar in linear tetrapyrrole
structure to that of bilirubin, phycocyanobilin (PCB) can induce the expression of HO-1.
However, current bilirubin analogues are likely to cause jaundice during clinical adminis-
tration, and have disadvantages such as toxic side effects and low bioavailability, which has
limited the application of HO-1 targeting in anti-inflammatory and anti-fibrosis treatment.

Phycocyanin (PC) is a light-harvesting protein widely found in algae, which is soluble
in water. It is composed of linear tetrapyrrole pigment PCB through thioether bond with
apoprotein α and β. In PC, three PCBs are respectively connected to Cys-84 of the α

chain, Cys-84, and 155 of the β chain [16] (Figure 1) and are wrapped in the hydrophobic
core inside.

PC has many biological activities as an antioxidant, anti-inflammatory, and anti-
pulmonary fibrosis agent [17,18]. Li et al. [18] used PC to treat mice that had bleomycin-
induced pulmonary fibrosis, and found that PC could pass through the TLR2-MyD88-
NF-κB signaling pathway to effectively inhibit the bleomycin-induced pulmonary fibrosis.
In addition, Liu et al. [19] used PC to cure mice that had radiation-induced acute liver
injury, and they found that PC significantly up-regulated the expression of Nrf2 and
the downstream gene HO-1, which reduced the liver injury. Therefore, we believe that
the activity of PC is in fact from PCB that is contained within PC. PCB in PC would
be exposed and released after gastrointestinal digestion and be in full contact with the
environment. As it features a linear tetrapyrrole structure, the active groups are the same as
bilirubin to induce the expression of HO-1 against oxidation, inflammation, and pulmonary
fibrosis [20,21].

Figure 1. The structures of phycocyanin monomer and phycocyanobilin.

PC has the advantages of non-toxicity and good water solubility, and it contains PCB,
which is a satisfactory material for preparing the HO-1 inducer. Therefore, we enzymatically
hydrolyzed PC and decomposed it into small peptides in 10 amino acids, by which PCB
that was fully exposed and phycocyanin peptide connected with PCB was formulated. In
addition, the antioxidant activity, LPS-induced RAW264.7 macrophage inflammation, and
TGF-β1-induced pulmonary fibrosis inhibition were determined by in vitro experiments.
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2. Results

2.1. Enzymatic Hydrolysis of Phycocyanin and Its Absorption Spectrum and Molecular
Weight Determination

PCB in PC is very sensitive when ambient pH, temperature, etc., change and the color
during enzymatic hydrolysis could easily vary, thus affecting the final product. To avoid
the color change after enzymatic hydrolysis and ensure the activity of phycocyanin peptide,
after a large number of screening tests, we applied the composite enzyme MC101 to the en-
zymatic hydrolysis process of PC for the first time. The activity of MC101 was high, and the
yield rate of phycocyanin peptide reached 96% in blue color. The color of the phycocyanin
peptide after enzymatic hydrolysis was lighter than that of PC, showing light blue. We
think that phycocyanin peptide contained a peptide fragment bound to PCB. Apparently,
the PC solution was purplish blue and the solution of phycocyanin peptide after enzymatic
hydrolysis turned blue. This is because phycocyanin has fluorescence characteristics, so
its solution presents a purple color due to the red and blue mix. The active structure of
the phycocyanin is destroyed after enzymatic hydrolysis, so the fluorescence disappears,
leaving only the blue color of PCB. PCB is a fat-soluble substance and does not dissolve
in water when it exists alone. However, the phycocyanin peptide after MC101 complex
enzymatic hydrolysis had good water solubility, and could be quickly dissolved even at
high concentrations, which broadened the application range of the phycocyanin peptide.

By configuring the Spirulina PC and phycocyanin peptide into a same-concentration
solution and scanning in the full wavelength range of 200–800 nm, the absorption spectrum
of the phycocyanin peptide was obtained (Figure 2). The absorption peaks of PC distributed
mostly at 620 nm (chromophore absorption) and 280 nm (aromatic amino acid absorption),
and another peak at 360 nm reflects the PCB conjugate. In the full-wavelength scan, it was
shown that the absorbance peak of phycocyanin peptide at 620 nm decreased obviously,
while those at 280 nm and 360 nm increased. The properties of the absorption spectrum
are very similar to that of the PCB standard. Therefore, it shows that the PC had been fully
decomposed into phycocyanin peptides, and the enzymatic hydrolysis was sufficient.

Figure 2. The absorption spectra of phycocyanin and phycocyanin peptide.

Molecular weight distribution of the phycocyanin peptide is shown in Table 1. The
average molecular weight of the phycocyanin peptide is 583 Da, which is much smaller
than 40 kDa of PC, while the calculated value from average molecular weight of amino
acids in the protein was 110 Da. Therefore, we believe that the obtained enzymatic peptide
contained 5–6 amino acids.
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Table 1. Molecular weight distribution of phycocyanin peptide.

Indicators >10,000 10,000–5000 5000–3000 3000–2000 2000–1000 1000–500 500–180 <180

Peak area percentage (%, λ220 nm) 0.72 0.39 0.58 1.81 6.83 20.56 50.14 18.96
Number average molecular weight 13,929 7536 3476 2444 1267 639 253 –
Weight average molecular weight 14,429 7826 3539 2477 1311 661 271 –

total weight average molecular
weight (Mw) 583

–: no data.

Subsequently, the phycocyanin peptide was analyzed by HPLC-MS in order to obtain
information on the fragments of peptides bound with PCB. The HPLC-MS results are shown
in the supplemental Table S1. From the results, it can be seen that PC, after enzymatic
digestion, had 36 fragments containing PCB of different lengths, of which 9 were from
the PC α subunit with lengths ranging from 9–16 amino acids and 27 were from the PC
β subunit with lengths ranging from 3–21 amino acids. Considering that fragments with
many amino acids would not be easily absorbed, 11 fragments with amino acid numbers
less than 10 were obtained after further screening (Table 2), of which 1 was from the PC α

subunit and 10 from the PC β subunit. By comparing the obtained sequences, it was shown
that the PCB of the fragment from the α subunit binds to Cys84. Among the 10 fragments
from the β subunit, 5 PCB bound to Cys82 and 5 PCB to Cys153 (Table 2).

Table 2. The fragments of phycocyanin peptide with PCB.

Seq Loc Tgt Seq Mass Sequence Missed Pred Mods

α(78-86) 1646.8351 QRGKDKCAR 8 PCB-α84
β(80-82) 849.3731 AAC 2 PCB-β82
β(81-84) 1047.5212 ACLR 3 PCB-β82
β(80-84) 1118.5583 AACLR 4 PCB-β82
β(81-86) 1293.5886 ACLRDM 5 PCB-β82
β(80-86) 1364.6257 AACLRDM 6 PCB-β82

β(152-155) 980.395 DCSA 3 PCB-β153
β(152-156) 1093.479 DCSAL 4 PCB-β153
β(148-155) 1348.6009 ITPGDCSA 7 PCB-β153
β(148-156) 1461.685 ITPGDCSAL 8 PCB-β153
β(147-155) 1405.6224 GITPGDCSA 8 PCB-β153

2.2. Antioxidant Activity of Phycocyanin Peptide

PC has been shown to have excellent antioxidant activity [17], but whether the
enzymatic-hydrolyzed phycocyanin peptides have similar or better activity is currently un-
known. Therefore, we compared the in vitro antioxidant activities of PC and phycocyanin
peptides to understand in-depth the activity of the phycocyanin peptide.

2.2.1. Superoxide Anion Scavenging Rate

Superoxide anion (O−
2 ) is a kind of reactive oxygen species (ROS) produced in organ-

isms through respiration and other pathways [22,23]. Excessive O−
2 can cause damage to the

body, produce oxidative stress, and trigger various pathological processes, such as protein
denaturation, nucleotide damage, etc. [24,25]. Figure 3a shows that the O−

2 scavenging abil-
ity of PC or the phycocyanin peptide enhanced as their respective concentrations increased.
Overall, the O−

2 clearance rate of the phycocyanin peptide is greater than that of that of PC.
The curves were linearly fitted, and the IC50 values of PC and the phycocyanin peptide
were 8.15 mg/mL and 6.65 mg/mL, respectively. The O−

2 clearance rate of the phycocyanin
peptide after enzymatic hydrolysis was greatly improved from the clearance rate of PC.

2.2.2. ABTS+ Scavenging Rate

Reduced ABTS is a colorless substance that can be oxidized to blue-green ABTS+ free
radicals by oxidants. ABTS+ free radicals are very stable and have a maximum absorption
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peak at 734 nm. Antioxidants that are able to donate hydrogen can react with ABTS+

and can turn them back into colorless ABTS. Therefore, ABTS is often used as an in vitro
antioxidant index to judge the antioxidant capacity of a sample [26].

The scavenging ability of PC or the phycocyanin peptide of ABTS+ is shown in
Figure 3b. It was observed that PC and the phycocyanin peptide had different degrees of
scavenging effect on ABTS+. In the selected concentration range, with the increase of con-
centration, the clearance of PC and the phycocyanin peptide of ABTS+ was logarithmically
correlated. At 5 mg/mL, the scavenging rates of PC and the phycocyanin peptide of ABTS+

were 88.58% and 98.02%, respectively. The IC50 values of PC and the phycocyanin peptide
were 0.96 and 0.42 mg/mL, respectively.

2.2.3. Total Reducing Power

The reducing power refers to the color oxidation reaction that determines whether
the sample can become a good electron donor. The oxidation resistance of a substance
depends on the reducing power, so the oxidation resistance can be judged by measuring
the reducing power of the sample. Potassium ferricyanide is an oxidizing complex. After
reacting with reducing substances, it produces colorless potassium ferrocyanide. Potassium
ferricyanide reacts with FeCl3 to produce Prussian blue. There is a characteristic absorption
peak at 700 nm. Therefore, the relative reduction power of the sample can be ascertained
by an absorbance measurement at 700 nm [27].

The total reducing power of PC or the phycocyanin peptide is shown in Figure 3c. In
the range of 0.5–10 mg/mL, the reducing power of PC or the phycocyanin peptide increased
with the increase of its own concentration, and the reducing power was positively correlated
to the concentration. The reducing power of PC and the phycocyanin peptide was 0.806 and
0.914 at a sample concentration of 10 mg/mL, respectively. In addition, the difference
in total reducing power between PC and the phycocyanin peptide was not obvious at
low concentrations (Figure 3c). As the concentration increased, the phycocyanin peptide
enzymatically hydrolyzed with MC101 showed better reduction than that of PC.

Figure 3. Antioxidant activity of phycocyanin peptide: (a) superoxide anion clearance; (b) ABTS+

clearance; (c) total reducing power.
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2.3. Anti-Inflammatory Activity of Phycocyanin Peptide
2.3.1. Effect of Phycocyanin Peptide on Survival Rate of RAW264.7 Cells

The CCK-8 assay was applied to exclude drug interference with cell status and to
provide a basis for subsequent selection of the appropriate concentration. Taking the
relative cell viability ≥90% as the criterion of no cytotoxicity, the phycocyanin peptide
did not inhibit the growth of macrophages (Figure 4a). Overall, the phycocyanin peptide
slightly promoted the proliferation of RAW264.7. The relative survival of cells at 200 μg/mL
of phycocyanin peptide was approximately 138%, which proved that the phycocyanin
peptide had no obvious cytotoxicity and was safe.

2.3.2. Inhibitory Effect of Phycocyanin Peptide on NO

NO is a type of cytokine which can mediate many biological functions. Macrophage-
derived NO plays a major role in physiology and pathology. A proper amount of NO
can promote the immune response of the body, while the over expression of NO could
cause inflammation such as rheumatoid arthritis, atherosclerosis, tissue damage, etc. [28].
Therefore, the expression level of NO determines the induction or inhibitory effect of
phycocyanin peptides on inflammation.

To investigate the inhibitory effect of phycocyanin peptides on NO, the effect of phyco-
cyanin peptides on NO release from LPS-induced RAW264.7 cells was examined using the
Griess method. Depending on the results of the CCK-8 experiment, the concentration of
phycocyanin peptides was set at 50, 100, and 200 μg/mL. As shown in Figure 4b, the release
of NO in the supernatant of RAW264.7 macrophages after LPS induction was increased
dramatically compared with the control group, reaching 41.58 μM. After the intervention
of phycocyanin peptides, the expression level of NO in the supernatant of RAW264.7 cells
was effectively inhibited. As the concentration increased, the inhibitory effect of phyco-
cyanin peptides on NO showed an upward trend. At a concentration of 50 μg/mL, the
NO concentration was 21.75 μM, and the inhibitory rate of phycocyanin peptides on NO
was 39.63%. After the concentration was raised to 200 μg/mL, the NO concentration was
20.98 μM, and the NO inhibition rate was 41.16%.

2.3.3. Inhibitory Effect of Phycocyanin Peptide on TNF-α and IL-6

As inflammatory factors secreted by macrophages, TNF-α and IL-6 overexpression
often cause the development of many diseases [29,30]. Therefore, by detecting changes in
the content of TNF-α or IL-6, the anti-inflammatory ability of phycocyanin peptides can
be determined.

Based on the NO inhibition test, we examined the effect of phycocyanin peptides on
the levels of IL-6 and TNF-α expression in the cell supernatant using the Elisa method and
further validated their anti-inflammatory activity. The results are presented in Figure 4c,d.
In terms of TNF-α, the induction of LPS promoted its expression, being increased from
331.29 pg/mL in the control to 454.54 pg/mL. After treatment with phycocyanin peptides,
the expression of TNF-α was inhibited. Compared with the model group, which was
added with 100 ng/mL LPS, the inhibitory effect of phycocyanin peptides on TNF-α was
enhanced with the increase of the concentration. At 50 μg/mL, the TNF-α decreased
to 362.94 pg/mL, and the relative inhibition rate was 74.32%. At 200 μg/mL, TNF-α
returned to the level of the control group, or even slightly lower (304.68 pg/mL), with a
relative inhibition rate of 100%. The effect of phycocyanin peptides on IL-6 expression in
macrophages was similar to that of TNF-α, and the inhibitory effect continued to increase
with the concentration increase. The concentration of IL-6 in the 50 μg/mL low-dose group
decreased from 32.87 to 28.49 pg/mL, and the relative inhibition rate was 30.44%. The
inhibitory effect was additionally enhanced at a high concentration of 200 μg/mL; after
that, the IL-6 concentration was reduced to 21.95 pg/mL and the relative inhibition rate
was 75.76%. The results show that phycocyanin peptides effectively suppressed the TNF-α
and IL-6 expressions, and the suppression effect was gradually enhanced with increasing
concentration. At a high concentration of 200 μg/mL, phycocyanin peptides restored TNF-
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α to normal levels. Although the recovery effect of IL-6 was not as great as that of TNF-α,
the inhibition rate of IL-6 reached 75.76%, which proved that the obtained phycocyanin
peptides played an anti-inflammatory role in vitro and had a good effect.

Figure 4. Anti-inflammatory activity of phycocyanin peptide: (a) relative cell survival rate of
RAW264.7 macrophages; (b) NO scavenging ability; (c) TNF-α scavenging ability; (d) IL-6 scav-
enging ability. C: Control; Mod: Model; L: Low-dose (50 μg/mL); M: Medium-dose (100 μg/mL); H:
High dose (200 μg/mL). n = 3, mean ± SD. **** p < 0.0001; ns p > 0.05.

2.4. Anti-Pulmonary Fibrosis Activity of Phycocyanin Peptide
2.4.1. A549 Cell Morphology and Collagen I Expression

Under the induction of TGF-β1, human lung epithelial cells (A549) can be polarized.
The cells present a relatively slender spindle in shape, and the epithelial-mesenchymal tran-
sition (EMT) would occur, showing fibrotic activity. As Figure 5a–d show, the morphology
of A549 cells after TGF-β1 significantly changed from original cobblestone-like cells to ob-
vious spindle-shaped cells, and the cells were elongated. After treatment with phycocyanin
peptides, the morphological recovery of A549 cells at low doses was not obvious, and most
of the cells remained in spindle shape, while at high doses, the morphological recovery of
A549 cells was more obvious, being similar to the control group.

A very significant symptom of IPF is the excessive deposition of extracellular matrix
between tissues. Excessive deposition of ECM could aggravate the development of IPF.
Collagen I, as the main component of ECM, plays a critical role in the excessive deposition
of ECM. Collagen is not easy to be degraded as its conversion rate is very slow and has
strong resistance to common proteases. Therefore, once collagen is produced, it is difficult
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to be removed from the human body, thereby continuously aggravating IPF. Therefore,
Collagen I is an important indicator of IPF.

The effect of phycocyanin peptides is shown in Figure 5e–h in which the blue part
was the nucleus of A549 cells, and the green, fluorescent part was Collagen I. After 72 h of
TGF-β1 induction, the Collagen I expression of A549 cells increased significantly. Low-dose
phycocyanin peptide had a certain alleviating effect on Collagen I expression, but the effect
was not obvious. At high doses, phycocyanin peptides presented a better inhibitory effect
on Collagen I expression, while the green fluorescence faded in general.

Figure 5. The effect of phycocyanin peptides on the morphology and Collagen I expression of A549
cells induced by TGF-β1: (a) cell morphology of control group; (b) cell morphology of model group;
(c) cell morphology of low-dose group; (d) cell morphology of high-dose group; (e) expression of
Collagen I in control group; (f) Collagen I of model group expression; (g) Collagen I expression
in the low-dose group (10 μg/mL); (h) Collagen I expression in the high-dose group (30 μg/mL);
(i) Collagen I expression level. C: the control group; M: the model group; L: the low-dose group
(10 μg/mL); H: the high dose group (30 μg/mL). n = 3, mean ± SD. *** p < 0.001; **** p < 0.0001;
ns p > 0.05.

2.4.2. Nrf2, NQO1 and HO-1 Expression

It has been proven that HO-1 has excellent antioxidant and anti-inflammatory activities
and can modulate the activity of various immune cells. The induction of HO-1 is inseparable
from the metabolism of bilirubin. Nam et al. demonstrated that bilirubin could induce the
expression of HO-1 through the Keap1-Nrf2 pathway [21]. PCB in phycocyanin peptide is
very similar in structure to bilirubin, so we therefore hypothesize that the anti-inflammatory
activity of the peptides derives from the modulation of HO-1.

NAD(P)H: quinone oxidoreductase 1 (NQO1) is also an essential factor in the Keap1-
Nrf2 signaling pathway. Through the reduction reaction, NQO1 can catalyze the reduction
of quinones into hydroquinones and promote the metabolism of quinones, thereby avoiding
the production of ROS by semihydroquinones and playing an antioxidant role in cells [31].
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After induction by TGF-β1, the levels of NQO1, Nrf2, and HO-1 in A549 cells were
significantly decreased (Figure 6, p < 0.001), and the cells produced an inflammatory
response. After treatment with 10 and 30 μg/mL of phycocyanin peptides, the three
indexes all increased to different degrees, and they all recovered to more than 60% of the
control group. Statistical analysis showed that the recovery of Nrf2, NQO1, and HO-1 was
related to the intervention of phycocyanin peptides (p < 0.05); however, with the exception
of NQO1, the increase of Nrf2 and HO-1 did not appear to be related to the concentration
of phycocyanin peptides (p > 0.05).

Figure 6. The effect of phycocyanin peptides on the expression of Nrf2, HO-1, and NQO1 in A549 cells
induced by TGF-β1: (a) Nrf2 expression; (b) HO-1 expression; (c) NQO1 expression. C: the control
group; M: the model group; L: the low-dose group (10 μg/mL); H: the high dose group (30 μg/mL).
n = 3, mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

2.4.3. EMT-Related Proteins Expression

EMT refers to the process of epithelial cells that are transformed into mesenchyme
cells and plays a critical role in tissue inflammation and fibrosis. TGF-β1 can induce the
EMT process of A549 cells through the NF-κB pathway by expressing landmark proteins
such as α-SMA, vimentin, N-cadherin, and E-cadherin. The effect of phycocyanin peptides
on pulmonary fibrosis can be studied by measuring the expression of several marker
proteins in the cell supernatant. The expressions of α-SMA, N-cadherin, and vimentin can
advance the development of IPF during the occurrence of pulmonary fibrosis. E-cadherin
can maintain the connection among epithelial cells. When E-cadherin levels are down-
regulated, the connection among epithelial cells would be destroyed and the adhesion lost,
which would greatly increase the migration ability of cells and changes their morphology,
eventually leading to the occurrence of fibrosis.

Figure 7 shows that the α-SMA content in A549 cells after induction of TGF-β1 in-
creased from 0.31 to 0.88, that of N-cadherin increased from 0.43 to 0.86, and the expression
of vimentin increased from 0.41 to 0.89. Meanwhile, the expression of E-cadherin decreased
from 1.08 to 0.58, indicating that the EMT process occurred in A549 cells. After treatment
with low-dose phycocyanin peptide, the expressions of α-SMA (0.80) and N-cadherin (0.85)
were slightly down-regulated, that of E-cadherin (0.80) was significantly recovered, while
that of vimentin (1.02) slightly increased. The expressions of α-SMA (0.61), N-cadherin
(0.59), and vimentin (0.77) at high concentrations decreased largely, while that of E-cadherin
(0.92) further increased, indicating that phycocyanin peptides could affect cell EMT in vitro
with a significant reversal effect.
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Figure 7. The effect of phycocyanin peptides on the expression of EMT-related proteins in A549 cells
induced by TGF-β1: (a) α-SMA expression; (b) Vimentin expression; (c) N-cadherin expression; (d) E-
cadherin expression. C: the control group; M: the model group; L: the low-dose group (10 μg/mL); H:
the high dose group (30 μg/mL). n = 3, mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001.

2.4.4. HFL-1 Cell α-SMA Expression

During the development of IPF, fibroblasts can be transformed into myofibroblasts,
involving the process of tissue damage repair and fibrosis. Whether there is oxidative stress
injury or inflammatory injury, it is often through the activation of myofibroblasts that leads
to pulmonary fibrosis. The Collagen I and α-SMA expression levels are two important
indicators of the fibrosis process. As an essential component of the ECM, high levels of
Collagen I expression often indicate the onset of fibrosis. In 2021, Li et al. [32] obtained
a 20-amino-acid peptide from PC (eicosapeptide) and investigated its anti-fibrotic effect
on lung fibrosis. Their results demonstrate that eicosapeptide could dramatically depress
the increase of Collagen I in HFL-1 cells induced by TGF-β1 and played an anti-fibrotic
role. α-SMA is an important indicator of myofibroblast activation, and the increase in its
expression signifies the activation of myofibroblasts and the development of pulmonary
fibrosis [33]. Therefore, we investigated the inhibitory activity of phycocyanin peptides
on the expression of α-SMA in HFL-1 cells as a complement to their anti-pulmonary
fibrosis activity.

The results of immunofluorescence staining of α-SMA induced by TGF-β1 are shown
in Figure 8, in which the green fluorescent part indicates the expression of α-SMA. The
model group expressed a large amount of α-SMA after 72 h of TGF-β1 induction, and the
cells were gradually transformed from fibroblasts to myofibroblasts. The green fluorescence
of HFL-1 cells treated with phycocyanin peptides was reduced remarkably. At low doses,
phycocyanin peptides could reduce the expression of α-SMA, while at high concentrations
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of phycocyanin peptides, α-SMA expression only appeared slightly, and returned to a
normal level overall.

Figure 8. The effect of phycocyanin peptides on the expression of α-SMA in HFL-1 cells induced by
TGF-β1: (a) the control; (b) the model; (c) low-dose at 10 μg/mL; (d) high-dose at 30 μg/mL (e) α-
SMA expression level. C: the control group; M: the model group; L: the low-dose group (10 μg/mL);
H: the high dose group (30 μg/mL). n = 3, mean ± SD. ** p < 0.01; **** p < 0.0001.

2.5. Covalent Docking

Britanin, CDDO, isoxazoline-based_inhibitor, DMF, and sAIM_TX64063 are all known
small molecule inhibitors of the Keap1 BTB domain. Although the mechanisms of action
of these small-molecule inhibitors vary, they can be grouped largely into three categories:
(1) isoxazoline-based_inhibitor and DMF using α, β-unsaturated carbonyl groups as elec-
trophilic receptors, (2) triterpenoids (CDDO and sAIM_Tx64063) taking nitrile group as
electrophilic receptor, and (3) Britanin that uses a halogen as a reactive group and can
suppress Keap1 activity by creating a covalent bond with the sulfur atom in Cys151 of
the Keap1 BTB domain (Figure 9). PCB has α, β-unsaturated carbonyl groups, so we
thought that PCB might also be able to inhibit the activity of Keap1 through the Michael
addition reaction. DMF is considered to protect mouse neurons and astrocytes from oxida-
tive stress; this process is thought to occur as DMF interacts with the Keap1 BTB domain
to activate Nrf2 transcription, which in turn mediates the cellular antioxidant activity
process [34]. Britanin is an herbal derivative that is thought to be capable of reversing
hypoxia-glucose deprivation by inhibiting Keap1 [35]. As a triterpenoid, CDDO is thought
to be a good inhibitor of various inflammatory diseases such as emphysema and COPD [36].
Isoxazoline-based–inhibitor is isoxazolinyl electrophile capable of reacting with cysteine
residues, which has been used in the design of different covalent inhibitors [37]. Similar in
structure to CDDO, sAIM_TX64063 is also a triterpenoid and has been demonstrated having
an excellent activation effect on Nrf2, and this activity is also associated with the inhibition
of Keap1 [38]. Therefore, these five small molecule compounds and PCB were selected
for covalent docking simulations, and the possible anti-inflammatory and anti-fibrotic
mechanisms of PCB were discussed by comparing the results after covalent docking.

Affinity (kcal/mol) shows the binding energy during covalent docking, and the lower
the energy, the more effective the binding. It can be seen from the results that among
the six small molecule compounds, PCB and Keap1 have the lowest binding energy of
−3.8 kcal/mol, so the binding effect is the best, followed by Britanin with an affinity of
−3.4 kcal/mol. CDDO and DMF are relatively poor, with an affinity of only −1.9 and
−1.5 kcal/mol. The specific docking results are outlined in Table 3. The covalent docking
map (Figure 10) also corroborates the results in Table 3. All of the six compounds were able
to generate thioether bond with the Cys151 residue in the BTB domain of Keap1 to form
a covalent bond. Among them, the steric hindrance between the conformations of PCB
and Britanin and Keap1 is the smallest, so the relative affinity is low. However, CDDO and
DMF interfere greatly with Keap1, resulting in high binding energy.
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Figure 9. Keap1 small molecule inhibitor.

 

Figure 10. Small-molecule inhibitors covalent docking to the Keap1 BTB domain: (a) Britanin;
(b) CDDO; (c) Isoxazoline-based–inhibitor; (d) sAIM_TX64063; (e) DMF; (f) PCB. The yellow dashed
lines are hydrophobic interactions, the magenta dashed lines are salt bridges, the cyan solid lines are
hydrogen bonds, and the green dashed lines are π-stacking.
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Table 3. Covalent docking results.

Mode
Affinity

(kcal/mol)
Clust.

RMSD
Ref.

RMSD
Clust.
Size

RMSD
Stdv

Energy
Stdv

Best
Run

Britanin −3.4 0.0 −1.0 7 0.4 0.2 003
CDDO −1.9 0.0 −1.0 8 0.0 0.0 007

Isoxazoline-based–inhibitor −3.1 0.0 −1.0 7 0.5 0.1 004
DMF −1.5 0.0 −1.0 8 0.4 0.1 002

sAIM_TX64063 −2.1 0.0 −1.0 8 0.2 0.1 001
PCB −3.8 0.0 −1.0 1 NA NA 002

By comparing the covalent docking results of five known Keap1 inhibitors with PCB,
it is not difficult to see that Britanin and PCB show more interactions with the amino acid
residues of Keap1, so their binding energy is lower. As shown in Figure 10, Britanin can
hydrophobically interact with TRY85, HIS129, VAL132, and HIS154 of Keap1, and form salt
bridges with HIS129, ARG135, and HIS154. PCB can form six hydrophobic interactions
with LYS131, VAL132, GLU149, and LYS150, generate salt bridges with LYS150 and HIS154,
and form three hydrogen bonds with VAL152, LEU153, and HIS154. The isoxazoline-based–
inhibitor can form two hydrogen bonds with TRY85 and ARG135 and generate π-stacking
with the imidazole group of HIS129. The abundant interaction force reduces the binding
energy of Britanin, PCB, and the isoxazoline-based–inhibitor when they are covalently
bound to the receptor, so it is more favorable for their binding to Keap1. In contrast,
CDDO forms only one hydrogen bond with HIS129, sAIM_TX64063 forms two hydrogen
bonds with ARG135, and DMF forms salt bridges and hydrogen bonds with HIS129 and
ARG135. Furthermore, the structure of CDDO would produce steric hindrance with the
Keap1 protein, which enhances its binding energy. In summary, through the simulation of
the docking of PCB and Keap1 molecules, it can be confirmed that PCB can activate Nrf2
by covalently binding to Keap1.

3. Discussion

Microalgae have been widely used for food and traditional medicine in the history of
China. In 284–364 AD, Chinese alchemist Ge Hong discovered a filamentous blue algae
and named it Gexianmi (Nostoc sphaeroides). Gexianmi is rich in nutrients, and can regulate
immunity with anti-inflammatory and anti-tumor effects [39]. As a kind of microalgae,
Spirulina has similar physiological activities as Nostoc sphaeroides, and the isolated PC from
Spirulina is good for having antioxidant and anti-inflammatory activities.

As PCB in PC is sensitive to temperature, pH, and other ambient conditions, its
color tends to change during the enzymatic hydrolysis process. To reduce the PCB loss
of phycocyanin peptide as much as possible, we hydrolyzed PC with complex protease
MC101 and controlled the reaction conditions to obtain pure blue phycocyanin peptide, and
the yield was high, up to 96%. Compared with the commonly used phycocyanin peptides
after enzymatic hydrolysis in the market, it was found that the colors of other enzymatic
peptides mostly show purple brown and more blue-loss, while the phycocyanin peptides
prepared with MC101 enzyme show bright blue-green, with good color retention, and the
PCB contained still presented good activity.

The anti-inflammatory effect of PC was first proposed by Romay back in 1998, and
they found that C-PC could inhibit liver microsomal lipid peroxidation [17]. Numerous
experimental data have confirmed the usefulness of PC in various inflammation-induced
diseases, such as acute lung injury [40], pulmonary fibrosis [18], allergic airway inflamma-
tion [41], alcoholic liver [42], liver injury [19], etc., showing certain degrees of relief and
recovery effects.

As a pigment protein from algae, PC contains a natural blue pigment called PCB.
PCB is composed of four pyrrole rings connected by methylene pairs. It is very close to
biliverdin in structure, with only the side chain substituents being slightly different, and
its principal functional groups are consistent. In algae, the synthesis of PCB is through
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the ferrous heme metabolic pathway. Heme is oxidized to biliverdin IXα under the action
of heme oxygenase (HO). It is different from biliverdin IXα in animals in that heme is
reduced to bilirubin by biliverdin reductase. Biliverdin IXα in algae can be catalyzed with
PCB reductase to form PCB [43], and then further connected with apoprotein to form PC.
The structure of PCB is overall the same as that of bilirubin, except for slight alterations
in the substituents of C3, C10, and C18; however, these differences did not affect the α,
β-unsaturated carbonyl groups in the PCB (Figure 11).

 

Figure 11. Structure comparison of biliverdin, bilirubin, and phycocyanobilin.

HO-1 possess antioxidant and anti-inflammatory properties to modulate a variety of
immune cells [20]. If the anti-inflammatory activity of HO-1 could be used and its expres-
sion be induced, it would provide us new ideas for the development of anti-inflammatory
drugs. A traditional HO-1 inducer is metalloporphyrin, and it can significantly up-regulate
the expression of HO-1; however, its toxicity cannot be ignored as it greatly limits its clinical
application [20]. The reaction products of HO-1 can lead to the induction of HO-1 expres-
sion. Nam et al. [21] showed that bilirubin can induce the expression of Nrf2 and further
induce the export of HO-1 located downstream of Nrf2 by binding to Keap1 through an elec-
trophilic reaction with the α, β-unsaturated carbonyl group in the structure, which inhibits
the binding of Keap1 and Nrf2. Similar to metalloporphyrin, bilirubin has a series of issues
for clinical application. First, bilirubin can form intramolecular hydrogen bonds, resulting
in the decrease in water solubility and becoming fat-soluble, which is not conducive to the
dissolution when used as a drug. In addition, taking large amounts of bilirubin would
increase the concentration of bilirubin in the body, causing hyperbilirubinemia (jaundice)
and adversely affecting liver function [44].

Based on published scientific research, we believe that the antioxidant, anti-inflammatory,
and anti-pulmonary fibrosis activities of phycocyanin peptides are related to the structure
of the PCB bound in the phycocyanin peptide. As shown in Figure 11, PCB and bilirubin
are only slightly different on the substituents of C3, C10, and C18. Therefore, PCB may
have a similar effect on bilirubin in vivo, and the phycocyanin peptide could be quickly
absorbed in the gastrointestinal tract because of its small molecular weight, after entering
the body. The PCB bound in the phycocyanin peptide has a linear tetrapyrrole structure.
They are polypeptides, and the resulting steric hindrance prevents the formation of internal
hydrogen bonds between the propionic acid group and carbonyl group, which could
increase the water solubility of PCB. After being absorbed by cells, the α, β-unsaturated
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carbonyl group on PCB act as electrophiles to bind the thiol of the cysteine residue in
Keap1, release and activate Nrf2, transfer it to the nucleus, bind with ARE, and further
activate the HO-1 gene. The activated HO-1 gene expresses HO-1, regulates immune
cells [45], and inhibits the expression of inflammatory pathway NF-κB, which is under a
direct anti-inflammatory effect (Figure 12). In addition, elevated HO-1 has antioxidant
effects to eliminate ROS together with a direct antioxidant effect of the phycocyanin peptide
to reduce oxidative stress damage in the tissue.

LPS can lead to the secretion of TGF-β1 by macrophages, and elevated TGF-β1 in-
creases the level of ROS in cells [46] and induces lung fibroblasts to secrete ECMs, such
as collagen, α-SMA, etc.; the cells develop to the state of myofibroblasts, and the tissues
undergo fibrosis reactions. High levels of ROS activate the NF-κB pathway, mediate the
secretion of cytokines, and aggravate inflammation and fibrosis among tissues [47]. HO-1
activated by PCB can directly eliminate ROS in the body, block the NF-κB pathway, and
indirectly reduce tissue inflammation. A previous study of ours on the expression of
related genes after phycocyanin peptide treatment shows that PC gavage of mouse could
significantly increase the export of Nrf2 and the downstream gene HO-1, thereby reducing
liver damage caused by radiation [19]. Meanwhile, Strasky et al. [48] showed that PCB
could suppress the development of atherosclerosis by inducing the HO-1 expression, which
supports the above assumptions to a certain extent.

Figure 12. Anti-inflammatory pathway of phycocyanin peptide. The orange dotted line is the
process of pulmonary fibrosis, and the blue solid line is the anti-pulmonary fibrosis mechanism of
phycocyanin peptide.

4. Materials and Methods

4.1. Reagents

Phycocyanin was purchased from Zhejiang Binmei Biotechnology Co., Ltd., China.
The compound protease MC101 was purchased from Yantai Maitel Biotechnology Co.,
Ltd., China (200,000 μ/g). RAW264.7 cells, CCK-8, and ELisa kits were purchased from
Beijing Hua er bo si biology technology Co., Ltd., China. The Griess kits were purchased
from Biyotime Biotechnology Co., Ltd., China. Immunofluorescence and the Western Blot
antibodies were purchased from Beijing Hua er bo si biology technology Co., Ltd., and
other reagents were of analytical grade.
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4.2. Enzymatic Hydrolysis of Phycocyanin

Phycocyanin was hydrolyzed with compound protease MC101, and the enzyme
addition was 5%. Other conditions were temperature 57 ◦C, pH natural, the ratio of
material to liquid 1:80, and the reaction time 4 h. After digestion, the protease was removed
by heating and centrifugation. The supernatant was suction-filtered with white diatomite,
and the filtrate was vacuum freeze-dried.

4.3. Absorption Spectrum and Molecular Weight Distribution Measurement

Ultraviolet-visible spectrophotometer was used to measure the absorption spectrum
of the phycocyanin peptide at 200–800 nm, and the distribution of the molecular weight
of the phycocyanin peptide was determined using HPLC. The data were processed using
GPC software. We used Agilent 1290 infinity II/6545 QTOF HPLC-MS to determine the
fragments containing PCB in phycocyanin peptides and used Bioconfirm 8 to process
the data.

4.4. Antioxidant Activity of Phycocyanin Peptide
4.4.1. Superoxide Anion Clearance

As per Zhang and Meng et al. [49,50] with modification, phycocyanin peptide was
configured in different concentrations with H2O. Tris-HCl of 0.05 M and pH 8.2, and
15 mM pyrogallic acid were kept in a water bath at 25 ◦C, and then 3.7 mL Tris-HCl,
1 mL phycocyanin peptide solution, and 0.3 mL pyrogallic acid were added. We shook
the solution well, placed it into the spectrophotometer immediately, and measured the
absorbance value every 30 s at a wavelength of 420 nm for a total of 4 min. We plotted the
curve to find the slope Ai.

Clearance rate I (%) =
Ac − Ai

Ac
× 100% (1)

where Ai—absorbance of reaction group; and Ac—the absorbance of control group with
deionized water instead of the phycocyanin peptide.

4.4.2. ABTS+ Clearance

Refer to the experimental program of Mei et al. with modification [51].
Mix 38.40 mg ABTS with 6.623 mg K2S2O8, dissolve mixture with H2O and dilute to

10 mL, allow to react at room temperature in darkness for 12–16 h, dilute with 0.2 M, pH 7.4
PBS buffer to the absorbance of 0.70 at 734 nm ± 0.02 or so. We took 50 μL phycocyanin
peptide solution and 150 μL ABTS+ solution and reacted in the dark for 6 min, then
absorbance was measured at 734 nm.

4.4.3. Reducing Power

Refer to the experimental program of Klomong et al. with modification [52].
Take 1 mL phycocyanin peptide, add 2.5 mL for each of 1% potassium ferricyanide

solution and 0.2 M, pH 7.4 PBS buffer, water bath at 50 ◦C for 20 min, then add 2.5 mL
10% C2HCl3O2, mix well after centrifugation at 3000 rpm for 10 min. Take 2.5 mL of
the supernatant, add 2.5 mL H2O and 0.5 mL 0.1% FeCl3 solution, stand still for 10 min,
and detect the absorbance A700 at 700 nm and the value of A700 was used to reflect the
magnitude of the reducing power.

4.5. Anti-Inflammatory Activity of Phycocyanin Peptide
4.5.1. Cell Viability

Refer to Gao et al. [53]. Use DMEM medium to dilute the phycocyanin peptide to 50,
100, 200 μg/mL; take RAW264.7 cells at logarithmic growth, adjust the cell concentration
to about 5 × 104 cells/mL, and inoculate them in several 96-well plates, with 100 μL in
each well; continue to incubate for 24 h at 37 ◦C in 5% CO2. After 24 h, renew the medium
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containing each group of drugs and continue to culture for 24 h; after adding the drugs for
24 h, renew the medium, add 100 μL to each well containing 10 μL CCK-8.

Prepare a medium reaction solution containing no cells as the zero well, incubate it for
an appropriate time and measure the absorbance at 450 nm.

4.5.2. Cytokines

Add 50 μL of 100 ng/mL LPS solutions to the treatment group and LPS group, respec-
tively, and add the same volume of DMEM culture medium to the control group [54–56]. In
the treatment group, different concentrations of phycocyanin peptide solution were added.
After 24 h of culture, take 100 μL of the supernatant, use the NO detection kit to determine
the NO content, and use the Elisa detection kit to determine the TNF-α and IL-6.

4.6. Determination of Anti-Pulmonary Fibrosis Activity of Phycocyanin Peptide
4.6.1. Observation of A549 Cell Morphology

Select A549 cells as the cell model, and the cell culture conditions and groupings are
shown in Table 4.

Table 4. Cell culture conditions and grouping.

Control Model Low Dose High Dose

Medium 1640 1640 1640 1640
FBS 10% 10% 10% 10%

Temperature 37 ◦C 37 ◦C 37 ◦C 37 ◦C
CO2 5% 5% 5% 5%

TGF-β1 – 10 ng/mL 10 ng/mL 10 ng/mL
Phycocyanin peptide – – 10 μg/mL 30 μg/mL

Sample size 100 μL 100 μL 100 μL 100 μL
Time 72 h 72 h 72 h 72 h

–: no data.

4.6.2. Immunofluorescence

The expression of A549 cells Collagen I and HFL-1 cells α-SMA was measured by
immunofluorescence.

After 72 h of continuous culture, 4% paraformaldehyde fixed, 1% TritonX-100 for
5 min and 3% H2O2 for 10 min. Secondary antibodies incubate for 2 h. DAPI nuclei stain
for 5–10 min and photographed with a fluorescence microscope.

Use ImageJ software to analyze the gray value of immunofluorescence image and
quantify its fluorescence intensity by its gray value.

4.6.3. Western Blot

After the cells adhered to the wall, they were digested with 0.25% trypsin, seeded
on a 6-well culture plate, and administered after the density reached 60%. The cells were
observed after 72 h, washed with PBS, and scraped off with a cell scraper by adding
deionized water. Cells were lysed, pipetted back and forth to mix, centrifuged to take
supernatant, added with 5×loading buffer in proportion, and heated to 95 ◦C in a metal
bath. Ten min later, the Western Blotting was performed to detect Nrf2, HO-1, NQO1, and
EMT-related marker proteins.

4.7. Covalent Docking Analyze

The 3D structure of the Keap1 protein (BTB domain) was downloaded from https:
//www.rcsb.org, and the PDB ID is 7EXI. PyMol was used to remove water molecules. Five
known small molecule inhibitors of Keap1 were selected: sAIM_TX64063 (PDB ID: 5DAF);
2-cyano-3,12-dioxooleana-1,9-dien-28-oic-acid (CDDO) (PDB ID: 4CXT); britanin (PDB ID:
5GIT); isoxazoline-based–inhibitor (PDB ID: 6FFM); dimethyl fumarate (DMF) (CAS NO.
624-49-7) and PCB (PubChem CID: 6438349) as ligands for covalent docking. Covalent
docking of receptors and ligands was performed using the AutoDockFR program, and
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their conformations were optimized using a genetic algorithm based on the principle of
minimum docking energy [57]. Interactions between receptors and ligands were analyzed
using PLIP [58]. Results were visualized using PyMol.

4.8. Statistical Analysis

All experiments in this study were performed in triplicate, and results are shown as
mean ± SD. Analyses were performed using SPSS Statistics 23 and graphs were constructed
using GraphPad Prism 9.0. Data from two or more groups were analyzed using one-way
ANOVA (p < 0.05 was deemed statistically significant).

5. Conclusions

The emergence of phycocyanin peptides has solved modern issues of HO-1 inducers
and has the advantages of lower cytotoxicity and better water solubility. PCB in PC is
similar in structure to bilirubin, so its related antioxidant, anti-inflammatory, and anti-
pulmonary fibrosis activities were substantiated. Being bound to Keap1, PCBs can release
Nrf2 and further induce HO-1 expression. Therefore, phycocyanin peptides can be used as
a new HO-1 inducer to develop different types of anti-inflammatory and anti-pulmonary
fibrosis drugs. However, the absorption and metabolism of PC, especially PCB, need to be
further clarified. Future studies on the activity and bioavailability of PC will contribute to
the industrial development of PC and phycocyanin peptides.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md20110696/s1, Table S1: Results of phycocyanin peptide HPLC-MS.
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Abstract: UVB radiation can induce oxidative stress and inflammatory response in human epidermal
cells. We establish a UVB-induced damage model of human immortalized epidermal keratinocytes
(HaCaT) to explore the protective and reparative effects of Laminaria japonica on UVB-damaged epider-
mal inflammation after fermentation by white Ganoderma lucidum (Curtis) P. Karst and Saccharomyces
cerevisiae. Compared with unfermented Laminaria japonica, fermented Laminaria japonica possesses
stronger in vitro free radical scavenging ability. Laminaria japonica white Ganoderma lucidum fermenta-
tion broth (LJ-G) and Laminaria japonica rice wine yeast fermentation broth (LJ-Y) can more effectively
remove excess reactive oxygen species (ROS) in cells and increase the content of the intracellular
antioxidant enzymes heme oxygenase-1 (HO-1) and NAD(P)H quinone oxidoreductase 1 (NQO-1). In
addition, fermented Laminaria japonica effectively reduces the content of pro-inflammatory factors ILs,
TNF-α and MMP-9 secreted by cells. The molecular research results show that fermented Laminaria
japonica activates the Nrf2 signaling pathway, increases the synthesis of antioxidant enzymes, inhibits
the gene expression levels of pro-inflammatory factors, and alleviates cellular oxidative stress and
inflammatory response caused by UVB radiation. Based on the above results, we conclude that fer-
mented Laminaria japonica has stronger antioxidant and anti-inflammatory activity than unfermented
Laminaria japonica, possesses good safety, and can be developed and used as a functional inflammation
reliever. Fermented Laminaria japonica polysaccharide has a more slender morphological structure
and more rockulose, with better moisturizing and rheological properties.

Keywords: photodamage; antioxidation; inflammation; Laminaria japonica; fermentation technology

1. Introduction

As the largest organ of the human body, the skin is in direct contact with the external
environment and performs such functions as protection, excretion and body temperature
regulation [1]. The epidermis is responsible for resisting toxic substances in the external
environment; it can withstand mechanical friction and microbial invasion, and effectively
prevent the loss of skin moisture, ions and metabolites [2]. Healthy skin has the ability to
renew itself, but when damaged by external stimuli and unable to repair and renew itself in
time, it can become sensitive and inflamed, and even develop pathological reactions such as
atopic dermatitis and psoriasis [3]. Exposure to UV radiation, environmental changes and
unhealthy cleaning practices are all contributing factors, with UV radiation being among
the most significant.

Ultraviolet radiation is divided into three categories according to the length of the
wavelength band: UVA (315–400 nm), UVB (280–315 nm) and UVC (100–280 nm) [4]. UVB
can reach the epidermis of the skin. Excessive exposure to UVB can cause skin erythema,
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sunburn, and damage to intracellular macromolecules [2]. Therefore, UVB is considered
to have more serious damaging effects than UVA [5]. The UVB irradiation of the skin
can cause an increase in the content of reactive oxygen species (ROS) in skin cells and
trigger oxidative stress response [6]. Oxidative stress can cause many skin problems, such
as inflammation and barrier damage [7]. Impaired skin barrier in atopic dermatitis is
strongly associated with the secretion of cytokines (inflammatory factors) by keratinocytes.
Inflammatory factors can inhibit the synthesis level of filaggrin, thereby affecting the
process of stratum corneum differentiation. These changes lead to increased permeability
to external antigens and the gradual breakdown of the skin barrier [8]. As the hole in the
ozone layer enlarges, human exposure to UV radiation increases, as well as the probability
of epidermal oxidative stress, inflammation and deep skin damage caused by UVB. Thus,
there is an urgent need to find effective ways to alleviate skin oxidation and inflammation
caused by photodamage.

NF-E2-related factor 2 (Nrf2) is a member of the CnC subfamily of leucine-pulled
transcription factors in the basic region. Under normal conditions, Nrf2 binds to the protein
element Kelch-1ike ECH-associated protein l (Keap-1), which is in an inactive state [9].
When stimulated or damaged, intracellular ROS induces a conformational change in Keap-1
protein to promote the dissociation and termination of the ubiquitination of Nrf2. The
released Nrf2 is catalyzed by the small Maf protein and translocates into the nucleus, where
it activates the transcriptional activity of a further series of genes [10].

As evidenced by existing studies, Nrf2 is an anti-inflammatory pathway. Inflamma-
tion typically occurs in Nrf2-deficient chemically-induced pathologies, and Nrf2-knockout
mice have a significantly increased tendency to develop multi-tissue inflammatory lesions
compared with normal mice [11]. The alleviation of inflammation by Nrf2 is associated
with the inhibition of pro-inflammatory cytokine production, but the molecular mech-
anisms underlying the interaction between the two remain largely unclear [12]. The
plant-derived anti-inflammatory agent 3-hydroxyanthranilic acid (HA) can promote Nrf2
nuclear translocation and induce heme oxygenase-1(HO-1) expression, suggesting that the
anti-inflammatory effect of Nrf2 is partially dependent on redox dynamic regulation [13].
Studies have shown that synthetic triterpenoids can induce the increased expression and
activity of NAD(P)H quinone oxidoreductase 1(NQO-1) in mice to reduce nitric oxide
synthase (iNOS) levels, and this regulatory process is strictly dependent on Nrf2 [14].

Laminaria japonica, also known as brown seaweed, is common in East Asian countries
such as China, Japan and South Korea as a traditional Chinese medicinal and edible
algae [15]. It is rich in active substances, such as fucoidan, fucoxanthin, dietary fiber,
and carotenoids, and possesses significant antioxidant [15], anti-inflammatory [16], anti-
aging and antibacterial properties [17]. Studies have confirmed that Laminaria japonica
specifically inhibits the nuclear translocation of the STAT1 gene through the MAPK pathway,
reduces skin inflammation and the expression level of cellular inflammatory chemokines,
and inhibits the loss of skin moisture in mice caused by dinitrochlorobenzene (NC/Nga)
sensitization [18]. Fucoidan extracted from Laminaria japonica has been confirmed to reduce
the content of tumor necrosis factor α (TNF-α) in THP-1 cells caused by lipopolysaccharide
(LPS), and it can be reduced by 50% at 50 μg/mL [19]. Research on the anti-inflammatory
activity of Laminaria japonica is emerging, but it remains blank in terms of UVB radiation.

Fermentation technology is a kind of natural plant active substance extraction tech-
nology that is currently mature and can convert macromolecular substances into small
molecular active substances to achieve detoxification and efficiency enhancement [18].
Polysaccharides extracted from Lycium barbarum after fermentation by Saccharomyces cere-
visiae can significantly delay the aging process of nematodes, and possess stronger perme-
ability [20]. Positive results have already been seen in terms of the antioxidant and disease
treatment of Laminaria japonica treated with fermentation technology: extracts of Laminaria
japonica fermented by Aspergillus oryzae have shown strong free radical scavenging effects,
and some have even exceeded the same mass concentration of vitamin C [21]. The same
results were obtained after the mixed fermentation of Laminaria japonica with two lactic
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acid bacteria. Fermentation treatment can not only effectively improve the extraction rate
of the active substances in Laminaria japonica, but also promote stronger antioxidant and
hypoglycemic activity [22].

In this study, traditional Chinese medicinal white Ganoderma lucidum and rice wine
yeast are used to ferment Laminaria japonica in order to investigate whether the resulting
fermentation broth has protective and reparative effects on skin photo-inflammation caused
by UVB radiation, explore whether microbial fermentation can effectively improve the
utilization rate of Laminaria japonica active substances and exert stronger anti-inflammatory
effects, study the molecular mechanism of the effects of Laminaria japonica fermentation
broth and provide a scientific basis for its application as an anti-inflammatory raw material.

2. Results

2.1. Changes in Active Substance Content

Laminaria japonica is rich in polysaccharides and polyphenols, which are the primary
substances with antioxidant and anti-inflammatory effects [19,23].

The data showed that compared to Laminaria japonica water extract (LJ-W), the total
sugar, polysaccharide, phenol and protein contents in the fermentation broth significantly
increased (Table 1). The contents of total sugars, polysaccharides and proteins in Laminaria
japonica white Ganoderma lucidum fermentation broth (LJ-G) and Laminaria japonica rice
wine yeast fermentation broth (LJ-Y) showed an increase of 2–3 times. Although the content
of total phenols in the three samples was not very high, the content after fermentation also
increased by one. These experimental results confirm that the content of Laminaria japonica
bioactive substances was significantly different before and after fermentation treatment.
This suggests that fermentation can effectively improve the extraction rate of Laminaria
japonica bioactive substances.

Table 1. Contents of total and reduction sugars and phenolic compounds analyzed by spectropho-
tometric methods before and after fermentation by Laminaria japonica. Data is represented as
mean ± SEM. *** p < 0.001, significantly different compared to the LJ-W group.

Sample
Total Sugars

(mg/g)
Polysaccharide

(mg/g)
Total Phenols

(mg/g)
Protein
(mg/g)

LJ-W 34.56 ± 0.95 32.27 ± 2.95 0.47 ± 0.10 1.39 ± 0.19
LJ-G 81.25 ± 0.85 *** 78.99 ± 6.98 *** 0.86 ± 0.15 *** 4.66 ± 0.29 ***
LJ-Y 68.97 ± 5.19 *** 67.08 ± 5.71 *** 0.88 ± 0.06 *** 3.45 ± 0.5 ***

2.2. In Vitro Antioxidant Activity

Four types of free radical scavenging activity of Laminaria japonica water extract and
fermentation broth were determined to evaluate the difference in antioxidant activity before
and after fermentation (Figure 1A–D).

The scavenging data of the DPPH free radical test showed that the scavenging ability
of the sample was weak in the concentration range of 0.25–4 mg/mL, and the scavenging
effects of LJ-G and LJ-Y were worse than those of LJ-W. The clearance capacity of LJ-G was
significantly improved after 4 mg/mL, and the clearance rate reached 76.75% at 8 mg/mL,
which was significantly higher than that of LJ-W. The clearance rate of LJ-Y at 4–8 mg/mL
was slightly improved, but there was no significant difference in the clearance between the
two at the same concentration. The scavenging effects of samples on hydroxyl radicals were
positively correlated with the mass concentration. The clearance of LJ-G was consistently
better than that of LJ-W, reaching 86.63% and 87.09% at 4 and 8 mg/mL, respectively. The
scavenging ability of LJ-Y was slightly weaker than that of LJ-G. It is worth noting that
LJ-W showed the strongest scavenging ability on hydroxyl radicals at 8 mg/mL (63.51%).
The same clearance was achieved by LJ-G and LJ-Y at 1 mg/mL, and the clearance rate of
LJ-G was consistently higher than that of LJ-Y.
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Figure 1. Antioxidant capacity of LJ-W, LJ-G and LJ-Y determined in vitro. (A): DPPH free radical
scavenging ability; (B): hydroxyl radical scavenging ability; (C): total antioxidant capacity (ABTS
method); (D): total antioxidant capacity (FRAP method). *** p < 0.001, significantly different compared
to the LJ-W group.

The test results of total antioxidant capacity determination (ABTS method) showed
that both LJ-G and LJ-Y had significantly (p < 0.001) higher ABTS+ scavenging power than
LJ-W, with 2.44 and 2.81 times that of LJ-W, respectively, and LJ-Y had the best scavenging
ability, reaching 1.14 mM Trolox equivalent. The test results of total antioxidant capacity
determination (FRAP method) showed that compared with LJ-W, the reducing power of
LJ-G and LJ-Y were significantly improved (p < 0.001), and the reducing ability of the two
on Fe2+ reached 1.55 and 1.28 times that of LJ-W respectively. Unlike the total antioxidant
capacity (ABTS method), LJ-G showed a stronger reduction of Fe2+ than LJ-Y.

Based on the above in vitro antioxidant test data, we can conclude that LJ-W, LJ-G
and LJ-Y all have certain in vitro antioxidant activity, while those of LJ-G and LJ-Y are
significantly stronger than that of LJ-W. The scavenging activity of LJ-G on DPPH free
radicals, hydroxyl radicals, and Fe2+ were the strongest among the three samples.

2.3. Effects of LJ-W, LJ-G, LJ-Y on the Viability of HaCaT Cells

The protective and reparative effects of LJ-W, LJ-G and LJ-Y on human immortalized
epidermal keratinocytes (HaCaT) cells damaged by UVB are shown in Figure 2. UVB of
10 mJ/cm2 was selected as the experimental dose (Figure S1). In the protection group
(Figure 2A), the cell viability of the three groups of samples was significantly improved
compared with the model group. Cell viability increased gradually in the LJ-W group,
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reaching its highest level (114.17%) at 4 mg/mL. Cell viability in the LJ-G group was always
greater than 100%, reaching its highest level (121.47%) at 2 mg/mL. Cell viability in the
LJ-Y group was higher than that of the model group at a concentration of 0.125–2 mg/mL,
and gradually increased with the concentration. At 4 mg/mL, the survival rate of HaCaT
cells decreased to 73.70%, which was lower than that of the model group. The results of the
repair group test (Figure 2B) showed that the cell survival rate after UVB irradiation was
72.39% (model group). The three samples with different concentrations showed similar
trends in the repair of UVB-damaged HaCaT cells. With the increase in mass concentration,
the cell viability of all three groups gradually increased, reaching a peak at 0.5 mg/mL,
then gradually decreasing (0.5–2 mg/mL), but still remaining higher than that of the model
group. At 4 mg/mL, the cell viability of the LJ-G group was still higher than that of the
model group, but those of LJ-W and LJ-Y were lower.

Figure 2. Effects of LJ-W, LJ-G and LJ-Y on the survival state of UVB-damaged HaCaT cells. The
model group is the cell survival after UVB damage (red columns). (A): Protective effects of LJ-W,
LJ-G and LJ-Y before UVB damage; (B): Reparative effects of LJ-W, LJ-G and LJ-Y after UVB damage.
NS p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the model group, ## p < 0.01, ### p < 0.001
compared with the control group.

The above experimental data shows that Laminaria japonica fermentation broth can
effectively alleviate the damage and death of HaCaT cells caused by UVB, and promote the
proliferation of epidermal cells, but high concentrations of LJ-Y are slightly toxic to cells. In
the UVB protection group, the cell survival rate of Laminaria japonica fermentation broth
reached its highest levels at 2 mg/mL, namely, 121.47% (LJ-G) and 106.08% (LJ-Y). The
fermentation broth of the UVB repair group reached maximum cell viability at 0.5 mg/mL,
namely, 95.63% (LJ-G) and 88.89% (LJ-Y). Therefore, we chose 2 mg/mL and 0.5 mg/mL as
the sample concentrations for subsequent protection and repair experiments. For proper
expression, the concentration unit of subsequent test samples was modified to “μg/mL”.

2.4. Effects of LJ-W, LJ-G and LJ-Y on ROS Inhibition and Scavenging

Excessive oxygen free radicals (ROS) will cross the cell membrane and react with most
biomolecules (DNA, proteins, lipids, etc.), causing oxidative stress in the body and excessive
levels of intracellular inflammatory factors, and eventually leading to the appearance of
inflammatory skin problems [24]. Removing excess ROS is the guarantee for maintaining
the normal functioning of the skin cells and body.

The effects of UVB damage and the protective and reparative effects of the samples on
ROS content in HaCaT cells are shown in Figure 3. After UVB irradiation, the intracellular
ROS content was significantly increased in the model group and significantly decreased
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in the protection and repair groups (p < 0.001). As shown by the intracellular ROS assay
fluorescence values (Figure 3B), in the damage protection group, LJ-W, LJ-G and LJ-Y
significantly reduced intracellular ROS contents, while the ROS contents of the LJ-G and
LJ-Y groups were lower than those of the LJ-W and control groups. In the damage repair
group, the intracellular ROS contents of the LJ-W and LJ-Y groups were lower than that of
the control group. The scavenging effect of LJ-G was weaker than those of LJ-Y, but still
significant (p < 0.001).

The above experimental data indicates that the water extract and fermentation broth
of Laminaria japonica can effectively remove excess ROS in damaged HaCaT cells; the
scavenging effects of Laminaria japonica fermentation broth are better than that of Laminaria
japonica water extract; and LJ-G and LJ-Y in the protection group and LJ-Y in the repair
group can reduce ROS in damaged cells to normal levels. This reveals that LJ-Y possesses
enhanced physiological activity in ROS scavenging.

Figure 3. Effects of UVB, LJ-W, LJ-G and LJ-Y on intracellular ROS content. The model group is
the intracellular ROS fluorescence values after UVB damage. (A): Cell ROS fluorescence intensity;
(B): Cell fluorescence intensity value. *** p < 0.001 compared with the model group, ### p < 0.001
compared with the control group.

2.5. Effects of LJ-W, LJ-G, LJ-Y on Antioxidant Capacity

Heme oxygenase-1 (HO-1) is an antioxidant cytoprotective enzyme that plays a key
role in oxidative stress and inflammation [25]. NQO-1 belongs to the DMES in the Phase
II detoxification stage of cells and can protect the cytoplasmic membrane from ROS dam-
age [14].

Figure 4 shows the effects of LJ-W, LJ-G and LJY on HO-1 and NQO-1 contents in cells.
After UVB irradiation, compared with the blank group, the contents of HO-1 and NQO-1
in HaCaT cells were significantly decreased.
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Figure 4. Effects of LJ-W, LJ-G and LJ-Y on the activity of antioxidant and detoxification enzymes
in HaCaT cells. The model group was the relative expression content of intracellular inflammatory
factors after UVB damage. (A): Differences in expression of HO-1, NQO-1 and related mRNAs in
UVB-damaged protection group; (B): Differences in expression of HO-1, NQO-1 and related mRNAs
in UVB-damaged repair group. NS p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the
model and LJ-W groups, ## p < 0.01, ### p < 0.001 compared with the control group.
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In the protection group, the effects of the three samples on HO-1 enzyme content in
HaCaT cells were similar. However, after LJ-G treatment, the expression of HO-1 mRNA in
cells was significantly upregulated, which was higher than LJ-Y. The LJ-G and LJ-Y groups
significantly affected NQO-1 in HaCaT cells, showing excellent protective effects. Especially
in LJ-G-treated HaCaT cells, the intracellular NQO-1 enzyme content was significantly
increased, and its mRNA expression was four times that of the UVB-damaged model
group. In the repair group, the range of antioxidant enzymes in the LJ-W group increased
slightly but not significantly. LJ-G and LJ-Y could dramatically increase the content and
transcriptional activity of HO-1 and NQO-1, and LJ-G was stronger.

To sum up, after UVB irradiation, while the three samples showed certain protective
and reparative effects on cell oxidative stress damage, LJ-G exhibited stronger regulatory
activity than LJ-Y, which will affect the activity of intracellular antioxidant enzymes and
detoxification enzymes.

2.6. Effects of LJ-W, LJ-G, LJ-Y on the Expression Levels of Inflammatory Factors

Keratinocytes can secrete inflammatory chemokines (interleukins, tumor necrosis
factor, etc.) and cytokines to maintain skin homeostasis. Elevated ROS levels caused
by the UVB irradiation of epidermal cells can trigger the excessive secretion of inflam-
matory chemokines, which in turn causes the infiltration of T cells and neutrophils into
the epidermis, leading to inflammation and skin lesions [18]. The elevated secretion of
pro-inflammatory factors (interleukins and tumor necrosis factor) marks the beginning of
cellular inflammatory response [26].

MMPs are also mediators of the vicious cycle of inflammation which is responsible
for degrading various components in the extracellular matrix [27]. Studies have shown
that Nrf2-knockout skin ulcer wounds heal slowly, which is attributed to the high expres-
sion of MMP-9 in the cells [28]. After Nrf2-knockout, mice are irradiated with UVB, the
activity of MMPs in the skin cells significantly increases, indicating that Nrf2 can play a
photoprotective role by inhibiting MMPs [29].

Laminaria japonica water extract and fermentation broth have significant effects on
inflammatory chemokines interleukin-1β (IL-1β), interleukin-8, IL-8 (IL-8), tumor necrosis
factor-α (TNF-α) and matrix metalloproteinase-9 (MMP-9). The effects of expression level
are shown in Figure 5. After UVB irradiation, the contents and gene transcription levels
of IL-1β, IL-8, TNF-α and MMP-9 in the protection and repair groups were significantly
increased. In the protection group (Figure 5A), the levels of TNF-α and MMP-9 in the LJ-W
group were significantly lower than those in the model group, but there was no significant
difference in the levels of IL-1β and IL-8. In the LJ-G and LJ-Y groups, the contents and
transcription levels of the four pro-inflammatory factors were significantly lower than those
in the model group and LJ-W group. In the repair group (Figure 5B), LJ-W was able to
reduce IL-1β and MMP-9 content but had no significant effect on the other inflammatory
factors. The contents of the above pro-inflammatory factors were significantly decreased in
the LJ-G and LJ-Y groups, and the contents of IL-1β and TNF-α in the LJ-G group were
even lower than those in the LJ-Y and control group.

The above results indicate that UVB irradiation can induce the excessive secretion of
intracellular inflammatory chemokines, leading to cellular inflammation. Laminaria japonica
has a certain anti-inflammatory activity which is amplified by fermentation technology.
It is worth noting that the inhibitory effects of the two Laminaria japonica fermentation
broths on inflammatory factors were different in terms of protection and repair. In the
protection group, LJ-Y showed a better ability to inhibit inflammation, while LJ-G showed
a better ability in the repair group. Compared to LJ-Y, LJ-G could reduce the levels of
inflammatory factors even more than undamaged cells. In conclusion, both the water
extract and fermentation broth of Laminaria japonica have anti-inflammatory activity, and
that of the fermentation broth is better than that of the water extract.
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Figure 5. Effects of LJ-W, LJ-G and LJ-Y on the secretion of inflammatory factors in UVB-damaged
HaCaT cells. (A): Differences in the content of IL-1β, IL-8, TNF-α and MMP-9 in HaCaT cells in
UVB-damaged protection group; (B): Differences in the content of IL-1β, IL-8, TNF-α and MMP-9 in
HaCaT cells in UVB-damaged repair group. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the
model and LJ-W groups, NS p > 0.05, ## p < 0.01, ### p < 0.001 compared with the control group.

2.7. Effects of LJ-W, LJ-G, LJ-Y on Keratinocyte Differentiation and Skin Barrier Function

The stratum corneum of the skin is rich in functional proteins and active enzymes,
such as aquaporin 3 (AQP3), filaggrin (FLG), kallikrein-7 (KLK-7) and Caspase-14. AQP3 is
located on the cell membrane and is responsible for tightly bonding skin keratin [30]. FLG
forms a tight physical barrier in the epidermis to prevent water loss and the invasion of
external irritants [31]. KLK-7 is responsible for severing the desmosomes that connect cells,
causing skin cell dysfunction and accelerating cell shedding [30]. Caspase-14 is active in
the damaged epidermis and can hydrolyze FLG into the intercellular natural moisturizing
factor (NMF) to maintain the moisturizing function of the skin [32].

The levels of AQP3 and FLG in the cells were significantly decreased after UVB
irradiation, while the levels of KLK-7 and Caspase-14 were significantly increased (Figure 6).
This indicates that UVB irradiation accelerates intracellular water loss and leads to damaged
epidermal cell shedding.

After the effect of the samples, the content of water retention protein in the cells was
significantly increased and the enzymatic activities of KLK-7 and Caspase-14 were signifi-
cantly decreased. The protection and repair groups showed similar results. Interestingly,
the barrier repair activity of LJ-G was higher than that of LJ-Y in the repair group, whereas
LJ-Y was better in the protection group.
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In summary, it is likely that LJ-W, LJ-G and LJ-Y can maintain the normal connections
between cells. On the premise of maintaining the stability of the extracellular matrix and
NMF contents, the reinforcement of filaggrin in the skin barrier is enhanced to ensure
the normal function of the stratum corneum barrier, thereby effectively protecting the
epidermis from UVB radiation damage.

 

Figure 6. Effects of LJ-W, LJ-G and LJ-Y on the secretion of skin barrier factors in UVB-damaged
HaCaT cells. (A): Differences in the content of AQP3, FLG, KLK-7 and Caspase-14 in HaCaT cells in
UVB-damaged protection group; (B): Differences in the content of AQP3, FLG, KLK-7 and Caspase-14
in HaCaT cells in UVB-damaged repair group. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with
the model and LJ-W groups, NS p > 0.05, # p < 0.05, ## p < 0.01, ### p < 0.001 compared with the
control group.

2.8. Effects of LJ-W, LJ-G, LJ-Y on Gene Expression of Nrf2 Signaling Pathway

The Nrf2 signaling pathway can regulate cellular inflammatory response [27]. The Nrf2
gene bound to the Keap-1 element is silent. At this time, the transcription of downstream
genes p38, JNK1 and AP-1 is active, and can promote the expression of IL-1β, TNF-α
and MMP-9. After separation from Keap-1, Nrf2 transcriptional activity is activated and
translocated into the nucleus, where it regulates the downstream genes to synthesize
antioxidant enzymes and inhibit the expression of pro-inflammatory factors.

We measured the transcriptional activity of the Nrf2 signaling pathway-related node
genes Keap-1, p38, JNK1 and AP-1 in damaged cells before and after treatment by the
samples (Figure 7). The data showed that the transcriptional activity of Keap-1 in UVB-
irradiated cells was increased, the transcriptional level of the Nrf2 pathway was decreased
and the transcriptional levels of its downstream genes p38, JNK1 and AP-1 were signifi-
cantly increased (p < 0.001). After the samples were applied, the transcriptional activity of
Keap-1 decreased, the transcriptional level of Nrf2 increased and the transcriptional activity
of p38, JNK1 and AP-1 decreased. In the protection group (Figure 7A), the transcriptional
activity of Nrf2 was significantly higher in the LJ-G and LJ-Y groups than in the LJ-W group
(p < 0.05). In addition, LJ-G and LJ-Y had stronger inhibitory effects on p38, JNK1 and AP-1
than LJ-W. The repair group (Figure 8B) data also showed the same trend as the protection
group. Notably, in the protection and repair group, the regulatory activity of LJ-G was
higher than that of LJ-Y for most node genes.
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Figure 7. Effects of LJ-W, LJ-G and LJ-Y on Keap-1, Nrf2, p38, JNK1 and AP-1 genes in the Nrf2
signaling pathway. (A): UVB-damaged protection group; (B): UVB-damaged repair group. * p < 0.05,
** p < 0.01, *** p < 0.001, compared with the model and LJ-W groups, NS p > 0.05, # p < 0.05, ## p < 0.01,
### p < 0.001 compared with the control group.

Figure 8. LJ-W, LJ-G and LJ-Y safety evaluation. (A): Effects of LJ-W on the hemolysis of rabbit
erythrocytes; (B): Effects of LJ-G on the hemolysis degree of rabbit erythrocytes; (C): Effects of LJ-Y
on the hemolysis degree of rabbit erythrocytes; (D): Effects of LJ-W, LJ-G and LJ-Y on the vascular
damage of chick embryo chorioallantoic membrane.

The above experimental results showed that UVB irradiation could inhibit the translo-
cation of the Nrf2 signal into the nucleus in HaCaT cells, reduce the body’s antioxidant
and detoxification process, and prompt cells to produce a large number of inflammatory
chemokines, causing an inflammatory response. Laminaria japonica improved the antioxi-
dant effects of cells by increasing the transcription level of Nrf2 and promoting its nuclear
translocation. Laminaria japonica also reduced the transcriptional activity of AP-1, which,
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in turn, suppressed the high expression levels of IL-1β, TNF-α and MMP-9 induced by
UVB irradiation.

2.9. LJ-W, LJ-G, LJ-Y Safety Evaluation

The chick chorioallantoic membrane eye irritation test (CAM) and erythrocyte hemol-
ysis test can determine whether a tested substance is an irritant through the detection of
vascular bleeding and hemolysis [33]. Thus, CAM and erythrocyte hemolysis tests were
performed on LJ-W, LJ-G and LJ-Y to evaluate their safety (Figure 8A–D). Sodium dodecyl
sulfate (SDS) was used as a positive control. The results showed that samples with different
mass concentrations had little effect on the hemolysis of rabbit erythrocytes (Figure 8A–C).
At the same concentration, the hemolysis degrees of LJ-G and LJ-Y were lower than that
of LJ-W. 0.9% NaCl and 0.1 mol/L NaOH were used in control group and model group
controls, respectively (Table 2). After the NaOH (model group) was used for 3 min, the
blood vessels on the membrane showed obvious hemorrhage, vascular coagulation and
vascular dissolution caused by severe stimulation, while the sample group and negative
control group did not show the above phenomena. According to these results, we believe
that Laminaria japonica fermented freeze-dried powder is non-irritating to the eyes, has high
safety and can be added to skin care products as a functional raw material.

Table 2. Classification of types of hemorrhagic effects of Laminaria japonica water extract and fermen-
tation broths on CAM.

Sample Type of Bleeding
Rating/Point

ES/Point
1 2 3 4 5 6

Negative control
(0.9% NaCl solution)

Bleeding 0 0 0 0 0 0
0Blood vessel coagulation 0 0 0 0 0 0

Angiolysis 0 0 0 0 0 0

Positive control
(0.1 mol/L NaOH)

Bleeding 2 2 2 2 2 2
12Blood vessel coagulation 2 1 1 1 2 1

Angiolysis 1 1 1 1 1 1

LJ-W
Bleeding 0 0 0 0 0 0

0Blood vessel coagulation 0 0 0 0 0 0
Angiolysis 0 0 0 0 0 0

LJ-G
Bleeding 0 0 0 0 0 0

0Blood vessel coagulation 0 0 0 0 0 0
Angiolysis 0 0 0 0 0 0

LJ-Y
Bleeding 0 0 0 0 0 0

0Blood vessel coagulation 0 0 0 0 0 0
Angiolysis 0 0 0 0 0 0

2.10. Physical Properties of LJ-Wp, LJ-Gp and LJ-Yp

The FT-IR pattern of Laminaria japonica is shown in Figure 9A. The absorption peaks
of LJ-Wp (a), LJ-Gp (b) and LJ-Yp (c) at 3350 cm−1 were caused by the C-H triple bond
(alkynyl) and hydroxyl stretching vibration. It is speculated that there may be a multi-
molecular association structure. The absorption peaks at 3033 and 2923 cm−1 are caused
by the stretching vibration of the carbon-hydrogen single bond. The sharp absorption
peak at 1612 cm−1 was caused by carbonyl stretching and benzene ring skeleton vibration.
The absorption peaks at 1408, 1244 and 1053 cm−1 are caused by the stretching of carbon
single bond and carbon-hydrogen bond, and the absorption peak at 1408 cm−1 suggests
the existence of halogen. The smaller sharp absorption peak at 826 cm−1 was caused by
the disubstituted benzene ring, which was confirmed by the absorption peak at 1612 cm−1.
Comparing the FI-IR results of LJ-Wp, LJ-Gp and LJ-Yp, we found that LJ-Gp has no obvious
absorption peak at 826 cm−1, and the absorption peak area at 1612 cm−1 is correspondingly
reduced. It is speculated that white Ganoderma lucidum may have changed the original
benzene ring structure of Laminaria japonica during the fermentation process.
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Figure 9. Morphological and structural characterization of unfermented and fermented Laminaria
japonica. (A): IR spectrum of LJ-Wp (1), LJ-Gp (2) and LJ-Yp (3); (B): GPC Chromatogram of LJ-Wp
(1), LJ-Gp (2) and LJ-Yp (3); (C): SEM image of LJ-Wp (1), LJ-Gp (2) and LJ-Yp (3) in 500, 200, 100 and
50 nm.
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The relative molecular weights of LJ-Wp, LJ-Gp and LJ-Yp were determined using
gel permeation chromatography (GPC). The elution curve is shown in Figure 9B. The
measured weight average molecular weights (Mw) of LJ-Wp (a), LJ-Gp (b) and LJ-Yp (c)
were 16.1232 × 104, 18.1159 × 104 and 39.6117 × 104 kDa, respectively (Table 3). The
molecular weight of LJ-Gp and LJ-Yp was higher than that of LJ-Wp, indicating that
fermentation technology can improve the Laminaria japonica wall-breaking rate and promote
the release of macromolecular polysaccharide active substances.

Table 3. LJ-Wp, LJ-Gp and LJ-Yp molecular weight determinations.

Name LJ-Wp LJ-Gp LJ-Yp

Mn (Da) 2.9466 × 104 2.8208 × 104 6.2539 × 104

Mw (Da) 16.1232 × 104 18.1159 × 104 39.6117 × 104

Mz (Da) 54.8664 × 104 102.6565 × 104 302.8553 × 104

Mw/Mn 5.47178 6.42222 6.33390
Mz/Mn 3.40296 5.66667 3.36240

We used scanning electron microscopy (SEM) to observe the structure and morphology
of Laminaria japonica. Figure 9C showed the topographic features under different observa-
tion accuracies. LJ-Wp (a), LJ-Gp (b) and LJ-Yp (c) all showed irregular loose sheet-like or
filamentous structures. Compared with LJ-Wp, LJ-Gp has more filamentous structure, and
LJ-Yp structure is smaller and less sheet-like structure. The microstructure of fermented
Laminaria japonica polysaccharide showed loose pores and smaller structural morphology.
It is speculated that LJ-Gp and LJ-Yp have better rheological properties and absorption.

2.11. Monosaccharide Components of LJ-Wp, LJ-Gp and LJ-Yp

Table 4 and Figure 10 shows the monosaccharide composition of LJ-Wp, LJ-Gp and
LJ-Yp. The highest content was found in rockulose, followed by galactose, glucuronide
and mannose. The contents of fucose in LJ-Wp, LJ-Gp and LJ-Yp were 45.467, 39.620 and
44.675%, and the contents of galactose were 22.094, 21.020 and 26.090%. The content of
glucuronic acid and mannose is about 10–13%. Fucoidan is widely used as a moistur-
izer in skin care products, and mannose can regulate the micro-ecological balance of the
skin [34,35]. It is presumed that Laminaria japonica polysaccharide has better moisturizing
effect and skin conditioning activity.

Table 4. Monosaccharide component of LJ-Wp, LJ-Gp and LJ-Yp.

Monosaccharide Ratio (%)
Sample

LJ-Wp LJ-Gp LJ-Yp

Mannose 11.789 13.903 9.696
Riboose 1.198 0.903 1.200

Rhamnose 0.749 0.541 0.583
Glucuronic acid 10.272 13.940 10.044

Galacturonic acid 0.422 0.533 0.371
Glucose 3.230 4.815 3.114

Galactose 22.094 21.020 26.090
Xylose 2.722 2.959 2.808

Arabinose 2.057 1.766 1.419
Fucose 45.467 39.620 44.675
Total 100 100 100
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Figure 10. Monosaccharide components of LJ-Wp (a), LJ-Gp (b) and LJ-Yp (c). Detection wavelength
is 250 nm, and detection interval is 500 ms.
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3. Discussion

Inflammation is associated with many skin problems and physical diseases, and sun
exposure is one factor that causes skin inflammation. UVB in sunlight can reach the
epidermis of the skin, stimulate cells to produce an inflammatory response and cause other
skin problems. Fucoidan extracted from Laminaria japonica exhibits positive in vitro anti-
inflammatory activity, confirming that Laminaria japonica has significant anti-inflammatory
effects [19], but our understanding of the role of Laminaria japonica in combating photo-
inflammation is unclear.

The generation of photo-inflammation is complex and multidimensional. Sunlight
directly stimulates skin epidermal cells to secrete pro-inflammatory factors [36]. Epidermal
cells exposed to sunlight undergo oxidative stress, and excess ROS stimulates the cells to
express more inflammatory chemokines [37]. The production of inflammation can lead to
the destruction of the tight junction function of the epidermis, and damage to the barrier
will increase the permeability of the skin to external stimuli, leading to a vicious circle of
inflammation accumulation [38]. We established a UVB radiation damage system and used
HaCaT cells to simulate human epidermal cells under sunlight in order to explore the pro-
tective and reparative effects of Laminaria japonica on epidermal inflammation at the in vitro,
cellular and molecular levels. The results showed that the UVB irradiation of HaCaT cells
caused changes in the contents of various substances. UVB irradiation produces a large
amount of ROS in cells, which accelerates the consumption of antioxidant enzymes stored
in cells and reduces their original antioxidant capacity. In addition, UVB radiation aggra-
vates the expression of inflammatory factors, including interleukin, tumor necrosis factor,
and MMPs in cells, which directly leads to the generation of epidermal inflammation.

It has been confirmed that Laminaria japonica possesses excellent antioxidant and anti-
inflammatory properties and is rich in a variety of biologically active substances. Studies
have shown that macrocystis-derived fucoidan has strong anti-inflammatory effects at
low concentrations, while Laminaria japonica-derived macromolecular fucoidan requires
five times the dose to achieve the same level [19]. However, they have very similar anti-
inflammatory activity at the same molecular weight. In addition, the tough cell walls of the
seaweed are a factor that hinders active substance extraction, but fermentation technology
can use enzymes produced by microorganisms to increase cell wall permeability and carry
out the small molecular modification of the precipitated active substances [39]. Therefore,
we chose to ferment Laminaria japonica in order to compare and explore the effects of
fermentation on its anti-inflammatory activity.

In the study, we found that all Laminaria japonica samples showed good antioxidant
and anti-inflammatory activity. Among them, the effects of LJ-G and LJ-Y were better than
that of LJ-W. In terms of antioxidation, LJ-G and LJ-Y in the protection and repair groups
could promote the expression of antioxidant enzymes HO-1 and NQO-1 in the body to
different degrees, while LJ-G showed higher physiological activity. In terms of inflammation
inhibition, we chose to measure the most typical pro-inflammatory factors (interleukin and
tumor necrosis factor). The results showed that LJ-G and LJ-Y had significant inhibitory
effects on the expression levels of inflammatory factors in HaCaT cells. Interestingly, in
the protection group, LJ-Y had a better inhibitory effect on interleukin, while LJ-G had
stronger inhibitory activity on TNF-α and MMP-9. In the repair group, the comprehensive
anti-inflammatory activity of LJ-G was stronger. Whether the differences between LJ-G
and LJ-Y in the protection and repair groups were related to different bacteria fermentation
methods or caused by differences in the anti-inflammatory activity of Laminaria japonica
itself are questions that remain to be explored in the future.

Nrf2 can establish a glutathione-mediated UVB detoxification mechanism in the
epidermis, alleviate the toxic effects of UVB on epidermal cells and inhibit the apoptosis of
mouse epidermal cells [40]. Malonic acid extracted from Korean pine can increase the levels
of antioxidant enzymes HO-1 and SOD by regulating the Nrf2 signaling pathway, and
increase the survival rate of HaCaT cells by inhibiting ROS, confirming that it can inhibit
skin inflammation [41]. In addition, Nrf2 affects the downstream AP-1 gene, which in turn
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affects the expression of genes such as IL-1β, TNF-α and MMPs, and regulates the body’s
inflammatory response process [27]. The results of this study show that Laminaria japonica
can affect the expression levels of key node genes in the Nrf2 signaling pathway, promote
its activation and nuclear translocation, inhibit the expression level of downstream genes,
and exert its anti-inflammatory activity. Among the five node genes we explored, the LJ-G
group had the most significant regulatory activity on Nrf2 and AP-1 in the protection and
repair process, which are the target genes that directly regulate the inflammatory response.
Combined with the research results at the cellular level, it can be considered that LJ-G has
stronger anti-inflammatory activity.

In this study, fermentation technology was used to treat Laminaria japonica, and the
damage effects of UVB on HaCaT cells and the protection and repair activity of Laminaria
japonica on damaged cells were explored at the in vitro, cellular, and molecular levels. The
results showed that after fermentation, the total sugar, polysaccharide, protein and total
phenol contents in Laminaria japonica extracts increased significantly. This indicates that
fermentation can effectively improve the extraction rate of its active substances. The in vitro
antioxidant test results showed that LJ-G and LJ-Y had better in vitro oxygen-free radical
scavenging activity than LJ-W, and that of LJ-G was better. In this study, a UVA-irradiated
HaCaT cell inflammatory damage model was established, and a suitable concentration
of Laminaria japonica extract was screened to investigate its anti-inflammatory activity at
the cellular and molecular levels. The results showed that Laminaria japonica fermentation
broth could activate the Nrf2 signaling pathway and promote the synthesis of antioxidant
enzymes by promoting the dissociation of Nrf2 and Keap-1. In addition, Laminaria japonica
fermentation broth regulated the transcriptional activity of Nrf2 downstream genes p38,
JNK1, and AP-1, and inhibited the production of pro-inflammatory factors IL-1β, IL-8, TNF-
α, and MMP-9, effectively alleviating the epidermal inflammatory response caused by UVB
irradiation. The interaction of the high expression of pro-inflammatory factors and barrier
disruption can lead to the aggravation of epidermal inflammation. The measurement results
of skin barrier differentiation markers proved that Laminaria japonica fermentation broth
alleviated the degree of damage to the skin barrier. This is supported by the fermentation
broth’s inhibition of the decomposition of the extracellular matrix by MMP-9. In this
study, the eye irritation risk of Laminaria japonica extract was assessed using the erythrocyte
hemolysis and CAM tests. The results showed that Laminaria japonica extract is safe and can
be used as an anti-inflammatory raw material for the development and research of products
related to skin inflammation. In addition, the loose filamentous structure of fermented
Laminaria japonica polysaccharide and the monosaccharide fraction with rockulose as the
main component also implied that it had good moisturizing and absorption effects.

This study used fermentation technology to treat Laminaria japonica and confirmed that
fermentation can improve the utilization of active substances and increase anti-inflammatory
activity. We compared Laminaria japonica alcoholic extracts with anti-inflammatory activity
and found that LJ-G and LJ-Y could exert better anti-inflammatory and skin barrier repair
effects [16]. Compared with the alcoholic extraction process, the Laminaria japonica extracts
obtained using the fermentation method have a high extraction rate, high safety and high
eco-friendliness that traditional organic solvent extraction lacks. However, we did not quantify
the landmark anti-inflammatory active substances in the fermentation broth. We did not
consider the effects of the fermented strain’s own secretions on the physiological activity of
Laminaria japonica fermentation broth. In the future, further physiological activity studies
should be carried out on the anti-inflammatory active substances in the fermentation broth. In
addition, does Laminaria japonica fermentation broth positively affect UVB-induced epidermal
differentiation and defense mechanisms? Does Laminaria japonica fermentation relieve inflam-
matory skin diseases? In the future, more detailed and in-depth scientific research should be
conducted on the photoprotection and repair mechanism of Laminaria japonica on the skin in
order to further explore the biological properties of this abundant algae.
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4. Materials and Methods

4.1. Preparation of Laminaria japonica Water Extract and Two Fermentation Broths

Laminaria japonica (Dalian, China) was crushed and passed through a 50-mesh sieve,
dissolved in deionized water at a solid-liquid ratio of 1:40, extracted in a water bath at
80 ◦C for 5 h, and centrifuged at 4800 rpm for 30 min, and the supernatant was taken to
obtain a Laminaria japonica water extract (named LJ-W) which was lyophilized through a
membrane for use.

A single colony of rice wine yeast (Culture Collection Center of the Beijing Institute
of Food and Brewing, Beijing, China) on YPD medium was placed in a 28 ◦C incubator
for 48 h at 180 rpm to activate the strain. White Ganoderma lucidum (laboratory collection,
deposit number: CGMCC No. 17789) was inoculated on a solid PDA medium and cultured
at 28 ◦C for 12 d. The mycelium of white Ganoderma lucidum was picked and inoculated
into a liquid PDA medium for 7 d to obtain mycelium balls.

Pretreatment was the same as that for LJ-W. Laminaria japonica powder was dissolved
in deionized water and inserted into white Ganoderma lucidum mycelium balls and rice
wine yeast at a material-to-liquid ratio of 1:20, then placed in an incubator and incubated
at 180 rpm and 28 ◦C for 48 h. It was then centrifuged at 4800 rpm for 30 min, and the
supernatant was taken to obtain white Ganoderma lucidum Laminaria japonica fermentation
broth (LJ-G) and rice wine yeast Laminaria japonica fermentation broth (LJ-Y), which were
lyophilized through a membrane for use.

4.2. Determination of Changes in Active Substance Content

Determination of total sugar content: a BC2710 Total Sugar Kit (Solarbio Biotechnology
Co., Ltd., Beijing, China) was used to determine the total sugar content of LJ-W, LJ-G and
LJ-Y, and the operation steps in the kit’s instructions were followed.

Determination of reducing sugar content: glucose standard solution was prepared for
use, 1 mg/mL of standard solution at different concentrations were taken and 2 mg/mL of
DNS reagent (Carnos Technology Co., Ltd., Wuhan, China) was added. After cooling in a
boiling water bath for 2 min, it was diluted five times with deionized water, the OD540
was measured, and a reducing sugar standard curve was drawn. The above steps were
repeated to determine the reducing sugar content of LJ-W, LJ-G and LJ-Y.

Determination of total phenolic content: 1 mL of the standard solution of pyrogallic
acid at different concentrations was prepared, 1 mL of deionized water, 0.5 mL of 2-fold
diluted folin-phenol, and 1.5 mL of Na2CO3 solution with a mass fraction of 26.7% were
added, and it was diluted 2.5 times at room temperature. After reacting for 2 h, the OD760
was determined, and a total phenol standard curve was drawn.

Determination of protein content: a BCA Protein Concentration Assay Kit (Biorigin
Biotechnology Co., Ltd., Beijing, China) was used to determine the protein content of LJ-W,
LJ-G and LJ-Y, and the operation steps in the kit’s instructions were followed.

4.3. In Vitro Antioxidant Activity Assay

The experimental steps of DPPH and hydroxyl radical scavenging were implemented
with reference to the literature [30].

Total antioxidant capacity determination: the total antioxidant capacity of the sam-
ples was determined using a Total Antioxidant Capacity Detection kit (ABTS and FRAP
methods) (Beyotime Biotechnology Co., Ltd., Shanghai, China). According to the kit’s
instructions, Trolox and FeSO4•7H2O standard solution was configured, a standard curve
was drawn and the total antioxidant capacity and Fe2+ reducing the power of LJ-W, LJ-G
and LJ-Y was measured.

4.4. Cell Culture, UVB Irradiation Model Establishment and CCK8

HaCaT cells were purchased from the Cell Resource Centre (Beijing Union Medical
College, Beijing, China). Cells were grown in a DMEM medium (Gibco, San Francisco,
CA, USA) supplemented with 2% penicillin-streptomycin sulfate (Thermo Fisher Scientific
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Co., Ltd., Shanghai, China) and 10% fetal bovine serum (Gibco, San Francisco, CA, USA)
at 37 ◦C in a humidified environment with 5% CO2. HaCaT cells were inoculated in T75
culture plates (Corning, Corning, NY, USA) at an inoculation density of 1 × 105/mL (the
total volume of culture solution in the bottle is about 16 mL), adhered to the bottom of the
plate and grew 24 h.

HaCaT cell viability was determined using the CCK8 colorimetric method. One
hundred microliters of cell suspension (1 × 104/well) was inoculated into each well of
a 96-well plate and it was placed in a 37 ◦C CO2 incubator for 24 h. The supernatant
was aspirated, 100 μL of PBS was added, different doses (0, 5, 10, 20, 30, 40 mJ/cm2) of
UVB were irradiated by UV crosslinker SCIENTZ03-II (SCIENTZ Biotechnology Co., Ltd.,
Ningbo, China). The total UVB energy was set at 40 mJ/cm2 and a double layer of tinfoil
was used to cover the 96-well plate, with 100 μL PBS added in the middle of each column of
cells to reduce interference. The tinfoil position was adjusted during the irradiation process
until the energy was depleted. PBS was aspirated and replaced by basal medium, 10 μL of
CCK8 was added to each well and the OD450 was measured after incubation for 2 h. Then
the cell viability was calculated, where the cell survival rate was calculated using the ratio
of UVB damage group to control group multiplied by 100%.

The sample concentration selection procedure was the same as above. The difference
is that the samples (100 μL/well) were added after UVB damage and continued to incubate
for 12 h, control and model groups used equal amounts of basal medium instead of sample.

4.5. ROS Assay

To damage HaCaT cells, 10 mJ/cm2 UVB was used. References [42,43] performed
ROS content determination on damaged HaCaT cells that cultured in a 6-well plate. A
ROS Detection Kit was selected for the experiment, the intracellular ROS fluorescence
content was observed under a fluorescence inverted microscope (CKX53, Olympus LS,
Tokyo, Japan) and the fluorescence intensity was recorded. The treatment of the control
group and model group was carried out simultaneously with that of the sample group.
During the process of damage and sample treatment in the sample group, the control and
model groups were given the same amount of serum-free DMEM for culture.

4.6. Determination of Inflammation and Glial Differentiation Factor Secretion by ELISA

HaCaT cells (30 × 104/well) were cultured in a 6-well plate, the culture supernatant
was collected and centrifuged at 4 ◦C and 6950 g for 10 min, and the supernatant was taken.
ELISA kits (Wuhan Huamei Biological Engineering Co., Ltd., Wuhan, China) were used to
detect the pro-inflammatory factors IL-1β, IL-8, TNF-α, MMP-9, AQP3, KLK-7, FLG, and
Caspase-14.

4.7. qRT-PCR

HaCaT cells (30 × 104/well) were cultured for 24 h in a 6-well plate in order to make
its cell count about 100 × 104/well, and the final volume was 2 mL per well. Total RNA
extraction and reverse transcription were used by Trizol and First Stand cDNA. cDNA
obtained by further reverse transcription was tested using Fast Super EvaGreen® qPCR
Master Mix and qRT-PCR (QuantStudio 3, Thermoscientific, Shanghai, China). The relevant
primer sequences are shown in Table 5. The primer sequences are shown in Table 6. And
the qRT-PCR reaction system is shown in Table 7.
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Table 5. Reverse transcription system.

Reagent Name Volume (μL)

Total RNA 2.0
Anchored Oligo(Dt)18 Primer 1.0

2 × ES Reaction Mix 10.0
EasyScript RT/RI Enzyme Mix 1.0

Gdna Remover 1.0
Rnase-free Water 5.0

Table 6. Primer sequences for Real-Time PCR.

Gene Direction Primer Pair Sequence (5′→3′)

HO-1 F
R

CAAGCGCTATGTTCAGCGAC
GCTTGAACTTGGTGGCACTG

IL-1β F
R

CCTGAGCTCGCCAGTGAAA
GTGGTGGTCGGAGATTCGTA

TNF-α F
R

CACAGTGAAGTGCTGGCAAC
AGGAAGGCCTAAGGTCCACT

Keap-1 F
R

GGAGGCGGAGCCCGA
GATGCCCTCAATGGACACCA

AP-1 F
R

TCTCAACATGGGTGGTCTGT
AAATGCTTCATGCGGCGAAG

IL-8 F
R

AAGATGTGAAGCTGACGCAGA
AGAATTGAGCTGAGCCTTGG

MMP-9 F
R

GTACTCGACCTGTACCAGCG
AGAAGCCCCACTTCTTGTCG

JNK1 F
R

CTGTGTGGAATCAAGCACCTTCA
CTGGCCAGACCGAAGTCAAGA

p38 F
R

TTAACAGGATGCCAAGCCATGA
GGCACCAATAAATACATTCGCAAAG

Nrf2 F
R

CAACTCAGCACCTTGTATC
TTCTTAGTATCTGGCTTCTT

NQO1 F
R

CAGCCAATCAGCGTTCGGTA
CTTCATGGCGTAGTTGAATGATGTC

F: forward primer; R: reverse primer.

Table 7. Reagents and dosage.

Reagent Name Volume (μL)

Template 1.5
Forward Primer (10 μM) 0.4
Reverse Primer (10 μM) 0.4

2 × TransStart® Top Green qPCR SuperMix 10.0
Passive Reference Dye (50×) 0.4

Nuclease-free Water 7.3

4.8. Extraction of Polysaccharides from Laminaria japonica Fermentation Broth

The polysaccharide in Laminaria japonica fermentation broth was extracted by alcohol
precipitation method. Dissolve the lyophilized powder prepared in 4.1 in deionized water,
add three times the volume of absolute ethanol, and store at 4 ◦C overnight. Reconstitute the
pellet with 100 mL water to the original volume and add three times the volume of Savage
reagent to elute the protein. Using the alcohol precipitation method again, the precipitate
was collected. The obtained precipitates were dissolved in ultrapure water and dialyzed
(with 10 kDa MW cut-off) for 48 h, then freeze-dried to obtain crude polysaccharides,
named “LJ-Wp, LJ-Gp, and LJ-Yp”.
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4.9. FT-IR, GPC and SEM

LJ-Wp, LJ-Gp, and LJ-Yp were analyzed by infrared spectroscopy using the potassium
bromide tablet method, and FI-IR was analyzed by Vertex 70 FT-infrared spectroscopy in
transmission mode. The wavelength range is 400–4000 cm−1, and the resolution is 1 cm−1.

The molecular weights of LJ-Wp, LJ-Gp, and LJ-Yp were determined by GPC-LS-IR,
and the morphological characteristics of them were determined using an FEI Nova Nano
SEM 450 instrument. The specific experimental method refer to Zhang et al. [43].

4.10. Monosaccharide Composition Analysis

Precisely weighed reference standards such as mannose, rhamnose and glucose, dis-
solved in water and dilute to 50 μg each in 1 mL of liquid. Precisely weighed the sample
into a 10 mL ampoule bottle, added 3.0 mL of 2 mol/L TFA, filled with nitrogen, seal
the tube, and hydrolyzed it with acid at 120 ◦C for 4 h. Took out and added methanol
nitrogen to dry TFA, added 3.0 mL of water to reconstitute, and calculate the concentration
of 50 μg/mL.

Drew the mixed standard solution, 0.6 mol/L NaOH, 0.4 mol/LPMP-methanol, the
volume ratio was 1:1:2, and reacted at 70 ◦C for 1 h. Cooled in cold water for 10 min; added
0.3 mol/L HCl to neutralize, then added 1 mL of chloroform, vortex for 1 min, centrifuge
at 3000 r/min for 10 min, and extracted three times. The supernatant was used for HPLC.
The sample derivatization process repeats the above steps, except that the mixed standard
solution is replaced by the sample solution.

The HPLC measurement used Xtimate C18 4.6 × 200 mm 5 μm chromatographic
column, the mobile phase was composed of 83% 0.05 M potassium dihydrogen phosphate
solution and 13% acetonitrile, the flow rate was 1.0 mL/min, and the injection volume was
20 μL.

4.11. Data Analysis

SPSS software (SPSS, Version 17.0, IBM Inc., Armonk, NY, USA) was used for data
analysis. Origin 2018 was used for data visualization. All experiments were performed in
triplicate, and data is presented as mean ± standard deviation. T-test was used to determine
the significance of differences between the groups (NS p > 0.05, #,* p < 0.05; ##,** p < 0.01,
###,*** p < 0.001). When p < 0.05, the difference is considered statistically significant.

5. Conclusions

Laminaria japonica has anti-inflammatory and skin barrier repair activity. We have
successfully demonstrated that Laminaria japonica fermentation broth can effectively modu-
late UVB-induced epidermal inflammation and barrier damage. In this study, Laminaria
japonica fermentation broths were shown for the first time to inhibit the production of
inflammatory chemokines, which are the main triggers of inflammation. Laminaria japonica
fermentation broth has also been shown to repair UVB-induced epidermal cell detach-
ment and barrier breakage. The fermented Laminaria japonica polysaccharide had a more
sparse and porous structure. Further studies will provide more insight into the activity
of fermented polysaccharides from Laminaria japonica to test potential applications as a
component against photo-inflammation.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: This study aimed to investigate the protective effect of the metabolites produced by a
new Lactiplantibacillus plantarum strain BF1-13, isolated from deep seawater (DSW), on the intestinal
epithelial barrier against the dysfunction induced by hydrogen peroxide (H2O2) and to elucidate the
mechanism underlying the effect. Protective effect of the metabolites by strain BF1-13 on the barrier
function of the intestinal epithelial model treated with H2O2 was investigated by the transepithelial
electrical resistance (TEER). The metabolites enhanced the Claudin-4 (CLDN-4) expression, including
at the transcription level, indicated by immunofluorescence staining and quantitative RT-PCR. The
metabolites also showed a suppression of aquaporin3 (AQP3) expression. Lactic acid (LA) produced
by this strain of homofermentative lactic acid bacteria (LAB) had a similar enhancement on CLDN-4
expression. The metabolites of L. plantarum strain BF1-13 alleviated the dysfunction of intestinal
epithelial barrier owing to its enhancement on the tight junctions (TJs) by LA, along with its suppres-
sion on AQP3-facilitating H2O2 intracellular invasion into Caco-2 cells. This is the first report on the
enhancement of TJs by LA produced by LAB.

Keywords: Lactiplantibacillus plantarum; deep seawater; tight junctions; aquaporin3; hydrogen peroxide;
lactic acid

1. Introduction

It is known that the intestinal epithelium basically functions for the maintenance of the
internal environment [1]. It absorbs nutrients and defends the exogenous pathogens and
their secretion of toxins to protect the human body from diseases, including inflammatory
bowel disease (IBD), celiac diseases, and diarrhea [2]. Between the intestinal epithelial cells,
there exist TJs mediating the paracellular permeability to achieve the barrier function.

TJs are complex, contiguous, relatively, and dynamically impermeable junctional
devices that take up the most apical surface of the intercellular space of intestinal epithe-
lium [3]. TJs consist of several functional proteins including claudins, occludin (OCLN),
tricellulin, and junctional adhesion molecules. The barrier function of the intestinal epithe-
lium is closely related to these functional proteins’ expression [4]. TEER assay with the
intestinal epithelial model constructed by Caco-2 cells has been widely used to investigate
the integrity of the intestinal epithelial barrier [5].

However, the function of TJs can be degraded by some reactive oxygen species, such
as H2O2 [6]. H2O2 can be generated from the endogenous, such as the antibacterial defense
by immune response or from the exogenous, such as unhealthy lifestyle, environmental
pollution, and aging. Although the H2O2 at a low level can participate in cell signaling
and cell proliferation and can eliminate invading pathogens, the high concentration may
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induce oxidative stress-related diseases, such as diabetes and inflammatory bowel disease
in the case of the gastrointestinal tract [7,8]. Oxidative stress induced by different kinds
of reactive oxygen species has been proven to cause the disruption of intestinal epithelial
TJs [9]. It has been recently reported that the transportation of endogenous H2O2 facilitated
by peroxiporins such as AQP3 (transcellular invasion) occurs prior to simple diffusion
(paracellular invasion) [10].

The gut microbiota maintains the integrity and function of the gastrointestinal tract,
where there are colonies of the huge community of LA-producing bacteria such as LABs [11].
LA was found as an impure component from sour milk in 1780, which was proven to be
an isolated metabolite of microorganisms by Pasteur in 1857. In 1881, a French scientist
successfully produced it by microbial fermentation, which leads to the first boom of LA
industrial production. Since then, LA has been continuously among the hot spots in many
industries, such as the food, probiotics, medical, cosmetic, and pharmaceutical industry.
From the 2000s, its biotechnological application to form polylactic acid (PLA) has been of
increasing interest [12]. Due to its advantage with lower cost, less limitation on production,
high efficiency, and being eco-friendly, bacterial fermentation takes up about 90% of the
industry market of LA production [13]. So far, there is no report on the effect of LA on the
intestinal epithelial barrier function, although there are many about the LAB themselves.

Grishina et al. [14] proved that kefir and ayran supernatants, which contain large
amounts of LA, decreased DNA damage in colon cells caused by fecal water in vitro.
However, according to them, no effect on intestinal TJs was observed. Kefir & ayran
(fermented milk) fermented by complicated bacterial species produce various components
in the culture supernatants, including not only lactic acid but also other organic substances,
such as ethanol [15]. Due to all these reasons, their results cannot be convincing evidence for
the effect of LA on TJs. In contrast, Forsyth G. W. et al. [16] reported that L-LA reduced the
net fluid secretion in ligated jejunal loops in vitro caused by cholera toxin, which indicated
the potential effect of LA on intestinal epithelial permeability regulated by TJs.

It has been proven that the intestinal oxidative damage induced by H2O2 can be inhib-
ited or released by some species of Lactobacillus, mostly isolated from the probiotics, [17,18]
or by the fermentative products of them [19]. Although homofermentative LAB mainly
refers to both L. plantarum and Lactobacillus delbrueckii, unlike the former, L. delbrueckii,
which can convert 95% of glucose into LA, only produces D-LA [16], which was reported to
be harmful by inducing acidosis and de-calcification [20]. The L. plantarum strain JCM11125
(also as L. arizonensis strain; 1474 bp; ENA accession number AJ965482) isolated from jojoba
meal fermentation is a homofermentative strain with no catalase production and had a wide
range of growth temperatures [21], which was used as the standard strain in this study.

This study aims to investigate the protective effect of the metabolites produced by
DSW-derived L. plantarum strain BF1-13 on the intestinal epithelial barrier against the
H2O2-induced dysfunction and its underlying mechanism related to the AQP-facilitating
H2O2 intracellular invasion. Furthermore, it provides the potential application of the strain
BF1-13 fermented food and its metabolites as supplements for IBD patients.

2. Results

2.1. Characteristics of Three Lactiplantibacillus Strains

The two isolated L. plantarum strains were confirmed by 16S rRNA gene sequencing
and named as BF1-13 (1492 bp; DDBJ accession number LC666821) and H-6 (1492 bp; DDBJ
accession number LC666820), respectively.

These three strains showed nearly the same characteristics. There is no difference in
salt tolerance among the strains, whose maximum tolerances were 5% NaCl. Similar to the
standard strain JCM11125, both of the two isolated strains were able to ferment all kinds of
substrates and survived in the nutrients-limited medium only supplemented with specific
carbohydrates All strains grew at a pH range of 2–9. However, strain BF1-13 failed to grow
at 20 ◦C and showed a preference for a higher temperature (27–40 ◦C). (Table 1)
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Table 1. Comparison of growth characteristics of the three strains.

Strain BF1-13 Strain JCM11125 Strain H-6

Temperature (◦C)

5 − − −
10 − − −
20 − + +
27 + + +
37 + + +
40 + + +
45 − − −

pH

2 + + -
3 + + +
4 + + +

6.5 + + +
9 + + +
10 − − −
11 − − −

NaCl (%, m/v)

0 + + +
1 + + +
2 + + +
3 + + +
5 + + +
10 − − −

Fermentation substrate

Glucose + + +
Sorbitol + + +

Trehalose + + +
Xylose + + +

Arabinose + + +
Mannitol + + +
Lactose + + +

+, growth; -, no growth (n = 3).

During the 12 h incubation (pH 6.5) at 37 ◦C, strain BF1-13 showed superiority in
cell growth with the other two strains. Among the three strains, strain BF1-13 showed the
fastest growth (1.67 × 109 CFU/mL, Figure 1a), and the most remarkable decreasing pH
value (pH 4.599) (Figure 1b). From the measurement of the concentration of LA contained
in each culture supernatant (CS), it was suggested that there was a little difference in the LA
production during 12 h incubation in the following groups: strain BF1-13 (26.3 mM), strain
H-6 (20.0 mM), the standard strain JCM11125 (19.8 mM) (Table 2). As mentioned above, strain
BF1-13 was selected as the research target because it showed superiority in growth and LA
accumulation. Strain JCM 1112 was prepared as the standard strain in this study.

Table 2. Characteristics of each strain after 12 h incubation.

Strain BF1-13 JCM11125 H-6

CFU/mL 1.67 × 109 7.44 × 108 8.71 × 108

pH 4.6 4.9 4.9

Latic acid (mM) 26.3 19.8 20.0
The number of bacterial cells indicates as CFU/mL (n = 9, mean ± SD).
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Figure 1. Comparison of each strain (BF1-13 ↓, H-6 λ, JCM11125 γ) on various characteristics. (a) The
growth curve of the three strains. (b) The amounts of LA and pH changing of each strain during 12 h
incubation. Data are shown as means ± SD, n = 9.

2.2. Protection on the Intestinal Epithelial Barrier by the Metabolites Produced by Strain BF1-13
against the Dysfunction Caused by H2O2 Treatment in Caco-2 Cells

TcTEER values decreased to 45.1% of the initial values after 6 h H2O2 treatment on
the intestinal epithelial model using Caco-2 cells. The decreasing tcTEER value by H2O2
treatment was suppressed by the supplementation of 5% (v/v) CS of strain BF1-13. At the
same supplemented concentration of 5% (v/v) of the CSs, strain BF1-13 (62.2%) showed
slightly higher TEER values than standard strain (59.9%) (Figure 2b). However, this effect of
the CS of strain BF1-13 disappeared by the 10% (v/v) supplementation (28.3%). (Figure 2a).

Figure 2. Effects of the metabolites of strain BF1-13 (black) and standard strain (slashes) on TJs
barrier function in human Caco-2 cells. (a) The relationship between relative TEER value and CS
supplemented concentration with 1 mM H2O2 (NC) or without (blank). (b) The comparison of the
protective effect between the metabolites of the two strains on TJs barrier function. Monolayers were
preincubated with 5% (v/v) CS of the two strains separately or without (NC) for 2 h, followed by
1 mM H2O2 treatment for 6 h or not (blank). Relative TEER values are means ± SD, n = 3. Asterisks
indicate a significant difference with NC (* p < 0.05) determined by the Mann–Whitney U test.

2.3. Enhancement on the TJs-Related Proteins by the Metabolites Produced by Strain BF1-13 from
the Suppression Induced by H2O2
2.3.1. Enhancement on CLDN-4 by the Metabolites Produced by Strain BF1-13 through
Immunofluorescent Microscopy

Decreasing expression of CLDN-4 by H2O2 treatment was inhibited by the supple-
mentation of the CS of the strain BF1-13. This effect was also shown on the standard strain
(Figure 3). However, the expression of OCLN was different from that of CLDN-4. There
was a little difference between the metabolites of the two strains. In the case of strain
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BF1-13, the difference of the effects between supplemented concentration 5% and 10% was
barely seen with the immunofluorescent staining microscopy (Data not shown.)

 

Figure 3. The comparison of the enhancements between the metabolites of the two strains on the
expression of CLDN-4 and OCLN. Monolayers were preincubated with 5% (v/v) CS of the two strains
separately or without (NC) for 2 h, followed by 1 mM H2O2 treatment for 2 h or not (blank). Images
were observed by fluorescence microscopy. Each image is representative of 3 similar experiments.
The scale bar is 20 μm.

2.3.2. Inducement on CLDN-4 mRNA by the Metabolites Produced by Strain BF1-13
through Quantitative RT-PCR

The mRNA expression of CLDN-4 was only induced by the supplementation with the
CS of the strain BF1-13 in Caco-2 cells (Figure 4a). The mRNA expression of CLDN-4 with
the supplementation with the CS of strain BF1-13 (fold-change of 1.75 & 1.53) was higher
than that with the NC (fold-change of 1.20 & 1.15) during the 2 h H2O2 treatment. However,
enhancement of CLDN-4 expression was not shown on that treatment with the CS of the
standard strain (fold-change of 0.85 & 0.91). In the case of OCLN, the mRNA expression
was not maintained by the supplementations with the CSs of both two strains (Figure 4b).

Figure 4. The inducement of the metabolites of the strain BF1-13 (black) on the expression of CLDN-4
(a) at the transcription level compared with the standard strain (slashes), which was compared with
the expression of OCLN (b). Monolayers were preincubated with 5% (v/v) CS of the two strains
separately or without (NC) for 2 h, followed by 1 mM H2O2 treatment for 0.5 and 2 h separately or
not (blank). The mRNA expressions relative to the blank are shown as means ± SD, n = 3. Asterisks
indicate a significant difference with the blank, or between BF1-13 and the standard strain (* p < 0.05)
determined by the Mann–Whitney U test.
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2.4. Suppression on AQP3 by the Metabolites Produced by Strain BF1-13
2.4.1. Suppression on AQP3 by the Metabolites Produced by Strain BF1-13 through
Immunofluorescent Microscopy

The expression of AQP3 was enhanced by 1 mM H2O2 treatment compared to the
blank, which was also supported by the previous report [10]. The AQP3 expression was
suppressed by the supplementation with the CS of strain BF1-13. Then, the same effect was
shown in the CS of the standard strain (Figure 5).

Figure 5. The suppressions of the AQP3 expression in human Caco-2 cells induced by the supplemen-
tation of the CSs. Monolayers were preincubated with 5% (v/v) CS of the two strains separately or
without (NC) for 2 h, followed by 1 mM H2O2 treatment for 2 h or not (blank). Images were observed by
fluorescence microscopy. Each image is representative of 3 similar experiments. The scale bar is 20 μm.

2.4.2. Suppression on AQP3 mRNA by the Metabolites Produced by Strain BF1-13 through
Quantitative RT-PCR

The mRNA expression of AQP3 was significantly suppressed by the metabolites by
strain BF1-13. This suppression was also shown on the metabolites by the standard strain
(Figure 6). The mRNA expression of AQP3 with the supplementation with the CS of strain
BF1-13 (fold-change of 0.57 & 0.52) was strongly suppressed during the 2 h H2O2 treatment,
as well as that of the standard strain (fold-change of 0.45 & 0.45).

Figure 6. The suppressions of the metabolites of strain BF1-3 (black) and standard strain (slashes) on
the expression of AQP3 at the transcription level. Monolayers were preincubated with 5% (v/v) CS
of the two strains and LA (1.32 mM) separately or without (NC) for 2 h, followed by 1 mM H2O2

treatment for 0.5 and 2 h separately or not (blank). The mRNA expressions relative to the blank are
shown as means ± SD, n = 3. Asterisks indicate a significant difference with the blank, or between
BF1-13 and the standard strain (* p < 0.05) determined by the Mann–Whitney U test.

2.5. Effect by LA Contained in the Metabolites Produced by Strain BF1-13 on the Intestinal
Epithelial Barrier with H2O2 Treatment
2.5.1. Protection on the Intestinal Epithelial Barrier by LA against the Dysfunction Caused
by H2O2 Treatment

Equal concentration of authentic LA (1.32 mM), which was contained in the metabo-
lites, included in the 5% (v/v) CS of strain BF1-13 indicated almost the same protective
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effect on decreasing TEER by H2O2 treatment on the model (Figure 7a). Supplementation
of authentic LA (1.32, 1.97, and 2.63 mM) suggested the significant maintenance effect
of relative TEER values (83%, 74%, 74%) on the model treated with H2O2 (Figure 7b).
However, the protective effect of LA decreased by the higher concentration, which was
more than 1.32 mM.

Figure 7. Protective effects of the metabolites of strain BF1-13 (black) and LA (spots) on TJs barrier
function. (a) The comparison of the protective effect between 5% (v/v) CS and LA (1.32 mM) on TJs
barrier function with 1 mM H2O2 (NC) or without (blank). (b) Dose-dependent protective effect of
authentic LA on TJs barrier function. Monolayers were pre-incubated with 1.32, 1.97, and 2.63 mM
authentic LA separately or without (NC) for 2 h, followed by 1 mM H2O2 treatment for 6 h or not
(blank). Relative TEER values are means ± SD, n = 3 (a), 6 (b). Asterisks indicate a significant
difference with NC (* p < 0.05, ** p < 0.005) determined by the Mann–Whitney U test, or among
various concentrations of LA (* p < 0.01) determined by the Kruskal–Wallis test.

2.5.2. Enhancement on TJs-Related Proteins by LA Contained in the Metabolites Produced
by Strain BF1-13

The CLDN-4 expression was maintained by the supplementation of the CS of strain
BF1-13 and the equal concentration of authentic LA against H2O2 treatment (Figure 8).
There was little difference in the effect between them. However, in the case of the equal
concentration of authentic LA contained in the metabolites, the suppression of OCLN
expression by the H2O2 treatment was relieved.

 

Figure 8. The comparison of the enhancements between the metabolites of strain BF1-13 and LA
on the expression of CLDN-4 and OCLN. Monolayers were preincubated with 5% (v/v) CS of the
strain and LA (1.32 mM) separately for 2 h, followed by 1 mM H2O2 treatment for 2 h. Images were
observed by fluorescence microscopy. Each image is representative of 3 similar experiments. The
scale bar is 20 μm.

The mRNA expression of CLDN-4 was induced by the supplementation with the CS
of strain BF1-13. This effect was also shown in the equal concentration of authentic LA
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(fold-change of 1.55 & 1.26) (Figure 9a). However, the mRNA expression of OCLN was
only induced by the supplementation with LA at 0.5 h (fold-change of 1.25) (Figure 9b).

Figure 9. The comparison of the effect between the metabolites of strain BF1-13 (black) and LA
(spots) on the expression of CLDN-4 (a) and OCLN (b) at the transcription level. Monolayers were
preincubated with 5% (v/v) CS of strain BF1-13 and LA (1.32 mM) separately or without (NC) for 2 h,
followed by 1 mM H2O2 treatment for 0.5 and 2 h separately or not (blank). The mRNA expressions
relative to the blank are shown as means ± SD, n = 3. Asterisks indicate a significant difference with
the blank, or between BF1-13 and LA (* p < 0.05) determined by the U-Mann-Whitney test.

2.5.3. Effect on AQP3 by LA Contained in the Metabolites Produced by Strain BF1-13

The LA (1.32 mM) contained in the metabolites of strain BF1-13 showed no suppressive
effect on AQP3 expression (Figure 10) nor on its mRNA expression (Figure 11).

Figure 10. The effect of the metabolites of strain BF1-13 and equal concentration of authentic LA on
the expression of APQ3 in human Caco-2 cells. Monolayers were preincubated with 5% (v/v) CS of
the strain BF1-13 and LA (1.32 mM) separately or without (NC) for 2 h, followed by 1 mM H2O2

treatment for 2 h or not (blank). Images were observed by fluorescence microscopy. Each image is
representative of 3 similar experiments. The scale bar is 20 μm.
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Figure 11. The effect of the metabolites of strain BF1-3 (black) and equal concentration of authentic
LA (spots) on the expression of AQP3 at the transcription level. Monolayers were preincubated with
5% (v/v) CS of the strain BF1-13 and LA (1.32 mM) separately or without (NC) for 2 h, followed by
1 mM H2O2 treatment for 0.5 and 2 h separately or not (blank). The mRNA expressions relative to
the blank are shown as means ± SD, n = 3. Asterisks indicate a significant difference with the blank,
or between BF1-13 and LA (* p < 0.05) determined by the U-Mann-Whitney test.

3. Discussion

The L. plantarum strain BF1-13 grew at a wide range of temperature (27–40 ◦C) and
pH (2–9), which also showed good tolerance to salt (up to 5% NaCl). The optimal culture
conditions for L. plantarum strain BF1-13 were determined as the anaerobic incubation
around pH 6.5 at 37 ◦C. The LA contained in the CS after 12 h incubation of strain JCM11125
was less than that of strain BF1-13, which is consistent with the fact it can only convert 80%
of the glucose into LA [22]. Good tolerance to low pH allows the strain BF1-13 to colonize in
an acidic environment such as the human intestine. Its utilizing of the single carbohydrates
source overcomes food intolerances during consumption, such as lactose intolerance. In
summary, strain BF1-13 was suggested to have less limitation on both production and
consumption when applied to different industries.

When the mechanism on the maintenance of human health via oral intake by the
metabolites produced by marine-derived strain is studied, it is more practical to combine it
with the transportation routes through the epithelial membrane during their absorptions in
the small intestine. The small intestine is the main place for the nutrients to be taken up
from the intestinal lumen to reach the lamina propria through the intestinal epithelium. In
this study, all the tested samples were supplemented from the apical side, which stands for
the lumen in vivo. As an endogenous reactive oxygen species, H2O2 is mostly produced
in the lamina propria by antibacterial defense. Therefore, the monolayers in vitro model
constructed by Caco-2 cells, which imitated the intestinal epithelial barrier, was treated with
H2O2 from the basolateral side in this study. As a result, it was suggested by the relative
TEER value that the metabolites produced by Lactiplantibacillus plantarum strain BF1-13
protected the intestinal epithelial barrier from the dysfunction caused by H2O2 treatment.
The equal amount of LA included in the metabolites of strain BF1-13 also showed the same
protective effect on the barrier. According to the results shown by immunofluorescence
staining and quantitative RT-PCR, LA (1.32 mM) contained in the CS of strain BF1-13
showed the similar enhancement on CLDN-4 expression at the transcription level with the
metabolites themselves. In summary, it was suggested that LA, which was the only organic
acid included in the metabolites produced by homofermentative LAB, was one of the
bioactive substances to enhance the expression of TJs-related protein especially CLDN-4.

However, this enhancement on OCLN was much weaker than CLDN-4 especially by
the supplementation of the CSs of two strains. This difference between CLDN-4 and OCLN
was shown on both the protein expressions and the mRNA expression. To investigate
why the protective effect on the barrier function of the intestinal epithelial model was
achieved by the different enhancement on TJs expressions, further experiments related to
the expression of AQP3, which was recently proven to facilitate H2O2 intracellular invasion,
was prepared in this study [23]. It was known that AQP3 was expressed only on the
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basolateral side of the cell membrane [24]. Combining the positions of CLDN-4 and OCLN
in TJs structure, it was indicated that H2O2 added to the basolateral side of the monolayer
in the model had two different invasion routes, including intercellular invasion by simple
passive diffusion and intracellular route by AQP3-facilitating diffusion. It was suggested
that H2O2 intracellular invasion via APQ3 caused the suppression of the expression of
TJs-related proteins, especially CLDN-4. It was also suggested that the suppression by the
metabolites produced by the strain on AQP3 expression at the transcription level made the
H2O2 preferentially target on OCLN via intercellular route than CLDN-4 via AQP3-facilitating
intracellular invasion. The suppression was not shown by LA, mostly because, as a small
molecule, it prefers the paracellular route by TJs rather than the transcellular route.

Lactiplantibacillus plantarum strain BF1-13 isolated from DSW in Izu-Akazawa was
suggested to be a fast-growing strain with a higher LA accumulation compared to the
same species strains isolated from surface seawater and terrestrial. According to this, strain
BF1-13 was suggested to have the possibility of wide application in the LAB market. In
addition, the protective effect of the metabolites produced by strain BF1-13 discovered by
this study will provide the possibility of the application in the maintenance of human health
against intestinal related diseases. Moreover, the relationship between the dysfunction
of intestinal epithelium and H2O2 intracellular invasion has been revealed for the first
time. This is the first time that LA has been reported to be an essential substance for the
enhancement on the intestinal epithelial barrier from the dysfunction caused by H2O2,
although many other effects of LA have been well-known. Still, the suppression of the
AQP3 expression by the metabolites remains to be further researched.

4. Materials and Methods

4.1. Chemicals

High-glucose DMEM (HG-DMEM) was prepared with Dulbecco’s modified Eagle’s
medium (DMEM; Nissui, Tokyo, Japan). De-Man Rogosa Sharpe medium (MRS broth, BD
DifcoTM, Sparks, MD, USA) was purchased for the incubation of LAB. Rabbit anti-CLDN-4,
OCLN, AQP3 antibodies and horseradish peroxidase conjugated Goat anti-Rabbit IgG
H+L antibody were purchased from Abcam (Tokyo, Japan). Lactic acid and H2O2 was
purchased from Wako (Osaka, Japan).

4.2. Bacterial Strains and 16S rRNA Sequencing

Two isolated strains were prepared in the following methods in this study. L. plantarum
strain BF1-13 was isolated by the DSW laboratory of DHC Co. from the bag filter (pore size,
0.5 μm) at 800 m depth DSW in the pumping station in Izu-Akazawa, Shizuoka Prefecture
and strain H-6 was isolated from a seaweed ‘Polyopes sp.’ collected in Okinawa Prefecture.
The genomic DNA used in the analysis of 16S rRNA gene sequences was extracted by
Achromopeptidase (Wako, Osaka, Japan). Extracted DNA was PCR amplified by TKs
Gflex DNA Polymerase (Takara Bio, Shiga, Japan) and was sequenced on ABI PRISM
3130 × l Genetic Analyzer System by using BigDye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Waltham, MA, USA). The 16S rDNA sequences were assembled
using ChromasPro 2.1 (Technelysium, South Brisbane, AUS). Phylogenetic analysis was
performed by using ENKI software (TechnoSuruga Laboratory, Shizuoka, Japan). Strain
JCM11125 as the standard strain was obtained from RIKEN BRC (Ibaraki, Japan).

4.3. Cell Culture

Caco-2 cells (No. RCB0988, RIKEN BRC, Japan) were cultured by HG-DMEM at
37 ◦C in 5% CO2. The cells at the density of 0.24 × 106 cells/cm2 were seeded on each
hanging cell culture insert (Millicell, Φ 6.5 mm, 1.0 μm pore size, PET; 0.3 cm2 area; Merck
KGaA, Darmstadt, Germany) to construct the intestinal epithelial model. The medium was
changed every two days until the monolayer was completed. The cells used were between
passage 11 and 25.
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4.4. Bacteria Incubation and the Preparation of Metabolites Containing CSs from the Isolated Strains

Both of the two strains and the standard strain were incubated in liquid MRS medium
(pH 6.5) at 37 ◦C for 12 h and the CSs were separately obtained from the bacterial sus-
pension (with final bacterial concentrations of strains BF1-13 and JCM11125 as 1.67 × 109,
7.44 × 108 CFU/mL, respectively) by centrifugation (13,200× g, 4 ◦C, 5 min) followed by
the sterilization through 0.2 μm filter (ADVANTEC, Tokyo, Japan). For each CS, the ability
of LA production by the strain was measured at 450 nm by a microplate reader (Model 550,
Bio-Rad, Hercules, CA, USA) using Lactate Assay Kit-WST (DOJINDO, Kumamoto, Japan)
after pH value was measured. The comparison of the growth temperature among three
strains was investigated following the incubation at 5, 10, 20, 27, 37, 40, 45 ◦C, by using the
MRS agar medium (pH 6.5) for 2 weeks. Salt tolerance was investigated by 0~10% (m/v)
NaCl supplementation to the MRS agar medium (pH 6.5). Carbohydrate fermentation
ability was conducted by using the nutrient-limited medium (pH 6.5) containing different
substrates (0.4%, m/v) separately, including glucose, sorbitol, trehalose, xylose, arabinose,
mannitol, and lactose. Salt tolerance, pH tolerance and carbohydrate fermentation ability
of the strains were determined following the 2 weeks incubation at 37 ◦C.

4.5. Measurement of the Intestinal TJs Barrier Function

Intestinal epithelial barrier function was evaluated as the TEER value on the intesti-
nal epithelial model using Caco-2 cells by Millicell-ERS-2 system (Millipore, Billerica,
MA, USA). Caco-2 cells achieved to form the monolayer from 7 to 14 days after seeding
when temperature corrected TEER (tcTEER) values of the model became stable around
200–300 Ω cm2 (310.15 K) [25]. In this study, the CSs of the two strains were prepared
with HG-DMEM separately as the evaluation medium. Each evaluation medium was
added to the apical side of the membrane and the model was cultured for 2 h (37 ◦C, 5%
CO2) to be habituated. After culturing, all the media in both apical and basolateral sides
were replaced by HG-DMEM without FBS due to its eliminative effect of H2O2. Then,
HG-DMEM (without FBS) containing 1 mM H2O2 (negative control, NC) or without H2O2
(blank) was added to the basolateral side. The model was incubated for 6 h (37 ◦C, 5% CO2).
TEER values were measured before and until 8 h of the CSs supplementation. Authentic
LA (1.32, 1.97, and 2.63 mM) prepared by HG-DMEM was also administered to the apical
side following the same procedure to investigate its effect on TJs barrier function.

4.6. Immunofluorescence Staining

Cell monolayer was cultured separately with various evaluation media, including
5% (v/v) CSs of the two strains or authentic LA (1.32 mM) for 2 h (37 ◦C, 5% CO2) to be
habituated. After culturing, all the media were replaced by HG-DMEM without FBS. Then,
the model was treated without (blank) or with 1 mM H2O2 (NC) for 2 h (37 ◦C, 5% CO2).
After H2O2 treatment, the monolayers were rinsed with cold PBS, fixed in methanol at
4 ◦C for 30 min. Next, they were exposed to PBS containing 0.3% Triton-X100 for 5 min.
Monolayers were blocked in PBS containing 5% (v/v) normal fetal serum for 30 min at room
temperature. The monolayers were separately incubated with rabbit anti-CLDN-4, OCLN,
AQP3 antibody overnight at 4 ◦C, followed by the 2nd antibody (horseradish peroxidase
conjugated goat anti-rabbit IgG H+L antibody) for 1 h in the dark at room temperature.
Each protein expression was observed by the fluorescence microscope with a magnification
of 1000 (BX51N-33P, Olympus, Tokyo, Japan).

4.7. RNA Extraction and Quantitative RT-PCR

Confluent Caco-2 cells were preincubated without (blank and NC) or with 5% (v/v)
CS of each strain or authentic LA (1.32 mM) for 2 h (37 ◦C, 5% CO2). After preincubation,
all the media were replaced by HG-DMEM without FBS. Then, cells were treated with
or without it (blank) 1 mM H2O2 for 0.5, 1, and 2 h, separately (37 ◦C, 5% CO2). After
H2O2 treatment, total RNA was extracted using ISOGENII (NIPPON GENE, Tokyo, Japan)
according to the supplier’s protocol by using sterile and RNase-free tubes. Total RNA
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was quantified by measuring optical density at 260 nm. cDNAs were synthesized using
1 μg total RNA by PrimeScriptTM Reverse Transcriptase (TaKaRa, Shiga, Japan) following
the instruction. Quantitative RT-PCR was conducted with 2 μL cDNA template in a total
volume of 20 μL by TB Green® Fast qPCR Mix (TaKaRa, Shiga, Japan) using Applied
Biosystems® StepOnePlusTM Real-Time PCR Systems (Thermo Fisher, Waltham, MA, USA)
with specific primers of each gene (Table S1). PCR reaction for each sample was done in
triplicate in 96-well plates. Gene expression was normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and calculated by the comparative CT method to be expressed
as fold-change compared to the blank.

4.8. Statistical Analysis

All the tcTEER values were indicated as relative TEER values by which the initial
values were 100%. All values were indicated as mean ± SD. Statistical significance was
determined by the U-Mann-Whitney test for the comparison between two groups and the
Kruskal-Wallis test for that among groups.

5. Conclusions

In summary, metabolites produced by DSW-derived Lactiplantibacillus plantarum strain
BF1-13 protect the intestinal epithelial barrier from the dysfunction caused by H2O2 treat-
ment. It was also elucidated that the mechanism of this protective effect was achieved by
both the enhancement of CLDN-4 expression and the suppression on AQP3-facililating
H2O2 invasion. The oxidative stress induced by H2O2 impairs the intestinal epithelial
barrier function which is mainly regulated by TJs, especially CLDN-4 [26]. The dysfunction
of the intestinal epithelial barrier is correlated to the IBD, including ulcerative colitis (lim-
ited to the large intestine) and Crohn’s disease (mainly affects the small intestine), which
correlates with a higher risk for colorectal cancer [27]. For the people who are at risk of IBD
that could be triggered by both genetic susceptibility and environmental exposure [28], the
daily intake of the food fermented by the strain BF1-13 could help them with maintaining
the intestinal epithelial barrier function to lower the risk. For the patients who are suffering
the prolonged inflammation, metabolites produced by the strain could be the supplements
to support them in the daily diet or help them recover from the surgical treatment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20020087/s1, Table S1: Sequences of primers (human) used
for quantitative RT-PCR.
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Abstract: Carotenoids are a large group of health-promoting compounds used in many industrial
sectors, such as foods, feeds, pharmaceuticals, cosmetics, nutraceuticals, and colorants. Considering
the global population growth and environmental challenges, it is essential to find new sustainable
sources of carotenoids beyond those obtained from agriculture. This review focuses on the potential
use of marine archaea, bacteria, algae, and yeast as biological factories of carotenoids. A wide variety
of carotenoids, including novel ones, were identified in these organisms. The role of carotenoids in
marine organisms and their potential health-promoting actions have also been discussed. Marine
organisms have a great capacity to synthesize a wide variety of carotenoids, which can be obtained in
a renewable manner without depleting natural resources. Thus, it is concluded that they represent a
key sustainable source of carotenoids that could help Europe achieve its Green Deal and Recovery
Plan. Additionally, the lack of standards, clinical studies, and toxicity analysis reduces the use of
marine organisms as sources of traditional and novel carotenoids. Therefore, further research on the
processing of marine organisms, the biosynthetic pathways, extraction procedures, and examination
of their content is needed to increase carotenoid productivity, document their safety, and decrease
costs for their industrial implementation.

Keywords: bioactives; natural pigments; antioxidant activity; marine organisms; human health; blue
economy; agro-food; functional foods; marine resources; cosmetics

1. Introduction: Sustainability, the Blue Economy, and the Versatility of Carotenoids in
Agro-Food and Health

It is estimated that 40% of the global land surface is used by agriculture and that 30% of
global greenhouse gas emissions and 70% of freshwater use are related to food production.
Besides, 820 million people have insufficient food, 2000 million adults are overweight or
obese, and the global prevalence of diabetes has doubled since 1990 [1]. Thus, research on
food science, technology, and related fields such as agriculture, aquaculture, and nutrition
must be directed toward the sustainable production of health-promoting foods to combat
diet-related diseases and preserve key resources for future generations. The synergistic
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work carried out in large related networks (CYTED-IBERCAROT, CYTED-MICROAGRO,
COST-EUROCAROTEN, COST-SEAWHEAT, COST-OCEAN4BIOTECH, CaRed, etc.) is
important to orchestrate efforts and produce breakthroughs.

The rapid growth of the global population requires new solutions to ensure food
security, which cannot rely exclusively on land-based agriculture; hence, the importance
of tapping further into the vast aquatic biodiversity. The blue economy of the EU is
fundamental for the European Green Deal and the Recovery Plan for Europe, which will
define the European economy for many years, as the ocean is the main climate regulator,
offers clean energy, and provides us with oxygen and food, among other resources. The
Blue Economy includes all those activities that are marine-based or marine-related and
encompasses sectors including living and non-living resources or renewable energy, among
others. Important marine species featured in the blue bioeconomy are algae (microalgae
and seaweeds), bacteria, fungi, and invertebrates. Each year, hundreds of untapped new
compounds derived from these organisms are discovered, including carotenoids and their
derivatives. The applications of their biomasses in agro-food health range from foods,
supplements, cosmetics, and feeds to biostimulants and fertilizers. They can also be used
for biomaterials, bioremediation, or biofuels [2]. Regarding the carotenoids, the Action
COST EUROCAROTEN (www.eurocaroten.eu (accessed on 30 May 2023)) highlighted
that apart from marine sources, understudied carotenoids (the great majority, as only
10–20 carotenoids are being studied in depth) offer many possibilities for innovation in
agro-food, health, cosmetics, or biomaterials [3].

Algae and microbes (as well as insects) are highlighted as matrices that can be further
harnessed to produce innovations in the context of healthy diets from sustainable food
systems in the EAT-Lancet Commission report [1]. Microalgae and macroalgae received
much interest as biofuel feedstocks in response to the uprising energy crisis, climate change,
and the depletion of natural sources. Concomitantly, high-value co-products, including
carotenoids, have been produced through the extraction of a fraction of algae to improve the
economics of a microalgae biorefinery. This is the process of obtaining biofuels, energy, and
diverse high-value products through biomass transformation and process equipment [4,5].
The advantages of using algae biomass as feedstock to produce biofuels and co-products
compared to higher plants are several: higher growth and productivity due to their all-year
production capability; growth under stress conditions and lower nutritional and water
requirements; no requirements of herbicides or pesticides; contribution to CO2 sequestra-
tion and wastewater bioremediation; easier modulation of the biosynthesis of valuable
co-products by modifying growth conditions [5–7]. It is no wonder that the importance of
algae (either as whole cells or for the extraction of high-value components) for innovation
in agro-food was highlighted in recent reports from the European Commission and the
Food and Agriculture Organization (FAO) [8,9]. More than 20 genera of cyanobacteria and
microalgae are currently used for food or feed applications. This number is expected to
increase considerably over the next few years as research on such microalgal applications
grows incessantly [8]. Regarding macroalgae, some species are exploited and used for
human consumption in Europe, particularly in France, Spain, and Ireland, where several
companies harvest edible seaweed. These new types of industries have recently been de-
veloped following the increasing demand from European consumers [10]. Recent reviews
highlight the incorporation of algae (either whole cells or extracts) into a wide variety of
foods (emulsions, vegetarian gels, dairy products, cookies, bread, and pasta) with potential
health-related and even technofunctional benefits [6,11].

Being microbes, bacteria share biotechnological and sustainability advantages with
microalgae. Indeed, they are similarly important for alleviating the greenhouse effect, as
they can also assimilate CO2 [12]. Bacteria have long been used for food production in
diverse types of fermentation to obtain food components (including carotenoids, as dis-
cussed later) [13,14] and in the last decades, they have attracted great interest in the context
of the development of probiotics and the role of the microbiome on human health [15–17].
Currently, there is a growing trend to look for innovative applications in aquaculture [18].
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Marine archaea offer many opportunities for innovation as they produce unique
metabolites as a result of their adaptation to extreme environments. Examples are the
C45 carotenoid dihydroisopentenyldehydrorhodopin, the C50 carotenoid bacterioru-
berin, or the glycoside esters thermozeaxanthin and salinixanthin (Figure 1), whose
structures (and therefore their physico-chemical properties) differ greatly relative to
typical dietary carotenoids [19].

Figure 1. Chemical structures of the main carotenoids present in marine organisms.

Yeasts are ubiquitous. Marine yeasts were first discovered in the Atlantic Ocean,
and since then they have been isolated from seawater, marine deposits, seaweed, fish,
marine mammals, and sea birds. They have also been found in benthic animals and
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seafloor sediment at depths up to 11,000 m. They are more abundant in nearshore habitats
(10–1000 cells/L of water), whereas in low organic surface to deep-sea oceanic regions,
they are found at densities <10 cells/L [20]. Some of the many marine yeast genera are
Rhodotorula, Rhodosporidium, Candida, Cryptococcus, Torulopsis, and Saccharomyces [21].

The ability of algae, bacteria, and yeasts to use diverse products for growing (especially
agriculture and aquaculture wastes or even flue gases in the case of algae) makes them very
attractive in the context of the circular economy [22–31].

Carotenoids are unsaturated compounds that can be classified into two types: carotenes,
which are hydrocarbons, and xanthophylls, which present one or more functional groups
containing oxygen [32]. Beyond their long-known roles as natural colorants and (some
of them) precursors of vitamin A, a large body of evidence indicates that they (or their
derivatives, commonly known as apocarotenoids) may be involved in health-promoting
biological actions, contributing to reducing the risk of non-communicable diseases as
well as attracting renewed interest in cosmetic products [33–35]. According to the last
update of the carotenoid database on 1 November 2020 (http://carotenoiddb.jp, accessed
on 30 May 2023), 680 natural carotenoids from different eukaryotic organisms have been
described, including animals, plants, algae, filamentous fungi, and yeasts. Various marine
organisms can accumulate carotenoids and represent a route of entry for these compounds
into the food chain (Figure 1, Tables 1–5). Thus, they can be considered a natural and
renewable source for carotenoid production. However, to date, the industrial production
of carotenoids has been based primarily on chemical synthesis [29]. Their extraction from
marine organisms cannot compete economically with chemical synthesis, due to the high
costs associated with their production and with downstream extraction and purification
processes. However, it should be taken into account that obtaining the same isomeric
mixtures as those found in natural sources could increase the cost of the production process.
For example, in the case of astaxanthin, a mixture of stereoisomers is generally obtained
by chemical synthesis, while astaxanthin from natural sources is mainly represented by a
single isomer and has higher antioxidant activity and stability [36]. In any case, current
trends in natural products have renewed interest in the use of microbial carotenoids as an
alternative to those chemically produced [37]. This preference is mainly based on safety
concerns about the hazardous waste and intermediate products that could be produced
in chemical synthesis. The obtention of carotenoids from marine organism cultures is
considered a sustainable process by which carotenoids are produced by milder and more
environmentally friendly procedures. The extraction of carotenoids from marine organisms
also has advantages over the extraction from plants. They have higher growth rates than
vegetables, and their production is for most of these organisms not as affected by seasons or
geographic variabilities. Most of them are reasonably easy to cultivate and can be produced
in large quantities within a limited space. Moreover, some marine organisms, as a source
of carotenoids, can be cultivated on agro-industrial waste or by-products in processes
supporting the concept of a circular economy.

This review assesses the potential use of marine organisms as a sustainable source of
carotenoids, including well-known and novel carotenoids, as a fundamental part of the
European Green Deal and its Recovery Plan. In addition, the different challenges that need
to be addressed to obtain new carotenoids on an industrial scale are discussed. The possible
antioxidant and anti-inflammatory actions of marine carotenoids are also discussed.

2. Main Marine Organisms Containing Carotenoids

2.1. Archaea
2.1.1. Ecological Importance

Archaea constitute a domain of prokaryotic organisms with riveting characteristics
and high ecological importance. This domain was introduced by Carl Woese in 1990 [38]
and originally included only extremophilic microorganisms, concretely methanogens,
thermophiles, and halophiles. However, members of the domain Archaea are now known
to be widespread in non-extreme habitats, including aquatic and terrestrial environments.
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In marine ecosystems, planktonic archaea are classified into four distinct groups designated
Marine Group (MG) from I to IV, with a growing number of phylum, class, order, and family
designations [39]. Thaumarchaeota (MGI) have an important role in marine biogeochemistry
as they perform the oxidation of ammonia to nitrite, the first step of nitrification. In addition,
thaumarchaea are capable of synthesizing cobalamin, the precursor of vitamin B12, which
is required by other planktonic members that are not capable of producing it [40]. The
MGII archaea are a diverse group of uncultivated heterotrophic and photoheterotrophic
microbes with a potential role in the ocean carbon cycle because they are able to break
high-molecular-weight compounds. Finally, the MGIII and MGIV archaea are usually
found in the deep sea, and so far, little information about them is available [41].

Archaeal communities are also present in freshwater environments, where their
main biogeochemical role is related to methanogenesis and ammonium metabolism [42].
Methanogenic archaea, including Methanobacteriales, Methanosarcinales, and Methanomi-
crobiales, are usually found in anaerobic water and sediments, while ammonia-oxidizing
archaea, such as Thaumarchaeota and Nitrosotalea-like, are often present in oligotrophic sur-
face freshwaters. In addition, some potential genome-based roles, including fermentative
metabolism or symbiosis, are being studied in Woesearchaeota, the main group found in
boreal lakes [43].

The most studied archaea are extremophiles distributed in aquatic environments
under severe conditions. Halophiles inhabit salt lakes, soda lakes, and salterns, while
hyperthermophiles live in hot springs and shallow or deep hydrothermal systems. Among
them, methanogens are represented in halophiles, thermophiles, psychrophiles, acidophiles,
and alkaliphiles [44]. Many hyperthermophilic archaea are sulfur-chemolithoautotrophs
(e.g., Sulfolobus), and complete denitrification is usual in some families of haloarchaea such
as Haloarculaceae and Haloferacaceae [45].

2.1.2. Sustainability Pros and Cons

Archaea are relevant microorganisms for the sustainable production of carotenoids.
Currently, bacterioruberin is one of the few products commercialized from archaea [46], and
its bioprocess production ensures a low environmental footprint by re-using raw materials
in the fermentation cycles [47]. From a biotechnological point of view, the extreme condi-
tions in which haloarchaea proliferate reduce the risk of culture contamination by other
microorganisms and allow their cultivation under non-sterile conditions with reduced cul-
tivation costs. Additionally, given that haloarchaea undergo cell lysis at low concentrations
of salt, carotenoids can be easily recovered under mild conditions with lower costs than
from other microorganisms that require harsh cell disruption methods. Finally, haloarchaea
show an advantage over other microorganisms as a source of bioactive products that can
be used in personal care products, drugs, or foods, as they are non-pathogenic for animals
and humans [19].

2.1.3. Main Species (and Compounds) in the Context of Agro-Food and Health

Archaea are a valuable source of unique carotenoids with promising applications in
cosmetics, food, pharmaceuticals, and nutraceuticals. To date, 25 different carotenoids
and apocarotenoids have been described in Archaea, 13 of which are only present in this
domain. Most archaeal carotenoids are synthesized by haloarchaea, with bacterioruberin
being the most abundant [19] (Table 1, Figure 1).
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Table 1. Examples of carotenoid content in marine archaea.

Species Carotenoids Collection Sites Experimental Conditions
Quantification/
Identification

Methodologies
Contents References

Halobacterium
halobium

Total carotenoids
(mainly

bacterioruberin)

Saltern brine,
Sfax, Tunisia

Liquid culture (10 g/L yeast
extract, 7.5 g/L casamino

acids, 250 g/L NaCl, 20 g/L
MgSO4.7H2O, 2 g/L KCl,

and 3 g/L trisodium citrate),
37 ◦C, 240 rpm, 7 days

Spectrophotometry 5.66–7.63 mg/L, FW [48]

Haloarcula
japonica

Total carotenoids
(mainly

bacterioruberin)
Saltern soil Liquid culture, 37 ◦C, 10 days HPLC-MS

335 μg/g, DW.
Bacterioruberin was up

to 68.1% of the total
carotenoids (mol%)

[49]

Halorubrum sp.
Total carotenoids

(mainly
bacterioruberin)

Saltern brine Liquid culture, 37 ◦C Spectrophotometry 25 mg/L, FW [50]

Haloterrigena
turkmenica

Total carotenoids
(mainly

bacterioruberin)
Salt soil crust Liquid culture,

37 ◦C, 180 rpm Spectrophotometry 74.5 μg/g, DW [51]

Halorubrum sp.
Total carotenoids

(mainly
bacterioruberin)

Seven distinct
saline habitats,

Algeria
Liquid culture, 37 ◦C Spectrophotometry 3.68 mg/L, FW [52]

Haloarcula sp.
Total carotenoids

(mainly
bacterioruberin)

Tebenquiche Lake
of the Atacama
Saltern, Chile

Liquid culture (5 g/L
proteose-peptone, 10 g/L

yeast extract, 1 g/L glucose,
with 25% (w/v) total salts),

40 ◦C, 120 rpm, 10 days

HPLC-MS 488.88–871.53 mg/g, DW [53]

Haloferax
mediterranei
strain R-4

(ATCC33500)

Total carotenoids
(mainly

bacterioruberin)
Salt pond Liquid culture, 36.5 ◦C Spectrophotometry 92.2 μg/mL, FW [54]

DW, dry weight; FW, fresh weight; HPLC, high-performance liquid chromatography; MS, mass spectrometry.

Bacterioruberin is an unusual C50 carotenoid whose function is related to UV pro-
tection and membrane stability. The complete biosynthetic pathway of bacterioruberin
from lycopene was elucidated in Haloacula japonica by Yang et al. [55], and intermedi-
ates such as monoanhydrobacterioruberin and bisanhydrobacterioruberin are usually
present in different proportions in haloarchaeal extracts [49–51]. Bacterioruberin possesses
13 carbon double bonds and 4 hydroxyl groups at the terminal ends that confer it a high
antioxidant potential, even greater than the reference antioxidant β-carotene under certain
conditions. Several studies have demonstrated the antioxidant activity of bacterioruberin-
rich extracts [51,56], and some others have also evaluated the different bioactivities of
haloarchaeal pigments. In this context, carotenoids extracted from Halobacterium halobium,
Halogeometricum limi, and Haloplanus vescus have shown antiproliferative activities in the
human cancer cell line HepG2 (hepatocarcinoma) [48,57]. In addition, carotenoids from
Natrialba have shown antiviral activity against viral hepatitis (HCV and HBV) and potent
antiproliferative and apoptotic activities against colon, breast, liver, and cervical cancer
cells, as well as being safer than the standard anticancer drug 5-FU for normal human
cells under certain conditions [58]. Furthermore, bacterioruberin-rich extracts from various
species of haloarchaea, including the genera Haloarcula, Halobacterium, Halorubrum, and
Haloferax, have displayed diverse bioactive properties in vitro, such as antibacterial, neuro-
protective, anti-inflammatory, antiglycemic, and antilipidemic activities [52–54,59]. Finally,
bacterioruberin-enriched extracts from a genetically modified Haloferax volcanii strain were
shown to improve the quality of cryopreserved ram sperm cells, suggesting their potential
application to increase insemination yields [60].

2.1.4. Production Approaches and Production Data in Different Continents

The extreme growth conditions required for extremophilic archaea that synthesize
carotenoids have made the development of laboratory strategies for their culture and the
production of biocompounds difficult. Studies on the genus Haloferax revealed that the bac-
terioruberin synthesis can be enhanced by adding carbon sources (glucose or starch) to the
medium [54] and also by using a culture medium with lower salt (less than 15% w/v) [61].
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Thus, bacterioruberin production from Haloferax has been proposed in a two-step process,
using a first step with a high salt concentration (20%, w/v) for biomass production and
a second step with lower salt concentrations for the accumulation of carotenoids [62].
However, other species of the genera Halorubrum and Natriabla required a salt concentra-
tion of 20–25% w/v for the maximum production of carotenoids [50,52,58], and therefore
the process could be performed in a single step. Moreover, many other physicochemi-
cal parameters have to be taken into account to optimize the carotenoids produced by
haloarchaea. In this regard, diverse species of haloarchaea cultured with a nearly neutral
pH, a temperature of 30 to 40 ◦C, high light exposure, and high oxygen availability have
experimented with an increase in growth rate and carotenoid productivity. It has also
been demonstrated that the amount of MgSO4, KCl, and trace elements may influence the
production of bacterioruberin [63].

2.1.5. Current and Prospective Applications

Archaeal carotenoids offer a wide range of potential applications in foods, health
promotion, and cosmetics, for instance, as nutraceuticals, colorants, or food preservatives.
Given the antioxidant and photoprotective properties of bacterioruberin, the possibility of
using it as a natural additive for foods and personal care products is quite realistic. The
haloarchaeal carotenoid bacterioruberin is commercially produced as “Halorubin” by the
company Halotek (Leipzig, Germany) [46].

Despite the bioactive properties described for bacterioruberin, its chemical lability,
poor water solubility, and low bioavailability limit many of its potential health-promoting
uses. Therefore, the use of nanovesicles (archaeosomes or nanoarchaeosomes) and nanopar-
ticles has been proposed to improve the stability and biological activities of bacterioru-
berin [64]. In the same way, the encapsulation of archaeal carotenoids into two oil-in-
water dispersions has been reported as a useful system for the delivery and protection of
carotenoids for food applications [65].

2.1.6. Research Needs

Carotenoids from Archaea have shown considerable potential for health-promoting
effects. Nonetheless, the small number of studies on natural products from Archaea
compared to Bacteria and Eukarya suggests that this field of research is still relatively
underexplored. Considering the extreme environments in which extremophilic archaea
reside, it can be assumed that they contain many new molecules of biotechnological interest
whose identification is still pending.

The biotechnological applications of bacterioruberin contribute to the increasing de-
mand for this carotenoid. Nowadays, commercial bacterioruberin extracted from lab-scale
cultivation of H. salinarum can be purchased at a price point of 553 EUR/mg (CAS: 53026-
44-1) [46]. Thus, more studies on the biosynthetic pathways of carotenoids and cultivation
methods are needed to obtain the maximum yield of growth and pigment production, as
well as the implementation of large-scale production systems with reduced costs.

Genetic engineering offers an interesting way to enhance the biosynthesis of high-
value-added products. Increasing bacterioruberin biosynthesis through the genetic ma-
nipulation of haloarchaea is now possible due to recent advances in the knowledge of
carotenogenesis and the sequencing of the genomes of haloarchaea belonging to different
genera. However, this approach has only been tested in some species [60]. Genetic manip-
ulation of the carotenoid biosynthetic pathway by overexpression, edition, or knockout
of specific genes of the pathway should be explored in more depth to overcome the low
carotenoid concentration observed in many species.

Finally, it is worth mentioning that most studies testing the bioactive properties of
bacterioruberin have been performed in vitro, so it is necessary to study whether these
results can be extrapolated in vivo. Moreover, the toxicity of bacterioruberin should be
thoroughly analyzed in animal and human models, and the development of efficient and
stable transport systems must be achieved.
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2.2. Bacteria
2.2.1. Ecological Importance

The bacterial communities inhabiting marine environments vary from coastal to
offshore areas, as in the water column, due to differences in physico-chemical and biological
properties to which they are exposed. Depending on their energy and carbon sources,
bacteria can be phototropic or non-phototropic.

Carotenoids are produced in all phototrophic bacteria (Table 2), and their biological
function is to support photosynthesis as accessory pigments, protect the photosynthetic
machinery from excess light that induces photodamage, and quench reactive oxygen
species (ROS) [66–68]. There are four main types of bacterial phototrophs in marine
microbial communities: (i) Cyanobacteria, which are mainly represented in marine envi-
ronments with the genera Synechococcus and Prochlorococcus as one of the main contributors
to planktonic systems [69]; (ii) anaerobic anoxygenic phototrophic bacteria such as purple
sulfur bacteria, purple non-sulfur bacteria, and green sulfur bacteria, which are generally
restricted to oxygen-free habitats, such as sediments and mats [67,70–72]; (iii) aerobic
anoxygenic phototrophic bacteria, which includes members belonging to either α-, β-,
or γ-proteobacteria, and inhabit the upper layer of the ocean, representing up to 15% of
the total bacterial community [72]; and (iv) proteorhodopsin-containing bacteria. It is
estimated that as much as half of the surface ocean bacteria could be part of them, but
functional evidence is still scarce [69,72–74].

On the other hand, the widespread presence of carotenoids in non-phototrophic
bacteria indicates their importance for their viability (Table 2). α-proteobacteria and γ-
proteobacteria, together with members of the Bacteroidetes phylum, are the most abundant
groups of heterotrophic bacteria in the sea [73]. Due to the absence of photosynthetic
apparatus, the role of carotenoids in organoheterotrophs lies mainly in protection from
photooxidative damage and in the regulation of membrane fluidity [75,76]. The production
of carotenoids is proposed to be an adaptive response to certain environmental and stressor
conditions, such as freeze–thaw cycles and solar radiation [77].

2.2.2. Sustainability Pros and Cons

Marine bacteria could be a promising alternative for the development of sustainable
processes to produce carotenoids. As with other microorganisms, the culture systems
used to grow bacteria are independent of seasonal restrictions, have low utilization of
space, and do not require the use of arable land. Even when more research is needed to
improve bacteria as a carotenoid source, novel strategies aligned with the development of
sustainable processes could be a niche for the use of marine bacteria diversity. Second- and
third-generation feedstocks require the maximum utilization of resources with the genera-
tion of multiple products, as in a biorefinery, to favor the global economic balance of the
process. Microorganisms are known for their ability to use a wide variety of substrates. Bac-
teria present certain advantages, such as a high growth rate, metabolic diversity, and easier
genetic manipulation [78]. Even though up-to-date scare reports include marine bacteria,
promising research is being carried out. Kristjansdottir et al. proposed that Rhodother-
mus marinus has potential for its application in biorefineries since it is a thermophile that
produces various biomass-degrading enzymes and, among other interesting products,
produces carotenoids [79]. Park et al. isolated Vibrio sp. SP1 from a starfish for its ability to
grow from alginate, and after introducing genes encoding enzymes to produce lycopene
and β-carotene, it could grow on brown macroalgae Sargassum and produce lycopene [80].

2.2.3. Main Species (and Compounds) in the Context of Agro-Food and Health

Overall, the carotenoids most demanded for their importance in agro-food and
health that are produced by bacteria are β-carotene, β-cryptoxanthin, zeaxanthin, astax-
anthin, and canthaxanthin (Figure 1). In Table 2, a list of the species and main carotenoids
produced is presented.
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Among Bacteroidetes, Flavobacteriaceae is an important family with several species
that have been reported to produce carotenoids. Marine Flavobacterium, Chryseobacterim, For-
mosa, Vitellibacter, and Arenibacter are genera with species known for producing zeaxanthin,
β-cryptoxanthin, and β-carotene [98–100].

Regarding Alphaproteobacteria, the genera Paracoccus and Brevindimonas have been
widely studied for their capacity to produce carotenoids. Paracoccus haeundaensis sp. and
Paracoccus sp. LL1 (KP288668) were reported to produce astaxanthin [91,101], while Para-
coccus zeaxanthinifaciens produces mainly zeaxanthin [93,102]. Brevundimonas scallop and
Brevundimonas sp. N-5 produce astaxanthin [84,88].

Regarding photosynthetic bacteria, several members are reported as carotenoid pro-
ducers. Members of Anabaena, A. variabilis ATCC 29413, A. variabilis IAM M-3, and An-
abaena sp. PCC 7120, were reported for their ability to produce β-carotene, echinenone,
and canthaxanthin (Figure 1) [103]. Synechococcus species were studied for the production
of carotenoids: zeaxanthin, cryptoxanthin, myxoxanthophyll (myxol-2′-fucoside), echi-
nenone, 3′-hydroxyechinenone, and synechoxanthin. Synechococcus elongatus PCC 7942 is a
cyanobacterium that synthesizes zeaxanthin as one of the predominant carotenoids [104].
Other carotenoids-producing cyanobacteria are Nostoc punctiforme PCC 73102, which pro-
duces β-carotene, echinenone, and canthaxanthin; Thermosynechococcus elongatus BP-1
produces mainly β-carotene and nostoxanthin; Gloeobacter violaceus PCC 7421 produces
β-carotene and echinenone; and Prochlorococcus marinus MED4 produces β-carotene, β-
cryptoxanthin, and zeaxanthin [103].

2.2.4. Production Approaches and Production Data in Different Continents

The industrial production of bacterial carotenoids is still in development. The literature
reports laboratory-scale experiments and scales up to laboratory bioreactors operated as
batch cultures, with alternative approaches such as fed-batch and co-culture. Most of the
research refers to aquatic bacteria, but not those of marine origin. Joshi et al. studied marine
Paracoccus zeaxanthinifaciens as an interesting strain for zeaxanthin production [93]. These
authors developed a media culture using surface response methodology and an artificial
neural network that allowed them to reach an overall yield of 11.6 mg/L after 72 h of culture.
Vila et al. [83] formulated a media culture to produce zeaxanthin by a marine Antarctic
Flavobacterium sp. P8 utilizing factorial designs and later used a 5 L bioreactor in batch mode
to obtain 2.15 mg/L of zeaxanthin. A strategy of co-culture was studied by Choi et al. [92] in
the production of astaxanthin by Paracoccus haeundaensis sp. This strategy, coupled with the
optimization of the media culture composition, led to an increase in astaxanthin production
of 2.5 times compared to P. haeundaensis cultivation in Luria–Bertani broth medium. Genetic
engineering has been applied to improve carotenoids yields in the last few decades. Sarnaik
et al. [104] developed a genetically modified strain PCC 7942 (Synechococcus 79R48) by
homologous recombination, which improves β-carotene flux toward zeaxanthin synthesis.
The modified strain improved zeaxanthin production two times relative to the wild-type
strain. In addition, heterologous production of astaxanthin from marine bacterial genes
was achieved in Synechocystis sp. PCC 6803 [105].

2.2.5. Current and Prospective Applications

Nowadays, the only bacteria commercially exploited as a carotenoid source is Paracoc-
cus carotinifaciens, which has approvals as a feed product from EFSA and as an astaxanthin-
rich extract to be used in food from the FDA. Although it is not of marine origin, it shows
that bacteria are a viable option for carotenoid production if they fulfill scale-up require-
ments and economic balance. To the authors’ knowledge, there are not yet any products
for food or health purposes on the market. Resistance to bacteria-based products has been
presented as a possible cultural obstacle to overcome [78].

Part of the ongoing research involves modifications of the carotenoid biosynthetic
pathways of the well-known Corynebacterium glutamicum and heterologous expression
in E. coli to increase carotenoid production [106–108]. Besides, the application of genetic
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manipulation tools to increase the carotenoid yields of marine carotenogenic strains is still
promising [89]. Then, marine bacteria could be a cell factory [109], a source of carotenogenic
genes contributing to the improvement of tools for heterologous expression, as well as a
source of novel carotenoids with potential new applications [110]. On the other hand, the
inclusion of carotenoids as a high-value product in the development of biorefineries in the
context of sustainable processes could be promising. The diversity of marine bacteria may
contribute to providing appropriate degrading properties of different feedstocks combined
with the production of carotenoids.

2.2.6. Research Needs

The existence of much more diversity than that recovered by classical culture tech-
niques from marine environments has challenged bioprospecting strategies, and new
approaches incorporating heterologous expressions of metagenomic data are possible but
difficult [111]. It is still necessary to isolate and culture bacteria to study the production of
bioactive metabolites such as carotenoids [112], and meanwhile, improvements in culture
methods are reported [113–118].

Much of the chemical identification of new carotenoids is carried out by mass spectrom-
etry analysis, but the lack of commercial standards (for identification and quantification)
and chemical data literature slows progress [35]. Besides, among the wide variety of
carotenoids produced by bacteria, only a few have proven applications. New and rare
carotenoids are frequently characterized by antioxidant activity and preliminary assays
with cell lines, but more research is required to evaluate their real potential application [81].

Finally, there is a lack of economic, technological, and environmental assessment
research to guide the progress of the bioprocess of bacterial carotenoid production. As
mentioned above, integrating the carotenoid production process into a multi-product
biorefinery approach could improve competition with the actual production processes.

2.3. Macroalgae
2.3.1. Ecological Importance

Macroalgae play an important role in coastal ecosystems, mainly as a habitat and food
source [119,120]. They require certain salinity levels, sunlight, and adequate attachment
substrates, although they can also float. Macroalgae are at the basis of the food chain, pro-
viding vegetal material and nutrition to other marine organisms, partly through associated
microbiota [121]. They form complex structures that serve as an important shelter, support,
or breeding substrate. Similarly, macroalgae vegetation is essential for the early develop-
mental stages of many commercially interesting fish species [122,123]. Large seaweed can
even contribute to protecting the shoreline from climate-imposed changes [124,125]. Due to
their large surface area, macroalgae filter surrounding water, retain excessive nutrients, and
mitigate pollution for the integrity of their marine environment [126]. Macroalgae can also
act as carbon sinks through the uptake of atmospheric carbon dioxide and the export of dis-
solved organic carbon to offshore areas [7,127]. In addition, seaweeds contribute to oxygen
production during the daytime due to their photosynthetic activity. Overall, macroalgae
are regarded as essential in the aquatic trophic chain web, and some of the environments
to which they belong are regarded as among the most productive habitats on the planet.
Other ecosystem services identified are their use as ingredients in the formulation of feeds,
foods, fertilizers, drugs, and other products for human consumption [5].

The photosynthetic pigments and their combinations present in seaweeds have high
taxonomic importance in their classification. Green algae are a large group, of which
one class is Chlorophyceae. Chlorophyceae are the closest to terrestrial green plants and
contain chlorophylls a and b and carotenoids. The Phaeophyceae, which represent one
class of brown algae, contain mainly chlorophyll c and the brown carotenoid pigment
fucoxanthin. Rhodophyceae, or red seaweed, is a group distinguished by the presence
of pigments such as chlorophyll, carotenoids, and the phycobiliprotein phycoerythrin.
Carotenoids in seaweed can function as light energy harvesters (passing on light excitation
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to chlorophyll) and antioxidants that inactivate the ROS formed under exposure to high
light and air [128,129].

2.3.2. Sustainability Pros and Cons

Concepts including sustainability and the circular economy are a prerequisite that
is now associated with food production. The agro-food system is always in search of
sustainable and healthy diets for a growing population [130,131]. Today, most carotenoids
are chemically synthesized or extracted from land plants. Therefore, macroalgae could
serve as an alternative source of carotenoids, with the prerequisite that algae production
and carotenoid extraction can be sustainable. This is well represented in the literature, with
a focus on induced carotenoid synthesis in green [132] or red algae [133]. Several extraction
techniques have been investigated and are suggested to be faster, more sustainable, and
more efficient than traditional methods to isolate bioactive compounds from algae [134]. Fi-
nally, the sustainability of seaweed farming is also yet to be demonstrated for its production
in Europe [135,136].

2.3.3. Main Species (and Compounds) in the Context of Agro-Food and Health

The main bioactive compounds in macroalgae are polysaccharides, phenolic com-
pounds, carotenoids, vitamins, minerals, and peptides [137,138]. Carotenoids are photo-
synthetic and bioactive compounds found in all of the seaweed divisions (Table 3), playing
critical roles in photosynthesis. Seaweed carotenoids are generally localized in the chloro-
plast or accumulated in vesicles, the cytoplasmic matrix, or bound to membranes and other
macromolecules in the intracellular space. Carotenoids in seaweeds are synthesized from
pyruvate and/or acetyl-CoA. The first carotenoid in the isoprenoid route is phytoene, from
which lycopene is formed after several desaturation steps. Lycopene is further transformed
sequentially into compounds including α-carotene and lutein in red and green algae or
β-carotene and zeaxanthin in the three types of macroalgae. Green algae further transform
zeaxanthin into violaxanthin and neoxanthin, while only brown algae finally form fucoxan-
thin [139–141]. Furthermore, different carotenoids are synthesized in response to exposure
to light and air since they scavenge ROS with their photoprotective properties [139,142].

In the marine environment, carotenoids are widespread in seaweeds (Table 3). Green
seaweeds have a carotenoid profile very similar to that of green vegetables (with lutein and
β-carotene as major carotenoids) along with violaxanthin, neoxanthin, and others [35,132].
In addition to fucoxanthin, Phaeophyceae are rich sources of β-carotene and violaxanthin
and also contain ε-carotene, antheraxanthin, diatoxanthin, diadinoxanthin, and neoxanthin
at lower concentrations. α-carotene, β-carotene, zeaxanthin, and lutein are commonly
found in Rhodophyceae [143].

One very well-studied carotenoid in seaweeds is fucoxanthin, the brown pigment that
colors brown seaweeds and, in particular, kelps, as well as diatoms. Fucoxanthin is one of
the most abundant carotenoids, contributing around 10% of the estimated total production
of carotenoids in nature [144]. While fucoxanthin from unicellular diatoms is interesting
for industrial production, brown seaweed is the only dietary source of fucoxanthin. Fu-
coxanthin is produced industrially using macroalgae, such as Laminaria japonica or Undaria
pinnatifida, although its fucoxanthin content is low (0.2–0.6% of dry weight) [145]. A survey
in Japan showed that while the intake of carotenes and other xanthophylls was covered
by different food sources, fucoxanthin was mainly provided by the intake of the brown
seaweed wakame [146]. The fucoxanthin content will vary between different species and
genera and according to environmental factors, such as geographical location and season.
Furthermore, the detected content will also be influenced by the extraction method [139].
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Table 3. Examples of carotenoid content in marine macroalgae.

Organisms Species Carotenoids Collection Sites
Experimental

Conditions

Quantification/
Identification

Methodologies
Contents References

Macroalga
(brown)

Sargassum
horneri Fucoxanthin

Nesaki, Hokkaido
(41◦45′ N, 140◦49′ E) and

Matsushima, Miyagi
(38◦23′ N, 141◦04′ E),

northern seashore
of Japan

Mariculture of
collected thalli in

Usujiri, Japan
HPLC 1.35–4.5 mg/g DW [147]

Cystoseira
hakodatensis Fucoxanthin

Usujiri, Hokkaido
(41◦56′ N, 140◦57′ E), Japan

Natural growth in
Usujiri, Japan HPLC 0.6–4.1 mg/g DW [147]

15 species of
brown

seaweed
Fucoxanthin

Wild harvest in intertidal
zones in Shinori and

Nesaki, Japan
Natural growth HPLC 0.1–3.7 mg/g DW [148]

Macroalga
(green)

Ulva spp. Total carotenoids

Wild harvest in Inter- and
subtidal zones in India,

Egypt, China, Spain,
and Chile

Natural growth Spectrophotometry 1.25–4.6 mg/g DW [132]

Ulva
compressa

Lutein,
neoxanthin,

violaxanthin, and
zeaxanthin

Coasts of Mangaluru
(12◦45′31.7′′ N

74◦51′53.2′′ E to
13◦06′25.9′′ N

74◦46′ 03.6′′ E), India

Natural growth HPLC

4.7 μg/g lutein,
3.8 μg/g neoxanthin,

4.0 μg/g violaxanthin,
and 3.9 μg/g

zeaxanthin, DW

[149] *

Chaetomorpha
antennia

Lutein,
neoxanthin,

violaxanthin, and
zeaxanthin

Coasts of Mangaluru
(12◦45′31.7′′ N

74◦51′53.2′′ E to
13◦06′25.9′′ N 74◦46′

03.6′′ E), India

Natural growth HPLC

141.3 μg/g lutein,
33.3 μg/g neoxanthin,

33.7 μg/g violaxanthin,
and 34.6 μg/g

zeaxanthin, DW

[149]

Macroalga
(red)

Grateloupia sp. Lutein and
zeaxanthin

Coasts of Mangaluru
(12◦45′31.7′′ N

74◦51′53.2′′ E to
13◦06′25.9′′ N

74◦46′ 03.6′′ E), India

Natural growth HPLC
166.6 μg/g lutein and
36.3 μg/g zeaxanthin,

DW
[149]

Pyropia
yezoensis

α-carotene,
β-carotene, lutein,

zeaxanthin

Thalli of P. yezoensis strain
U-51, maricultured at

Shichigahama,
Miyagi, Japan

Mariculture HPLC

0.7 mg/g α-carotene,
1.8 mg/g β-carotene,
1.4 mg/g lutein, and

0.15 mg/g zeaxanthin,
DW

[150]

DW, dry weight; HPLC, high-performance liquid chromatography. * In this reference, more species of algae have
been analyzed, in addition to those indicated in the table.

2.3.4. Production Approaches and Production Data in Different Continents

Seaweed accounts for approximately 50% of the production of marine biomass by
aquaculture, which is the fastest-growing component of food production with an estimated
growth of >7%/year, ~3–5-fold that of agriculture (2%/year), livestock (2.6%/year), and
wild fisheries (0.1%/year) [151].

Almost all the production happened in Asian countries (especially China and Indone-
sia). To be sustainable, the activities associated with seaweed farming require coordinated
and participatory governance, regulations, and best practices. Globally, seaweed mari-
culture is still marginal in Europe although is expected to grow dramatically to become
important in the European Blue Growth and Bioeconomy strategies [152–154]. The main ex-
ploited algae species in Europe are Laminaria hyperborea, Laminaria digitata, and Ascophyllum
nodosum, which, as kelp forests, are considered among the world’s most ecologically dy-
namic and biologically diverse habitats [155,156]. Other seaweeds such as Alaria esculenta,
Pyropia yezoensis, and Palmaria palmata are ingredients in many European cuisines [10].

2.3.5. Current and Prospective Applications

There is an important interest in bioactive molecules with antioxidant and anti-
inflammatory effects, which makes seaweed compounds interesting ingredients for func-
tional food and cosmetic formulations. Fucoxanthin is the most studied carotenoid in
seaweed and has exhibited antioxidant and anti-inflammatory effects, which are extensively
reviewed [139,157–160]. Olsthoorn et al. [160] have recently published a comprehensive
review in which they identify four inflammatory principles on which brown seaweeds
have an effect. Fucoxanthin is effective in two of them, namely regulating ROS and innate
immune responses, thus reducing pro-inflammatory cytokines induced by both [160].

Only two studies were found on clinicaltrial.gov when searching for “fucoxanthin
NOT microalgae”, which plan to investigate the effect of fucoxanthin supplementation in
non-fatty liver disease and metabolic syndrome.
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In animal studies, the administration of fucoxanthin-rich algae extracts increased
antioxidative enzymes and decreased ROS in two mouse models of diabetes and colitis,
respectively, and in cisplatin-induced hamsters [161–163].

Fucoxanthin treatment ameliorated histological damage and inflammatory levels of
PGE2 in the colon of mice after induced colitis and downregulated the inflammation-related
enzyme cyclooxygenase-2 (COX-2) and the transcription factor nuclear factor kappa B (NF-
kB) [164]. Oral and percutaneous administration of fucoxanthin reduced ear swelling in
mice and limited the induction and activity of COX-2, phospholipase A2 (PLA2), and
hyaluronidase (HA) [165]. Fucoxanthin administration also reduced inflammatory cy-
tokines (IL-1β, IL-6, and TNF-α) in an obesity mouse model [166] and by lipopolysac-
charide (LPS)-induction as well as depression-associated behavior in the LPS-stimulated
mice [167]. These effects have also been reviewed in light of their potential protective role
in several connected pathologies, such as liver and skin damage or cardiovascular and
metabolic disease [159]. Miyashita and Hosokawa have also reviewed the potential uses
of fucoxanthin in the management of obesity and diabetes, including a downregulation
of inflammatory adipokines [158,168] and reduced body weight and abdominal fat in
overweight Japanese subjects [169].

Yang et al. summarize the studies in cell models and mice, which show the potential
of fucoxanthin for therapeutic efficacy in neurodegenerative disorders [164]. Of special
interest, fucoxanthin had a neuroprotective effect against cerebral ischemic/reperfusion
injury through activation of the antioxidative response pathway involving nuclear factor
erythroid 2-like 2 (NFE2L2/Nrf2) and heme oxygenase 1 (HMOX-1) [170]. Fucoxanthin
also reduced neuroinflammation in a mouse model of Parkinson’s disease [171].

Here, we only mention some in vivo studies illustrating the anti-inflammatory and
antioxidative effects of fucoxanthin, as we understand these to be most relevant for its
final application. An extensive body of work in vitro has been published to evaluate this
and other seaweed-derived carotenoids, with some described in Section 5 [139,172,173].
There are a few additional studies with whole seaweed and mixed extracts, which also
provide valuable information on the effects of dietary intake of seaweed [174,175]. During
uptake, fucoxanthin is metabolized to fucoxanthinol and amarouciaxanthin A, which were
found in the adipose tissue, kidney, heart, lung, and spleen of mice [176,177]. In humans,
fucoxanthin intake led to a peak of fucoxanthinol in plasma of 44.2 ± 14.9 nM after 4 h,
gradually decreasing within 24 h [178,179]. Therefore, the bioavailability of fucoxanthin
is lower and more transient than that of other dietary carotenoids such as β-carotene and
lutein [178,180]. This underlines the importance of in vivo studies that take into account
the limiting steps of metabolism and uptake.

2.3.6. Research Needs

The anti-inflammatory and antioxidant effects are among the three most commonly
published pharmacological properties of fucoxanthin in recent years. However, most
studies are based on cell and mouse models, with only a minority focusing on clinical
interventions [181]. Thus, more clinical studies are needed to confirm and fully exploit
the described anti-inflammatory and antioxidant effects of this carotenoid. Compared to
fucoxanthin, there is almost no literature on the potential health effects of other carotenoids
derived from green or red seaweeds, including their metabolized or degradation prod-
ucts, which could also have beneficial effects. For example, a carotenoid degradation
product, 3-hydroxy-4,7-megastigmadien-9-one, extracted from the green seaweed Ulva
pertusa, was shown to limit the inflammatory response to microbial products in mouse
innate immune cells [173].

In light of increasing interest in carotenoids from alternative sources, the production
of seaweeds with a higher content of carotenoids could be one approach. Aquaculture
technology would need to be optimized with a better understanding of how environmental
parameters affect seaweed physiology and therefore their carotenoids content.
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Finally, the economic and environmental sustainability as well as the safety of the
whole value chain from seaweed to the carotenoid final product still need to be validated
and documented according to the regulatory framework to ensure sustainable and safe use
of this ingredient.

2.4. Microalgae
2.4.1. Ecological Importance

Microalgae are a heterogeneous group of photosynthetic microorganisms of high
ecological importance. They are responsible for approximately half of the global CO2
fixation, which makes them “cell factories” capable of taking up the main greenhouse gas in
the atmosphere [182]. Their cultivation does not require arable land, and microalgal biomass
can be produced (between 40 and 100 t/ha year of dry weight) 10–50 times faster than
higher plants [183]. Additionally, most microalgae show high robustness when exposed
to different types of abiotic stress, such as extreme temperatures, nutrient depletion, high
salinity, or the presence of pollutants. These characteristics make it possible for microalgae
to inhabit almost all ecosystems on Earth, demonstrating an enormous range of ecological
adaptation capacities [184].

In addition, microalgae are at the base of the marine food chain, being the most
abundant primary producers in aquatic ecosystems [185]. They are widely used as a
nutritional supplement in aquaculture due to their high nutritional qualities and their
potential to produce a wide range of high-value compounds, such as polyunsaturated
fatty acids (PUFAs), sterols, vitamins, polyphenols, or carotenoids [186]. Some of these
compounds are also synthesized for the pharmaceutical or cosmetic industry and marked
as food supplements.

2.4.2. Sustainability Pros and Cons

There is an increasing interest in addressing the integral utilization of all microalgal
components, following a biorefinery approach, and in integrating their production with
the utilization of residual waste waters or the capture of CO2 through a circular economy
perspective to reduce the costs of microalgal biomass culturing and harvesting [187,188].
These studies are mainly focused on the removal of pollutants and the production of
low-value compounds, such as biofuel, bioethanol, or animal feed. An example of
this is the cultivation of Chlorella vulgaris and Chlorella sorokiniana in wastewater from
milk processing, dairy wastewater, or wastewater from the wine industry that obtains
large amounts of lipids, mainly palmitic, oleic, and linoleic acids [189–191]. Arthrospira
platensis (Spirulina) was also grown in an anaerobic digestion effluent containing Cu2+

and Zn2+, and the obtained biomass was used as feed for animals [192]. Moreover,
there are some studies that describe the culture of the microalgae Dunaliella sp. and
Haematococcus pluvialis in digested poultry litter or treated primary wastewater for the
production of β-carotene and astaxanthin, respectively. These microalgal species are
the first natural source of these highly demanded carotenoids, and their culture in
wastewater can improve their feasibility [193,194].

2.4.3. Main Species (and Compounds) in the Context of Agro-Food and Health

Carotenoids are among the high-value compounds produced from microalgae, with
several applications and high commercial interest. Some carotenoids, such as β-carotene,
astaxanthin, lutein, or fucoxanthin, obtained from different microalgae are widely com-
mercialized for cosmetic and pharmaceutical applications [186]. Although many species of
microalgae are able to produce these compounds, only a few of them synthesize enough
amounts of carotenoids to make industrial processes economically feasible (Table 4).

Dunaliella salina is one of the main producers of β-carotene and is considered the
best commercial source of this naturally produced compound. This green microalga can
accumulate up to 13% of its total biomass in β-carotene, making it a much better producer
than other species such as Chromochloris zofingiensis or Arthrospira platensis (Spirulina),
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which yield up to 1–2% of their dry biomass [145]. The β-carotene synthesized by Dunaliella
salina has exhibited health-promoting actions in experiments of different nature, such as
protective effects against atherosclerosis, protection against UV-induced erythema, and
oxidative damage in humans [195].

Another microalga able to produce high amounts of carotenoids in industrial pro-
cesses is Haematococcus pluvialis. This microalga belongs, as Dunaliella salina, to the
chlorophyte phylum and is the main producer of astaxanthin, a keto-carotenoid with
high antioxidant capacity in vitro. Haematococcus pluvialis can produce up to 4–5% of
its dry biomass as astaxanthin, obtaining higher yields than other strains capable of
producing this compound, such as Chromochloris zofingiensis or Chlorococcum sp. [196].
Natural astaxanthin produced by Haematococcus pluvialis has previously been reported
to have 10 times the in vitro antioxidative capacity of other carotenoids, such as zeaxan-
thin, lutein, canthaxanthin, or β-carotene, as well as anti-aging, anti-inflammatory, and
anti-atherosclerotic properties [196].

Other green microalgae belonging to the Chlorella, Muriellopsis, or Scenedesmus
genera are able to produce considerable amounts of lutein. However, its lutein content
(0.5–1.2% of dry biomass) is much lower than the β-carotene or astaxanthin content in
Dunaliella or Haematococcus, respectively [197]. This low productivity has restricted the
industrial production of lutein from microalgae, whose main industrial source continues
to be the petals of higher plants, such as marigolds [145]. However, microalgae can
produce lutein in its free form, while in marigolds, lutein is mainly esterified with
fatty acids [145]. One of the most promising species for the production of lutein is
Chlorella vulgaris. This microalga can accumulate around 0.8% of the total dry weight in
lutein and is one of the microalgae species allowed for human consumption [198,199].
However, further studies are necessary for the industrial production of Chlorella vulgaris
as a producer of this health-promoting carotenoid [195].

Some marine microalgal species are also able to produce carotenoids. Diatoms, in-
cluding Phaedoactylum tricornutum, Cylindroteca closterium, Nitzschia laevis, and Odontella
aurita, among others, can produce outstanding amounts of fucoxanthin, up to 2.6% of
dry biomass [200].

Table 4. Examples of carotenoid content in marine microalgae.

Species Carotenoids Collection Sites Experimental Conditions
Quantification/
Identification

Methodologies
Contents References

Chlorella
vulgaris 211/52 β-carotene, lutein

Grüental campus of
the Zurich University
of Applied Sciences,

Wädenswil,
Switzerland

Open thin-layer bioreactor HPLC 50 μg/g β-carotene,
90 μg/g lutein, DW [201]

Dunaliella sp.
FACHB-558 β-carotene

Institute of
Hydrobiology,

Chinese Academy of
Sciences, China

Two-step cultivation in
anaerobically digested poultry litter

wastewater
Spectrophotometry 7.26 mg/L, FW [193]

Isochrysis
zhangjiangensis Fucoxanthin Chinese Academy of

Sciences, China

Photo-autotrophically cultured at
23 ◦C in a bubble column

photobioreactors, supplemented
with f/2 medium (nutrient, trace

metal, and vitamin solutions)

HPLC 23 μg/g, DW [202]

Haematococcus
plivualis Astaxanthin Umeå University,

Sweden

First step: inoculum in Bold’s basal
medium, OD750 of 0.1, 20 ◦C, cool
white LED, 1 L/min of air, 7 days.

Second step: grown in a
multi-cultivator with cool white

LED

HPLC 19.1 mg/g, DW [203]

Desmodesmus
sp.

Lutein and
zeaxanthin

Isolated from a
wastewater treatment
system, Kalundborg

Kommune,
Copenhagen,

Denmark

Industrial wastewater in Schott
bottles, stirred, aerated (2% CO2),

and with fluorescent lights
(200 μmol photon/m2 ·s)

HPLC
5.11 mg/g lutein
and 0.28 mg/g

zeaxanthin, DW
[204]
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Table 4. Cont.

Species Carotenoids Collection Sites Experimental Conditions
Quantification/
Identification

Methodologies
Contents References

Nannochloropsis
salina 40.85

β-carotene and
violaxanthin

Algae culture
collection (SAG),

University of
Gottingen, Germany

Industrial wastewater in Schott
bottles, stirred, aerated (2% CO2),

and with fluorescent lights
(200 μmol photon/m2 ·s)

HPLC
2.22 mg/g β-carotene

and 1.68 mg/g
violaxanthin, DW

[204]

Phaeodactylum
tricornutum

Diadinoxanthin and
diatoxanthin -

Industrial wastewater in Schott
bottles, stirred, aerated (2% CO2),

and with fluorescent lights
(300 μmol photon/m2 ·s)

HPLC

2.17 μg/g
diadinoxanthin and

1.55 μg/g
diatoxanthin, DW

[204]

Chlorella C.S1 β-carotene and lutein -
Industrial wastewater in flat panel

reactors with fluorescent lights
(2000 μmol photon/m2 ·s)

HPLC
1.4 mg/g β-carotene

and 3.22 mg/g
lutein, DW

[204]

Nannochloropsis
limnetica 18.99

Neoxanthin and
violaxanthin

Algal culture
collection (SAG),

University of
Gottingen, Germany

Industrial wastewater in Schott
bottles, stirred, aerated (2% CO2),

and with fluorescent lights
(200 μmol photon/m2 ·s)

HPLC

0.42 mg/g
neoxanthin and

1.22 mg/g
violaxanthin, DW

[204]

Chlorococcum
sp. Lutein Umeå University,

Sweden
Multi-cultivator with high
light/cold stress in BG11 HPLC 15.5 mg/g, DW [205]

Scenedesmus sp. Lutein Umeå University,
Sweden

Multi-cultivator with high
light/cold stress in BG11 HPLC 10.7 mg/g, DW [205]

DW, dry weight; HPLC, high-performance liquid chromatography.

2.4.4. Production Approaches and Production Data in Different Continents

The industrial production of microalgae throughout the world is under development.
The microalgal global market was estimated at between USD 3.4 and USD 3.9 billion in the
period 2018–2020, and it is expected to increase to USD 4.6–5.1 billion by 2027 [206,207].
Although the values of global markets will reach USD 800 million for astaxanthin, USD
620 million for β-carotene, or USD 358 million for lutein by the end of 2026 [145], around
95% of the industrial production of carotenoids is performed by chemical synthesis due to
its lower cost.

For astaxanthin, while synthetic production is about USD 1000–2000 per kg; produc-
tion from Haematococcus (around 1% of total production) has a cost between USD 1800 and
7000 per kg, depending on the location [208]. However, naturally produced astaxanthin
is thought to have a stronger antioxidant capacity, being over 50 times stronger in singlet
oxygen quenching and 20 times stronger in free radical elimination [209]. Natural astaxan-
thin is mainly obtained from Haematococcus pluvialis. This microalga can have two different
cell morphologies: a green vegetative form and a red cyst form. Astaxanthin production
in H. pluvialis is usually performed based on these two different morphologies, with a
first stage focusing on developing their green form, which includes the production of
biomass, followed by a second red stage where the astaxanthin is produced [145,195]. The
production of natural astaxanthin from H. pluvialis is mainly concentrated in the USA,
Europe, and Asia-Pacific countries, which are the main manufacturers of the companies
Algatechnologies Ltd. in Israel, BluebioTech International GmbH in Germany, Algalif in
Iceland, Algae Health Sciences and Cyanotech Corporation in the USA, AstaReal AB in
Japan, BGG (Beijing Ginko Group) in China, and Parry’s Pharmaceuticals in India [208].

In the case of β-carotene, which is the other pigment produced by microalgae on an
industrial scale, the cost of its production from Dunaliella salina is still higher than the
chemically synthesized one. Nevertheless, synthetic β-carotene is composed only of the
all-trans isomer, whereas natural β-carotene, as found in this microalga, is a mixture of
the all-trans and 9-cis isomers, which may exhibit more beneficial properties [210]. The
main strategies to increase the production of β-carotene in D. salina are to subject them
to salt stress, high light, and N depletion. However, these stress conditions can reduce
the production of biomass and, as a consequence, the yield of this carotenoid. Different
solutions have been exploited to balance biomass and β-carotene production being the most
common of the two-stage processes [211,212]. In these systems, there is a first stage focused
on biomass production and a second one that improves the production of β-carotene. The
natural production of β-carotene from D. salina is mainly found in Asia-Pacific countries,
followed by Europe and Australia. The main manufacturers of this compound are Seagrass
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Tech Private Limited in India, Hangzhou OuQi Food Co. and Shaanxi Rebecca Bio-Tech Co.
in China, Algalimento SL and Monzón Biotech SL in Spain, IBR Ltd. in Israel, and Plankton
Australia Pty Ltd. in Australia.

The industrial production of fucoxanthin by the above-mentioned diatoms (Section 2.4.3)
could be a more economically feasible approach if combined with the co-production of other
high-value compounds. Diatoms are also able to produce large amounts of PUFAs, including
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Thus, the extraction of these
PUFAs in combination with fucoxanthin can be an excellent approach that has to be further
studied in marine microalgae [200,202].

2.4.5. Current and Prospective Applications

Microalgal carotenoids have a wide range of applications, including in the cosmetic,
pharmaceutical, food, and feed industries. Additionally, the development of aquaculture
processes including microalgae as a nutritional supplement for fish can stimulate the
production of microalgae in high-scale processes, with the reduction in cultivation and
harvesting costs being one of the main objectives in microalgae biotechnology. Although the
cost of producing synthetic carotenoids is lower than that of natural ones, the continuous
increase in demand for natural products in the global market points to carotenoids produced
by microalgae as highly demanded products in the following years. This, along with the
sustainable production of microalgae, can make them outstanding candidates for the
development of “green” biofactories in the near future [213].

2.4.6. Research Needs

Although microalgae have a high potential for carotenoid production, further research
is needed relating to the isolation, cultivation, extraction, or processing of algal biomass
in order to reduce the cost of their industrial implementation. For example, isolating
species from different extreme environments, such as high/low temperatures, high/low
pH values, or high salinity, could be an interesting approach to finding strains able to
produce higher amounts of carotenoids, such as lutein, fucoxanthin, or zeaxanthin. Ad-
ditionally, genetic engineering is another strategy to improve the productivity of these
compounds and achieve their economically feasible production. Reducing the cultivation
costs, both by using alternative nutrient sources and improving the cultivation system,
could also help boost productivity. This low productivity is one of the main problems in the
industrial production of microalgae, which makes its competition with synthetic systems
difficult. On the other hand, although there is much research about the use of emerging
technologies (pressurized liquid extraction, pulsed electric fields, moderate electric fields,
high-voltage electric discharges, high-pressure homogenization, microwave-assisted ex-
traction, subcritical fluid extraction, and supercritical fluid extraction, among others) for
the extraction of microalgal carotenoids [214,215], their industrial scaling-up remains a
bottleneck. These concerns are the main challenge for future research in microalgal biotech-
nology to produce a more efficient and sustainable industry for the natural production of
carotenoids from microalgae.

2.5. Yeast
2.5.1. Ecological Importance

Yeasts are single-celled eukaryotic microorganisms that are members of the fungi
kingdom. Since they are organotrophic and heterotrophic microorganisms, they require
organic compounds as energy and carbon sources, and their growth is always associated
with the presence of organic matter. Yeasts are globally distributed. They have been
found in diverse habitats, including aquatic environments such as marine water, freshwater,
glacier meltwater, groundwater, and the deep sea [216,217]. The concentration and diversity
of yeasts in different aquatic habitats vary depending on the amount and type of organic
matter and other environmental parameters. It has been observed that yeast populations
decrease as the distance from the land increases. In coastal waters, thousands of yeast cells
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can be found per liter, while deep-sea regions can contain lower levels of yeast (10 cells/L,
or even fewer) [20]. Despite the low numbers, the diversity is not low. For example, when
studying the diversity of culturable yeasts in five locations in coastal waters on King George
Island (maritime Antarctica), Garmendia et al. [218] identified eleven genera. The analysis
by massive sequencing of the region ITS2 showed great diversity since 31 yeast genera were
found. Kutty and Philip [20] reviewed studies on the diversity of marine yeasts around
the world and found that the most frequently reported genera were Candida, Cryptococcus,
Debaryomyces, and Rhodotorula. Of them, ascomycetous genera are predominant in shallow
waters, and basidiomycetous yeasts predominate in the deep sea.

In both terrestrial and aquatic environments, yeasts play an important role as organic
matter decomposers, facilitating the mineralization and recycling of nutrients. They also
actively participate in nitrogen, sulfur, and phosphorous cycles [219]. Their ability to
produce hydrolytic enzymes such as proteases, glycosidases, esterases, and lipases allows
them to break down many organic polymers, producing lower molecular weight molecules
that can serve as carbon or energy sources for themselves and for other organisms. In this
way, their ecological role is very important in oligotrophic habitats. They also contribute
to the bioremediation of contaminated areas due to their ability to decompose organic
pollutants such as alkanes, phenolic compounds, or dyes [220,221]. Most yeasts undergo
aerobic respiration, but some of them are also capable of obtaining energy by fermentation
or anaerobic respiration using nitrate or nitrite as electron acceptors that produce NO or
N2O, which are released into the atmosphere. In these cases, yeast would act as denitrifying
microorganisms, causing the depletion of fixed nitrogen forms.

Some aquatic yeasts have evolved molecular and metabolic adaptations to survive or
even grow under harsh conditions, such as low or high temperatures, high solar radiation,
low nutrient availability, high salt concentrations, or even low or high pH [222]. In par-
ticular, in polar regions or at high altitudes, yeasts living in clear waters without natural
shade are exposed to high UV radiation, which can influence diversity and population
size [223]. UV radiation produces detrimental effects on living cells, causing direct or
indirect damage to DNA, proteins, and lipids and accumulating ROS. To cope with such
effects, some yeasts synthesize UV protectants and antioxidants such as carotenoids and
accumulate them intracellularly [224]. The antioxidant properties of carotenoids may help
extend the survival times of yeast in their natural habitats. Differences in growth between
strains differing in carotenoid content showed a protective effect of those compounds [224].

2.5.2. Sustainability Pros and Cons

Many aquatic yeasts can accumulate intracellularly high levels of carotenoids [225];
thus, they can be considered a natural and renewable source for carotenoid production.

As with other marine organisms, yeast, as a source of carotenoids, can be cultivated
on agro-industrial waste or by-products in processes supporting the concept of a circular
economy. As an example, the production of provitamin A carotenoids by Rhodotorula
glutinis using goat cheese whey as a substrate has been recently described [226]. In addition,
lycopene can also be obtained from yeasts by applying cheap agro-industrial waste such as
flour extracts, whey, rice, and glycerol, among others [227]. In another interesting study, it
was observed that the use of waste glycerol from the biodiesel production process in the
yeast culture significantly increased the productivity and concentration of torularhodin
compared to pure glycerol [228].

2.5.3. Main Species (and Compounds) in the Context of Agro-Food and Health

A great diversity of carotenoids from different yeast species has been reported (Table 5).
In most cases, various carotenoids can be obtained from a single yeast species. For example,
as shown in the carotenoid database (http://carotenoiddb.jp, accessed on 30 May 2023),
Rhodotorula aurantiaca, a psychrophilic red yeast isolated from Antarctica, can produce ten
different carotenoids. Some yeast carotenoids can be found in other organisms. This is
the case for β-carotene, which can be extracted from vegetables and fruits, or astaxanthin,
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which is also present in some microalgae, bacteria, crustaceans, or fish such as salmon
and trout [229]. However, other yeast carotenoids, such as torulene and torularhodin, are
specific fungal metabolites.

Yeasts that accumulate remarkable levels of carotenoids are basidiomycetous yeasts
belonging to the Cystofilobasidiales and Sporidiobolales orders. Among Cystofilobasidi-
ales, only one species of Phaffia rodozyme (teleomorph X. dendrorhous) has been reported
to be carotenogenic [230]. This species, which has been isolated from some tree exudates,
leaves, fungal stromata, and freshwater [231], accumulates astaxanthin, a carotenoid with
many biotechnological applications [230]. Among Sporidiobolales, yeasts that accumu-
late the highest levels of carotenoids belong to the genera Rhodotorula and Sporobolomyces
and to their teleomorphs, Rhodosporidium and Sporidiobolus [37]. The carotenoid profile
produced by these yeasts is mainly represented by γ-carotene, β-carotene, torulene, and
torularhodin [232], but other compounds have also been described. Carotenogenic yeasts
from Sporidiobolales have been isolated from diverse aquatic habitats. Ueno et al. [225]
isolated 40 yeast strains from different aquatic environments in Japan. These yeasts ac-
cumulated carotenoids in amounts greater than 200 μg/g of their dry cell mass. They
were identified as Rhodotorula spp. and Rhodosporidium spp. and produced different
amounts of intracellular β-carotene, torularhodin, γ-carotene, torulene, and β-zeacarotene,
the first three compounds being the most abundant. Carotenogenic isolates from differ-
ent species within the Rhodotorula genus have been isolated from the coastal waters of
King George Island (maritime Antarctica) [218] and from oligotrophic lakes in Patago-
nia, Argentina [233]. Pigmented Rhodotorula spp. strains that accumulated intracellular
carotenoids were also isolated from seawater near Chile [234]. One of the strains accumu-
lated carotenoids, representing 19% of its dry weight, when cultured in glycerol as the
only carbon source. The carotenoid profile was not very common and included β-carotene,
adonirrubin, 3-hydroxyechinenone, and canthaxanthin. Strains from Sporidiobolales iden-
tified as R. mucilaginosa, R. toruloides, R. diobovata, and S. roseus recognized as species
that accumulate significant amounts of carotenoids [235] were also found in oligotrophic
hypersaline coastal waters of the Arabian Gulf [236].

Carotenoids are also produced in fewer amounts by basidiomycetous yeasts of the
Sporidiobolales order. Strains belonging to different species from the genera Bullera, Cysto-
basidium, Cystofilobasidium, and Dioszegia, many of which have been isolated from aquatic
environments, produce intracellular carotenoids [237]. Most of the compounds found in
these yeasts are carotenes. However, two uncommon xanthophylls, 16-hydroxytorulene
and torularhodinaldehyde, which were previously known only from chemical synthe-
sis, have been found in certain Cystofilobasidium species [238]. Moreover, some isolates
belonging to the genus Dioszegia produce almost exclusively plectaniaxanthin, a xantho-
phyll that is a dihydroxylated derivative of torulene [239]. These carotenoids represent
a minor fraction of the carotenoids produced by yeast species but are illustrative of their
chemical diversity.

Undoubtedly, yeasts from aquatic environments throughout the world are a source of
common and rare carotenoids that should be further explored.

Many biological properties have been demonstrated for the main yeast carotenoids,
which include carotenes such as β-carotene, γ-carotene, and torulene, and xanthophylls,
including astaxanthin, canthaxanthin, and torularhodin [240]. Some of them, such as
γ-carotene, β-carotene, torulene, and torularhodin, are vitamin A precursors [241]. Anti-
bacterial and anti-fungal activity has been demonstrated for torularhodin, a specific fungal
carotenoid [242,243]. Moreover, due to its important antimicrobial activity, it was success-
fully used to protect implanted medical devices against microbial contamination [244,245].
In the case of torulene and torularhodin, Du et al. [246] postulated that their action in the
inhibition of prostate cancer in nude mice was associated with the apoptosis of tumor cells.
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Table 5. Examples of carotenoid content in marine yeast.

Species Carotenoids Collection Sites Experimental Conditions
Quantification/
Identification

Methodologies
Contents References

Sporidiobolus
salmonicolor

β-carotene,
2,3 dihydroxy-γ-

carotene,
4-ketotorulene, and

torulene

Union Glacier,
Antarctic

30 mL YM broth in 300-mL
baffled flasks, 150 rpm,

20 ◦C, 5 days
HPLC 2,3-dihydroxy-γ-carotene

was the main carotenoid [247]

Sporidiobolus
metaroseus

β-carotene,
β-cryptoxanthin,
4-ketotorulene,

and spirilloxanthin

Union Glacier,
Antarctic

30 mL YM broth in 300-mL
baffled flasks, 150 rpm,

20 ◦C, 5 days
HPLC

β-carotene and
4-ketotorulene were the

main carotenoids
[247]

Rhodotorula
mucilaginosa

Astaxanthin,
β-carotene,

and lycopene

Chiloe, 30 km
southeast of Puerto

Montt, Chile

4 g yeast/L seaweed (25% v/v),
150 rpm, 25 ◦C, 6 days HPLC

1.84 ± 0.03 mg/L total
carotenoids. Carotenoids

proportion:
1.8 ± 0.3% astaxanthin,
21.8 ± 1.5% β-carotene,

and 38.4 ± 9.4% lycopene

[248]

Rhodosporidium
babjevae

β-carotene,
γ-carotene,

torularhodin,
and torulene

Grøtsundet, Northern
Norway

10 g/L Difco Marine broth 2216
(10 g/LDifco Bacto-peptone, 10
g/L glucose, 15 g/L NaCl, and

15 g/L agar), 6 ◦C, 140 h

HPLC Torularhodin > torulene >
β-carotene > γ-carotene [249]

Rhodotorula
mucilaginosa

β-carotene,
torularhodin,
and torulene

Escondido lake,
North-western

Patagonia, Argentina

20 mL of minimal medium salt
broth (MMS), 25 ◦C, 250 rpm,

24 h

TLC (for pigment
profile),

spectrophotometry,
and HPLC

205 ± 15 μg/g total
carotenoids, DW.

Carotenoid proportions:
10.8% β-carotene,

83.4% torularhodin, and
5.7% torulene

[250]

Rhodotorula
dairenensis

β-carotene,
γ-carotene,

torularhodin,
and torulene

Freshwater in the
middle of the
Sagamigawa
River, Japan

20 mL of YPD liquid medium
(2% glucose, 2% peptone, and

1% yeast extract), 25 ◦C,
120 rpm, 36 h

HPLC 267 μg/g total
carotenoids, DW [225]

DW, dry weight; HPLC, high-performance liquid chromatography; TLC, thin-layer chromatography.

2.5.4. Production Approaches and Production Data in Different Continents

The production of carotenoids by yeast cultures can be considered a sustainable
process. Although the use of yeast for carotenoid production is not economically profitable
yet, efforts to improve yields and reduce production costs have merged to meet global
demands for the use of natural products.

The biosynthesis of carotenoids by yeast is influenced by many factors that can modify
yields and affect operating costs. The yeast strains, culture medium composition (type
and concentration of nutrient sources), and growth conditions (temperature, pH, oxygen,
and light) influence the amount and profile of carotenoids accumulated within the yeast
cell [251,252] (Table 5).

Carotenoid biosynthesis in yeast begins in the late logarithmic phase and continues
in the stationary phase; thus, the optimal harvest time to obtain the maximum content of
carotenoids should be determined precisely in each case. The type and concentration of
the main nutrients, such as carbon and nitrogen sources, are also important factors that
significantly regulate the carotenogenesis process. Many studies on carotenoid synthesis in
yeast cultures have been conducted in synthetic media with pure carbon sources, such as
glucose, sucrose, xylose, cellobiose, glycerol, or a combination of some of them [253]. To
lower production costs and in the search for circular economy strategies, many by-products,
wastes, and raw materials from agro-industries, such as raw glycerol, brewery effluents,
molasses, grape must, and milk whey, have been proposed as alternative carbon sources
for carotenoid production [226,254–256].

An important fact for obtaining high levels of intracellular carotenoids is to consider
that carbon sources cannot be the limiting factor in yeast growth. However, high initial
concentrations of sugars are detrimental to carotenoid accumulation in batch cultures
of yeasts that exhibit the Crabtree effect, such as Phaffia rodozyma [257]. In these cases,
at high concentrations of carbon sources, fermentation occurs even under aerobic con-
ditions. In consequence, pyruvate from glycolysis is partially transformed in ethanol
and not totally derived to acetyl-CoA, which is a precursor for the mevalonate path-
way, the first step in the carotenoid biosynthesis pathway [256]. The best strategy to
improve biomass and carotenoid production under such conditions is the implementation
of fed-batch cultures [258].

180



Mar. Drugs 2023, 21, 340

The C/N ratio is an important parameter to optimize carotenoid accumulation in yeast.
Much work related to this topic has been published; however, there are no general rules to
follow. Although it is fairly agreed that high C/N ratios improve carotenoid synthesis [257],
there are some cases in which the results are different [259]. Differences in carotenoid
profiles have also been observed with different C/N ratios [29].

In the case of R. glutinis, the effect of the C/S and C/P ratios on the accumulation of
carotenoids has also been studied [252,260]. In both cases, an increase in the sulfur and
phosphorus source concentrations improved the production of carotenoids.

Light also influences the production of carotenoids by yeast. To avoid possible damage
caused by light exposure, carotenogenesis is induced when yeasts grow in the presence
of light. The effect of light depends on the yeast strain and is related to an increase in
the activity of certain enzymes associated with the carotenoid biosynthetic pathway [261].
Light induction of carotenoid biosynthesis has been reported for different yeast species
such as R. glutinis [262], Rhodosporidium toruloides [263], and P. rodozyma [264].

Another factor that influences the production of carotenoids by yeasts is temperature.
Studies on the effect of temperature on carotenoid content in Rhodosporidiobolus colostri [265],
Rhodotorula babjevae [249], R. mucilaginosa [266], and R. glutinis [267] coincide in that at higher
growth temperatures an increase in torularhodin is obtained in detriment of the β-carotene
content. The effect on torulene varied with the specific yeast strain. According to Zhao
and Li [267], the enhancement in torularhodin production at higher temperatures might be
due to its high antioxidant activity and the protection it would exert by scavenging ROS
induced by high-temperature stress.

Carotenogenic yeasts are mainly aerobic microorganisms. The oxygen supply is an
essential factor to enhance their growth in culture conditions, and it influences the amount
and profile of carotenoids accumulated inside the cells [268]. Oxygen levels influence the
relative concentration of carotenes and xanthophylls since the latter are formed through
the oxidation of the former [29]. The synthesis of astaxanthin by P. rodozyma is greatly
stimulated by oxygen supply. In the presence of low oxygen levels, yellowish biomass is
formed due to the accumulation of β-carotene [258].

The yeast P. rodozyma accumulates intracellular astaxanthin but in much lower amounts
than the microalgae Haematococcus pluvialis, so its commercial production is not as extensive.
At present, there is at least a commercial product called Astaferm based on astaxanthin
obtained from P. rodozyma. It is produced for human consumption in various presentations
by the company Nextferm (Israel) and is also sold in the USA. Information about these
products can be found on the company website (https://www.nextferm.com/, accessed on
30 May 2023).

2.5.5. Current and Prospective Applications

Currently, the carotenoids found in yeasts have many commercial applications. How-
ever, their production at the industrial level, in most cases, does not involve their extraction
from yeasts. The main reasons for that are the low yields of the processes and the high costs
associated with microbial production and product purification. Astaxanthin, a xanthophyll
produced by P. rodozyma, is a clear example of it. Astaxanthin is a carotenoid extensively
used in aquaculture as a feed additive for imparting reddish coloration to the flesh of
salmon, trout, shrimp, and ornamental fish [229]. It is also used in poultry to enhance the
color of egg yolks and the skin and meat tissue of broilers, resulting in better acceptance
in the market [269]. Due to its various health benefits, astaxanthin has been incorporated
into food and beverages, nutraceutical preparations, and cosmetics [229]. Its industrial
production is mainly based on chemical synthesis, except for products devoted to human
direct consumption, for which natural astaxanthin is preferred [36].

Other yeast carotenoids, such as torulene and torularhodin, are not currently produced
or used in industry; however, they have many potential applications. They have a reddish
color and could be used as pigments in animal feeding in aquaculture or poultry [270].
Due to their proven activities as antioxidants and vitamin A precursors, they could also
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have applications as food and cosmetic additives. Moreover, both carotenoids have been
associated with tumor prevention, so they could also be postulated as nutraceutical prod-
ucts [240]. These carotenoids are synthesized only by yeast and fungi, and their effect on
humans and animals is still unknown.

2.5.6. Research Needs

The carotenoids present in yeasts have the potential to be used as food and cosmetic
ingredients, as well as pigments in aquaculture and poultry. However, much research is
still needed so that the production of carotenoids in yeast is competitive in the market.
Some yeast carotenoids, such as torulene and torularhodin, have not been used in animals
yet due to fewer studies on their safety and effects on health [240]. Further research is also
needed to determine the properties of other carotenoids produced by aquatic yeasts that
have not been explored yet. On the other hand, the extraction of yeast carotenoids has been
scarcely studied.

3. Roles of Carotenoids in Marine Organisms

Carotenoids are biosynthesized by all photosynthetic organisms (plants, algae, and
cyanobacteria), as well as some fungi, non-photosynthetic archaea, bacteria, and arthropods.
The vast majority of animals obtain them through their diet [35].

3.1. Photosynthesis

Carotenoids are essential in photosynthesis, intervening in actions such as light har-
vesting, energy transfer, photoprotection, or the assembly of pigment-protein complexes
in the photosynthetic apparatus. Some microalgae can biosynthesize large amounts of
carotenoids in response to stress conditions. They are deposited in lipid globules that
can be found outside the photosynthetic apparatus (for instance, astaxanthin produced
by Haematococcus) or within it (as appears to be the case for the massive β-carotene accu-
mulation observed in some Dunaliella species). Carotenoids are also thought to somehow
intervene in photoreception and phototaxis in some flagellate microalgae, which have a
photosensitive eyespot capable of sensing variations in light intensity. The photoreceptors
are usually membrane-bound rhodopsins (consisting of an apoprotein bound to retinal, a
carotenoid derivative) located close to layers of photoprotective/reflective carotenoid-rich
globules. Photoreception and phototaxis are important in deciding where to go for optimal
light or to prevent predation [271].

There is a diverse body of evidence that carotenoids can protect aquatic organisms
from various stressors. As can be inferred from the information provided below, some
of the possible mechanisms could be protection against oxidation and modulation of
membrane properties.

3.2. Secondary Antenna in Retinal Proteins

The important role that carotenoids can play as secondary antennas of type I rhodopsins
has recently been demonstrated [272]. Many marine and freshwater bacteria, as well as some
eukaryotes, are capable of obtaining energy using sunlight, thanks to type I rhodopsins. These
proteins, evolutionary-divergent but structurally related to the rhodopsin II of animals, have
retinal as their main chromophore. The retinal of the rhodopsin proteins and the chlorophylls
of the photosystems are the only two types of pigments with the ability to convert solar
energy into chemical energy that, to date, are known. Since the discovery of the first type I
rhodopsin in the 1970s, bacterioruberin, which pumps H+ thanks to the sunlight, generating
a proton-motive force used by ATP synthase for the production of ATP, many other similar
light-driven pumps have been discovered [273,274].

In 2005, it was announced for the first time that a carotenoid, the keto-carotenoid
salinixanthin, could act as a secondary antenna for a retinal rhodopsin. The study showed
that salinixanthin, found in the halophile bacteria Salinibacter ruber, is able to harvest
light energy and transfer it to retinal [275]. The recent discovery that the hydroxylated
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carotenoids, lutein and zeaxanthin, can also act as secondary antennas demonstrates that
the ability of salinixanthin is not an exceptional case and uncovers a new essential role of
carotenoids as auxiliary antennas in retinal rhodopsins. Furthermore, the study estimates,
on the basis of the sequence and structural features of many known rhodopsins, that
carotenoids could be the second chromophore in about half the microbial retinal rhodopsin
proteins, having an essential role in the microbial photoautotroph metabolism in the oceans
and continental waters [272].

3.3. Oxidative Stress

Halobacillus halophilus is a moderately halophilic bacterium that can tolerate up to
3 M sodium chloride. It accumulates C30 carotenoids structurally related to staphylox-
anthin that impart a yellow hue. By using diphenylamine (an inhibitor of the biosyn-
thesis of colored carotenoids) and the oxidant duroquinone, it was shown that the
C30-colored carotenoids were essential for the survival of the bacteria under oxidative
stress conditions [276].

Cyanobacteria that fix nitrogen (diazotrophs) are especially susceptible to reactive oxy-
gen species due to the sensitivity of nitrogenase to oxygen. The total antioxidative potential
of various diazotrophic cyanobacteria (Cyanothece, Anabaena, and especially Trichodesmium
spp., a bloom-forming cyanobacteria that contributes to a great extent to global nitrogen
fixation) and non-diazotrophic cyanobacteria (Prochlorothrix, Synechococcus) has been eval-
uated by means of the ferric reducing/antioxidant power (FRAP) assay. To gain insight
into the different cell components that contribute to total antioxidant activity, non-polar
and polar organic extracts as well as crude protein extracts were tested. Trichodesmium sp.
IMS101 showed the highest activity among the samples tested. The relative contribution
to the total antioxidant activity ranged from 54% for the non-polar organic extract to only
13% for the protein extract, a result that contrasted with the average relative contribution
of each extract of the other cyanobacterial species tested (86% for the protein extract, 9% for
the non-polar organic extract, and 5% for the polar organic extract). As a result of subse-
quent studies (bioassay-guided fractionation and HPLC profiling of purified fractions), the
authors pinpointed β-carotene and retinyl palmitate as possible molecules contributing
to the high in vitro antioxidant activity of the non-polar organic extract obtained from
Trichodesmium sp. IMS101 [277].

3.4. Salt Stress

Halophilic archaea or haloarchaea are extremophiles that require high salt concentra-
tions for optimal growth. They can be found in saline environments, including salt lakes,
solar salterns, and salted foods. The predominant carotenoids present in them are C50
carotenoids, such as bacterioruberin and its derivatives, monoanhydrobacterioruberin and
bisanhydrobacterioruberin [278].

Carotenoid-rich microbial communities are well known to occur in solar salterns
where there are environments with different salt concentrations, ranging from seawater to
NaCl saturation. In crystallizer ponds, the green microalga Dunaliella appears as the sole
primary producer. It occurs together with dense communities of heterotrophic halophilic
archaea that thrive due to the carbon photosynthetically fixed by the microalga. The
red hue of the crystallizer ponds increases light absorption, raises the temperature, and
enhances salt production. The coloration is due to the massive accumulation of β-carotene
by Dunaliella and the carotenoid and retinal protein-based pigments of the Archaea (for
example, Haloquadratum walsbyi and other Halobacteriaceae or Salinibacter) [279].

Bacterioruberin and other archaeal C50 carotenoids are believed to increase membrane
rigidity and provide protection against UV light. The presence of carotenoids in the
membrane could help microbes cope with hypersaline conditions by acting as a water
barrier and allowing the passage of ions and oxygen molecules through the cell membrane.
Bacterioruberin has also been shown to be a component of specific transmembrane proteins
and modulate membrane dynamics and physics [19].
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3.5. Low Temperatures

The cryosphere has been colonized by a variety of microbes collectively known as
psychrophiles. Temperatures close to 0 ◦C lead to increased viscosity of solvents and
solubility of gases, reduced solubility of nutrients and solutes, decreased diffusion and
amplified desiccation, osmotic stress, and ice development. Other characteristics of these
environments are high salinity, low water activity and availability of nutrients, oxidative
stress, freeze–thaw cycles, extremes of light (high at high altitudes and low in frosted lakes,
permafrost, and deeper ice sheets), and exposure to UV radiation. Among the strategies
that cold-adapted microbes have developed to cope with these harsh conditions is the
production of pigments, which are very often carotenoids [280].

The biosynthesis of carotenoids (haloxanthin, monoanhydrobacterioruberin, bacteri-
oruberin, bacterioruberin monoglycoside, and bacterioruberin diglycoside) of the Antarctic
psychrotrophic bacterium Micrococcus roseus was shown to increase at 5 ◦C compared to 25 ◦C;
additionally, more polar carotenoids (the two glycosides) were produced at 5 ◦C [281].

The carotenoid content of the Antarctic psychrotolerant bacterium Sphingobacterium
antarcticus and the mesophilic bacterium Sphingobacterium multivorum has been studied,
revealing that the main carotenoids were zeaxanthin, β-cryptoxanthin, and β-carotene.
Interestingly, the relative amounts of polar pigments were higher in cells grown at 5 ◦C
than in cells grown at 25 ◦C, and the synthesis of polar carotenoids was higher in the
psychrotolerant strain [282].

Arthrobacter is a ubiquitous bacterial genus. Some Arthrobacter species produce the
rare C50 carotenoid bacterioruberin, which is found mainly in haloarchaea. Interestingly,
strains of A. agilis and A. bussei exhibited increased bacterioruberin biosynthesis when the
culture temperature was reduced from 30 to 10 ◦C. The increased levels of bacterioruberin
were correlated with increased membrane fluidity at low-temperature growth and with im-
proved cell resistance to freeze–thaw stress [283]. In another study, heterotrophic Antarctic
bacteria were subjected to freeze–thaw cycles and simulated solar radiation, and a higher
survivability was observed in carotenoid-pigmented bacteria [77].

3.6. High Temperatures

Bacteria of the genus Thermus can also tolerate high temperatures. Thermus thermophilus
is known to accumulate uncommon carotenoid (specifically zeaxanthin) diglucoside esters
and monoglucoside esters, generically termed thermozeaxanthins. In thermophilic bacteria,
carotenoids span the membrane and are believed to stabilize it by modulating its fluidity,
which is essential for its survival in such harsh conditions. This hypothesis is supported by
experiments in which thermozeaxanthins were incorporated into egg phosphatidylcholine
liposomes, resulting in their stabilization in the temperature range of 30–80 ◦C. On the other
hand, polar carotenoids in artificial membranes can reduce the rate of oxygen diffusion and
protect membrane lipids from oxidation [284].

Blastochloris tepida is a recently described thermophilic purple bacterium. In an inter-
esting experiment, the light-harvesting one reaction center core complexes of this species
were compared with those of its mesophilic counterpart, B. viridis. Both a higher total
carotenoid content and a different carotenoid profile (with higher levels of carotenoids with
more than nine conjugated double bonds) were detected in B. tepida. Additionally, it was
observed that thermostability decreased when B. tepida was treated with diphenylalanine,
an inhibitor of the biosynthesis of colored carotenoids. Altogether, the results indicated
that B. tepida carotenoids are important for high-temperature tolerance [285].

3.7. Roles in Marine Animals

The carotenoids of marine algae and microbes are incorporated into herbivorous ma-
rine animals (e.g., sponges, sea anemones, bivalves, microcrustaceans, and tunicates) and
can be modified through metabolism; then these herbivores serve as foods for carnivo-
rous animals, such as snails, crustaceans, starfish, and fish. Thus, in marine animals, it is
common to find metabolites of β-carotene, fucoxanthin, peridinin, diatoxanthin, alloxan-
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thin, and astaxanthin [286]. Concerning the role of carotenoids in marine animals, those
with an unsubstituted β-ring (for instance α-carotene, β-carotene, or β-cryptoxanthin)
can be converted into vitamin A. Unlike in humans, carotenoids with substituted β-rings
(canthaxanthin, lutein, zeaxanthin, and astaxanthin) have been reported to be precursors
of vitamin A forms in some fish [286]. In addition to their presumed antioxidant and
immunomodulatory activities, carotenoids are usually found in integuments, where they
can be important for photoprotection, camouflage, and signaling for breeding. Besides,
carotenoids are common in marine animal gonads, and there is evidence that they are
important for reproduction (for instance, in ovary development, fertilization, hatching, or
larval growth and survival) [286].

4. Carotenoids: Versatile Compounds with Health-Promoting for Foods, Cosmetics
and Other Products

The importance of carotenoids for food security is beyond any doubt, as they are
essential for photosynthesis, the engine of life on Earth, and the primary driver of food
production. Besides carotenoids and/or apocarotenoids (i.e., compounds obtained by
the carotenoid cleavage, such as many volatiles, the phytohormones strigolactones, and
abscisic acid), they are important for pollination, seed dispersal, plant resilience to diverse
stresses, etc. Their roles as colorants and, for some of them, as vitamin A precursors have
been long known. Since the last three decades, there has been an expanding interest in
their possible health-promoting biological actions, which could also be attributed, at least
to some extent, to apocarotenoids [33,35]. The possible mechanisms are several: direct
antioxidant actions (quenching, scavenging), pro-oxidant actions, enhancement of gap
junctional intercellular communication, modulation of signaling pathways or immune
function, and absorption of visible light (or UV in the case of the colorless carotenoids
phytoene and phytofluene), which may interact. As a result, different effects such as
antioxidative, prooxidative, anticarcinogenic, or anti-inflammatory can take place. Thus,
carotenoids are thought to contribute to reducing the risk of cancer, cardiovascular dis-
eases, metabolic, bone, skin, or eye disorders. Positive effects on cognitive performance
and during pregnancy and early life are also being increasingly reported [33,35,287–289].
They can also provide aesthetic benefits as, together with melanin and hemoglobin deriva-
tives, they are contributors to skin color and may have other cosmetic benefits. Therefore,
carotenoids can be used in products for human consumption (foods, supplements, nutraceu-
ticals, nutricosmetics, etc.) as colorants, vitamin A precursors, antioxidants, and health-
promoting compounds [33,34,290]. Research on carotenoids has been propelled in recent
years by cohesive and functional research networks, such as IBERCAROT in Ibero-America
(http://www.cyted.org/?q=es/detalle_proyecto&un=829, accessed on 30 May 2023), EU-
ROCAROTEN in Europe (https://www.cost.eu/actions/CA15136/#tabs|Name:overview,
accessed on 30 May 2023) or the Spanish Carotenoid Network (CaRed).

5. Potential Health-Promoting Actions of Carotenoids from Aquatic Organisms

In human physiology, ROS are used as important signaling molecules, but their pro-
duction has to be tightly controlled. Unbalanced ROS generation, resulting in oxidative
stress and closely related to inflammatory signaling, contributes to many chronic dis-
eases [291,292]. Although, as has already been commented, carotenoids, including those
from marine organisms, can be involved in different actions contributing to health promo-
tion, much attention is paid to their possible antioxidant and anti-inflammatory effects.
Astaxanthin, torulene, and torularhodin, which are carotenoids commonly found in marine
organisms, have been shown to exhibit higher antioxidant capacity than β-carotene under
certain conditions [29,229]. In addition, anticancer activity has been demonstrated for
these carotenoids [246,293–295]. Among the carotenoids of marine organisms, there are
some, such as astaxanthin, that have been shown to exhibit both antioxidant and anti-
inflammatory activity, and thus they are considered potential health-promoting agents
against atherosclerotic cardiovascular disease [296]. Astaxanthin also exhibits antimicrobial
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activity. Its antifungal and antibiofilm activity against Candida albicans and Candida glabrata
has recently been reported [297]. Studies in this respect involving “marine carotenoids”
are summarized in Table 6. Only a few examples are included in this table, but extensive
works can be found in the literature on some marine microorganisms, such as microalgae
and seaweed [298,299].

Table 6. Some examples of carotenoids in marine organisms with potential antioxidant and anti-
inflammatory health-promoting activities.

Organisms Species Carotenoids
Biological
Activities

Methodologies References

Archaea

Halobacterium halobium Bacterioruberin 1 Antioxidant

Exposing hepatoma cell lines with
carotenoid extract to arachidonic

acid or H2O2. The protective effect
against oxidative stress was also

assessed by the MTT assay

[48]

Haloarcula japonica Bacterioruberin 1 Antioxidant DPPH assay [49]
Haloterrigena turkmenica Bacterioruberin 1 Antioxidant DPPH and FRP assays [51]

Haloferax volcanii, Halogranum
rubrum, Haloplanus inordinatus,

Halogeometricum limi, and
Haloplanus vescus

Bacterioruberin 1 Antioxidant
DPPH assay and the evaluation of

the inhibition of H2O2-induced
hemolysis of mouse erythrocytes

[57]

Haloarcula hispanica and
Halobacterium salinarum Bacterioruberin 1 Antioxidant/

anti-inflammatory

Antioxidant: DPPH, ABTS, NO,
FRAP, CCA, and ICA assays.

Anti-inflammatory: against COX-2
[59]

Halorubrum sp. Bacterioruberin 1 Antioxidant DPPH and ABTS assays [52]
Haloarcula sp. and Halorubrum

tebenquichense Bacterioruberin 1 Antioxidant DPPH, ABTS, and FRAP assays [53]

Haloferax mediterranei Bacterioruberin 1 Antioxidant DPPH, ABTS, and FRAP assays [54]

Arthrobacter sp. G20 Crocin 1 Antioxidant DPPH assay [300]

strain 04OKA-13-27 (3R)-saproxanthin 2 Antioxidant
Against free-radical-induced lipid

peroxidation in a rat
brain homogenate

[301]

Bacteria

strain YM6-073 (3R,2′S)-myxo, (3R,3′R)-zeaxanthin 2 Antioxidant
Against free-radical-induced lipid

peroxidation in a rat
brain homogenate

[301]

strain 04OKA-17-12 (3R,3′R)-zeaxanthin 2 Antioxidant
Against free-radical-induced lipid

peroxidation in a rat
brain homogenate

[301]

Rubritalea squalenifaciens Diapolycopenedioic acid 2 xylosyl esters Antioxidant 1O2 suppression model [302]

Exiguobacterium acetylicum S01 Diapolycopenedioic-acid-diglucosyl ester 2 Antioxidant/
anti-inflammatory

Antioxidant: DPPH assay.
Anti-inflammatory: inhibition of

NO production and TNF-α protein
levels in LPS-induced oxidative

stress in PBMC

[303]

Exiguobacterium acetylicum S01 Keto-myxocoxanthinglucoside ester 2 Antioxidant/
anti-inflammatory

Antioxidant: DPPH assay.
Anti-inflammatory: inhibition of

NO production and TNF-α protein
levels in LPS-induced oxidative

stress in PBMC

[303]

Micrococcus yunnanensis Sarcinaxanthin 2 Antioxidant 1O2 suppression model [304]
Micrococcus yunnanensis Sarcinaxanthin monoglucoside 2 Antioxidant 1O2 suppression model [304]
Micrococcus yunnanensis Sarcinaxanthin diglucoside 2 Antioxidant 1O2 suppression model [304]

Kocuria sp. RAM1
Bisanhydrobacterioruberin derivative,

trisanhydrobacterioruberin, and
3,4,3′ ,4′-tetrahydrospirilloxanthin 1

Antioxidant/
anti-inflammatory

Antioxidant: DPPH assay.
Anti-inflammatory: hypotonic

solution-induced hemolysis
[305]

Halobacillus halophilus (mutant) Hydroxy-3,4-dehydro-apo-8′-lycopene 2 Antioxidant 1O2 suppression model [306]

Halobacillus halophilus (mutant)
Methyl hydroxy-3,4-dehydro-apo-8′-

lycopenoate 2 Antioxidant 1O2 suppression model [306]

Planococcus maritimus Methyl glucosyl-3,4-dehydro-apo-8′-
lycopenoate 2 Antioxidant 1O2 suppression model [307]

Planococcus sp. ANT_H30 Unidentified 1 Antioxidant DPPH assay [308]

Rhodococcus sp. ANT_H53B
Dihydroxyneurosporene,

hydroxyechinenone, and 4 unidentified 1 Antioxidant DPPH assay [308]

Planococcus sp. Eg-Natrun Astaxanthin and β-carotene 1 Antioxidant Fenton reaction [87]

Erythrobacter citreus
LAMA 915

Zeaxanthin, caloxanthin, nostoxanthin,
adonixanthin, canthaxanthin, and

erythroxanthin sulfate 1
Antioxidant DPPH assay [85]

Cyanobacteria

Trichodesmiumemi IMS101 Zeaxanthin, all-trans- and
9-cis-β-carotene 1 Antioxidant FRAP method [277]

Aphanothece microscopica Nageli

13-cis-Antheroxanthin, 15-cis- and
all-trans-lutein, all-trans-zeaxanthin,

all-trans-cantaxanthin,
all-trans-myxoxanthophyll,
β-carotene-5,6-epoxide,

all-trans-β-cryptoxanthin,
all-trans-crocoxanthin, all-trans- and

9-cis-echineone, and all-trans- 9-cis-, and
13-cis-β-carotene 1

Antioxidant

Fluorescence decay resulting from
the ROO·

induced oxidation of the
C11-BODIPY581/591 probe

[309]

Alkalinema aff. pantanalense
Zeaxanthin, lutein derivatives,

echinenone derivative, and unknown
carotenoids 1

Antioxidant 1O2 suppression model [310]
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Table 6. Cont.

Organisms Species Carotenoids
Biological
Activities

Methodologies References

Cuspidothrix issatschenkoi
Canthaxanthin, all-trans- and

13-cis-β-carotene, α-carotene derivative,
and unknown carotenoids 1

Antioxidant 1O2 suppression model [310]

Leptolyngbya-like sp.

β-carotene oxygenated derivatives,
lutein derivative, lutein, zeaxanthin,

echinenone, all-trans and
13-cis-β-carotene, α-carotene derivative,

and unknown carotenoids 1

Anti-inflammatory Inhibition of NO production in
macrophage cells [310]

Macroalga
(brown)

Hijikia fusiformis Fucoxanthin 1 Antioxidant DPPH assay [311]

Myagropsis myagroide Fucoxanthin 1 Anti-inflammatory Inhibition of NO in LPS-induced
macrophage cells [312]

Sargassum muticum - Antioxidant
Evaluation of the total antioxidant
capacity after supplementation in

humans
[174]

Sargassum hemiphyllum Fucoxanthin and fucoidan
(polysaccharide) 1 Anti-inflammatory

Evaluation of hepatic inflammation
through modulation of

leptin/adiponectin axis after
supplementation in humans with

NAFLD

[175]

Macroalga
(green) Halimeda opuntia Unknown carotenoids 1 Antioxidant DPPH assay [313]

Macroalga
(red) Eucheuma denticulatum Lutein and zeaxanthin 1 Antioxidant ORAC assay [314]

Microalga

Dunaliella salina
Lutein, zeaxanthin, α-carotene, all-trans-
and 9-cis-β-carotene, and one unknown

compound 1

Antioxidant/anti-
inflammatory

Antioxidant: reducing capacity,
chelating activity, DPPH and 1O2

suppression model.
Anti-inflammatory: against COX-2

on human oral squamous
carcinoma cells

[315]

Haematococcus pluvialis Astaxanthin 3 Antioxidant

Evaluation of oxidative damage in
rats caused by high fructose

consumption after supplementation
of astaxanthin

[316]

Phaeodactylum tricornutum Fucoxanthin 1 Anti-inflammatory

Inhibition of NF-κB and NLRP3
inflammasome activation induced

by the combination of LPS and ATP
in bone marrow-derived immune

cells and astrocytes

[317]

Haematococcus pluvialis 3S,3′S-astaxanthin and
3S,3′S-astaxanthin esters 1 Antioxidant 1O2 suppression model [209]

Brown microalga Fucoxanthin 1 Anti-inflammatory
Inhibition of COX-2 and iNOS

expression in in macrophage cells
incubated with LPS

[318]

Yeast
Rhodosporidium paludigenum Carotenoids Antioxidant

Evaluation of MDA levels in the
muscle, and the activities of serum
T-AOC, CAT, SOD and GPx, and
hepatopancreases SOD and GPx

after supplementation of shrimps
with live yeast

[319]

Rhodotorula sp. Torularhodin Antioxidant
Chemiluminescence and
photochemiluminescence

(Trolox) methods
[243] 4

1 Evaluation of an algae extract; 2 evaluation of the isolated carotenoid; 3 evaluation of the standard carotenoid.
4 In these works, the antioxidant activity of torularhodin extract produced from Rhodotorula rubra, which was not
reported as aquatic yeast, was evaluated. However, torularhodin is produced by species of marine Rhodotorula
[249]. ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid; CAT, catalase; CCA, copper chelating assay;
COX-2, cyclooxygenase-2; DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing antioxidant power; FRP,
ferric reducing power; GPx, glutathione peroxidase; ICA, iron chelating assay, iNOS, inducible nitric oxide
synthase; LPS, lipopolysaccharide; MDA, malondialdehyde; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide; NAFLD, non-alcoholic fatty liver disease; NLRP3, nod-like receptor family pyrin domain
containing 3; NO, nitric oxide; ORAC, oxygen radical absorbance capacity; PBMC, peripheral blood mononuclear
cell; SOD, superoxide dismutase; T-AOC, total antioxidant competence; TNF-α, tumor necrosis factor-α; and
Trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylicacid.

6. Advantages and Disadvantages of Using Marine Organisms as a Source of
Carotenoids over Chemical Synthesis

In general, microorganisms, including those of marine origin, have unique benefits for
carotenoid production, such as their short life cycle, adaptability to various seasons and
climates, the ability to generate a diverse range of carotenoids with varying colors and bio-
logical properties, and easier scalability of production [320]. Some of these characteristics
can be attributed to other maritime organisms, such as seaweeds. In fact, the microalgae
Dunaliella salina and Haematococcus pluvialis have been long used for the commercial pro-
duction of β-carotene and astaxanthin, respectively. Besides, yeasts of the Rhodotorula
genus and bacteria of the Flavobacterium genus, just to mention a couple of examples, elicit
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increased interest in the commercial production of carotenoids, highlighting the current
and future competitiveness of fermentative processes for the carotenoid market [321].

One of the main drawbacks of using carotenoids from natural sources directly from
the matrices (without prior isolation/extraction) is their frequently lower bioavailability
relative to formulated products. This is because the matrix must be broken down during
digestion before the carotenoid component can be released and utilized. This common
low bioavailability of carotenoids present in natural sources can result in low bioactivity.
For example, in a study by Edgar et al. [322] in which the resistance of rainbow trouts
to a viral pathogen after oral ingestion of synthetic carotenoids (β-carotene, astaxanthin,
and canthaxanthin) or natural sources of carotenoids (such as Dunaliella salina and Phaffia
rhodozyma) was examined, it was observed that mortality was markedly reduced in the fish
fed with astaxanthin, while it was only slightly reduced (with no statistical difference) in
those fed with D. salina. Nonetheless, in the last few years, modern processing techniques
have been used to overcome these limitations, leading to a rise in commercially available
natural sources [322].

On the other hand, an advantage of using the complete matrix as a source of carotenoids
is that it can contain other bioactive compounds. These compounds may also be present
in carotenoid extracts obtained from natural sources, which is not the case with synthetic
carotenoids. As an example, β-carotene from Dunaliella contains numerous carotenoids
and essential nutrients that are not present in synthetic β-carotene [323].

In the production of carotenoids, it is important to consider the isomers of the
carotenoids that are obtained, since different isomers of a carotenoid may have differ-
ent bioavailability and biological activity. In this regard, it should be noted that, in some
cases, chemical synthesis would have to be optimized in order to be able to isolate only
those isomers with greater bioavailability or biological activity, which could be obtained
from natural sources. This optimization could increase the cost of production. Astaxanthin
represents a clear example of the advantages of obtaining a carotenoid from natural sources.
Natural astaxanthin, for example, from H. pluvialis and Paracoccus, occurs in the trans form
(3S, 3S), whereas the synthetic production of astaxanthin generally obtains an isomeric
mixture of (3S,3′S), (3R,3′S), and (3R,3′R) in a ratio of 1:2:1. The separation of the active
isomer from the synthetic mixture could increase production costs. In several studies, the
in vitro or biological activity of the isomeric mixture of astaxanthin synthetically produced
has been shown to be lower than that of the carotenoid obtained from natural sources.
Lastly, natural astaxanthin has been reported to have higher stability and better bioavail-
ability compared to some of the stereoisomers obtained synthetically [36,324]. In relation to
fucoxanthin, some authors indicate that, although this carotenoid can be synthesized chem-
ically, its extraction from brown seaweed is a more accessible, safe, and economical method.
However, the content in brown seaweed varies greatly by species, geographical location,
season, temperature, salinity, light intensity, and interactions among these factors [325].

Another aspect to consider is the presence of carotenoid esters naturally present
in some marine organisms. Generally, carotenoid esters have a higher stability than
the respective free carotenoids. As an example, in microalgal extracts were found ca.
70% astaxanthin-monoesters, 25% astaxanthin-diesters and 5% free astaxanthin [326]. In
relation to chemical synthesis, the esterification of carotenoids could lead to an increase in
the price of production.

It is also important to consider that both synthetic and natural carotenoids must pass
strict analyses before they are allowed for human consumption. In this regard, both chemi-
cal synthesis and isolation from natural sources could generate undesirable compounds
that should be eliminated from the final product. In some cases, for human consumption,
it has been preferred to opt for natural sources instead of chemical synthesis. This is the
case with astaxanthin. The natural form of this carotenoid was introduced as a human
nutraceutical supplement in the late 1990s, following approval by the Food and Drug
Administration (FDA) as a new dietary ingredient, while synthetic astaxanthin has not
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been officially registered for direct human use in any country by regulatory authorities and
has been used predominantly for animal feed [209,320].

Another advantage of using marine organisms as sources of carotenoids is related to
consumer acceptance. Consumers generally feel that synthetic compounds are less safe
than those obtained from natural sources. For example, in a recent study, it was observed
how chemicals of natural origin are considered to be healthier and safer than synthetic ones
and how consumers frequently associated the word “synthetic” with “unnatural”, “health
hazard”, and “environmental hazard” [327]. As a consequence, some consumers are willing
to pay high prices for products of natural origin [320]. However, as mentioned earlier,
one approach to enhancing the productivity of marine organisms as a carotenoid source
is through genetic engineering. In this regard, it is important to note that a considerable
portion of consumers who oppose the consumption of synthetically derived carotenoids are
likely to hold similar reservations about consuming carotenoids obtained from genetically
modified organisms.

The increased demand for natural carotenoids as food additives has spurred ad-
vancements in technological innovations for the manufacturing of microbial carotenoids.
Numerous research studies have emphasized sustainable and biocompatible methods for
manufacturing carotenoids from natural sources, promoting the use of safer carotenoids
obtained through alternative means rather than chemical synthesis. The retro-sustainable
biotechnological pathway can be accomplished through the implementation of a circular
economy approach. This approach not only enables carotenoid recovery but also the possi-
bility of obtaining additional value-added substances such as lipids and proteins associated
with the recycling of raw materials for bioproduction and solvents used in extraction
procedures. On the other hand, it is frequently thought that the production of synthetic
carotenoids does not follow the principles of the circular economy and is destructive to the
ecosystem. Thus, synthesis using nonrenewable sources reveals a negative impact on the
environment and consumers [320].

However, there are important hurdles to overcome in order to increase the use of
marine organisms to extract carotenoids instead of obtaining carotenoids from chemical
synthesis. The main barriers are the acceptability by some consumers of new sources, the
low bioavailability of carotenoids from natural sources (which can result in low bioactivity),
and, of course, the safety of the product as food ingredients. Several research studies
are needed, in particular about the metabolization of carotenoids from natural sources
by humans and their health benefits, although there are many others. Further, the ex-
traction of carotenoids from natural origin cannot yet compete in price with the chemical
synthesis of carotenoids and could still present some negative environmental impacts.
Thus, strategies and technologies (e.g., genetic engineering, CRISPR, fine-tuned cultivation
conditions, sustainable and scalable extraction methodologies, and green solvents for biore-
fineries) may therefore be required to increase the production and use of carotenoid-rich
natural products.

7. Concluding Remarks

Altogether, the organisms investigated in this review can accumulate both common
dietary carotenoids (β-carotene, lutein, zeaxanthin, astaxanthin, canthaxanthin, or fucoxan-
thin in some countries) and unusual ones (e.g., bacterioruberin, salinixanthin, myxoxan-
thophyll, and β-zeacarotene), some of which are unique to some taxa. The fact that some
studies provide evidence that unusual “marine carotenoids” exhibit important properties
such as distinctive colors, high in vitro antioxidant capacity, or even health-promoting
biological actions in studies of diverse nature is encouraging.

Some advantages of using marine organisms as a source of carotenoids over chemical
synthesis are that, in some cases, chemical synthesis produces isomers with lower activ-
ity, bioavailability, and stability. In addition, marine organisms have a great capacity to
synthesize a wide variety of carotenoids, which can be obtained in a renewable manner
without depleting natural resources. Thus, marine organisms have the potential to be key
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sustainable sources of these compounds, which could help Europe achieve its Green Deal
and Recovery Plan. However, to consolidate the industrial production of carotenoids from
marine organisms, more research is needed to increase productivity and reduce costs. In
summary, the need to promote the blue economy to help produce sustainable and health-
promoting foods offers an exciting opportunity to tap into aquatic ecosystems and valorize
carotenoid-rich organisms.
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Abstract: Marine algal species comprise of a large portion of polysaccharides which have shown mul-
tifunctional properties and health benefits for treating and preventing human diseases. Laminarin, or
β-glucan, a storage polysaccharide from brown algae, has been reported to have potential pharmaco-
logical properties such as antioxidant, anti-tumor, anti-coagulant, anticancer, immunomodulatory,
anti-obesity, anti-diabetic, anti-inflammatory, wound healing, and neuroprotective potential. It has
been widely investigated as a functional material in biomedical applications as it is biodegradable,
biocompatible, and is low toxic substances. The reported preclinical and clinical studies demonstrate
the potential of laminarin as natural alternative agents in biomedical and industrial applications
such as nutraceuticals, pharmaceuticals, functional food, drug development/delivery, and cosme-
ceuticals. This review summarizes the biological activities of laminarin, including mechanisms
of action, impacts on human health, and reported health benefits. Additionally, this review also
provides an overview of recent advances and identifies gaps and opportunities for further research
in this field. It further emphasizes the molecular characteristics and biological activities of lami-
narin in both preclinical and clinical settings for the prevention of the diseases and as potential
therapeutic interventions.

Keywords: laminarin; bioactive compounds; algal polysaccharide; biological activity; preclinical;
clinical; human health; biomedical application

1. Introduction

Algal derived polysaccharides have gained much interest owing to their abundance as
the main cell wall constituent as well as their unique physicochemical and biological prop-
erties [1]. Marine algal polysaccharides, including laminarin, fucoidan, ulvan, carrageenan,
and alginate, have been widely explored for food, pharmaceutical and biomedical applica-
tions [2,3]. Polysaccharides are building blocks of about 30–50 monosaccharide units linked
together by glycosidic bonds, together with many complex sugars to form cross-linked
high–molecular weight biological macromolecules [4]. Initially, polysaccharides were used
as thickening agents in industrial applications but recently have attracted much attention
from the scientific community for their reported therapeutic potential [2,5]. The demand for
novel, pure and highly biologically active polysaccharides is rapidly increasing, and their
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increased interest from researchers in exploiting natural algal resources. Algal biomass is
a renewable bioresource and the recovered polysaccharides are safe, biodegradable, and
biocompatible [2].

Laminarin is a relatively underexploited water-soluble polysaccharide present in
brown algae that has been reported to exhibit potential therapeutic properties. Laminarin is
increasingly being explored for the development of functional food and nutraceuticals [6–9],
as well as a functional material in biomedical applications due to its biodegradable, bio-
compatible, and non-toxic nature [10,11] (Figure 1). This bioactive compound possesses
the therapeutic potential to enhance and promote health and may help protect against
diseases, including cardiovascular diseases, metabolic disorders, cancer, diabetes, obe-
sity, anti-inflammatory activity, osteoarthritis, oral diseases, multiple sclerosis, as well
as Alzheimer’s and Parkinson’s diseases, and vision-improving agents [12–17]. Several
studies concluded that laminarin is also an excellent source of dietary fibre and a modulator
of intestinal metabolism. Laminarin acts as a modulator through its effect on intestinal pH
and short-chain fatty acids (SCFAs) production and is reported to enhance health, improve
immunity, and treat and prevent diseases [6,9,12,13,16,18].

Figure 1. Seaweed polysaccharides have been investigated for commercial applications due to their
reported properties and bioactivities.

Despite the reported benefits of laminarin, there are limited studies based on cell
culture investigations or biomedical engineering applications, and no commercial biomed-
ical products are available in the market [2]. A limited number of studies on preclinical
and clinical trials of laminarin from different brown macroalgae are reported in the litera-
ture [3–5]. It is therefore timely to review the therapeutic potential, biomolecular functions,
multifunctional bioactivities, and possible health applications of laminarin (Table 1). In this
review, the molecular structure and mode of action of laminarin from brown macroalgae
are reviewed using preclinical and clinical reported studies. This emphasizes the biological
activities of laminarin reported in preclinical and clinical case studies for the prevention of
diseases and potential therapeutic interventions. This review provides scientific knowledge
to underpin future novel biomedical applications of laminarin.
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Table 1. Bioactive algal polysaccharides and their reported biological activities with therapeutic and
nutraceutical potential.

Bioactive Algal Polysaccharides
and Their Sources with Yield

Bioactivity Potential Therapeutic and Nutraceutical
Applications

Ref.

Laminarin
Laminaria digitata (51.8%)
Saccharina latissima (19 ± 2.6%)

S. japonica
Alaria angusta
Undaria pinnatifida (3.2 ± 0.9%)
Dictyopteris delicatula
Dictyota menstrualis
L. saccharina
Ecklonia cava
Ascophyllum nodosum
Sargassum spp. (13.47%)

Antitumor
Antimicrobial
Wound healing
Immunomodulatory
Antioxidant activity
Antibacterial and antifungal
Modulatory effects on skin cells
Hydro-gelling properties
Anti-inflammatory
Chemoprotective
Neuroprotective
Antiviral
Antiallergic
Antipruritic
Hepatoprotective
Anti-cholesterol
Antidiabetic

Active ingredients
Photoprotection
Antiaging products
Antioxidant
Skin-benefiting activities
Growth regulation
Lipolytic activity
Tissue engineering
Cancer therapies
Biofuel production
Food industry
Antimicrobial
Health care and cosmetic uses
Boosts immunity
Prevents inflammation
Biofertiliser

[3,10]
[14]
[15,19]
[7,17,20]
[11,21–23] [24,25]
[26,27]
[28]
[13,22]
[29]
[30–32]
[33]
[34–36]
[37]
[38]
[27,39,40]
[41,42]
[43,44]

Fucoidan
S. japonica (1.26%),
A. angusta, U. pinnatifida
(1.5 ± 0.3%), Dictyopteris spp.,
L. saccharina
E. cava, A. nodosum,
Cladosiphon okamuranus,
Fucus vesiculosus (18.22%),
L. japonica, F. evanescens (4.44%
(4.7%, CaCl2; 3.02% (5.11%,
Ethanol))

Dictyota menstrualis, S. polycystum,
D. delicatula,
Turbinaria conoides, S. latissimi,
Spatoglossum asperum
Cystoseira sedoides
Coccophora langsdorfii

Anti-tumor activity
Anti-cancer activity
Anti-viral activity
Immunomodulatory activity
Wound healing activity
Anti-angiogenic activity
Anti-allergy activity
Anticoagulant activity
Anti-diabetic activity
Anti-hypolipidemic
Anti-hyperglycemic activity
Antioxidant activity
Cognitive protective activity
Anti-angiogenic activity
Antimicrobial activity
Anti-obesity activity
Anti-inflammatory activity
Anticancer

Immunomodulatory effect
Tumor destruction
Improved body weight and
fasting blood glucose
Anti-proliferative
Antimetastatic
Hypotriglyceridemic effects
Anti-inflammatory response
Neuroprotective effects
Increase nitric oxide production.
Activation of
PI3K/Akt/eNOS-dependent
pathways.

Anti-inflammatory
Anticancer

[10,35]
[4,5]
[5,24]
[5]
[7,19,36]
[13]
[25,45,46]
[24]
[41,42,47]
[6]
[5]
[5,20]
[8,23]
[7]
[22]
[45]
[6,10]
[5]

Alginate
L. digitata (51.8%),
A. nodosum,
L. hyperborea,
Macrocystis pyrifera,
S. muticum (13.47%)

S. binderi (54%)
U. pinnatifida (23.6 ± 1.2%)

Anti-obesity activity
Antiviral Activity
Anticancer Activities
Antidiabetic Activities
Antioxidant Activity
Anti-inflammatory
Anti-microbial
Anti-coagulant
Anti-ageing
Anti-obesity

Overweight and Obesity
Inhibition of α-amylase,
pancreatic lipase and pepsin.
Applications such as feed
stabilizer, paper and welding rod
coatings, and dye thickener in
textile printing
Drug delivery
Pharmaceutical applications

[38]
[2,24]
[4,10,45]
[18,47]
[13]
[45,48]
[22,35]
[42,49]
[19,25]
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Table 1. Cont.

Bioactive Algal Polysaccharides
and Their Sources with Yield

Bioactivity Potential Therapeutic and Nutraceutical
Applications

Ref.

Ulvan
Ulva pertusa
Monostroma nitidum
and U. pertusa
U. pertusa
Monostroma spp.

M. nitidum

Chlorella Pyrenoidosa
U. intestinalis
U. prolifera
U. lactuca
Ulva and Enteromorpha spp.

Antioxidant activity
Immunomodulating activity

Antihyperlipidemic activity
Antidiabetic activity
Anticoagulant activity
Anticancer activity
Neuroprotective activity
Immunostimulation
Anti-inflammatory,
Antiviral,
Anticoagulant
Gel-forming, skin protective
and antioxidant properties

Influence plant immunity
Triggering plant defense in
several different plants
Treatment of gastric ulcers

Preventive/Therapautic

Skin aging products

[7,20]
[13]

[35]
[47]
[19]
[10]
[12]
[12]
[24]
[42]

[25,36]

Carrageenan
Kappaphycus alvarezii, and
Eucheuma dendiculatum (50–55%)
Chondrus crispus,
Sarcothalia crispata
E. cottonii (46.43%)
Furcellaria lumbricalis and
Coccotylus truncates (76.3%)
Mastocarpus stellatus (28.65%)

Anticoagulant activity
Antiviral activity
Cholesterol-lowering activity
Anti-tumor activity
Immunomodulatory activity

Antioxidant activity
Anti-allergic activity

linebreak Enzymes hydrolyzing
plant polysaccharides
Food industry; mainly in dairy
and meat applications
Thickening, gelling, and
stabilizing agent.
Fertilizer
Production of nanoengineered
injectable hydrogels in tissue
regeneration therapy

[7]
[19]
[49]
[35]
[10]
[13]
[18,20]
[25,48]

Agar
Gracilaria lemaneiformis
(29.7 ± 1.9%)
G. vermiculophylla (9.7–34.6%)

G. cornea

Gelidium amansii

Gelling and stabilizing properties
Antioxidant
Antidiabetic activity

Neuroprotective and
anti-neurodegenerative properties

Scavenging properties,
Antioxidant and gel-forming
activity

Potential application in
pharmaceutical industries
Gelling agent
Food application, including
bakery, confectionery, dairy
products, canned meat and fish
products
Preparation of bacteriological
culture media
Support for the three-dimensional
cultures of human and animal
cells
Thickening agent

[7,48]
[20]
[35,47]
[13]

[18,42,49]

[45,50]

[25,36]

2. Structure and Molecular Characteristics of Laminarin

Structurally, laminarin is a water-soluble branched polysaccharide that consists of
(1–3)- β-D-glucan with β (1–6)-linkages/branching of 20–25 glucose units, depending on
the habitat, harvesting season and location (Figure 2) [48,51]. Brown macroalgae are
reported to have around 350 mg/g laminarin content (on a dry basis), mostly present in the
fronds part, which is influenced by algal species, harvesting season, geographic location,
habitat, population age and method of extraction [45]. Laminarin possesses an average
molecular weight of approximately 5 kDa depending on the degrees of polymerization.
Additionally, depending on the type of sugar, the two forms of chains, M chains (end with
terminal 1-O-substituted D-mannitol residues) or G chains (end with glucose residues),
were observed at the reducing end. Rajauria et al. [52] identified the molecular weight of
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the purified laminarin in the range of 5.7–6.2 kDa. In particular, laminarin possesses a lower
molecular weight than other polysaccharides reported in seaweed. The low molecular
weight of laminarin has antioxidant activity due to carbonyl groups, which can improve
lipid peroxidation.

 
Figure 2. Structure of laminarin.

Laminarin has been extracted from different brown macroalgal species, including
Laminaria digitata, Saccharina latissima, Laminaria japonica, Ecklonia kurome, and Eisenia bi-
cyclis, and to a lesser extent in Ascophyllum, Fucus, and Undaria species obtained from
Asian and European countries [3,21,53,54]. The biological activity of laminarin depends
on the molecular size, extraction methods, type of sugar, type of linkage and molecular
geometry. In addition, the structure and biological activities of laminarin are influenced by
environmental factors. For instance, a decrease in nitrite and nitrate in water as a nitrogen
source stimulates the synthesis of laminarin [26]. Laminarin solubilizes in aqueous media
or organic solvents, and in cold or hot water. Therefore, different conventional extraction
approaches such as grinding, precipitation in an acid or alkaline medium, ultrafiltration,
and dialysis with different molecular weight cut-off membranes have been employed to
extract laminarin [26,46,55]. Recently, emerging technologies, such as ultrasound-assisted,
microwave-assisted, and hydrothermal-assisted extraction processes, have been employed
for the fast and cleaner recovery of laminarin with enhanced bioactivity [45,52,53]. Some
reports have suggested that specific chemical modifications or treatment with processing
techniques could enhance the bioactivity of laminarin [56–59]. Various processes, e.g.,
irradiation, sulfation, reduction, and oxidation, have been investigated for the modification
of laminarin structure to improve the physicochemical, biological, and mechanical prop-
erties. Sulfated laminarin was reported to possess antitumor activity in human colorectal
adenocarcinoma cells [57], prostate cancer cells, human melanoma SK-MEL-28, and colon
cancer DLD-1 cells [21], anticoagulant activity [58], degradation by gamma irradiation [59],
inhibition of cell proliferation through the activation via both specific receptor-mediated
and mitochondria-mediated apoptotic pathways, and antimetastatic potential [60,61].

3. Biological Effects of Laminarin

Many laminarin research studies [20,21,26,28] reported multifunctional biological
properties for potential therapeutic applications. Chemical modification of the structure
of algal polysaccharides can improve their solubility and biological properties, which
facilitates their potential use in biomedical applications and clinical trials. While recent
in vitro and in vivo studies highlighted the biological activities and functional and physic-
ochemical properties of laminarin, further in-depth studies are still required to investigate
mitochondrial pathways relevant to the inhibition of proliferation and induction of cell
apoptosis [7,57]. While recent in vitro and in vivo studies highlighted the biological activi-
ties, and functional and physicochemical properties of laminarin, further in-depth studies
are required to investigate mitochondrial pathways relevant to the inhibition of prolifer-
ation and induction of cell apoptosis [7,57]. The research studies on brown seaweed for
various biological activities with respect to the diseases are listed in Table 2.
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Table 2. Summary of preclinical studies with respect to biological activity and health benefits of
laminarin extract or fraction (n = 17).

Source
Extraction, Purification,

Yield and
Characterisation

Study
Design

Model, Ad-
ministration
Dose, Route
and Period

Biological
Activities

Effects/Outcome
of Laminarin

Extract or
Fraction and

Related Products

Ref.

Edible
seaweed
species

including
Laminaria

digitata

50 mL of boiling absolute
ethanol (>99.5%) was added
to 1.25 g of dried seaweed
powder, then centrifuged

after which the supernatant
was removed. Ethanol

extracts and water extracts
of L. digitata were freeze

dried. On experimental days,
dried seaweed extracts were
reconstituted in appropriate
buffer for experimentation.

The in vivo
anti-

hyperglycemic
activity.

C57/BL6
mice

500 mg/kg
Orally

0–105 min

Hyperglycemic

Extracts of L.
digitata strongly
inhibited DPP-4

activity.
Medicinal foods

or
biotherapeutics to

tackle type 2
diabetes mellitus
Targeted GLP-1
secretion, DPP-4
activity or alpha-

glucosidase
activity.

[34]

Laminaria
digitata

The formulated agar in a
brown seaweed, L. digitata

was prepared. 10 g of
processed seaweed sample

was transferred to the beaker
and mixed up with 100 mL
of high-pure Milli-Q water

then autoclaved at 121 ◦C for
1 h for extraction of

water-soluble
polysaccharides. The yield

of formulated agar in a
brown seaweed, L. digitata

was found to be 40%.
Characterized by FTIR, and

SEM analysis.

The anti-skin
cancer effect

of formulated
agar (FA)
from L.

digitata on
dimethyl ben-
zanthracene
induced skin
cancer mice.

Female Swiss
albino mice

60–120 mg/mL
Orally

Four weeks

Anticancer
Antioxidant

Anti-skin
cancer agent

FA from brown
seaweed, L.

digitata is a potent
anti-skin cancer

agent and
antioxidant.

Enhanced the
antioxidant

system

[29]

Laminaria
digitata

Laminarin extracted from L.
digitata (purity of 95%) was

obtained from
Sigma-Aldrich (St. Louis,

MO, USA) and dissolved in
sterile water before use. The

response to laminarin
treatment (0.1, 0.25, 0.5, 1,
and 2 mg/mL) were used.

The
anticancer
effects of

laminarin, a
beta-1,

3-glucan
derived from
brown algae,

have been
reported in

ovarian
cancer (OC),
colon cancer,

leukemia, and
melanoma.

A zebrafish
xenograft

model
zebrafish
embryos

0.5, 1, and
2 mg/mL

Orally
24 h–72 h

Anticancer

Laminarin
derived from

brown algae had
anticancer effects

in human OC
cells.

Prevented tumor
formation within
the embryo yolks

A novel OC
suppressor.

[14]
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Table 2. Cont.

Source
Extraction, Purification,

Yield and
Characterisation

Study
Design

Model, Ad-
ministration
Dose, Route
and Period

Biological
Activities

Effects/Outcome
of Laminarin

Extract or
Fraction and

Related Products

Ref.

Laminaria
spp.

The laminarin-rich extract
was obtained from

Laminaria spp. using
hydrothermal assisted
extraction by applying
optimized extraction

conditions. The
laminarin-rich extract was

included in sufficient
quantity to achieve a

concentration of 200 ppm in
the relevant treatment. The
crude extract was partially

purified in order to enhance
the polysaccharide content
by mixing the crude extract
with pure ethanol followed

by water and calcium
chloride.

The effects of
increasing

dietary
inclusion
levels of

laminarin in
the first 14 d

post-weaning
on pig growth
performance
and weaning

associated
intestinal

dysfunction.

Ninety-six
healthy
piglets

650 g/kg
Lethal

injection
28 days

Anti-obesity
Gastrointestinal

health

Laminarin-rich
extract has
potential to

prevent pathogen
proliferation.
Enhanced the

volatile fatty acid
profile in the

colon in a porcine
model of colitis.

[62]

Laminaria
spp.

The laminarin-rich extract
was sourced from

BioAtlantis Ltd (Tralee, Co.
Kerry, Ireland). The extract

was prepared by using water
as an extraction solvent
under optimum heating

conditions. A single
extraction was performed

from Laminaria spp. to
produce the extract.

Appropriate quantity of
laminarin as 100, 200 and

300 parts per million (ppm)
was added.

The effects of
dietary sup-

plementation
with

laminarin on
colonic health

in pigs
challenged

with dextran
sodium

sulphate.

Forty-two
healthy male

pigs
200 ppm

Orally
35 days

Anti-
inflammatory

300 ppm of
laminarin from a

laminarin-rich
extract as a

dietary
supplement,

improved
performance and

prevented
post-weaning

intestinal
dysfunction

[63]

Laminaria
spp.

The laminarin enriched
extract was sourced from

BioAtlantis Ltd. The
laminarin rich extract was
obtained from Laminaria
spp. using hydrothermal

assisted extraction by
applying optimised

extraction conditions. The
crude extract was partially

purified in order to enhance
polysaccharide content.

The effects of
supplement-

ing the diet of
newly

weaned pigs
with 300 ppm
of a laminarin

rich extract,
on animal

performance,
volatile fatty

acids, and the
intestinal

microbiota
using 16S

rRNA gene
sequencing

Fifty-four
weaned pigs

300 ppm
Orally

28 days

Anti-obesity
Gut health

300 ppm of a
laminarin rich

macroalgal
extract reduced
post-weaning

intestinal
dysfunction in

pigs.
Promoted the

proliferation of
bacterial taxa

Enhanced
nutrient digestion
by reducing the

load of taxa

[64]
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Table 2. Cont.

Source
Extraction, Purification,

Yield and
Characterisation

Study Design

Model, Admin-
istration Dose,

Route and
Period

Biological
Activities

Effects/Outcome
of Laminarin

Extract or Fraction
and Related

Products

Ref.

Saccharina
longicruris

Laminarin (TCI
Shanghai, China) was
dissolved in saline to

prepared stock solution
of 50 mg/mL. One g/kg

of laminarin by
intragastric

administration and
characterized by western

blot assay.

The effect of
laminarin on

energy
homeostasis,

mice were
orally

administrated
with laminarin

to test food
intake, fat

deposition, and
glucose

homeostasis.

Homeostasis
model

C57/BL6 mice
50 mg/mL

Orally
Four weeks

Anti-obesity

Laminarin
counteracts

diet-induced
obesity.

Maintained glucose
homeostasis.

Promoted GLP-1
secretion via

increasing
intracellular
calcium in

enteroendocrine
cells.

[31]

Laminaria
digitata

Laminarin derived from
L. digitata was purchased

from Invivogen. The
endotoxin levels in the

purified laminarin were
evaluated using a

Limulus gametocyte
lysate (LAL) assay kit

(Lonza, Gampel,
Switzerland).

The effects of
laminarin on

the maturation
of dendritic

cells and on the
in vivo

activation of
anti-cancer

immunity using
homozygous

transgenic mice
(OT-I and II).

C57BL/6 mice,
OT-I and OT-II
TCR transgenic

mice, and
C57BL/6-Ly5.1

(CD45.1)
congenic mice

25 mg/kg
Intrasplenic

B16-OVA
injection

24 h

Immunomodulatory

The purified
laminarin

stimulated and
inhibited tumor

growth and
metastasis

Potential immune
stimulatory

molecule for use in
cancer

immunotherapy.

[30]

Laminaria
spp.

The crude seaweed
extract was derived from

Laminaria spp.
(BioAtlantis Ltd.). The

laminarin content of the
supplements and the

feed samples was
determined by

spectrophotometry using
a commercial assay kit

(Megazyme Ireland Ltd.,
Bray, Ireland).

The potent anti-
inflammatory

activities of the
algal polysac-

charides
laminarin and
fucoidan in the
gastrointestinal

tract of pigs

Dextran
sodium sulfate-

challenged
porcine model
Thirty-five pigs

300 mg/kg
Oral

administration
56 days

Anti-
inflammatory

Laminarin has
potent

anti-inflammatory
activities in the
gastrointestinal

tract.
Reduced

Enterobacteriaceae
in proximal colon

digesta.
Decreased in

colonic IL-6 mRNA
abundance for its

inflammatory effect

[32]

Laminarin
spp.

A high-fat diet (HFD)
and 1%

laminarin-supplemented
water (HFL). Laminarin
(Sigma) supplementation

was terminated at the
fourth week, followed by
continuation HFD for an

additional 2 weeks.

The anti-obesity
effects of the

potential
prebiotic,

laminarin, on
mice, fed a

high-fat diet.

Laminarin-
supplemented
high-fat diet
(HFL) mice

model
Eighteen female
BALB/c mice

45% (w/v)
Orally

6 weeks

Anti-obesity
effects

Gut Health and
microbiota

Laminarin (Sigma)
reduced the

adverse effects of a
high-fat diet by

shifting gut
microbiota towards

higher energy
metabolism.

Laminarin could be
used to develop

anti-obesity
functional foods

[25]
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Table 2. Cont.

Source
Extraction, Purification,

Yield and
Characterisation

Study Design

Model, Ad-
ministration
Dose, Route
and Period

Biological
Activities

Effects/Outcome
of Laminarin

Extract or Fraction
and Related

Products

Ref.

Laminaria
digitata, L.
hyperborea
and Saccha-

romyces
cerevisiae

Purified laminarin from
L. digitata and L.
hyperborea (990 g

laminarin/kg) was
sourced from Bioatlantis
Limited and extracted. A
basal diet supplemented

with 250 parts per
million (ppm) laminarin

from L. digitata.

The effects of
purified

laminarin
derived from L.

digitata, L.
hyperborea and S.

cerevisiae on
piglet

performance in
selected bacterial
populations and
intestinal volatile
fatty acid (VFA)

production

Thirty-two
pigs

250 mg/kg
Orally

28 days

Anti-
inflammatory

Purified laminarin
may be acting via a

different
mechanism from

the insoluble
β-glucan.

Identified as
natural

biomolecules with
immunomodula-

tory
activity

[28]

Laminaria
digitata

Purified laminarin (990
g/kg laminarin) was

sourced from Bioatlantis
Ltd., and extracted.A

basal diet supplemented
with 300, and 600 parts

per million (ppm)
laminarin from L.

digitata.

The optimum
inclusion level of

laminarin
derived from L.

digitata on
selected microbial

populations,
intestinal

fermentation,
cytokine and
mucin gene

expression in the
porcine ileum

and colon

Twenty-one
Pigs

990 g/kg
Orally

26 days

Gastrointestinal
health

Dietary inclusion of
300 ppm purified
laminarin appears
to be the optimum

dose.
Reduced

enterobacteriaceae
populations

Enhanced IL-6 and
IL-8 cytokine
expression in

response to an
ex-vivo LPS

challenge

[65]

Laminaria
digitata

Seaweed extracts derived
from L. digitata were

included at 2.8 g/kg. The
extract contained both
laminarin (112 g/kg),

fucoidan (89 g/kg) and
ash (799 g/kg) and was
sourced from Bioatlantis

Ltd.

The interactions
between two

different lactose
(L) levels and

seaweed extract
containing

laminarin and
fucoidan derived
from Laminaria
spp. on growth
performance,

coefficient of total
tract apparent
digestibility

(CTTAD) and
faecal microbial
populations in

the weanling pig.

Two hundred
and forty pigs

112 g/kg
Orally

25 days

Intestinal
digestibility

The inclusion of a
high dietary

concentration of
laminarin increased
the CTTAD of diet
components and

decreased the
counts of E. coli in

the faeces.
Improved

performance
of pigs after

weaning

[66]
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Table 2. Cont.

Source
Extraction,

Purification, Yield and
Characterisation

Study Design

Model, Ad-
ministration
Dose, Route
and Period

Biological
Activities

Effects/Outcome
of Laminarin

Extract or
Fraction and

Related Products

Ref.

Laminaria
hyperborea

The seaweed extract
was extracted from
Laminaria spp. The

seaweed extract
contained laminarin

(112 g kg−1), fucoidan
(89 g kg−1) and ash

(799 g kg−1) and was
sourced from

BioAtlantis Ltd.

The effect of dietary
Laminaria-derived

laminarin and
fucoidan on nutrient
digestibility, nitrogen
utilisation, intestinal

microflora and
volatile fatty acid

concentration in pigs

Thirty
finishing

boars/pigs
112 g/kg

Orally
14 days

Anti-
obesity
effects

Dietary and
gut health

Reduced
intestinal

Enterobacterium
spp. and

increased in
Lactobacilli spp.

The dietary
laminarin may

provide a dietary
means to improve
gut health in pigs

[37]

Laminaria
spp.

The seaweed extract
was extracted from

Laminaria spp.
Seaweeds extracts of 1,

2 and 4 g/kg were
used. The seaweed
extract was sourced

from BioAtlantis Ltd.

The interaction
between different

levels of lactose and
seaweed extract

derived from
Laminaria spp. on

growth performance
and nutrient

digestibility of
weanling pigs.

384 piglets
1,2,4 g/kg

Orally
21 days

Intestinal
health

Pigs responded
differently to the
inclusion levels of
seaweed extract
at each level of

lactose
supplementation.

[67]

Laminaria
spp.

Laminarin (purity of
90%). was provided by

Goëmar (St Malo,
France). The molecular

weight was 4500 to
5500 g/mol and the

purity was 90%.
laminarin treated rats
(LAM) received the

same diet containing 5
g/100 g laminarin for 4

days followed by a
dietary treatment of 10

g/100 g LAM for 21
days.

The hypothesis
stated that LAM, a β

(1–3) polysaccharide
extracted from brown
algae, can modulate

the response to
systemic

inflammation.

Male Wistar
rats

5 g/100 g for
4 days

followed by
10 g/100 g In-
traperitoneal

21 days

Hepatoprotective

The effects could
be due to a direct
effect of purified

laminarin on
immune cells, or

to an indirect
effect through

their dietary fibre
properties.

Decreased serum
monocytes

number, TNF-α
and nitrite.

[39]

Laminaria
saccharina

Brown seaweeds, L.
saccharina (Algoplus,
Roscoff, France) were
collected. Laminarin
was extracted from

ground algae (15–25 g)
by addition of absolute

ethanol, hot H2SO4,
and hot HCl. The

various methods of
extraction of laminarin
was implemented by

partial characterisation.

The various methods
of extraction of
laminarin were

compared by partial
characterization and,
on the other hand, to
study the fate of this
polysaccharide and

its effects in the
gastrointestinal tract
in order to determine

its potential as a
dietary fibre in

human nutrition.

Wistar rats
15–25 g (w/v)

Orally
18 days.

Anti-
obesity
effects

Gut health

Laminarin can be
considered a
dietary fibre

No increased in
the intestinal

transit and stool
output.

Laminarin
resisted

hydrolysis in the
human upper

gastrointestinal
tract.

[68]
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3.1. Antioxidant

Rajauria et al. [52] reported that the molecular weight of laminarin influences antioxi-
dant potential. In particular, crude extracts of laminarin have higher activity than purified
and commercial products. Rajauria et al. [69] reported that laminarin was screened for its
potential antioxidant capacity and found to have a significant radical scavenging capacity
against free radicals and metal ions. These results showed that macroalgae are a rich source
of natural antioxidants [9,19,53,70] in food and cosmetics [11,21].

Garcia-Vaquero et al. [53] investigated the antioxidant activity in laminarin from
Laminaria digitata using DPPH and FRAP methods. The antioxidant and antimicrobial
activities of crude laminarin extract were also examined by Kadam et al. [22] who confirmed
a higher inhibition rate in scavenging of free radicals as antioxidant potential. Choi et al. [59]
confirmed the therapeutic potential due to the antioxidant property of laminarin and
outlined the interconnection with anti-inflammatory potential and a role in the activation
of an immune response. Liu et al. [71] reported antioxidant activities against oxidative
damage caused by reactive oxygen species (ROS) and free radicals. Preclinical studies
were conducted to examine the antioxidant potential of laminarin using an animal model.
Cheng et al. [72] showed using experimental rat studies that laminarin is a pulmonary
oxidation and lipid peroxidation, protective agent. Another study by Jiang et al. [73]
conducted in porcine early-stage embryos demonstrated significantly increased intracellular
glutathione levels, cleavage, hatching, and blastocyst formation rates by maintaining the
mitochondrial function, up-regulating differentiation and pluripotency-related genes. In
addition, antimicrobial activity was also observed against different microorganisms [54,58].
Recent research has focused on antioxidant activity for the development of functional food
products [19,70].

3.2. β-Glucan Related Receptors

Laminarin has been widely studied and utilized for various applications because of its
molecular interaction with the glucan-specific pattern recognition receptor, Dectin-1 [74].
However, in recent years, laminarin has been used as a ligand for pattern recognition
receptors and modulates innate immunity as immunoregulatory potential. Laminarin
sulfate mimics the effects on smooth muscle cell proliferation and basic fibroblast growth
factor-receptor binding and mitogenic activity [61]. Specifically, C-type lectin receptor
(CLR) Dectin-1 acts as a receptor responsible for binding fungal β-glucans and eliciting
innate immune responses [75]. Laminarin stimulates antitumor and antimicrobial activity
by binding to receptors, such as complement receptor 3 and β-glucan receptor, as well
as dectin-1 on macrophages and white blood cells, which provides new insights into the
innate immune recognition of β-glucans [59,76]. In certain cases, variants of β-glucans
polysaccharides downregulated autoimmune inflammation and can be mediated by cell
surface receptors [77].

3.3. Immunomodulatory

The chemical characterization and quantification of laminarin to evaluate biochemical
and ecological potential are considered unique methods, based on the physicochemical
properties [78]. In this aspect, hydrogen bonds are resistant to hydrolysis in the small
intestine and laminarin is considered as a dietary fibre possessing immunomodulating
and anticoagulant properties [68,79]. Laminarin can interact with a specific receptor of the
immune system for biological properties and immunomodulatory action [23]. Laminarin
enhances the immune system with a high accumulation of B cells and helper T cells [23].
Recent research suggested that laminarin is an immune stimulatory molecule for cancer
immunotherapy applications [12,21,68,78]. In this aspect, protein exhibited host–pathogen
interactions and immunomodulatory potential, whereas lipids including long-chain fatty
acids and short-chain fatty acids improve the healthy metabolism in cardiovascular and
obesity-related diseases [6]. In addition, vitamins can also trigger the metabolic pathways
in human health [2,12,29–32,47]. Due to the properties of proteins, lipids, and vitamins,
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laminarin possesses immunostimulatory activity. Kalasariya et al. [24] reported that lami-
narin promotes the adhesion of human skin fibroblast cells for wound healing and human
osteoblast cells for bone formation in in vitro studies, demonstrating its immunostimula-
tory properties. In addition, laminarin was shown to inhibit tumor growth and metastasis
due to its immunostimulatory potential [21,30].

The therapeutic potential of laminarin for the treatment of diseases was investigated in
clinical trials conducted in pigs. The study by Rattigan et al. [62] reported that laminarin has
the potential to prevent pathogen inflammation and proliferation and to enhance the fatty
acids in the colon. Sweeney et al. [80] studied the immune response in the intestinal health
of chicks by measuring growth performance, small intestinal morphology and function,
and immune response. Similar results were also confirmed for gastrointestinal tract (GIT)
health [67,81] in pig studies which showed a complex interaction between host genetics,
environmental factors, and the gut microbiome [82] for inflammatory bowel diseases (IBD),
including ulcerative colitis (UC) and Crohn’s disease. In addition, Vigors et al. [64] showed
that dietary supplementation of laminarin also improves nutrient digestion, volatile fatty
acids, and the intestinal microbiota using 16S rRNA gene sequencing in post-weaned pigs.
Ostrzenski et al. [83] demonstrated the safety and efficacy of laminarin for resectoscopic
cervical trauma in a non-pregnant patient population. Zaharudin et al. [33] showed that
laminarin possesses hyperglycaemic and glycaemic potential in healthy adults using three-
way blinded cross over trials. In addition, clinical studies conducted on humans reported
that laminarin helps in improving postprandial hyperglycaemic and appetite control in
healthy and normal-weight adults.

The anti-inflammatory activity of laminarin was shown using the gene expression pro-
files of anti- and pro-inflammatory markers [28,80], lower secretion of inflammatory cells in
liver tissue and inflammatory mediators due to the β-glucan on immune cells and dietary
fibre properties [68]. In addition, anti-inflammatory activity can be easily increased by
the release of significant inflammatory mediators in laminarin such as hydrogen peroxide,
calcium, nitric oxide, monocyte chemotactic protein-1, vascular endothelial growth factor,
leukaemia inhibitory factor and granulocyte-colony-stimulating factor with enhancing
expression of signal transducer and activator of transcription 1 (STAT1), STAT3, c-Jun, c-Fos
and cyclooxygenase-2 mRNA. Rattigan et al. [62] showed that laminarin possesses anti-
inflammatory potential by preventing pathogenic proliferation. Thus, it can also enhance
diarrhoeal scores, body weight loss, and clinical variables linked with dextran sodium
sulfate in pigs. A similar result was supported by O’Shea et al. [32] with systematic inflam-
mation of laminarin. According to recent studies, laminarin can be used as a therapeutic
agent for anti-inflammatory and immunostimulatory activities.

3.4. Wound Healing

Laminarin is considered an anticancer, antioxidant and anti-skin cancer agent [24].
Kadam et al. [54] reported that laminarin has potential application in wound healing as an
effective antimicrobial agent. Zargarzadeh et al. [3] showed that marine-derived polysac-
charides are considered multifunctional supporting biomaterials that can stimulate the
healing process owing to their physicochemical and biological potential. Kadam et al. [26]
reported that laminarin also promotes cell adhesion of human skin fibroblast cells for
wound healing and proliferation in osteoblast cells for bone formation. Laminarin from
Alaria species has been reported to promote cell adhesion of human skin fibroblast cells
and cell proliferation in human osteoblast cells [84]. These studies on laminarin support
its potential use in clinical investigations in cancer treatment. Due to its non-toxic, hy-
drophilic, and biodegradable properties, laminarin has potential as a wound-healing agent
in modern medicine.

Sellimi et al. [17] reported that laminarin improves wound contraction, accelerates
re-epithelization, collagen deposition, reconstitution of the skin tissue, and increases fibrob-
last and vascular densities in rats for wound healing effects. In addition, the beneficial role
of laminarin promotes the healing process and skin regeneration. However, laminarin also
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has antibacterial and antioxidant properties which protect against free radical-mediated
oxidative damage effect. Laminarin showed anticoagulant activity after structural mod-
ifications, such as sulphation, reduction, or oxidation. Laminarin was reported to be an
effective polysaccharide in the prevention and treatment of cerebrovascular diseases due
to its anticoagulant activity [3,6,34]. Kadam et al. [26] confirmed that laminarin possesses
anti-coagulant activity due to its diverse biological properties. In addition, laminarin
sulphate has been demonstrated in preclinical and clinical applications for anticoagulant
activity, wound healing, angiogenesis, atherosclerosis, and cerebrovascular diseases.

Zargarzadeh et al. [3] noted that laminarin has been used in tissue engineering with
cell function, which leads to tissue regeneration. The reduction of cholesterol levels by the
active role of laminarin thereby lowers systolic blood pressure and levels of total cholesterol,
free cholesterol, triglyceride, and phospholipid in the liver [26,35]. The clinical studies on
laminarin extracted from marine brown seaweeds with respect to potential therapeutic
applications are listed in Table 3.

Table 3. Summary of clinical studies with respect to biological activity and health benefits of laminarin
extract or fraction and related products (n = 4).

Source
Extraction, Purification,

Yield and
Characterisation

Study Design

Model, Ad-
ministration
Dose, Route
and Period

Biological
Activities

Effects/Outcome
of Laminarin

Extract or Fraction
and Related

Products

Ref.

Laminaria
digitata and

Undaria
pinnatifida

The dried seaweed was
soaked in 200 mL of

water for 10 min, then
rinsed and drained to
remove excess water.
Finally, they were cut
into pieces and added

with 0.5 g iodine
enriched salt (6.5 mg
iodine). The yield of

dietary fibre (g/serving)
about 1.8.

The effects of two
brown edible
seaweeds, L.

digitata and U.
pinnatifida, on
postprandial

glucose
metabolism and

appetite
following a starch
load in a human

meal study as
first trail.

A
randomized,
Three-way,

blinded
cross-over

trial
Twenty
healthy

participants
5 g (w/v)

Orally
180 min

Hyperglycaemic

Concomitant
ingestion of brown

seaweeds may
improve

postprandial
glycaemic and

appetite control in
healthy and normal

weight adults,
depending on the

dose.
Brown seaweeds

inhibited the
postprandial

glucose and insulin
response.

[33]

Laminaria
digitata and

Eisenia
bicyclis

Laminarins from L.
digitata and Eisenia

bicyclis (Purity of 95%)
were obtained from

Sigma-Aldrich (St. Louis,
MO, USA). Laminarin

from L. digitata was
reduced to laminaritol, to

reduce background
responses in the

bicinchoninic acid (BCA)
reducing sugar by

enzyme kinetics assay.
Purified by

Crystallization, NMR,
and electrophoresis and
used for the human gut

microbiota (HGM) study.

The symbiont
Bacteroides

uniform deploys
a single,

exemplar
polysaccharide
utilization locus
(PUL) to access

yeast β (1,
3)-glucan, brown

seaweed β (1,
3)-glucan

(laminarin), and
cereal

mixed-linkage β

(1, 3)/β (1,
4)-glucan as first

trial.

2441 adults

Anti-obesity
effects

Human gut
microbiota

Fine-grained
knowledge of PUL

function
Metabolic network

analysis and
proactive

manipulation of the
HGM.

Purified Laminarin
provided a

validated set of
molecular markers

to identify β (1,
3)-glucan

utilization potential
among members of

the HGM.

[85]
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Table 3. Cont.

Source
Extraction, Purification,

Yield and
Characterisation

Study Design

Model,
Administra-
tion Dose,
Route and

Period

Biological
Activi-

ties

Effects/Outcome of
Laminarin Extract or
Fraction and Related

Products

Ref.

Laminaria
digitata

The purified laminarin
(LAM) from the brown

algae L. digitata were
prepared. The basal diet
supplemented with 250

ppm purified LAM; basal
diet supplemented with a

seaweed extracts.

The effects of
supplementing the
diet with seaweed
extracts on growth
performance, small

intestinal
morphology and
function, immune

response and
Campylobacter jejuni

colonisation
following an
experimental

challenge in young
chicks as first trial.

Hundred-
and

thirty-five-
day-old

male Ross
chicks

250 ppm
Orally

13 days

Intestinal
health

Supplementation with
laminarin improved

growth rate, positively
modified small

intestinal architecture
and

Impacted the intestinal
immune response.

[80]

Laminaria
digitata

A group of 30 patients
were dilated

preoperatively with
Laminaria tents, prepared

from L. digitata.

The safety and
efficacy of L.
digitata was

examined to dilate
the cervix before

resectoscopic
surgery as

randomized trial.

Thirty
patients

Randomized
trial

Resectoscopic
cervical
trauma

More than 8-mm
cervical dilatation [83]

3.5. Obesity

The tremendous influence of the human gut microbiota on health and intestinal disease
is reported in recent studies [15,17,86,87]. Therefore, scientists can target gut microbiota-
mediated immune systems for the treatment of cancer, diabetes, obesity, and cardiovascular
diseases [86,87]. Earlier findings suggested that dietary fibre has a prebiotic effect because
it supplies carbon to the fermentation pathways in the colon, thus supporting digestive
health in humans and animals [36]. Brown seaweeds are a rich source of dietary fibre
with an estimated content of 25–70% DW [79]. In particular, laminarin is highly resistant
to hydrolysis in the upper gastrointestinal tract (GIT) because it is easily stabilized with
its complex structures by inter-chain hydrogen bonds, and hence is considered as a good
dietary fibre. Laminarin has the ability to stimulate and enhance the immune system in
humans and is considered a biological response modifier [88]. In particular, laminarin
from Laminaria digitata was shown to alter the gut microbiota composition through
metagenomic compositional analysis and short-chain fatty acid (SCFA) analysis [15,17].

Zou et al. [81] demonstrated anti-obesity effects in pigs. A GIT pig clinical model
was selected due to its similarity both morphologically and physiologically to humans.
Many anti-obesity studies were carried out using laminarin in pigs [31,62–64,89], mice [25]
and rats [68] studies. These studies confirmed that laminarin could stabilize diet-induced
obesity and improve intestinal health, prevent post-weaning intestinal dysfunction, and
maintain glucose homeostasis. Strain et al. [82] stated that laminarin can be considered
a dietary supplement and anti-obesity functional food. Laminarin reduces the adverse
effects of a high-fat diet by shifting gut microbiota towards higher energy metabolism as
confirmed by 16S rRNA gene (V4) amplicon sequencing. Similar improvements in gut
health were observed by Smith et al. [65], O’Doherty et al. [66], and Lynch et al. [37].

Preclinical studies using in vitro and in vivo models investigated laminarin properties
using metabolic network analysis and proactive manipulation of the human gut micro-
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biota [82,90]. Various human clinical trials were conducted to study the anti-obesity effects
of laminarin. Odunsi et al. [38] in a randomized, placebo-controlled study evaluated the
anti-obesity effects of laminarin for weight loss and demonstrated its effects as a short-term
weight loss treatment for obese and overweight patients. Déjean et al. [85] conducted clini-
cal studies on adults and employed metabolic network analysis and proactive manipulation
to demonstrate the potential anti-obesity effects of laminarin and the effects on human
gut microbiota.

3.6. Diabetes

Studies by Calderwood et al. [34] confirmed that laminarin acts as medicinal food
or bio-therapeutic for type 2 diabetes mellitus by modulating the signaling pathways.
Laminarin is a bioactive compound which possesses anti-hyperglycemic activity, can
inhibit the cholesterol levels in serum, lower systolic blood pressure levels and stimulate
the immune system [50]. The antidiabetic potential of laminarin from marine brown algae
should be explored in drug development and nutraceutical applications. Hyperglycaemia
can be reduced by inhibiting the carbohydrate-hydrolysing enzymes, such as α-amylase and
α-glucosidase, for targeting type 2 diabetes mellitus. In addition to the reported in vitro
antidiabetic activity of laminarin, the in vivo antidiabetic potential was also evaluated
using animal models to confirm it’s hypoglycaemic effect through the inhibitory action on
α-glucosidase and α-amylase enzymes [33].

Gunathilaka et al. [41] studied the antidiabetic potential of laminarin isolated from
brown macroalgae and proved the inhibitory activity of rat lens aldose reductase enzyme
in the presence of active porphyrin derivatives. Marine brown algae possess antidiabetic
potential using the inhibitory activity of DPP-4 enzymes in a dose-dependent manner
which is involved in glucose metabolism. Zaharudin et al. [33] reported that laminarin
improves postprandial glycaemic and appetite control in healthy and normal-weight adults
through clinical studies. However additional in-depth clinical studies are required to
further investigate the biological activity of laminarin.

3.7. Cancer

Remya et al. [91] reported that laminarin showed anti-tumor activity against retinoblas-
toma Y79 cells and enhanced the activation of an immune response. Induction of apoptosis
was also marked by the percentage of cells arrested in the G2/M phase using flow cytom-
etry analysis and was further confirmed by a DNA fragmentation study. Similar studies
were reported in other cancer cells, such as human melanoma SK-MEL-28 & SK-MEL-5 and
colon cancer DLD-1 cells [92]; human colon cancer (HT-29), NK92-MI cells, human breast
cancer (T-47D) and human skin melanoma (SK-MEL-28) [24,37,39,93,94]; human colorectal
adenocarcinoma (HCT 116), and breast adenocarcinoma (MDA-MB-231) cells [38,95].

Ji et al. [57] reported that the sulfated modification of laminarin structure using the
chlorosulfonic acid-pyridine method enhances antitumor activity on LoVo cells. Moreover,
laminarin was shown to inhibit LoVo human colon cancer cell proliferation and induce
LoVo cell apoptosis through a mitochondrial pathway. A similar finding was reported by
Kadam et al. [26]. Menshova et al. [21] reported that the high molecular weight laminarin
(19–27 kDa) from Eisenia bicyclis inhibited the colony formation of human melanoma SK-
MEL-28 and colon cancer DLD-1 cells. In addition, the increase in 1, 6-linked glucose
residues and the decrease of the molecular weight improved anticancer effect in laminarin.

George et al. [29] reported on the role of beta-1, 3-glucan derived from brown algae,
which they showed had antitumor potential in hepatocellular carcinoma, colon cancer,
leukemia, and melanoma. Their conclusions were also supported by Bae et al. [14]. Sul-
phated modification of laminarin structure enhances antitumor activity [57]. Laminarin
also suppresses the formation of risk factors including SCFAs, indole compounds and
ammonia for human colon cancer [57]. According to recent studies, laminaria supported
the antitumor activity in brown macroalgae, which enhanced the activation of immune
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responses, cytotoxicity, apoptotic cell death, cell cycle arrest, colony formation, proliferation,
and migration [21,24,37,38,93].

4. Therapeutic Effects of Laminarin as a Bioactive Agent

4.1. Antioxidant Activity

Laminarin is a dual regulator of apoptosis and cell proliferation, similar to β-Glucan [96].
Marine-derived antioxidant polysaccharides have three distinct mechanisms, including scav-
enging the ROS, regulating the antioxidant system or oxidative stress-mediated signaling
pathways [97] (Figure 3a). The mechanism of β-glucan can activate different signaling pathways
to regulate tumor cell proliferation, cell apoptosis, and cell cycle arrest, which can involve
antioxidant, antitumor, and anti-inflammatory and immunostimulatory properties. Laminarin
possesses potent antioxidant activity [52,59,69]. The mechanisms of antioxidant action in β-
glucan with various pathways are shown in Figure 3b.

 

Figure 3. Antioxidant mechanisms. (a) Overview of marine-derived polysaccharides in alleviating
oxidative stress-mediated diseases. Reprinted with permission from reference [97]. Copyright 2022,
Zhong et al. (b) Antioxidant action of β-glucan. Reprinted with permission from reference [96].
Copyright 2022, Wani et al.
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4.2. Immunomodulatory Activity

Laminarin has been reported to exert an immunostimulatory activity by the gene
expression involved in inflammation and immune response, thereby it can stimulate the
release of inflammatory mediators (Figure 4a). The specific receptors for β-glucan on
dendritic cells (dectin-1), as well as interactions with other receptors, by innate immune
cells (e.g., Toll-like receptors, complement receptor-3) are involved in the immune response
to act as suitable therapeutic agents. Many studies have reported that β-glucan has similar
biological activities to laminarin. Similar to β-glucan, laminarin has been reported to
have activated innate with adaptive immunity, which induces humoral and cell-mediated
immune responses and stimulates the production of proinflammatory molecules, such as
complement components, IL-1α/β, TNF-α, IL-2, IFN-γ, and eicosanoids, as well as IL-10,
IL-4, and proliferation of monocytes and macrophages (Figure 4b) [74,98].

Figure 4. Immunomodulatory mechanism of β-glucan. (a) The uptake and subsequent actions of
β-glucan on immune cells (b) Immune activation induced on a variety of membranes. Reprinted
with permission from reference [74]. Copyright 2022, Chan et al.
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The anti-inflammatory mechanism of laminarin is to stimulate the induction of innate
immunity with certain ligands such as β-glucan. In particular, the antigens present in
the tumor environment can stimulate an immune response in tumor cells and inhibit
inflammation. Many preclinical and clinical studies have shown that β-glucan can enhance
the antimicrobial activity of inflammatory macrophages, monocytes, and neutrophils,
resulting in the maturation of target cells and an increased proinflammatory cytokine and
chemokine release, stimulation of adaptive immune cells, including CD4+ T cells, CD8+
cytotoxic T lymphocytes (CTL) and B cells through the secretion of pro-inflammatory
cytokines by T cells. In other cases, it also causes cell apoptosis with the release of ROS
in the tumor microenvironment resulting in the destruction of tumor cells from oxidative
stress [75]. Therefore, laminarin is considered as an immune-modulator agent and can be
used as a synergic treatment in cancer and other inflammatory-related diseases.

Laminarin possesses anti-coagulant and inflammatory activities due to the modulation
of innate immunity in specific metabolic pathways [99]. Furthermore, laminarin can reduce
systolic blood pressure, cholesterol absorption in the gut, as well as cholesterol and total
lipid levels in both serum and liver (Figure 5a). Microfold cells (M cells) are involved
in transportation of antigen and particles to immune cells for modulating adaptive and
innate immune responses. The activation of innate immunity by β-glucan is initiated by its
binding the specific β-glucan receptor dectin-1 on macrophages. Thereby, it increases the
inflammatory activity, enters the bone marrow, and stimulates the production of immune
cells (Figure 5b).

 

Figure 5. Mode of action in intestinal gut health (a) Action of absorption of β-glucan (b) influence
of β-glucan in colon cancer via the gut microbiota. Reprinted with permission from reference [99].
Copyright 2022, Jayachandran et al.

220



Mar. Drugs 2022, 20, 772

4.3. Wound Healing

β-glucan was shown to have potential as a complementary therapy to manage various
skin diseases and conditions due to its pluripotent activity [77]. The various cellular and
extracellular matrix components and cells (keratinocytes, fibroblasts, endothelial cells, mast
cells, nerve cells and leucocyte subtypes) participate differently in the three overlapping
phases (inflammation, cell proliferation and tissue remodeling) in the healing process. Due
to the antibacterial activity of laminarin, it also acts as a suitable wound healing agent with
great stability. It can be mediated primarily by cell surface receptors, including immuno-
cytes and cutaneous cells. The indirect signaling pathway through various cytokines of
macrophages and direct signaling pathway on keratinocytes and fibroblasts cells are the
two modes of immunostimulatory mechanisms enhancing wound healing. At the same
time, growth factors from activated macrophages support cellular proliferation, angio-
genesis, and reepithelialisation and an increase in wound tensile strength. Laminarin can
accelerate the healing process in chronic and acute wounds by prolonging the inflammatory
phase. The macrophages in granulation tissue were stimulated by β-glucan. Therefore,
it acts as a source of growth factors and inflammatory cytokines (IL-6, IL-1, and TNFα),
this pro-inflammatory event being mediated by the Dectin-1 receptor. In recent research,
algal polysaccharides were investigated using green synthesis technology for their healing
effects [100].

4.4. Anti-Obesity Activity

Laminarin significantly decreases high-fat diet-induced body weight gain and fat deposi-
tion. It also reduces blood glucose level and glucose tolerance. It enhances serum glucagon-like
peptide-1 (GLP-1) content and the mRNA expression level of proglucagon and prohormone
convertase 1 in the ileum. The mechanisms involved in anti-obesity activity have potential
to be used to treat obesity and to maintain glucose homeostasis. β-Glucan is predominantly
present in the cells in the cell walls of cereals, yeast, bacteria, and fungi, with significantly
differing physicochemical properties [101]. However, laminarin is a type of β-glucan isolated
from brown seaweed composed of D-glucose with β-(1, 3) linkages (Figure 6). However,
laminarin promoted GLP-1 secretion and c-Fos protein expression dose-dependently. The
expression of c-Fos protein is activated and regulated by mitogen-activated protein kinases
(MAPKs) and the protein kinase C (PKC) signaling pathways [102]. Furthermore, glucose
homeostasis and insulin sensitivity were improved. Laminarin promotes GLP-1 content via
increasing intracellular calcium in enteroendocrine cells. Therefore, the long-term effects
of laminarin counteract diet-induced obesity and improve glucose homeostasis by GLP-1
secretion [31].

4.5. Anti-Diabetic Activity

Hyperglycaemia can be reduced by inhibiting carbohydrate-hydrolysing enzymes
such as α-amylase and α-glucosidase into glucose subunits. The inhibition of enzymes
including aldose reductase, angiotensin-converting enzymes, dipeptidyl peptidase-4, and
protein tyrosine phosphatase 1B can be exploited for the development of a therapeutic
strategy [41,103]. In particular, dipeptidyl peptidase-4 increases GLP-1 levels to maintain
hyperglycaemic conditions in patients with type 2 diabetes mellitus as compared with other
pigments from microalgae and cyanobacteria as natural anti-hyperglycemic agents [31,104]
(Figure 7a). Therefore, it acts as a therapeutic target for the development of antidiabetic
drugs and different signaling pathways (Figure 7b). Recent studies reported that laminarin
also causes inhibitory action involved in the antidiabetic mechanisms [31,43,44,105].
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Figure 6. Schematic representation of the antiobesity action of dietary polysaccharides on the insulin
signaling pathway. Reprinted with permission from reference [44]. Copyright 2022, Ganesan and Xu et al.

Figure 7. Antidiabetic mechanisms (a) Action of DPP-4 inhibitors on glucose homeostasis (b) Dif-
ferent antidiabetic mechanisms of active agents of brown algae. Reprinted with permission from
reference [41]. Copyright 2022, Gunathilaka et al.
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4.6. Antitumor Activity

Antitumor activity can inhibit cell apoptosis through a signaling pathway such as the
mitochondrial pathway. Laminarin and laminarin sulfate possess direct cytotoxic activity
against different types of tumor cells and have been shown to directly destroy cancer cells
in studies using in vitro and in vivo models. Notably, laminarin also enhances T and B
cells, macrophages, NK cells, and other immune cells, which can stimulate different com-
plementary pathways and characterized by secretion of higher levels of anti-inflammatory
cytokines for the regulation of the immune system. Algal polysaccharides help in the in-
duction of apoptosis, cell proliferation, tumor angiogenesis, regulation of immune function
and improve the effects of chemotherapy drugs on tumor cells in cancer therapy [101,106].
Laminarin was shown to be a potential therapeutic agent for human colon cancer by in-
hibiting cell proliferation due to the sulfated modification changing the molecular structure
and spatial conformation of the polysaccharide, leading to changes in biological activity.
The hydroxyl group of a sugar unit can be replaced by a sulfate group in laminarin. Thus,
the conformation of the sugar chains changes, and the formation of a non-covalent bond
further adds to the advantages of laminarin for antitumor activity. The mechanism of
antitumor activity for algal polysaccharides is outlined in Figure 8.

 

Figure 8. Anticancer mechanism of algal polysaccharide. 1: immunomodulation; 2: cytotoxicity;
3: cell cycle arrest; 4: NO-dependent pathway; 5: mitochondrial disruption. Reprinted from with
permission from reference [101]. Copyright 2022, Ouyang et al.

5. Conclusions and Future Prospects

Research on the antioxidant, anti-tumor, anti-coagulant, and immunomodulatory
activities of laminarin have shown beneficial effects in preclinical and clinical studies.
Recent laminarin research also supported other potential activities including anti-obesity,
anti-diabetic, anti-inflammatory, wound healing and hepatoprotective functions which
have not been adequately characterized to date. Many research studies have demonstrated
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the biological activities of laminarin using structural modification and molecular weight
determination. Further in-depth studies are required to facilitate the development of
functional food and nutraceuticals incorporating laminarin.

Preclinical research on laminarin using in vitro and in vivo studies is very limited.
Further clinical studies are also required to examine signaling pathways to facilitate the de-
velopment of therapeutics, functional foods, and nutraceuticals. Further research is required
to investigate the potential of laminarin in GI health and gut microbiome applications.

Laminarin is an underexploited polysaccharide in brown macroalgae of the marine en-
vironment with strong potential in therapeutic and nutraceutical applications. This review
summarizes the preclinical and clinical laminarin studies and highlights opportunities and
research priorities to facilitate the development of new therapeutics, functional foods, and
nutraceuticals.
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