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Abstract: Microalgae are proposed to have powerful applications for human health in the pharma-
ceutical and food industries. Tetraselmis species (sp.), which are green microalgae, were identified as
a source of broad-spectrum health-promoting biological activities. However, the bioactivity of these
species has not been elucidated. We aimed to confirm the antioxidant, antiviral, and anti-inflammatory
effects of Tetraselmis sp. extract (TEE). TEE showed 2,2-diphenyl-1-picryl-hydrazyl-hydrate radical
and hydrogen peroxide scavenging activities and reduced plaque formation in Vero E6 cells infected
with vaccinia virus. TEE treatment also significantly inhibited nitric oxide (NO) production and
improved cell viability in lipopolysaccharide (LPS)-induced RAW264.7 cells. These anti-inflammatory
effects were further analyzed in LPS-induced RAW 264.7 cells and the zebrafish model. Further,
TEE reduced induced NO synthase expression and proinflammatory cytokine release, including
tumor necrosis factor-α, interleukin-6, and interleukin-1β, through MAPKs and NF-κB-dependent
mechanisms. Further analysis revealed that TEE increased the survival rate and reduced cell death
and NO production in an LPS-stimulated zebrafish model. Further, high-performance liquid chro-
matography revealed a strong presence of the carotenoid lutein in TEE. Overall, the results suggest
that lutein-enriched TEE may be a potent antioxidant, antiviral, and anti-inflammatory agent that
could be sustainably utilized in industrial applications.

Keywords: Tetraselmis sp.; antioxidant; antiviral; anti-inflammatory

1. Introduction

Microalgae are highly biodiverse and are among the most promising sources for
new products and applications [1]. Microalgae are the fastest-growing plant cells in the
world; hence, they are highly productive [2]. They are potential photoautotrophic mi-
croorganisms, with elevated contents and balanced compositions of several important
and valuable secondary metabolites such as carotenoids, phycobilins, sterols, polyphe-
nols, vitamins, fatty acids, and polysaccharides [1,3]. These metabolites are commonly
identified in associated biological activities, having antioxidant, antidiabetic, antifungal,
antiviral, anti-inflammatory, anticancer, neuroprotective, and immunomodulatory prop-
erties [3,4]. Therefore, microalgae have been proposed to have potent applications for
human health in the pharmaceutical and food industries, as well as for decreasing the
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risk of illness [3,5]. Among the microalgae, Tetraselmis species, which are green marine
microalgae, are commonly used in aquaculture because of their high nutritional value [6].
Studies have been conducted on this species to improve biomass and fatty acid produc-
tivity for biodiesel production and aquaculture fish oil utilization [7–9]. In addition, in a
recent study, Tetraselmis sp. were identified as a potential source of a broad spectrum of
health-promoting biological activities. Aqueous and ethanolic extracts of Tetraselmis sp.
IMP3 and Tetraselmis sp. CTP4 have been studied for their antioxidant activity as measured
by 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antioxidant power (FRAP), and
ABTS methods and anti-inflammatory activity as measured by cyclooxygenase-2 (COX-2)
inhibition [6]. Various organic extracts (methanol, ethyl acetate, chloroform, hexane, and
acetone) of Tetraselmis sp. have been reported to exhibit antimicrobial activity against
different human bacterial and fungal pathogens [10]. The methanol/dichloromethane
extract of Tetraselmis sp. has been shown to exhibit antioxidant activity in DPPH, ABTS,
ORAC, and TBARS assays [11,12]. Tetraselmis sp. have not yet been fully investigated
for their bioactivity; therefore, further studies on biological activity and confirmation of
biological mechanisms are necessary. In addition, a previous study by Lee et al. in 2021
showed that year-round Tetraselmis sp. can be cultivated in a semi-open raceway system
(ORS) in Korea [9]. Therefore, it could be a useful biomass for industrial applications.

Inflammation is a complex biological response of tissues to harmful external stimuli
such as pathogen invasion, tissue damage, and exposure to chemicals or endotoxins [13,14].
These stimuli lead to the uncontrolled release of nitric oxide (NO), prostaglandins (PGs), and
proinflammatory cytokines such as tumor necrosis factor-alpha, interleukin (IL)-1β, and IL-
6, which can cause various serious diseases such as cancer, diabetes, obesity, atherosclerosis,
and neurological diseases [13–15]. In addition, free radicals can damage cells and cause
severe diseases such as cancer, aging, diabetes, and cardiovascular and neurodegenerative
disorders [16,17]. Antioxidants prevent and stabilize the damage caused by free radicals
by supplying electrons from antioxidants to damaged cells [16,18]. Therefore, extensive
research on anti-inflammatory agents and antioxidants for the prevention of health disor-
ders is ongoing. Furthermore, coronavirus disease 2019 (COVID-19), declared a pandemic
by the World Health Organization, has spread to almost all countries globally, posing
an unprecedented threat to the global economy and human health [19–21]. Moreover,
vaccinia virus (VACV) belonging to the Orthopoxvirus (OPV) genus and closely related
to the variola virus, the causative agent of smallpox, was declared to be eradicated in
1979 [22,23]. However, with the increasing number of zoonoses, the development of strate-
gies to combat OPV infections by introducing new therapeutic and preventive measures
has become widely accepted [22]. To combat these crises, it is imperative to investigate
potential antiviral materials that can be used effectively for their treatment. This study
aimed to provide a broad overview of the biological activities of Tetraselmis sp. Among
their potential antioxidant, antiviral, and anti-inflammatory activities, we first evaluated
the anti-inflammatory effect of the ethanol extract of Tetraselmis sp. (TEE) by inhibiting
inflammatory responses factors and verifying the biological mechanism in lipopolysaccha-
ride (LPS)-stimulated RAW264.7 cells and a zebrafish model. To date, there are no reports
explaining the plausible biological mechanisms and inflammatory response factors related
to the anti-inflammatory effects of Tetraselmis sp. in vitro and in vivo. We also identified
the active compounds in Tetraselmis sp. extract.

2. Results
2.1. Screening of Antioxidant, Antiviral, and Anti-Inflammatory Activities of TEE

The approximate chemical compositions of Tetraselmis sp. moisture, carbohydrate,
crude protein, crude lipid, and ash were 11.87%, 19.81%, 34.74%, 6.85%, and 26.7%, respec-
tively, according to the AOAC methods (Table 1). The TEE extract yield was 41.68%. We
screened for the multifunctional activity of TEE, including its antioxidant, antiviral, and
anti-inflammatory activities. We first identified the DPPH and hydrogen peroxide scaveng-
ing activities of TEE to determine its potential antioxidant activity. As shown in Figure 1A,
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TEE significantly increased the scavenging activity of DPPH radical and hydrogen peroxide
with IC50 values of 0.42 mg/mL and 0.32 mg/mL, respectively. Next, we performed plaque
assays for viral titer to confirm the antiviral activity of TEE. We investigated whether
pre-treatment and post-treatment with TEE following infection reduced plaque formation.
Both treatment methods inhibited plaque formation in VACV-infected Vero E6 cells. To
further confirm the anti-inflammatory activity, we assessed toxicity, NO production, and
cell viability in RAW 264.7 cells. As depicted in Figure 1C(a), TEE did not show cytotoxicity
at concentrations of 50–200 µg/mL in RAW264.7 cells following the MTT assay. Treatment
with LPS evidently increased NO production compared to the control group (Figure 1C(b)).
Moreover, TEE showed particularly reduced NO levels relative to the LPS group (21.68%,
36.73%, and 63.52%, respectively) and increased cell viability at 50, 100, and 200 µg/mL
(Figure 1C(b,c)). Taken together, TEE showed antioxidant, antiviral, and anti-inflammatory
activities. In this study, we first focused on the anti-inflammatory properties of TEE, and
through follow-up experiments, we confirmed its inhibition of inflammatory factors, eluci-
dated the underlying biological mechanism in LPS-induced RAW264.7, and checked the
inhibitory efficacy of NO production in LPS-stimulated zebrafish.
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Figure 1. Antioxidant, antiviral, and anti-inflammatory activities of TEE. (A) Antioxidant activity
was measured by determining the DPPH and hydrogen peroxide scavenging activities. (B) Antiviral
activity was determined using the plaque assay for pre− and post−TEE treatment in Vero E6 cells
infected with VACV for 24 h. (C) Anti-inflammatory activity was analyzed for (a) toxicity, (b) cell
viability, and (c) NO production using the MTT and Griess assays. The data are expressed as the
mean ± standard deviation of triplicate experiments. a–d Values with superscript letters differed
significantly (p < 0.05, by Duncan’s multiple rages test).



Mar. Drugs 2023, 21, 369 4 of 12

Table 1. Proximate composition of Tetraselmis sp.

Composition Moisture Carbohydrate Crude Protein Crude Lipid Ash

Content (%) 11.87 19.81 34.74 6.85 26.7

2.2. Anti-Inflammatory Effects of TEE on the Expression of iNOS and COX-2 Protein and
Production of Proinflammatory Cytokines in LPS-Stimulated RAW 264.7 Cells

The inhibition of inflammatory response factors such as iNOS, COX-2, and proin-
flammatory cytokines was investigated by Western blotting and ELISA. As shown in
Figure 2A, treatment with LPS sharply improved the protein levels of iNOS and COX-2
compared to the control group. However, TEE significantly suppressed iNOS expression
at concentrations of 100 and 200 µg/mL. The expression of COX-2 protein was not al-
tered following TEE treatment. As shown in Figure 2B, TEE inhibited the production of
proinflammatory cytokines including PGE2, TNF-α, IL-1β, and IL-6. TEE did not affect
PGE2 levels. However, TEE inhibited the production of IL-1β by 21.71%, 50.96%, and
76.98% in a concentration-dependent manner. The inhibition rates of TNF-α and IL-6 at
200 µg/mL were 22.70% and 17.57%, respectively. TEE suppressed the expression of iNOS
and production of proinflammatory cytokines, including TNF-α, IL-1β, and IL-6.
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Figure 2. Inhibition effect of TEE on LPS-stimulated iNOS, COX−2 protein, and proinflammatory
cytokines in RAW264.7 cells. (A) Cell lysates were extracted, and iNOS and COX−2 protein levels
were analyzed using Western blotting. ImageJ software (version 1.46r) used was normalized to
β-actin. (B) The supernatants were collected and analyzed for (a) PGE2, (b) TNF−α, (c) IL−1β,
and (d) IL−6 production using ELISA. The data are expressed as the mean ± standard deviation of
triplicate experiments. a–e Values with superscript letters differed significantly (p < 0.05, by Duncan’s
multiple rages test).

2.3. Effect of TEE on MAPKs and NF-κB Signaling Pathways in LPS-Stimulated RAW 264.7 Cells

To determine the intracellular signaling pathways underlying the suppressive effect of
TEE on inflammatory response factors, we investigated the MAPKs and NF-κB signaling
pathways by Western blotting. As shown in Figure 3A, treatment with LPS markedly
upregulated ERK, JNK, and p38 phosphorylation compared to those in the control groups.
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Treatment with TEE selectively downregulated JNK and p38 phosphorylation. However,
ERK phosphorylation was unaffected by TEE treatment. Treatment with LPS considerably
increased p65 phosphorylation and decreased degranulation of IkB in the cytosol compared
with the control group (Figure 3B). In contrast, TEE treatment suppressed p65 phospho-
rylation and increased IkB levels. Therefore, TEE induced degranulation of IkB, and this
phosphorylation upregulated p65 translocation from the cytosol to the nucleus. Thus, we
concluded that TEE inhibited inflammatory response factors through the JNK, p38 MAPK,
and NF-κB signaling pathways in LPS-activated macrophages.
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Figure 3. Inhibition effect of TEE on LPS-induced MAPKs and NF−kB signaling pathway in
RAW264.7 cells. (A) Cell lysates were extracted, and protein levels of (A) MAPKs (p−ERK, ERK,
p-JNK, JNK, p−p38, p−38) and (B) NF-κB (IkB, p−p65) were analyzed using Western blotting.
ImageJ software (version 1.46r) used was normalized to β-actin. The data are expressed as the
mean ± standard deviation of triplicate experiments. a–e Values with superscript letters differed
significantly (p < 0.05, by Duncan’s multiple rages test).

2.4. Effect of TEE on Cell Death and Production of NO in LPS-Treated Zebrafish

We further investigated whether TEE exerts anti-inflammatory activity in in vivo
LPS-stimulated zebrafish. As shown in Figure 4A, the survival rate that was reduced
following treatment with LPS was increased with TEE treatment. Moreover, LPS consid-
erably increased cell death by approximately 1.55-fold compared to the control group,
which was subjected to acridine orange staining (Figure 4B). However, TEE treatment
inhibited cell death by approximately 0.25- and 0.45-fold compared to LPS treatment at
concentrations of 100 and 200 µg/mL, respectively. To investigate the effect of TEE on NO
production, we evaluated NO generation using DAF-FM-DA staining (Figure 4C). LPS treat-
ment increased NO production compared to that observed in the control group. However,
TEE treatment decreased LPS-induced NO generation by 23.78% and 24.55% at 100 and
200 µg/mL, respectively.
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Figure 4. Inhibitory effect of TEE on LPS-stimulated cell death and NO production in a zebrafish
model. (A) Survival rate was evaluated by counting the number of surviving zebrafishes at 7 dpf.
(B) Cell death was analyzed using acridine orange staining. (C) NO production was measured using
DAF-FM-DA staining. Quantitative analysis of fluorescence was performed using ImageJ software
(version 1.46r). The data are expressed as the mean ± standard deviation of triplicate experiments.
a–c Values with superscript letters differed significantly (p < 0.05, by Duncan’s multiple rages test).

2.5. Identification of Lutein from TEE

To determine the TEE components, we conducted HPLC chromatogram analysis of
TEE. Microalgae species have been studied for their production of various carotenoids [24];
therefore, to identify the active components of TEE, we mainly focused on carotenoids.
Figure 5 depicts an HPLC chromatogram of TEE at a wave length of 454 nm. The de-
tected characteristic was attributed to lutein (10.58 mg/g). Therefore, we confirmed that
lutein is a prominent component of TEE. The calibration curve for lutein is shown in
Supplementary Figure S1.
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3. Discussion

Microalgae have valuable advantages, such as rapid growth, high photosynthetic
efficiency, and the possibility of cultivation under production conditions; however, they
are less studied than macroalgae/seaweed [25]. A previous study by Lee et al. in 2021
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indicated that the biomass production of Tetraselmis sp. was 32.14 g/m2/d in semi-ORP
under Korean climate conditions [9]. To utilize Tetraselmis sp. as a therapeutic agent, we
investigated the antioxidant, antiviral, and anti-inflammatory effects of TEE.

Measurement of DPPH radical scavenging activity is the first approach for evaluating
the potential antioxidant properties of a molecule. Hydrogen peroxide is one of the major
types of reactive oxygen species (ROS), and determination of its scavenging activity is
widely used and is the convenient method to confirm antioxidant activity [26,27]. Therefore,
these two methods were selected for our study. As a result, TEE showed 0.42 mg/mL
and 0.32 mg/mL DPPH radical and hydrogen peroxide scavenging activities, respectively.
Previous studies have shown DPPH radical scavenging activity in hexane, ether, and
methanol/dichloromethane extracts of Tetraselmis sp., which exhibited IC50 values of 2.4,
2.5, and 0.8 mg/mL, respectively [1,11]. TEE showed higher radical scavenging activity
than the aforementioned extracts, making it a potential antioxidant source. Next, we mea-
sured the antiviral activity of TEE against vaccinia virus using a plaque assay. The results of
this assay indicated that both pre- and post-treatment with TEE suppressed VACV plaque
formation. Previous studies have shown the antiviral activity of a number of bioactive
compounds, including lectins, polysaccharides, carotenoids, and peptides derived from
microalgae, against some common human and animal viruses [28–30]. However, research
on the antiviral effect of Tetraselmis sp. has not been confirmed, thus warranting further in-
vestigation of these species as candidate microalgae with antiviral activity. Furthermore, in
both the LPS-stimulated RAW264.7 cells and the zebrafish model, TEE suppressed NO pro-
duction in a concentration-dependent manner and did not show toxicity at concentrations
below 200 µg/mL. NO is a free radical that has complex roles in both health and disease
and is synthesized by various synthases, viz. iNOS, neuronal nitric oxide synthase (nNOS),
and endothelial nitric oxide synthase (eNOS) [14]. iNOS is the key enzyme that produces
NO in response to stimulation by LPS or other proinflammatory mediators [14,15].

Zebrafish are a very popular in vivo model used in genetic, toxicological, and pharma-
cological studies owing to their multiple advantages, such as extrauterine development,
high fecundity, and similarity to human tissues and genomes [13,14]. Owing to this, the
LPS-stimulated zebrafish model has been used to evaluate anti-inflammatory materials
that can be used as drugs and/or health functional foods [13,14]. In this study, TEE ef-
fectively reduced NO production both in vitro and in vivo. Thus, TEE was confirmed to
have a potent anti-inflammatory effect. In addition, TEE reduced the protein levels of
iNOS and the proinflammatory cytokine production levels of TNF-α, IL-1β, and IL-6 in
LPS-induced RAW264.7 cells based on Western blot and ELISA results. The iNOS pro-
tein triggers inflammation, and cytokines such as TNF-α, IL-1β, and IL-6 are important
pathogenic factors in various inflammatory disorders [15,31]. Reduction of these mediators
is considered a promising therapeutic approach for the clinical treatment of inflammatory
diseases [32]. According to these results, TEE may be effective for the prevention and
treatment of inflammatory diseases by suppressing proinflammatory cytokines. MAPKs
and NF-κB are key signaling pathways for exploring the mechanisms of inflammatory
responses that regulate the expression of the proinflammatory cytokines iNOS and COX-2
in LPS-stimulated macrophages [13,32]. Treatment of LPS-induced RAW264.7 cells with
TEE reduced the phosphorylation of MAPKs such as ERK, JNK, and p38, as well as NF-κB
p-65 levels and the degradation of IkB levels in the cytosol. These results confirmed that
TEE is an effective anti-inflammatory inhibitor of proinflammatory mediators and cytokines
that acts by suppressing the MAPKs and NF-κB signaling pathways. Further, Tetraselmis sp.
have nutritional value in the form of proteins, lipids, minerals, carotenoids, and pheno-
lic compounds [33]. The anti-inflammatory active components of TEE were confirmed
through HPLC. TEE contained lutein (10.58 mg/g, 4.41 mg/g Dry weight (DW)). Lutein, a
xanthophyll, is a lipid-soluble primary carotenoid that humans obtain from their diet and is
known to have antioxidant and anti-inflammatory health benefits in preventing heart attack,
metabolic syndromes, and macular degenerative disease [15,34,35]. The global market for
carotenoids was estimated to be worth USD 1.5 billion in the year 2020 and is projected to
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reach USD 2.2 billion by 2027, with lutein estimated to account for approximately 15–20%
of the total market [34,36]. However, as biological sources are still limited and expensive,
this enormous global carotenoid market is now firmly dominated by chemical synthesis.
Therefore, the natural lutein market is attracting attention for use in the pharmaceutical,
dietary supplement, food, animal, and fish feed industries [37]. In previous studies, the
lutein content of Tetraselmis sp. CTP4, Tetraselmis chui, and Tetraselmis sp. M8 were found to
be 3.17, 0.62, and 0.66 mg/g DW, respectively, while vegetables such as kale, broccoli, and
cilantro showed contents of 0.03, 0.04, and 0.08 mg/g [3,34,36,38]. In this study, TEE, as
a potential lutein producer, showed anti-inflammatory, antioxidant, and antiviral activi-
ties; however, further research is needed to identify additional efficacy-related factors and
mechanisms that can prove the antioxidant and antiviral properties.

4. Materials and Methods
4.1. Algal Cultivation and Extraction

The green microalga Tetraselmis sp. MBEyh04Gc (KCTC 12432BP) was obtained
from the Marine Bioenergy R&D Consortium (MBE) of Inha University, Incheon, Korea.
Tetraselmis sp. were cultivated as previously described by Lee et al. in 2021 [9]. A total of
10g of powdered Tetraselmis sp. was dissolved using 70% EtOH with sonication for 1 h,
three times, and then filtered. Finally, Tetraselmis sp. EtOH extract (TEE) was obtained by
rotary evaporation and freeze-dried. The yield was calculated by subtracting the dried
weight of the residue from 1 mL of dried TEE and is expressed as a percentage.

4.2. Proximate Composition of Tetraselmis sp.

The proximate composition of Tetraselmis sp. was determined following methods
described by the Association of Official Analytical Chemists (AOAC) [39]. Crude protein
content was confirmed using the Kjeldahl method, and crude lipid content was determined
using the Soxhlet method. Moisture was prepared by keeping the sample in a dry oven,
and crude ash was dried in a dry-type furnace at 550 ◦C.

4.3. Determination of Antioxidant Activity
DPPH Radical and Hydrogen Peroxide Scavenging Assay

To estimate the antioxidant activity of TEE, DPPH radical and hydrogen peroxide
scavenging activities were determined according to previously reported methods [40,41].
Briefly, a solution of 4 × 104 M DPPH in methanol was prepared, and 100 µL of this solution
was mixed with 100 µL of TEE in multiple concentrations. The mixtures were incubated in
a shaking incubator for 30 min at 25–30 ◦C. After incubation, the absorbance was measured
spectrophotometrically at 517 nm (Synergy HT Multi-Detection microplate reader, BioTek,
Winooski, VT, USA). For hydrogen peroxide scavenging activity, 100 µL of TEE in multiple
concentrations and 0.1 M phosphate buffer (pH 5.0) was mixed with 10 mM hydrogen
peroxide solution and incubated for 5 min at 37 ◦C. Then, 30 µL of 1.25 mM ABTS and
1 unit/mL peroxidase were added. The mixtures were incubated for 10 min at 37 ◦C, and
the incubated product was measured at 405 nm using a microplate reader (Synergy HT
Multi-Detection microplate reader, BioTek, Shoreline, DC, USA).

4.4. Determination of Antiviral Activity
Plaque Assay

African green monkey kidney Vero E6 cells were purchased from the American Type
Culture Collection (CRL-1586, Washington, DC, NW, USA) and were cultured in DMEM
(Dulbecco’s Modified Eagle’s Medium, Gibco, Billings, MT, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco, USA) and 1% penicillin-streptomycin (Thermo Fisher
Scientific, Waltham, MA, USA). They were maintained at 37 ◦C in an incubator in a 5%
CO2 atmosphere. The cells were essential to subculture every 3 to 4 days at 70–80% conflu-
ence. The vaccinia virus was supplied by the National Culture Collection for Pathogens
(Cheongju, Republic of Korea). The virus stock (1 × 105 virus/mL) was titrated using
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a plaque assay and stored at −80 ◦C. Antiviral effects of TEE were tested via a plaque
assay using two treatments: pre-sample treatment and post-sample treatment. Vero E6
cells were seeded in a 6-well plate at a density of 1 × 106 cells per well and incubated in
10% FBS-supplemented DMEM until the wells were filled with a monolayer of cells (100%
confluency). The cells were washed twice with 1 mL of 1 X phosphate buffered saline (PBS,
WELGEN, Gyeongsan, Republic of Korea) and 0.25 mL of DMEM, and 0.5 mL of each
sample/PBS treated cell media dilution was added to the respective cells on the wall of
the well. The cells were incubated at 37 ◦C in an incubator in a 5% CO2 atmosphere for
90 min, with gentle shaking every 15 min to allow for virus adsorption. After adsorption,
the inoculum was removed from the cells, and 2 mL of 2% FBS-supplemented DMEM
was added to the cells and incubated at 37 ◦C in an incubator in a 5% CO2 atmosphere
for 2–3 days. The medium was then removed from the cells, and 1 mL of 0.1% crystal
violet was added to the cells for staining for 30 min at room temperature. The crystal violet
solution was discarded, and the cells were washed with PBS and dried. Virus titers were
calculated by counting the number of plaques, using the following formula:

PFU/mL = Number of plaques/(dilution factor × volume of diluted virus/well)

where PFU = plaque forming unit.

4.5. Determination of Anti-Inflammatory Activity
4.5.1. MTT and NO Production Assay

Murine macrophage RAW264.7 cells were obtained from the Korean Cell Line Bank
(KCLB NO 40071, Seoul, Republic of Korea) and were cultured in DMEM supplemented
with 10% FBS and 1% penicillin and streptomycin. Cells were maintained in a controlled
environment at 37 ◦C in an incubator in a 5% CO2 atmosphere. Subculture of RAW264.7
cells was performed once every 2 days. The cells were seeded in 24-well plates at a
concentration of 1.5 × 105 cells/mL and incubated for 16 h. Cells were treated with TEE
in multiple concentrations for 1 h. Then, lipopolysaccharide (LPS from Escherichia coli
O111:B, Sigma-Aldrich, St. Louis, MO, USA; 1 µg/mL) was added for co-treatment for
another 24 h of incubation. The cytotoxicity and cell viability of TEE were assessed using
the 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium Bromide (MTT) assay, and NO
production was evaluated using the Griess assay [32].

4.5.2. PGE2 and Proinflammatory Cytokines Production Assay

The procedure used to estimate the anti-inflammatory activity, also relevant to this
assay, is explained in Section 4.5.1. The PGE2 and proinflammatory cytokines (TNF-α, IL-6,
IL-1β) of the culture supernatant were measured using a mouse ELISA kit (R&D Systems,
Minneapolis, MN, USA) and a mouse ELISA kit (Biosciences, Franklin Lakes, NJ, USA)
following the manufacturer’s instructions.

4.5.3. Western Blots

The protein expression levels of iNOS, COX-2, p-ERK, ERK, p-JNK, JNK, p-p38, p38,
Ik-B, p-p65, and β-actin were analyzed by Western blotting. The cells were seeded as
described above, treated with samples, and treated with LPS for 24 h or 15 min following
the method by Thilina et al. [42]. Protein concentrations of the cell lysates were measured
using a BCATM protein assay kit (Thermo Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. Blocked membranes (3% bovine serum albumin and
2% skim milk) were incubated with primary (1:1000 dilution, Cell Signaling Technology,
Danvers, MA, USA) and goat anti-mouse or anti-rabbit secondary (1:3000 dilution, Santa
Cruz Biotechnology, Dallas, TX, USA) antibodies. The protein bands were detected using
FUSION SOLO (Vilber Lourmat, Marne La Vallée, France), and the intensity quantification
of the Western blot results was measured using ImageJ software (version 1.46r). [43].



Mar. Drugs 2023, 21, 369 10 of 12

4.5.4. Breeding of Zebrafish and NO Production Assay

Zebrafish were maintained in 3.5 L acrylic tanks under the following conditions: at
28.5 ± 1 ◦C, with a 14/10 h light/dark cycle, and they were fed twice daily (Tetra GmbH,
Melle, Germany). The day before, the zebrafish were interbred (breeding one female and
two males), spawning was stimulated by the onset of light. Embryos were transferred from
natural spawning to Petri dishes containing media [44]. At 7–9 h post-fertilization (hpf),
the embryos were transferred to 12-well plates (15 embryos/well) and were first incubated
for 1 h with selected TEE concentrations (100 and 200 µg/mL) and then sensitized with LPS
for 3 days post-fertilization (dpf). At 3 dpf, zebrafish larvae were stained with DAF-FM-DA
solution (Sigma-Aldrich, USA) or acridine orange solution (Sigma-Aldrich, USA) for the
detection of NO production and determination of cell death following the method by Kim
et al. [32]. Survival rate was measured at 7 dpf using a DS-Fi1c digital camera (Nikon,
Tokyo, Japan). Fluorescence intensity was quantified using the ImageJ program (version
1.46r). The zebrafish experiments were performed in accordance with the regulation of the
Animal Care and Use Committee of the Animal Center of Korea Institute of Ocean Science
and Technology (November 2021).

4.6. HPLC Chromatogram Analysis

TEE (30 mg/mL) was dissolved in chloroform:methanol (50:50, v/v) solution and
filtered through a 0.45 µm PVDF membrane filter. TEE was analyzed using an Agilent
1260 Infinity II Quaternary Pump and DAD WR detector (Santa Clara, CA, USA). The
analytical conditions of the HPLC system were as follows: column, YMC carotenoid C30
(4.6 × 250 mm, 3 µm); solvent system, water:methanol (25:75, v/v) and ethyl acetate;
gradient program, 83:17 v/v at 0 min, 70:30 v/v at 10 min, 70:30 v/v at 25 min, 20:80 v/v
at 30 min, 0:100 v/v at 35 min, 0:100 v/v at 40 min, 83:17 v/v at 50 min, 83:17 at 55 min;
flow rate, 1 mL/min; temperature, room temperature; injection volume, 10 µL; detector
wavelength, 454 nm. The carotenoid contents of TEE were quantified by comparing the
retention times and peak areas with the corresponding standard curve.

4.7. Statistical Analysis

All data were obtained in triplicates and are reported as the mean ± standard deviation
(SD). Statistical analysis for comparing the data was performed using the IBM SPSS Statistics
(version 20) software using one-way ANOVA, followed by Duncan’s multiple range test.
Statistical significance was set at p values < 0.01.

5. Conclusions

In the present study, the antioxidant and antiviral effects of a lutein-enriched extract of
Tetraselmis sp. were investigated using the DPPH radical and hydrogen peroxide scaveng-
ing activities and the plaque formation inhibition of VACV, respectively. In particular, we
demonstrated the anti-inflammatory activity through the suppression of NO and proinflam-
matory cytokine production by MAPKs and NF-kB signaling pathways in LPS-stimulated
RAW264.7 cells and the inhibition of NO production in an LPS-induced zebrafish model.
These microalgae could be cultivated in a 240,000 L semi-ORS, thus reducing the cost of
production and increasing its availability and granting it the potential to be used as a
functional agent in various industrial applications sustainably.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/md21070369/s1. Figure S1: The standard chromatogram of lutein.
(A) Calibration curve of lutein. (B) HPLC chromatogram of standard lutein.

Author Contributions: Conceptualization, E.-A.K. and S.-J.H.; methodology, E.-A.K., N.K., S.-Y.H.,
W.-K.K. and S.-H.L., validation, J.-Y.O. and S.-H.L.; formal analysis, E.-A.K., J.-Y.O., S.-H.L., W.-K.K.
and S.-H.C.; investigation, E.-A.K., N.K. and S.-H.C.; resources, S.-Y.H. and S.-J.H.; writing—original
draft preparation, E.-A.K. and S.-J.H.; funding acquisition, S.-J.H. All authors have read and agreed
to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/md21070369/s1
https://www.mdpi.com/article/10.3390/md21070369/s1


Mar. Drugs 2023, 21, 369 11 of 12

Funding: This research was supported by Korea Institute of Marine Science & Technology Promotion
(KIMST) funded by the Ministry of Oceans and Fisheries, Korea (20210466) and research grants from
the Korea Institute of Ocean Science and Technology (grant. No. PEA0126).

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Custódio, L.; Soares, F.; Pereira, H.; Barreira, L.; Vizetto-Duarte, C.; Rodrigues, M.J.; Rauter, A.P.; Alberício, F.; Varela, J. Fatty acid

composition and biological activities of Isochrysis galbana T-ISO, Tetraselmis sp. and Scenedesmus sp.: Possible application in the
pharmaceutical and functional food industries. J. Appl. Phycol. 2014, 26, 151–161. [CrossRef]

2. Farahin, A.; Yusoff, F.; Nagao, N.; Basri, M.; Shariff, M. Phenolic content and antioxidant activity of Tetraselmis tetrathele (West)
Butcher 1959 cultured in annular photobioreactor. J. Environ. Biol. 2016, 37, 631. [PubMed]

3. Pereira, H.; Silva, J.; Santos, T.; Gangadhar, K.N.; Raposo, A.; Nunes, C.; Coimbra, M.A.; Gouveia, L.; Barreira, L.; Varela, J.J. Nutri-
tional potential and toxicological evaluation of Tetraselmis sp. CTP4 microalgal biomass produced in industrial photobioreactors.
Molecues 2019, 24, 3192. [CrossRef] [PubMed]

4. Jo, W.S.; Choi, Y.J.; Kim, H.J.; Nam, B.H.; Hong, S.H.; Lee, G.A.; Lee, S.W.; Seo, S.Y.; Jeong, M. Anti-inflammatory effect of
microalgal extracts from Tetraselmis suecica. Food Sci. Biotechnol. 2010, 19, 1519–1528. [CrossRef]

5. Widowati, I.; Zainuri, M.; Kusumaningrum, H.P.; Susilowati, R.; Hardivillier, Y.; Leignel, V.; Bourgougnon, N.; Mouget, J.-L.
Antioxidant Activity of Three Microalgae Dunaliella Salina, Tetraselmis Chuii and Isochrysis Galbana Clone Tahiti; IOP Conference Series:
Earth and Environmental Science 2017; IOP Publishing: Bristol, UK, 2017; p. 012067.

6. Cardoso, C.; Pereira, H.; Franca, J.; Matos, J.; Monteiro, I.; Pousão-Ferreira, P.; Gomes, A.; Barreira, L.; Varela, J.; Neng, N. Lipid
composition and some bioactivities of 3 newly isolated microalgae (Tetraselmis sp. IMP3, Tetraselmis sp. CTP4, and Skeletonema sp.).
Aquac. Int. 2020, 28, 711–727. [CrossRef]

7. Kim, Z.-H.; Park, H.; Lee, C.-G. Seasonal assessment of biomass and fatty acid productivity by Tetraselmis sp. in the ocean using
semi-permeable membrane photobioreactors. J. Microbiol. Biotechnol. 2016, 26, 1098–1102. [CrossRef]

8. Lee, S.-J.; Choi, W.-S.; Park, G.-H.; Kim, T.-H.; Oh, C.; Heo, S.-J.; Kang, D.-H. Flocculation Effect of Alkaline Electrolyzed Water
(AEW) on Harvesting of Marine Microalga Tetraselmis sp. J. Microbiol. Biotechnol. 2018, 28, 432–438. [CrossRef]

9. Lee, W.-K.; Ryu, Y.-K.; Choi, W.-Y.; Kim, T.; Park, A.; Lee, Y.-J.; Jeong, Y.; Lee, C.-G.; Kang, D.-H. Year-round cultivation of
Tetraselmis sp. for essential lipid production in a semi-open raceway system. Marine Drugs 2021, 19, 314. [CrossRef]

10. Matharasi, A.; Kumar, R.D.; Prabakaran, G.; Kumar, P.S. Phytochemical screening and antimicrobial activity of marine microalgae
Tetraselmis sp. Int. J. Pharm. Biol. Sci. 2018, 8, 85–90.

11. Coulombier, N.; Nicolau, E.; Le Déan, L.; Antheaume, C.; Jauffrais, T.; Lebouvier, N.J. Impact of light intensity on antioxidant
activity of tropical microalgae. Mar. Drugs 2020, 18, 122. [CrossRef]

12. Coulombier, N.; Blanchier, P.; Le Dean, L.; Barthelemy, V.; Lebouvier, N.; Jauffrais, T.J. The effects of CO2-induced acidification on
Tetraselmis biomass production, photophysiology and antioxidant activity: A comparison using batch and continuous culture.
J. Biotechnol. 2021, 325, 312–324. [CrossRef]

13. Kim, E.-A.; Kang, N.; Kim, J.; Yang, H.-W.; Ahn, G.; Heo, S.-J. Anti-Inflammatory Effect of Turbo cornutus Viscera Ethanolic
Extract against Lipopolysaccharide-Stimulated Inflammatory Response via the Regulation of the JNK/NF-kB Signaling Pathway
in Murine Macrophage RAW 264.7 Cells and a Zebrafish Model: A Preliminary Study. Foods 2022, 11, 364.

14. Wang, L.; Oh, J.-Y.; Yang, H.-W.; Fu, X.; Kim, J.-I.; Jeon, Y.-J. Fucoidan isolated from the popular edible brown seaweed
Sargassum fusiforme suppresses lipopolysaccharide-induced inflammation by blocking NF-κB signal pathway. J. Appl. Phycol.
2021, 33, 1845–1852. [CrossRef]

15. Lu, C.-C.; Yen, G.-C. Antioxidative and anti-inflammatory activity of functional foods. Curr. Opin. Food Sci. 2015, 2, 1–8.
[CrossRef]

16. Rahman, M.; Islam, M.; Biswas, M.; Khurshid Alam, A.J. In vitro antioxidant and free radical scavenging activity of different
parts of Tabebuia pallida growing in Bangladesh. BMC Res. Notes 2015, 8, 1–9. [CrossRef]

17. Meshram, S.; Chandrika, P.M.; Architha, I.; Bhagya, K.; Deeksha, A.; Rauth, D.; Divya, J. Synthesis characterization antioxidant
activity of paradimethylamino benzaldehyde derivatives. Int. J. Adv. Res. Med. Pharm. Sci. 2022, 7, 23–28.

18. Oh, J.-Y.; Kim, J.-S.; Lee, J.-S.; Jeon, Y.-J. Antioxidant activity of olive flounder (Paralichthya olivaceus) surimi digest in in vitro and
in vivo. J. Food Sci. Technol. 2022, 59, 2071–2079. [CrossRef]

19. Shchelkunov, S.N.; Yakubitskiy, S.N.; Sergeev, A.A.; Starostina, E.V.; Titova, K.A.; Pyankov, S.A.; Shchelkunova, G.A.; Borgoyakova,
M.B.; Zadorozhny, A.M.; Orlova, L.A. Enhancing the immunogenicity of vaccinia virus. Viruses 2022, 14, 1453. [CrossRef]

20. Prasansuklab, A.; Theerasri, A.; Rangsinth, P.; Sillapachaiyaporn, C.; Chuchawankul, S.; Tencomnao, T.J. Anti-COVID-19 drug
candidates: A review on potential biological activities of natural products in the management of new coronavirus infection. J.
Tradit. Complement. Med. 2021, 11, 144–157. [CrossRef]

21. Kang, N.; Heo, S.-Y.; Cha, S.-H.; Ahn, G.; Heo, S.-J. In Silico Virtual Screening of Marine Aldehyde Derivatives from Seaweeds
against SARS-CoV-2. Mar. Drugs 2022, 20, 399. [CrossRef]

https://doi.org/10.1007/s10811-013-0098-0
https://www.ncbi.nlm.nih.gov/pubmed/28779721
https://doi.org/10.3390/molecules24173192
https://www.ncbi.nlm.nih.gov/pubmed/31484299
https://doi.org/10.1007/s10068-010-0216-6
https://doi.org/10.1007/s10499-019-00489-w
https://doi.org/10.4014/jmb.1601.01031
https://doi.org/10.4014/jmb.1709.09040
https://doi.org/10.3390/md19060314
https://doi.org/10.3390/md18020122
https://doi.org/10.1016/j.jbiotec.2020.10.005
https://doi.org/10.1007/s10811-021-02390-7
https://doi.org/10.1016/j.cofs.2014.11.002
https://doi.org/10.1186/s13104-015-1618-6
https://doi.org/10.1007/s13197-021-05221-2
https://doi.org/10.3390/v14071453
https://doi.org/10.1016/j.jtcme.2020.12.001
https://doi.org/10.3390/md20060399


Mar. Drugs 2023, 21, 369 12 of 12
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