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Editorial

Antioxidant and Anti-Inflammatory Agents from the Sea:
A Molecular Treasure for New Potential Drugs

Marzia Vasarri * and Donatella Degl’Innocenti

Department of Experimental and Clinical Biomedical Sciences, University of Florence, Viale Morgagni 50,
50134 Florence, Italy; donatella.deglinnocenti@unifi.it
* Correspondence: marzia.vasarri@unifi.it

Nowadays, natural compounds are widely used worldwide for the treatment of human
diseases and health disorders. Throughout history, plants have been the primary sources of
many pharmaceutical agents. However, over the years, great attention has been paid to
the incredible biodiversity of life in seas, which has proven to be an exceptional reservoir
of novel bioactive molecules with disparate structural and chemical characteristics, and
a source of inspiration for new drug discovery.

To date, several marine drugs have been pharmacologically approved for the treatment
of various diseases, while many other compounds are in clinical trials. At the same time,
the global preclinical marine pharmaceutical pipeline involves research with more than
1000 marine chemicals with diverse biological properties.

The treasures of the sea have provided fundamental contributions to modern medicine,
supplying important scientific discoveries for human health. Thus, in recent decades,
marine bio-discovery has become “frontier” research for many scientists in academia
and industry.

Today, it is well recognized that inflammation and oxidative stress are two closely
related biological processes. The impact of inflammation and related oxidative stress is
a huge issue in human health, as most chronic diseases and disorders are deeply linked to
the interaction between these two biological phenomena.

In the relentless demand to discover new safe and effective agents with anti-inflammatory
and antioxidant properties beneficial to human health, the marine environment has emerged
as an unexplored molecular treasure trove.

The Special Issue “Marine Anti-Inflammatory and Antioxidants Agents 2021” collected
the latest research, both in vitro and in vivo, on natural compounds from a variety of deep-
sea organisms (including arthropods, oysters, mussels, algae, microalgae and cyanobacteria)
with anti-inflammatory and/or antioxidant properties as potential candidates for new drug
discovery, and in general for the field of marine biotechnology.

Among the natural occurring biomolecules, peptides are natural products present in
many marine species. A large amount of scientific evidence reports that marine peptides
have a high nutraceutical and medicinal power thanks to their wide spectrum of biological
properties, as in the case of peptides from oyster hydrolysate (OPs). Oysters, the largest
farmed shellfish in the world, are a good source of polypeptides, with antioxidant, im-
mune, antimicrobial, antitumor, antifatigue and hepatoprotective properties. The work of
Zhang et al. (2021) adds new insight to the benefits of peptides from oyster (Crassostrea
hongkongensis) hydrolysate by describing their protective effect on testicular injury and
disorders of spermatogenesis caused by tryptolide (TP) [1]. In mice with testicular injury,
the ingestion of OPs for 4 weeks significantly improved the sperm count and motility of
mice, and alleviated seminiferous tubule injury. OPs exerted antioxidant properties by
upregulating the Nrf2 signaling pathway and thereby promoting the activity of antioxidant
enzymes and the expression of antioxidant enzyme regulatory proteins in the testis. The
activities of enzymes related to energy metabolism in the testis also improved after the
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ingestion of OPs, and serum hormone levels returned to normal. Severe testicular tissue
damage improved due to the OP-induced inhibition of the JNK signaling pathway and Bcl-
2/Bax-mediated apoptosis. For the first time, this study provides evidence on the potential
improvement of male reproductive function by OPs, and discloses the experimental basis
for the development of OPs in functional foods.

Siregar et al. (2021) also directed their research on the beneficial properties of OPs for
human health [2]. Specifically, the authors explored the mechanism of hepatoprotective
action of the peptide tyrosine-alanine (YA), identified as the main component of oyster
(Crassostrea gigas) hydrolysate, in a mouse model with liver injury induced by intraperi-
toneal injection with lipopolysaccharide (LPS) and D-galactosamine (D-GalN). It has been
demonstrated that the pre-administration of YA (50 mg/kg) significantly reduced inflam-
matory, apoptotic, ferroptotic and pyroptotic liver injury induced by the intraperitoneal
injection of LPS/D-GalN showing hepatoprotective effects. This study provides clear evi-
dence of YA as a potential hepatoprotective bioactive peptide in acute liver injury, such as
acute or fulminant liver failure, and acute hepatitis.

The study of peptides as potential functional agents in human health was also under-
taken by Suryaningtyas et al. (2021) [3]. Here, the authors demonstrated the cytoprotective
activity of two peptides identified as FTVN and EPTF from the blue mussel (Mytilus edulis)
and their role in preventing endothelial dysfunction (ED) mediated by oxidative stress
induced by H2O2 exposure in human umbilical vein endothelial (HUVEC) cells. The in-
vestigation of the cytoprotective mechanism of these two peptides and their combination
revealed that the peptides significantly reduced HUVEC death caused by H2O2 exposure
through the enhancement of the antioxidant defense system via the upregulation of the
cytoprotective enzyme heme oxygenase-1, and antinecrotic action. In light of these data,
the authors suggest potential applications of peptides from the blue mussel as functional
agents in protecting against ED-mediated oxidative stress.

Taken together, these briefly summarized works shed light on the possibility of using
bioactive peptides and peptide-rich protein hydrolysates as an alternative to synthetic
drugs for the prevention and treatment of acute and chronic diseases. However, further
in vivo research will be required to develop a nutraceutical or pharmaceutical component
based on these findings.

Among the marine-derived proteins studied over the years for their human health
benefits, microalgae pigments (or phycobiliproteins) are well known. C-phycocyanin has
been widely described as a phycobiliprotein with nephroprotective activity due to its an-
tioxidant properties. Among others, C-phycoerythrin (C-PE), an oligomeric chromoprotein
from cyanobacteria, is also already used in the food and cosmetic industries, as well as in
diagnosis and research due to its nutraceutical properties, e.g., scavenging and antioxidant
activity. Blas-Valdivia et al. (2021) contributed to the study of the biological properties
of phycobiliproteins by revealing, for the first time, that the nephroprotective activity of
C-PE (purified from Phormidium persicinum) is closely related to its antioxidant activity in
the kidney of animal models of HgCl2-induced acute kidney injury [4]. Specifically, C-PE
has been shown to act by preventing the HgCl2-induced increase in oxidative stress. In
addition, C-PE prevents podocyte destruction and damage to glomerular and tubular cells
by acting on intracellular signaling pathways involved in proteostasis.

As with terrestrial organisms, carotenoids represent the most common group of pig-
ments in marine environments. Marine carotenoids exert strong antioxidant, restorative,
antiproliferative and anti-inflammatory effects and can be used both as skin photoprotec-
tion to inhibit the negative effects of solar UV radiation and as nutraceutical/cosmeceutical
ingredients to prevent oxidative stress-related diseases. In this regard, Yin et al. (2021) con-
tributed with the publication of two research articles focused on the biological properties of
astaxanthin, a naturally occurring red carotenoid pigment classified as xanthophyll native
to marine organisms, such as microalgae and seafood, with known potent antioxidant
properties [5,6]. The authors evaluated the anti-inflammatory and antioxidant capacity of
astaxanthin on the immune functions of murine dendritic cells (DCs) in a sepsis model.
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Astaxanthin was shown to protect DCs from LPS-induced immune dysfunction. Specifi-
cally, it reduced the expression of LPS-induced inflammatory cytokines and phenotypic
markers of DCs. It promoted endocytosis in LPS-treated DCs and hindered LPS-induced
DC migration and abrogated allogeneic T-cell proliferation. Astaxanthin inhibited the
LPS-induced immune dysfunction of DCs through the activation of the HO-1/Nrf2 axis,
and when administered orally, it increased the survival rate of LPS-affected mice in vivo [5].
Furthermore, the authors demonstrated that astaxanthin, again via the HO-1/Nrf2 axis,
protected LPS-induced DCs and LPS-affected mice from oxidative stress to achieve over-
loaded inflammatory control [6]. These studies lend strength to astaxanthin as a potential
drug candidate for applications in various inflammatory diseases.

Historically, whole plants or mixtures of plants were used in traditional medicine
rather than isolated compounds. There is evidence that crude extracts often have greater
bioactivity in vitro and/or in vivo than isolated constituents at an equivalent dose. This
effect could be due to the positive interactions between the components of whole ex-
tracts, as opposed to the activity of the individual compound. In this regard, Bigagli et al.
(2021) performed a comparative study between the in vitro anti-inflammatory properties of
a methanolic extract of Tosochrysis lutea (T. lutea) F&M-M36, a marine microalga belonging to
the Haptophyta, and the single xanthophyll fucoxanthin (FX), on RAW 264.7 macrophages
stimulated by lipopolysaccharide (LPS) [7]. To date, the anti-inflammatory and antiox-
idant effects of T. lutea have been mostly attributed to FX, one of its major constituents.
However, T. lutea is also a source of phenolic compounds with a large spectrum of biologi-
cal activities, including antioxidant, antiaging and anti-inflammatory effects, so positive
pharmacodynamic synergies among the various components, acting on different targets,
cannot be ruled out. In this study, the authors showed that the methanolic extract of
T. lutea F&M-M36 exerts promising anti-inflammatory activity against COX-2/PGE2 and
NLRP3/mir-223, even more pronounced than that of FX alone, which could be attributable
to the known anti-inflammatory effects of the simple phenolic compounds found in the
extract. These phenolic compounds could synergize with FX, and T. lutea F&M-M36 could
serve as a source of anti-inflammatory compounds to be further evaluated in in vivo models
of inflammation.

Among naturally occurring biomolecules, polysaccharides derived from algae and
marine plants have received increasing attention among researchers. Indeed, marine
polysaccharides possess numerous health benefits as well as raw materials for the pharma-
ceutical, nutrition and cosmetic industries. A wide variety of natural products with seaweed
polysaccharides, with recognized antioxidant effects, are gradually entering people’s line
of sight.

In this context, Yang et al. (2021) revealed to the scientific community the ameliorative
effects of polysaccharide extract of Ulva lactuca (UPE), a type of green alga from coastal
areas of China, on D-galactose (D-gal)-induced oxidative stress renal damage [8]. The
intragastric administration of UPE in mice subjected to subcutaneous injection decreases
serum creatinine, blood urea nitrogen and serum cystatin C levels; increases the glomerular
filtration rate; enhances antioxidant enzyme activities; and reduces biomacromolecule
damage caused by oxidative damage. It also significantly reduces the levels of inflammatory
cytokines caused by oxidative stress. In addition, UPE administration could prevent the
D-gal-induced apoptosis of renal tubule cells. This study highlights the protective effects of
UPE on renal injury caused by oxidative stress, providing a new theoretical basis for the
treatment of oxidative damage diseases.

Overall, marine-derived bioproducts are attracting incredible interest and appear
to be a revolutionary therapy for various inflammation-related diseases, due to their
beneficial health properties, which are attributed to the presence of characteristic biologi-
cally active functional constituents. In this context, research is ongoing worldwide, and
researchers have redirected or reclaimed their interests in exploiting natural biological
entities/resources, such as the algal biome. In this regard, Bilal et al. (2021) compiled
a review that presents some natural biological compounds derived from the algal biome
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for the efficient management of inflammatory bowel diseases (IBDs), a chronic inflam-
mation of the gastrointestinal tract [9]. A large number of marine bioproducts have been
purified and identified from marine sources and have shown antioxidant properties and
anti-inflammatory effects. However, the need for further research efforts has emerged
to inspect the bioavailability and efficiency of marine bioproducts in human and animal
models in order to prevent and manage IBDs.

Marine biotechnology aims to discover bioactive molecules from marine organisms
to reveal their functions and actions, but also to understand the genetics, biochemistry,
physiology and ecology of the marine organism. In light of this, Roncalli et al. (2021)
provided the first piece of evidence of the presence of the OvoA gene, a key player in
the ovotiol biosynthetic pathway, in arthropods [10]. Ovotiol is one of the most potent
antioxidants that acts in marine organisms as a defense against oxidative stress during
development and in response to environmental cues. Through a transcriptomics analysis,
a single OvoA gene was found in marine arthropods including copepods, decapods and
amphipods. Additionally, in particular, changes in OvoA gene expression through devel-
opment and under stress conditions suggest that ovotiol may play a role as a defensive
compound in C. finmarchicus, thus proposing this gene as a novel biomarker of stress in
holozooplanktonic species. This discovery sheds light on copepods as marine organisms
capable of producing bioactive compounds, opening further possibilities both for drug
discovery and in the field of marine biotechnology.

In conclusion, as summarized in Figure 1, the studies collected in this Special Issue
confirm that deep-sea organisms represent an extraordinary source of bioactive molecules
with antioxidant and anti-inflammatory activity that can direct research to the design of
new drugs.

Figure 1. Schematic representation of the beneficial human health properties of biomolecules from
marine organisms covered in the Special Issue “Marine Anti-inflammatory and Antioxidant Agents
2021”, created with https://biorender.com/ (accessed on 5 January 2022).
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Abstract: Peptides from oyster hydrolysate (OPs) have a variety of biological activities. However,
its protective effect and exact mechanism on testicular injury remain poorly understood. This
study aimed to evaluate the protective effect of OPs on triptolide (TP)-induced testis damage and
spermatogenesis dysfunction and investigate its underlying mechanism. In this work, the TP-induced
testis injury model was created while OPs were gavaged in mice for 4 weeks. The results showed that
OPs significantly improved the sperm count and motility of mice, and alleviated the seminiferous
tubule injury. Further study showed that OPs decreased malonaldehyde (MDA) level and increased
antioxidant enzyme (SOD and GPH-Px) activities, attenuating oxidative stress and thereby reducing
the number of apoptotic cells in the testis. In addition, OPs improved the activities of enzymes (LDH,
ALP and ACP) related to energy metabolism in the testis and restored the serum hormone level of
mice to normal. Furthermore, OPs promoted the expression of Nrf2 protein, and then increased the
expression of antioxidant enzyme regulatory protein (HO-1 and NQO1) in the testis. OPs inhibited
JNK phosphorylation and Bcl-2/Bax-mediated apoptosis. In conclusion, OPs have a protective effect
on testicular injury and spermatogenesis disorders caused by TP, suggesting the potential protection
of OPs on male reproduction.

Keywords: oyster peptides; spermatogenesis; oxidative stress; apoptosis; hormone; testis

1. Introduction

Infertility is a universal and serious human health problem, reportedly affecting 8–12%
of couples of childbearing age worldwide [1]. Male-related sterility accounts for around
50% of all infertility cases, with approximately 1 in 20 men of reproductive age suffering
from infertility [2]. Infertility could be caused by a number of factors, including repro-
ductive system injuries, endocrine disruption, environmental pollution, modern lifestyles,
and drug side effects [3–7]. Spermatogenesis occurs in the seminiferous tubules and is
strictly dependent on the structure of the testis. Therefore, the integrity of testicular mor-
phological structure and the maintenance of physiological function play important roles
in spermatogenesis [8]. Abnormal testicular tissue structure, changes in reproductive hor-
mones, oxidative damage, and cell apoptosis may be the mechanisms of male reproductive
dysfunction [9].
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Triptolide (TP, C20H24O6), as the main active ingredient of the pharmacological and
toxic effects of Tripterygium wilfordii multiglycoside (GTW), has long been used in the treat-
ment of inflammatory and immune diseases [10–12]. Among the toxic and side effects of
TP, its reproductive toxicity leads to the highest incidence of reproductive dysfunction.
Excessive triptolide intake interferes with testicular energy metabolism and normal repro-
ductive function, resulting in reduced sperm quality and testicular atrophy, thereby leading
to male reproductive dysfunction. Therefore, TP was used as a model drug in the animal
models of male sterility to explore the pathogenesis of male sterility and the improvement
effect of related drugs on this disease [13].

Oysters are the largest farmed shellfish in the world, rich in protein, glycogen, taurine,
and trace elements [14]. In addition to rich nutrition, oyster meat can also affect a variety of
physiological functions and has certain health care effects, thus it has been included in the
medicine food homology list published by China’s Ministry of Health [15]. As an aquatic
product with high protein content, oysters are a good source of polypeptides. Several
studies have focused on the health benefits of peptides from oyster hydrolysate (OPs) and
have demonstrated their antioxidant [16], immunity-improving [17], antimicrobial [18],
antitumor [19], anti-fatigue [20], and liver-protecting [21] properties. In previous studies,
Li et al. reported that oyster polysaccharide administration could improve sperm quality
and protect reproductive damage in cyclophosphamide-induced male mice [22]. However,
the protective effects of OPs on reproductive damage have not been systematically reported.
In addition, the study found that OPs may protect the ovary from D-galactose-induced
female reproductive dysfunction by reducing oxidative stress, thereby preventing ovarian
cell apoptosis [23]. Therefore, OPs have the potential to protect reproductive function
against drug damage and deserve further study.

This study aimed to investigate the protective effect of peptides from the oyster
hydrolysates on sperm parameters, testicular histopathology, sex hormone levels, activities
of testicular marker enzymes, antioxidant level, and cell apoptosis in TP-induced ICR male
mice. Furthermore, the activation of OPs on the nuclear factor-erythroid 2-related factor 2
(Nrf2) pathway and inhibition of OPs on the activation of the c-Jun N-terminal kinase (JNK)
phosphorylation and Bcl-2/Bax-mediated apoptosis pathway was examined. Eventually,
the correlation among the sperm analysis, morphological, biochemical indicators, cell
apoptosis, and oxidative stress signaling pathway in the testis was established via the
combination of experimental determination and statistical analysis. These findings not
only deepen the understanding of OPs against TP-induced testis injury but also provide an
experimental basis for the development of OPs as a functional agent.

2. Results

2.1. Molecular Weight and Main Peptide Sequences of OPs

The function and biological activity of peptides depends on their amino acid compo-
sition, sequence, and molecular mass. In this study, 89 peptides with molecular weight
ranging from 662.41 to 1590.81 Da were identified by LC-MS/MS, and the peaks of OPs
were mainly in the range of 300–800 m/z. As shown in Table 1, the scores for identifying
peptide sequences were obtained, and 15 peptide sequences with higher scores were listed.
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Table 1. Main peptide sequences of OPs.

No. Peptide Sequence
Theoretical Mass

(Mr)
Observed Mass

(m/z)
Scores

1 LAGPQSIIGRTM 1242.68 622.34 56.04
2 IIDAPGHRDF 1139.57 380.87 62.28
3 YDNEFGYSFR 1296.55 649.28 56.59
4 RVPVPDVSVVDL 1293.73 647.87 48.44
5 AFRVPVPDVSVVDL 1511.84 756.93 37.93
6 GIVLDSGDGVSH 1154.56 578.28 57.46
7 LDLAGRDLTD 1087.56 544.78 36.34
8 PDGQVITI 841.46 421.73 35.7
9 KSYELPDGQVIT 1348.69 675.35 33.95

10 KSYELPDGQVITIG 1518.79 760.4 33.88
11 IAQDFKTDLR 1205.65 402.89 37.72
12 GLALLVP 681.45 341.73 32.1
13 LLQALD 671.39 336.7 35.92
14 GIVLDSGDGVTH 1168.58 585.3 42.1
15 LDLAGRDLTD 1087.55 544.78 36.34

2.2. Amino Acid Composition of OPs

Amino acid composition and content of OPs are presented in Table 2. The contents
of total amino acids (TAA) in OPs were 54.75 g/100 g. The essential amino acid (EAA)
cannot be synthesized by the body itself and must be obtained through the diet [24]. EAA
content of OPs is 22.19 g per 100 g, accounted for 40.53% of TAA, which was highly
sufficient to meet the minimum dietary intake of 35% recommended by the World Health
Organization [25].

Table 2. The amino acids composition of OPs (g/100 g).

Amino Acid Contents of OPs

Thr 2.81
Val 3.34
Met 1.41
Ile 3.02

Leu 4.56
Phe 2.27
Lys 4.78
His 1.03
Arg 4.23
Asp 5.56
Ser 2.88
Glu 8.41
Pro 2.30
Gly 3.25
Ala 2.69
Tyr 2.21
Cys ND e

TAA a 54.75
EAA b 22.19
HAA c 17.29

BCAA d 10.92
a TAA: Total amino acids. b Essential amino acid (EAA): Thr, Val, Met, Ile, Leu, Phe, Lys. c Hydrophobic amino
acids (HAA): Ala, Leu, Ile, Met, Phe, Pro, Tyr, and Val. d Branched-chain amino acids (BCAA) = Leu, Ile, and Val.
e ND: not detected.

The composition, concentration, and sequence of amino acids have a great influence
on the biological activity of proteolytic compounds [20]. The amino acid composition of
spermatozoa was significantly changed by amino acid supplementation in the internal
environment, which affected sperm motility [26]. Of the 17 amino acids contained in
OPs, glutamic acid (8.41 g/100 g), aspartic acid (5.56 g/100 g), arginine (4.23 g/100 g),
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lysine (4.78 g/100 g), leucine (4.56 g/100 g), and valine (3.34 g/100 g) accounted for a
higher proportion. Among them, a diet supplemented with amino acids (mainly lysine,
valine, and threonine) improved sperm quality, changed amino acid composition in seminal
plasma, and improved sperm motility [27]. Lysine, aspartic acid, and glutamic acid have
the ability to chelate metal ions because of the amino or carboxyl groups in their side chains.
Hydrophobic amino acids (HAA) accounted for 31.58% of TAA, and its high amounts in
OPs offer properties that are able to promote lipid interactions, which enhance entry of
the peptides into target organs via hydrophobic associations [28]. BCAAs accounted for
19.95% of TAA, which plays a strong role in maintaining energy supply, and Bahadorani
et al. found that appropriate supplementation of BCAAs may have synergistic effects on
sperm function and testosterone secretion [24].

2.3. Effects of OPs on Sperm Parameters of TP-Induced Mice

The model of TP-induced mice spermatogenesis dysfunction was established, and
mice were treated for 4 weeks. The intervention of TP resulted in severe sperm distortion
in mice, and the quantity and quality of sperm were significantly lower than those in the
control group. It was even difficult to find an intact normal sperm. As shown in Figure 1A,
the sperm morphology of TP-treated mice revealed an increase in acrosome abnormalities:
fathead, bent neck, short tail, and coiled-in tail. The treatment of OPs significantly increased
the number of normal sperms, elevated the sperm count, improved the sperm motility,
and decreased the sperm deformity rate (Figure 1B–D). The effects of different doses of
OPs showed a dose dependence, and high dose of OPs treatment significantly ameliorated
sperm damage induced by TP (p < 0.001).

 

Figure 1. Effects of OPs on sperm quality of ICR mice induced by TP. (A) Sperm morphology was
observed at 200× magnification; OPs -L, OPs -M, and OPs -H are the groups administrated with
100, 200, and 400 mg/kg OPs separately. (B), (C), and (D) indicate the sperm count, motility, and
deformity rate of sperm, respectively. The data were expressed as mean ± SEM, n = 10. Compared
with the control group, ### p < 0.001; compared with the TP group, * p < 0.05, ** p < 0.01 and
*** p < 0.001.

In this research, VE was chosen as a positive control, based on the fact that its metabo-
lite tocopheryl frequently applied for the promotion of reproductive hormone secretion,
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increasing sperm numbers and motility, preventing male infertility in the clinic. As shown
in Figure 1, VE treatment significantly ameliorated sperm damage induced by TP (p < 0.01).

2.4. Effects of OPs on Testicular Injury of TP-Induced Mice

The results revealed that there was no significant difference in the bodyweight of mice
among the groups (Figure 2B). As shown in Figure 2C, the testis index of the TP group was
significantly lower than that in the control group (p < 0.001), while treatment of OPs ame-
liorated the testicular weight loss compared with the TP group. The structure of testicular
tissue and the number of testicular cells play an important role in spermatogenesis and
sperm quality. The testicular structures and cells play important roles during spermatogen-
esis, while an ample array of factors can influence its quality and quantity [29]. Histological
analysis on the tissue sections of H&E staining showed that OPs treatment protected
testis tissue against the damage caused by TP. As compared with controls, TP-induced
mice showed severe vacuolation of germ cells, enlarged intercellular spaces, irregular
shape, and atrophied seminiferous tubules with only a few Sertoli cells, spermatogonia,
and primary spermatocytes (Figure 2A). VE and high-dose OPs (400 mg/kg) treatment
restored morphological abnormalities compared with the TP group; vacuolation of germ
cells and spermatocyte was decreased. The size of the seminiferous tubule, the layer of the
spermatocytes, and the number of Sertoli cells were preserved by the treatment of VE and
high-dose OPs (Figure 2A). The overall structures of the seminiferous tubule in testis were
evaluated by Johnsen’s scoring method. Compared with the TP group, the middle and
high dose of OPs elevated Johnsen’s score significantly (p < 0.01) (Figure 2D).

Figure 2. Effects of OPs on testicular injury of ICR mice induced by TP. (A) Histopathology with H&E staining (200× and
400×) of the testicular section in mice after treatment for 28 days; (B) body weight of mice was measured every 3 days;
(C) testis index was measured by the ratio of testicular weight to body weight; (D) Johnsen’s score in the testicular tissue
was determined in each group. The data were expressed as mean ± SEM, n = 10. Compared with the control group,
### p < 0.001; compared with the TP group, * p < 0.05, ** p < 0.01 and *** p < 0.001.
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2.5. Effects of OPs on TP-Induced Reproductive Hormone Level

Male reproductive hormones regulate the process of spermatogenesis. As shown in
Figure 3, the concentration of serum testosterone and estradiol was significantly increased
in the TP group, and the levels of follicle stimulating hormone (FSH) and luteinizing
hormone (LH) were significantly decreased compared with the control group (p < 0.01).
Obviously, it was shown that TP disturbed the serum hormone level of mice compared
with the controls. As compared with the TP group, the treatment of OPs restored the serum
testosterone and estradiol level of mice, which were close to the control group. Additionally,
a significant increase in FSH and LH levels was seen in the TP+OPs-H group compared
with the TP group (p < 0.01). VE as a positive control significantly restored the TP-induced
serum reproductive hormone (testosterone, estradiol, and FSH) disorder in mice.

Figure 3. Effects of OPs on serum reproductive hormone level of ICR mice induced by TP. (A) Serum
testosterone level, (B) serum estradiol (E2) level, (C) serum follicle stimulating hormone (FSH)
level, (D) serum luteinizing hormone (LH) level. The data were expressed as mean ± SEM, n = 10.
Compared with the control group, # p < 0.05 and ## p < 0.01; compared with the TP group, * p < 0.05,
** p < 0.01 and *** p < 0.001.

2.6. OPs Increased Testicular Marker Enzyme Activity and Reduced Oxidative Stress Induced by TP

Oxidative stress is a cause of testis injury which was also found in the TP-induced mice
model (Figure 4A–C). TP raised the lipid peroxidation product malondialdehyde (MDA)
and disrupted the antioxidative system of the testis, including the enzyme superoxide
dismutase (SOD) and glutathione peroxidase (GSH-Px). OPs treatment reduced the level of
MDA and increased the activity of SOD and GSH-Px, and especially the middle and high
two-dose groups of OPs showed extremely significant changes (p < 0.001). Meanwhile, VE
treatment as a positive control also significantly reduced oxidative stress in testicular tissue
induced by TP.
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Figure 4. Effects of OPs on testicular marker enzymes and bio markers of oxidative stress in testes tissues of ICR mice
induced by TP. (A) superoxide dismutase (SOD) level, (B) glutathione peroxidase (GSH-Px) level, (C) malondialdehyde
(MDA) level, (D) lactate dehydrogenase (LDH) level, (E) alkaline phosphatase (ALP) level, (F) acid phosphatase (ACP) level.
The data were expressed as mean ± SEM, n = 10. Compared with the control group, ## p < 0.01 and ### p < 0.001; compared
with the TP group, * p < 0.05, ** p < 0.01 and *** p < 0.001.

Activities of testicular marker enzymes such as lactate dehydrogenase (LDH), acid
phosphatase (ACP) level, and alkaline phosphatase (ALP) are considered as functional
indicators of spermatogenesis and testicular development. The alterations of testicular
marker enzyme activity could affect the energy metabolism pathway, thus interfering with
the energy supply of spermatogenesis. As were shown in Figure 4D–F, TP significantly
suppressed the level of testicular marker enzymes in testis tissue, including LDH, ALP, and
ACP (p < 0.01). As compared with the TP group, middle and high doses of OPs significantly
increased the activity of LDH (p < 0.001), and different dose of OPs ameliorated the activity
of ALP and ACP. Meanwhile, VE treatment significantly increased the activity of testicular
marker enzymes (LDH and ALP).

2.7. Effects of OPs on the Testicular Apoptotic Induced by TP

The results of terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
staining of cell apoptosis were shown in Figure 5. There were few apoptotic cells in the
testicular tissue of the control group, which is common during spermatogenesis. However,
in the TP group, the proportion of the apoptotic cells was significantly increased despite the
loss of total cells in seminiferous tubules (Figure 5B,C). VE and OPs treatment significantly
ameliorated the decrease in the total number of cells in seminiferous tubules induced by
TP (Figure 5B). Meanwhile, VE and high dose of OPs treatment reduced the number and
proportion of the apoptotic cells (Figure 5C).

To further elucidate the testicular apoptotic events, the protein expression of Bcl2, Bax,
caspase-3, and PARP reliable apoptotic markers were analyzed. As shown in Figure 6, TP
stimulated the upregulation of Bax, caspase-3, cleaved caspase-3, and cleaved PARP, and
inhibited the expression of Bcl-2. The upregulated Bax, caspase-3, cleaved caspase-3, and
cleaved PARP were significantly inhibited by treatment of OPs at three doses. VE treatment
downregulated the activation of cleaved caspase-3. The decrease in Bcl-2 expression was
significantly upregulated by VE and high dose of OPs treatment. These findings suggested
that OPs ameliorated TP-induced apoptosis in testicular tissue.
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Figure 5. Effects of OPs on apoptotic index in testes tissues of ICR mice induced by TP. (A) Apoptotic cells in testicular
tissue sections were detected by TUNEL assay (apoptotic cells: green fluorescence, cell nucleus: blue fluorescence). (B) The
total number of cells in each group compared by Control group were shown. (C) The ratios of apoptotic cell were shown.
The data were expressed as mean ± SEM, n = 3. Compared with the control group, ### p < 0.001; compared with the TP
group, * p < 0.05, ** p < 0.01 and *** p < 0.001.

Figure 6. Effects of OPs on protein expression levels of markers of apoptosis in TP-induced testis tissues of male ICR mice.
(A) Electrophoresis images of Bcl-2, Bax, Caspase-3, Cleaved Caspase-3, PARP, and GAPDH protein; (B) the quantitative
densitometric analysis of Bcl-2, Bax, Caspase-3, Cleaved Caspase-3, and PARP proteins. The data were expressed as mean
± SEM, n = 3. Compared with the control group, ## p < 0.01 and ### p < 0.001; compared with the TP group, * p < 0.05,
** p < 0.01 and *** p < 0.001.
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2.8. Effects of OPs on Related Proteins Expression in the Nrf2 and JNK Pathways

Detection of the levels of related protein factors in the testicular tissue via Western
blot was illustrated in Figures 7 and 8. As displayed in Figure 7, administration of TP
led to the downregulation of Nrf2, Keap1, HO-1, and NQO1 expression in mice testis
tissues, concomitant with upregulated expressions of p-JNK and p-JNK/JNK, and total
JNK protein expression was not affected by TP treatment, as shown in Figure 8. ImageJ
software was used to obtain optical density values of the protein bands. The decrease in
Nrf2, Keap1, HO1, and NQO1 protein expression were upregulated by treatment of OPs at
middle and high doses. VE as a positive control upregulated the Nrf2, HO1, and NQO1
protein expression. The treatment with OPs downregulated the activation of p-JNK to a
nearly normal level.

Figure 7. Effects of OPs on the Nrf2/Keap1 signaling pathway in TP-induced testis tissues of male ICR mice.
(A) Electrophoresis images of Nrf2, Keap1, HO-1, NQO1, and GAPDH protein; (B) The quantitative densitometric analysis
of Nrf2, Keap1, HO-1, and NQO1 proteins. The data were expressed as mean ± SEM, n = 3. Compared with the control
group, ## p < 0.01 and ### p < 0.001; compared with the TP group, * p < 0.05, ** p < 0.01 and *** p < 0.001.

Figure 8. Effects of OPs on the JNK signaling pathway in TP-induced testis tissues of male ICR mice. (A) Electrophoresis
images of JNK, p-JNK and GAPDH protein; (B) the quantitative densitometric analysis of p-JNK/JNK bands. The data were
expressed as mean ± SEM, n = 3. Compared with the control group, ### p < 0.001; compared with the TP group, ** p < 0.01
and *** p < 0.001.

3. Discussion

In this study, male infertility disease model mice were successfully established by TP
induction. In the model, the deteriorated sperm quality, altered testicle histomorphology,
disordered hormone levels, the decreased activity of testicular marker enzyme, and the
triggered testis oxidative stress and germ cells apoptosis were observed. The observed
altered sperm quality and testicle histomorphology in this study is consistent with the
previous reports [8,13,30]. Gastric administration of appropriate dose of OPs could reverse
these abnormalities. The results showed that OPs treatment in TP-induced mice has
beneficial effects on the testis index, sperm parameters, histological structure of testis,
hormone level, testicular marker enzyme activity, and oxidative stress, as well as testicular
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apoptosis. The mechanism of the protective effects of OPs may be through inhibiting the
oxidative stress by Nrf2 and JNK pathways, increasing the expression of Bcl2, and reducing
the level of cell apoptosis by suppressing the expression of the apoptotic markers Bax,
caspase-3, and PARP.

Oxidative stress due to toxic substances is considered to be closely related to male
infertility [31]. Production of reactive oxygen species (ROS) and consequent oxidative
damage have been established as mechanisms for TP toxicity [13]. It is well known that
oxidative stress leads to sperm dysfunction by inducing peroxidation damage to the plasma
membrane. In this study, TP-induced increased MDA levels and decreased GSH-Px and
SOD levels in mice, suggesting oxidative stress, which was consistent with the reports of
some researchers [8,13,32]. As spermatozoa are high in polyunsaturated fatty acids (PUFAs),
it is more sensitive to oxidative damage than other cells [33]. Furthermore, the generation
of ROS decreased the number of spermatogonia cells in the testis, and it is thought to be
detrimental for spermatogenesis [34]. In this study, the sperm count and motility of mice
were significantly decreased, and the sperm deformity rate was increased, induced by TP.
The significant reduction in spermatogonia was also observed on histopathological assay.
The severe impairment of sperm characteristics induced by TP is closely related to the
obvious oxidant/antioxidant imbalance in testis. The treatment of OPs effectively reduced
the deterioration of sperm quality, which may be related to the amelioration of oxidative
stress in testicular microenvironment as manifested by decreasing in the level of MDA
and increasing in the activity of SOD and GSH-Px. It suggested that OPs exert significant
antioxidant effects in testicular tissue, including the increase in activities of antioxidant
enzymes and decrease in lipid peroxidation. It has been reported that peptides (2-20
amino acids) can completely cross the intestinal barrier and perform biological functions in
tissues, while peptides the size of 5–16 amino acids show potent antioxidant activity [28,35],
which is manifested in its ability to carry out DPPH (2,2-diphenyl-1-picrylhydrazyl) free
radical scavenging [16,20]. Combined with the results of animal experiments, the main
peptides of OPs with 6–14 amino acid residues in length may also show antioxidant
activity, suggesting that its alleviation of ROS-induced testicular injury may be related
to its antioxidant function. In addition, compared with other hydrophilic amino acids,
hydrophobic amino acids have higher antioxidant activity in peptides, and its high amounts
in OPs may play an important role in reducing the oxidative damage of the testis caused
by ROS [36].

Decreased activity of antioxidant enzymes could induce the accumulation of ROS and
lead to oxidative stress. The expression of antioxidant enzymes including HO-1, NQO1,
and SOD were mainly mediated by the Nrf2 pathway. Under normal conditions, Nrf2 is
mainly regulated by the repressor protein Keap1 in the cell cytoplasm. The disturbance of
interaction between Nrf2 and Keap1 or degradation of Keap1 affect the further activation of
downstream antioxidant enzyme expression by Nrf2 [37]. Recent studies have shown that
the regulation of endogenous antioxidant system through the Nrf2 pathway significantly
reduces oxidative stress-induced apoptosis of Sertoli cells and testicular injury [32]. In
this study, TP-induced decrease the expression of NQO1 and HO-1 protein by decreasing
Nrf2 and Keap1 expression was consistent with the results of the previous study [8].
Pretreatment with OPs may inhibit the decrease in antioxidant enzyme expression by
activating Nrf2 expression. This finding suggests that the protective effect of OPs on
testicular injury might be related to the upregulation of Nrf2 expression.

Previous studies showed that TP could promote the production of ROS in Sertoli cells,
thus further activating the JNK pathway, which triggered the mitochondrial-mediated apop-
tosis pathway [13]. In vivo results showed that TP reduced testicular weight, destroyed the
microstructure of the testis, disrupted the enzyme activity, increased MDA levels, activated
JNK phosphorylation, and promoted testicular tissue apoptosis. In this study, treatment of
OPs significantly reduced the activation of JNK phosphorylation, which indicated that OPs
may protect testis against oxidative stress by mediating the JNK pathway.
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Mitochondria are responsible for cells energy metabolism and are the main targets
of ROS production and regulation of apoptosis. In our study, it was found that OPs may
reduce the excessive apoptosis of testicular cells mediated by the mitochondrial apoptosis
pathway, as shown in the results of TUNEL assay and the Western blotting of apoptosis-
related proteins (Bax, Bcl-2, caspase-3, and PARP). Both the anti-apoptotic protein Bcl-2
and the pro-apoptotic protein Bax regulate apoptosis by controlling the permeability of
the mitochondrial membrane. OPs treatment significantly upregulated the expression of
Bcl-2, downregulated the expression of Bax, thereby regulating cell permeability, further
inhibiting the activation of Caspase-3 and reducing the Caspase cascade reaction. Several
studies have shown that increased ROS accumulation may lead to increased permeability
of the mitochondrial outer membrane and then activate mitochondria-dependent apoptosis
signaling pathway to induce cell apoptosis. At present, few studies have shown that
OPs play a direct role in the inhibition of cell apoptosis, while in the activation of the
apoptosis process, it is believed that oxidative stress-induced damage can trigger apoptotic
signaling procedures, leading to cell death. Therefore, it indicated that OPs may mediate
mitochondria-dependent apoptosis signaling pathways to reduce cell apoptosis and tissue
damage by reducing oxidative damage of mitochondrial lipids caused by ROS. In our
study, it was also showed that OPs reversed severe testicular tissue damage by ameliorating
testicular apoptosis by assessing the testis histopathology.

Sertoli cells, as nursing cells, regulate the processes of spermatogenesis by providing
nutritional support and a suitable situation for the survival and development of germ
cells [38]. The altered testicular enzyme activities induced by TP may have resulted from
the impairment of Sertoli cell function and disrupted metabolism in mice [39]. LDH
enzyme is involved in the process of glycolysis and gluconeogenesis and controls the
synthesis of the main energy source of germ cells. The ACP enzyme is mainly distributed
in the cytoplasm of Sertoli cells, which is involved in protein synthesis and related to the
phagocytosis of Sertoli cells. ALP is involved in the synthesis of nucleic acids, nucleopro-
teins, and phospholipids, such as in the cleavage of phosphate esters and in mobilizing
carbohydrates and lipid metabolites to be used by spermatozoa [40]. In this study, TP
inhibited the activities of LDH, ACP, and ALP, which not only interfered with the energy
supply process of aerobic and anaerobic glycolysis but also disturbed the energy utiliza-
tion of testis. OPs treatment improved the energy metabolism of testicular tissue and the
energy supply of spermatogenesis by increasing the enzyme activity of LDH, ACP, and
ALP. In addition, metabolic disorders may be due to the disintegration of mitochondrial
membrane ultrastructure caused by mitochondrial lipid peroxidation. It has been found
that lipid peroxidation induced by oxidative stress produces a strong cytotoxic effect in
the testis, leading to the damage of nucleic acid, protein, carbohydrates, and lipids in
cells. Spermatogenesis is reduced due to the resulting disturbances in energy metabolism,
oxidative phosphorylation, tricarboxylic acid cycle, and glycolysis. Previous studies have
shown that OPs could protect TM4 Sertoli cells from toxic damage induced by TP, including
improving the cell viability of TM4 cells, reducing the production of intracellular ROS and
lipid peroxidation, and enhancing the antioxidant activity of TM4 cells [41]. Combined
with the results of this study, it was found that OPs ameliorated TP-induced metabolic
disorders by inhibiting mitochondrial lipid peroxidation.

Spermatogenesis is a multistep process that could be disturbed by multifaceted fac-
tors. Expect for oxidative stress, hormone imbalance can affect the process of spermato-
genesis [42]. Destructive endogenous hormone signaling might mediate the process of
spermatogenesis and lead to low sperm count [43]. LH and FSH are considered to be key
factors in the regulation of testis function. LH is related to produce testosterone by stimu-
lating the Leydig cells and both FSH and testosterone in turn regulate Leydig cells activity
and stimulate germ cell proliferation and differentiation by stimulating the Sertoli cells.
Estradiol is converted from circulating testosterone by enzyme aromatase; therefore, its
concentration is affected by the level of testosterone. However, dysregulation of circulating
estradiol may lead to inhibition of LH production not beneficial for spermatogenesis [44].
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In this study, TP increased the levels of serum testosterone and estradiol, and decreased
serum LH and FSH levels in mice. The treatment of OPs restored the serum hormone level
of mice to the normal, and reduced the disturbance of hormones on spermatogenesis in
mice. Additionally, previous studies had found that oyster peptides improved the level of
serum androgen induced by cyclophosphamide [45].

The identification of the active components of oyster peptides is of great interest in
exploring new strategies for the treatment or prevention of testicular and sperm damage.
Previous studies showed that some antioxidant peptides were identified from oysters,
such as Pro-Val-Met-Gly-Asp, Glu-His-Gly-Val, and Leu-Lys-Gln-Glu-Leu-Glu-Asp-Leu-
Leu-Glu-Lys-Gln-Glu [16,46]. These antioxidant peptides may play an important role in
preventing oxidative damage in the testis, resulting in reduced sperm quality. However,
other active ingredients still need to be identified by Sephadex gel chromatography, HPLC,
mass spectrometry, and other purification methods.

In conclusion, the underlying mechanism of OPs in the potential protective effect on
testis and sperm is attributed to the synergistic modulations, and these results deepen the
understanding of the potential improvement of male reproductive function by OPs, thus
demonstrating the potential application of OPs in functional foods (Figure 9).

Figure 9. Possible mechanism underlying the protective effects of OPs intervention on TP-induced testicular damage in
mice. By detecting MDA, antioxidant enzymes and related proteins in the testis, as well as sexual hormone levels in serum,
the anti-effect of OPs was shown to be related to Nrf2/Keap1, JNK, and Bcl-2/Bax pathways.

4. Materials and Methods

4.1. Materials and Reagents

Fresh oysters (Crassostrea hongkongensis) were purchased from the local market in
Zhanjiang, China (oysters were shelled at the market and immediately stored at −30 ◦C
until use). Compound protease (4.5 × 105 U g−1) was obtained from Pangbo Biotech
(Nanjing, China). Triptolide (purity > 98%) were purchased from Meilun-Biotech Co.,
Ltd. (Dalian, China). Vitamin E (VE) (H44021026) was purchased from Baiyunshan
Pharmaceutical Factory (Guangzhou, China). All chemicals and reagents used were of
analytical grade and commercially available.
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4.2. Preparation of OPs

OPs were prepared by enzymatic hydrolysis from the oyster meat according to the
methods of Li et al., Peng et al., and Zhang et al. [17,41,47]. Briefly, three kilograms of
oyster meat were ground into mince and then mixed with distilled water (1:3 w/v). The
mixture was homogenized at 8000 rpm for 5 min by using a homogenizer. Homogenates
were hydrolyzed at pH 7.0 with compound protease (enzyme concentration 1000 U g−1 of
raw material). The hydrolysis reaction lasted for 5 h in a 53 ◦C water bath. Subsequently,
the protease was inactivated at 100 ◦C for 10 min and the enzymatic hydrolysate was
centrifuged at 15,000g at 4 ◦C for 20 min to obtain the supernatant. The supernatant
was fractionated by an ultrafiltration device (XX42PMINI, Millipore, USA) and 10 kDa,
5 kDa, and 3 kDa ultrafiltration membranes (Mili Pellicon, Millipore, USA) to obtain the
components used in this study (<3 kDa hydrolysate fraction). The samples were freeze-
dried into powder for subsequent experiments (FD-551, EYELA, Tokyo, Japan).

4.3. OPs Characterization by LC-ESI/MS/MS

The molecular weight and amino acid sequences of the OPs were identified by liquid
chromatography–electrospray ionization tandem mass spectrometry (LC-ESI/MS/MS).
The sample (1 μL) was injected with an autosampler and subsequently separated by a
C18 column and eluted with conditions of mobile phase A (H2O, 0.1% formic acid) and
mobile phase B (95% acetonitrile, 0.1% formic acid). Peptides were first eluted with a linear
gradient from 2% to 35% of mobile phase B for 40 min, and then from 35% to 80% of mobile
phase B for 10 min, running temperature of 25 ◦C at a flow rate of 0.3 μL/min. After
chromatography, ESI-MS/MS was carried out using a Q-EXACTIVE mass spectrometer
(Thermo Fisher Scientific, San Jose, CA) equipped with the electrospray ionization (ESI)
source. The spectrometer worked in the positive ion mode, and the parameters of the
ESI ionization interface were set as follows: capillary voltage 1.6 kV, Resolution 70,000,
AGC target:1e5, NCE/stepped NCE: 27. Samples were analyzed with a full-scan MS mode
in the range of 350–2000 m/z to obtain the total ion chromatogram. Then, the Mascot
search engine was used to analyze the chromatographic peaks corresponding to the mass
spectrometry of the custom oyster protein database. Only peptides identified with p< 0.05
significance were recorded.

4.4. Determination of Amino Acid Composition

The amino acid composition and content of OPs were determined by an amino acid
autoanalyzer (L-8900, Hitachi, Tokyo, Japan). The sample and 6 mol/L HCl were added
into a tube containing phenol for hydrolysis. After the tube was vacuumed, the mixture was
washed with nitrogen and hydrolyzed at 110 ◦C for 22 h. After the filtrate had cooled, it was
heated to 40–50 ◦C with a test tube concentrator and dried under reduced pressure until
evaporated. Sodium citrate buffer solution was added to the dried test tube and dissolved.
The solution was transferred to the injection flask of the instrument for determination by
the amino acid analyzer [47]. According to the peak area in comparison with the standard,
amino acid contents were calculated.

4.5. Animals and Treatment

The Laboratory Animal Committee of Guangdong Ocean University, China (no. GDOU-
LAE-2020-014) approved all the animal protocols and experimental procedures for this study.
Sixty adult ICR male mice (specific pathogen-free, approval no.11032201101487454) were
purchased from the Huafukang Biotech Co., Ltd. (Beijing, China) and acclimatized for
7 days before the start of the experiments. All mice were housed at 4–5 mice per cage
(23 cm × 32 cm × 15 cm) and randomly fed a normal diet in an environmentally con-
trolled room (temperature was 25 ± 2 ◦C and relative humidity was 50–65%, with a 12 h
light/dark cycle). Animals were randomly divided into six groups (n = 10). Control
group: mice were given 0.9% NaCl orally and intraperitoneally, once a day; TP (model
group): mice were pretreated with 0.9% NaCl and intraperitoneally injected with TP at a
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dose of 120 μg/kg; TP + VE (positive control group): mice were orally administrated with
VE at a dose of 7.5 mg/kg, and intraperitoneally injected with TP (120 μg/kg) after 1 h
every day; TP + OPs: Mice were orally administrated with OPs at the dose of 100 mg/kg
(TP + OPs-L), 200 mg/kg (TP + OPs-M), 400 mg/kg (TP + OPs-H) and intraperitoneally
injected with TP (120 μg/kg) after 1 h every day. Administration methods and doses
of TP-induced testicular injury were conducted according to Wang et al., Ma et al., and
Zhang et al. [8,13,32]. VE was determined as the positive control drug according to the
study results of Li et al. and Hamza et al. [22,48]. After 28 days of continuous treatment,
mice were sacrificed by enucleation of the eye and bled for the collection of blood, and all
testes were removed and weighted to measure the testis index (testis weight/body weight).
The right epididymis of mice was collected for sperm analysis, and the right testis of mice
was stored at −80 ◦C for protein expression and other parameter detection. The left testis
was fixed in 4% paraformaldehyde for further histological analysis.

4.6. Sperm Analysis

The entire right epididymis was placed in 1 mL of prewarmed saline and minced into
small sections, incubating for 10 min (37 ◦C, 5% CO2) to allow the spermatozoa to swim
out from the epididymal tubules. The sperm suspension was dropped into a Neobar’s
hemocytometer, and the sperm count was estimated under a cover glass. The sperm
motility was observed under a 400× light microscope (Olympus Corporation, Tokyo,
Japan) and calculated and expressed as a percentage of motile sperm according to the
World Health Organization manual criteria. The sperms were stained using the Quick
sperm stain kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according
to the manufacturer’s instructions. Additionally, images of sperm after staining were
observed under a light microscope and acquired by photographing using a Leica DMI4000B
microscope with Leica DFd4500 imaging system (Leica Corporation, German). The rate of
abnormal morphology of sperm was evaluated and calculated by observing sperm staining
images. Sperm parameters of mice (count, motility, and morphology) were analyzed in
each group according to the methods adopted by Qiu et al. and Oghbaei et al. [49,50].

4.7. Histopathological and Ultrastructural Assessment

The left testes of mice dehydrated in gradient concentrations of alcohol, and cleared
with xylene, then embedded in paraffin at 65 ◦C. After cooling at −20 ◦C, the sections were
cut at 4 μm and stained with hematoxylin and eosin (H&E). The sections of testis tissue
were observed under a light microscope and photographed at magnifications of 200× and
400× using a Nikon Eclipse E100 microscope with Nikon DS-U3 imaging system (Nikon
Corporation, Japan). The testicular structure of each animal was assessed, and Johnsen’s
score was assessed based on spermatogenic function and germ cell count from 1 (no
spermatogenic epithelium) to 10 (normal spermatogenesis). All analyses were performed
by an evaluator who was unaware of the treatment group.

4.8. Measurements of Enzyme and Hormone

The homogenates of right testis tissue were prepared to determine the levels of
testicular superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), malondialdehyde
(MDA), and testicular marker enzymes containing lactate dehydrogenase (LDH), alkaline
phosphatase (ALP), and acid phosphatase (ACP) according to the specific steps in the kit
instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The protein
concentrations of testicular tissue homogenates were determined by the bicinchoninic
acid (BCA) protein assay kit (Beyotime Biotechnology, Shanghai, China). Sex hormones
of mice including testosterone (T), estradiol (E2), follicle-stimulating hormone (FSH),
and luteinizing hormone (LH) in serum were measured by commercial enzyme-linked
immunosorbent assay (ELISA) kits (Mmbio, Jiangsu, China) following the instructions.
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4.9. TUNEL Apoptosis Assay

The embedded wax block sections were dewaxed in water and treated with proteinase
K and rupturing cell membrane working solution at 37 ◦C for 22 min, then washed with
PBS at pH 7.4 three times. The mixture of TDT and DUTP (1:5) was incubated at 37 ◦C for
2 h, followed by 4’,6-diamidino-2-phenylindole (DAPI) staining for 10 min after washing.
The results were observed under a Nikon Eclipse C1 fluorescence microscope with Nikon
DS-U3 imaging system (Nikon Corporation, Japan) and the images were collected. At a
magnification of 200×, the positive cells of TUNEL staining were counted in 4 random
fields on each section.

4.10. Western Blotting

Testicular tissues were homogenized over ice using a homogenizer with 1% protease
inhibitor cocktail (Service bio). Then, after repeated mixing for 30 min in ice, the super-
natant was collected after centrifugation at 12,000 g and 4 ◦C for 10 min. Total protein
concentrations were determined by a BCA protein assay kit (Service bio) and adjusted to
the same level. A total of 30 μg of protein extracts from testicular issues were separated by
5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, USA), and followed by blocking with 5% skimmed
milk at room temperature for 1 h. The primary antibodies were added into the membrane
and then incubated overnight at 4 ◦C. Primary antibodies to the following proteins were
used: Keap1 (sc-514914; 1:500), Heme Oxygenase 1 (sc-390991; 1:1000), NQO1 (sc-376023;
1:1000), Bax (sc-20067; 1:1000), JNK (sc-7345; 1:500), p-JNK (sc-6254; 1:500), cleaved PARP
(sc-56196; 1:1000) (Santa Cruz, CA) and Nrf2(16396-1-AP; 1:1000), Bcl2 (26593-1-AP; 1:1000),
Caspase-3 (19577-1-AP; 1:1000) (Proteintech, USA). After washing, the membranes were
incubated with secondary antibodies at 1:2000 at room temperature for 2 h, and the marked
proteins were illuminated using ECL Reagent Kit (Service bio). The bands were visualized
by the scanner EPSON V300 (Seiko Epson Corporation, Japan) as well as its intensity was
analyzed by ImageJ software and normalized to GAPDH levels.

4.11. Statistical Analysis

Results were expressed as the mean ± standard deviation (SD) and analyzed by SPSS
version 17. All the experimental data were analyzed using One-way ANOVA. Differences
at p < 0.05 was considered statistically significant.
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Abstract: Models created by the intraperitoneal injection of lipopolysaccharide (LPS) and D-galactosamine
(D-GalN) have been widely used to study the pathogenesis of human acute liver failure (ALF) and
drug development. Our previous study reported that oyster (Crassostrea gigas) hydrolysate (OH)
had a hepatoprotective effect in LPS/D-GalN-injected mice. This study was performed to iden-
tify the hepatoprotective effect of the tyrosine-alanine (YA) peptide, the main component of OH,
in a LPS/D-GalN-injected ALF mice model. We analyzed the effect of YA on previously known
mechanisms of hepatocellular injury in the model. LPS/D-GalN-injected mice showed inflamma-
tory, apoptotic, ferroptotic, and pyroptotic liver injury. The pre-administration of YA (10 mg/kg or
50 mg/kg) significantly reduced the liver damage factors. The hepatoprotective effect of YA was
higher in the 50 mg/kg YA pre-administered group than in the 10 mg/kg YA pre-administered group.
These results showed that YA had a hepatoprotective effect by reducing inflammation, apoptosis,
ferroptosis, and pyroptosis in the LPS/D-GalN-injected ALF mouse model. We suggest that YA can
be used as a functional peptide for the prevention of acute liver injury.

Keywords: acute liver injury; apoptosis; ferroptosis; inflammation; oyster; peptide; pyroptosis

1. Introduction

Acute liver failure (ALF) is the most common life-threatening disease in adults without
pre-existing liver disease, and it mainly occurs in the 30s [1]. There are many causes of ALF
that include hepatitis, acetaminophen overdose, toxins, autoimmune diseases, Wilson’s
disease, and unknown factors. Herbal supplements cannot be free from triggers of ALF [2].
Since there are few effective treatments for ALF other than liver transplantation, studies to
find strategies for the treatment and prevention of ALF using experimental animal models
are continuously being performed. In the early stages of ALF, the incidence of bacterial
infection is high [3,4], which might aggravate the clinical condition and prognosis [5]. An
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uncontrolled inflammatory response not only impairs the liver’s defenses but also causes
massive cell death of hepatocytes, leading to acute liver damage and ultimately severe
ALF [1,6].

A model made by the intraperitoneal injection of lipopolysaccharide (LPS) and D-
galactosamine (D-GalN) has been widely used to study the pathogenesis of human ALF
and drug development [7] because it shows clinically similar symptoms to ALF [8]. LPS,
the major pathogenic component of Gram-negative bacteria, induces the secretion of large
amounts of pro-inflammatory cytokines and ultimately causes liver injury [9–11]. D-GalN,
a selective hepatotoxin, induces depletion of the intracellular uridine moiety, which in
turn disrupts the hepatocyte RNA metabolism and results in liver injury [12,13]. D-GalN
increases the sensitiveness of LPS and causes hepatotoxicity within a few hours. The
LPS/D-GalN model shows typical hepatocellular death manifested by necrosis, apoptosis,
autophagy, and inflammatory responses [14–16]. Although many studies have not been
conducted, recent studies reported that cell death mechanisms by ferroptosis, pyroptosis,
and necroptosis are involved in liver injury in the LPS/D-GalN model [17–19]. Substances
that regulate signals related to the hepatocyte death mechanism are expected to be helpful
in the prevention and treatment of LPS/D-GalN-induced liver injury.

Conventional drugs used to treat liver diseases, such as corticosteroids, antiviral
drugs, and immunosuppressants, can cause serious adverse effects and even liver damage
with long-term use [20]. A common strategy for preventing liver damage includes using
substances with antioxidant and anti-inflammatory activity [21]. Natural products with
antioxidant and anti-inflammatory activities, such as silymarin, were developed as hep-
atoprotectants [22]. However, since silymarin interacts with CYP2C9 inhibitors, caution is
required when taking drugs related to CYP2C9 inhibitors [23]. It is necessary to broaden
the choice of natural medicines suitable for individual patients by developing natural
hepatoprotectants and therapeutic agents with fewer side effects than silymarin.

In our previous studies, oyster-derived hydrolysate (OH) showed hepatoprotective ef-
fects in a single ethanol binge model and a LPS/D-GalN-induced liver injury model [24,25].
In particular, the Tyrosine-Alanine (YA) peptide, the main component of OH, enhanced
the ethanol metabolism and protected the liver from ethanol-induced toxicity [25]. YA has
antioxidant and anti-inflammatory activities. Bioactive peptides affect various biological
functions, and peptides have been used as therapeutic agents for various diseases for a
long time [26]. Arg-Gly-Asp (RGD) peptide attenuates LPS-induced pulmonary inflamma-
tion [27] and hepatic fibrosis [28]. Currently, there are few studies on the hepatoprotective
mechanism of YA against the LPS/D-GalN-induced liver injury model. Since the YA
peptide is a food-derived substance, the preventive effect was first investigated before the
therapeutic effect. This study was performed to determine the hepatoprotective effect of
the YA peptide in the LPS/D-GalN-induced ALF model. We also compared the effects of
two different concentrations of YA (10 and 50 mg/kg).

2. Results

2.1. Generation of Acute Liver Failure (ALF) Mouse Model

The method to produce an ALF mouse model and the experimental procedure to
confirm the prophylactic effect of YA are summarized in Figure 1A. The ALF model
was generated by the intraperitoneal injection of LPS (1 μg/kg) and D-galactosamine
(400 mg/kg), and the mice were sacrificed 6 h after the LPS/D-GalN injection. The five
experimental groups were divided into the vehicle, LPS/D-GalN, YA (10 or 50 mg/kg) +
LPS/D-GalN, and silymarin (25 mg/kg) + LPS/D-GalN groups (each group with 10 mice).
YA and silymarin were pre-administrated orally for 10 days. Saline was pre-administered
instead of YA in the vehicle and LPS/D-GalN groups. Body weight was measured at the
beginning and end of the experiment, and liver weight was measured immediately after
sacrificing the mice. There was no significant change in body and liver weights among the
experimental groups.
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Figure 1. LPS/D-GalN-induced acute liver failure (ALF) mouse model. (A) Experimental design to determine the protective
effect of YA in the ALF mouse model. Saline, YA, or silymarin was pre-administered daily for ten days by oral gavage before
intraperitoneal injection of LPS/D-GalN. (B) LPS/D-GalN-induced pathological alterations in liver tissue attenuated by YA.
The morphological changes were identified by H&E staining. The dotted rectangle representing the hemorrhage area is
expanded to show. Blue arrowheads indicate nuclear fragmentation. Scale bar, 100 μm. (C) Effect of YA pre-administration
on plasma ALT and AST levels in the LPS/D-GalN group. Data are shown as the mean ± SD (n = 10 in each group).
* p < 0.05 compared to vehicle group. † p < 0.05 compared to the LPS/D-GalN group.

The morphological changes of the liver observed in the experimental groups were
evaluated by hematoxylin and eosin (H&E) staining. The LPS/D-GalN group showed a
remarkable increase in hemorrhage and nuclear fragmentation (dotted rectangle, Figure
1B). The morphological features of cell damage were reduced in the YA+LPS/D-GalN and
silymarin+LPS/D-GalN groups. Comparing the effects of two different concentrations
of YA, the cell damage was decreased more in the 50 mg/kg YA pre-administered group
than in the 10 mg/kg YA pre-administered group. Silymarin (25 mg/kg), a positive
control showing hepatoprotective effects, reduced the LPS/D-GalN-induced morphological
features of cell damage (n = 3, Figure 1B). Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels in the LPS/D-GalN group were significantly increased
compared to the vehicle group (p < 0.05). In contrast, they were significantly decreased in
the YA and silymarin pre-administered groups (Figure 1C, n = 10, p < 0.05).

2.2. YA Pre-Administration Attenuated Inflammatory Signals in ALF Model

YA significantly decreased the activity of the biosynthesis enzymes cyclooxygenase-2
(COX-2) and 5-lipoxygenase (5-LO), which are involved in the inflammatory process. The
effect was dose-dependent (n = 4, p < 0.05, Figure 2A). The nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB), a key transcription factor for pro-inflammatory
gene induction, was significantly activated in liver tissues obtained from the LPS/D-GalN
groups compared to the vehicle group (Figure 2B, n = 4, p < 0.05). The NF-κB activation was
significantly decreased in the 50 mg/kg YA + LPS/D-GalN and silymarin + LPS/D-GalN
groups (Figure 2B, n = 4, p < 0.05). In the NF-κB activity, the 10 mg/kg YA + LPS/D-GalN
group showed no significant difference from the vehicle and LPS/D-GalN groups.

Mitogen-activated protein kinase (MAPK) activation is related to LPS-induced inflam-
mation [29]. Extracellular signal-regulated kinase 1/2 (ERK), c-Jun N-terminal kinases
(JNK), and p38 MAPKs were significantly activated in the LPS/D-GalN group compared
to the vehicle group (Figure 2B, p < 0.05, n = 4). ERK and JNK activation was significantly
decreased in the 50 mg/kg YA + LPS/D-GalN group (p < 0.05), whereas p38 activation was
significantly reduced in the 10 mg/kg and 50 mg/kg YA and silymarin pre-administered
groups (Figure 2C, n = 4, p < 0.05), indicating that YA and silymarin may act through
different mechanisms. Activation of NF-κB and MAPK is associated with the secretion
of pro-inflammatory cytokines such as interleukin (IL)-1 β, IL-6, and tumor necrosis fac-
tor (TNF)-α [30,31]. High concentrations of IL-1β, IL-6, and TNF-α in the LPS/D-GalN
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group were significantly reduced in the YA + LPS/D-GalN group (Figure 2D, n = 4,
p < 0.05). The secretion of IL-1β, IL-6, and TNF-α was more decreased in the 50 mg/kg YA
pre-administered group than in the 10 mg/kg YA pre-administered group. The mRNA
expression levels of IL-1β, IL-6, and TNF-α were also decreased in the YA + LPS/D-GalN
groups (Figure 2D).

Figure 2. Anti-inflammatory effect of YA in LPS/D-GalN-induced ALF model. (A) Inhibition of
cyclooxygenase-2 (COX-2) and 5-lipoxygenase (5-LO) activity by YA. * p < 0.05 compared to 25 μg/mL
YA. (B) Changes in NF-κB activation. The NF-κB activity was measured using a phospho-NF-κB
p65 (S536) ELISA kit. (C) Suppression of MAPK activation by YA. (D) Decrease in pro-inflammatory
cytokines (IL-1β, IL-6, and TNF-α) by YA. Data are shown as the mean ± SD (n = 4 in each group).
* p < 0.05 compared to vehicle group. † p < 0.05 compared to the LPS/D-GalN group. ‡ p < 0.05
compared to YA (10 mg/kg) + LPS/D-GalN group. The plus (+) sign, such as in YA10+, YA50+, and
silymarin+, represents a combination of LPS/D-GalN and each substance.

2.3. YA Pre-Administration Attenuated Apoptotic Signals in ALF Model

Apoptotic signals were analyzed in liver tissues obtained from the LPS/D-GalN-
injected mice. The number of apoptotic cells exhibiting green fluorescence was increased in
the LPS/D-GalN group. In contrast, the number of these cells was decreased in the YA and
silymarin pre-administered groups, according to terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining, a method detecting DNA fragmentation of
apoptotic cells (Figure 3A). In the LPS/D-GalN group, the B-cell lymphoma protein 2
(Bcl-2)-associated X (Bax)/Bcl2 ratio was increased; poly ADP-ribose polymerase (PARP)
and caspase 3 (Cas 3) were cleaved, and mitochondrial cytochrome C was secreted into
the cytoplasm. In comparison to the LPS/D-GalN group, the apoptotic signals were
significantly reduced in the YA and silymarin pre-administered groups (Figure 3B, p < 0.05,
n = 4). The inhibitory effect on LPS/D-GalN-induced apoptotic signals was higher in the
50 mg/kg YA pre-administration group than in the 10 mg/kg YA pre-administration group.
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Figure 3. Anti-apoptotic effect of YA on liver tissues obtained from LPS/D-GalN-injected mice.
(A) TUNEL staining. Representative fluorescence images of hepatocyte apoptosis in LPS/D-GalN
group. Positive control (PC) treated with DNase I is displayed as a comparison. The cells showing
green fluorescence in the nucleus are apoptotic. Scale bar, 200 μm. (B) Western blotting assay for
detection of apoptotic signals. Pro-apoptotic Bax and anti-apoptotic Bcl2 expression levels, cleaved
(CL) PARP and caspase 3 (Cas 3), and translocation of cytochrome C (Cyt C) into cytoplasm were
analyzed. Data are shown as the mean ± SD (n = 4 in each group). * p < 0.05 compared to vehicle
group. † p < 0.05 compared to the LPS/D-GalN group. The plus sign (+) represents a combination of
LPS/D-GalN and each substance.

2.4. YA Pre-Administration Attenuated Endoplasmic Reticulum (ER) Stress and Ferroptosis and
Pyroptosis Signals in ALF Model

ER stress is related to various cell death mechanisms. ER stress-related proteins such
as GRP78, PERK, eIF2α, ATF4, ATF6, and CHOP were upregulated in the LPS/D-GalN
group (Figure 4A). The upregulated ER stress markers were markedly decreased in the
YA and silymarin pre-administered groups. SLC7A11, GPx4, and HO-1 suppression are
linked to ferroptosis induction, while 4-HNE upregulation is related to lipid peroxidation
during this process. SLC7A11, GPx4, and HO-1 protein expression levels were decreased
in the LPS/D-GalN group, while the 4-HNE protein expression level was increased. The
changes in the ferroptosis markers were significantly restored in the YA and silymarin
pre-administered groups (Figure 4B, p < 0.05, n = 3).

Pyroptotic cell death was detected in the LPS/D-GalN group. The caspase-1 was
cleaved, and the gasdermin D (GSDMD) was upregulated. In addition, the carboxy-
terminal gasdermin-C domain cleaved in gasdermin D (CL-C-terminal GSDMD) was
detected in the LPS/D-GalN group (Figure 4C). IL-1β was highly secreted in the LPS/D-
GalN group (see Figure 2D). The pyroptotic signals were significantly reduced in the
YA+LPS/D-GalN and silymarin+LPS/D-GalN groups (Figure 4C, p < 0.05, n = 3).

The mechanisms involved in liver injury in LPS/D-GalN-injected mice are summa-
rized in Figure 5.
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Figure 4. Ferroptotic and pyroptotic signals decreased by YA pre-administration. (A) Changes in ER
stress markers. (B) Changes in ferroptosis markers. (C) Changes in pyroptosis markers. Data were
shown as the mean ± SD (n = 3 in each group). (B,C) share a label representing each experimental
group. * p < 0.05 compared to vehicle group. † p < 0.05 compared to the LPS/D-GalN group. The
plus sign (+) means the combination of LPS/D-GalN and each substance.

Figure 5. Various mechanisms were observed in liver tissues obtained from the LPS/D-GalN-induced
ALF model. Pre-administration of YA reduced LPS/D-GalN-induced liver damage factors. The
mechanisms are interconnected and can exacerbate liver damage.

3. Discussion

This study analyzed the effect of YA on previously known mechanisms of hepatocellu-
lar damage in a mouse model capable of mimicking ALF symptoms. LPS/D-GalN-injected
mice used as an ALF model in this study are also referred to as models for fulminant
liver failure (FLF), acute liver injury (ALI), and acute hepatitis. Previous studies reported
that liver damage in LPS/D-GalN-injected mouse models is induced by multiple complex
mechanisms, such as inflammation, apoptosis, necrosis, autophagy, pyroptosis, necropto-
sis, and ferroptosis [14–19]. However, most previous studies using LPS/D-GalN-injected
mouse models analyzed one or two of the mechanisms mentioned above and reported that
many hepatoprotectants proposed in those studies modulate the analyzed mechanisms.
Since various factors and mechanisms cause ALF, substances that can control several
mechanisms at once will be more helpful in treating ALF. Many hepatoprotective natural
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substances are more likely to exert their effects by regulating multiple mechanisms rather
than specifically regulating a single mechanism. However, due to the lack of research, only
some mechanisms of action of these substances are known. Even if the effects of these
substances are excellent, it is challenging to develop new drugs or healthy functional foods
if the mechanism of action is not sufficiently analyzed.

Here, we introduce a YA peptide that regulates many pathological mechanisms oc-
curring in the LPS/D-GalN-induced ALF model. YA reduced inflammation, apoptosis,
ER stress, ferroptosis, and pyroptosis in a LPS/D-GalN-injected mouse model, eventually
reducing liver injury. Dipeptide YA used in this study has not been studied as much as
other peptides. The mechanism of LPS/D-GalN-induced liver injury is also associated
with increased autophagy [16]. However, in our study, autophagy-related signals did not
show consistent results, so autophagy was excluded from the hepatoprotective mechanism
of YA. Necrotic events were confirmed by H&E staining. Hepatocyte swelling along with
shrinkage of the nucleus shown in the LPS/D-GalN-induced ALF model was reduced in
the YA pre-administered group. Receptor-interacting protein kinase (RIPK) 1 and RIPK3,
necroptosis markers, expression levels were also checked in the liver tissues obtained from
the LPS/D-GalN-induced ALF model. There were no significant differences between the
vehicle group and the LPS/D-GalN group. As a result, autophagy and necroptosis were
excluded from YA-regulated mechanisms.

YA exerts an anti-inflammatory effect by reducing MAPK/NF-κB activity. Apoptosis
plays a role in normal liver development. However, the over-activation of apoptosis may
lead to hepatocellular damage [32,33]. YA exerts anti-apoptotic effects by decreasing the
Bax/Bcl2 ratio, PARP and caspase 3 cleavages, and cytochrome C translocation from the
mitochondria to the cytoplasm. ER stress plays a role during LPS/D-GalN-induced apopto-
sis in the ALF model [34–36]. YA decreased most of ER stress protein expression. ER stress
is related to apoptosis, inflammation, and pyroptosis [37,38]. Ferroptosis agents cause ER
stress responses, which play an essential role in the cross-talk between ferroptosis and other
types of cell death [39]. ER stress appears to mediate many kinds of cell death. Dysregu-
lation of ferroptosis has also been associated with various liver diseases [40]. Ferroptosis
occurs mainly due to downregulated system xc activity, inhibited glutathione peroxidase 4
(GPX4), and increased lipid ROS [41]. Functional subunit solute carrier family member 11 of
system xc (SLC7A11), GPx4, and HO-1 protein expression are reduced in the LPS/D-GalN-
induced liver injury model [19,42]. YA pre-administration reversed ferroptotic signals
in the LPS/D-GalN-induced ALF model. Apoptosis, necroptosis, and pyroptosis can be
switched by some molecules. GSDMD is a pore-forming protein that promotes pyroptosis
and the release of pro-inflammatory cytokines [43]. GSDMD-mediated hepatocyte pyrop-
tosis extends the inflammatory response to ALF by upregulating monocyte chemotactic
protein 1/CC chemokine receptor-2 to recruit macrophages [17,18]. YA pre-administration
also decreased the upregulation of GSDMD, caspase 1 activation, C-terminal of GSDMD
cleavage in the LPS/D-GalN induced ALF model. These signals are intricately intertwined
in the ALF model and will act in complex ways. In addition, the analyzed mechanism may
not be perfect. Other mechanisms will work. YA regulates various mechanisms, which can
occur in the LPS/D-GalN-induced ALF model. Involvement in multiple mechanisms can
be either an advantage or a disadvantage. The advantage is that it can be effective because
it can block numerous pathways that can act as mechanisms of liver damage in the ALF
model at once. The disadvantage is that since it blocks several pathways, the probability of
side effects can be high, and YA may not work specifically for the ALF model. However, in
terms of side effects, since YA is a peptide derived from natural products, it is considered
that the possibility of side effects is low.

YA was used as a standard material for OH. Although several peptides have been
suggested as standard materials in the OH, YA has advantages over other peptides. YA
is readily available to be used because YA is synthesized and sold by several companies,
including Sigma-Aldrich (#T5128). Short peptides produced from proteins that have bio-
logical activity beyond their nutritional value are known as bioactive peptides. To achieve
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their “bioactive” roles, these peptides must be released by proteolysis (in vivo digestion,
in vitro enzymatic hydrolysis, or bacterial fermentation) [44]. YA was released from oys-
ters by enzymatic hydrolysis. Our previous studies demonstrated that OH produced by
in vitro enzymatic hydrolysis of oysters contained various bioactive peptides such as TAY,
VK, KY, FYN, and YA and displayed antihypertensive, anti-inflammatory, antidiabetic,
antioxidative, and hepatoprotective effects in in vitro and in vivo tests [24,25,45–47]. YA
can be a bioactive peptide.

In the case of peptides, when administered orally, they are broken down into amino
acids in the gastrointestinal tract, which may weaken their effectiveness. When comparing
the effects of oral and intraperitoneal administrations in a preliminary study, the YA effect
was slightly higher when injected intraperitoneally, indicating that the peptide may be
digested into amino acids without being wholly absorbed when YA was administered
orally. However, it is thought that this disadvantage can be overcome by intramuscular,
subcutaneous, or intravenous injection. If YA is catabolized, tyrosine and alanine will
be produced. Tyrosine and alanine are non-essential amino acids. Alanine is the most
common amino acid catabolized by the liver in mammals, and it contributes the most to
the gluconeogenesis of the 15 glucogenic amino acids [48,49]. To clear the N metabolites
generated by amino acid catabolism, peripheral tissues such as skeletal muscle produce
alanine and glutamine as nitrogen carriers in the blood, which are then taken up by
the liver and gut and safely disposed of ureagenesis, resulting in glucose production
from alanine [48,49]. Furthermore, the ALT expressed in the liver is responsible for the
alanine-pyruvate interconversion [50]. When hepatocytes are damaged, ALT is released
into the bloodstream, increasing serum ALT activity [51]. In an ALF rat model treated
with D-GalN, alanine administration was found to lower plasma levels of ALT and total
bilirubin dramatically [52]. In a CCl4-induced hepatocyte necrotic rat model, alanine
administration was shown to reduce the ALT rise and histological liver damage [53]. In
addition, alanine treatment dramatically reduced lactate dehydrogenase levels in D-GalN-
treated rat hepatocytes [53]. When dietary tyrosine levels are low, the liver can produce
tyrosine by hydroxylating phenylalanine. Tyrosine can become an essential amino acid in
conditions where the liver fails. Tyrosine shortage can cause net protein catabolism and
muscle wasting, so it is important to get enough [54]. Furthermore, tyrosine that is overused
is oxidized. Tyrosine is a ketogenic and glucogenic amino acid. Both glucose and fatty acids
can be produced by tyrosine [54]. Blood tyrosine levels are supposed to rise as a result of
all-cause liver disease [55]. However, the exact mechanism is not known, and there is little
evidence that tyrosine has a direct influence on liver disease. The YA concentration in the
gastrointestinal system did not vary significantly in the simulated digestion experiment,
suggesting that YA can be absorbed into the blood without significant loss [45].

In addition, when comparing the hepatoprotective effect of YA between the group
pre-administered with YA once a day for 10 days (10 days YA group) and the group pre-
administered with YA once a day (1 day YA group), the hepatoprotective effect of YA was
slightly lower in the 1 day YA group than the 10 day YA group, with a reduction in liver
damage. At 10 and 50 mg/kg concentrations of YA, both concentrations effectively reduced
liver damage in the LPS/D-GalN-induced ALF model, except for effects on ERK and JNK
activation. The hepatoprotective effect was higher in the 50 mg/kg YA pre-administered
group than in the 10 mg/kg YA pre-administered group. In addition, significant activation
of ERK and JNK in the 50 mg/kg YA pre-administered group could act as a signaling
pathway distinct from the silymarin pre-administered group. A single ethanol binge model
with 50 mg/kg YA demonstrated a hepatoprotective effect [25]. Therefore, we compared
the effect of low-dose (10 mg/kg) and high-dose (50 mg/kg) YA in the LPS/D-GalN-
induced ALF model. It can become a more effective functional food and is more likely to be
used as a pharmaceutical if it has an effect at a low concentration. Although less effective
than 50 mg/kg YA, 10 mg/kg YA had a hepatoprotective effect, suggesting that it could be
developed as a medication. YA did not cause hepatotoxicity at 50 mg/kg, and it may affect
other mechanisms that were not fully explored in this study.
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Food-derived bioactive peptides and peptide-rich protein hydrolysates could provide
a safe alternative to synthetic pharmaceuticals for the prevention and treatment of acute
and chronic diseases with fewer side effects. The positive effect of YA was confirmed
in the acute inflammation models, but its effect should also be analyzed in the chronic
models. The substances that modulate multiple mechanisms may be effective because they
can control complex mechanisms that can coexist in a single disease. However, it will be
necessary to investigate continuously the side effects of the substance on normal tissues.
Our findings suggest that YA can be a hepatoprotectant in acute liver injury, such as ALF,
FLF, and acute hepatitis as a bioactive peptide.

4. Materials and Methods

4.1. Preparation of YA Peptide

Crassostrea gigas specimens (length, 5.8 ± 0.4 cm; height, 3.2 ± 0.4 cm; body weight
(BW), 9.8 ± 2.1 g) were harvested from a fish farm in Tongyeong (South Korea) in 2018–2019,
frozen, and preserved for 1–2 years. The preparation of the oyster hydrolysate (OH) and
YA was conducted according to a previous protocol [25]. The amino acid sequence of the
purified peptide fragment in OH is determined using LC/MS/MS. The sequenced peptide
YA was synthesized with a purity of 95% or higher to test their function. In addition,
we validated histological changes in the liver and changes in liver enzymes (alanine
aminotransferase, ALT; aspartate aminotransferase, AST) using synthetic YA purchased
from Sigma-Aldrich (St. Louis, MI, USA).

4.2. Measurement of Cyclooxygenase-2 (COX-2) and 5-Lipoxygenase (5-LO) Inhibition Activity

The percentages of COX-2 inhibition and 5-LO inhibition of YA were measured accord-
ing to the previous protocols [24]. Briefly, the assay mixture for COX-2 contained 450 μL of
Tris-HCl buffer (pH 8.0, 100 mM), 100 μL of hematin (150 mM), 100 μL of ethylene-diamine-
tetraacetic acid (EDTA, 30 μM), 200 μL of COX-2 (40 U/mL), and 100 μL of YA. The mixture
was incubated for 15 min at room temperature. The reaction was initiated by adding 20 μL
of arachidonic acid (20 mM) and 25 μL of N,N,N’,N’-tetramethyl-ρ-phenylenediamine
(TMPD, 10 mM) and evaluated after 5 min at 590 nm. To measure 5-LO activity, 200 μL
of the enzyme solution (160 U/mL) were prepared in a 0.2 M boric acid buffer (pH 9.0),
mixed with 50 μL of YA (1, 3, 5, and 100 mg/mL in boric acid buffer), and then incubated at
room temperature for 3 min. The reaction was initiated by adding 250 μL of the substrate
solution (100 μM of linoleic acid) and evaluated for 2 min at 234 nm using the VERSAmax
microplate reader (Molecular Devices, San Jose, CA, USA).

4.3. LPS/D-GalN-Induced ALF Model

The animal experiments were carried out in compliance with the animal care and use
committee guidelines at Gyeongsang National University (GNU-151208-M0068). Male
C57BL/6 mice (7 weeks old) were purchased from Koatech Co. (Animal Breeding Center,
Pyongtaek, Korea). Animals were kept on a 12 h light/dark cycle in a specific pathogen-
free area with food and water freely available in the animal facility for 1 week before the
experiment. All experimental animals were randomly separated into five groups as follows:
Saline, LPS (1 μg/kg) + D-GalN (400 mg/kg), LPS/D-GalN + YA (10 mg/kg), LPS/D-
GalN + YA (50 mg/kg), and LPS/D-GalN + silymarin (25 mg/kg). YA and silymarin
were pre-administered for 10 days before LPS/D-GalN by oral gavage. LPS/D-GalN
was injected intraperitoneally. Blood and tissues were collected 6 h after LPS/D-GalN
injection. Liver tissues were quickly isolated and placed into a deep freezer at −80 ◦C or a
4% paraformaldehyde solution for further experimentation.

4.4. Measurement of Alanine Aminotransferase (ALT) and Aspartate Aminotransferase (AST) Levels

ALT and AST levels in the serum were measured by GC Labs (Yongin, Korea), which
uses the International Federation of Clinical Chemistry standard method. ALT and AST
levels were measured and analyzed according to previous methods [25].
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4.5. Hematoxylin and Eosin (H&E) Staining

Histological changes in the liver tissue were analyzed by H&E staining (Sigma
Aldrich., St Louis, MO, USA). Mice were perfused with a fixative solution containing
4% paraformaldehyde solution, and the liver was isolated and incubated in the same fixa-
tive solution overnight at 4 ◦C. The liver tissues were embedded in paraffin after washing
three times. The paraffin blocks were sectioned to a thickness of 5 μm and air-dried on
gelatin-coated slides. For H&E staining, the paraffin was removed from the liver tissue
sections with xylene, and the tissue sections were rehydrated with graded alcohol series
(100% to 70% EtOH). The liver tissue section was washed with tap water for 5 min, and
the section slide was immersed in hematoxylin solution for 5 min. After checking the
degree of hematoxylin staining, eosin staining was performed for 1 min. The sections were
dehydrated through a graded series of EtOH (70% to 100% EtOH, each 3 min), removed
from xylene, and mounted with mounting medium (Fisher Chemical, Geel, Belgium). The
stained part was photographed using a BX61VS microscope (Olympus, Tokyo, Japan).

4.6. TUNEL Staining

The apoptotic signal in the testes was assessed using the DeadEnd Fluorometric
TUNEL System (Promega, Madison, WI, USA) according to the manufacturer’s protocol.
The TUNEL staining was carried out as described previously [56]. Deparaffinized liver
tissue sections were fixed in 4% paraformaldehyde in PBS for 15 min at room temperature,
washed three times in PBS, and permeabilized with 20 μg/mL proteinase K solution for
10 min at room temperature. After three washes in PBS, the slides were refixed in 4%
paraformaldehyde for 5 min at room temperature. The slides were washed in PBS for
5 min and equilibrated in an equilibration buffer for 10 min. The liver tissues on the
slides were labeled with a TdT reaction mix for 60 min at 37 ◦C in a dark, humidified
chamber. The reaction was stopped with a 2 × SSC solution, followed by washing three
times in PBS. Counterstaining was carried out by incubating with 5 μg/mL PI for 10 min
at room temperature in the dark. TUNEL-positive cells were observed using a confocal
laser scanning microscope (Olympus).

4.7. RT-PCR

Total RNA isolated from liver tissues was used to synthesize first-strand cDNA using
a reverse transcriptase kit (DiaStartTM RT kit; SolGent, Daejeon, Korea) for RT-PCR and
real-time PCR. As previously mentioned, the procedure for RT-PCR was performed [57].
Table 1 shows the primer sequences used to detect mRNA of IL-1β, IL-6, TNF-α, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH was used as a loading
control. The PCR conditions included an initial denaturation at 94 ◦C for 5 min, followed
by 30 cycles of 94 ◦C for 30 s, 58 ◦C for 30 s, and 72 ◦C for 30 s, and a final extension step at
72 ◦C for 10 min.

Table 1. Primer sequences used for PCR.

Gene
Name

GenBank
Acc. No.

Primer Sequences (5′–3′) Expected
Size (bp)

IL1b NM_008361.4 Sense: GTTGACGGACCCCAAAAGAT
Antisense: TCGTTGCTTGGTTCTCCTTG 440

IL6 NM_031168 Sense: CTTCACAAGTCCGGAGAGGAG
Antisense: TGGTCTTGGTCCTTAGCCACT 489

Tnf D84199 Sense: CAGCCTCTTCTCATTCCTGCT
Antisense: TGTCCCTTGAAGAGAACCTGG 339

GAPDH NM_017008.4 Sense: CTA AAG GGC ATC CTG GGC
Antisense: TTA CTC CTT GGA GGC CAT 201
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4.8. Western Blot Analysis

A Western blot analysis of total, cytoplasmic, and mitochondrial proteins was per-
formed as described previously [25]. The total protein was isolated from liver tissue using
the RIPA buffer (25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40, 1% deoxycholate, 0.1%
sodium dodecyl sulfate (SDS); Thermo Fisher Scientific, Carlsbad, CA, USA) containing a
1× protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA). According to
the manufacturer’s protocol, mitochondrial and cytosolic fractions were isolated using a
mitochondria isolation kit for the tissue (Thermo Fisher Scientific). Equal amounts (30 μg)
of protein were analyzed among experimental groups. Equal volumes of the proteins and
2× SDS sample buffer were mixed, loaded on 10% SDS-polyacrylamide gel, and separated
by electrophoresis for 120 min at 120 V. Then, the gel was transferred to a polyvinyli-
dene difluoride membrane (Millipore, Billerica, MA, USA) for 1 h at 100 V using a wet
transfer system (Bio-Rad, Hercules, CA, USA). The membranes blocked with 5% (w/v)
fat-free dry milk in TBS with tween-20 at room temperature for 60 min were incubated
with anti-Bax (1:200 dilution; Santa Cruz Biotechnology, Dallas, TX, USA), anti-Bcl-2 (1:200
dilution; Santa Cruz Biotechnology), anti-cytochrome C (1:1000; Cell Signaling, Danvers,
MA, USA), anti-VDAC (1:1000; Cell Signaling, Danvers, MA, USA), anti-caspase-3 (1:1000;
Cell Signaling), anti-GRP78 (1:1000 dilution, Abcam., Cambridge, UK), anti-pERK (1:200
dilution; Santa Cruz Biotechnology), anti-p-pERK (1:200 dilution; Santa Cruz Biotechnol-
ogy), anti-elF2α (1:1000; Cell Signaling), anti-p-elF2α (1:1000; Cell Signaling), anti-ATF4
(1:200 dilution; Santa Cruz Biotechnology), anti-ATF6 (1:1000; Cell Signaling), anti-CHOP
(1:200 dilution; Santa Cruz Biotechnology), anti-HO-1 (1:200 dilution; Santa Cruz Biotech-
nology), anti-SLC7A11/xCT (1:1000, arigo Biolaboratories Corp., Hsinchu City, Taiwan),
anti-GPx4 (1:1000, arigo Biolaboratories Corp), anti-4-HNE (1:1000, arigo Biolaboratories
Corp), anti-caspase 1 (1:1000, Adipogen Corporation, San Diego, CA, USA), anti-GSDMD
(1:1000, Abcam), anti-cleaved C-terminal GSDMD (1:1000, Abcam), and anti-β-actin an-
tibody (1:5000 dilution; Thermo Fisher Scientific) at 4 ◦C overnight. After the primary
antibody incubation, it was incubated with a secondary HRP-conjugated anti-rabbit or
anti-mouse antibody at 1:10,000 (Assay Designs, Ann Arbor, MI, USA). Immuno-positive
bands were enhanced with chemiluminescence (EzWestLumi plus; ATTO Gentaur, Tokyo,
Japan) and visualized using the iBright CL1500 imaging system (Thermo Scientific Fisher/
Life Technologies Holdings Pte Ltd., Singapore).

4.9. Measurement of IL-1β, IL-6, and TNF-α Concentrations in Liver Tissues

According to the manufacturer’s protocol, the concentrations of the pro-inflammatory
cytokines IL-1β, IL-6, and TNF-α in the liver tissues were quantified using an ELISA kit
(R&D system, Minneapolis, MN, USA). The protocol was previously described [25]. The
absorbance of the plates at 450 nm was read with a microplate reader (Molecular Devices).

4.10. Measurement of Total and Phospho-NF-kB p65 Protein

The semi-quantitative measurement of NF-κB p65 (pS536) and total NF-κB p65 protein
was performed using an ELISA kit (NF-κB p65 (pS536 + Total), Abcam) according to
the manufacturer’s protocol. The 100 mg of liver tissues were homogenized in cold 1×
Extraction Buffer PTR (Abcam). The homogenates were incubated in ice for 20 min and
subjected to centrifugation at 18,000× g for 20 min at 4 ◦C (Eppendorf Centrifuge 5424R,
Eppendorf AG). After centrifugation, the supernatant was transferred to a clean tube and
provided as tissue lysates. The protein concentration of tissue lysate was quantified using
the BCA assay kit. Then, the tissue lysates were diluted to the desired concentration using
1× Extraction Buffer PTR. The diluted tissue lysates (50 μL), antibody cocktail (the mixture
of Capture Antibody NF-κB p65 (pS536) or NF-κB p65 total with Detector Antibody) were
added to a 96-well plate. The plates were covered with an adhesive strip, incubated for 1 h
at room temperature, and washed three times with 1× wash buffer PT. Then, 100 μL of
TMB substrate were added and incubated at room temperature for 15 min in the dark on a
plate shaker set to 400 rpm. The reaction was quenched by adding 100 μL stop solution,
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and the absorbance of the plates was read at 450 nm with a microplate reader (Molecular
Devices, Sunnyvale, CA, USA).

4.11. Data Analysis and Statistics

The images of the Western blots and agarose gel were captured using an iBright
CL1500 imaging system (Thermo Scientific Fisher/Life Technologies Holdings Pte Ltd.).
The bands were quantified by ImageJ software (version 1.49, National Institutes of Health,
Bethesda, MD, USA). Data are presented as the mean ± standard deviation (SD). The
one-way ANOVA/Bonferroni test or the Kruskal–Wallis/Mann–Whitney test was selected
after the normality test to analyze differences among groups (OriginPro2020, OriginLab
Corp., Northampton, MA, USA). A p < 0.05 value was considered as the statistical signifi-
cance criterion.

5. Conclusions

Our findings demonstrate that YA regulates a complex mechanism induced by LPS/D-
GalN. YA has anti-inflammatory, anti-apoptotic, anti-pyroptotic, and anti-ferroptotic effects
against LPS/D-GalN-induced hepatic inflammation and cell death. YA may be a potential
marine anti-inflammatory and antioxidative agent for treating acute liver diseases such
as ALF.
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Abstract: Cardiovascular disease represents a leading cause of mortality and is often characterized
by the emergence of endothelial dysfunction (ED), a physiologic condition that takes place in the
early progress of atherosclerosis. In this study, two cytoprotective peptides derived from blue mussel
chymotrypsin hydrolysates with the sequence of EPTF and FTVN were purified and identified.
Molecular mechanisms underlying the cytoprotective effects against oxidative stress which lead
to human umbilical vein endothelial cells (HUVEC) injury were investigated. The results showed
that pretreatment of EPTF, FTVN and their combination (1:1) in 0.1 mg/mL significantly reduced
HUVEC death due to H2O2 exposure. The cytoprotective mechanism of these peptides involves
an improvement in the cellular antioxidant defense system, as indicated by the suppression of the
intracellular ROS generation through upregulation of the cytoprotective enzyme heme oxygenase-1.
In addition, H2O2 exposure triggers HUVEC damage through the apoptosis process, as evidenced
by increased cytochrome C release, Bax protein expression, and the elevated amount of activated
caspase-3, however in HUVEC pretreated with peptides and their combination, the presence of those
apoptotic stimuli was significantly decreased. Each peptide showed similar cytoprotective effect
but no synergistic effect. Taken together, these peptides may be especially important in protecting
against oxidative stress-mediated ED.

Keywords: bioactive peptide; cytoprotective; oxidative stress; endothelial dysfunction; blue mussel

1. Introduction

The imbalance between the antioxidant defense mechanism and reactive oxygen
species (ROS) generation in a physiological system leads to oxidative stress and associated
disease consequences. Regulated ROS generation is critical for the activation of protective
signaling pathways, but when in excess amount it induces oxidative stress. Oxidative
stress induces depolarization of the mitochondrial membrane. When the mitochondrial
membrane potential is reduced, a series of signaling proteins is activated, which leads to the
activation of several stress-responsive genes, such as p53, Bax, Bcl-2, and caspase-3 [1]. This
results in enhanced reactive oxygen species generation, severe cell damage, and apoptosis-
induced cell death [2,3]. These risk factors can induce endothelial dysfunction (ED) through
a variety of processes [4,5]. The endothelium, particularly the terminal arteries, is damaged
by too much ROS, which disrupts the intracellular reduction-oxidation balance. Hence, ED
is considered as an early indicator in the progression of cardiovascular disease (CVD) [6,7].
Since oxidative stress is defined as a possible cause of cardiovascular disease, treatment
with antioxidants is a good strategy to prevent CVD-causing endothelial vein damage.

Recently, marine-derived food proteins have attracted much attention because of their
wide range of bioactivity. Seafood consumption is thought to lower the risk of various
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diseases, as peptides derived from marine-food protein have an anti-inflammatory, antihy-
pertensive, antidiabetic, anticancer, antioxidant, and anti-obesity potential [8–14]. Some
identified antioxidant peptides or protein hydrolysates are important subjects of interest,
due to their specific properties as therapeutic agents to protect the body from diseases
related to oxidative damage [8,15,16]. Blue mussel (Mytilus edulis) is one of the prominent
protein-rich marine food sources that can be converted into bioactive peptides (BAPs)
through enzymatic hydrolysis to optimize their health benefits, such as anti-inflammation,
antioxidant, and anti-obesity [17–19]. Fermented blue mussel sauce, a popular Asian-style
culinary condiment, has also been associated with CVD risk by producing BAPs with
antihypertensive activity [20,21]. An effective strategy to prevent CVD is to protect the
venous endothelial cells, which are damaged by oxidative stress. In a previous study,
α-chymotrypsin-assisted protein hydrolysate of blue mussel showed cytoprotective activ-
ity in protecting HUVECs from damage induced by H2O2-mediated oxidative stress [1].
However, there is insufficient information in previous reports about specific BAPs that play
an important role in endothelial cell protection and certain mechanisms associated with
ROS-mediated CVD that need to be understood. The purification of peptides is one of the
procedures that needs to be carried out, in order to further expand the use of this compound
as a pharmaceutical raw material or functional food source in the future. Therefore, the
purpose of this study was to evaluate the capacity of purified peptides derived from blue
mussel to protect HUVEC from oxidative stress caused by H2O2 exposure, as well as to
understand the protective mechanism of these peptides.

2. Results

2.1. Purification and Identification of Cytoprotective Peptides

Cytoprotective peptides were purified from α-chymotrypsin-assisted protein hy-
drolysates of blue mussel by a cytoprotective activity-guided purification process. First,
separation was performed by Sephadex G-25 gel filtration and four fractions (F1~4) were
collected. After evaluating cytoprotective activity, the F3 fraction that showed the highest
protective effect on HUVEC against H2O2-induced oxidative cell damage was selected
and further purified by HPLC equipped with a C18 column (Figure 1). Six fractions were
obtained by HPLC separation. After determination of cytoprotective activity, fractions H3
and H4 showed similar HUVEC protective activity and were analyzed by LC-MS/MS to
identify the peptide sequence. Finally, two peptides of EPTF (calculated MW, 493 Da) and
FTVN (calculated MW, 480 Da) were identified in H4 fraction (Figure 2). No peptides were
identified in the H3 fraction. To evaluate more about their potential to protect HUVECs,
these two peptides were chemically synthesized to further investigate their cytoprotective
activity and underlying mechanism.
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Figure 1. Peptide purification from α-chymotrypsin-assisted blue mussel hydrolysates. (A) Gel
filtration chromatogram, (B) cytoprotective activity of gel filtration fraction, (C) HPLC chromatogram,
and (D) cytoprotective activity of HPLC fraction. Detailed separation conditions are described in
Section 2.1. Cells were treated with fraction for 2 h followed by the addition of 600 μM H2O2 and
further incubation for 24 h.

Figure 2. Identification of cytoprotective peptides from α-chymotrypsin-assisted protein hydrolysates
of blue mussel by LC-MS/MS.
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2.2. Cytoprotective Activity in H2O2-Mediated HUVECs Injury

Evaluation of cytoprotective activity was carried out on the identified peptides FTVN
and EPTF, as well as their combination in the same proportion, to see if there was any
synergy effect between the two peptides. Cell viability was evaluated using the MTT assay
after cultured HUVECs were treated with sample peptides and subsequently challenged
with 600 μM of H2O2, a concentration which was determined to significantly decrease cell
viability in a previous report [22]. Compared with untreated cells that were not exposed to
peptides or H2O2 (control), the addition of H2O2 significantly decreased the cell viability
of HUVEC by 65.43%. Meanwhile, HUVECs pretreated with 100 μg/mL peptide samples
showed remarkably increased cell viability of 85.46%, 83.11%, and 86.58% for FTVN, EPTF,
and their combination (1:1), respectively. The results indicate the cytoprotective effect of
FTVN, EPTF, and their combination. On the other hand, no significant difference was
shown in improving HUVECs cell viability between the peptide samples or the combination
of FTVN and EPTF. However, the concentration of the samples had a significant effect
on cell viability (Figure 3A). Similar results were found in fluorescence microscopy with
Calcein-AM/PI double staining analysis, where H2O2 treatment significantly reduced the
green fluorescence of live cells, but pretreatment with FTVN, EPTF, and their combination
reversed this effect. Moreover, in H2O2 treatment, more cells are stained with PI, while the
peptides and their combination reduce the cells stained with PI, indicating a cytoprotective
effect (Figure 3B).

Figure 3. (A) The cell viability of HUVECs after BAPs pretreatment at different concentrations.
(B) Calcein-AM/PI staining assay on EPTF, FTVN, and their combination pretreatment at 0.1 mg/mL.
HUVECs were incubated with samples for 2 h before being challenged with 600 μM H2O2 for 24 h.
The data are provided as means ± SD (n = 4). a–c Different letters show significance difference at
p < 0.05.

2.3. Inhibition of Intracellular ROS Generation

It is hypothesized that ROS in cells is one of the causes of H2O2-induced HUVEC
damage. Therefore, we also investigated the presence of ROS in the cells. The DCFH-DA
fluorescent probe revealed the amount of intracellular ROS was significantly higher in
HUVECs exposed to H2O2 alone compared to the control group. This is indicated by the
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visibility of the DCF fluorescence signal. The DCF fluorescence signal was decreased in
HUVECs with pretreatment of FTVN and EPTF or their combination in H2O2-induced
HUVEC injury (Figure 4A). Quantitatively, ROS generation in the cells significantly in-
creased as a result of H2O2 exposure to HUVECs, whereas pretreatment of FTVN, EPTF,
and the combination of both significantly reduced the intracellular ROS generation by
approximately 40% (Figure 4B).

Figure 4. ROS generation in cells and the defense mechanism against it. (A) Visualization and
(B) fluorescence intensity quantification on ROS existence. (C) Western blot analysis and (D) HO-
1 expression value. (E) Nrf2 nuclear accumulation immunofluorescence stained HUVECs were
incubated with 0.1 mg/mL of peptides for 2 h before being challenged with 600 μM H2O2 for 24 h
(ROS generation and HO-1 analysis) or within 2 h for Nrf2 analysis. The data are provided as means
± SD (n = 4). a–c (ROS generation) and ± SD (n = 3). a–c (HO-1 and Nrf2 analysis). Different letters
show significance difference at p < 0.05.

2.4. HO-1/Nrf2 Pathway Activation by Cytoprotective Peptides

HO-1 is one of the phase II detoxifying enzymes. In a ROS detoxifying mechanism,
this enzyme must be induced by activation of a transcription factor such as Nrf2. This event
is regarded as one of the most important cellular defense mechanisms [23]. As shown in
Figure 4C,D, HO-1 expression slightly increased in the presence of H2O2 treatment alone,
indicating spontaneous reaction for cytoprotection, and this finding is similar to a previous
report [1]. However, the amount of HO-1 induction in the presence of H2O2 treatment
alone is not enough to protect HUVECs, but we demonstrated that peptide treatment can
increase the induction of HO-1, indicating the cytoprotective effect against exogenous
stimuli. The induction of HO-1 is further confirmed by evidence of the translocation of
Nrf2 into the nucleus, which regulates the expression of HO-1. As shown in Figure 4E, Nrf2
was detectable in the cytoplasm in the non-treated and H2O2 treated cells, whereas Nrf2
was slightly detectable in the nucleus in the H2O2 treated cells. Compared with the cells
treated with H2O2 alone, treatment with FTVN and EPTF or their combination resulted in
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upregulation of Nrf2 expression in both the cytoplasm and nucleus of HUVECs, indicating
activation of Nrf2 followed by induction of HO-1.

2.5. Anti-Apoptotic Activity against H2O2-Induced HUVECs Damage

A high dose exposure of powerful oxidants such H2O2 causes severe damage to macro-
molecules, which leads to cell death through apoptosis and/or necrosis mechanisms [24].
The cytoprotective activity of EPTF, FTVN, as well as their combination was evaluated by
measuring the anti-apoptotic activity. Annexin V-FITC/PI and Hoechst 33342 staining was
performed after the peptide treatments.

The results revealed that 94.1% of HUVECs were located in the lower left quadrant
in the non-treated cells (control), which decreased to 60.8% in the H2O2 group. There
was a high percentage of necrotic cell (28.5%) compared to apoptotic cell (10.72%) in
the presence of H2O2 treatment alone. Pretreatment of HUVECs with EPTF, FTVN, and
their combination significantly reduced the total percentage of dead cells compared to
the H2O2 treatment group (Figure 5A). This indicates that our model treatment leads to
apoptosis first, followed by necrosis. However, peptide treatment decreased predominantly
the necrosis rate (Figure 5B). Figure 6 confirmed that peptide treatment modulated the
protein expression related to apoptosis, indicating that cell survival by peptide treatment is
attributed to downregulation of apoptotic protein expression.

Figure 5. The effect of EPTF, FTVN, and combination in inhibiting HUVEC apoptosis. (A) Quadrant dot analysis showing
live–dead cells, and (B) apoptotic and necrotic ratio using flow cytometer analysis using Annexin V-FITC/PI staining
assay. (C) Morphological changes under fluorescence microscope with Hoechst 33342 staining assay (white arrows showed
apoptosis occurrence). HUVECs were pretreated with 0.1 mg/mL of peptides for 2 h before being challenged with 600 μM
H2O2 for 24 h. All treatment was carried out in triplicate.
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Figure 6. Western blot analysis of (A) released mitochondrial cytochrome C (Cyt-C) found in cytosol,
and (B) Bax, Bcl-2, and activated caspase-3 (procaspase-3/cleaved caspase-3) expression. As protein
loading control, Cox IV and β-actin were used. Expression level of (C) released Cyt C within
mitochondria and cytoplasm, (D) ratio of Bax/Bcl-2 expression, and (E) cleaved caspase-3/β-actin
for caspase-3 activation. HUVECs were incubated with 0.1 mg/mL of peptides for 2 h before being
challenged with 600 μM H2O2 for 24 h. All treatment was carried out in triplicate. The data are
provided as means ± SD (n = 3). Different letters show significance difference at p < 0.05.

Observation of nuclear morphology with a fluorescence microscope shows that H2O2
treatment leads to morphological changes, especially nuclear shrinkage, segregation, and
chromatin condensation (Figure 5C). HUVECs in the peptides-pretreated group were
comparable to those in the non-treated cells (control), suggesting that EPTF, FTVN, and
their combination protect the HUVECs from apoptotic cell death.

It is known that disruption of mitochondrial membrane integrity by H2O2 insult leads
to the release of cytochrome C (Cyt C), which in turn causes apoptosis in cells [25]. Western
blot analysis was performed to investigate the effect of EPTF, FTVN, and their combination
on the released of Cyt C into the cytoplasm. As shown in Figure 6A, mitochondrial Cyt C
was strongly detected in the non-treated cells, while cytosolic Cyt C was weakly detected.
On the other hand, H2O2 treatment resulted in cytoplasmic release of Cyt C from mito-
chondria into the cytoplasm, and Cyt C was strongly detected in the cytoplasm, indicating
activation of apoptosis mediated by the intrinsic pathway. However, the release of the
Cyt C from mitochondria in the cytoplasm by H2O2 treatment was significantly reduced
after pretreatment with EPTF, FTVN, and their combination (Figure 6A,C), indicating
suppression of the intrinsic pathway by H2O2 exposure.

The expression ratio of Bcl-2 and Bax plays a crucial role in the apoptosis process by
regulating mitochondrial membrane permeability, which is associated with the disruption
of mitochondrial membrane integrity [26]. In this study, H2O2 exposure resulted in an
increase in Bax expression but a decrease in Bcl-2 expression (Figure 6B). In the cells
pretreated with EPTF, FTVN, and their combination, the Bax and Bcl-2 expression was
reversed and the Bax/Bcl-2 ratio was also significantly reduced compared to the cells with
H2O2 treatment (Figure 6B,D). Finally, this study examined the activation of caspase-3,
which is known to be the execution caspase in apoptosis. High expression of procaspase-3
was detected in the untreated cells, whereas the cleaved caspase-3, the active form of
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caspase-3, was negligible (Figure 6B,E). On the other hand, procaspase-3 was converted to
cleaved caspase-3 in the presence of H2O2 treatment, but this process was abolished by
pretreatment with EPTF, FTVN, and their combination, suggesting that the anti-apoptotic
effect of the peptides came from suppression of the caspase-3 pathway.

3. Discussion

Recent studies have shown that BAPs derived from marine dietary proteins by enzy-
matic hydrolysis have versatile health benefits, as they have antioxidant, antihypertensive,
and antidiabetic effects. To date, many BAPs have been isolated and identified from
marine dietary protein hydrolysates [27]. In addition, previous studies have identified
specific BAPs in blue mussel protein hydrolysates that have been attributed antioxidant,
antithrombotic, antihypertensive, osteogenic, and anti-osteoporotic effects [19,20,28–31].
Blue mussel protein hydrolysate produced by α-chymotrypsin has been previously iden-
tified as a potential cytoprotective agent [1]. However, there is limited information on
specific BAPs with cytoprotective effects of blue mussel protein hydrolysates in alleviating
HUVEC damage caused by oxidative stress. In this study, two cytoprotective peptides were
isolated and identified as EPTF and FTVN, and their molecular mechanism underlying the
cytoprotective activity was investigated.

The idea of using antioxidants with cryoprotective affects to treat CVD is based on
the evidence that the excess amount of ROS generates oxidative stress, which then leads
to endothelial cell damage and induces apoptosis [31]. Endothelial dysfunction (ED) a
physiological condition that occurs in the early development of atherosclerosis, is often
characterized by cell death, including the mechanism of apoptosis [32]. H2O2 is one of the
most understood ROS, serving as a second messenger in a variety of critical cellular signal-
ing pathways, but when it presents in high concentrations it has toxic consequences that
can lead to cellular dysfunction or even cell death. Therefore, to evaluate the cytoprotective
effects of EPTF and FTVN, an H2O2-mediated HUVEC injury model was used. Since these
two peptides were identified in the same fraction (H4), we investigated the cytoprotective
effect of each peptide as well as their combination (synergic effect). It was found that
pretreatment with EPTF, FTVN and both combinations reversed the cell death induced by
H2O2 treatment. Moreover, increased ROS generation by H2O2 treatment was remarkedly
quenched by pretreatment of EPTF, FTVN, and their combination. There was no significant
difference in the cytoprotective effect between the peptides and their combination. Each
peptide had a potent cytoprotective effect on its own. This indicates that the contribution
of each peptide to cytoprotective is similar.

To uncover the mechanism underlying the cytoprotective activity, the effect of EPTF,
FTVN, and their combination in the cellular antioxidant defense system was investigated.
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a regulator of species lifespan that
regulates the expression of genes coding for detoxifying proteins, antioxidants, and anti-
inflammatories [33]. In this study, H2O2 plays a role as an exogenous stimulus that induces
the oxidative damage and triggers the activation of Nrf2. In this condition, the Nrf2-
Keap1-Cullin3 complex was disrupted, which then allowed the translocation of Nrf2 from
cytoplasm to nucleus [34]. From Figure 4E, we can see that Nrf2 was accumulated in
nucleus as an indication of cytoprotective activity. One of the genes regulated through
Nrf2 is HO-1, which is recognized as a cytoprotective enzyme through catalyzing heme
protein into ferritin, biliverdin, and carbon monoxide [35]. In our study, H2O2 stimulated
the production of HO-1 but only with insignificant concentration; this result is similar to
another study using H2O2 as the stress model [36,37]. This might be due to the very high
concentrations of exogenous stimuli that exceed the cell capacity to perform cytoprotective
mechanisms, which also results in cellular damage. To eliminate damaged cells, the
apoptosis process occurs. We demonstrated that pretreatment of EPTF, FTVN, and their
combination upregulated HO-1 expression through Nrf2 activation in H2O2-mediated
HUVEC injury.
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Induction of HO-1 by peptide treatment may have influenced cell survival and the
decrease in intracellular ROS generation. Mitochondria is a natural source of cellular ROS;
their membranes contain certain key compounds involved in antioxidant responses and
in stimulating apoptotic pathways [38]. When oxidative stress surpasses a cell’s ability to
balance it, mitochondrial dysfunction occurs, which then leads mitochondria to generate
more ROS. Furthermore, oxidative stress promotes nuclear damage and triggers the cascade
of apoptotic cell death. Apoptosis is a programmed cell death that is governed by two
major pathways including the intrinsic mitochondria pathway and the extrinsic death
receptor pathway [39]. Since H2O2 is known to induce apoptosis through the intrinsic
mitochondria pathway, in this study the role of EPTF, FTVN, and their combination was
investigated in the intrinsic mitochondria pathway [40]. A key event of this pathway
is mitochondria Cyt C released into the cytoplasm through the relative ratio of Bax and
Bcl-2 proteins expression, i.e., a high Bax/Bcl-2 ratio increased cell death probability
through an intrinsic mitochondria pathway-mediated apoptosis [41]. The released Cyt
C then binds to apoptotic protease-activating factor-1 and forms an apoptosome with
procaspase-9. This activates caspase-3, an important trigger of apoptosis. In this study,
H2O2 exposure increased Bax expression while decreasing Bcl-2 expression in HUVEC
and showed a high ratio of Bax/Bcl-2, indicating the increase of mitochondrial membrane
permeability. However, its value was decreased in HUVEC that received pretreatment
with EPTF, FTVN, and their combination. In addition, our data clearly showed H2O2-
mediated mitochondria dysfunction, which is proved by the accumulation of Cyt C in the
cytoplasm, while pretreatment of EPTF, FTVN, and their combination inhibited this event
in the cytoplasm.

Finally, H2O2-mediated activation of caspase-3 in HUVEC was inhibited by cascade
activation via alteration of the Bax-Bcl-2 ratio and release of Cyt C by pretreatment of EPTF,
FTVN, and their combination. This suggests that the intrinsic mitochondrial pathway is
involved in the cytoprotective effect induced by EPTF, FTVN and their combination in
H2O2-mediated HUVEC damage.

Similar results of BAPs from various food proteins, including edible seahorse, rice bran,
and Mytilus coruscus, have been reported in H2O2-mediated HUVEC injury where these
BAPs showed the cytoprotective effect through modulation of the intrinsic mitochondria
pathway [24,42,43]. These findings suggest that BAPs may be useful for ameliorating
oxidative stress-mediated ED and may be helpful for treating CVD.

4. Material and Methods

4.1. Materials

Blue mussel (Mytilus edulis) was purchased from Yeosu Fisheries Co. (Yeosu, Korea).
Calcein AM solution, propidium iodide (PI), 2′7′-dichlorofluorescein diacetate (DCFH-DA),
H2O2, Hoechst 33342, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Trypsin-
EDTA solution and PBS were purchased from Hyclone (Logan, UT, USA). The HUVEC
(PCS-100-010™) are produced by the American Type Culture Collection (Rockville, MD,
USA). Endothelial Growth Medium-2 Bullet Kit (EGM™-2) was produced by Lonza, (Walk-
ersville, MD, USA).

4.2. Blue Mussel Protein Hydrolysate by α-Chymotrypsin-Assisted Hydrolysis

Blue mussel was rinsed and lyophilized before being hydrolyzed by α-chymotrypsin
(pH 8.0 and 37 ◦C), with 1:100 (enzyme to substrate ratio) and 8 h incubation [1]. Enzyme
activity was stopped by 10 min boiling in 100 ◦C. The supernatants were collected by
centrifugation (5000 rpm for 20 min, Labogene 1248R, Seoul, Korea), lyophilized and kept
at −20 ◦C before use.
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4.3. Purification and Identification of Cytoprotective Peptides

Blue mussel hydrolysates were eluted at 1.0 mL/min rate over Sephadex G-25 column
(3.0 × 90 cm), then every 5 min the eluate was collected. Fractions with cytoprotective
activity were separated using HPLC equipped with C18 column at 2.0 mL/min flow
rate (Hypersil Gold, 250 × 10 mm, 5 μm, Thermo Scientific, Pittsburgh, PA, USA). A
linear gradient elution was carried out using acetonitrile, as mentioned in a previous
publication [24]. Q-TOF LC-MS/MS coupled with an ESI source (maXis-HD™, Bruker
Daltonics, Bremen, Germany) was used to perform peptide identification, and subsequently
MS/MS spectrometry was used in peptide sequencing (Biotools 3.2, Bruker Daltonics,
Bremen, Germany) [18]. The synthesized peptides were ordered from Biostem (Ansan,
Korea). HPLC-MS/MS was used to check the purity of the synthesized peptides (over
96% purity).

4.4. HUVECs Culture and Treatment

HUVECs were cultured in 37 ◦C and 5% CO2 incubation, using EGM™-2 Medium
Kit. The cells were subcultured and harvested using a 0.025% trypsin-EDTA solution. For
experimental design, only HUVECs at passages 3–5 were used. They were then seeded in
a 96- or 24-well plate, or 60 mm2 dishes. Sample peptides were added for the pretreated
group following 2 h incubation before being challenged with 600 μM H2O2 for 24 h. The
control group was cells without peptides treatment and H2O2 exposure.

4.5. Cell Viability Assessment

Cytoprotective effect was evaluated by monitoring cell viability using MTT assay to
HUVECs in a 96-well plate with 1 × 104 cells/well density. For further confirmation of the
cytoprotective effect, live and dead cell assay was also performed. HUVECs were rinsed
with warmed PBS in a 24-well plate with 2 × 104 cells/well, and then double stained using
calcein-AM and PI 2.5 μM and 5 μM, respectively, following 30 min incubation at 37 ◦C.
Stained cells were distinguished as live and dead cells under a fluorescence microscope
(Leica DMI6000 B, Wetzlar, Germany).

4.6. Determination of Intracellular ROS

ROS generation in cells was detected in a 96-well black plate for quantification and
a 24-well plate for microscopic observation. Pretreated cells were mixed with Hank’s
Balanced Salt Solution contained 20 μM DCFH-DA followed by 20 min incubation (37 ◦C).
Fluorescence intensity was measured to determined intracellular ROS level at 485 and
528 nm (excitation and emission) (GENios, TECAN, Männedorf, Switzerland) and visually
observed under fluorescence microscope (Leica DMI6000 B, Wetzlar, Germany).

4.7. Nrf2 Nuclear Translocation Assessment

To observe Nrf2 nuclear translocation, HUVECs culture was mixed with 3.7% paraformalde-
hyde in PBS for 15 min, and then permeabilized using 0.1% Triton X-100 dissolve with PBS
(10 min), before being blocked in 2% bovine serum albumin with 30 min incubation. Later,
anti-Nrf2 antibody with 1:200 dilution was added. After overnight incubation at 4 ◦C, the
secondary antibody (Alexa Fluor® 488, Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
added (1:500 dilution with 1h incubation). To counterstain the nuclei, 2 μg/mL Hoechst 33342
was added following 10 min incubation. Visual observation was performed under fluorescence
microscope (Leica DMI6000 B, Wetzlar, Germany).

4.8. Annexin V-FITC/PI for Apoptotic Cells

Treated cells were washed three times using PBS, harvested, and then resuspended
with Annexin V-FITC and PI in binding buffer solution followed by 15 min incubation at
room temperature. Apoptotic cells were then analyzed by a flow cytometry (FACSCal-
ibur system, BD Biosciences, San Jose, CA, USA) using an Apoptosis Detection Kit (BD
Pharmingen™, San Jose, CA, USA).
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4.9. Hoechst 33342 Staining Analysis

Treated cells were then washed, harvested, and then fixated using ethanol. After
incubation for 20 min, 10 μM Hoechst 33342 staining was added following another 20 min
incubation in room temperature. Observation was perform using a fluorescence microscope
(Leica DMI6000 B, Wetzlar, Germany).

4.10. Western Blot Analysis

Total proteins were extracted with a RIPA buffer (Sigma Chemical Co., St. Louis,
MO, USA). The mitochondria and cytosol fractions were isolated using a Mitochondria
Isolation Kit (Abcam, Cambridge, MA, USA) following the manufacturer’s procedure.
Western blotting was conducted as describe in our previous report [24]. Briefly, 25 μg
of total extracted proteins were separated via 10–12% SDS-PAGE prior to nitrocellulose
membranes transfer by electroblotting, which was then blocked with 5% skimmed milk
for 1 h. Blots were then incubated with specific antibodies HO-1 (1:200), Bax (1:200), Bcl-2
(1:200), cytochrom C (1:200), β-actin (1:500), and Cox IV (1:500) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and caspase-3 (1:500) (Cell Signaling Technology, Beverly, MA, USA)
overnight at 4 ◦C;. The horseradish peroxidase-conjugated antibodies were regarded as
the secondary antibody. The bands were detected by chemiluminescence using the ECL
Western blotting assay kit (Life Technologies, Seoul, Korea) and visualized by Davinch-
Chemi Imager™ (CAS-400SM, Core Bio, Seoul, Korea).

4.11. Data Analysis

SigmaPlot® 12.0 (Systat Software Inc., San Jose, CA, USA) software was used to
perform statistical analysis of the data. All experiments are expressed as mean ± standard
deviation (SD). Student’s t-test was performed, and statistical significance was assigned in
accordance with p < 0.05.

5. Conclusions

The findings of this study demonstrated the cytoprotective activity of the BAPs identi-
fied as FTVN and EPTF from blue mussel protein and their role in preventing oxidative
stress-mediated endothelial dysfunction (ED). Investigations of the cytoprotective mech-
anism of these two peptides and their combination in H2O2-mediated HUVEC injury
revealed that BAPs alleviated HUVEC injury through enhancement of the antioxidant
defense system and anti-necrotic action. As a result, BAPs derived from blue mussel
protein might be an alternative approach in preventing CVD through protecting cardio-
vascular vein endothelial cells. Furthermore, to develop a nutraceutical or pharmaceutical
component based on this result, more in vivo research is required.
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Abstract: C-phycoerythrin (C-PE) is a phycobiliprotein that prevents oxidative stress and cell damage.
The aim of this study was to evaluate whether C-PE also counteracts endoplasmic reticulum (ER)
stress as a mechanism contributing to its nephroprotective activity. After C-PE was purified from
Phormidium persicinum by using size exclusion chromatography, it was characterized by spectrometry
and fluorometry. A mouse model of HgCl2-induced acute kidney injury (AKI) was used to assess
the effect of C-PE treatment (at 25, 50, or 100 mg/kg of body weight) on oxidative stress, the
redox environment, and renal damage. ER stress was examined with the same model and C-PE
treatment at 100 mg/kg. C-PE diminished oxidative stress and cell damage in a dose-dependent
manner by impeding the decrease in expression of nephrin and podocin normally caused by mercury
intoxication. It reduced ER stress by preventing the activation of the inositol-requiring enzyme-
1α (IRE1α) pathway and avoiding caspase-mediated cell death, while leaving the expression of
protein kinase RNA-like ER kinase (PERK) and activating transcription factor 6α (ATF6α) pathways
unmodified. Hence, C-PE exhibited a nephroprotective effect on HgCl2-induced AKI by reducing
oxidative stress and ER stress.

Keywords: C-phycoerythrin; Phormidium persicinum; acute kidney injury; mercury; oxidative stress;
endoplasmic reticulum stress

1. Introduction

Acute kidney injury (AKI), a syndrome engendered by sepsis, cardiorenal syndrome,
urinary tract obstruction, and nephrotoxins, is known to increase the level of serum
creatinine and/or decrease urine output. It is an important public health issue because
of being a serious complication for 10–15% of hospitalized patients and ~50% of those in
intensive care [1].

Animal models of AKI are induced by administering a drug or toxicant (e.g., HgCl2) [2,3].
Mercury targets the kidney by binding to thiol-containing proteins in the tubular and
glomerular nephron portion, disrupting the tubular transport mechanism related to Na+/K+-
ATPase [4]. It also alters the intracellular calcium current and consequently the redox
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environment. The increase in oxidants is not counteracted by the antioxidant system and
therefore leads to oxidative stress [5,6] and endoplasmic reticulum (ER) stress [3].

ER stress disrupts proteostasis in this organelle, causing the accumulation of unfolded
and misfolded proteins. To maintain ER function, the unfolded protein response is activated
through the protein kinase RNA-like ER kinase (PERK), activating transcription factor 6α
(ATF6α), and inositol-requiring enzyme 1α (IRE1α) pathways.

The PERK pathway, crucial in regulating the unfolded protein response, reduces
transcription through phosphorylation of the eukaryotic translation initiation factor-2α
(eIF2α). If ER stress is controlled, protein folding can resume, and the phosphorylated eIF2α
dephosphorylates. In the event that ER stress is sustained, the activating transcription
factor 4 (ATF4)/growth arrest and DNA damage-inducible gene 153 (GADD153, also called
CHOP) pathway activates the expression of genes that participate in redox homeostasis,
autophagy, and/or apoptosis. The particular genes involved depend on the level of
ER stress [7,8].

In parallel, the ATF6α pathway diminishes ER stress by regulating genes that encode
ER chaperones and enzymes responsible for promoting folding, maturation, secretion,
or degradation of misfolded proteins. When ER stress is sustained, the cell activates au-
tophagy and apoptosis by upregulating the generation of reactive oxygen species (ROS) and
activating ER membrane-associated caspase 12 through the ATF4/GADD153 pathway [7,8].

Additionally, IRE1α contributes to adaptation or apoptosis under chronic ER stress.
The adaptation response of IRE1α is activated by selective cleavage of X-box binding
protein 1 (XBP1) mRNA to produce spliced isoforms of XBP1, which enhance the transcrip-
tion of chaperones, foldases, and components of the ER-associated protein degradation
(ERAD) response to restore proteostasis. In case ER stress is still uncontrolled, IRE1α acti-
vates c-Jun N-terminal kinases 1 (JNK1) to promote the translocation of B-cell lymphoma 2
(Bcl-2)-associated X protein (Bax) into the mitochondrial membrane, which triggers the
release of cytochrome c and the second mitochondrial-activated factor (Smac), leading to
the activation of caspases 3 and 9 [9].

Some research groups have been developing eco-friendly therapeutic strategies for
AKI from microalgae pigments such as phycobiliproteins, toroidal light-harvesting proteins
in cyanobacteria, and the photosynthetic apparatus in algae. The most studied phycobilipro-
tein with nephroprotective activity is C-phycocyanin (C-PC). It impedes kidney failure
by decreasing oxidative stress and ER stress in mice intoxicated with mercury [6,10,11].
Moreover, other phycobiliproteins, including C-phycoerythrin (C-PE), have nutraceutical
activity against metabolic and toxic injury that affects certain organs (e.g., the liver) in
animal models [12,13].

C-PE, an oligomeric chromoprotein of cyanobacteria, is composed of monomers
αβ and prosthetic covalently linked open-chain tetrapyrrole moieties denominated C-
phycoerythrobilin. In Phormidium sp., the monomer units oligomerize to form trimers
(αβ)3 and then stack as hexamers [(αβ)3]2 [14]. C-PE is widely used in the food and cos-
metic industries, as well as in diagnosis and research. There are reports on its nutraceutical
properties, which stem from scavenging and antioxidant activity [15]. Our research group
demonstrated that a C-PE-rich protein extract from Pseudanabaena tenuis has nephropro-
tective activity [16], although its mechanism is still not completely understood. The aim
of the current contribution was to determine whether the nephroprotective activity of
C-PE (purified from Phormidium persicinum) is related to a reduction in oxidative stress and
ER stress, and consequently an attenuation of the alterations in the levels of nephrin and
podocin normally caused by HgCl2-induced AKI.

2. Results

2.1. Characterization of C-PE from Phormidium persicinum

The absorbance spectra from various steps of purification (Figure 1) show an ab-
sorbance peak at 562 nm. The A562/A280 ratio increased with each purification step, thus
being the greatest (4.35) for the final product of purified C-PE.
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Figure 1. The absorbance spectra for the process of purification of C-phycoerythrin (C-PE) from Phormidium persicinum taken
after the following events: the centrifugation cycles (A), Sephadex column chromatography (B), (NH4)2SO4 precipitation
(C), and dialysis and concentration (D).

The images of native- and SDS-PAGE at each step of the purification process show
that the α and β C-PE subunits correspond to ~19 and ~21 KDa, respectively (Figure 2).
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Figure 2. Representative native- and sodium dodecyl sulfate (SDS)-polyacrylamide gels (PAGE) during the process of
purification of C-phycoerythrin (C-PE) from Phormidium persicinum, taken after the following events: the centrifugation
cycles (A), Sephadex column chromatography (B), (NH4)2SO4 precipitation (C), and dialysis and concentration (D).

The excitation-emission matrix (EEM) spectrum corresponding to the 3D fluorescence
fingerprint of purified C-PE is shown in Figure 3 (panel A). The expansion of the same
EEM displays the emission and excitation regions in the range of 555–595 and 510–570 nm,
respectively (panel B). The fingerprint of C-PE exhibits a sharp fluorescence peak at Eex/Eem
563/574 nm (corresponding to fluorochrome) next to Rayleigh-Tyndall’s scattered light
lines. The 3D spectrum of EEM features three principal Ex/Em peaks at 563/574, 545/574,
and 530/574, and a small Ex/Em peak at 385/575. Two shoulders are present on the
lower part of the main peak, the first at Eex/Eem 545/574 nm and the second at Eex/Eem
530/574 nm. Another weak peak can be observed at Eex/Eem 385/575 nm.
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Figure 3. 3D spectrum of the excitation-emission matrix (EEM) of C-phycoerythrin (C-PE), with the emission and excitation
regions in the range of 550–640 and 300–600 nm, respectively (A). Expansion of the EEM for emission (555–595 nm) and
excitation (510–577 nm) (B).

2.2. Evaluation of Oxidative Stress, the Redox Environment, the Activity of Effector Caspases 3
and 9, the Expression of Nephrin and Podocin, and Renal Damage

The effect of C-PE on HgCl2-induced oxidative stress and alterations in the redox envi-
ronment is illustrated in Figure 4 (panels A–C and D–E, respectively). Animals intoxicated
with HgCl2 showed higher renal oxidative stress, indicated by the corresponding increase
in lipid peroxidation (panel A, ~374%), ROS (panel B, ~211%), and nitrites (panel C, ~171%).
Mercury intoxication also caused a lower GSH2/GSSG ratio (panel F, ~66%) and greater
GSSG content (panel E, ~269%). On the other hand, all doses of C-PE treatment prevented
the HgCl2-induced increase in lipid peroxidation, ROS, and GSSG, and the alteration in the
GSH2/GSSG ratio, while ameliorating the elevated level of nitrites (from 171% to 139%).
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Figure 4. Effect of C-phycoerythrin (C-PE) on HgCl2-induced oxidative stress and alterations in the redox environment of
the kidney. Oxidative stress markers (A–C). Redox environment markers (D–F). Data are expressed as the mean ± SEM
(n = 6 mice/group). One-way ANOVA and the Student-Newman-Keuls post hoc test. RFU, relative fluorescence units.
* p < 0.05 vs. the control group. ** p < 0.05 vs. the HgCl2 group.

Regarding the proteins associated with glomerular damage (Figure 5), mercury de-
creased the expression of nephrin (A) and podocin (B) by ~65% and ~71%, respectively.
Treatment with C-PE partially reduced, by ~36% and ~48%, the downregulation of nephrin
and podocin, respectively. These changes can be appreciated by the corresponding Western
blots (Figure 5C).
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Figure 5. Effect of C-phycoerythrin (C-PE) on the decreased expression of nephrin (A) and podocin (B) in the kidneys
that results from the exposure of mice to HgCl2. (C) Representative Western blots of each experimental group. Data are
expressed as the mean ± SEM (n = 6 mice/group). OD, optical density. One-way ANOVA and the Student-Newman-Keuls
post hoc test. * p < 0.05 vs. the control group. ** p < 0.05 vs. the HgCl2 group.

According to typical photomicrographs of the renal cortex stained with hematoxylin-
eosin (H&E) (Figure 6), the control (vehicle only) and C-PE only groups had normal
cytoarchitecture, which is characterized by glomeruli and the surrounding tubules with
cuboidal epithelium. The photomicrographs of the group treated with mercury only display
edema, cellular atrophy of distal and proximal tubules, distortion of cellular continuity,
loss of the cell nucleus, hyperchromatic nuclei, and glomerulosclerosis. The AKI mice
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treated with C-PE exhibited a dose-dependent nutraceutical effect capable of preventing
cellular damage.

Figure 6. Representative photomicrographs of the renal cortex of animals intoxicated with HgCl2 and treated with
C-phycoerythrin (C-PE). HgCl2 causes cell atrophy, hyperchromatic nuclei, and edema. Histological alterations were
ameliorated in groups treated with C-PE. The tissue was stained with hematoxylin-eosin. The lower right bar represents
250 μm.

The effect of C-PE on the activity of caspases 3 and 9 is shown in Figure 7 (panels A and B,
respectively). HgCl2 generated an increase of ~511% and ~347% in the level of caspases 3
and 9, respectively. These results indicate grade 4 histological damage (panel C), affecting
over 75% of the tubules and glomerulus. C-PE diminished damage in a dose-dependent
manner (panel C). The highest C-PE dose (100 mg/kg/day) led to grade 1–2 kidney damage,
affecting 25–50% of the tubules and glomerulus.
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Figure 7. The effect of C-phycoerythrin (C-PE) on the activity of caspases 3 (A) and 9 (B) and the
kidney damage score (C) in mice with HgCl2-induced AKI. In (A) and (B), data are expressed as
the mean ± SEM (n = 6 mice/group). Data were analyzed with one-way ANOVA and the Student-
Newman-Keuls post hoc test. * p < 0.05 vs. the control group. ** p < 0.05 vs. the HgCl2 group. In (C),
each box represents the median ± interquartile space. Data were examined with the Kruskal–Wallis
test and Dunn post hoc test. * p < 0.05 vs. the control group. ** p < 0.05 vs. the HgCl2 group.
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2.3. Evaluation of ER Stress

The effects of C-PE on the PERK/p-eIF2α (Ser52)/ATF4 and PERK/p-eIF2α (Ser52)/
ATF6α signaling pathways is portrayed in Figure 8. HgCl2-induced AKI was manifested
as an overexpression of PERK (A), p-eIF2α (Ser 52) (B), ATF4 (C), GADD153 (D), GADD34
(E), and ATF6α (F). The C-PE treatment did not prevent the alteration in the expression
of these proteins in both pathways. A representative Western blot of the marker for the
PERK/eIF2α/ATF4 and PERK/eIF2α/ATF6α signaling pathways is shown in Figure 9.

Figure 10 shows the effect of C-PE on the IRE1α pathway and the proteins associated
with cellular damage. HgCl2 exposure generated an overexpression of IRE1α (panel A),
XBP1 (panel B), caspase 12 (panel C), Bax (panel D), p-p53 (Thr 155) (panel G), and p53
(panel H). It also increased the Bax/Bcl2 and p-p53 (Thr 155)/p53 ratios (panels F and
I, respectively) and reduced the expression of Bcl2 (panel E). With C-PE treatment, there
was no alteration in the level of any of the proteins evaluated, which is observed in the
corresponding Western blot depicted in Figure 11.

Figure 8. Effect of C-phycoerythrin (C-PE) on HgCl2-induced endoplasmic reticulum stress through the PERK/p-eIF2α (Ser
52)/ATF4-GADD153 and PERK/p-eIF2α (Ser 52)/ATF6α/GADD153 pathways in the kidney. An evaluation was made of
the expression of PERK (A), p-eIF2α (Ser 52) (B), ATF4 (C), GADD153 (D), GADD34 (E), and ATF6α (F). Data are expressed
as the mean ± SEM (n = 3 mice/group). OD, optical density. * p < 0.05 vs. the control group.
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Figure 9. Representative Western blot of the effect of C-phycoerythrin (C-PE) on HgCl2-induced endoplasmic reticulum
stress through the PERK/p-eIF2α (Ser 52)/ATF4/GADD153 and PERK/p-eIF2α (Ser 52)/ATF6α/GADD153 pathways.

Figure 10. Effect of C-phycoerythrin (C-PE) on HgCl2-induced endoplasmic reticulum stress and cell death. Protein
expression was evaluated for IRE1α (A), XBP1 (B), caspase 12 (C), Bax (D), Bcl2 (E), the Bax/Bcl2 ratio (F), p53 (G), p-p53
(Thr 155) (H), and the p53/p-p53 (Thr 155) ratio (I). Data are expressed as the mean ± SEM (n = 3 mice/group). OD, optical
density. * p < 0.05 vs. the control group. ** p < 0.05 vs. the HgCl2 group.
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Figure 11. Representative Western blot of the effect of C-phycoerythrin (C-PE) on HgCl2-induced endoplasmic reticulum
stress through the IRE1α pathway and the attenuation of cell death.

3. Discussion

C-PE is reported to have nutraceutical activity against the damage resulting from cell
insult [12,13]. Our group has demonstrated that treatment with a protein extract rich in
C-PE prevented oxidative stress and cellular damage in an animal model of HgCl2-induced
AKI [16]. This model was chosen because mercury produces ER stress, which leads to renal
damage. However, the aforementioned study only associated the nutraceutical properties
of C-PE with scavenging and antioxidant activity. Thus, the aim of the current contribution
was to explore the molecular mechanism of action of C-PE (purified from P. persicinum) by
examining its nephroprotective activity against HgCl2-induced ER stress, oxidative stress,
and alterations in the redox environment in the same animal model.

HgCl2 produces oxidative stress and alterations in the redox environment by three
mechanisms: Fenton and Haber-Weiss reactions that generate free radicals and ROS [17],
the activation of ER stress [3], and the binding of Hg2+ with intracellular sulfhydryl-
containing proteins and low-molecular-weight compounds (e.g., GSH) capable of affecting
the redox environment and protein function [18]. As a consequence of these reactions,
nephrin and podocin are downregulated, and the slit diaphragm is injured, which is
observed as HgCl2-induced AKI. The resulting inflammatory process participates in the
progression of AKI [19].

In recent years, the use of nutraceuticals from cyanobacteria and their metabolites
has proven effective against renal damage (e.g., AKI) stemming from toxicants or chronic
kidney disease [16,20–22]. Purified C-PE presently demonstrated nephroprotective activity
when tested against HgCl2-induced AKI, as evidenced by the reduction found in oxidative
stress and ER stress.

C-PE, a protein with a molecular weight of ~240 KDa, has nutraceutical properties
in vitro as an ROS scavenger [23]. Moreover, it prevents oxidative stress and cellular
damage in vivo [12,13]. All reports on C-PE suggest that it is a potent antioxidant. By
scavenging ROS, it avoids alterations in the redox environment and therefore impedes
cellular damage [12,13,24]. However, animal studies have not yet completely defined the
nutraceutical protection mechanism.

C-PE may act as a prodrug that leads to the release of the phycoerythrobilin moiety
into the gastrointestinal tract, as previously demonstrated by our group for C-PC and
phycocyanobilin [22]. C-PC is known to break down into chromo-peptides that contain
phycocyanobilin, followed by the apparent absorption of linear tetrapyrrole compounds
facilitated by the action of intestinal peptidases [24,25]. Once in serum, phycoerythrobilin
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could bind to albumin due to its low water solubility, which would extend its therapeutic
activity into the entire organism [26].

The protective effect of C-PE against HgCl2-induced AKI is associated with antioxi-
dant, anti-inflammatory, and chelation mechanisms. C-PE acts as an antioxidant because it
contains PEB. In addition, the chemical structure of phycoerythrobilin acts as a nucleophilic
compound, neutralizing free radicals and ROS [24]. According to an in vitro model, the
chelation of Hg2+ by PEB suppresses the degranulation of RBL-2H3 mast cells and de-
creases the intracellular concentration of Ca2+ [27], giving rise to anti-inflammatory and
nephroprotective effects. Hg2+ binds to PEB thioether bridges in C-PE, which assume
a cyclic helical form capable of chelation [28]. The antioxidant and chelating activity of
C-PE can avoid Fenton and Haber-Weiss reactions and consequently ameliorate the pro-
duction of free radicals, the generation of oxidative stress, and the alteration of the redox
environment in kidney cells. All the aforementioned mechanisms of C-PE are related to the
maintenance of the redox environment and therefore prevent the dysfunction of organelles
such as the ER.

In the current evaluation of proteostasis, HgCl2-induced ER stress was found to
activate the IRE1α pathway and promote cell death. At the same time, mercury activated
the PERK pathway, which restored proteostasis through PERK/eIF2α/ATF-4/GADD153.
When the cell was incapable of compensating for imbalances in proteostasis, the activation
of ATF4 and GADD153 in the same pathway led to the expression of proapoptotic proteins
and the triggering of cell death. As can be appreciated, PERK and IRE1α have a synergic
effect in prompting kidney cell death by increasing the Bax/Bcl-2 ratio and the level of
caspases 3, 8, 9, and 12 [3,10]. Hence, HgCl2 was capable of generating AKI in the present
study by fomenting oxidative stress, an alteration in the redox environment, and ER stress.
The resulting histological damage was considerable (grade 4), affecting over 75% of tubular
and glomerular cells.

C-PE treatment enhanced the canonical ER response through the PERK/p-eIF2α (ser
52)/ATF-4/GADD153 pathway, involving ER-associated degradation (ERAD), known to
process misfolded and unfolded proteins. The phosphorylation of eIF2α (ser 52) is able to
suppress the overall translation of mRNA, thus reducing protein stress in the ER. Further-
more, the moderate increment in ATF6α upregulates several genes that participate in the
adaptative phase of the unfolded protein response [29]. C-PE treatment is herein proposed
to have activated the PERK and ATF6 signaling pathways, maintaining proteostasis by
avoiding oxidative stress and alterations in the redox environment and by activating the
unfolded protein response [30,31].

The response elicited by C-PE is distinct from that of other phycobiliproteins. For
instance, C-PC averts the overexpression of GADD34 by activating GADD153, which is
related to the inhibition of apoptosis [11,32]. On the other hand, both C-PC and C-PE
maintain proteostasis. The differences between these two responses should be explored in
depth in future research.

C-PE and C-PC have a similar effect on the IREα pathway, decreasing cell death
mediated by caspases 3, 9, and 12 as well as reducing the disruption in p53 activation
and the alteration of the Bax/Bcl2 ratio [10,11]. This idea is supported by neurotoxi-
cological models, where C-PE prevents ER stress linked to calcium deregulation and
mitochondrial dysfunction [33].

In the control group, interestingly, C-PE per se increased the phosphorylation of p53
(Thr 155), which is a genome gatekeeper because it is a master transcriptional factor that
induces cellular senescence and suppresses cell growth and tumor formation. Exposure to
various cellular stressors, however, causes p53 to be overexpressed and phosphorylated in
several regions, leading to cell cycle arrest or apoptosis. Accordingly, p53 is phosphory-
lated by the C-Jun activation domain-binding protein-1 (Jab1) in Thr 155, promoting its
translocation into the cytoplasm to favor interaction with the COP9 signalosome complex.
These nuclear export mechanisms of p53 provide a practical future approach to a possible
C-PE-induced activation of anti-cancer therapy by p53 [34], as evidenced by the lack of his-
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tological irregularities in the C-PE control group as well as the capacity of C-PE treatment
of AKI mice to prevent oxidative stress, ER stress, and alterations in the redox environment
and cell death markers.

4. Materials and Methods

4.1. Animals

Forty-eight male albino NIH Swiss mice (25–30 g) were kept in a cool room (21 ± 2 ◦C)
with 40–60% relative humidity under a 12/12 h light/dark cycle (lights on at 8 AM). Food
and water were provided ad libitum. The experimental procedures were in accordance
with the Official Mexican Norm (NOM-062-ZOO-1999, technical specifications for the
production, care, and use of laboratory animals) [35]. The protocol was approved by the
institutional Internal Bioethics Committee (ZOO-013-2021).

The animals were divided into two lots to carry out distinct protocols, one to assess
oxidative stress and kidney damage and another to analyze ER stress. For the evaluation
of oxidative stress and kidney damage, 36 mice were randomly allocated to 6 groups
(n = 6). Three were control groups: (1) the vehicle (negative control), with 100 mM of
phosphate buffer (PB, at pH 7.4) administered by oral gavage (og) + 0.9% of saline solution
(SS) applied intraperitoneally (ip), (2) AKI induced by a single application of 5 mg/kg
HgCl2 ip + the vehicle (PB) og, and (3) C-PE treatment, consisting of 100 mg/kg/day
C-PE og + 0.9% SS ip. The other three groups received a single application of HgCl2 ip
as well as 25, 50, or 100 mg/kg/day C-PE og. For the analysis of ER stress, twelve mice
were randomly allocated to four groups with the following treatments (n = 3): (1) the
control (vehicle), (2) mercury-induced AKI, (3) the C-PE treatment, and (4) the AKI + C-PE
treatment (a single application of HgCl2 ip and 100 mg/kg/day C-PE og).

C-PE or the vehicle was administered 30 min before the injection of HgCl2 or 0.9% of
SS. C-PE was administered once daily for five days (the first protocol) or for three days
(the second protocol) at the same time (12:00 AM) each day. Whereas the mice assigned to
the evaluation of oxidative stress and renal damage were euthanized 5 days after mercury
intoxication, those employed for assessing ER stress were euthanized 3 days after the same
event. The right kidneys were frozen at −70 ◦C to await examination of the markers of
oxidative stress and the redox environment by Western blot, while the left kidneys were
put into paraformaldehyde in PBS (4% v/v) to appraise cell damage.

4.2. Cultivation, Purification, and Characterization of C-PE from Phormidium persicinum

P. persicinum was obtained from the culture collection of the Centro de Investigaciones
Biológicas del Noroeste, S. C. (CIB 84). It was grown in a synthetic medium (denominated
NM), created and optimized by our group (composition: 29 g/L of commercial sea salt,
0.8 g/L NaHCO3, 0.05 g/L K2HPO4, 2.16 g/L NaNO3, 5 mg/L MgSO4, 1 mg/L FeSO4,
and 1 mL of a micronutrient solution containing 0.2 mM EDTA, 46.2 mM H3BO3, 9.3 mM
MnCl2, 0.95 mM ZnSO4, 2.03 mM Na2MoO4, 0.49 mM Ca(NO3)2, and 0.77 mM CuSO4).
Incubation was carried out at 21 ± 2 ◦C with constant aeration provided by an air pump,
under green LED illumination (24 W, 3000 Lx) and a 12/12 h light/dark cycle (lights on at
8:00 AM).

Regarding the purification of C-PE, the cyanobacterial biomass was centrifuged at
10,000× g for 1 min and 5–10 g of the resulting cell pellet was re-suspended in 20 mL
of distilled water. Subsequently, three freeze–thaw cycles were performed, freezing at
−20 ◦C and thawing at 4 ◦C during 24 h. The resulting slurry was centrifuged in 4 cycles
at 21,400× g for 10 min at 4 ◦C to remove the cell debris. An aliquot of 20 mL of the
phycobiliprotein-rich extract was injected into a column (33 cm long × 4.7 cm in diameter)
containing Sephadex G-250 gel previously equilibrated with 10 mM of PB (pH 7.4). The
pink fractions were obtained and precipitated with a saturated solution of (NH4)2SO4 at
4 ◦C for 24 h in the dark. This mixture was centrifuged at 21,400× g for 2 min at 4 ◦C, and
the resulting pellet was resuspended in 100 mM of PB at pH 7.4. The membrane was then
dialyzed with PB for 24 h, after which time an aliquot of C-PE was immediately lyophilized
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to construct a calibration curve, obtain an absorption spectrum, and characterize the extract
fluorometrically with an EEM. The C-PE extract was solubilized in PB and 5 mM of sucrose
and frozen at −20 ◦C to await administration to the animals [36].

The EEM was recorded by scanning excitation and emission simultaneously in
a Luminescent Spectrometer (Perkin Elmer LS 55) equipped with a Xenon discharge lamp
and an excitation/emission slit 5/5. The scans were processed by 3D View Perkin Elmer
software to produce 3D fingerprint contour maps by using fluorescence lines (with emission
plotted on the X-axis and excitation on the Y-axis), as previously reported [37].

The calibration curve of 0.6–6 mg/mL of C-PE solubilized in PB was calculated
as follows:

CPE
(mg

dL
)
= [Absorbance562 nm−0.1374]

0.3540 ; r2 = 0.9899; r = 0.9949;
∈ Absorbance562 nm [0.330 − 2.245]

The purity index was calculated as the ratio of the maximum absorbance peak to the
absorbance peak of the proteins (A562/A280) [38].

4.3. Evaluation of Oxidative Stress, the Redox Environment, and the Activity of Effector
Caspases 3 and 9

Kidneys were homogenized in 3.5 mL of 10 mM PB for all assays. The quantification
of oxidative stress, the redox environment, and the activity of effector caspases 3 and 9 was
performed with a previously described method [3,22].

The lipid peroxidation technique employed an aliquot of 500 μL of homogenate, which
was added to 4 mL of chloroform-methanol (2:1, v/v). The mixture was agitated and kept at
4 ◦C for 30 min (protected from light) to allow for the separation of the polar and nonpolar
phases. Afterwards, the aqueous phase was aspirated and discarded. With an aliquot of
2 mL of the organic phase (chloroform), fluorescence was determined at 370 nm (excitation)
and 430 nm (emission). The results were expressed as relative fluorescence units (RFU)
per mg of protein.

The level of ROS was quantified by the formation of 2,7-dichlorofluorescein (DCF),
and 10 μL of the homogenate was added to 1945 μL of TRIS-HEPES (18:1 v/v) and incubated
in the presence of 50 μL of 2,7-dichlorofluorescin diacetate (DCFH-DA) at 37 ◦C for 1 h. The
reaction was stopped by freezing, and the fluorescence was measured at 488 nm (excitation)
and 525 nm (emission).

Nitrites were assessed as indirect markers of nitrergic stress. An aliquot of 500 μL of
homogenate was added to 500 μL of concentrated chlorohydric acid and 500 μL of 20% zinc
suspension. The mixture was stirred and incubated at 37 ◦C for 1 h, followed by centrifu-
gation at 4000× g for 2 min. The supernatant (50 μL) was added to a 96-well polystyrene
plate containing 50 μL of 0.6% sulfanilamide and 0.12% N-(naftyl)-ethylenediamine, and
then incubated for 15 min at room temperature. The absorbance was measured at 530 nm
in a Multiscan Go® plate spectrophotometer.

A determination was made of two redox environment markers, GSH and GSSG,
in a sample of 300 μL, treated with 500 μL of 30% phosphoric acid and centrifuged at
10,000× g for 30 min at 4 ◦C. To analyze GSH, an aliquot of 30 μL of the supernatant
was diluted in 1.9 mL of FEDTA (1:10, 100 mM phosphate and 5 mM EDTA), and the
mixture was reacted with 100 μL of o-phthaldialdehyde. To assess GSSG, 130 μL of the
supernatant was added to 60 μL of N-ethylmaleimide and left for 30 min. Subsequently,
an aliquot of 60 μL of the mixture was combined with 1.84 mL of FEDTA and 100 μL of
o-phthaldialdehyde. The two chemical species were measured at 350 nm (excitation) and
420 nm (emission).

The activity of caspases 3 and 9 was evaluated using a commercial colorimetric as-
say kit as specified in the manufacturer’s instructions (Millipore, APT165 and APT173,
respectively). Accordingly, p-nitroaniline (pNA) was cleaved from the substrate N-Acetyl-
Asp-Glu-Val-Asp p-nitroaniline (DEVD-pNA, caspase 3) or N-Acetyl-Leu-Glu-His-Asp
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p-nitroaniline (LEHD-pNA, caspase 9), and then the samples were measured spectrophoto-
metrically at 405 nm.

4.4. Examination of Kidney Damage

Histopathological analysis was performed to appraise kidney damage. The kidneys
were fixed for 48 h in 4% paraformaldehyde in PBS. Afterwards, they were embedded in
paraffin to obtain 5 μm slices on a standard microtome. Each section was stained with
H&E, dehydrated, and mounted in resin. The presence or absence of kidney cell damage
was evaluated with a histopathological graded scale [6,20,22] as follows: 0, undamaged
(indistinguishable from the controls); 1, minimal (affecting ≤25% of the tubules and
glomerulus); 2, mild (affecting >25% and ≤50% of the tubules and glomerulus); 3, moderate
(affecting >50% and ≤75% of the tubules and glomerulus); 4, severe (affecting >75% of the
tubules and glomerulus).

4.5. Western Blot Analysis for Nephrin, Podocin, and ER Stress Markers

The expression of proteins was determined with Western blot assays. Briefly, the
samples were prepared with 100 μL of the homogenate mixed with 50 μL of a complete
protease inhibitor cocktail® (MilliporeSigma, Burlington, MA, USA) in lysis buffer, and
then 150 μL of the 2× Laemmli sample buffer (Biorad, Hercules, CA, USA, 161-0737) was
added. The samples were homogenized by vortex, placed in a boiling water bath for 3 min,
and then kept at −20 ◦C to await processing. Fifty μg of protein samples were loaded
in 15% polyacrylamide gel with sodium dodecyl sulfate (SDS-PAGE) and separated by
electrophoresis (90 V for 60 min). Subsequently, the proteins were electrotransferred from
the gels to PVDF membranes in a Trans-Blot Turbo system (Biorad) at 25 V and 2.05 A for
7 min. Upon completing this time, the membranes were blocked for 1 h under constant
stirring in PBST (PBS with 0.05% Tween 20 and 5% low-fat milkSvelty®), followed by
incubation overnight at 4 ◦C in a blocking buffer containing the primary antibodies. The
primary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA), diluted 1:1000, were
PERK (sc-377400), p-eIF2α (Ser 52, sc-12412), ATF-4 (sc-200), GADD153 (sc-56107), ATF-6α
(sc-166659), IRE-1α (sc-390960), p-p53 (Thr 155, sc-377567), XBP1 (sc-7160), Bax (sc-20067),
and Bcl2 (sc-7382). Podocin (orb337389), nephrin (orb11107), GADD34 (orb13417), and p53
(orb14498) were acquired from Byorbit (Cambridgeshire, Cambridge, UK) and diluted 1:500.
After incubation, membranes were washed three times with fresh PBST (20 min/wash)
and then incubated in a secondary antibody diluted 1:1500 (HPR-conjugated goat anti-
rabbit; Life Technologies, Rockford, IL, USA, 65-6120) at room temperature for 1 h under
constant stirring. Membranes were washed three times with fresh PBST. Finally, the
protein bands were revealed on photographic plates (JUAMA, Mexico City, Mexico) by
chemiluminescence, using Luminata TM Forte® (MilliporeSigma, Burlington, MA, USA).
β-Actin protein expression served as the loading control and constitutive protein (Santa
Cruz Biotechnology; sc-1615, dilution 1:4000). The optical density (OD) of all bands
was quantified by the Image J program (NIH, Bethesda, MD, USA) and described as the
protein/β-actin ratio.

4.6. Statistical Analysis

All data are expressed as the mean ± standard error, except for the kidney dam-
age score. The latter is described as the median ± interquartile spaces, with the values
analyzed with the Kruskal–Wallis method. The variables in the first protocol (to eval-
uate oxidative stress and the redox environment) were examined by one-way analysis
of variance (ANOVA). Two-way ANOVA was utilized to assess ER stress, considering
the treatment and absence/presence of AKI as factors. ANOVA was followed by the
Student-Newman-Keuls post hoc test. Statistical significance was considered at p < 0.05.
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5. Conclusions

The nutraceutical effect of C-PE on HgCl2-induced AKI stems from its antioxidant
activity, which reduces the level of oxidative stress markers and maintains the redox
environment. Additionally, C-PE modulates intracellular signaling pathways involved in
proteostasis, avoiding the disruption of podocytes and damage to glomerular and tubular
cells. Hence, the nephroprotective activity of C-PE is related to the prevention of oxidative
stress and ER stress in the kidney of animals intoxicated with mercury. The nutraceutical
effect may also be related to anti-inflammatory activity, possibly triggering autophagy as
a survival pathway linked to the unfolded protein response. This mechanism is worthy of
greater attention in future research.
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Abstract: Astaxanthin, originating from seafood, is a naturally occurring red carotenoid pigment.
Previous studies have focused on its antioxidant properties; however, whether astaxanthin possesses
a desired anti-inflammatory characteristic to regulate the dendritic cells (DCs) for sepsis therapy
remains unknown. Here, we explored the effects of astaxanthin on the immune functions of murine
DCs. Our results showed that astaxanthin reduced the expressions of LPS-induced inflammatory
cytokines (TNF-α, IL-6, and IL-10) and phenotypic markers (MHCII, CD40, CD80, and CD86) by
DCs. Moreover, astaxanthin promoted the endocytosis levels in LPS-treated DCs, and hindered the
LPS-induced migration of DCs via downregulating CCR7 expression, and then abrogated allogeneic T
cell proliferation. Furthermore, we found that astaxanthin inhibited the immune dysfunction of DCs
induced by LPS via the activation of the HO-1/Nrf2 axis. Finally, astaxanthin with oral administration
remarkably enhanced the survival rate of LPS-challenged mice. These data showed a new approach
of astaxanthin for potential sepsis treatment through avoiding the immune dysfunction of DCs.

Keywords: astaxanthin; dendritic cells; sepsis; immune dysfunction; lipopolysaccharide

1. Introduction

The immune system, as a tight and dynamic regulatory network, maintains an im-
mune homeostasis, which keeps a balance between the response to heterogenic antigens
and tolerance to self-antigens [1]. However, in some diseases, such as sepsis, rheumatoid
arthritis (RA), multiple sclerosis (MS), systemic lupus erythematosus (SLE), and inflam-
matory bowel disease (IBD), this immune homeostasis is broken [2]. Sepsis is a highly
heterogeneous clinical syndrome that mainly results from the dysregulated inflammatory
response to infection, which continues to cause considerable morbidity and accounts for
5.3 million deaths per year in high income countries [3]. Recently, the incidence of sepsis
is progressively increased and sepsis-related mortality cases remain at a high level in
China [4]. The host immune response induced by sepsis is a complex and dynamic pro-
cess. After infection, the conserved motifs of pathogens, termed the pathogen-associated
molecular patterns (PAMPs), such as lipopolysaccharide (LPS, cell wall component of
gram-negative bacteria) or lipoteichoic acid (cell wall component of gram-positive bacte-
ria), are recognized by the pattern recognition receptors (PRRs) expressed by immune cells,
and an overwhelming innate immune response is triggered in septic patients [5,6]. Under
physiological conditions, the immune activation contributes to eliminating pathogens
and clearing infected cells. However, when driven by sepsis, the immune homeostasis
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appears imbalanced and initiates a life-threatening “cytokine storm”. Currently, no drugs
have been approved specifically for the treatment of sepsis, and clinical trials of potential
therapies have failed to reduce mortality; therefore, new approaches are needed. Immune-
modulatory intervention is the main potential therapeutic strategy against sepsis [7]. For
instance, single cytokine, or a combination of multiple cytokines, including G-CSF, GM-CSF,
IFN-γ, IL-3, IL-7, and IL-15, were introduced into sepsis therapy, according to a disease-
specific progression and patient immune responses [8]. Some immunosuppressive agents,
such as bursopentin [9], curcumin [10], and oleuropein [11], provided protection against
inflammatory injury in the LPS-induced sepsis models.

Dendritic cells (DCs), as the most important potent antigen-presenting cells, link the
innate and adaptive immune response. The maturation/activation of DCs is followed
by the transformations of phenotype and function, improving their migration ability to
draining the lymph node, resulting in the activation of downstream T lymphocyte cells [12].
In fact, DCs reside in all the tissues of the host mainly in an antigen-capturing state and
maintain immune tolerance by migrating to the lymph nodes for presenting self-antigens
to lymphocytes in a tolerogenic manner [13]. Therefore, DCs also balance the immune
homeostasis in the host, and guide the skewing of the downstream immune response [14].
Notably, the abnormalities of DC homeostasis are implicated in sepsis. The differentiation
level of monocytes into DCs is improved during sepsis [15]. The expression levels of surface
molecules related to the DC function are changed [16]. Considering the critical role of DCs
in the immune regulation in sepsis, the modification of the DC system is becoming an
increasingly important target for sepsis therapy [15]. Modificatory DCs by adenovirus/IL-
10 transduction maintained an immature state with low expressions of IL-12, CD86, and
MHCII, and the survival rate of septic mice remarkably increased [17,18]. Bursopentin
inhibited the LPS-induced phenotypic and the functional maturation of DCs [9,19]. These
studies indicated that compartmental modification of DC function can alter the sepsis-
induced immune response.

Astaxanthin, 3,3′-dihydroxy-β,β′-carotene-4,4′-dione, is a naturally occurring red
carotenoid pigment classified as a xanthophyll, found in microalgae and seafood such as
salmon, trout, and shrimp [20,21]. The lipid-soluble carotenoid, with a polar–nonpolar–
polar structure, is able to help astaxanthin easily pass through and fix into the double
layers of the cell membrane. Moreover, free radicals inside and outside of the cell mem-
brane can be scavenged by the polar structure of astaxanthin, and radicals located in the
cell membrane can be captured by its polyene chain [22]. Therefore, astaxanthin has a
strong antioxidant property, and is regarded as a potential candidate agent against many
diseases [23–26]. Recent studies have shown that astaxanthin had a variety of pharmacolog-
ical effects against inflammatory injury [27–29]. Astaxanthin provided a neuroprotection
against diabetes-induced sickness behavior through inhibiting inflammation [30]. Astax-
anthin also can attenuate monosodium urate crystal-induced arthritis by suppressing the
level of pro-inflammatory cytokines [31]. Moreover, astaxanthin was shown to suppress
LPS-induced inflammatory factors increase, MAPK phosphorylation, and NF-kB activation
in vivo [32]. These studies demonstrated to us that astaxanthin have a great potential as a
therapeutic agent of sepsis by an anti-inflammatory strategy.

In this study, we attempted to characterize the effects of astaxanthin on the immune
activation and functional properties of the LPS-induced DCs for potential sepsis therapy.
Our data suggested that astaxanthin protected DCs from LPS-induced immune dysfunction,
which might be a simple, inexpensive, and highly effective anti-inflammatory strategy via
regulating DC activity in sepsis.

2. Results

2.1. Astaxanthin Inhibited LPS-Induced Cytokine Production by DCs

Firstly, the biosafety of astaxanthin was evaluated in the murine DCs. The cells
were treated with astaxanthin and the cell viability was analyzed by the CCK-8 assay.
The results revealed that the cellular viability was not changed until 24 h after treatment
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with astaxanthin up to 50 μM (Figure 1A). Next, we examined the expression of CD69,
which is a critical activation marker of DCs. After exposure to LPS (100 ng/mL) for
24 h, the expression of CD69 was upregulated, whereas they were significantly inhibited
with treatment of astaxanthin (Figure 2A,B). In addition, we tested whether astaxanthin
affected the production of cytokines in LPS-induced DCs. Significantly, pro-inflammatory
cytokines (TNF-α and IL-6) were downregulated by astaxanthin in a dose-dependent
manner (Figure 2C,D). Surprisingly, the secretion of IL-10 was not increased (Figure 2E),
implying that the suppressive effect of astaxanthin probably was not mediated through anti-
inflammatory cytokine. These results indicated that astaxanthin attenuated the cytokines
secreted by LPS-induced DCs.

Figure 1. Biosafety evaluation of astaxanthin in vitro and in vivo. (A) The cytotoxicity of astaxanthin with different doses
was performed in the DCs by using the CCK-8 assay. (B) Astaxanthin with different concentrations was given orally for five
days every 24 h; the data represent the change of body weight in each group (n = 10/group). The data shown are the means
± s.d. of three replicates and are representative of three independent experiments. Statistical significance is assessed by
unpaired Student’s two-sided t-test to compare astaxanthin (0 μM).

 
Figure 2. Astaxanthin suppressed the secretion of cytokines from LPS-stimulated DCs. DCs were incubated with the
astaxanthin or plus 100 ng/mL LPS for 24 h. (A,B) The expression of activation marker CD69 on DCs was analyzed by FCM.
(C–E) Supernatants were collected and TNF-α, IL-6, and IL-10 were detected by ELISA. The data shown are the means
± s.d. of three replicates and are representative of three independent experiments. Statistical significance is assessed by
one-way ANOVA analysis to compare the results between different groups. ** p < 0.01.
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2.2. Astaxanthin Reversed the Morphological Changes in LPS-Activated DCs

Mature DCs were easily aggregated to form larger clusters and longer extensions [33].
Upon LPS stimulation alone, the size of clusters and the extension morphologies of DCs
were increased, compared with the untreated and the astaxanthin-alone group. However,
these processes were impaired by astaxanthin (Figure 3A,C). Meanwhile, the size of clusters
and the cell shape index (major axis/minor axis) of each group were measured. As shown in
Figure 3B,D, these two indexes were markedly increased after LPS stimulation. Treatment
of astaxanthin significantly suppressed the increase of two indexes in LPS-induced DCs.
These results indicated that astaxanthin attenuated the morphological changes of LPS-
activated DCs.

Figure 3. Astaxanthin decreased the morphological changes of LPS-stimulated DCs. After stimulation for 24 h with
astaxanthin or plus 100 ng/mL LPS, DC aggregation (A) and dendrites (C) were observed by microscopy. (B,D) Statistical
results on the size of DC cluster formation and the cellular shape indices in each group. Data shown are the means ± s.d. of
40 clusters or DCs randomly selected from 3 separate experiments. Statistical significance is assessed by one-way ANOVA
analysis to compare the results between different groups. ** p < 0.01. Bars: (A) 100 μm; (C) 20 μm.

2.3. Astaxanthin Impaired the Phenotypic Maturation of LPS-Induced DCs

Maturation is the key step in the DC-mediated regulation of immune responses. To
investigate whether astaxanthin modulated the DC maturation, the expression levels of
MHCII and costimulatory molecules in DCs were analyzed by FCM. With LPS treatment
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alone, the expressions of MHCII, CD40, CD80, and CD86 were markedly upregulated,
whereas they were down-regulated remarkably with the treatment of astaxanthin (Figure 4).
These data suggested that astaxanthin diminished LPS-activated DC phenotypic maturation
and compromised the immunostimulation of the activated DCs.

Figure 4. Astaxanthin suppressed the expression of phenotypic markers by LPS-stimulated DCs in vitro. After stimulation
for 24 h with astaxanthin or plus 100 ng/mL LPS, the expressions of phenotypic markers on DCs, including MHCII (A,E),
CD40 (B,F), CD80 (C,G), and CD86 (D,H), were analyzed by FCM. Data shown are the means ± s.d. of three replicates and
are representative of three independent experiments. Statistical significance is assessed by one-way ANOVA analysis to
compare the results between different groups. ** p < 0.01.

2.4. Astaxanthin Increased the Endocytosis Capability of LPS-Induced DCs

In response to inflammatory stimuli, DCs trigger the process of maturation; down-
regulation of endocytosis is a hallmark of maturation [34]. To investigate whether astax-
anthin modulated the endocytosis of DCs, the fluorescent marker dextran was used. As
shown in Figure 5A,B, LPS alone significantly decreased the endocytosis capability of DCs
compared to the untreated control, while astaxanthin enhanced the uptake of dextran
in LPS-induced DCs. Moreover, confocal laser scanning microscopy (CLSM) images dis-
played the amount of Alexa Fluor 647-dextran existing in the body of LPS-induced DCs
and was enhanced after the treatment of astaxanthin (Figure 5C). These results suggested
that astaxanthin significantly increased the endocytosis capability of LPS-induced DCs.
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Figure 5. Astaxanthin enhanced the endocytosis ability of DCs after LPS treatment in vitro. After stimulation for 24 h with
astaxanthin or plus 100 ng/mL LPS, the treated DCs were incubated with 1 mg/mL FITC-Dextran (A,B) or Alexa Fluor
647-Dextran (C) at 37 ◦C for 30 min. After incubation, the cells were washed three times with cold PBS and analyzed by
FCM (A) or were observed by using confocal laser scanning microscopy (CLSM). Parallel experiments were performed at
4 ◦C to determine the nonspecific binding. The data shown are the means ± s.d. of three replicates and are representative
of three independent experiments. (C) Dextran (Alexa Fluor 647; red) and Nuclei (4′,6-diamidino-2-phenylindole (DAPI);
blue). The results are from one representative experiment of three performed. Bars: 10 μm. Statistical significance is assessed
by one-way ANOVA analysis to compare the results between different groups. ** p < 0.01.

2.5. Astaxanthin Inhibited the Migration Capability of LPS-Induced DCs

DCs that are stimulated with inflammatory mediators can mature and migrate from
nonlymphoid regions to lymphoid organs for initiating T cell-mediated immune responses.
This migratory step is closely related to the CCR7 expression of DCs [35]. To investigate
whether astaxanthin modulated the DC migration, the expression levels of CCR7 in DCs
were analyzed by FCM. With LPS treatment alone, CCR7 expression was significantly in-
creased, whereas they remarkably declined after the treatment of astaxanthin (Figure 6A,B).
Moreover, chemotaxis assay in transwell chambers was used to examine the DC migration
on the basis of attraction of mature DCs for CCL19 or CCL21. The migration of LPS-induced
DCs was remarkably inhibited after the treatment of astaxanthin in response to CCL19
(Figure 6C,D). These results suggested that astaxanthin significantly inhibited the migration
capability of LPS-induced DCs.
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Figure 6. Astaxanthin decreased the LPS-induced CCR7 expression and DC’s migration ability in vitro. DCs were incubated
by astaxanthin or plus 100 ng/mL LPS for 24 h. (A,B) FCM analysis of CCR7 expression. Data shown are the means ±
s.d. of three replicates and are representative of three independent experiments. (C,D) DCs from astaxanthin (10 μM)
alone, LPS (100 ng/mL) alone, astaxanthin (10 μM) plus LPS (100 ng/mL) groups were seeded into the upper wells of a
24-well transwell chamber, and CCL19 (200 ng/mL) was included in lower chamber. After 4 h, the number of DCs that
were transferred from the upper to the lower wells was counted by FCM. The spontaneous migration of cells (absence of
CCL19) was also shown. Data shown are the means ± s.d. of three replicates and are representative of three independent
experiments. Statistical significance is assessed by one-way ANOVA analysis to compare the results between different
groups. ** p < 0.01.

2.6. Astaxanthin Impaired the Allostimulatory Capacity of LPS-Induced DCs

Mature DCs are potent stimulators of allogeneic T cell proliferation in the mixed
lymphocyte reaction (MLR) [36]. To determine the effects of astaxanthin on the ability
of LPS-induced DCs to stimulate the MLR, DCs were collected and incubated with allo-
geneic CD4+ T cells. As shown in Figure 7, LPS-induced DCs stimulated proliferative
responses more effectively than untreated DCs, while astaxanthin-treated DCs impaired
proliferative responses derived from the LPS stimulation at all ratios of DC: T cell tests.
These results suggested that astaxanthin strongly impaired the allostimulatory capacity of
LPS-induced DCs.
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Figure 7. Astaxanthin decreased LPS-induced DCs to increase the proliferation of allogeneic T cells. After incubation with
astaxanthin or plus 100 ng/mL LPS for 24 h, the collected DCs were used in two graded cell numbers (DC/T-cell ratios:
1:1 (A,C) and 1:5 (B,D)) to stimulate CFSE-labeled naive CD4+ allogeneic T cells (5 × 105 responder cells per well). After
5 days, proliferation was detected by FCM. Data shown are the means ± s.d. of three replicates and are representative of
three independent experiments. Statistical significance is assessed by one-way ANOVA analysis to compare the results
between different groups. ** p < 0.01.

2.7. Astaxanthin Protected the LPS-Induced Immune Dysfunction of DCs via Activation of
HO-1/Nrf2 Axis

To investigate whether astaxanthin modulated the DC maturation by the HO-1/Nrf2
pathway, the expression levels of HO-1 and Nrf2 on DCs were analyzed by FCM. As shown
in Figure 8A–D, treatment of LPS-induced DCs with astaxanthin, HO-1, and Nrf2 were
significantly upregulated, compared with the LPS-only group. Next, to study whether
HO-1 played an important role in the suppression of DC maturation, the cytokine release
(TNF-α and IL-10) (Figure 8I,J) and phenotypic markers (CD80 and CD86) (Figure 8E–H)
were detected. The results showed that the effects of astaxanthin in the LPS-induced DCs
were diminished when DCs were pretreated with SnPP (a HO-1 inhibitor) (Figure 8E–J).
However, CoPP (a HO-1 inducer) aggravated the inhibitory effect of astaxanthin in the
LPS-induced DCs (Figure 8E–J). Therefore, the Nrf2/HO-1 pathway played an important
role in the inhibition of LPS-induced DCs maturation by astaxanthin.
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Figure 8. Astaxanthin enhanced the expression of HO-1 and Nrf2 protein in the LPS-induced DCs. (A–D) DCs were
incubated by astaxanthin or plus 100 ng/mL LPS for 24 h. FCM analysis of HO-1 and Nrf2 expression. Data shown are
the means ± s.d. of three replicates and are representative of three independent experiments. (K) Experimental setting to
study DC maturation, DCs were treated with 10 μM astaxanthin or plus 100 ng/mL LPS in the presence or absence of SnPP
(25 μM) or CoPP (50 μM) for 24 h. (E–H) The expressions of CD80 (E,G) and CD86 (F,H) were detected by FCM. (I,J) TNF-α
and IL-10 released from supernatants were detected by ELISA. The data shown are the means ± s.d. of three replicates and
are representative of three independent experiments. Statistical significance is assessed by one-way ANOVA analysis to
compare the results between different groups. * p < 0.05; ** p < 0.01. SN: supernatant.

2.8. Astaxanthin Protected LPS-Induced Sepsis in Mice

The overwhelming production of pro-inflammatory cytokines and mediators results
in tissue damage or lethality. To determine the effects of astaxanthin on the LPS-induced
septic lethal rate and production of cytokines in LPS-challenged mice, firstly, the biosafety
of astaxanthin was evaluated in mice. As shown in Figure 1B, the body weight of mice
was not changed in the astaxanthin group compared with the control group, even if the
dose used was up to 300 mg/kg. Next, the changes in body weight and survival rates
were monitored after LPS injection for 3 days or 40 h, respectively. As shown in Figure 9A,
LPS administration markedly increased the loss of body weight in mice. However, the
astaxanthin recovered the change of body weight in the LPS-challenged mice. Moreover, the
astaxanthin decreased the mortality of the LPS-treated mice (Figure 9B). Next, the levels of
cytokines in mice serum were detected by ELISA. The results showed that administration of
astaxanthin significantly decreased the production of TNF-α, IL-6, and IL-10 (Figure 9C–E).
Taken together, these data demonstrated that astaxanthin effectively protected LPS-induced
sepsis in mice.
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Figure 9. Astaxanthin recovered the changes in body weight and decreased the cytokines secretion in LPS-challenged mice.
(A,B) The data represent the body weight changes and survival rates of each group (n = 10/group). (C–E) The level of
cytokines in plasma was measured by ELISA. Data shown are the means ± s.d. of three replicates and are representative of
three independent experiments. Statistical significance is assessed by one-way ANOVA analysis to compare the results
between different groups. ** p < 0.01.

3. Discussion

Here, we explored the immunosuppressive properties of astaxanthin on the activation
and maturation of DCs for the first time. Our data indicated that astaxanthin reduced
the expression of activation markers (CD69), LPS-induced pro-inflammatory (TNF-α and
IL-6), and anti-inflammatory (IL-10) cytokines by DCs; reversed the morphological changes
of LPS-activated DCs; decreased the LPS-induced expression of phenotypic markers by
DCs, including MHCII, CD40, CD80, and CD86; promoted the endocytosis levels in LPS-
treated DCs; and hindered the LPS-induced migration of DCs via downregulating CCR7
expression. Furthermore, astaxanthin abrogated allogeneic T cell proliferation by LPS-
induced DCs. Finally, astaxanthin enhanced the survival rate of LPS-challenged mice and
inhibited the production of inflammatory cytokines in serum, suggesting that astaxanthin
can strongly protect LPS-induced sepsis (Figure 10).These results powerfully implied that
astaxanthin may have a potential application in the treatment of sepsis.

Toll-like receptor (TLR) 4 signaling, leading to secretion of inflammatory productions,
has been considered as a critical pathway in sepsis pathophysiology. LPS from gram-
negative bacteria interacted with TLR4 to cause phagocytic cells to robustly generate a
variety of proinflammatory cytokines [37]. CD69, as a type II C-type lectin, is known as a
very early activation marker, which is first upregulated upon primary activation [38,39].
In our study, we found that astaxanthin reduced the activation level of LPS-treated DCs
by downregulating CD69 expression, suggesting that the immunosuppressive ability of
astaxanthin was involved in the early inflammatory response. After DC activation, a mass
of inflammatory cytokines was released. TNF-α, as a rapid proinflammatory cytokine,
can strongly accelerate DC maturation [40]. Furthermore, TNF-α also can regulate other
inflammatory cytokines, especially for IL-6 [41], implying that astaxanthin might suppress
the secretion of TNF-α, and then result in the down-expression of IL-6 in DCs. At the
late stage of sepsis, the anti-inflammatory state may appear, showing a high expression of
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IL-10, which may result in a further impaired immune response with an increased risk of
nosocomial infections [42]. Therefore, we evaluated the effects of astaxanthin treatment
in LPS-induced IL-10 expression, and found that IL-10 was also decreased, and thereby,
astaxanthin plays a remarkable inhibition role on both pro- and anti-inflammatory stages.

 

Figure 10. Schematic of the proposed mechanism for astaxanthin, rescuing the LPS-induced immune dysfunction of DCs and
protecting LPS-induced sepsis in mice. (A) Astaxanthin firstly activated the Nrf2 signaling pathway, and then significantly
upregulated HO-1 expression, which suppressed the immune functions of LPS-induced DCs, including activation markers
(CD69), the cytokines release (TNF-α, IL-6, and IL-10), phenotypic marker (MHCII, CD40, CD80, and CD86) and migration
marker (CCR7). (B) Astaxanthin decreased the production of TNF-α, IL-6, and IL-10 in serum, recovered the change in body
weight and decreased the mortality of the LPS-treated mice.

DCs possess two major states, including immature DCs (iDCs) and mature DCs
(mDCs). The iDCs have a strong antigen capture ability with lower expression of pheno-
typic markers. After antigen uptake, iDCs were transformed into mDCs, which have a
strong ability to stimulate the proliferation and differentiation of T cells by upregulating
the surface levels of MHCII and costimulatory molecules. Moreover, DCs can easily mature
into inflammatory DCs, thereby sustaining a continuous activation of the adaptive immune
response at inflammation sites [43]. However, iDCs were able to induce immune toler-
ance, and have therefore been introduced as a therapy for systemic lupus erythematosus
(SLE) [44,45]. In our data, astaxanthin can effectively inhibit LPS-induced phenotypic
markers of DCs, including MHCII, CD40, CD80, and CD86, suggesting that astaxanthin
was able to prevent the transformation from iDCs into mDCs. In addition, LPS-induced
DCs with astaxanthin treatment possessed a strong antigen capture ability, indicating that
the DCs remain in an immature state. Furthermore, once DCs mature, the chemokine
receptor CCR7 displays a high-upregulation, which will guide the DCs to migrate toward
a draining lymph node, a T cell-rich area with a high expression of CCL19 and CCL21
(CCR7 ligands), for an expanded immune response [46]. Our data suggested that astax-
anthin could probably block the connection between DCs and draining lymph nodes via
down-regulating CCR7 expression, and lead to limit extensive immune responses. Even if
contact happened, LPS-induced DCs with astaxanthin treatment were hardly promoted
to a proliferation of allogeneic T cells in our allogeneic mixed lymphocyte reaction assay,
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which might be associated with the down-regulation of MHCII, costimulatory molecules,
and cytokines.

Inflammation is the most common feature of many chronic diseases and complications.
Previous studies have revealed that the transcription nuclear factor erythroid 2-related
factor 2 (Nrf2) contributes to the anti-inflammatory process by orchestrating the recruitment
of inflammatory cells and regulating gene expression through the antioxidant response
element (ARE) [47]. Heme oxygenase-1 (HO-1) is the inducible isoform and rate-limiting
enzyme that catalyzes the degradation of heme into carbon monoxide (CO) and free iron,
and biliverdin to bilirubin [48]. Several studies have demonstrated that HO-1 and its
metabolites have significant anti-inflammatory effects mediated by Nrf2 [49]. It has been
reported that activation of Nrf2 prevents LPS-induced transcriptional upregulation of
pro-inflammatory cytokines, including IL-6 and IL-1β [50]. Here, we have demonstrated
that astaxanthin inhibited the maturation of LPS-induced DCs via the activation of the
HO-1/Nrf2 axis. Interestingly, astaxanthin is a potential antioxidant, and the HO-1/Nrf2
axis is also a key known antioxidative pathway; whether astaxanthin utilizes its antioxidant
property to activate the HO-1/Nrf2 pathway and then to initiate an anti-inflammatory
response needs to be further investigated.

LPS and other PAMPs are related in the pathogenesis of sepsis and the activation
of immune responses, resulting in tissue pathological injury and multiple organ fail-
ure [51]. Management of excessive inflammatory response is a key strategy for sepsis
treatment [52]. In the present study, we performed a series of experiments to determine the
anti-inflammatory activities of astaxanthin using LPS-challenged mice. Our results showed
that administration of astaxanthin promoted the survival rate of LPS-challenged mice.
Additionally, administration of astaxanthin reduced the levels of inflammatory cytokines in
serum, including TNF-α, IL-6, and IL-10, which was in line with the result of DCs in vitro.
These results implied that DC-targeted anti-inflammatory strategies have great potential in
the treatment of sepsis.

4. Materials and Methods

4.1. Ethics Statement

The Jiangsu Administrative Committee for Laboratory Animals approved all of the
animal studies according to the guidelines of Jiangsu Laboratory Animal Welfare and
Ethical of Jiangsu Administrative Committee of Laboratory Animals (Permission number:
SYXKSU-2007-0005).

4.2. Reagents

Astaxanthin (mol wt 596.84), LPS derived from Escherichia coli 026: B6, FITC-Dextran
(mol wt 40,000) and Cobalt protoporphyrin (CoPP, a HO-1 inducer) were from Sigma-
Aldrich. Alexa Fluor 647-Dextran (mol wt 10,000) was from Thermo Fisher. Carboxyflu-
orescein succinimidylester (CFSE) and RPMI 1640 medium were from Invitrogen. Fetal
bovine serum (FBS) was from Hyclone. Recombinant CCL19, GM-CSF, and IL-4 were from
Peprotech. CCK-8 kit was from Beyotime. CD4+ T cell isolation kit was from Miltenyi
Biotech. Fluorescent-labeled anti-mouse mAbs, PerCP-Cy5.5 CD69, FITC-MHCII, PE-CD40,
PE-CD80, FITC-CD86, PE-CCR7 or respective isotype controls, were from BD PharMingen.
Alexa Fluor 647 HO-1 or respective isotype was from Abcam. PE-Nrf2 or respective isotype
was from Cell Signaling Technology. Tin protoporphyrin IX (SnPP, a HO-1 inhibitor) was
from MedChemExpress.

4.3. Generation of DCs

Male C57BL/6 mice, 4–6 weeks old, were from the Animal Research Center of
Yangzhou University (Jiangsu, China). The mice were housed under specific pathogen-free
conditions for at least 1 week before use. DCs were isolated and cultured as our improved
method [53]. Briefly, bone marrow cells were extracted from the tibias and femurs of
mice, and then cultured in complete medium (RPMI 1640 supplemented with 10% FBS, 1%

84



Mar. Drugs 2021, 19, 346

streptomycin and penicillin, 10 ng/mL GM-CSF and 10 ng/mL IL-4). After 60 h of culture,
medium was gently discarded and fresh medium was added. On day 6, non-adherent and
loosely adherent DC aggregates were harvested and sub-cultured overnight. On day 7,
only cultures with >90% cells expressing CD11c by flow cytometry (FCM) were used.

4.4. Cell Viability Assay

The cytotoxicity assay of astaxanthin with different doses was performed in DCs using
the CCK-8 kit in accordance with the manufacturer’s instructions. Briefly, 5 × 103 cells
were cultured in 96-well plate. After treatment, 10 μL CCK-8 was added to each well, and
the cells were incubated for an additional 1 h. The absorbance was measured at 450 nm,
and the results were compared as a percentage of the control group.

4.5. Cytokine Assay

In vitro, the DCs were incubated with astaxanthin and/or LPS for 24 h. Next, the
levels of TNF-α, IL-6, and IL-10 in the culture supernatants were measured by using ELISA
kits (eBioscience) and were performed according to the manufacturer’s instruction.

4.6. Phenotype Assay

DCs were harvested and washed twice with PBS, and incubated with FITC-MHCII,
PE-CD40, PE-CD80, FITC-CD86, or their respective isotypes, at 4 ◦C for 30 min as per the
manufacturer’s guidelines. After being washed three times with PBS, DCs were analyzed
by FCM.

4.7. Endocytosis Assay

The harvested DCs were incubated with 1 mg/mL FITC-Dextran at 37 ◦C for 30 min
as previously described [54]. After incubation, DCs were washed twice with PBS and
analyzed by FCM. In addition, 4 ◦C control was also performed to exclude adhesion.

4.8. Migration Assay

The chemotaxis of DCs was performed in a 24-well transwell chamber (pore size, 5 μm;
Corning) as described previously [55]. DCs (1 × 105 cells) were then seeded onto the upper
chambers and CCL19 (200 ng/mL) was added in the lower chamber. After incubation for
4 h, the migrated cells were collected from the lower chamber, and the number of cells was
counted by FCM.

4.9. Allogeneic Mixed Lymphocyte Reaction Assay

Male BALB/c mice, 6 weeks old, were from the Animal Research Center of Yangzhou
University (Jiangsu, China). Responder T cells were purified from mice splenic lympho-
cytes using a CD4+ T cell isolation kit and labeled with CFSE according to the manufac-
turer’s instructions. Next, these cells were cocultured in duplicate with DCs (DC/T cell
ratios of 1:1 or 1:5) in 5% CO2 incubator at 37 ◦C for 5 days and detected by FCM.

4.10. HO-1 and Nrf2 Protein Expression Assay

The treated DCs were incubated with Alexa Fluor 647 HO-1, PE-Nrf2, or the respective
isotypes for 30 min at 4 ◦C. The cells were analyzed using FCM.

4.11. Body Weight Change Assay

Six-week-old C57BL/6 mice were divided into five groups (n = 10/group). In the
treatment group, the mice were given astaxanthin orally for 4 days every 24 h, and the
doses of astaxanthin were 50, 100, and 200 mg/kg, respectively; 48 h after the firstly oral
administration, the mice received LPS (10 mg/kg body weight) by intraperitoneal injection,
body weight changes were monitored for 3 days.
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4.12. Survival Rate and Cytokine Assay

48 h after 1st oral administration, the mice received LPS (20 mg/kg body weight) by
intraperitoneal injection, survival rates were monitored for 40 h as described previously [56].
The mice were euthanized and blood was collected at 4 h after LPS injection, the levels of
cytokines (TNF-α, IL-6, and IL-10) in plasma were measured by an ELISA kit according to
the manufacturer’s protocol.

4.13. Statistical Analysis

Results were expressed as the means ± SD. Statistical significance between the
2 groups was determined by unpaired Student’s two-sided t-test. To compare multi-
ple groups, one-way ANOVA with Tukey’s post hoc test was performed by using SPSS
17.0. * p < 0.05, ** p < 0.01.

5. Conclusions

In summary, our findings showed that astaxanthin inhibited the immune dysfunction
of DCs induced by LPS via the activation of HO-1/Nrf2 axis in vitro, and enhanced the
survival rate of LPS-challenged mice in vivo, which might be used as a potential candidate
strategy for clinical sepsis.
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Abstract: Astaxanthin, originating from marine organisms, is a natural bioactive compound with
powerful antioxidant activity. Here, we evaluated the antioxidant ability of astaxanthin on dendritic
cells (DCs), a key target of immune regulation, for inflammatory control in a sepsis model. Our
results showed that astaxanthin suppressed nitric oxide (NO) production, reactive oxygen species
(ROS) production, and lipid peroxidation activities in LPS-induced DCs and LPS-challenged mice.
Moreover, the reduced glutathione (GSH) levels and the GSH/GSSG ratio were increased, suggesting
that astaxanthin elevated the level of cellular reductive status. Meanwhile, the activities of antioxidant
enzymes, including glutathione peroxidase (GPx), catalase (CAT), and superoxide dismutase (SOD),
were significantly upregulated. Astaxanthin also inhibited the LPS-induced secretions of IL-1β,
IL-17, and TGF-β cytokines. Finally, we found that the expressions of heme oxygenase 1 (HO-1) and
nuclear factor erythroid 2-related factor 2 (Nrf2) were significantly upregulated by astaxanthin in LPS-
induced DCs, suggesting that the HO-1/Nrf2 pathway plays a significant role in the suppression of
oxidative stress. These results suggested that astaxanthin possesses strong antioxidant characteristics
in DC-related inflammatory responses, which is expected to have potential as a method of sepsis
treatment.

Keywords: astaxanthin; oxidative stress; sepsis; dendritic cells; inflammation

1. Introduction

Sepsis is an organic dysfunction caused by a disordered host response to infection
by viruses, fungi, and bacteria [1–4], which remains a major cause of morbidity and
mortality worldwide, with increased burden in low- and middle-resource settings [5]. In
the United States, the treatment of sepsis accounted for more than USD 20 billion (5.2%)
in total hospital expenses in 2011 [6]. An extrapolation from high-income country data
suggests that on a yearly basis, there are an estimated 31.5 million sepsis and 19.4 million
severe sepsis cases, with a potential 5.3 million deaths globally [7]. Although more than
100 clinical therapeutic trials have been conducted, no treatment options for sepsis are
currently approved by the US Food and Drug Administration (FDA) [8].

After infection, the components of the pathogen, such as lipopolysaccharide (LPS), a
key component of the bacterial cell wall, are recognized by macrophages, dendritic cells
(DCs), and other immune cells, and then the overloaded inflammatory immune response is
activated in early septic patients [9]. Historically, direct anti-hyperinflammatory strategies

Mar. Drugs 2021, 19, 534. https://doi.org/10.3390/md19100534 https://www.mdpi.com/journal/marinedrugs

89



Mar. Drugs 2021, 19, 534

that attempt to block cytokines, such as interleukin-1 (IL-1) and tumor necrosis factor
(TNF), have been the main therapeutic pathway against sepsis. However, the outcome
of life-threatening infection is determined by the endogenous complicated inflammatory
response. Therefore, using a conventional anti-inflammatory strategy in sepsis cases has
to date failed to improve outcomes [8]. Notably, exposure to LPS can induce the rapid
and robust production of reactive oxygen species (ROS), which is also a critical patholog-
ical feature in septic patients [10]. Oxidative stress is induced by an imbalanced redox
state, involving either the excessive generation of ROS or dysfunction of the antioxidant
system [11], resulting in the induction of cellular damage, impairment of the DNA repair
system, and mitochondrial dysfunction [12]. A growing number of studies agree that
interdependence and interconnection are not to be neglected between oxidative stress
and inflammation, which co-exist in the inflamed microenvironment. Abundant ROS are
released by inflammatory cells at the inflammatory site, which results in exaggerated ox-
idative injury. Meanwhile, a large amount of ROS and oxidative stress products strengthen
proinflammatory responses [13]. Therefore, versatile antioxidants need to be developed to
help control overwhelming oxidative stress and hyperinflammatory responses.

DCs are key regulators of innate and adaptive immunity [14]. The maturation of DCs
is directed by signal transduction events downstream of Toll-like receptors (TLRs) and
other pattern recognition receptors, following an increase in the production of cytokines,
chemokines, and costimulatory molecules [15]. Just as importantly, DCs that possess strong
antioxidant systems not only regulate the balance of oxidative stress but also influence
the levels of inflammatory responses through the polarization of T cells. Therefore, DCs
are an ideal target to manage both oxidative stress and inflammatory responses by some
multifunctional antioxidants. Astaxanthin originates from seafood, such as microalgae,
trout, yeasts, salmon, and krill [16,17]. Of note, a freshwater unicellular alga, named Haema-
tococcus pluvialis (H. pluvialis), contains abundant natural astaxanthin [17,18]. Its structure
is a xanthophyll carotenoid with hydroxyl and keto moieties on both ends (Figure 1) [19],
which effectively scavenges free radicals, thereby protecting fatty acid and biological mem-
branes from oxidative damage [20]. Astaxanthin also can attenuate inflammatory injury
caused by diabetes-induced sickness and urate crystal-induced arthritis [21,22].

Figure 1. Chemical structure of astaxanthin.

Here, the antioxidant ability of astaxanthin was systematically evaluated on DCs
for inflammatory control, which provides evidence that a DC-targeting strategy could be
effectively applied in sepsis treatment.

2. Results

2.1. Astaxanthin Suppressed NO Production in LPS-Induced DCs and LPS-Challenged Mice

Nitric oxide (NO) plays a significant role in killing pathogens; however, excessive
NO production has been identified as a key pathogenic factor in most immune-mediated
diseases [23]. As shown in Figure 2A, LPS was shown to strongly stimulate NO production
in DCs compared with an untreated group. Of note, astaxanthin was shown to remarkably
suppress NO production in LPS-induced DCs. Many studies have documented an increase
in NO production in response to severe sepsis or LPS administration [24]. Therefore, we
further examined whether astaxanthin could affect NO levels in LPS-challenged mice. Mice
were pre-treated with astaxanthin for 2 days and then injected with LPS. After LPS injection
for 4 h, serum samples were collected for NO detection. We found that the administration of
astaxanthin significantly decreased NO production in serum after LPS challenge (Figure 2B).
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Collectively, these findings suggested that astaxanthin strongly inhibited NO production
in LPS-induced DCs and LPS-challenged mice.

Figure 2. Astaxanthin suppressed the NO production in LPS-induced DCs and LPS-challenged mice.
(A) DCs were incubated with the indicated concentrations of astaxanthin and LPS (100 ng/mL) for
24 h. (B) C57BL/6 mice were orally given astaxanthin before LPS injection. NO production in DC
supernatants and serum was detected using the Griess reagent. Results are from one representative
experiment of three performed. All of the data are presented as means ± SD. The comparisons were
performed with analysis of variance (ANOVA) (multiple groups). Different lowercase letters indicate
significant differences between groups (p < 0.05).

2.2. Astaxanthin Decreased ROS Levels in LPS-Induced DCs

Oxidative stress refers to elevated intracellular levels of ROS, which result in damage
to cellular lipids, proteins, and DNA. Next, intracellular ROS was measured as described
previously, with some modifications [25]. As shown in Figure 3, ROS levels were remark-
ably increased after exposure to LPS for 24 h, whereas astaxanthin strongly attenuated the
LPS-induced ROS production in a dose-dependent manner.

Figure 3. Astaxanthin suppressed the ROS production in LPS-induced DCs. (A) After stimulation
for 24 h with astaxanthin and LPS (100 ng/mL), DCs were stained with 2′,7′ dichlorofluorescein
diacetate (DCFH-DA) and analyzed by flow cytometry (FCM) for ROS detection. (B) Results are
from one representative experiment of three performed. All of the data are presented as means ± SD.
The comparisons were performed with analysis of variance (ANOVA) (multiple groups). Different
lowercase letters indicate significant differences between groups (p < 0.05).

2.3. Astaxanthin Exhibited Anti-Lipid Peroxidation Activities in LPS-Induced DCs and
LPS-Challenged Mice

Maleic dialdehyde (MDA) is commonly known as a marker of oxidative stress and
antioxidant status in cells [26]. To investigate whether astaxanthin modulated lipid per-
oxidation activities in LPS-induced DCs, the intracellular level of MDA was measured.
Compared with the control group, the MDA level was significantly elevated in the LPS-
only group, while it was remarkably inhibited by the treatment of astaxanthin in a dose-
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dependent manner (Figure 4A). The serum MDA is a marker of lipid peroxidation in
sepsis [27]. Our murine serum results showed a significant decrease in MDA levels after
the administration of astaxanthin in LPS-challenged mice (Figure 4B).

Figure 4. Astaxanthin suppressed lipid peroxidation in LPS-induced DCs and LPS-challenged mice.
(A) DCs were incubated with the indicated concentrations of astaxanthin and LPS (100 ng/mL) for
24 h. (B) C57BL/6 mice were orally given astaxanthin before LPS injection. Blood was sampled at 4 h
after LPS injection. The MDA contents in DC lysate supernatants and murine serum were measured
as described in the Materials and Methods section. Results are from one representative experiment of
three performed. The comparisons were performed with analysis of variance (ANOVA) (multiple
groups). Different lowercase letters indicate significant differences between groups (p < 0.05).

2.4. Astaxanthin Exhibited Modulating Effects on Intracellular GSH, GSSG, and the GSH/GSSG
Ratio in LPS-Induced DCs

We further investigated the effects of astaxanthin on the cellular levels of reduced
glutathione (GSH), oxidized glutathione (GSSG), and their ratio (GSH/GSSG) in LPS-
induced DCs. As shown in Figure 5, LPS significantly decreased the GSH level, increased
the GSSG level, and reduced the GSH/GSSG ratio compared with the control. However,
astaxanthin remarkably reversed this process in a dose-dependent manner.

Figure 5. Astaxanthin modulated the intracellular GSH, GSSG, and GSH/GSSG ratio in LPS-induced
DCs. After stimulation for 24 h with astaxanthin and LPS (100 ng/mL), the levels of GSH (A) and
GSSG (B), and the ratio of GSH/GSSG (C), in DCs were measured as described in the Materials
and Methods section. Results are from one representative experiment of three performed. The
comparisons were performed with analysis of variance (ANOVA) (multiple groups). Different
lowercase letters indicate significant differences between groups (p < 0.05).

2.5. Astaxanthin Exhibited Enhancing Effects on Antioxidant Enzyme Activities in LPS-Induced
DCs and LPS-Challenged Mice

The cells are equipped with a variety of antioxidants, such as glutathione peroxidase
(GPx), catalase (CAT), and superoxide dismutase (SOD), which served to counterbalance
the effect of oxidants [28]. Therefore, we evaluated the effects of astaxanthin on the
activities of antioxidative enzymes (GPx, CAT, and SOD) in LPS-induced DCs. As shown in

92



Mar. Drugs 2021, 19, 534

Figure 6A–C, LPS destroyed the antioxidant system of DCs through decreases in GPx, CAT,
and SOD activity. Surprisingly, astaxanthin possessed the ability to increase the activities
of these antioxidative enzymes in a dose-dependent manner. Meanwhile, the activities
of serum GPx, CAT, and SOD were also detected in LPS-challenged mice. As expected,
the administration of astaxanthin remarkably upregulated the serum GPx, CAT, and SOD
activities in LPS-challenged mice (Figure 6D–F). Collectively, these results indicated that
astaxanthin strongly elevated the activities of the antioxidant enzymes in LPS-induced DCs
and LPS-challenged mice.

Figure 6. Astaxanthin enhanced the activities of antioxidant enzymes in LPS-induced DCs and LPS-
challenged mice. (A–C) DCs were incubated with the indicated concentrations of astaxanthin and
LPS (100 ng/mL) for 24 h. (D–F) C57BL/6 mice were orally given astaxanthin before LPS injection.
Serum was sampled at 4 h after LPS injection. The levels of GPx, CAT, and SOD in the lysate of DCs
or serum were measured as described in the Materials and Methods section. Results are from one
representative experiment of three performed. Data are presented as means ± SD. The comparisons
were performed with analysis of variance (ANOVA) (multiple groups). Different lowercase letters
indicate significant differences between groups (p < 0.05).

2.6. Astaxanthin Exhibited Inhibitive Effects on Cytokine Production in LPS-Induced DCs and
LPS-Challenged Mice

To investigate whether astaxanthin modulated the production of cytokines in LPS-
induced DCs, the levels of interleukin-1β (IL-1β), interleukin-17 (IL-17), and transforming
growth factor-beta (TGF-β) in supernatants of DCs were measured by an enzyme-linked
immunosorbent assay (ELISA). After being exposed to LPS (100 ng/mL) for 24 h, the secre-
tion of IL-1β, IL-17, and TGF-β cytokines was upregulated, whereas it was significantly
inhibited by the treatment of astaxanthin in a dose-dependent manner (Figure 7A–C). LPS-
induced sepsis is associated with overloaded cytokines [29]; therefore, serum samples were
collected from mice. As shown in Figure 7D–F, LPS administration markedly increased the
levels of IL-1β, IL-17, and TGF-β in mice. As expected, astaxanthin treatment significantly
decreased the expression of these cytokines in a dose-dependent manner. These results
suggested that astaxanthin strongly inhibited cytokine production in LPS-induced DCs
and LPS-challenged mice.
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Figure 7. Astaxanthin efficiently impaired the secretion of cytokines in LPS-induced DCs and LPS-
challenged mice. (A–C) DCs were incubated with the indicated concentrations of astaxanthin and
LPS (100 ng/mL) for 24 h. (D–F) C57BL/6 mice were orally given astaxanthin before LPS injection,
and then serum was sampled at 4 h after LPS injection. Levels of IL-1β, IL-17, and TGF-β in DC
supernatants or serum were measured by ELISA. Results are from one representative experiment of
three performed. Data are presented as means ± SD. The comparisons were performed with analysis
of variance (ANOVA) (multiple groups). Different lowercase letters indicate significant differences
between groups (p < 0.05).

2.7. HO-1/Nrf2 Axis Played a Key Role in Suppression of Oxidative Stress in LPS-Induced DCs

Heme oxygenase 1 (HO-1) and its products can also provide beneficial protection
against oxidative injury. Nuclear factor erythroid 2-related factor 2 (Nrf2) is a cytoprotective
factor that regulates gene expression for antioxidant and anti-inflammatory properties [30].
Therefore, we detected the expression levels of HO-1 and Nrf2 in DCs by Western blot. Our
results demonstrated that astaxanthin treatment significantly upregulated the expression of
HO-1 and Nrf2 in LPS-induced DCs (Figure 8A–C). We further investigated whether HO-1
played a significant role in the antioxidant effects of astaxanthin in LPS-induced DCs. We
detected the NO production (Figure 8D), intracellular GSH (Figure 8E), GSSG (Figure 8F),
the GSH/GSSG ratio (Figure 8G), and the SOD activity (Figure 8H). Significantly, tin proto-
porphyrin IX (SnPP, an inhibitor of HO-1) reversed the antioxidant effects of astaxanthin
in LPS-induced DCs (Figure 8D–H), whereas the suppressive effect of astaxanthin was
further aggravated by cobalt protoporphyrin (CoPP, an inducer of HO-1) (Figure 8D–H).
Taken together, this showed that the HO-1/Nrf2 axis played a key role in the suppression
of oxidative stress in LPS-induced DCs.
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Figure 8. Astaxanthin suppressed oxidative stress via HO-1/Nrf2 axis in LPS-induced DCs. (A–C) After stimulation for 24 h
with astaxanthin and LPS (100 ng/mL), HO-1 and Nrf2 levels were assessed by Western blot. (D–H) DCs were incubated
with astaxanthin (10 μM) and LPS (100 ng/mL) in the presence or absence of SnPP (25 μM) or CoPP (50 μM) for 24 h.
(D) NO production in DC supernatants was measured using the Griess reagent. (E–H) The levels of GSH (E), GSSG (F),
and SOD (H), and the ratio of GSH/GSSG (G), in DCs were measured as described in the Materials and Methods section.
Results are from one representative experiment of three performed. Data are presented as means ± SD. The comparisons
were performed with analysis of variance (ANOVA) (multiple groups). Different lowercase letters indicate significant
differences between groups (p < 0.05).

3. Discussion

Previously, we found that astaxanthin strongly inhibited the immune dysfunction
of DCs induced by LPS [31]. Here, our work further shows the antioxidative effects of
astaxanthin in DCs and mice, which is a potential key aspect of inflammatory control in
the sepsis model (Figure 9). These investigational results demonstrated that astaxanthin
reduced NO production, ROS production, and lipid peroxidation activities in LPS-induced
DCs and LPS-challenged mice. Meanwhile, the GSH level, the GSH/GSSG ratio, and
antioxidant enzyme (GPx, CAT, and SOD) activities were upregulated during the above
processes. Based on these antioxidant properties, astaxanthin strongly inhibited the cy-
tokine production (IL-1β, IL-17, and TGF-β) in LPS-induced DCs and LPS-challenged mice.
Furthermore, we found that the antioxidation mechanism of astaxanthin depended on the
HO-1/Nrf2 axis.

NO, an intracellular messenger, regulates cellular functions, such as inflammation and
pathogen elimination [32]. However, excess NO can combine with O2

− to form ONOO−,
which results in oxidative stress and cellular injury [33]. ROS, generated through a variety
of extracellular and intracellular actions, have gained attention as novel signal mediators
which are involved in growth, differentiation, progression, and cell death [34]. However,
the overproduction of ROS induces significant oxidative stress, resulting in the damage of
cell structures, including lipids, membranes, proteins, and DNA [35]. Lipid peroxidation
can directly affect the biophysical properties and alter other biophysical characteristics of
cell membranes. In addition, cell membrane fluidity is decreased by lipid peroxidation [36].
Meanwhile, ROS can react with polyunsaturated fatty acids of lipid membranes and induce
lipid peroxidation [37]. In this study, our results suggested that astaxanthin exerts powerful

95



Mar. Drugs 2021, 19, 534

suppressive effects on NO production, ROS levels, and lipid peroxidation in vitro and
in vivo, which play a key role in reversing overloaded LPS-induced oxidative stress.

Figure 9. Schematic of proposed mechanism of antioxidant protection of astaxanthin for inflammatory control in LPS-
induced DCs. The HO-1/Nrf2 axis was activated by astaxanthin, which inhibited the oxidative stress of LPS-induced DCs,
including NO production, ROS production, the lipid peroxidation activities, the GSH level, the GSH/GSSG ratio, and
antioxidant enzyme (GPx, CAT, and SOD) activities. These antioxidant properties are conducive to inflammatory controls in
DCs, including decreases in levels of activation marker (CD69), the release of cytokines (IL-1β, IL-17, TGF-β, TNF-α, IL-6,
and IL-10), phenotypic markers (MHCII, CD40, CD80, and CD86), and a migration marker (CCR7) by astaxanthin.

Previous studies have found that high concentrations of glutathione within cells
provide protection against different ROS [32]. GSH, a ubiquitous tripeptide thiol, is known
as a vital intracellular and extracellular protective antioxidant, which plays a series of
key roles in the control of signaling processes, detoxifying certain xenobiotics and heavy
metals [38]. Furthermore, GSH is considered to be one of the most important scavengers
of ROS, and its ratio with GSSG may be used as a marker of oxidative stress [38]. The
GSH/GSSG redox couple can readily interact with most of the physiologically relevant
redox couples, undergoing reversible oxidation or reduction reactions, thereby maintaining
the appropriate redox balance in the cells [39]. Under oxidative stress conditions, the GSH
can convert itself to GSSG, and the reduction of H2O2 is catalyzed by the GPx enzyme [40].
Importantly, the addition of astaxanthin to DCs was shown to dramatically attenuate
intracellular oxidative stress, indicative of an increase in GSH levels, the GSH/GSSG ratio,
and GPx enzyme activity.

Apart from the GPx, other antioxidant enzymes, including CAT and SOD, also play a
very important role in the defense of cells against oxygen-derived free radicals. CAT is a
ubiquitous enzyme found in all known organisms, and can transform two H2O2 into two
H2O and O2 [41]. SOD activity was discovered by McCord and Fridovich in 1969, which
can dismutate two superoxide anions (O2

−) into H2O2 and O2 [42]. Our results indicated
that astaxanthin significantly upregulates the activities of CAT and SOD, suggesting that
the increase in antioxidative enzyme activity might be beneficial to the suppression of
oxidative stress.

LPS, derived from Gram-negative bacteria, interacts with Toll-like receptor 4 (TLR4)
to cause phagocytic cells to robustly generate a variety of proinflammatory cytokines [43].
Interleukin-1β (IL-1β) is a key proinflammatory cytokine involved in host responses to
pathogens and tissue injury [44]. Monocytes, macrophages, and DCs are major IL-1β
sources and release this cytokine in response to stimuli such as pathogen-associated or
danger-associated molecular patterns (PAMPs or DAMPs) mediated by signaling via sev-
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eral TLR pathways [45]. IL-17 is not only a proinflammatory cytokine, but also a potent
mediator of inflammatory responses in various tissues [46]. IL-17 induces multiple genes
associated with inflammation, including interleukin-6 (IL-6), and granulocyte-macrophage
colony-stimulating factor (GM-CSF) [47–49]. In addition, IL-17 enhances the proinflamma-
tory responses induced by IL-1β [50,51], implying that astaxanthin might downregulate the
production of IL-1β and IL-17 to protect LPS-induced sepsis. TGF-β is required for IL-17 to
produce T helper cell (Th-17 cell) differentiation [52]. In our data, astaxanthin reduced the
production of IL-1β, IL-17, and TGF-β in LPS-induced DCs and in LPS-challenged mice,
which is in line with our previous findings that showed a decrease in TNF-α, IL-6, and
IL-10 caused by astaxanthin in an LPS-induced DC model [31]. These data suggest that
astaxanthin, as an antioxidant, can effectively mitigate overloaded cytokine production
in vitro and in vivo. The TLR family of receptors can activate the innate immune system
by DAMPs that are released during conditions of oxidative stress [53]. ROS from NADPH
oxidase can signal the commencement of inflammatory pathways through TLRs. Therefore,
we speculated that astaxanthin utilizes its antioxidant property to control inflammation,
which might be a promising strategy for treating sepsis. However, the mechanism needs to
be further investigated.

Previously, astaxanthin was shown to suppress an LPS-induced increase in inflamma-
tory factors via mitogen-activated protein kinase (MAPK) phosphorylation and nuclear
factor-κB (NF-κB) activation in vivo [54]. Here, we demonstrated that astaxanthin inhibited
the oxidative stress in LPS-induced DCs and LPS-challenged mice via the activation of the
HO-1/Nrf2 pathway. Nrf2 is a transcription factor responsible for the regulation of cellular
redox balance and protective antioxidant and phase II detoxification responses [55,56].
Several studies have demonstrated that HO-1 genes are regulated through Nrf2 and play a
crucial role in the development of oxidative stress [57]. HO-1, a stress-inducible enzyme,
cooperates with NADPH cytochrome P450 to degrade heme in order to produce three
bioactive products: iron ions, carbon monoxide (CO), and biliverdin, with the latter being
rapidly converted to bilirubin. Biliverdin and bilirubin are potent antioxidants; meanwhile,
the other products of HO-1 activity regulate inflammation, apoptosis, and angiogenesis [30].
In addition, CO, an end product of HO-1, can also inhibit NO production and inducible
nitric oxide synthase (iNOS) expression via the inactivation of NF-κB [58]. It has been
reported that the activation of Nrf2 may prevent an increase in ROS generation through
NADPH oxidase [59]. Additionally, the overexpression of HO-1 was also able to inhibit
NO production and iNOS expression [58]. Therefore, the activation of the Nrf2/HO-1 axis
plays a significant role in protecting host cells against oxidative stress [60].

4. Materials and Methods

4.1. Ethics Statement

Animal studies were approved by the Jiangsu Administrative Committee for Labora-
tory Animals (permission number: SYXK(SU)2017-0044) and complied with the guidelines
for laboratory animal welfare and ethics of the Jiangsu Administrative Committee for
Laboratory Animals.

4.2. Materials

Astaxanthin, cobalt protoporphyrin (CoPP, an inducer of HO-1), and LPS (from Es-
cherichia coli 026: B6) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Tin protopor-
phyrin IX (SnPP, an inhibitor of HO-1) was obtained from MedChemExpress (Monmouth
Junction, NJ, USA). Rabbit anti-mouse β-actin, rabbit anti-mouse HO-1, and goat anti-
rabbit IgG-horseradish peroxidase (HRP) were sourced from Bioworld (St. Louis Park, MN,
USA). Recombinant mouse GM-CSF and interleukin-4 (IL-4) were obtained from Peprotech
(Rocky Hill, NJ, USA). RPMI 1640 medium and fetal bovine serum (FBS) were sourced
from Thermo Fisher Scientific (Waltham, MA, USA). Streptomycin and penicillin were
obtained from Invitrogen (Grand Island, NY, USA).
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4.3. Generation of Bone Marrow-Derived DCs (BMDCs)

BMDCs were isolated and cultured using our improved method [61]. In brief, bone
marrow cells were obtained from the tibias and femurs of C57BL/6 mice and cultured in
complete medium (RPMI 1640 with 10% FBS, 1% streptomycin and penicillin (Invitrogen,
Grand Island, NY, USA), 10 ng/mL GM-CSF and IL-4). The nonadherent cells were
discarded and fresh medium was added after 60 h of culture. On day 6, nonadherent and
loosely adherent cells were harvested and then cultured overnight. Only cultures with
>90% cells expressing CD11c by FCM were used for the experiments.

4.4. LPS-Induced Sepsis

C57BL/6 mice, aged 6 weeks old, were randomly divided into five groups
(n = 10/group), as described previously [31]. Astaxanthin (50, 100, and 200 mg/kg body
weight) was orally administered for 2 days every 24 h; 48 h after the 1st oral administra-
tion, the mice were injected intraperitoneally with LPS (20 mg/kg body weight). Serum
specimens were harvested 4 h after LPS treatment and were stored at −20 ◦C until use.

4.5. Cytokine Assays by ELISA

In vitro, the DCs were incubated with the indicated concentrations of astaxanthin
and LPS (100 ng/mL) for 24 h. The culture supernatants were collected. IL-1β, IL-17,
and TGF-β in supernatants or serum specimens were determined by using ELISA kits
(eBioscience, San Diego, CA, USA) according to the manufacturer’s instructions.

4.6. Determination of NO Production

Nitrite (NO2
−) was measured as an indicator of NO synthesis and was estimated

using the Griess reagent [62]. A NO detection kit (Beyotime, Shanghai, China) was used
according to the manufacturer’s instructions. In brief, 50 μL samples were mixed with
an equal volume of Griess reagents I and II at room temperature. The absorbance was
determined at 540 nm and calibrated with a nitrite standard curve to determine the nitrate
concentration in samples.

4.7. Determination of ROS

In brief, after being treated with the indicated concentrations of astaxanthin or as-
taxanthin plus LPS (100 ng/mL) for 24 h, DCs were collected and incubated with 10 μM
DCFH-DA (Beyotime, Shanghai, China) for 20 min at 37 ◦C. After being washed three
times with PBS, ROS generation was analyzed by FCM.

4.8. Determination of the Lipid Peroxidation

MDA is the marker of lipid peroxidation [63]. In vitro, after stimulation for 24 h
with astaxanthin or astaxanthin plus LPS, DCs were collected and lysed with RIPA buffer.
The MDA content in the cell lysate supernatants or serum specimens was measured with
thiobarbituric acid (TBA) according to the manufacturer’s instructions (NJBC, Nanjing,
China). Briefly, 100 μL samples were mixed with 1 ml of TBA working solution. After
being heated for 40 min at 95 ◦C and cooled to room temperature, the absorbance of the
organic layer was determined at 530 nm.

4.9. Determination of the GSH and GSSG

In vitro, after stimulation for 24 h with astaxanthin or astaxanthin plus LPS, DCs were
lysed by sonication in ice-cold 5% metaphosphoric acid and centrifuged at 10,000× g for
20 min to remove debris. The total glutathione (T-GSH) content and GSSG content in
the cell lysate supernatants were measured by T-GSH/GSSG kits (NJBC, Nanjing, China)
according to the manufacturer’s instructions. The GSH content was obtained by subtracting
the 2 × GSSG values from the T-GSH values.
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4.10. Determination of the Antioxidant Enzyme Activity

In vitro, after stimulation for 24 h with astaxanthin or astaxanthin plus LPS, DCs were
collected and lysed with RIPA buffer. The GPx activity in the cell lysate supernatants or
serum specimens was measured by the GPx assay kit (NJBC, Nanjing, China). In brief,
10 μL samples were mixed with 10 μL of GPx assay working solution and 176 μL of GPx
assay buffer at 25 ◦C for 5 min. Then, 4 μL of cumene hydroperoxide initiated the reaction
and absorbance was measured at 340 nm for 3 min.

The SOD activity in the cell lysate supernatants or serum specimens was measured by
the SOD assay kit (NJBC, Nanjing, China) according to the manufacturer’s instructions.
The absorbance was measured at 450 nm.

The CAT activity was detected in samples by the CAT assay kit (NJBC, Nanjing, China).
Briefly, the samples were treated with excess H2O2 for an exact time, and a substrate
coupled with the remaining H2O2. After treatment with peroxidase, the absorbance was
measured at 520 nm.

4.11. Western Blot

Cells were washed once with ice-cold PBS and lysed with RIPA buffer. Protein
concentrations were measured by the bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific, Waltham, MA, USA). Protein extracts were separated on an SDS-PAGE and
then transferred to the poly (vinylidene fluoride) (PVDF) membrane. After blocking with
5% dry powdered milk for 2 h, the membrane was immunolabeled with rabbit anti-mouse
HO-1 or rabbit anti-mouse β-actin overnight at 4 ◦C, followed by goat anti-rabbit IgG-HRP
for 1 h at room temperature. The membranes were developed in order to visualize the
protein by adding an enhanced chemiluminescence reagent (Pierce, Rockford, IL, USA).
Autoradiograms were scanned and analyzed with Quantity One (Bio-Rad, Hercules, CA,
USA) to quantify band densities.

4.12. Statistical Analysis

The results were expressed as the means ± SD and analyzed with GraphPad Prism
8 software (San Diego, CA, USA). One-way ANOVA analysis of variance was used to
compare the variance between different groups. Differences were considered statistically
significant when the value of p was <0.05.

5. Conclusions

In summary, astaxanthin protected LPS-induced DCs and LPS-challenged mice from
oxidative stress via the HO-1/Nrf2 axis to achieve overloaded inflammatory control. These
data indicate that astaxanthin is a potential candidate drug that could be applied to treat
various inflammatory diseases.
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Abstract: In this study, we compared the effects of a Tisochrysis lutea (T. lutea) F&M-M36 methanolic
extract with those of fucoxanthin (FX) at equivalent concentration, on lipopolysaccharide (LPS)-
stimulated RAW 264.7 macrophages. The T. lutea F&M-M36 methanolic extract contained 4.7 mg of FX
and 6.22 mg of gallic acid equivalents of phenols per gram. HPLC analysis revealed the presence of
simple phenolic acid derivatives. The T. lutea F&M-M36 extract exhibited a potent and concentration-
dependent inhibitory activity against COX-2 dependent PGE2 production compared to FX alone.
Compared to LPS, T. lutea F&M-M36 extract and FX reduced the expression of IL-6 and of Arg1 and
enhanced that of IL-10 and of HO-1; T. lutea F&M-M36 extract also significantly abated the expression
of NLRP3, enhanced mir-223 expression and reduced that of mir-146b, compared to LPS (p < 0.05).
These findings indicate that T. lutea F&M-M36 methanolic extract has a peculiar anti-inflammatory
activity against COX-2/PGE2 and NLRP3/mir-223 that might be attributable to the known anti-
inflammatory effects of simple phenolic compounds found in the extract that may synergize with FX.
Our data suggest that T. lutea F&M-M36 may serve as a source of anti-inflammatory compounds to
be further evaluated in in vivo models of inflammation.

Keywords: microalgae; Tisochrysis lutea; fucoxanthin; inflammation; RAW 264.7; microRNA

1. Introduction

Tisochrysis lutea (T. lutea) is a marine microalga belonging to Haptophyta, originally
isolated from tropical seawater (Tahiti, French Polynesia), and currently used in aquacul-
ture [1,2]. The presence of n-3 polyunsaturated fatty acids (PUFAs) such as docosahex-
aenoic acid (DHA) and eicosapentaenoic acid (EPA), vitamins, proteins, and xanthophylls
such as fucoxanthin [3,4], makes this microalga an interesting source of compounds with
anti-inflammatory and hypolipidemic activities [5–7]. Among the marine microalgae,
Tisochrysis contains a high amount of the pigment fucoxanthin (FX) (1.8% w/w) [8]. In sev-
eral in vitro and in vivo models, FX exerts anti-inflammatory effects by inhibiting pro-
inflammatory cytokines and enzymes [9–12]. FX also attenuates alcohol-induced oxidative
lesions and inflammatory responses [13]. However, Tisochrysis is also a source of phenolic
compounds [14] which possess a high spectrum of biological activities including antioxi-
dant, anti-aging, and anti-inflammatory effects [15–20]. Despite the anti-inflammatory and
antioxidant effects of T. lutea that have been mostly attributed to FX, positive pharmaco-
dynamic synergisms among various components, acting on different targets, cannot be
excluded. Indeed, superior bioactivity of either the single component or the mixture was
reported in studies on natural products [21].
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The aim of this study was to perform a direct comparison between the anti-
inflammatory activity of a methanolic extract of T. lutea F&M-M36 and FX at equiv-
alent concentrations in order to explore potential interactions among the components
and pharmacological mechanisms involved. Lipopolysaccharide (LPS)-stimulated RAW
264.7 mouse macrophages were used as an in vitro model of inflammation.

2. Results

2.1. Characterization of the T. lutea F&M-M36 Methanolic Extract

The amount of FX in the T. lutea F&M-M36 methanolic extract was 4.7 mg/g dry
weight. The extract was also analyzed for the total soluble phenolic content, using gallic
acid as a reference. The T. lutea F&M-M36 methanolic extract contained 6.22 ± 0.05 mg
GAE/g dry weight.

HPLC characterization showed that the T. lutea F&M-M36 methanolic extract contains
phenolic compounds (Figure 1), with maximum absorption at 255–280 nm which eluted
early in the chromatogram (retention time between 4 and 20 min, Figure 1). The spectral
absorption and chromatographic behavior of these compounds are typical of simple C6
or C6-C1 phenolic skeletons, such as derivatives of hydroxybenzoic and gallic acids,
as well as some aromatic amino acids. The T. lutea F&M-M36 methanolic extract (Figure 1)
showed a little variety of phenolics, with almost all compounds showing a similar UV
spectrum, compatible with the structure of simple phenolics. The putative identification
was conducted based on UV-vis absorption, retention time, in comparison with standards
and literature data.

Figure 1. Chromatograms obtained by high-performance liquid chromatography coupled to a diode
array detector—HPLC-DAD (280 nm) of methanolic extract of T. lutea F&M-M36. Peak 1–13: phenolic
acid derivatives; pick 14: catechin derivative. The putative identification was conducted based on
UV-vis absorption and retention time, in comparison with standards and literature data.

2.2. Effects of T. lutea F&M-M36 Methanolic Extract and FX on RAW 264.7 Macrophages Viability

In order to evaluate the effects of T. lutea F&M-M36 methanolic extracts on cell via-
bility, preliminary experiments were carried out using the MTS test. Unstimulated RAW
264.7 cells macrophages were exposed to different extract concentrations for 24 h. T. lutea
F&M-M36 extract caused a significant reduction of cell viability (about 40%) when treat-
ments were performed at 1 mg/mL, but was not toxic at concentrations in the range of
1–100 μg/mL (data not shown). On the basis of these results, 100 μg/mL was selected
as the highest non-toxic concentration of T. lutea F&M-M36 extract for further analyses.
FX was tested at concentrations equivalent to those measured in the microalgal extract at
the same dilution (4.7–470 ng/mL).
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2.3. Comparative Effects of T. lutea F&M-M36 Extract and FX on Cell Morphology

Hematoxylin and eosin staining showed that unstimulated RAW 264.7 cells macro-
phages were almost all small and round, whereas those treated with LPS were flat and
spindle-shaped and showed many dendritic-like structures typical of activated macro-
phages [22]. The treatment with T. lutea F&M-M36 extract, as well as with FX, significantly
reduced the number of cells with dendritic structures (p < 0.001 and p < 0.01, respectively),
an effect similar to that exerted by Celecoxib (p < 0.001). In particular, T. lutea F&M-M36
extract was more effective in counteracting this effect than FX (p < 0.001) (Figure 2).

 

Figure 2. Morphology images of RAW 264.7 cells in different groups obtained by a light microscope.
Hematoxylin and eosin staining of cells from different experimental groups: (A) Unstimulated
RAW264.7 cells; (B) LPS-stimulated RAW264.7 cells; (C) LPS-stimulated RAW264.7 cells treated
with Celecoxib 3 μM; (D) LPS-stimulated RAW264.7 cells treated with T. lutea F&M-M36 extract
100 μg/mL; (E) LPS-stimulated RAW264.7 cells treated with FX 470 ng/mL; (F) Percentage of cells
with dendritic changes. ### p < 0.001 vs. unstimulated RAW 264.7 macrophages (CTRL); ** p < 0.01
and *** p < 0.001 vs. LPS ˆˆˆ p < 0.001 vs. FX by ANOVA test and Dunnett’s Multiple Comparison
Test. Data are expressed as mean ± SEM of five replicates. Magnification = 400×; Scale bar = 20 μm.

2.4. Comparative Effects of T. lutea F&M-M36 Extract and FX on PGE2 Production and COX-2
Protein Expression

As shown in Figure 3, the methanolic extract of T. lutea F&M-M36 (1–100 μg/mL)
significantly decreased the LPS-induced production of PGE2 in a concentration-dependent
manner, whereas FX was significantly effective (p < 0.05) only at the highest concentration
tested (470 ng/mL). When we compared directly the PGE2 levels measured in the media
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from cells treated with the methanolic extract and those of the cells treated with FX at equiv-
alent concentrations, we observed a clear and significant reduction at all concentrations
(p < 0.001).

Figure 3. Effect of T. lutea F&M-M36 extract and FX on PGE2 production in RAW 264.7 stimulated with LPS for 18 h.
### p < 0.001 vs. unstimulated RAW 264.7 macrophages (CTRL); *** p < 0.001 vs. LPS ˆˆˆ p < 0.001 vs. FX by ANOVA test
and Dunnett’s Multiple Comparison test. Data are expressed as the mean ± SEM of four replicates.

Immunofluorescent staining for COX-2 protein expression (Figure 4 Panels A–D) and
dot blot analyses (Panel F) demonstrated that the methanolic extract from T. lutea F&M-M36
significantly counteracted LPS induced COX-2 protein expression (p < 0.001) as it did in
FX alone, although to a lower extent (p < 0.05) (Figure 4 panel E). Similar to the results
on PGE2, T. lutea F&M-M36 extract also significantly decreased COX-2 protein expression
compared to FX alone (p < 0.01).

The effects on COX-2 were much more evident at the protein level than gene level,
since COX-2 mRNA expression was not significantly decreased neither by T. lutea F&M-
M36 extract nor by FX compared to LPS-treated cells; in this regard, however, it should be
highlighted that when directly compared, the mRNA expression of COX-2 was significantly
decreased by T. lutea F&M-M36 extract compared to FX (p < 0.05).

2.5. Comparative Effects of T. lutea F&M-M36 Extract and FX on the Expression of
Pro-Inflammatory and Anti-Inflammatory Genes

As shown in Figure 5 and Table 1, both the T. lutea F&M-M36 extract and FX strongly
reduced the expression of IL-6 (p < 0.001) and enhanced that of IL-10 (p < 0.001) compared to
LPS, and the extent of these effects were similar to those exerted by Celecoxib 3 μM. T. lutea
F&M-M36 extract, as well as FX also reduced the mRNA expression of Arg1 compared to
LPS (p < 0.001) and slightly enhanced that of HO-1 (p < 0.001); moreover, the expression
of Arg1 in cells treated with T. lutea F&M-M36 extract was significantly lower compared
to cells treated with FX (p < 0.001). SOD2 expression was also reduced by both T. lutea
F&M-M36 extract and FX, compared to LPS (p < 0.001). T. lutea F&M-M36 extract and FX
were ineffective in reducing the expression of iNOS, IL-1β, and TNF-α. In addition, T. lutea
F&M-M36 extract (p < 0.001) but not FX significantly abated the expression of NLRP3.
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2.6. Comparative Effects of T. lutea F&M-M36 Extract and FX on mir-146b and mir-223 Expression

In RAW 264.7 macrophages stimulated with LPS, the expression of mir-146b was
significantly enhanced compared to control cells (Figure 6 Panels B), whereas that of mir-
223 was strongly reduced (Figure 6 Panels A); both of these effects were counteracted
by Celecoxib 3 μM. T. lutea F&M-M36 extract, and FX showed similar effects in reducing
the expression of mir-146b (p < 0.05). On the contrary, the expression of mir-223 was
induced in cells treated with T. lutea F&M-M36 extract, but this difference did not reach
statistical significance.

 

Figure 4. Effect of T. lutea F&M-M36 extract and FX on COX-2 protein expression in LPS-stimulated
RAW 264.7 cells. Panels (A–D): COX-2 protein expression determined by immunocytochemistry with
an anti-COX-2 antibody (red fluorescence). Nuclei were counterstained with DAPI (blue fluorescence);
Magnification = 400×; Scale bar = 20 μm. Panel (E): Densitometric analysis of cells positive for COX-
2. Panel (F): Densitometric analysis of dot blot results on COX-2 protein expression; above bars,
representative dot blot images are shown. ### p < 0.001 vs. unstimulated RAW 264.7 macrophages
(CTRL). ** p < 0.01 and *** p < 0.001 vs. LPS. ˆˆ p < 0.01 and ˆˆˆ p < 0.001 vs. FX by ANOVA test and
Dunnett’s Multiple Comparison test. Data are expressed as means ± SEM of four replicates.
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Figure 5. Gene expression profiles of unstimulated RAW 264.7 macrophages (CTRL), RAW 264.7 macro-
phages stimulated with LPS and those treated with LPS in the presence of T. lutea F&M-M36 extract
at 100 μg/mL and FX at 470 ng/mL. Each column represents a different treatment and each row a
different gene; the color code indicates down-regulation (green) or up-regulation (red) compared to LPS.

Table 1. Effect of T. lutea F&M-M36 extract at 100 μg/mL and FX at 470 ng/mL on COX-2, iNOS, SOD2, IL-1β, TNF-α, IL-10,
IL-6, HO-1, Arg1, and NLRP3 mRNA expression in LPS-stimulated RAW 264.7 cells.

Gene CTRL LPS Celecoxib T. lutea F&M-M36 Extract FX

COX-2 0.09 ± 0.01 0.86 ± 0.03 ### 0.37 ± 0.03 *** 0.81 ± 0.01 ˆ 0.91 ± 0.01
iNOS 0.02 ± 0.01 1.25 ± 0.03 ### 0.51 ± 0.02 *** 1.10 ± 0.06 1.20 ± 0.00
SOD2 0.04 ± 0.02 0.64 ± 0.00 ### 0.62 ± 0.01 0.44 ± 0.02 *** 0.44 ± 0.01 ***
IL-1b 0.36 ± 0.00 0.97 ± 0.02 ### 0.31 ± 0.01 *** 0.90 ± 0.01 0.92 ± 0.01
TNF-a 0.27 ± 0.03 0.76 ± 0.03 ### 0.20 ± 0.02 *** 0.69 ± 0.02 0.82 ± 0.01
IL-10 0.62 ± 0.03 0.16 ± 0.00 ### 0.71 ± 0.03 *** 0.61 ± 0.06 *** 0.62 ± 0.03 ***
IL-6 0.02 ± 0.01 0.74 ± 0.03 ### 0.06 ± 0.01 *** 0.04 ± 0.00 *** 0.07 ± 0.01 ***

HO-1 1.04 ± 0.00 0.25 ± 0.00 ### 0.95 ± 0.03 *** 0.38 ± 0.01 *** 0.46 ± 0.03 ***
Arg1 0.00 ± 0.00 1.71 ± 0.01 ### 0.06 ± 0.00 *** 0.61 ± 0.02 ***, ˆˆˆ 0.91 ± 0.02 ***

NLRP3 0.00 ± 0.00 0.74 ± 0.02 ### 0.23 ± 0.02 *** 0.37 ± 0.03 ***, ˆˆˆ 0.71 ± 0.05

Data are expressed as means ± SEM of four replicates; for each target gene, the relative amount of mRNA was calculated as the ratio to
RPLP-1 mRNA [19]; ### p < 0.001 vs. CTRL; *** p < 0.001 vs. LPS; ˆ p < 0.05 and ˆˆˆ p < 0.001 vs. FX by one-way ANOVA and Dunnett’s
multiple comparisons test.
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Figure 6. Effect of T. lutea F&M-M36 extract and FX on mir-223 (Panel A) and mir-146b (Panel B)
expression in LPS-stimulated RAW 264.7 cells. ### p < 0.001 vs. CTRL; * p < 0.05, ** p < 0.01 and
*** p < 0.001 vs. LPS by one-way ANOVA and Dunnett’s Multiple Comparisons test.

3. Discussion

Inflammation is a key component of several chronic human diseases such as inflamma-
tory bowel diseases, diabetes, cardiovascular diseases, neurodegeneration, and cancer [23].
The identification of new anti-inflammatory compounds is a great challenge for the scientific
community, and in this context, the microalga T. lutea may represent an interesting source
for the discovery of novel strategies for the prevention, and even control, of inflammation.

Overall, our results demonstrate that T. lutea F&M-M36 methanolic extract and FX,
at equivalent concentrations, exert anti-inflammatory activities by regulating a number
of pro-inflammatory mediators. It is interesting to highlight that the effects on the COX-
2/PGE2 axis are concentration-dependent and therefore suggestive of a pharmacological
mechanism of action of T. lutea F&M-M36 methanolic extract and FX; the prominent reduc-
tion of COX-2/PGE2 exerted by T. lutea F&M-M36 methanolic extract also suggests that
compounds other than FX may exert additive or synergistic effects. This is also consistent
with previous reports documenting the superior activities of botanical extracts compared
to single components [24]. T. lutea F&M-M36 methanolic extract contains polyphenols
equivalent to 6.22 mg of gallic acid/g dry weight, exhibiting a much lower content of total
polyphenols compared to that reported for other species, as a polyphenolic content of
515 mg GAE per 100 g DW and of 13.4 mg GAE/g EW measured in an ethanolic extract
from the closely related species I. galbana [14,24]. These differences may be ascribed to
the extraction solvents used (methanol instead of ethanol), although differences in the
analyzed species and in cultivation conditions may also have contributed [25].

Despite the presence of phenolic compounds in T. lutea being previously described,
scarce information is available on their composition; our HPLC characterization showed
that T. lutea F&M-M36 methanolic extract contains a number of simple phenolic acids which
have characteristic UV spectra (maximum absorption in the 200–290 nm range [26,27].

Simple phenolic acids derivatives of hydroxybenzoic and gallic acids have been previ-
ously proved to exert anti-inflammatory activities; gallic acid exerted inhibitory effects on
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LPS-stimulated PGE2 and IL-6 production and COX-2 expression in RAW 264.7 cells [27],
and inhibited several NLRP3 inflammasome markers in an in vitro model of intestinal in-
flammation [28]. Moreover, we previously demonstrated that hydroxytyrosol, p-coumaric
acid, or foods rich in simple phenols exhibited anti-inflammatory properties in in vitro and
in vivo models of colon inflammation [18,20,29]. On the other hand, we cannot exclude
the contribution of other, not characterized components of our methanolic extract. In par-
ticular, our T. lutea F&M-M36 biomass contains 4.1% of dry-weight polyunsaturated fatty
acids (PUFAs) and 2.61% of total ω-3 [7] that are known to exert immunomodulatory and
anti-inflammatory activities [30].

In addition, although FX is the main carotenoid found in T. lutea, other compounds
such as diadinoxanthin, diatoxanthin, and β-carotene were found in an ethyl acetate extract
from T. lutea containing a total amount of 132.8 mg of carotenoids/g of extract [31]. The anti-
inflammatory activities of carotenoids such as β-carotene at relatively high concentrations
(50–100 μM) have been reported in LPS-induced RAW264.7, showing effects on IL-1β, IL-6,
and TNF-α; [32]. In the same model, other authors found significant effects of β-carotene
5 μM on IL-12, p40, and IL-1β expression [33].MiRNAs are endogenous non-coding RNA
molecules that silence target mRNA by binding to the 3′UTR of mRNA [34]. Several
miRNAs are regulated during the inflammatory process [35]; mir-223 is emerging as
an important regulator of the innate immune system, and its deficiency enhances pro-
inflammatory macrophage activation [36,37]. mir-223 targets NLRP3 result in reduced
inflammation [38,39]. Our results pointed out a peculiar superior effect of the T. lutea F&M-
M36 methanolic extract toward the NLRP3/mir223 axis. For the first time, we showed that
T. lutea F&M-M36 methanolic extract has the ability to enhance the secretion of mir-223 by
LPS-stimulated RAW 264.7, although to a lesser extent than the selective COX-2 inhibitor
Celecoxib, and that this effect may be attributable to the phenolic content of the extract,
considering the negligible effects of FX alone.

The activity of T. lutea F&M-M36 methanolic extract was prominent over that of FX on
the COX-2/PGE2 pathway and NLRP3/mir-223 axis, whereas similar effects were observed
when other inflammatory mediators were investigated. The ability to simultaneously target
different biological inflammatory networks certainly represents an added value of both the
extract and FX.

Macrophages polarization between M1 and M2 phenotypes is an important regulatory
mechanism for inflammation. M1 macrophages are classically activated by LPS and sustain
inflammation, whereas M2 or M2-like phenotypes are associated with the resolution of
inflammation [40]. M1 macrophages express pro-inflammatory cytokines such as TNF-α,
COX-2, and IL-6, while M2 macrophages express IL-10 and Arg1, thus exhibiting anti-
inflammatory properties [41].

T. lutea F&M-M36 methanolic extract and FX promoted some morphological and
molecular characteristics of the M2 anti-inflammatory phenotype in RAW macrophages,
such as increased expression of IL-10 and Arg1 and decreased expression of IL-6. The extent
of these effects is almost completely attributable to the FX content.

Previous findings indicate that FX (100 μg/mL) inhibited the secretion of IL-1β and
TNF-α and promoted that of IL-10 and IFN-γ in Caco-2 cells stimulated with LPS [8]. In LPS-
induced RAW 264.7, FX 15-60 μM (corresponding to about 10–40 μg/mL) significantly
inhibited NO, TNF-α, and IL-6 production but slightly reduced PGE2 production [10]
and inhibited NF-κB activation and MAPK phosphorylation at 12–50 μM [11]. In the
same model, the half-maximal inhibitory concentration (IC50) for IL-6 production was
2.19 μM [12]. In a recent report, Kim et al. (2021) [42] found that the pretreatment of
RAW 264.7 with FX 5 μM also significantly decreased LPS-induced expression of IL-6,
IL-1β, and TNF-α by activating the NRF2/PI3K/AKT pathway. It is worth highlighting
that all these studies were conducted with FX concentrations largely greater than ours
(470 ng/mL). From a pharmacological point of view, the smaller is the concentration at
which the molecule is active, the greater is its potential application. Recently, in a model of
metabolic syndrome, a high-fat diet, supplemented with 12% (w/w) of freeze-dried T. lutea,
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significantly reduced plasma TNF-α levels and increased IL-10 in abdominal adipose
tissue [43].

In addition, for the first time, we reported the ability of T. lutea F&M-M36 methano-
lic extract to reduce the secretion of mir-146b, and this effect was almost completely
attributable to FX [44]. Increased levels of mir-146b are associated with inflammatory
disease: in particular, mir-146b is increased in the serum of patients with inflammatory
bowel disease and decreases after treatment with infliximab [45]; moreover, circulating
mir-146b correlates with endoscopic disease activity in patients with inflammatory bowel
disease [46].

T. lutea is not approved for human consumption, and its safety has been evaluated
only in short-term studies in animal models [2,47,48]. However, T. lutea is currently used
in aquaculture [1], and our data suggest that it could be added to animal feed not only for
its high nutritional value, but also as an anti-inflammatory additive.

Overall, our results demonstrate that T. lutea F&M-M36 methanolic extract exerts
promising anti-inflammatory activity, even more pronounced than that of FX alone, thus pro-
viding the background for conducting studies on its long-term safety and efficacy in
inflammatory disease models.

4. Materials and Methods

4.1. Microalgal Biomass

The biomass of T. lutea F&M-M36 strain belonging to the Fotosintetica & Microbiolog-
ica (F&M) S.r.l. Culture Collection (Florence, Italy) was produced at Archimede Ricerche
S.r.l. (Camporosso, Imperia, Italy). T. lutea F&M-M36 was cultivated in F medium [49] in
GWP®-II photobioreactors [50] in a semi-batch mode. The lyophilized biomass was stored
at −20 ◦C until extraction.

4.2. Microalgal Extract Preparation

An aliquot of 250 mg of lyophilized T. lutea F&M-M36 biomass was extracted in
30 mL of methanol, overnight, at room temperature (RT). The mixture was then sonicated
twice for 3 min at the maximum power. The solvent was separated from the biomass by
filtration on paper. The residual biomass was extracted again with 15 mL of methanol at
37 ◦C for 4 h; then, the exhausted biomass was removed by filtration on paper, and the
extract (30 + 15 = 45 mL) was evaporated under vacuum. The dry residue was solubi-
lized in DMSO to obtain a final concentration of the extract of 65 mg/mL. Fucoxanthin
(purity ≥ 95%) was purchased by Sigma Aldrich (Milan, Italy).

4.3. Sample Preparation and HPLC-DAD Analysis for Phenols Quantification and Characterization

The extract was dried under vacuum and resuspended in 9 mL of ethanol:water
solution (75:25 v/v adjusted at pH 2 by formic acid addition) and partitioned with 5 mL
of n-hexane in order to remove chlorophylls and other pigments, which could interfere
in the analysis of phenolic compounds. The procedure was repeated three times. The last
partition was carried out with chloroform instead of n-hexane. The polar phase was
reduced to dryness, and the residue resuspended in 0.5 mL of methanol:water solution
(50:50 v/v adjusted at pH 2.5 by formic acid addition).

Aliquots of the samples (15 μL) were injected into the Perkin® Elmer Flexar liquid
chromatograph equipped with a quaternary 200Q/410 pump and an LC 200 diode array
detector (DAD) (all from Perkin Elmer®, Bradford, CT, USA). The stationary phase was
composed by a reverse-phase Agilent® Zorbax® SB-18 column (250 × 4.6 mm, 5 μm)
(Agilent Technologies Inc., Santa Clara, CA, USA) kept at 30 ◦C. A gradient solvent system
of solvent A (acidified water, 0.1% formic acid) and solvent B (acetonitrile, 0.1% formic
acid), over a 59 min run in a flow rate of 0.6 mL/ min was applied: 0–5 min (0% B), 5–8 min
(0–3% B), 8–53 min (3–40% B), 53–58 min (40% B), 58–59 min (0% B).

The chromatograms were acquired at 280 and 350 nm, the most common wavelengths
for the analysis of phenolic compounds. The putative identification of the phenolics
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detected was carried out based on the retention time, UV spectral characteristics, and com-
parison with standards, as well as based on literature data. A calibration curve of gallic
acid (R2 = 0.99) was used to quantify the compounds and the result of the total phenolic
content was given in mg GAE/g dry weight. The analysis was conducted in triplicate.

4.4. Fucoxanthin Determination in the Methanolic Extract

FX content of T. lutea F&M-M36 extract was carried out by chromatographic analysis
according to a modification of the method by Kim et al. [8]. FX separation was achieved
with an HPLC 1050 (Hewlett Packard, Palo Alto, CA, USA) equipped with a C30 reverse-
phase column (YCM Carotenoid, 4.6 mm × 250 mm, 5 μm particle size) (Waters, MA,
USA), and a UV photodiode array detector 1050 (Hewlett Packard, Palo Alto, CA, USA).
A gradient method with two eluents were used; eluent A: 81% Methyl Tert-Butyl Ether
(MTBE), 10% methanol, and 9% deionized water, and eluent B: 93% MTBE and 7% methanol.
The injection volume was 20 μL with a constant flow rate of 1 mL/min, at 25 ◦C temperature.
The detection was performed at 450 nm. The quantification was performed by internal
standard calibration. Commercial FX (Sigma-Aldrich, Milan, Italy) standard solutions (20,
40, 60, 80, 100, 120 μg/mL in methanol/MTBE 4:1), with β-apo-carotenal (50 μg/mL) and
Sudan Red (90 μg/mL) were prepared. The rate between the area under the peaks of FX
standard solutions and the area under the internal standard peak was plotted against FX
standard solution concentrations (μg/mL) to obtain a calibration curve adopted to quantify
the concentration of FX in the T. lutea F&M-M36 extract.

4.5. In Vitro Model of Inflammation and Anti-Inflammatory Assay

RAW 264.7 macrophages were purchased from the American Tissue Type Culture
Collection (Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s medium
(Thermo Fisher Scientific, Milan, Italy) with 10% fetal bovine serum (FBS) (Thermo Fisher
Scientific) and 100 U/mL penicillin-streptomycin (Thermo Fisher Scientific), in 5% CO2
at 37 ◦C. The cytotoxicity of the extracts was first evaluated by MTS assay as previously
described [18]. FX was dissolved in DMSO and diluted in a complete cell-culture medium
in order to obtain the appropriate concentrations to be tested. The final concentrations of
DMSO were below 0.1%, and the control cells were exposed only to DMSO 0.1%. The cul-
tured cells were treated with lipopolysaccharide (LPS, 1 μg/mL Sigma-Aldrich, Milan,
Italy) and with T. lutea F&M-M36 methanolic extract (1–100 μg/mL) or FX (4.7–470 ng/mL)
(Sigma-Aldrich, Milan, Italy). After incubating for 18 h at 37 ◦C, the cells were harvested
for RNA and protein extraction, and the cell medium was collected and stored at −20 ◦C
for PGE2 determination [18,20].

4.6. Morphological Analysis: Hematoxylin and Eosin (H&E) Staining

RAW 264.7 were seeded in Poly-D-lysine-coated glass dishes for 24 h then treated with
LPS and T. lutea F&M-M36 extract, FX, or Celecoxib as described above. After 18 h, cells
were fixed with 4% (w/v) paraformaldehyde for 15 min at room temperature. Next, cells
were washed in H2O and then stained with hematoxylin for 2 min, differentiated in satu-
rated lithium carbonate solution for 30 s, stained with eosin for 2 min, and dehydrated with
ethanol series (50, 75, 96, and 100%), and finally xylene. Subsequently, glass dishes were
mounted on microscope slides with a mounting medium and allowed to dry. Microscopic
analysis was performed with ACT-2U software program (Nikon, Instruments Europe,
Badhoevedorp, The Netherlands) connected via a camera to the microscope (Optiphot-2;
Nikon). Five photomicrographs were randomly taken for each sample to evaluate cell
morphology. The percentage of cells with dendritic changes (number of cells with clear
morphological changes/total number of cells in the field × 100) were counted using ImageJ
1.33 image analysis software (http://rsb.info.nih.gov/ij (accessed on 22 April 2021)).

112



Mar. Drugs 2021, 19, 334

4.7. PGE2 Determination

PGE2 levels were measured in the RAW 264.7 cell media using an ELISA kit (Cay-
man Chemical, MI, USA) according to the manufacturer’s specifications, and expressed
as pg/mL. Celecoxib (Sigma-Aldrich, Milan, Italy) 3 μM (1.14 μg/mL), was used as a
positive control.

4.8. RT-PCR

Total RNA was extracted from cell lysates using the Nucleo Spin® RNA kit (Macherey-
Nagel, Bethlehem, PA, USA) according to the manufacturer’s instructions. For first-strand
cDNA synthesis, 1 μg of total RNA from each sample was reverse-transcribed. Primers
were designed based on the mouse GenBank sequences for HO-1, IL-10, IL-6, IL1-β, COX-2,
iNOS, TNF-α, SOD2, NLRP3, and Arg1, and are reported in Table 2. Ribosomal protein
large P1 (RPLP-1) was co-amplified as the reference [18]. For each target gene, the relative
amount of mRNA in the samples was calculated as the ratio to RPLP-1 mRNA [19].

Table 2. Primer sequences.

Gene Primer Forward Primer Reverse Base Pair

RPLP-1 ATCTACTCCGCCCTCATCCT CAGATGAGGCTCCCAATGTT 155
COX-2 TCCTCCTGGAACATGGACTC CCCCAAAGATAGCATCTGGA 321
iNOS CCCCAAAGATAGCATCTGGA CCCCAAAGATAGCATCTGGA 305
SOD2 ACCCAAAGGAGAGTTGCTGGA ATGTGGCCGTGAGTGAGGTT 354
HO-1 GGCTGCCCTGGAGCAGGACGT AGGTCACCCAGGTAGCGG 165
TNFα TAGCCCACGTCGTAGCAAAC ACCCTGAGCCATAATCCCCT 566

NLRP3 TGGGTTCTGGTCAGACACGAG GGGGCTTAGGTCCACACAGAA 176
ARG1 CATTGGCTTGCGAGACGTAG CGGCCTTTTCTTCCTTCCCAG 151
IL-1β CAGGCAGGCAGTATCACTCA AGGCCACAGGTATTTTGTCG 350
IL-10 AGGCGCTGTCATCGATTTCTC AGGAAGAACCCCTCCCATCA 489
IL-6 TCCTCTCTGCAAGAGACTTCC TCCTCTCTGCAAGAGACTTCC 513

4.9. Real-Time PCR for mir-146b and mir-223 Expression Analysis

For miRNA expression analysis, the total RNA was extracted from cell culture media
by using TRIzol (Invitrogen, Carlsbad, CA, USA). Reverse-transcription of RNA was
performed using the miRCURY LNA RT Kit according to the manufacturer’s instructions
(Qiagen). qRT-PCR assays were carried out in a Rotor-Gene®Q PCR System (Qiagen)
using a miRCURY LNA SYBR® Green PCR Kit and miRCURY LNA miRNA PCR Assay
according to the manufacturer’s instructions (Qiagen). Briefly, each reaction was performed
in a final volume of 10 μL containing two μL of the cDNA, a master mix containing 5 μL
of 2× miRCURY SYBR Green PCR Master Mix, 1 μL of miRCURY LNA miRNA PCR
Assay, and RNase-free water. The amplification profile was: PCR initial heat activation
at 95 ◦C for 2 min, followed by 40 cycles of denaturation at 95 ◦C for 10 s and combined
annealing/extension at 56 ◦C for 60 s. The expression of mir-146b and mir-223 was
normalized to RNU6B and calculated as 2-ΔΔCt.

4.10. Dot-Blotting for COX-2 Protein Expression

Cells were lysed in a 300 μL radioimmunoprecipitation assay buffer (RIPA) (Sigma-
Aldrich, Milan, Italy). Total protein content was measured by using the Bio-Rad DC
protein assay kit (Bio-Rad, Milan, Italy). Equal aliquots (30 μg) of proteins were applied
to a nitrocellulose membrane (Millipore, Burlington, VT, USA) and allowed to dry for
30 min at RT. After blocking with 6% nonfat dry milk for 1 h at RT, the membranes were
incubated overnight at RT with the Rabbit anti-COX-2 polyclonal antibody (1:200) (Cayman
Chemical, MI, USA, catalog number 160126) followed by incubation with anti-rabbit
IgG horseradish peroxidase-linked antibody (Cell Signaling, Danvers, MA, USA), 1:4000
for 1 h at RT. Chemiluminescence was developed by using the Immobilon Horseradish
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Peroxidase Substrate (Merck Millipore, Darmstadt, Germany), and immunoreactive spots
were quantified using Quantity-One software (Bio-Rad Laboratories S.r.l., Milan, Italy).

4.11. Immunocytochemistry for COX-2 Protein Expression

RAW 264.7 cells were grown in Poly-D-lysine-coated glass dishes for 24 h then treated
with LPS and compounds and extracts tested as described above. After treatment, cells
were fixed with cold 4% (w/v) paraformaldehyde for 20 min, washed in PBS, and then
incubated for 15 min with 0.1% (w/v) TritonX-100 and 3% Bovine Serum Albumin (BSA).
Thereafter, the cells were incubated with Rabbit anti-COX-2 polyclonal antibody (1:200)
(Cayman, Ann Arbor, MI, USA, catalog number 160126) at 4 ◦C overnight, followed by
the fluorescent secondary antibody: AlexaFluor 586 goat anti-rabbit (1:333) (Invitrogen,
Carlsbad, CA, USA). Nuclei were also counterstained with DAPI dye (Sigma-Aldrich,
Milan, Italy). Microscopic analysis was performed with an Olympus BX63 microscope
equipped with a Metal Halide Lamp (Prior Scientific Instruments Ltd., Cambridge, UK)
and a digital camera, Olympus XM 10 (Olympus, Milan, Italy).

4.12. Statistical Analysis

Data were analyzed by ANOVA test and Dunnett’s Multiple Comparison test and
expressed as the means ± standard error (SEM) of four independent experiments. All anal-
yses were carried out using GraphPad Prism 7.0 (GraphPad Software, San Diego, CA,
USA). p values less than 0.05 were considered significant.
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Abstract: Reactive oxygen species (ROS) are the key factors that cause many diseases in the human
body. Polysaccharides from seaweed have been shown to have significant antioxidant activity both
in vivo and in vitro. The ameliorative effect of Ulva lactuca polysaccharide extract (UPE) on renal
injury induced by oxidative stress was analyzed. As shown by hematoxylin–eosin staining results,
UPE can significantly improve the kidney injury induced by D-galactose (D-gal). Additionally, the
protective mechanism of UPE on the kidney was explored. The results showed that UPE could
decrease the levels of serum creatinine (Scr), blood urea nitrogen (BUN), serum cystatin C (Cys-C),
lipid peroxidation, protein carbonylation, and DNA oxidative damage (8-OHdG) and improve kidney
glutathione content. Moreover, UPE significantly increased the activities of superoxide dismutase
and glutathione peroxidase and total antioxidant activity in mice. UPE also decreased the levels
of inflammatory cytokines TNF-α and IL-6. Further investigation into the expression of apoptotic
protein caspase-3 showed that UPE decreased the expression of apoptotic protein caspase-3. These
results indicate that UPE has a potential therapeutic effect on renal injury caused by oxidative stress,
providing a new theoretical basis for the treatment of oxidative damage diseases in the future.

Keywords: Ulva lactuca; polysaccharide; D-galactose; oxidative stress; kidney

1. Introduction

Reactive oxygen species (ROS) are substances produced by human cells and tissues
during normal physiological metabolism. Under normal circumstances, the body’s antioxi-
dant defense mechanisms play a role in the body’s oxidative balance. However, when a
large amount of ROS accumulates in the human body, it will cause oxidative imbalance
and further aggravate the damage to the body [1]. The accumulation of ROS in the organ-
ism comes not only from the damage to the organism itself, but also from environmental
pollution, radiation, and abuse of chemical products, which can cause the increase in ROS.
Therefore, maintaining a balance of reactive oxygen species and antioxidant systems in
the body is crucial to health. D-Galactose (D-gal) is a substance naturally occurring in the
human body, but high concentrations of galactose will produce a large number of reactive
oxygen species, leading to the aging of multiple tissues in the body and the occurrence
of age-related immune decline; degenerative nervous system disorders; and damage to
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pancreas, kidney and other organs [2]. Therefore, the D-gal mouse model has become a
widely used aging model.

Natural products with antioxidant activity have received extensive attention due to
their good biological safety. With the attention to marine resources and the development
of marine natural products, a variety of products that are raw materials with seaweed
polysaccharides are gradually entering people’s line of sight, and the antioxidant effect
of algae polysaccharides has been confirmed [3]. It has been shown that fucoidans from
brown algae can not only reduce the production of reactive oxygen species, but also increase
the level of glutathione (GSH) and catalase (CAT) activity and reduce cytotoxicity [4,5].
Ulva lactuca is a kind of green algae in coastal areas of China. As a traditional Chinese
medicine, it has good healthcare function. Ulvan is a water-soluble polysaccharide existing
in the cell wall of Ulva, accounting for 8–29% of the dry weight [6]. It is a kind of sulfated
heteropolysaccharide, which mainly includes sulfated rhamnose (Rha), xylose (Xyl), and
uronic acid (glucuronic acid (GlcA) and iduronic acid (IdoA)); the structures of the main
disaccharide repeating unit are [β-D-GlcpA-(1 → 4)-α-L-Rhap3s] and [α-L-IdopA-(1 →
4)-α-L-Rhap3s] [7]. Li et al. [8] found that the ulvan had a good scavenging ability against
superoxide free radicals and DPPH free radicals in a concentration-dependent manner.
Marlene Godardd et al. [9] reported that U. lactuca polysaccharide could significantly
increase the activities of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px)
and inhibit the production of lipid peroxidation and superoxide anion. In addition, ulvan
with high sulfate content has obvious antioxidant ability and lipid-lowering activity [10].
Therefore, using ulvan as the raw material to develop medicine or food that can remove
excess free radicals in the body is not only safe in composition but also effective and has a
broad prospect.

In this study, Ulva lactuca polysaccharide extract (UPE) was obtained from U. lactuca,
and D-gal was used to induce oxidative stress in mice to study the effects of UPE on
oxidative stress and inflammation in mice. Hematoxylin and eosin staining and immuno-
histochemistry were used to explore the tissue damage and cell apoptosis in mice.

2. Results

2.1. Characterization of UPE

As shown in Table 1, the main component of UPE is carbohydrate, accounting for
about 52.61% of the total composition; in addition, UPE contains uronic acid and sulfate
group. By molecular weight analysis, the average molecular weight of UPE is about
891.25 kDa. According to the analysis of monosaccharide composition (Figure 1b,c), it
is mainly composed of Rha, GlcA, glucose (Glc), and Xyl, and the content of Rha is the
highest (45.33%). In addition, through FT-IR (Figure 1a), the signals at 1640, 1427, and
1054 cm−1 are respectively the absorption peaks of the stretching vibration of carbonyl
group C=O, the absorption peaks of the stretching vibration of carboxyl group C-O, and
the absorption peaks of the O-H angular vibration. These three absorption peaks are
characteristic absorption peaks of uronic acids [11]. The absorption peaks of 1259 and
843 cm−1 are the characteristic absorption peaks of the sulfate group, where 1259 cm−1 is
the absorption peak of S=O stretching vibration and 843 cm-1 is the absorption peak of
C-O-S stretching vibration. According to the above results, it was proved that both sulfuric
acid and uronic acid were present in UPE, which were the main characteristics of ulvan.

Table 1. Molecular weight, composition, and monosaccharide composition of UPE.

Molecular Weight
(kDa)

Monosaccharide Composition (%) Composition (%)

891.25

Rha 45.33% Total sugar 61.98
GlcA 15.50% Protein 2.39
Glc 18.97% Uronic acid 9.13
Xyl 20.29% Sulfate group 16.50
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Figure 1. Structural characterization of UPE. (a) FT-IR. (b) Standard monosaccharide. 1-Man, 2-Rha,
3-GlcA, 4-GalA, 5-Lac (internal standard), 6-Glc, 7-Gal, 8-Xyl, 9-Ara, 10-Fuc. (c) Monosaccharide
composition of UPE. 2-Rha, 3-GlcA, 5-Lac (internal standard), 6-Glc, 8-Xyl.

2.2. Effect of UPE on Organ Index

Organ index is the ratio of a certain organ to its body weight. After an animal’s body
is damaged, organ weight will change, and organ coefficient will also change. Therefore,
the viscera ratio can intuitively judge the severity of body damage. The body weight and
kidney weight of mice are shown in Table 2. The renal index of mice is shown in Figure 2a.
The renal index of mice injected with D-gal decreased significantly (p < 0.01) when the
initial body weight was basically the same. However, after UPE treatment, the renal index
was significantly increased (p < 0.01), which indicated that UPE alleviated the phenomenon
of renal atrophy to a certain extent and had a protective effect on the kidney.

Table 2. The different groups for body weights and kidney weights.

BC NC PC LD HD

Body Weight (g) 28.125 ± 2.064 27.550 ± 2.263 * 29.300 ± 1.747 ## 29.171 ± 4.085 ## 27.85 ± 2.468
Kidney Weight (g) 0.306 ± 0.023 0.274 ± 0.019 ** 0.307 ± 0.022 ## 0.307 ± 0.045 ## 0.304 ± 0.023 ##

* p < 0.05, ** p < 0.01 compared with BC group; ## p < 0.01 compared with NC group. BC: blank control, NC: negative control, PC: positive
control, LD: low-dose UPE (50 mg/kg), HD: high-dose UPE (300 mg/kg).

 

Figure 2. Effect of UPE on organ index and serum Scr, BUN, and Cys-C levels. (a) Organ index.
(b) Scr content. (c) BUN content. (d) Cys-C content. The data are expressed as mean ± standard
deviation (n = 9). ** p < 0.01 compared with BC group; ## p < 0.01 compared with NC group. BC: blank
control, NC: negative control, PC: positive control, LD: low-dose UPE (50 mg/kg), HD: high-dose
UPE (300 mg/kg).
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2.3. Effects of UPE on Serum Indexes

The levels of Scr, BUN, and Cys-C in serum and kidney are shown in Figure 2b–d.
Compared with the control mice, the contents of Scr, BUN, and Cys-C in serum of mice
treated with D-gal were increased by 42.06%, 19.94%, and 25.43% (p < 0.01), respectively.
When feeding low-dose UPE, the contents of Scr and Cys-C were significantly decreased
(both p < 0.01) compared with the NC group, but there was no statistical significance in
the change of BUN level. However, the contents of Scr, BUN, and Cys-C in the high-dose
group were significantly decreased (28.76%, 12.65%, and 16.76%, respectively, p < 0.01),
indicating that UPC had a protective effect on kidney injury induced by D-gal in mice.

2.4. Effects of UPE on Renal Oxidation and Antioxidant Indexes

The large amount of ROS produced by oxidative stress will cause oxidative damage
to biological macromolecules such as proteins, lipids, and DNA and then cause damage to
the body. The oxidant and antioxidant indexes of mice are shown in Figure 3. The contents
of MDA, protein carbonyl, and 8-OHdG in mice in the D-gal group were significantly
increased (52.46%, 31.48%, and 27.45%, respectively) compared with those in the BC
group (all p < 0.01), and the content of GSH decreased significantly (23.16%, p < 0.05).
Moreover, D-gal also led to a decrease in the activities of SOD (16.66%), GSH-Px (21.74%),
and T-AOC (47.99%) in mice (all p < 0.01). After using low-dose UPE, the contents of
MDA, protein carbonyl, and 8-OHdG in mice were reduced by 10.79%, 13.78%, and 9.72%,
respectively (p < 0.01), and the activities of SOD, GSH-Px, and T-AOC were also significantly
increased (10.51%, 46.65%, and 11.97%, respectively), but the change in GSH content was
not statistically significant (p > 0.05). In contrast, in the high-dose group, MDA, protein
carbonyl, and 8-OHdG were also significantly reduced (all p < 0.01); GSH content was
significantly increased (43.18%, p < 0.05); and the activities of SOD, GSH-Px, and T-AOC
were close to the level of normal mice. These results show that UPE can significantly reduce
oxidative damage caused by D-gal and improve the antioxidant capacity of mice.

Figure 3. Levels of antioxidant indexes in the kidney of mice. (a) MDA content. (b) 8-OHdG
concentration. (c) Protein carbonyl content. (d) SOD activity. (e) GSH-Px activity. (f) T-AOC activity.
(g) GSH content. Data are presented as mean ± standard deviation (n = 9). * p < 0.05, ** p < 0.01
compared with BC group; ## p < 0.01 compared with NC group. BC: blank control, NC: negative control,
PC: positive control, LD: low-dose UPE (50 mg/kg), HD: high-dose UPE (300 mg/kg).
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2.5. Effects of UPE on Inflammatory Factors

The levels of inflammatory cytokines in mice are shown in Figure 4. Compared with
the BC group, the levels of IL-6 and TNF-α in mice injected with D-gal were significantly
increased (p < 0.01). The levels of IL-6 and TNF-α in mice in the low-dose group were
slightly decreased, but there was no statistically significant difference (p > 0.05). The
IL-6 level in the high-dose group showed no significant change, while the TNF-α level
significantly decreased.

Figure 4. The levels of inflammatory factors in the kidneys of mice. (a) IL-6. (b) TNF-α. The data
are expressed as mean ± standard deviation (n = 9). ** p < 0.01 compared with BC group; ## p < 0.01
compared with NC group. BC: blank control, NC: negative control, PC: positive control, LD: low-dose
UPE (50 mg/kg), HD: high-dose UPE (300 mg/kg).

2.6. Histopathological Analysis

The most direct method to judge the pathological injury of the kidney is to observe
the renal tissue morphology of mice by microscope. As shown in Figure 5, the glomeruli of
mice in the normal group were round, with obvious renal cysts, and renal tubules were
arranged neatly with obvious lumens, without pathological changes. However, D-gal-
treated mice had irregular glomerulus shape, with some degree of atrophy, irregular renal
capsule lumen, and fuzzy renal tubules. However, after UPE treatment, the glomeruli
and renal lumen were normal, the margins of the lumen were clear, and the renal tubules
and lumen were distinguishable. The histomorphological characteristics of renal sections
stained with H&E showed that UPE had a protective effect on D-gal-induced renal injury.

Figure 5. Effect of UPE on histopathological changes of the D-gal-treated kidney. The glomerulus is
marked by the arrow. In the NC group, glomeruli are atrophic and deformed, and the renal sac is
irregular. The LD and HD groups improved significantly (×400). BC: blank control, NC: negative
control, PC: positive control, LD: low-dose UPE (50 mg/kg), HD: high-dose UPE (300 mg/kg).
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2.7. Expression of Caspase-3 Protein in Kidney

During apoptosis, the caspase-3 protein was positively expressed, and the immunore-
active product was stained in renal tubules. The expression of the caspase-3 protein in the
mouse kidney is shown in Figure 6. Apoptosis was observed in each group. Compared
with the blank group, caspase-3 showed obvious positive expression in the NC group, and
the positive cells were increasingly dense. The positive expression of UPE was significantly
reduced in mice after UPE treatment, suggesting that UPE may have a protective effect
on apoptosis. Image J software was used to analyze the staining situation, and it was
found that compared with the BC group, the protein expression level of the NC group
was significantly increased (p < 0.05), and the expression level of caspase-3 decreased
significantly after treatment (p < 0.05), which further proved the improvement effect of
UPE on apoptosis.

Figure 6. Effect of UPE on the expression of caspase-3 in kidney treated with D-gal. (a) The arrow in
the image shows positive expression of caspase-3 protein and apoptosis (×400). (b) The expression
of caspase-3. Data are presented as mean ± standard deviation (n = 9). * p < 0.05 compared with BC
group; # p < 0.05 compared with NC group. BC: blank control, NC: negative control, PC: positive
control, LD: low-dose UPE (50 mg/kg), HD: high-dose UPE (300 mg/kg).

3. Discussion

The kidney is an important organ in the human body. Through filtration, the kidney
educts the excess waste in the human body through urine, so as to maintain the metabolism
of the human body and ensure the stability of the internal environment of the body. It has
been reported that the production of large amounts of reactive oxygen species is the key
pathogenic factor for a variety of kidney diseases [12]. In the event of oxidative stress, both
renal tubules and vascular cells produce large amounts of reactive oxygen species, which
attack renal cells and tissues and further cause renal damage [13]. In this study, in order to
investigate the antioxidant ability of ulvan in vivo, we established a model of oxidative
stress induced by D-gal to study the protective effect of UPE on kidney injury induced by
oxidative stress.
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Previous studies have shown that D-gal can lead to decreased indexes of kidney, thy-
mus, brain, and other organs [14,15]. The results showed that UPE significantly improved
the kidney atrophy induced by D-gal, which proved the protective effect of UPE on kidneys
to a certain extent. This result was also confirmed in the H&E observation. D-gal-induced
oxidative stress can cause damage to various tissues and organs. In mice treated with
D-gal, capillary congestion of glomeruli and renal tubules would occur, and renal tubules
would degenerate and die, leading to renal injury [16]. In our study, changes in renal
structure were observed in mice. Compared with D-gal-treated mouse kidneys, UPE im-
proved the pathological phenomena of glomerular atrophy and renal lumen obscuration,
suggesting that UPE had a certain therapeutic effect on mouse kidney injury induced by
D-gal treatment.

Excessive production of reactive oxygen species can cause oxidative damage to bio-
logical macromolecules such as proteins, nucleic acids, lipids, and DNA [17]. Lipid is the
most common target of oxidative stress, and its oxidation product MDA can cause serious
damage to mitochondrial respiratory chain complex and cell membrane, and it is widely
used as a marker of lipid peroxidation [18]. Although 8-OHDG is not a specific marker
of oxidative damage, ROS and hydroxyl radicals can attack DNA to produce 8-OHDG,
which is the most commonly used biomarker of oxidative damage of DNA [19]. The
carbonyl group is a key marker of protein oxidation, which is formed because reactive
oxygen species directly attack the free amino group in amino acid molecules [20]. GSH
is an important antioxidant and free radical scavenger in the body, which can react with
H2O2 under the catalysis of GSH-Px to form GSSH, and remove peroxides and hydroxyl
radicals produced by cellular respiration metabolism [15]. As an important component of
the body’s antioxidant defense system, SOD is the primary material for scavenging free
radicals in the body, which can convert superoxide free radicals into hydrogen peroxide.
GSH-Px protects cells from damage by scavenging lipid and hydrogen peroxides [21].
T-AOC is an evaluation index of comprehensive antioxidant capacity. The changes of
oxidation products (MDA, 8-OHdG, protein carbonyl group, and GSH) and antioxidant
enzyme activities (SOD, GSH-Px, and T-AOC) can be used to determine the oxidation level
in the body. Through our study, it was found that the levels of MDA, 8-OHdG, and protein
carbonyl in mice after UPE treatment were significantly reduced, suggesting that UPE has
a significant therapeutic effect on oxidative injury. At the same time, we also found that
UPE could significantly increase the activities of SOD, GSH-Px, and T-AOC in mice, which
was consistent with the study of Liu et al., which has shown that polysaccharide extracted
from U. lactuca could improve the antioxidant capacity of SAMP8 mice and also reduce
the contents of inflammatory factors such as TNF-α, IL-6, and IFN-γ in mice [22]. These
results provide evidence that UPE can be used to treat oxidative stress.

Kidney damage is followed by problems with kidney function. Scr, BUN, and Cys-C
are commonly used to measure kidney health, and their concentrations are increased
by kidney injury or renal failure [23]. The creatinine and urea in the blood are filtered
mainly in the glomerulus, part of which is filtered out of the blood and the rest of which is
reabsorbed. Serum Cys-C has a better effect in marking glomerular filtration level and can
therefore be used as a marker of glomerular filtration rate [24]. In this study, after acute
kidney injury, Scr, BUN, and Cys-C levels were significantly increased, indicating a sharp
decrease in renal tubular filtration rate, which was consistent with previous studies [25].
Based on these conclusions, the contents of serum creatinine, blood urea nitrogen, and
Cys-C decreased significantly after treatment with UPE and approached the normal level
with the increase in the concentration, indicating that the filtration ability of mouse kidneys
gradually recovered. Studies have shown that alginate oligosaccharides have an obvious
protective effect on kidney injury induced by D-gal in mice, and the levels of BUN and
Scr are improved after 4 weeks of treatment [26]. Kelp polysaccharide can reduce the
content of Scr and BUN. This protective effect may be related to the anti-inflammatory and
antioxidant effects of sulfated polysaccharides [27]. Therefore, it was speculated that the
protective effect of UPE on the kidney might be related to its antioxidant capacity.
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Oxidative stress can activate a variety of transcription factors, such as NF-κB, AP-
1, and P53, which lead to the expression of inflammatory cytokines, anti-inflammatory
molecules, and other genes [28]. TNF-α is a major inflammatory cytokine that can kill
target cells, promote cell apoptosis, and participate in local inflammation and activation
of endothelial cells. IL-6 is a type of interleukin that acts as a proinflammatory cytokine
and an anti-inflammatory myosin. In our study, the levels of IL-6 and TNF-α in mice in
the BC group were significantly higher than those in the control group, indicating a severe
inflammatory response in mice. It may be caused by the production of proinflammatory
mediators stimulated by oxidative stress. Although the content of IL-6 in mice was de-
creased after using UPE, the effect was not obvious, but the level of TNF-α in mice was
decreased significantly (p < 0.05). Some studies have shown that U. lactuca polysaccharide
can significantly reduce the serum levels of TNF-α and NO in breast cancer mice, indicat-
ing that UPE can regulate inflammatory response and reduce the level of inflammatory
cytokines [29]. It has also been reported that Gracilaria extract achieves anti-inflammatory
effects by reducing the levels of NO, IL-6, and TNF-α [30]. Purified kelp polysaccharide
can reduce inflammatory reactions by inhibiting the activation of the TGF-β1-mediated
inflammatory cytokine signaling pathway, downregulating the levels of TNF-α and IL-1β,
etc. [31]. It was suggested that UPE might regulate the expression of cytokines at the
transcriptional level [32].

Apoptosis is closely related to oxidative stress induced by ROS. Oxidative stress can
mediate apoptosis by stimulating the synthesis of inflammatory factor TNF-α. TNF-α can
activate caspase-8 after binding to surface receptors and then shear and activate caspase-
3, leading to the production of apoptosis [33]. In addition, excessive ROS will directly
attack the mitochondrial membrane, change the ratio of proapoptotic protein Bax and
anti-apoptotic protein Bcl-2, mediate the release of cytochrome C, activate apoptotic factor
caspase-3, and cause cell apoptosis [34]. Cascade activation of the cysteine protease family
is an essential procedure in apoptosis, in which caspase-3 plays a key role [35]. In this
study, the renal tubular epithelial cells of mice treated with D-gal showed a strong positive
reaction, the expression of caspase-3 was enhanced, and abnormal renal apoptosis occurred.
However, after UPE treatment, the apoptosis of renal cells was significantly reduced, which
indicated that UPE had a certain protective effect on the kidney. It has been reported that
Enteromorpha prolifera polysaccharides can regulate the mitochondrial apoptosis pathway
and reduce cell damage [36]. Astragalus polysaccharides can also protect acute kidney
injury by regulating oxidative stress and improving mitochondrial apoptosis signals [37].
These results indicate that UPE has a good effect on apoptosis induced by D-gal and
provide a direction for the development of UPE in the future.

4. Materials and Methods

4.1. Chemicals

D-gal and ascorbic acid (VC) were supplied by Sinopharm Chemical Reagent Co.,
Ltd. (Guangzhou, China). Assay kits for the measurements of superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), glutathione (GSH), malondialdehyde (MDA),
total antioxidant capability (T-AOC), serum creatinine (Scr), blood urea nitrogen (BUN),
serum cystatin C (Cys-c), 8-hydroxylated deoxyguanosine (8-OHdG), and protein carbonyl
were purchased from Jiancheng Bioengineering Institute (Nanjing, China). ELISA detection
kits for IL-6 and TNF-α were obtained from Dakewe Biotech Corporation (Beijing, China).

4.2. Sample Preparation

U. lactuca was soaked in 80% alcohol for 18 h and heated at 70 ◦C for 4 h to remove
pigment, protein, and some salt. The sample was centrifuged and dried. The polysaccharide
was extracted by hot water extraction. The crude extract and water were dissolved in
a ratio of 1:30 and reacted at 100 ◦C for 1 h. Ulvan crude extracts were filtered and
centrifuged (4000 rpm, 10 min). The supernatants were collected and concentrated at
reduced pressure. They were precipitated overnight at 4 ◦C with twice the volume of 95%
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ethanol. The polysaccharide was obtained by freeze-drying after collecting the precipitation
and named UPE.

4.3. Characterization of UPE

The content of total sugar in UPE was determined by phenol–sulfuric acid method,
and glucose was taken as the standard [38]. Protein content was determined by Kjeldahl
method [39]. The uronic acid content in UPE was calculated by m-hydroxybiphenyl
method [40]. The sulfate radical content was evaluated by barium sulfate turbidimetry [41].

The molecular weight of UPE was analyzed by gel permeation chromatography
(GPC). Agilent 1260 HPLC was used and equipped with a PL aquagel-OH 60 column
(300 mm × 7.5 mm; Tosoh, Shiba, Tokyo, Japan) and refractive index detectors. The dried
polysaccharide samples were ground and mixed with potassium bromide to make the
tablets and scanned by Nexus 70 infrared spectrometer. The monosaccharide components
of UPE were determined by reversed-phase HPLC method. After acidolysis with trifluo-
roacetic acid, PMP was used for derivation. Monosaccharide analysis was performed on a
ZORBAX Eclipse XDB-C18 separation column (4.6 mm × 250 mm) at 245 nm.

4.4. Animals and Diet

Forty-five eight-week-old male Kunming mice were raised in an experimental envi-
ronment and subjected to a light–dark cycle at 23 ± 1 ◦C for 12 h. During the week of
domestication, the animals were given normal lab feed and free water. Mice were randomly
divided into blank control group (BC), negative control group (NC), positive control group
(PC) (VC, 100 mg/kg), low-dose group (LD) (UPE, dose of 50 mg/kg), and high-dose
group (HD) (UPE, dose of 300 mg/kg), with 9 mice in each group. Mice in NC group, PC
group, LD group, and HD group were subcutaneously injected with D-Gal at a dose of
400 mg/kg, and mice in BC group were injected with 0.9% normal saline for 10 weeks.
Starting from week 7, the LD group and HD group were intragastrically given UPE at
the corresponding dose, while the PC group was intragastrically given VC once a day for
4 consecutive weeks. The BC and NC groups were given the same volume of distilled
water. The experiment design was approved by the Animal Care and Use Committee of
Ocean University of China (certificate no. SYXK2012014).

4.5. Body Weight Measurement

The mice were weighed every 2 days. On the last day of the experimental period,
after 8–12 h of fasting, the mice were sacrificed under ether narcotization. The kidney was
isolated and weighed to calculate the organ coefficient, using the following formula:

Coefficient (mg/g) = organ weight (mg)/body weight (g).

4.6. Serum Indexes Analysis

Blood samples were collected from the eye socket and centrifuged at 4 ◦C and 3000 rpm
for 30 min, and the serum was stored at −80 ◦C. The contents of Scr, BUN, and Cys-c
were determined.

4.7. Biochemical Analysis

Mice were sacrificed by cervical vertebrae removal. The kidneys were carefully re-
moved, washed with 0.9% NaCl, frozen in liquid nitrogen, and stored at −80 ◦C for
subsequent physical and chemical analysis. Kidney specimens were homogenized with
tissue homogenizer in phosphate buffer pH 7.4, and the supernatant was collected cen-
trifugally (3000 rpm, 10 min). The contents of MDA, SOD, GSH-Px, and T-AOC were
measured according to the kit instructions, and the renal antioxidant enzyme activity was
evaluated. The contents of protein carbonyl and 8-OHdG were determined to evaluate the
oxidative damage level of protein and DNA. The levels of TNF-α and IL-6 in the kidney
were determined by ELISA, and the levels of inflammatory factors were evaluated.
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4.8. Hematoxylin and Eosin (H&E) Staining

Kidney specimens were fixed in 10% formaldehyde normal saline for 5–7 days, washed
with clean water for 10 min, and dehydrated with alcohol classification (75%, 85%, 95%,
100%) in accordance with conventional sequence, and then they were treated with xylene
to make them transparent. The specimen was then embedded in paraffin. The specimens
were cut into 5 mm slices by a slicer. The tissues were stained with hematoxylin and
observed under an optical microscope.

4.9. Immunohistochemical Analysis

The kidney slices were dewaxed and hydrated by SP immunohistochemical method,
the antigens were repaired with citric acid buffer solution, catalase and nonspecific reaction
sites were sealed with H2O2 and goat serum, and the slices were rinsed with PBS. According
to the requirements of the kit, the expression of caspase-3 protein in renal tissue was
detected. The images were observed with an optical microscope and analyzed with
ImageJ software.

4.10. Statistical Analysis

Data are expressed as mean ± standard deviation. Statistical analysis was conducted
through one-way ANOVA using SPSS 20.0 software (IBM, New York, NY, USA). All data
are presented as the mean ± SD, and values of p < 0.05 and p < 0.01 were considered
statistically significant.

5. Conclusions

In this study, we demonstrated the antioxidant activity and corresponding inflam-
matory response of ulvan against oxidative stress induced by D-gal in mice. The results
showed that ulvan could significantly decrease the contents of Scr, BUN, and Cys-C in the
kidney; increase the glomerular filtration rate; improve the activities of SOD and GSH-Px
and total antioxidant capacity in mice; and reduce the damage to biomacromolecules
caused by oxidative damage. In addition, it also significantly improved the changes in
TNF-α and IL-6 caused by oxidative stress. In the aspect of apoptosis, ulvan could protect
against the D-gal-induced apoptosis of renal tubule cells. These results confirm that ulvan
has a protective effect on kidney injury caused by oxidative stress. It provides a basis for
the development of antioxidants and the treatment of related diseases in the future.
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Abstract: Naturally occurring biological entities with extractable and tunable structural and func-
tional characteristics, along with therapeutic attributes, are of supreme interest for strengthening
the twenty-first-century biomedical settings. Irrespective of ongoing technological and clinical ad-
vancement, traditional medicinal practices to address and manage inflammatory bowel disease
(IBD) are inefficient and the effect of the administered therapeutic cues is limited. The reasonable
immune response or invasion should also be circumvented for successful clinical translation of
engineered cues as highly efficient and robust bioactive entities. In this context, research is underway
worldwide, and researchers have redirected or regained their interests in valorizing the naturally
occurring biological entities/resources, for example, algal biome so-called “treasure of untouched
or underexploited sources”. Algal biome from the marine environment is an immense source of
excellence that has also been demonstrated as a source of bioactive compounds with unique chemical,
structural, and functional features. Moreover, the molecular modeling and synthesis of new drugs
based on marine-derived therapeutic and biological cues can show greater efficacy and specificity
for the therapeutics. Herein, an effort has been made to cover the existing literature gap on the
exploitation of naturally occurring biological entities/resources to address and efficiently manage
IBD. Following a brief background study, a focus was given to design characteristics, performance
evaluation of engineered cues, and point-of-care IBD therapeutics of diverse bioactive compounds
from the algal biome. Noteworthy potentialities of marine-derived biologically active compounds
have also been spotlighted to underlying the impact role of bio-active elements with the related
pathways. The current review is also focused on the applied standpoint and clinical translation of
marine-derived bioactive compounds. Furthermore, a detailed overview of clinical applications and
future perspectives are also given in this review.

Keywords: algal biome; polysaccharides; bioactive entities; engineered cues; therapeutic attributes;
inflammatory bowel disease

1. Introduction

Inflammatory bowel disease (IBD) is a chronic inflammation of the gastrointestinal
tract (GIT) that occurs due to the dysregulation of the immune system. Although the
explicit etiology and underlying remain uncertain, both environmental and genetic factors
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are involved in immune dysregulation. Historically, IBD has been categorized into Crohn’s
disease (CD) and ulcerative colitis (UC). Both diseases show heterogeneous pathological
and clinical features and can be distinguished by their location, nature and characteristics of
inflammation. More specifically, the laboatory analysis and careful stool evaluation are con-
sidered initial measures to diagnose the patient who is suspected to have IBD (Figure 1) [1].
Crohn’s disease is a deeper transmural inflammation affecting any segment of the GI tract
from the mouth to anus, whereas ulcerative colitis is a chronic inflammatory disease that
attacks the colonic mucosa [1]. Approximately, 25% of UC patients require hospitalization
for acute severe ulcerative colitis (ASUC) at any phase during this complication, leading to
colectomy in 40% of patients [2,3].

Figure 1. Initial workup of a patient suspected of having inflammatory bowel disease (IBD). The ini-
tial workup is ideally started by the referring physician, with the subspecialist performing anything
missing plus endoscopies and small bowel assessment(s) [1]. License Number: 5022881429496. Ab-
breviations: CBC (Complete Blood Count), CRP (C-reactive protein), ESR (Erythrocyte Sedimentation
Rate), MRI (Magnetic resonance imaging), and CT (computed tomography).

The origin and disease progression of UC and CD are significantly different from each
other. The changes in microbial diversity of lumen, impaired barrier functions of mucus
and epithelial layer through interrupting tight junctions are strongly associated with the UC
pathogenesis. Figure 2 portrays a graphical representation of the pathophysiology of UC [4].
Though individuals with UC show a great percentage of Enterobacteriaceae Gamma-
proteobacteria [5], and sulfite-reducing bacteria [6], and minimum Firmicutes diversity,
such changes are intestinal inflammation-mediated or vice versa remains debatable. In the
case of CD, inflammation of the small bowel results in an increased concentration of pro-
inflammatory cytokines, like IL-17A, and IFN-γ [7]. Furthermore, Th17 cell-derived IL-17
in turn favors the Th-1 response [8]. IL-6, IL-23, and TGF-β secreted by antigen-presenting
and innate immune cells influence the IL-17 pathway (Figure 3) [4].
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Figure 2. Pathophysiology of Ulcerative Colitis. Impairment of tight junctions and the mucous layer leads to increased
permeability of the intestinal epithelium, resulting in more uptake of luminal antigens. Antigen presenting cells (APC)
become activated upon recognizing non-pathogenic bacteria (commensal microbiota) through Toll-like receptors (TLRs).
Activated APC initiate differentiation of naïve CD4+ T-cells into Th-2 effector cells (which produce pro-inflammatory
cytokines such as TNF-α, IL-5, IL-6, and IL-13). TNF-α and IL-1 activate nuclear factor κB (NF-κB) pathway, which facilitate
expression of pro-inflammatory and cell survival genes. Binding of integrin-α4β7 bearing T cells to the mucosal adhesion
molecule MAdCAM-1 facilitate entry of more T cells into the lamina propria. Recruitment of circulating leucocytes due
to the upregulation of inflammatory chemokines (chemokine ligands: CXCL1, CXCL3, CXCL8 and CXCL10) perpetuates
the inflammatory cycle. MAdCAM-1, mucosal addressin cell adhesion molecule-1; IL, interleukin; TNF-α, tumor necrosis
factor-alpha; TGF-β, transforming growth factor-beta; NKT, natural killer T; DC, dendritic cell; Th, T helper; GATA3, GATA
binding protein 3; IRF4, interferon regulatory factor 4; PU.1, purine-rich PU-box binding protein; FOXP3, Forkhead box
protein 3. Reprinted from Ref. [4] with permission under the Creative Commons Attribution (CC BY) license. Copyright ©
2020 the authors. Licensee MDPI, Basel, Switzerland.

In 2017, about 6.8 million cases of IBD were documented worldwide [9]. Over 1.6 mil-
lion, 85,000, 250,000 and 260,000 people are affected by IBD in Australia, the USA, the UK
and China, respectively [10–12]. IBD remains dominant in western countries in the last
few decades because of the higher prevalence and incidence rates than in the developing
world. Nevertheless, the incidence of IBD has now intensified dramatically in several
Asian countries [12] with a consistently increasing trend, mainly in China, Japan, Hong
Kong, and Korea [13]. Due to lacking national registries in many African, Asian, and Latin
American nations, there is very scarce information regarding the occurrence and prevalence
of IBD.

IBD has been reported to occur at any age, however, the peak incidence appears in early
adulthood and adolescence [14–16]. Symptoms associated with IBD can be unpredicted and
highly variable. Children may exhibit inimitable physical examination findings along with
several upper or lower GI manifestations. There might be only a few symptoms in some
cases, with inexplicable weight loss and growth retardation. It is imperative to distinguish
that IBD is not irritable bowel syndrome (IBS). Though both diseases may present identical
symptoms, only IBD results in stunted height, growth retardation, ostomies, surgeries, and
many other undesirable outcomes or risks. Besides the systemic symptoms, like fatigue,
fever, mouth sores, uveitis, arthralgia, and nail clubbing, IBD is also related to a variety
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of extra-intestinal symptoms. These manifestations appear in approximately 25–35% of
individuals with IBD particularly at a young age [17,18].

Figure 3. Pathophysiology in Crohn’s disease. The uptake of luminal microflora stimulates APCs (e.g., dendritic cells and
macrophages) which in turn produce proinflammatory cytokines such as TNF-α, IL-6, and IL-23. Activated APCs facilitate
subsequent differentiation of naïve CD4+ T-cells into Th1 and Th17 via expression of master transcription factors. Inside
the high endothelial venule, binding of α4β7-bearing lymphocytes to MAdCAM-1 causes entry of more T cells into the
lamina propria. IFN-γ, interferon-gamma; FOXP3, Forkhead box protein 3; RORγt, retinoic acid receptor-related orphan
nuclear receptor gamma. Reprinted from Ref. [4] with permission under the Creative Commons Attribution (CC BY) license.
Copyright © 2020 the authors. Licensee MDPI, Basel, Switzerland.

The treatment protocols being practiced for the IBD involve either medication ther-
apy or surgery [19]. The preferred choice of medication therapy in the case of IBD is the
treatment with the use of anti-inflammatory drugs, such as aminosalicylates and corti-
costeroids. The second line medication for IBD encompasses using immunosuppressants
to halt the immune response, responsible for un-regulated inflammation. In addition to
immunosuppressants, tumor necrosis factor-α (TNF-α) inhibitors, or biologics works by
neutralizing immune system protein. In Crohn’s disease, where the infection is a concern,
antibiotics can be used to reduce the chances of infection. On the other hand, surgery may
be an option in severe cases when all these therapeutic options do not work. However,
treatment protocols are also being practiced culminating devastating colorectal cancer, but
no treatment is required for benevolent stage cancer. In the case of metastatic invasion,
surgery can be opted to eradicate malignant tumors and lymph nodes [20].

The marine environment has been demonstrated as a prolific source of bio-active
compounds with unique chemical, structural and functional features. Furthermore, the
molecular modeling and synthesis of new drugs based on marine-derived therapeutic
and biological cues might present greater efficacy and specificity for the therapeutics
(Table 1). A vast number of compounds have been derived and identified from marine
sources that exhibit a noteworthy role to circumvent the reactive oxygen species (ROS)
generation, show anti-inflammatory effects, and hinder various metabolic pathways. The
current review is focused on marine-derived bioactive compounds to treat and manage

132



Mar. Drugs 2021, 19, 196

IBD. Furthermore, a detailed overview of clinical applications and future perspectives are
also given in this review.

Table 1. Marine-derived compounds and biological activities with therapeutic potential.

Marine-Derived
Compound

Sources
Potential Applications

and Benefits
References

Chondroitin Sulfate
(CS)

Shark cartilage,
octopus, salmon,

zebrafish, ray, squid

Antiinflammatory,
Immunomodulatory,
Anticancer, Antiviral,

Anticoagulant

[21–26]

Hyaluronic acid (HA)

Shark, stingray,
eyeball, liver of

swordfish, mollusk
bivalves, tuna

Anti-inflammatory,
Antioxidant, Anticoagulant [27–31]

Chitosan Arthropods
(crustaceans), fungi

Anti-inflammatory,
Antioxidant, Anticancer,

Antimicrobial
[32–37]

Alginate Brown seaweeds

Anti-inflammatory,
Immunomodulatory

Antioxidant, Anticancer,
Anticoagulant

[38–43]

2. Marine-Derived Bioactive Compounds against Inflammatory Bowel Diseases (IBD)

2.1. Chitosan-Structural Properties and Potential Therapy of IBD

Chitosan is a linear polysaccharide obtained from deacetylation of chitin, it has a
cationic character because of its primary amino groups, which provides it with properties
such as controlled drug release, mucoadhesion, in situ gelations, transfection and increased
permeation [44,45]. It is an important constituent part of the exoskeleton of arthropods,
fungi, and crustaceans, which are the main marine source [46,47]. Among its various
properties and applications, those that stand out most are antimicrobial, antioxidant,
anticancer and anti-inflammatory [32–37].

The mucoadhesive property of chitosan has been a key point of its application in
the treatment of IBD (Table 2) and has also been indicated in a study with patients with
IBD [48,49]. For rectal use, this characteristic allows a prolonged local retention time of the
drugs. In line with this idea, a chitosan-based hydrogel was able to enhance the efficacy
of rectal administration of sulfasalazine (SSZ) in a mice model of ulcerative colitis. The
mucoadhesive drug delivery system was more therapeutic than the conventional oral
treatment and reduced the plasma concentration of a potentially toxic by-product of the
drug [50]. Besides its excellent mucosa adhesion, chitosan polymers are widely employed
in targeted drug delivery systems, providing better efficacy results in oral treatments. Pillay
et al. were able to develop Stimuli-Synchronized-Matrix (SSM) for colonic delivery, defined
by the space, of mesalamine (5-amino-salicylic acid or 5-ASA), the therapeutic metabolite
of SSZ, employing chitosan in a polysaccharide matrix coated with an alloy layer [51].
Their SSM was both time and pH-independent, while provided a responsive release of
the chemical in the presence of colonic enzymes. These characteristics also allowed the
minimization of variations of the plasma concentration and reduced the systemic presence
of 5-ASA. A similar approach was used in bioadhesive chitosan pallets and coated beads
to increase the topical delivery of 5-ASA [52–54]. Mesalamine has also been loaded in
N-succinyl-chitosan microparticles, improving its therapeutic results [54].
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Table 2. Applications of Chitosan in drug delivery systems for IBD treatment.

Strategy Drug Delivered References

Hydrogel Sulfasalazine [50]
Coated matrix 5-amino-salicylic acid (5-ASA) [51]
Coated beads 5-amino-salicylic acid (5-ASA) [53,54]
Microparticles 5-amino-salicylic acid (5-ASA) [54]

Coated bioadhesive pellets 5-amino-salicylic acid (5-ASA) [52]
Microgel 5-amino-salicylic acid (5-ASA) [55]

Matrix tablets 5-amino-salicylic acid (5-ASA) [56]
Coated tablets 5-amino-salicylic acid (5-ASA) [57]

Coated microparticles 5-amino-salicylic acid (5-ASA)
and curcumin [58]

Lipid nanoparticles Dexamethasone [59]
Beads Azathioprine [60]

Microcrystals Dexamethasone [61]
Beads and microparticles Prednisolone and inulin [62]

swellable hydrogel pentosan polysulphate (PP) [63]
Hydrogel Resveratrol [64]
Hydrogel Curcumin [65]
Hydrogel 6-shogaol [66]
Hydrogel siCD98 [67]
Hydrogel PS-ATNF-α [68]

Colloidal particles NK007 [69]
Coated microparticles AvrA nanoparticles [70]

Coated pellets Rutin [71]
Microspheres Icariin [72]

Coated microparticle tablets Quercetin [73]
Coated liposomes Quercetin [74]
Monolithic tablet Diamide oxidase and catalase [75]

Polymer-enzime cojugate Superoxide dismutase [76]
Nanoparticles Berberine [77]

Coated nanoemulsion Curcumin [78]
Coated agglomerates of nanoparticles Diclofenac sodium [79]

Nanoparticle SIGIRR gene [80]
Microspheres Ketoprofen and ascorbic acid [81]

Additional research has been conducted to ameliorate the pharmacokinetics of the
conventional treatment for IBD. A microgel based on oxidized sodium alginate and water-
soluble chitosan demonstrated in vitro potential application as a carrier for mesalamine [55].
A different formulation of chitosan and alginate composite microparticles associated with
an enteric coat was capable of effectively delivering 5-ASA and curcumin in a colitis rat
model [58]. Another preparation combined a cellulose-derived polymer with pectin and
chitosan in matrix tablets of 5-ASA to provide desirable changes in its physicochemical
characteristics and drug release profiles [56]. An additional antibacterial effect was reached
by preparing mesalamine tablets with a chitosan-ethylenediaminediacetic acid disodium
(CH-EDTA) conjugate coating [57]. Research has also been conducted to improve the
pharmacokinetics of immunosuppressive drugs. Some strategies, such as loading chitosan
modified lipid nanoparticles (NPs) with dexamethasone and preparing azathioprine-loaded
chitosan beads have shown promising results in targeted and sensitive drug delivery at
the colitis site [59,60]. Dexamethasone microcrystals coated with chitosan, alginate, and an
enteric coat multilayers also exhibited significant therapeutic effects in mice [61]. Another
corticoid, prednisolone, was loaded with inulin, a naturally occurring polysaccharide, in
beads and microparticles coated with calcium (Ca)-alginate core and a chitosan coating.
The resulting formulations were tested in vitro and were deemed suitable to be used to
deliver substances to the colon [62].

The possibility of producing hydrogels with chitosan to obtain a sustained release
of a drug in the intestine is another relevant aspect for its application in the treatment of
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IBD. A biodegradable and reversible polyelectrolyte complex (PEC) of poly acrylic-acid
(PAA) and chitosan was engineered to be used as a swellable hydrogel colonic delivery
system for topical treatment of IBD with pentosan polysulfate (PP). However, an enteric
coat was still needed to protect the proposed formulation from the gastric environment [63].
Resveratrol, a polyphenol present in red wine with anti-inflammatory properties, was also
successfully loaded in nanostructured chitosan-based hydrogel and had its pharmacoki-
netics improved [64]. Two similar studies demonstrated the use of a chitosan and alginate
hydrogel to encapsulate nanoparticles loaded with curcumin and 6-shogaol, a biologic
compound found in ginger. The formulations significantly alleviated the colitis symptoms
and quickened wound repair in mice (Figure 4) [65,66]. Interesting use of other chitosan
hydrogel was in the design of an antibody functionalized nanoparticles-releasing hydrogel.
The authors developed nanoparticles prepared with single-chain CD98 antibodies on their
surface, for carrying inside of it CD98 small interfering RNAs (siCD98). It was already
known that the overexpression of CD98 in the colonic epithelial cells and macrophages
was associated with the development and progression of IBD. By using this strategy, the
authors were able to downregulate CD98 and efficiently diminished the manifestations of
IBD in vitro and in vivo [67]. This idea of using oligonucleotides to inhibit the synthesis of
pro-inflammatory molecules has been recently employed to reduce TNF-α production in a
mice colitis model. Xu et al. [68] loaded a chitosan-alginate hydrogel with phosphoroth-
ioated antisense oligodeoxyribonucleotide of TNF-α (PS-ATNF-α) and reportedly inhibited
the molecule at both the protein and mRNA levels [68].

A different approach for targeted delivery of anti-inflammatory substances to
macrophages was reported by Chen et al. [69]. The researchers used chitosan associ-
ated with alginate and tripolyphosphate (TPP) to form colloidal particles with the drug
tylophorine malate (NK007) and to incorporate it inside glucan mannan particles (GMPs).
The formulation was capable of specifically delivering the drug to macrophages and effec-
tively cured colitis in the mice model after being administered orally [69]. Chitosan was
also used in association with alginate to form gastroprotective microparticles capable of
releasing in the small intestine and colon nanoparticles of AvrA, an anti-inflammatory and
anti-apoptotic bacterial protein. The authors reported that the formulation diminished
clinical and histological scores of inflammations in a colitis model. The encapsulation with
alginate and chitosan allowed the drug to be administered orally, instead of transrectally,
which was undesired and restricted the delivery to the distal portion of the colon [70]. This
association was also applied to develop alginate/chitosan-coated pellets intended for the
colon delivery of rutin, a flavonoid with antioxidant and anti-inflammatory effects. The
results were promising dissolution profiles and great stability for rutin, which could be a
valuable alternative for mild-to-moderate IBD therapy [71].

An analogous approach was applied to the development of chitosan-alginate micro-
spheres as a carrier for icariin, a type of flavonoid, to reduce colonic injury and inflam-
matory response in rats [72]. Chitosan-alginate microspheres have also been employed
to colon deliver a combination of ketoprofen and ascorbic acid, bringing together anti-
inflammatory and antioxidant properties [81]. Quercetin, a flavonoid, has been incorpo-
rated in a chitosan-xanthan microparticle coated tablet, allowing a sustained and targeted
delivery to the target [73]. Alike, a hybrid system made liposomes coated with cross-linked
chitosan was proposed to deliver quercetin to the intestine [74]. Another strategy to protect
a drug against the gastric environment and control its release within the intestine was the
development of carboxymethyl starch (CMS)—chitosan monolithic tablets. A study has
employed these tablets as a carrier for diamine oxidase and catalase, two enzymes possi-
bly capable of reducing bowel inflammation [75]. A chitosan-derived polymer-enzyme
conjugate was developed as a promising option in the treatment of IBD with superoxide
dismutase, an antioxidant enzyme [76]. Also for oral delivery, a nanocarrier based on chi-
tosan and fucoidan was loaded with berberine, an alkaloid capable of promoting tightness
of the intestinal epithelial tight junction, and revealed promising results [77].
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Figure 4. Preparation and characterization of 6-shogaol loaded polymeric nanoparticles, (A) Schematic illustration of
process through which PLGA/PLA-PEG-FA nanoparticles [NPs-PEG-FA] were fabricated using a versatile single-step
surface-functionalising technique, (B) The morphology of PLGA/PLA-PEG nanoparticles [NPs-PEG] was characterised by
transmission electron microscopy [TEM], and their size and zeta potential were measured by dynamic light scattering [DLS]
using a Malvern Zetasizer Nano ZS90 Apparatus, and (C) The morphology, size, and zeta potential of PLGA/PLA-PEG-FA
[NPs-PEG-FA] were characterized. Reprinted from Ref. [66] with permission from Oxford University Press. Copyright
© 2017, Oxford University Press. License Number: 5022890402536. Abbreviations: PVA (Polyvinyl alcohol), PLGA
(poly(lactic-co-glycolic acid)), PLA (Polylactic acid), PEG (Polyethylene glycol), FA (Folic acid), and NPs (Nanoparticles).

A different design proposed an oil-in-water nanoemulsion coated with a chitosan-based
polysaccharide layer film as a nanocarrier for curcumin, an agent with anti-inflammatory
and antioxidant properties but lipophilic and unstable in aqueous solutions. The in vitro
tests demonstrated that the formulation was capable of protecting the drug from degra-
dation, evidencing its promising use for oral delivery of similar agents (Figure 5) [78]. A
multiple stepwise spinning disk processing (SDP) technique was developed to fabricate
a drug delivery system based on a composite diclofenac sodium-chitosan-poly(methyl
acrylates) nanoparticulate. This approach allowed scale-up manufacturing of the nanopar-
ticulate. Additionally, the drug uptake noticed was three times higher than the control
drug solution, with no evident toxicity [79].
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Figure 5. Schematic representation of air liquid interface of human colon carcinoma cell line (CaCo-2) equivalent ep-
ithelium in Transwell system. In the central insert, an enlarged view of the cell monolayer grown on the microporous
membrane. On the right, the oral nano-delivery system consisting of oil-in-water (O/W) nanoemulsion coated with a
thiolated glycol chitosan. Reprinted from Ref. [78] with permission from Elsevier. Copyright © 2018 Elsevier B.V. License
Number: 5022890619360.

A more complex approach employed chitosan nanoparticles as a delivery vector
for gene therapy in a colitis mice model. The authors developed a very cost-effective
way of constructing a carrier for a plasmid of Single Ig-domain containing IL-1 receptor-
related molecule (SIGIRR), a subtype of the IL-1R family, capable of attenuate colonic
tissue inflammation as a result of the inhibition of TLR4/NF-κB overactivation. The
study suggested a possible new gene therapy for IBD [80]. Along with the possibility of
improving the pharmacokinetics of other compounds, Chitosan oligosaccharide (COS), the
major degradation product of chitosan, has also been shown biological activity [82]. For
this reason, it has been pointed out as a potential compound to be used in colitis-associated
colorectal cancer (CRC) chemoprevention, due to its activation of AMP-activated protein
kinase (AMPK) and inhibition of the NF-κB and mTOR signaling pathways in intestinal
epithelial cells (IEC) [83–86].

Another relevant application of chitosan is in tissue engineering. Its antimicrobial
effect and biodegradability have made it possible for the compound to be used as a
bioscaffold for colorectal tissue engineering. A study has shown that a 3-layer chitosan
hydrogel patch revealed good wound healing, effective regulation of the inflammation,
and an integral regeneration of the colonic wall, along with the smooth cell layer. The latter
was achievable due to the soft gel layers on each side, which ensured the colonization
of cells and the formation of neo-tissue [87]. In a different approach, an association of
chitosan-based hydrogel and stromal vascular fraction from adipose tissue has successfully
replaced a circular colonic wall section [88]. Chitosan grafts could be useful for severe cases
of IBD that require surgical intervention, such as those on which cancer develops.

2.2. Hyaluronic Acid-Physicochemical Attributes and Potential Therapy of IBD

Hyaluronic acid (HA) is the only GAG that is not sulfated and not bound to pro-
teins and it’s formed by units of disaccharides N-acetyl-D-glucosamine (GalNAc) and
D-glucuronic acid (GlcA) [89,90]. HA is a crucial component of the extracellular matrix and
performs several functions like cell signaling mediation, morphogenesis, damage repair,
and matrix organization [91,92]. HA is found in almost all tissue in humans and also in
other vertebrates, can be extracted from marine sources like a shark, stingray, eyeball, liver
of swordfish, mollusk bivalves, and tuna [93–96]. It has numerous applications in biotech-
nology, regenerative medicine, drug delivery vehicles, development of new biomaterials,
and other biomedicals and pharmaceutical applications by cause of their properties as
biocompatibility, viscoelasticity, lubricity, and immunostimulatory [93,97,98]. HA has been
studied as a potential therapeutic agent against several diseases due to its antioxidant,
anti-inflammatory, and anticoagulant biological activities [27–31].
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HA has potentially useful biological activities against IBD, and studies have shown
that sodium hyaluronate, a derivative of HA, has beneficial effects in the treatment for IBD.
To investigate whether supplementation of the lining of the colon mucosa with sodium
hyaluronate may be a possible and effective alternative treatment for IBD, a clinical study
recruited 21 individuals with distal UC and applied 60 mL of sodium hyaluronate gel
(IBD98E) once a day for 28 days. 38.1% of patients achieved clinical remission and 47.6%
achieved endoscopic remission, showing that the local application of IBD98E enhances
endoscopic and clinical outcomes in subjects with active distal UC [99]. However, this study
did not have a placebo-controlled group, therefore, the results need to be analyzed with
caution. Another study demonstrated the improvement of mucosal healing by quickening
intestinal epithelial repair with HA therapy in vitro and in vivo [100]. HA can also be an
option to improve the effectiveness of conventional treatments like mesalamine (5-ASA),
combined therapy with HA and 5-ASA was capable to accelerate wound repair and
diminish inflammatory reaction in rat colitis [101].

Another potential application of HA was reported in a novel study based on the
synthesis of methylcellulose (MC) and HA-coated thermo-responsive hydrogel for suc-
cessful targeted rectal delivery against IBD [102]. The gelling behavior of the hydrogel
was improved due to the in situ gelling capability of HA [103]. Moreover, other remark-
able features of HA like the slow and prolonged controlled release, non-toxic, stability,
and entero-protection were also observed in the mice intestinal model via applicating
final formulated hydrogel. It was evident that the HA-MC hydrogel can be employed in
safe and inexpensive systems for rectal delivery of substances in IBD [104]. IBD is a risk
factor for the development of colorectal cancer and some studies also pointed out appli-
cations of HA in these cancer treatments [105–108]. In the last years, nanoparticles (NPs)
have been identified with promising strategies for the diagnosis and treatment of many
diseases. In comparison to more traditional approaches, they offer advantages such as
nanometer-scale dimension, controlled drug release, targeted drug delivery capacity, lower
plasma concentrations, and lessen adverse effects [109–111]. Several pieces of research
with NPs have been conducted to try to overcome the biggest problems with oral drug
administration such as loss of stability in GIT, systemic absorption, risk of side effects,
difficulty in transporting sufficient quantities of active drugs, and transporting them to
specific target sites [111,112]. In this regard, NPs have been an innovative approach for IBD
treatment, and the results have shown that they are much more effective than traditional
drug formulation (Figure 6) [111].

Lysine-proline-valine (KPV) is a tripeptide with anti-inflammatory properties, Xiao
et al. [113] loaded KPV into HA-functionalized polymeric nanoparticles (HANPs), resulting
in an NPs called HA-KPV-NPs. The authors encapsulated the HA-KPV-NPs in a hydrogel
(chitosan/alginate) for oral administration against UC in a mouse model and used a group
control without HA. The results show that HA-KPV-NPs/Hydrogel system exhibited a
much stronger capacity to prevent mucosa injury and downregulate TNF-α compared with
group control. Therefore, this study reveals the important role of the HA in the NPs, which
was able to penetrate the colitis tissue and allow the KPV to be internalized in the target cells,
thereby alleviate UC [113]. In another study that also used a model of UC in mice, HANPs
was used to deliver the siRNA of the CD98 transmembrane protein involved in the colon’s
innate immune responses, siCD98, in association with a robust anti-inflammatory agent,
curcumin. The results of the analyzes showed that cell uptake of drugs in groups treated
with HANPs was much higher than those treated with NPs without HA, demonstrating that
HANPs could be a good alternative for UC-target therapy [114]. The same group reported
in previous studies that surface functionalization with HA increases the cellular uptake
efficiency of NPs as a consequence of interactions mediated by receptor [67], which seems to
be related to the fact that HA is a ligand of CD44, a membrane glycoprotein, that in UC has
increased expression on the surfaces of colon epithelial cells and macrophages [115–117].
Accordingly, Vafaei et al. [118] used HANPs to release budesonide in an in vitro model
of inflamed CACO-2 cells, the anti-inflammatory effect with HAMPs was much greater
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compared to cells that received the free drug [118]. Similar to HANPs, Li et al. [119] use
HA functionalized porous silicon nanoparticles to unite enzyme-responsive hydrogel and
pH-responsive polymer to develop a hierarchical structured and programmable responsive
AP@PSi-HA@HPMCAS carrier for efficient local delivery of drugs to sites of inflammation
in the intestine in IBD treatment via oral administrations. The vehicle with HA exhibited
superior therapeutic efficacy and significantly diminished systemic drug exposure [119].
No clinical studies have been found using HANPs to treat IBD, however, due to wide
marine availability and the promising results of experimental studies they have great
potential for the developing of alternative therapies capable of overcoming the limitations
of traditional oral drug formulation.

Figure 6. Schematic illustration of orally administered cell-specific nanotherapeutics for IBD. Reprinted from Ref. [111] with
permission under the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license. Copyright ©The Author(s)
2016. Published by Baishideng Publishing Group Inc.

2.3. Chondroitin Sulfate-Physicochemical Traits and Potential Therapy of IBD

Chondroitin Sulfate (CS) is a sulfated glycosaminoglycan (GAG) found on cell surfaces
and inside the pericellular matrix in the form of proteoglycans from different organisms
and is involved with several physiological events [120,121]. CS is a linear polysaccharide
formed by the repetition of disaccharide units N-acetyl-D-galactosamine (GalNAc) and
D-glucuronic acid (GlcA), which have sulfate groups added by several sulfotransferases in
various positions, forming diverse structures with heterogenous characteristics [122,123].
Commercially, the main marine source of CS is shark cartilage but it can also be extracted
from octopus, salmon, zebrafish, ray, and squid [96]. CS has biological activity as an
immunomodulator, anti-inflammatory, anticancer, antiviral, and anticoagulant [21–26]. It
has been highly employed in the treatment of osteoarthritis and tissue engineering, as CS
hydrogels proved to accelerate wound healing [21,96] and several studies have investigated
its use in the management of IBD.

Similar to chitosan, research has been conducted to employ CS to obtain a controlled
release of drugs already in use to treat IBD. Cesar et al. [124] successfully synthesized a
polymeric conjugate of 5-ASA and CS capable of improving the biodistribution of the drug
and of providing it with a mucoadhesive profile (Figure 7) [124]. The authors suggested

139



Mar. Drugs 2021, 19, 196

that the pharmaceutical could be considered as an alternative therapy for ulcerative coli-
tis [124]. Prednisolone has also been conjugated with CS to improve its delivery to the lower
intestines. The result was a nanogel that had its ability to target areas affected by colitis
confirmed in vivo [125]. Furthermore, the multi-bioresponsive drug, curcumin, has been
used in association with CS. Two studies described the development of curcumin-loaded
nanoparticles with their surfaces functionalized with CS. This modification yielded promi-
nently targeted drug delivery to macrophages and was considered a promising therapeutic
platform for IBD [65,126]. Additionally, a prospective, observational, follow-up study
indicated that IBD patients in remission under CS treatment for osteoarthritis could have a
lower incidence of relapses than generally reported in the literature. Although the study
had a small sample, it suggested that CS could be applied as a candidate for the treatment
of IBD due to its good safety profile and capability of alleviating osteoarthritis-related pain
in these patients [127].

Figure 7. Mesalamine polymeric conjugate for controlled release. Reprinted from Ref. [124] with permission from Elsevier.
Copyright © 2017 Elsevier B.V. License Number: 5022891040345.

2.4. Alginate-Physicochemical Attributes and Therapeutic Option for IBD

Alginates are a natural biopolymer composed of 1,4-linked (-L-guluronic acid) (G) and
(-D-mannuronic acid) (M) residues to form GG, GM, and MM blocks [128]. Ascophyllum
nodosum, Laminaria hyperborea, Saccharina japonica, Macrocystis pyrifera, Laminaria digitata,
and other species of brown seaweeds are the main source extraction with 17 to 45% of
the dry weight composed of alginate [129,130]. It is widely available, biocompatible, non-
toxic, low cost a has wide application in food processing, biotechnology, and biomedical
industry [131,132]. Some studies have pointed out the biological activities of alginates as an
antioxidant, anti-inflammatory, immunomodulating, anticoagulant, and anticancer [38–43].

Alginate has non-toxic, non-immunogenic, biocompatible and biodegradable prop-
erties [131,133,134], which make it a versatile material for biomedical application as in
microspheres, microcapsules, gel beads, hydrogel, film, nanoparticles, pellets, and tablets
for drug delivery [133,135]. Several alginate formulations with other marine compounds
have been studied in treatments against IBD and some of them were described previously
with chitosan. The main applications are in the engineering of drug delivery systems
specifically for the colon, which allows its use in the treatment of IBD in a different way
than relying solely on pH sensitivity [136]. In this regard, alginate offers a range of mi-
croencapsulation through a series of techniques, Samak et al. [137] analyzed alginate
microparticles loaded with hydrocortisone hemisuccinate and fabricated via aerosolization
and homogenization methods. In vitro experiments were carried out to verify whether the
microparticles by each of the techniques were able to suppress the release of the drug in the
simulated gastric fluid and promote the release correctly in the simulated intestinal fluid.
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The results indicated that both methods show potential for producing alginate hydrogel
microparticles suitable for colon-specific drug delivery in IBD treatment [137]. A subse-
quent study confirmed the potential of these techniques for delivering Nigella sativa extract
using the same in vitro tests [138]. Other studies have investigated alginate formulations
to see if they can improve the delivery and effectiveness of drugs used in conventional IBD
treatments like corticosteroids) [139,140].

3. Concluding Remarks and Outlook

Inflammatory bowel disease continues to result in substantial productivity loss and
extensive morbidity worldwide. The devastating consequence of inflammatory bowel
disease urgently calls for proper treatments, and thus implicate a considerable financial
and economic burden to individuals and the entire health care structure, particularly in
emerging countries. Marine-derived bioproducts attract incredible interest and appear a
revolutionary therapy for IBD due to their health beneficial properties that are ascribed
to the presence of characteristic biologically active functional constituents. This review
presents some naturally occurring biological entities/compounds derived from different
marine species for the efficient management of IBD. Particular focus has been devoted to
characteristic attributes, performance evaluation of engineered cues, and point-of-care IBD
therapeutics of diverse bioactive compounds from the algal biome. Although the ratio of
early surgery is reduced in IBD-associated patient by introducing biological active sub-
stances based therapeutic modalities, many challenges remain. Hence, additional research
efforts are required to inspect their bioavailability and efficiency in human and animal
models. The exploration of marine-derived bioactive compounds will continue to increase
in the future depending on new extraction strategies and novel modes of action. Ideally,
intensive future research and new research opportunities for marine bioproducts would
lead to a more efficacious and safer way for preventing and management of inflammatory
bowel disease.
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Abstract: Ovothiol is one of the most powerful antioxidants acting in marine organisms as a defense
against oxidative stress during development and in response to environmental cues. The gene
involved in the ovothiol biosynthesis, OvoA, is found in almost all metazoans, but open questions
existed on its presence among arthropods. Here, using an in silico workflow, we report a single
OvoA gene in marine arthropods including copepods, decapods, and amphipods. Phylogenetic
analyses indicated that OvoA from marine arthropods separated from the other marine phyla (e.g.,
Porifera, Mollusca) and divided into two separate branches, suggesting a possible divergence through
evolution. In the copepod Calanus finmarchicus, we suggest that OvoA has a defense role in oxidative
stress as shown by its high expression in response to a toxic diet and during the copepodite stage,
a developmental stage that includes significant morphological changes. Overall, the results of our
study open possibilities for the use of OvoA as a biomarker of stress in copepods and possibly also
for other marine holozooplankters. The finding of OvoA in copepods is also promising for the drug
discovery field, suggesting the possibility of using copepods as a new source of bioactive compounds
to be tested in the marine biotechnological sector.

Keywords: zooplankton; natural products; antioxidant; transcriptome mining

1. Introduction

Ovothiols are low molecular weight thiol-containing methylated amino acids with
unique antioxidant properties that are broadly distributed among invertebrates, microalgae,
protozoans, and bacteria [1]. Playing a key role in the maintenance of cellular redox
homeostasis, ovothiols allow the organism to overcome environmental stress conditions.
In marine organisms, ovothiols play a key role also during development as suggested by
their antioxidant activity during oxidative stress at fertilization and larval development
in the sea urchin [2], and during gametogenesis in the mollusc Mytilus galloprovincialis
collected from polluted sites [3]. Ovothiols also act as a defense against the immune system
of host cells during parasite infections [4,5], and as a protective compound in the mucus of
Polychaeta [6]. These molecules have also been suggested as signaling molecules released
in the urine of cephalopods [6], in pathways induced by light in microalgae [7,8], and as
pheromones in marine worms and cone snails [9].

Recent studies showed new ovothiol bioactivities, highlighting interesting possible
applications of this antioxidant in the pharmaceutical sector. Ovothiol A isolated from
the sea urchin Paracentrotus lividus oocytes, reduced the cell viability of the human liver
carcinoma cell line (Hep-G2) by activating autophagy [10]. Additional possible ovothiol A
antiatherogenic activities have been found by cell-based assays suggesting its application
for cardiovascular diseases associated with oxidative and inflammatory stress, as well as
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endothelial dysfunction [11]. In addition, in an in vivo study in mice ovothiol A showed
activity against liver fibrosis progression [12].

The ovothiol biosynthetic pathway includes three enzymatic steps in which OvoA
is the key enzyme with a bifunctional role. First, the OvoA enzyme, 5-histidylcysteine
sulfoxide synthase, catalyzes the addition of the cysteine sulfur group into histidine to
produce an intermediate; subsequently the intermediate is cleaved by sulfoxide b-lyase
(OvoB) into thiohistidine that is finally methylated to ovothiol (π-N-methyl-5-thiohistidine)
by OvoA. This final step is specific of the S-adenosylmethionine (SAM) methyltransferase
domain situated in the C-terminal of the enzyme. OvoA also contains an N-terminal DNA
damage-inducible (DinB) superfamily domain and a formylglycine-generating sulfatase
(FGE-sulfatase) domain that contains the recognition/binding sites for the substrates
(cysteine and histidine) [13] (Figure 1). The methyltransferases that can methylate the
a-amino group of ovothiol A to form ovothiol B and C are not yet known.

Figure 1. Ovothiol A biosynthetic pathway. Schematic representation of Ovothiol A pathway which
consists of three steps (1–3) catalyzed by two enzymes (in bold). (1) OvoA enzyme (5-histidylcysteine
sulfoxide synthase) catalyzes the addition of the cysteine sulfur group into histidine to produce an
intermediate (not shown); (2) The intermediate (not shown) is cleaved by sulfoxide β lyase (OvoB)
into thiohistidine which is then (3) methylated by OvoA to ovothiol (π-N-methyl-5-thiohistidine).
Chemical structures were downloaded from the National Center for Biotechnology Information
(NCBI) PubChem database. Histidine: PubChem Identifier CID: 6274, https://pubchem.ncbi.nlm.
nih.gov/compound/Histidine, accessed on the 3 November 2021; Cysteine: PubChem Identifier CID:
6419722, https://pubchem.ncbi.nlm.nih.gov/compound/Cysteine, accessed on the 3 November
2021; OvothiolA: PubChem Identifier CID: 130131 https://pubchem.ncbi.nlm.nih.gov/compound/
Ovothiol-A, accessed on the 3 November 2021.

Braunshausen and Seebeck [14] were the first to characterize the OvoA gene from
the bacterium Erwinia tasmaniensis and the protozoan Trypanosoma cruzi. They also found
homologous OvoA enzymes in more than 80 genomes ranging from proteobacteria to uni-
and multicellular eukaryotes [14]. From a phylogenetic point of view, OvoA has been
reported in many metazoans including Porifera, Emichordata, and Placozoa. Through evo-
lution, the gene was lost twice, once in the common ancestor of nematodes and arthropods
and once in the ancestor of Osteichthyes fish [15]. In freshwater fish, ovothiol A has been
identified in the metabolites of the lens and other tissues as well as in the eggs, suggesting
that these organisms might not have the gene, but are able to acquire the metabolite through
their diet [16,17]. In contrast, still little is known of arthropods; it has been suggested that
the lack of OvoA in most terrestrial species (e.g., insects) could be related to a specific
role of ovothiol in the transition from the aquatic to the terrestrial environment [1,15]. Re-
cently, Brancaccio and coauthors [18] conducted a genomic and metagenomics data mining
to investigate the distribution and diversification of the enzymes involved in ovothiol
biosynthesis in bacteria. They observed a horizontal gene transfer event of OvoB from Bac-
teroidetes living in symbiosis with Hydrozoa and suggested that the evolution of ovothiol
biosynthesis may have involved symbiosis processes [18]. Overall, from all these studies, it
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is clear that ovothiol A is an important antioxidant as it is conserved in many metazoans;
however, the studies highlight the need to better investigate the presence of OvoA gene in
other phyla.

Gene expression changes of OvoA have been reported in P. lividus during development
and when exposed to stress conditions. Relative expression of OvoA was high in eggs and
decreased immediately after fertilization, remaining low in the early developmental stages
(early and the swimming blastula) with a final significant increase in the last larval stage
(pluteus) [2]. A significant increase in the expression of OvoA has also been reported in
larvae exposed algae and to the metals Cd and Mn [2,19]. Overall, these results suggested
that in P. lividus ovothiol may act as a protective compound against environmental stressors,
and/or as a regulation factor during development.

The aim of this study was to explore the occurrence and diversity of the OvoA gene in
marine arthropods. Since the OvoB gene has not been identified in metazoan genomes or
transcriptomes, except hydrozoans [1,18], we focused our investigation on OvoA. Using a
well-established in silico workflow we mined the new publicly available transcriptomic
resources for copepods, expanding the searches also to malacostraca. Copepods are an
important component in most trophic marine food webs [20–22]. As part of zooplankton,
those tiny crustaceans live in highly variable environments and are constantly subject
to natural and anthropogenic-related stressful conditions that might compromise their
cellular redox homeostasis [23–27]. However, in these herbivorous consumers, still little is
known on which genes are activated during detoxification and which genes are responsible
of antioxidant production. Given the high antioxidant properties of ovothiol in many
marine organisms, we decided to examine the occurrence of OvoA gene in copepods.
Using an in silico workflow, we identified OvoA transcripts in copepods but also in
other marine arthropods. The identified OvoA transcripts were used in a phylogenetic
analysis to support their annotation and to investigate their relationship to other marine
metazoans. Lastly, using previous RNA-Seq-based studies, the expression of OvoA across
development and after feeding on toxic phytoplankton species was investigated in two
crustacean copepods, to evaluate the potential role of ovothiol as protective antioxidant in
these holozooplankters.

2. Results

2.1. Identification of OvoA Encoding Transcripts in Marine Arthropods

In this study we report for the first time that marine arthropods also possess OvoA, a
key player gene of ovothiol biosynthesis. By mining the publicly available transcriptome
database (TSA) limiting to Arthropoda, we identified a single transcript encoding OvoA
in 19 copepods and nine malacostracans (Table 1, Table S1). Within the copepod subphy-
lum, OvoA was identified in 11 Calanoids, three Cyclopoids, three Harpacticoids and
two Siphonostomatoids. The Calanoida order, with the highest number, included mostly
individuals from the Calanidae family such as Calanus finmarchicus, C. helgolandicus and
Neocalanus flemingeri. Among the malacrustracans, OvoA were found in seven decapods
and two amphipods (e.g., Gammarus pulex, G. fossarum) (Table 1, Table S1). Reciprocal blast
confirmed that all transcripts were annotated as protein OvoA with 70% encoding for full
length proteins. Structural domain analysis confirmed the presence of the three expected
functional domains, the DNA damage-inducible (DinB), the formylglycine-generating sul-
fatase (FGE-sulfatase), and the S-adenosylmethionine (SAM) methyltransferase) domains,
as shown in the copepods C. finmarchicus and C. helgolandicus (Figure 2).
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Figure 2. OvoA alignment in the copepods Calanus finmarchicus and C. helgolandicus. Protein align-
ment of the deduced OvoA sequenecs for the copepod C. finmarhcicus and C. helgolandius; “*” beneath
the alignment indicates residues that are identical in the two sequences while “:” and “.” indicate con-
servatively substituted aminoacids shared between the protein pair. The three strunctural functional
domains identified by the Pfam database are highlighted as follows: DNA damage-inducible (DinB)
(light blue), formylglycine-generating sulfatase (FGE-sulfatase) (magenta), and S-adenosylmethionine
(SAM) methyltransferase (green).
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Table 1. OvoA in marine arthropods. The list includes the organisms for which a single OvoA
transcript was found as result of the in silico transcriptome mining that included a reciprocal blast
and structural domain analysis. For each organism, phylum, subphylum, subclass, and order are
listed. For each sequence, detailed information on the mined database and National Center for
Biotechnology Information (NCBI) accession number are provided in Table S1.

Phylum Subphylum Subclass Order Organism

Arthropoda Crustacea

Copepoda

Calanoida

Neocalanus flemingeri
Calanus finmarchicus
Calanus helgolandicus

Labidocera madurae
Eurytemora affinis
Temora longicornis
Pseudodiaptomus

annandalei
Rhincalanus gigas

Pleuromamma xiphias
Hemidiaptomus amblyodon

Metridia pacifica

Cyclopoida
Eucyclops serrulatus

Apocyclops royi
Paracyclopina nana

Harpacticoida
Tigriopus californicus
Tigriopus japonicus

Tisbe furcata

Siphonostomatoida Caligus rogercresseyi
Lepeophtheirus salmonis

Malacostraca

Amphipoda Gammarus fossarum
Gammarus pulex

Decapoda

Paralithodes camtschaticus
Halocaridinides
trigonophthalma

Scylla paramamosain
Eriocheir sinensis

Callinectes sapidus
Gecarcinus lateralis

Homarus americanus

2.2. Phylogenetic Analysis of OvoA Transcripts from Marine Metazoans

Phylogenetic analysis of OvoA sequences deduced in this study for marine arthropods
was used to support their annotation and to investigate their relationship to each other
and to those from other marine metazoans. The analysis generated a consensus tree
with several clades representing the different phyla. Consistent with what has been
previously reported for marine metazoans, OvoA sequences from Mollusca, Echinodermata,
Cnidaria, and Chordata phylum cluster separately and in individual clades (Figure 3). The
OvoA sequences identified in this study for marine arthropods separated into two clades
(Figure 3). The first clade, highly separated from all other metazoans, is closely related
to OvoA from Placozoa and from two Porifera (Figure 3). This clade included 15 OvoA
sequences, including 12 sequences from copepods and three from decapods (Figure 3). The
second clade, with a total of 13 OvoA sequences, included seven copepods, four decapods
and two amphipods. The seven copepods included five OvoA sequences from Calanoida
and two sequences from Cyclopoida (Figure 3).
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Figure 3. Phylogenetic tree for OvoA gene in marine metazoans. The unrooted tree shows the
relationships between OvoA identified in this study for marine arthropods and OvoA from selected
marine metazoans. Amino acid sequences were aligned using ClustalW, and FASTTREE was used to
build a maximum-likelihood phylogenetic tree (Galaxy v. 2.1.10+ galaxy1) using the protein evolution
model JTT+ CAT. Color coding refers to the different phylum: light blue = Arthropoda (sequences
identified in this study), green = Mollusca, red = Chordata, orange = Echinodermata, pink = Cnidaria,
purple = Porifera, yellow = Placozoa. Scale bar indicates the number of amino acid substitution
per site.

2.3. Ovo A Expression in Calanus finmarchicus and C. helgolandicus

The expression of OvoA was examined in the copepods C. finmarchicus and C. helgolandi-
cus using previous RNA-Seq data for these copepods feeding on toxic algal species [28,29].

In C. finmarchicus, exposure to the saxitoxin producing dinoflagellate Alexandrium
fundyense induced changes in the expression of OvoA (Figure 4A). The increase in expression
of OvoA did not depend on the dose of the toxic algae but was time affected (Figure 4A).
Specifically, at two days, OvoA was found up-regulated in females fed with toxic algae at
low (LD) and high (HD) doses (LD = 5.1 ± 0.11 Log2 [RPKM + 1], HD = 5.03 ± 0.5 Log2
[RPKM + 1]) compared with females on the control diet Rhodomonas sp. (Figure 4A). In
contrast, a longer exposure to the dinoflagellate had no significant effect; at five days, the
expression of OvoA was similar between diets and not significantly different compared
with females on the control diet (Figure 4A).

In C. helgolandicus exposure to a toxic diet did not affect the expression of OvoA.
In females exposed for 5 days to the toxic diatom Skeletonema marinoi, OvoA expression
was not significantly different from the expression of females feeding on the control diet
P. minimum (TOXIC = 9.97 ± 1.35, Log2 [RPKM + 1]; CONTROL = 9.80 ± 0.36, Log2
[RPKM + 1]). The reported lack of OvoA differential expression after 5 days on the toxic
algae is similar to that reported for C. finmarchicus (Figure 4A).

Changes in the expression of OvoA were also examined in C. finmarchicus through
development. Using previously published RNA-Seq expression data, we examined the
expression of OvoA in different stages including embryos (E), early nauplii (EN), early
copepodites (CI), late copepodites (CIV and CV), and adult females (F). Compared with
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all other stages, the lowest and significantly different expression of OvoA was found in
embryos (0.2 Log2 [RPKM + 1]) (Figure 4B). The OvoA expression significantly increased
across development reaching its peak in the first copepodite stage (CI) (6.2 ± 0.19 Log2
[RPKM + 1]). A high expression was also maintained through the pre-adult stage (CV)
(5.7 ± 0.19 Log2 [RPKM + 1]) but it decreased in the adult stage (Figure 4B).

Figure 4. OvoA expression in Calanus finmarchicus. In both graphs, relative expression was normal-
ized by length RPKM (Log2) adding pseudocounts of 1. (A) Expression of OvoA in adult females
exposed for 2 days (2d) and 5 days (5d) to a control diet Rhodomonas sp. (C), and low (LD) and
high doses (HD) of the toxic dinoflagellate Alexandrium fundyense [29]. Bar graphs indicate mean
with standard deviation (SD) of the three replicates in each diet; (B) Expression of OvoA across
development: embryos [E], early nauplii (NII-NIII) [EN], early copepodites [CI], late copepodites
(preadult CIV and CV) [CIV] [CV], females [F]. Bar graphs indicate 2-way ANOVA of the three
replicates in each sample (exception CI and CIV with two replicates). Significant differences (p < 0.05;
2-way ANOVA followed by post-hoc Tukey’s test) among stages are indicated by small letters over
the bars.

3. Discussion

Ovothiols are small sulfur-containing natural metabolites playing a key role in protect-
ing the organisms against oxidative stress. For its chemical properties and low molecular
weight, Ovothiol A is one of the strongest antioxidants reacting with ROS and radicals
significantly faster than other natural thiols. Ovothiols are biosynthesized in a two-way
step with OvoA, 5-histidylcysteine sulfoxide synthase, being the key regulator. The OvoA
gene is highly conserved and found in almost all marine metazoans including Porifera,
Cnidaria, Hemicordata, and Echinoderamata [15]. Interestingly, some organisms such
as insects and fish, are unable to produce those secondary compounds. This seems to
be related to the two gene loss event that occurred through evolution for the ancestral
Ecdysozoa (nematodes and arthropods) and the ancestor of Osteichthyes fish. Although
fish lack the OvoA to biosynthesize the compounds, ovothiols have been found in different
tissues of freshwater fish suggesting that those organisms acquire the metabolite through
their nutrition [15]. For arthropods, there was no evidence of OvoA gene and no reports on
the presence of ovothiols. In our study, we present the results for the mining of the publicly
available transcriptomic resources on the National Center for Biotechnology Information
(NCBI) database (TSA) limiting the results to the marine arthropods, mostly represented
by the Crustacea subphylum. However, during our searches, OvoA hits resulted also for
terrestrial species. For the completeness of our mining (data are not shown) we further
examined those sequences with reciprocal blast and structural domain analysis as part of
our workflow. This resulted in the identification of OvoA transcripts from eight insects
(6 Hemiptera and 2 Diptera). Considering that the focus of the study is on marine organ-
isms, we did not expand the investigation on the terrestrial arthropods. However, our
preliminary results might suggest that more investigations are needed in order to clarify
also the presence of this gene in terrestrial species.
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Marine arthropods are among the most distributed living organism in aquatic environ-
ment; copepods, the insects of the sea, dominate the zooplankton. Zooplanktonic organisms
have a key role in the energy transfer to higher trophic levels. Through their lifecycle, cope-
pods are commonly exposed to abiotic and biotic stressors that disturb their cellular home-
ostasis with negative effects on their fitness and in extreme conditions their survival. To
cope with the stress, organisms typically activate a cellular stress response (CSR) [30]. This
response has the goal to repair and prevent macromolecular damage, to activate cell cycle
checkpoints, to reallocate energy resources, and in extreme cases to activate a programmed
cell death [30]. The critical part of the CSR is the antioxidant system, a set of enzymes
acting against the oxidative protein damage induced by elevated concentration of reactive
oxygen species (ROS). Antioxidant proteins, commonly used as biomarkers of oxidative
stress, include thioredoxin/thioredoxin reductase, glutaredoxin/glutathione/glutathione
reductases, metallothioneins, and cytochrome P450 proteins.

The increase of new transcriptomic resources for marine arthropods, mostly for or-
ganism from the copepoda order, has provided the opportunity to expand targeted gene
discovery in these organisms. A better understanding of the complexity of gene families of
interest, in particular those associated with response to stress, opens new opportunities
to discover new biomarkers that could be used for functional studies. For its antioxidant
properties, OvoA could be a new biomarker to evaluate antioxidant stress responses in
marine organisms. Here we focused on the target identification in marine arthropods of
the transcripts encoding for the OvoA enzyme. Our study describes the ovothiol gene
distribution in many marine arthropods providing the first report of OvoA gene in the
Arthropoda phylum. For mining transcriptomic resources for marine organisms, which
included 19 copepods and nine malacrostacans, we found in each organism a single OvoA
transcript encoding protein. Seventy percent of the proteins deduced from the predicted
OvoA transcript appear to be full-length and showed the expected structural hallmark.
Phylogenetic analysis was used to support the annotation and also to evaluate the relation-
ship of OvoA from marine arthropods with other marine metazoans. Based on our results
we found that the OvoA sequences from marine arthropods are significantly different from
the other metazoans by clustering in independent clades. However, to our surprise, the
OvoA sequences separated in two clades that included both copepods and malacrostacans
with no distinction between copepod orders. The separation of two clades might suggest
that through evolution the OvoA has diverged, however more studies are needed.

In many marine organisms, ovothiols are known for their role in the oxidative response
against environmental stressors. In sea urchins, ovothiols are significantly over-expressed
in response to metals and toxic algae [2]. In the starlet sea anemone Nematostella vectensis
OvoA has been suggested as protector against environmental pollutants [31]. A significant
high expression of OvoA was found in organisms exposed to dispersant and/or sweet
crude oil exposure alone or combined with ultraviolet radiation (UV) [31]. Here, to support
a possible role of OvoA as antioxidant in copepods, we used previously generated RNA-Seq
data for two calanoid copepods exposed to harmful microalgae to examine the expression
of OvoA. In the previously published study, the physiological response of C. finmarchicus
females exposed to the neurotoxin-producing dinoflagellate Alexandrium fundyense was
investigated after two- and five-days exposure [28]. The authors reported that at 2 days,
C. finmarchicus activates a cellular stress response that involves differential expression
of many genes associated with molecular chaperoning, apoptosis, cell cycle checkpoint,
intracellular signaling, and protein turnover [28]. Although detoxification was not the major
component of the response, up-regulated with the diet there were also some antioxidant
biomarkers such as glutathione S-transferase (GST), sulfotransferase, and thioredoxin.
Here, we found that the expression of OvoA was significantly high in C. finmarchicus
exposed to the toxic diet compared with individuals on a control diet. The differential
regulation of OvoA at 2 days reported here, is consistent with a role of OvoA as antioxidant
as part of the CSR previously reported [28]. Furthermore, the lack of significant difference
in the expression between the two toxic diets (low and high doses) agrees with the findings
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that the C. finmarchicus response to the toxic algae is not dose dependent. At 5 days, we did
not report differences in the expression of OvoA between individuals on the toxic diets
(both doses) and the control. This agrees with the fact that at 5 days the C. finmarchicus CSR
became a cellular homeostatic response, characterized by fewer differentially expressed
genes [28]. A homeostatic response is activated when the organism physiologically adapts
to new conditions and starts to re-establish homeostasis by counteracting the stress in a
specific way [30].

Consistent with C. finmarchicus, we also observed no significant differences in OvoA
expression when the congener C. helgolandicus was fed for 5 days on the oxylipin-producing
diatom S. marinoi, with respect to the control diet. Oxylipins are lipid-derived info chemicals
that regulate the structure and functioning of natural phytoplankton communities [25],
and also act as defensive compounds against consumer copepods, by inducing offspring
abnormalities, thereby reducing population recruitment at sea [25,32]. Interestingly, the
same C. helgolandicus females for which we examined the expression of OvoA, showed
strong up regulation of genes involved in stress response and xenobiotic detoxification,
such as GST and cytochrome P450 [29]. Hence, it is possible that these C. helgolandicus
individuals were activating a detoxification system based on other antioxidants than
ovothiols, that protected the adult copepod from the direct ingestion of the harmful diet.
Although we did not have information on OvoA expression in C. helgolandicus females
feeding for 2 days on S. marinoi, a previous study showed that these copepods activated
a CSR by over-expressing genes encoding for cellular chaperons, as well as for proteins
involved in signal transduction pathways and cell cycle [33]. Given the similar cellular
response of the two copepod species when exposed for short feeding times to harmful algal
diets, we could speculate that ovothiols may play a role in the antioxidant defensive system
of C. helgolandicus, as well. However, further studies are needed to confirm this hypothesis.

In addition to their role in response to stressor, ovothiols play a role also during
development [2]. In the sea urchin P. lividus, a significant high expression of the OvoA
gene was found not only in the post-fertilized eggs but also in the pluteus stage during
larval development. At the pluteus stage, the organism undergoes a series of morpholog-
ical changes leading to the final metamorphosis. Alteration of the redox homeostasis is
common through development as a consequence of oxygen radicals or reactive oxygen
species (ROS) that act as primary or secondary messengers to promote cell growth [34].
The periods associated with morphological changes are characterized by an increase of
metabolic activity and apoptosis that leads to elevated concentration of ROS. Thus, it
is not strange that OvoA transcript is highly expressed in those stages of development
due to its role in ROS scavenging. Copepods have a molt cycle with six naupliar and
five copepodite stages [35]. A significant high expression of OvoA was found here in
C. finmarchicus in the first and the last copepodite stages. Those two stages are key through
development. Between the six naupliar and the first copepodite stage the organism under-
goes morphological rearrangements while the 5th copepodite stage is when the organism
sexually differentiates [35]. Although copepods have a molt cycle that does not involve
a pupal stage as in sea urchin (with final metamorphosis), the high expression at those
two key stages is like the sea urchin findings, with OvoA playing a key role during late
development. Taken together, the pattern of expression reported for OvoA transcript in
C. finmarchicus fed on the toxic diet suggests that the production of ovothiols is a possible
adaptive strategy to cope with environmental stressors. A differential expression through
development could be associated either with an antioxidant response to the byproducts that
are generated during metamorphosis or to a specific signaling role that these metabolites
can have through development.

In addition to its role as antioxidant, ovothiols have also been reported to have an-
tiproliferative and anti-inflammatory activities [2,10]. Our results provide the first evidence
that OvoA is present in copepods, decapods, and amphipods, opening new questions on
its distribution also among other zooplanktonic species. The high expression of OvoA in
C. finmarchicus in response to a toxic diet as well as during the key transition stages of the
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molt cycle, might suggest that ovothiol A has an antioxidant role also in copepods. In
the recent years, drug discovery has focused on marine planktonic organisms, rather than
macroorganisms because of their advantage of easy culturing in closed controlled systems
and to obtain huge biomass [36,37]. Both phytoplanktonic and zooplanktonic species, have
been shown to have the capability of producing several antioxidant, anti-inflammatory,
anti-diabetes, anticancer, and other bioactivities compounds useful for the prevention
and treatment of human pathologies [38–42]. Thus, the findings that ovothiol A might
be produced by zooplankters can have interesting possible future biotechnological appli-
cations and can stimulate further studies on planktonic metabolites for pharmaceutical,
nutraceutical, and cosmeceutical applications.

4. Materials and Methods

4.1. In Silico Mining, Reciprocal Blast, and Protein Structural Analysis

In silico search for putative OvoA encoding transcript was performed using a well-
established vetting protocol that involves a mining, a reciprocal BLAST, and a structural
motif analysis [43,44]. The transcriptome shotgun assembly (TSA) database on the Na-
tional Center for Biotechnology Information (NCBI) was searched (October 2021) using
the OvoA sequence from Paracentrotus lividus (AMM72581) as query (tblastn algorithm)
limiting the results to Arthropoda (taxid: 6656). Among the hits, we focused on the marine
organisms, mostly represented by crustacean including the Copepoda and Malacrostacea
subphyla. For completeness, we also mined the Crustybase [45] to search additional avail-
able transcriptomes for other marine arthropods. Using P. lividus OvoA protein sequence
we mined (tblastn algorithm) transcriptomes for the decapods Eriocheir sinensis, Litopenaeus
vannamei, Callinectes sapidus, Gecarcinus lateralis, Homarus americanus whose references were
not available on NCBI (Table S1). The transcripts encoding sequences OvoA for all the
newly identified arthropods are provided in Supplementary File S3.

Reciprocal blast was used to confirm the identity of the putative OvoA transcripts
by blasting each transcript against the non-redundant (nr) protein database. Briefly, each
putative OvoA transcript was fully translated using ExPASy [46] and then the deduced
protein was used to query the NCBI non-redundant (nr) protein database (blastp algorithm).
Protein sequences were further inspected by searching the Pfam database for structural
domains [47]. Specifically, we searched for the three expected conserved domains: the DinB-
like domain, the FGE-sulfatase domain, and the methyltransferase 11 domain pertaining to
the SAM-dependent methyl-transferase homologous superfamily. OvoA sequences from
the calanoid C. finmarchicus and C. helgolandicus were aligned using ClustalW software
(Galaxy version 2.1 [48]).

4.2. Phylogenetic Analysis

Phylogenetic analysis was used to support the assignment of the predicted OvoA
sequences from marine arthropods, to establish their relationship to each other and to
those from other metazoans. An unrooted phylogenetic tree was generated using OvoA
amino acid sequences deduced from this study and from known marine metazoans [1].
The selected sequences included organisms from Mollusca, Chordata, Hemichordata,
Echinodermata, Placozoa, and Porifera phylum (Table S2). An unrooted phylogenetic tree
was generated using amino acid sequences that were aligned using ClustalW software
(Galaxy version 2.1 [48]). FASTTREE was used to build a maximum-likelihood phylogenetic
tree (Galaxy Version 2.1.10+ galaxy1) using the protein evolution model JTT+ CAT [49].

4.3. Expression of OvoA in Calanus finmarchicus and C. helgolandicus

Expression of OvoA transcript was examined in the copepods Calanus finmarchicus
and Calanus helgolandicus exposed to stress conditions and in C. finmarchicus across devel-
opment using previously published data [28,29]. The datasets were searched for the OvoA
sequences identified in this study for C. finmarchicus and C. helgolandicus. The expression
data for OvoA obtained from the three datasets was normalized using the Reads Per Kilo-
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base per Million mapped reads RPKM method. A 2-way ANOVA (p < 0.05) followed by
post-hoc Tukey’s test which was used to assess statistical significance in each study. A brief
description of the datasets mined for the expression data is presented below.

The C. finmarchicus RNA-Seq dataset included expression data for females incubated
for two and five days under three experimental diets: control (Rhodomonas sp.) and two
doses (low and high) of the toxic dinoflagellate Alexandrium fundyense [24,50]. The toxic
concentrations used for the dinoflagellate (LD = 50,000 cells L−1; HD = 200,000 cells L−1)
were comparable with low and high bloom conditions reported in the Gulf of Maine [28].
Detailed methods for copepod collection, algal-incubation, RNA extraction and RNA-Seq
processing are described in Roncalli et al. [28]. Briefly, females were exposed to the three
diets for a total of 7 days with samples being harvested for RNA-Seq at day 2 and day 5
(three replicates/treatment). Expression was quantified by mapping each RNA-Seq library
against the C. finmarchicus reference transcriptome (NCBI: PRJNA236528) using bowtie
software (v.2.0.6). The second C. finmarchicus RNA-Seq dataset included expression data
for six developmental stages: embryos, early nauplii (NII-NIII), early copepodites (CI), late
copepodites (CIV), pre-adults (CV), and females (F) [50–52]. For each stage three samples
were processed for RNA-Seq (exception CI and CIV with two replicates) and expression
rate was measured by mapping each RNA-Seq library against the C. finmarchicus reference
transcriptome (NCBI: PRJNA236528) using bowtie software (v.2.0.6).

Lastly, the C. helgolandicus dataset consisted of RNA-Seq data for laboratory-incubated
females feeding for five days on the oxylipin-producing diatom Skeletonema marinoi and
the control diet Prorocentrum minimum. Detailed methods for copepod collection, algal-
incubation experiments, transcriptome sequencing, de novo assembly and annotation, are
described in [29]. In brief, C. helgolandicus females collected in the Gulf of Naples (Mediter-
ranean Sea) were fed for five days with either S. marinoi or P. minimum at 1 mg C L−1 (three
replicates each). RNA-Seq libraries were pooled to generate a de novo assembly (NCBI:
PRJNA640515) that was used to quantify expression levels by self-mapping using bowtie.
Reads were normalized by length using the RPKM methods Reads Per Kilobase per Million
mapped reads (RPKM).

5. Conclusions

This study reports for the first time the presence of the OvoA gene, a key player
of the ovothiol biosynthetic pathway, in arthropods. By mining the new transcriptomic
resources for marine arthropods, we report a single OvoA gene in copepods, decapods,
and amphipods. Phylogenetic analysis places all the marine arthropod sequences in two
separate branches, suggesting possible events through evolution. Changes in expression of
the OvoA gene across development and under stress conditions, suggest that ovothiol may
play a role as a defensive compound in C. finmarchicus, thus proposing this gene as a new
biomarker of stress in holozooplanktonic species. The finding that many copepods have
the OvoA gene and are thus capable of producing bioactive compounds opens up further
possibilities for both new drug discovery as well as in the marine biotechnology field.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md19110647/s1, Table S1: List of in publicly available marine arthropod datasets mined for
OvoA using the query from P. lividus. For each dataset, information on Genus, Species, Phylum, class,
and Order are provided. Accession number of the mined transcriptome (TSA database) and the Bio-
project are listed. For Eurytemora affinis and Tigriopus californicus the protein sequence database was
mined (blastp algoritm). For Lepeophtheirus salmonis the TSA accession number was not provided. For
three decapods, transcriptomes were mined using CrustyBase repository. Table S2: List of OvoA pro-
tein sequences used for the phylogenetic analysis. The list includes sequences identified in this study
(light blue) and sequences publicly available for selected marine metazoan [1]. For each sequence,
information on Genus, Species, Phylum, class, and Order are provided. Supplementary File S3:
FASTA file of OvoA transcript encoding protein identified in this study for marine arthropods.
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