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Abstract: Microalgae are recognized as a relevant source of bioactive compounds. Among these
bioactive products, lipids, mainly glycolipids, have been shown to present immunomodulatory
properties with the potential to mitigate chronic inflammation. This study aimed to evaluate the anti-
inflammatory effect of polar lipids isolated from Nannochloropsis oceanica and Chlorococcum amblystoma-
tis. Three fractions enriched in (1) digalactosyldiacylglycerol (DGDG) and sulfoquinovosyldiacylglyc-
erol (SQDG), (2) monogalactosyldiacylglycerol (MGDG), and (3) diacylglyceryl-trimethylhomoserine
(DGTS) and phospholipids (PL) were obtained from the total lipid extracts (TE) of N. oceanica and
C. amblystomatis, and their anti-inflammatory effect was assessed by analyzing their capacity to
counteract nitric oxide (NO) production and transcription of pro-inflammatory genes Nos2, Ptgs2,
Tnfa, and II1b in lipopolysaccharide (LPS)-activated macrophages. For both microalgae, TE and
Fractions 1 and 3 strongly inhibited NO production, although to different extents. A strong reduction
in the LPS-induced transcription of Nos2, Ptgs2, Tnfa, and I11b was observed for N. oceanica and C. am-
blystomatis lipids. The most active fractions were the DGTS-and-PL-enriched fraction from N. oceanica
and the DGDG-and-SQDG-enriched fraction from C. amblystomatis. Our results reveal that microalgae
lipids have strong anti-inflammatory capacity and may be explored as functional ingredients or
nutraceuticals, offering a natural solution to tackle chronic inflammation-associated diseases.

Keywords: microalgae; Nannochloropsis oceanica; Chlorococcum amblystomatis; lipids; lipidomics;
betaine lipids; glycolipids; phospholipids; anti-inflammatory activity

1. Introduction

Algae have long been used in traditional medicine and are gaining interest worldwide
as a source of bioactive compounds [1-4], namely due to their capacity to attenuate inflam-
mation associated with different diseases [5]. Inflammation is a physiological response of
the host to injury or infection. However, if imbalanced, it can develop into a persistent
low-grade chronic status, damaging cells, tissues, and organs, ultimately instigating the
onset of chronic diseases such as cancer, cardiovascular diseases, and diabetes, among
others [6]. These noncommunicable diseases (NCD) are the leading causes of death globally,
accounting for around 74% of deaths, according to the World Health Organization [7].
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The treatment of inflammation majorly relies on non-steroidal anti-inflammatory
drugs, which are often associated with severe adverse effects such as gastrointestinal
bleeding, nephrotoxicity, and cardiovascular complications [8]. Thus, natural sources have
been explored as an alternative to finding new anti-inflammatory products to tackle chronic
inflammation without the risk of severe side effects [9]. Natural products represent a source
of many bioactive compounds for functional foods and pharmaceutical applications and
have long been used in traditional medicine [10]. The use of natural products also copes
with the growing concern over the negative impact of synthetic bioactive products on
the environment (e.g., chemical pollution and Climate Change) increasing the pursuit of
natural sources of bioactive extracts and/or compounds.

Algae, macro- and microalgae, are recognized as natural reservoirs of diverse bioac-
tive molecules, such as carbohydrates, proteins, minerals, polyunsaturated fatty acids
(PUFA), pigments, and phycobilins [11]. Microalgae are being highlighted as rich and
sustainable natural sources of anti-inflammatory compounds, including lipids, such as
omega-3 fatty acids, which are well-known precursors of pro-resolving mediators [12],
and, more recently, polar lipids [2,5]. Microalgae fractions rich in different polar lipids,
such as the betaine class of diacylglyceryltrimethylhomoserine (DGTS) species and the
glycolipid classes of monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol
(DGDG), from Nannochloropsis granulata and Tetraselmis chui, were shown to cause a strong
inhibition of lipopolysaccharide (LPS)-triggered pro-inflammatory status in Raw264.7
macrophages [13-15]. However, the anti-inflammatory potential of only a handful of
microalgae has been explored, which is often characterized by the use of complex lipid
extracts [5], hindering the understanding of the relation between the lipid structure and
anti-inflammatory activity as well as the selection of the most bioactive lipid or lipid class.

To further understand the anti-inflammatory potential of polar lipids from two eicos-
apentaenoic acid (EPA)-rich microalgae, Chlorococcum amblystomatis and Nannochloropsis
oceanica, their total lipid extracts (TE) were fractionated into glycolipids, betaines, and
phospholipid-enriched fractions using solid-phase extraction (SPE). The anti-inflammatory
activity was evaluated in LPS-stimulated macrophages through the assessment of NO
production and the transcription levels of nitric oxide synthase (Nos2), cyclooxygenase-2
(Ptgs2), tumor necrosis factor-o (Tnfa), and interleukin-13 (1/1b).

2. Results
2.1. Composition of Lipid Extracts and Fractions from Nannochloropsis oceanica and
Chlorococcum amblystomatis

The total lipid extracts obtained for N. oceanica and C. amblystomatis were separated
into three different fractions enriched in different classes of polar lipids. Fraction 1 was
enriched in DGDG and SQDG lipids, Fraction 2 was enriched in MGDG lipids, and Fraction
3 was enriched in PL and DGTS lipids, as described in Figure 1.

The lipid composition of each fraction was confirmed via RP-HPLC-MS and MS/MS,
and the polar lipids identified for each alga and each class were in accordance with the
lipidome identification from these microalgae previously reported (Supplementary Table
51) [16-18]. The most abundant lipid species from the major classes identified in each
fraction are described in Table 1. The SPE allowed to obtainof fractions for each alga
enriched in the same most abundant lipid classes, as observed in Figure 1, although with
different compositions of lipid species.
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Figure 1. Composition of fractions 1-3 obtained after solid-phase extraction of total extracts (TE) of
the microalgae Nannochloropsis oceanica (A) and Chlorococcum amblystomatis (B). Fraction 1 was mainly
composed of digalactosyldiacylglycerol (DGDG) and sulfoquinovosyldiacylglycerol (SQDG) species,
fraction 2 was constituted mainly by monogalactosyldiacylglycerol (MGDG) species, and fraction 3

was majorly composed of diacylglyceryltrimethylhomoserine (DGTS), monoacylglyceryltrimethylho-
moserine (MGTS), and phosphatidylglycerol (PG) species.

Table 1. Most abundant lipid classes in fractions 1-3 obtained from the total lipid extracts of the mi-
croalgae Nannochloropsis oceanica and Chlorococcum amblystomatis, identified via RP-LC-MS/MS. Abbre-
viations: DGDG—digalactosyldiacylglycerol, SQDG—sulfoquinovosyldiacylglycerol, MGDG—mon-
ogalactosyldiacylglycerol, DGTS—diacylglyceryl-trimethylhomoserine, MGTS—monoacylglyceryl-
trimethylhomoserine, and PG—phosphatidylglycerol.

Nannochloropsis oceanica Chlorococcum amblystomatis

Most Abundant Most Abundant Most Abundant Most Abundant

Lipid Classes Lipid Species Lipid Classes Lipid Species
Fraction 1 DGDG DGDG 16:0_16:1 DGDG DGDG 14:0_18:1
faction SQDG SQDG 16:0_16:1 SQDG SQDG 16:0_16:1
Fraction 2 MGDG MGDG 20:5_20:5 MGDG MGDG 16:0_16:1
DGTS DGTS 20:5_20:5 DGTS DGTS 20:5_20:5

Fraction 3 MGTS MGTS 20:5 MGTS MGTS 20:5
PG PG 16:0_20:5 PG PG 16:0_20:5

2.2. Impact of Nannochloropsis oceanica and Chlorococcum amblystomatis Extracts and Fractions
on Raw 264.7 Cell Viability

The effect of N. oceanica and C. amblystomatis total lipid extracts and fractions on the
viability of Raw 264.7 cells was assessed using the resazurin reduction assay (Figure 2),
allowing disclosure of safe concentrations for further use. Note that in this work, we
considered decreases in cell viability down to 80% of viable cells. The results showed
that total lipid extracts did not affect the viability of Raw 264.7 cells at any concentration
for both microalgae. The DGDG-and-SQDG-enriched fraction from N. oceanica affected
cell viability at 50, 100, and 200 ugomL_l, while the MGDG-enriched fraction affected cell
viability at and beyond 25 pug-mL~!. The N. oceanica fraction enriched in PL and DGTS
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affected cell viability at 100 and 200 pg-mL~!. On the other hand, C. amblystomatis fractions
only affected macrophage viability at 100 and 200 pg-mL~!.
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Figure 2. Effect of (A) Nannochloropsis oceanica and (B) Chlorococcum amblystomatis total lipid extracts
and three fractions enriched in lipids from the DGDG and SQDG, MGDG, and PL and DGTS
classes, respectively, on the murine cell line Raw 264.7 viability. Cells were treated with total lipid
extracts and fractions at concentrations of 10, 25, 50, 100, and 200 ug~mL*1 from (A) N. oceanica or
(B) C. amblystomatis for 24 h. Cell viability is expressed as a percentage of resazurin reduction in
comparison to control cells (100% viability). Each value represents the mean =+ standard deviation of
three independent experiments performed in duplicate. Statistical differences between groups were
calculated using a One-way ANOVA followed by Dunnet’s post hoc test (* p < 0.05).

For N. oceanica, the concentrations chosen to carry on with the study were 100 pg-mL ™!
of TE, 25 pg~mL’1 of DGDG-and-SQDG-enriched fraction, 10 pg-mL’1 of MGDG-enriched
fraction, and 50 ug-mL~! of PL-and-DGTS-enriched fractions. In the case of C. amblystomatis,
the selected concentrations were 100 pg-mL~! for TE and 50 pug-mL~! for all three enriched
fractions.

2.3. Antioxidant Potential of Nannochloropsis oceanica and Chlorococcum amblystomatis Lipid
Extracts and Fractions

The antioxidant potential of microalgae lipid extracts and fractions towards ROS
production was assessed (Figure 3). Firstly, the pro-oxidant stimulus TBHP induced a
significant increase in ROS production, which was strongly inhibited by the classical
antioxidant compound NAC. In what concerns microalgae lipid extracts and fractions,
ROS production was significantly reduced when using 100 pg-mL ™! total lipid extracts of
N. oceanica or C. amblystomatis. Moreover, the fraction enriched in DGDG and SQDG from C.
amblystomatis also promoted a significant decrease in the TBHP-induced production of ROS.
Curiously, the fraction enriched in PL and DGTS from N. oceanica significantly enhanced
the TBHP-induced production of ROS.
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Figure 3. Antioxidant potential of (A) Nannochloropsis oceanica and (B) Chlorococcum amblystomatis
lipid extracts and fractions against THBP-induced production of reactive oxygen species (ROS) in
Jurkat cells. N-acetyl-cysteine (NAC) was used as a positive control against THBP-induced production
of ROS. Values represent the mean =+ standard deviation of three independent experiments performed
in duplicate. Statistical differences between control and THBP groups (*) and treatment conditions
and THBP (#) were evaluated using One-way ANOVA followed by Dunnet’s post hoc test (p < 0.05).

2.4. Effect of Nannochloropsis oceanica and Chlorococcum amblystomatis Lipid Extracts and
Fractions on LPS-Triggered Nitric Oxide Production via Macrophages

To assess the anti-inflammatory potential of N. oceanica and C. amblystomatis lipids, their
impact on the production of LPS-triggered NO was evaluated in Raw 264.7 macrophages
(Figure 4A,B). As expected, untreated cells had very low production of NO, as well as
when co-cultured with the three different fractions from each of the microalgae. However,
a significant increase in NO levels was detected when treating cells with total lipid extracts
from both N. oceanica and C. amblystomatis.

LPS stimulation of Raw 264.7 macrophages induced a significant increase in the
production of NO (27.3 £ 3.1 uM). Pre-treatment of cells with total lipid extracts from
N. oceanica and C. amblystomatis strongly reduced LPS-induced production of NO, and the
same trend was observed when using the three lipid fractions enriched in (1) DGDG and
SQDG and (2) PL and DGTS from each microalga. The MGDG-enriched fraction from each
microalga did not promote any significant decreases in the production of NO.

To address if the observed effects were resulting from intrinsic NO scavenging activity
of the lipids, an in chemico assay was performed using SNAP as a NO donor. As shown
in Figure 4C,D, neither lipid extracts nor fractions presented significant NO scavenging
activity. Thus, the observed decrease in NO levels may occur through downmodulation of
Nos2 transcription and/or direct inhibition of iNOS enzymatic activity.

2.5. In Chemico Determination of Nannochloropsis oceanica and Chlorococcum amblystomatis
Lipid Extracts and Fractions in COX-2 Activity

The anti-inflammatory potential of microalgae lipid fractions and extracts was further
assessed through an in chemico COX-2 inhibition assay (Figure 5). Incubation of COX-2 with
N. oceanica total lipid extracts and fractions of DGDG and SQDG as well as MGDG showed
virtually no inhibition of the enzyme, while PL and DGTS fractions achieved 20% inhibition.
On the other hand, C. amblystomatis total lipid extracts and fractions achieved some degree
of inhibition, with the most active fraction being the MGDG fraction, which registered over
60% inhibition.
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Figure 4. Nitrite (NO) production in Raw264.7 cells treated with (A) Nannochloropsis oceanica and
(B) Chlorococcum amblystomatis lipid extracts and fractions. Effect of (C) N. oceanica and (D) C. am-
blystomatis lipid extracts and fractions on NO scavenging. Each value represents the mean = standard
deviation of three experiments performed in duplicate. Statistical differences between control and
LPS or treatment groups (*), treatment condition and LPS (#), and control and SNAP ($) were analyzed
using One-way ANOVA followed by Dunnet’s post hoc test (p < 0.05).
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Figure 5. Inhibition of cyclooxygenase-2 (COX-2) activity in chemico using Nannochloropsis oceanica
(A) and Chlorococcum amblystomatis (B) total extracts (TE) and fractions enriched in DGDG and
SQDG, MGDG, and PL and DGTS. Each value represents the mean + standard deviation of three
independent experiments.
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2.6. Effect of Nannochloropsis oceanica and Chlorococcum amblystomatis Lipid Extracts and
Fractions on LPS-Triggered Transcription of Nos2, Ptgs2, Tnfa, and 111b Genes

The impact of microalgae lipids and extracts on the transcription of the pro-
inflammatory genes Nos2, Ptgs2, Tnfa, and II1b was evaluated in cells treated with mi-
croalgae and with LPS (Figure 6). As expected, treatment with LPS increased the mRNA
levels of all genes analyzed.

Nannochloropsis oceanica
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Figure 6. Modulation of LPS-induced transcription of pro-inflammatory genes (Nos2, Ptgs2, Tnfa,
and 111b) using Nannochloropsis oceanica (A-D) and Chlorococcum amblystomatis (E-H) lipid extracts
(TE) and fractions (DGDG and SQDG, MGDG, and PL and DGTS) in Raw 264.7 cells. The mRNA
levels were assessed with quantitative Real-Time RT-PCR. Results are presented as fold change
relative to control and normalized with Hprt1 as a housekeeping gene. Each value represents the
mean = standard deviation from three independent biological experiments. Statistical differences
between control and LPS-stimulated cells (*) and treatment condition and LPS (#) were evaluated
using One-way ANOVA followed by Dunnet’s post hoc test (p < 0.05).

Pre-treatment with N. oceanica total lipid extract significantly counteracted LPS-induced
levels of Ptgs2, Tnfa, and 1I1b. Fractions enriched in DGDG and SQDG as well as MGDG
only significantly reduced pro-inflammatory cytokine genes but not Ptgs2 and Nos2, while
PL-and-DGTS-enriched fractions down-regulated all analyzed genes. The latter repre-
sented, therefore, the fraction with the most significant inhibition for all genes.

On the other hand, lipid extract and fractions from C. amblystomatis reduced the
mRNA of all four genes, except for the MGDG-enriched fraction at 50 pg-mL~! against
Tnfa. The fraction enriched in DGDG and SQDG promoted the most significant decrease in
transcription of all analyzed genes.

3. Discussion

Multiple products of natural origin have been described as having strong anti-
inflammatory effects, including microalgae extracts and lipids [5]. This work explored the
anti-inflammatory potential of two EPA-rich microalgae, N. oceanica and C. amblystoma-
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tis. The anti-inflammatory effect of both microalgae extracts was assessed through their
capacity to mitigate cellular oxidative stress and LPS-triggered production of NO and
transcription of inflammation-related genes Nos2, Ptgs2, Tnfa, and IL1b.

The total extracts from both N. oceanica and C. amblystomatis showed strong antioxidant
activity and great capacity to counteract LPS-induced production of NO and transcription
of the above-mentioned mediators/effectors when using non-cytotoxic concentrations. This
is in line with previous work performed with both of these microalgae, which verified anti-
inflammatory potential in N. oceanica ethanolic extract through inhibition of iNOS and COX-
2 LPS-induced expression in a mouse model [19] and inhibition of COX-2 in chemico using
lipid extracts from C. amblystomatis [18]. The influence of these two microalgae extracts
on ROS production and cytokine expression has not been previously assessed. However,
inhibition of LPS-induced secretion of TNF-oc and IL-13 was observed for Spirulina maxima,
Chlorella vulgaris, and Phaeodactylum tricornutum [20-22], while inhibition of ROS generation
was observed when using Porphyridium cruentum extracts [23]. However, lipid extracts are
complex mixtures of lipids, including polar lipids, such as phospholipids and glycolipids.
In the case of N. oceanica and C. amblystomatis, the lipids were characterized, revealing
a dissimilar profile, but both contained several polar lipids esterified to EPA [16,18]. To
determine the lipid classes that mostly contributed to the observed anti-inflammatory
activity of the extracts of N. oceanica and C. amblystomatis, we obtained, via SPE, three
different fractions enriched in (1) DGDG and SQDG, (2) MGDG, and (3) PL and DGTS.

Our results revealed that only the GL fraction (DGDG and SQDG) from C. amblystoma-
tis significantly reduced TBHP-induced ROS levels in lymphocytes. Inflammation-related
disorders are multifactorial, and oxidative stress is an important inducer and promoter
of inflammation, regulating, for instance, the NF-kB signaling pathway [24]. Moreover,
ROS over and/or continuous production can cause dysfunction and tissue injury at the
site of inflammation and have a negative impact on immune cells, such as T-cells [25],
contributing to the onset of chronic inflammation, which is implicated in the pathogen-
esis of non-communicable diseases (e.g., cardiovascular disease) [26]. Modulating ROS
production can prevent further aggravation of chronic inflammation and ameliorate con-
ditions associated with high ROS levels, such as in CVD and diabetes [27]. Curiously,
there was a significant increase in ROS production upon treatment of THBP-induced cells
with the N. oceanica fraction enriched in DGTS and PL. This result can be interpreted as a
potential enhancement of the THBP pro-oxidant effect on these cells. In fact, betaine lipids
have been shown to increase mitochondrial respiration, which can positively affect ROS
production [28]. However, future work is necessary to understand the observed changes.

Another free radical involved in inflammation that is found elevated during the pro-
inflammatory phase and in chronic inflammation is NO [29]. Except for the MGDG fraction,
all fractions from N. oceanica and C. amblystomatis showed strong inhibition of LPS-induced
production of NO when using non-cytotoxic concentrations. A similar trend was observed
when assessing Nos2 mRNA levels. Since no scavenging of NO was observed, this indicates
that the observed effects of these microalgae lipids were due in part to the decreased ex-
pression of the enzyme. However, we cannot discard the fact that lipids also directly inhibit
iNOS activity. NO is a versatile free radical that can act as a neurotransmitter, vasodilator,
and in the immune defense of the host [29]. Nevertheless, excessive and prolonged pro-
duction of NO can promote mitochondrial dysfunction and cell apoptosis and contribute
to the pathogenesis of inflammatory diseases and cancer [30]. Some studies also reported
an association between high NO levels and several prevalent neurodegenerative diseases,
including Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, Hunting-
ton’s disease, and ischemic brain injury stroke [29]. In theumatoid arthritis, elevated NO is
often considered a disease marker [31], and pharmacological interventions envisioning its
decrease are shown to be a valid therapeutic approach [32].

The most active fractions in the reduction in NO and Nos2 transcription were the
PL-and-DGTS-enriched fraction from N. oceanica and the fraction enriched in DGDG and
SQDG from C. amblystomatis, not excluding the activity observed for other fractions with
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NO inhibitory activity. The inhibition of iNOS expression and activity was already shown
for DGTS species containing EPA, such as DGTS (20:5/18:2) and DGTS (20:5/20:5), from
the microalga N. granulata [13], and these lipid species were present in this N. oceanica
fraction (Table 1). The iNOS inhibition was also associated with a few glycolipids, as well
as several DGDG and SQDG species in microalgae, namely DGDG (16:0/18:4), DGDG
(20:5/18:2), DGDG (20:5/20:5), and SQDG (18:3/16:0) [14,33,34], which were also identified
and present in the C. amblystomatis fraction enriched in DGDG and SQDG. This indicates
that these betaine lipids and glycolipids could have had a higher contribution to the
observed inhibitory activity. However, the panoply of mediators involved in inflammation
can still contribute to the aggravation of chronic inflammation, and having only one specific
target might not be enough to attenuate and promote the resolution of inflammation.
Therefore, it is necessary to assess the impact of these fractions on other targets.

The LPS-induced transcription of Ptgs2, the gene coding for cyclo-oxygenase 2 (COX-
2), was strongly inhibited with the N. oceanica and C. amblystomatis fractions, excluding
the MGDG fraction from N. oceanica. Regarding the effects directly on the enzyme activity,
we observed, in chemico, little to no inhibition of COX-2 activity when using N. ocean-
ica extracts, while the most active fraction of C. amblystomatis was enriched in MGDG.
COX-2 is the inducible form of cyclo-oxygenase and catalyzes the conversion of ARA to
prostaglandins. Prostaglandins are involved in multiple physiological and pathophysio-
logical processes such as platelet aggregation, vascular permeability, thrombus formation,
inflammatory response, and tumorigenesis [35,36]. Moreover, in obesity and diabetes,
adipose tissue COX-2 activation contributes to fat inflammation and insulin resistance [37].
Interestingly, inhibition of COX-2 can significantly attenuate inflammation in the adipose
tissue through suppression of MCP-1 and TNF-« gene expression, thus highlighting the
beneficial role of targeting COX-2 to control inflammatory diseases and non-communicable
diseases [38]. Nowadays, the basis of anti-inflammatory pharmacotherapy is based on COX
(1/2) inhibition [39]. However, treatment with most synthetic COX inhibitors is associated
with gastrointestinal damage (COX-1), and the few that have a reduced gastrointestinal
impact have been associated with increased cardiovascular risk (COX-2) [40]. Thus, new
alternatives are sought after, and the use of microalgae lipids offers a new natural and
alternative source of compounds that can act as COX inhibitors.

The most bioactive fractions from N. oceanica and C. amblystomatis were the ones
enriched in PL and DGTS, and DGDG and SQDG, respectively, which suggests these lipid
classes could have had a higher contribution to the extracts’ activity. Although we did
not evaluate prostaglandin levels, down-regulation of COX-2 transcription via microalgal
lipids expectably affected their production, as previously reported [41]. Moreover, in the
case of COX-2, no work has attributed inhibitory activity to individual lipid species, which
should be explored in the future to understand the relationship between structure and
COX-2 inhibitory activity.

Pre-treatment of macrophages with all lipid fractions decreased LPS-induced mRNA
levels of the cytokines TNF-oc and IL-1§3, with the exception of the MGDG-enriched fraction
from C. amblystomatis. TNF-a and IL-1f3 are two pro-inflammatory cytokines that contribute
to the initiation and progression of inflammation by inducing the secretion of other pro-
inflammatory cytokines and mediators, some of which are associated with pain, swelling,
and tissue damage [42,43]. Overproduction and prolonged exposure to these cytokines
can lead to tissue injury, sepsis, and death [44]. They are strongly implicated in the
pathogenesis of inflammatory diseases like rheumatoid arthritis, atherosclerosis [45], and
diabetes [46]. Interestingly, previous work with DGTS-enriched extracts from the soil alga
Chromochloris zofingiensis and DGDG species isolated from Iscochrysis galbana and from
the cyanobacterium Nodularia harveyana showed strong inhibitory activity against TNF- «
secretion [47-49]. Thus, this corroborates the strong inhibitory power of these lipids against
these cytokines.

The mechanisms of action of microalgae lipids against pro-inflammatory mediators
remain underexplored. EPA is often described as being highly present in algae of marine
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origin [50], such as N. oceanica [51]. On the other hand, C. amblystomatis is a freshwater
microalga with a considerable amount of EPA (~9%) [18]. EPA is often associated with
anti-inflammatory activity, representing an important precursor of anti-inflammatory lipid
mediators [52]. In microalgae, omega-3 PUFA is often found esterified in glycolipids
and betaine lipids. These lipids also have intrinsic bioactive properties in addition to
being carriers of omega FA [53]. For instance, Banskota et al. have addressed the impact
of isolated DGTS, MGDG, and DGDG lipids against LPS-induced NO production via
macrophages, observing a reduction in NO levels [13,14]. This reduction was not associated
with NO scavenging but with down-regulation of iNOS expression, similar to our results,
and a consequent decrease in iNOS protein levels. Curiously, in the case of DGTS isolated
from the marine microalgae N. granulate, the NO inhibitory activity was significantly higher
in DGTS (20:5/20:5) and DGTS (20:5/20:4) when compared to DGTS esterified with other
FAs. However, all tested DGTS significantly decreased NO production, thus indicating
that inhibition was not promoted by the unsaturated FA but by the betaine lipid itself.
Also DGDG esterified to EPA exhibited the capacity to reduce NO, whereas when EPA, as
free FA, was tested, a much reduced NO inhibitory activity was observed when compared
to polar lipids carrying EPA, indicating the intrinsic bioactive role of the polar lipid as
DGDG and MGDG [33]. On the other hand, the relationship between betaine lipids and
glycolipids and their anti-inflammatory activity against other mediators remains unknown.
The results herein indicate that inhibition of COX-2, TNF-«, and IL-1f3 can occur through
the reduction in Ptgs2, Tnfa, and II1b. However, further studies are necessary to precisely
define this relationship.

Regulation of these pro-inflammatory mediators is associated with the signaling
cascade of NF-«B, which is translocated to the cell nucleus in response to pro-inflammatory
stimuli like LPS, inducing expression of Nos2, Ptgs2, Tnfa, 111b, and others [54,55]. The
inhibitory effect observed for N. oceanica and C. amblystomatis lipid fractions could arise
from the suppression of this pathway, as previously reported for microalgae extracts [56].
These lipids could be interacting with receptors responsible for downstream regulation of
the NF-kB pathway. However, the mechanisms of interaction between microalgae DGDG,
SQDG, and DGTS remain unclear. No work has assessed the impact these lipid classes
have on this signaling mediator, and future work should evaluate it. Curiously, distinct
extents of inhibition were observed for the same fraction but from different microalgae
at non-cytotoxic concentrations. This dissimilar activity can result from differences in
the composition of lipids within the same classes [16,18]. Moreover, the MGDG-enriched
fraction showed the least inhibitory strength, although previous studies observed strong
inhibitory activity when using isolated MGDG from other microalgae with different lipid
profiles [15,57], thus highlighting the importance of studying different microalgae as they
have different compositions and combinations of lipids [17], and, in turn, different anti-
inflammatory potential. While the results presented here are undoubtedly promising,
further studies on in vivo models of inflammation will be of great interest for the elucidation
of the pharmacokinetic behavior and, consequently, for the potential clinical applications
of these extracts.

4. Materials and Methods
4.1. Reagents

HPLC-grade ethanol with 99% purity (EtOH, C;H50H), dichloromethane (CH,Cly),
methanol (MeOH, CH30H), acetone (CH3COCH3), diethyl ether (CH3CH,OCH,CH3),
and acetic acid with 100% purity (CH3COOH) were purchased from Fisher Scientific Ltd.
(Loughborough, UK) and Merck & Co., Inc. (Rahway, NJ, USA). Milli-Q water was obtained
from a water purification system (Synergy, Millipore Corporation, Billerica, MA, USA).
Internal standard mixture comprised 1,2-dimyristoyl-sn-glycero-3-phosphate (AMPA), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (AMPC), 1-nonadecanoyl-2-hydroxy-sn-glycero-
3-phosphocholine (LPC), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (dMPE), 1,2-
dimyristoyl-sn-glycero-3-phospho-(10-rac-glycerol) (dAMPG), 1,2-dipalmitoyl-sn-glycero-
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3-phosphatidylinositol (dPPI), 1,2-dimyristoyl-sn-glycero-3-phosphatidylserine (AMPS),
N-heptadecanoyl-D-erythro-sphingosine (Cer(17:0/d18:1)), 1,3'-bis-[1-2-di-tetradecanoyl-
sn-glycero-3-phospho]-sn-glycerol (CL), and N-heptadecanoyl-D-erythro-sphingosylphos-
phorylcholine (SM). These standards were purchased from Avanti Polar Lipids, Inc. (Al-
abaster, AL, USA). All the other reagents and chemicals used were of the highest grade of
purity commercially available.

4.2. Microalgal Material

Spray-dried biomasses of Nannochloropsis oceanica and Chlorococcum amblystomatis were
supplied by Allmicroalgae, Natural Products S.A., located at Rua 25 de Abril s/n 2445-413
Pataias, Portugal.

Both microalgae species were cultivated autotrophically using a proprietary medium
formulation based on Guillard’s F/2 [58]; saltwater strain N. oceanica had additional sup-
plementation of a Magnesium mixture (Necton, Olhao, Portugal) and NaCl (Salexpor,
Coimbra, Portugal) adjusted to 30 g-L.~! salinity. Microalgae cultures were first cultivated
in 5 L flask reactors and kept in laboratory-controlled conditions: average temperature
of 23 & 1 °C and under continuous 100 pmol photons-m?-s~! light provided using LEDs
from 7 to 15 days. Five 5 L flask reactors were used to inoculate one 0.1 m® L outdoor
flat panel (FP) reactor, later scaled up to 1 m® FPs. Four FPs were used as the inoculum
of a 10 m? tubular photobioreactor (PBR); these reactors were exposed to ambient light
(16:8 light/dark cycles) and temperature conditions until the stationary phase was reached.
A sprinkler-like irrigation system was used to keep the temperature of the PBR below the
maximum limit (30 °C). pH was kept constant with pulse injections of CO,. The tempera-
ture limit and pH conditions in the 10 m® PBRs were operated as previously described [58].
The biomass was recovered via centrifugation and dried. Microalgae at approximately
50 g-L~! were dried via atomization in a spray dryer with an evaporation capacity of 150 kg
water h~!. Drying was quickly achieved with an air stream at 215 + 5 °C. The outlet air
temperature with the biomass powder was 92 &+ 3 °C. The powder was obtained through a
cyclone and stored, protected from light and humidity.

4.3. Lipid Extraction

Lipid extraction of C. amblystomatis and N. oceanica biomass was carried out using
ultrasound-assisted extraction (UAE). Ethanol 99% was added to glass tubes carrying 25 mg
of biomass and vortexed for 2 min. UAE was performed using an ultrasonic water/ice
bath (Bandelin, Mecklenburg-Vorpommern, Germany) for 30 min, with an ultrasound
frequency of 35 kHz and a nominal ultrasonic power density of 80. The water/ice bath was
used to avoid warming the medium and was renewed every 30 min. Samples were then
centrifuged for 10 min at 2000 rpm, and the organic phase was collected. This procedure
was repeated three more times. The combined, collected organic phases were dried under
a nitrogen (Nj) stream.

4.4. Solid-Phase Extraction of the Total Extracts

Lipid fractionation was performed according to the adapted procedure from Ruiz
et al. [59,60]. Glass columns (Fisher Scientific®, Hampton, NH, USA) containing approxi-
mately 5 g of silica gel (Flash 40-60 pm—60 A) (ACROS Organics®, Hampton, NH, USA)
were used to obtain three fractions enriched in 1) DGDG and SQDG, 2) MGDG, and 3) PL
and DGTS. In brief, the column was conditioned with 30 mL of dichloromethane (CH,Cl,)
and loaded with 10 mg of microalgal extract dissolved in CH,Cl,. The lipid elution oc-
curred according to Figure 7, and as follows: neutral lipids were separated and discarded
using 30 mL of CH,Cly; pigments were separated and discarded using 45 mL of a mixture
of diethyl ether/acetic acid (98:2 v/v); Fraction 1 was eluted using 30 mL of a mixture
(1:1 v/v) of diethyl ether/acetic acid (98:2 v/v) and acetone/methanol (9:1 v/v); Fraction 2
was eluted with 40 mL of acetone/MeOH (9:1 v/v); Fraction 3 was eluted using 40 mL of
MeOH. The recovered fractions were collected and evaporated to dryness with N,. Silica
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residues were separated from the recovered fractions through an adapted Folch extraction
methodology [18,61].

Lipid extract U
‘ Dichloromethane

Neutral
lipids

Diethyl ether/ (98:2) +
acetic acid (98:2)

S W

—_— —_— —_— —_—

Diethyl ether/acetic acid
Acetone/methanol Methanol
acetone/methanol (9:1) (9:1)

Pigments DGDG+ Betaine lipids +
N sQbG Phospholipids

Figure 7. Schematic representation of solid-phase extraction to separate different lipid classes from

microalgae extracts. Lipid extracts of Nannochloropsis oceanica and Chlorococcum amblystomatis were
loaded into the column, and elution occurred as follows: (1) dichloromethane was used to separate
neutral lipids; (2) diethylether/acetic acid (98:2 v/v) was used to separate pigments; (3) a (1:1 v/v)
mixture of diethylether/acetic acid (98:2 v/v) and acetone/methanol (9:1 v/v) was used to separate
MGDG:; (4) acetone/methanol (9:1 v/v) was used to separate DGDG and SQDG; and (5) methanol
was used to separate betaine lipids and phospholipids.

4.5. Lipidomics Analysis
4.5.1. Data Acquisition

Lipid extracts and fractions were analyzed via reverse phase liquid chromatography
(RP-LC) in an Ultimate 3000 Dionex (Thermo Fisher Scientific, Bremen, Germany) using
an Ascentis® Express C18 column (Sigma—AldriCh@ St. Louis, MO, USA, 2.1 x 100 mm,
2.7 um) coupled to the Q-Exactive® hybrid quadrupole Orbitrap mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany). Mobile phase A was composed of water/acetonitrile
(40/60%) with 10 mM ammonium formate and 0.1% formic acid. Mobile phase B was
composed of isopropanol/acetonitrile (90/10%) with 10 mM ammonium formate and 0.1%
formic acid. The following gradient was applied: 32% B at 0 min, 45% B at 1.5 min, 52% B
at 4 min, 58% B at 5 min, 66% B at 8 min, 70% B at 11 min, 85% B at 14 min, 97% B at 18 min,
97% B at 25 min, 32% B at 25.01 min, and 32% B at 33 min.

A mixture of 40 pg of lipid extracts and fractions (in 10 pL of dichloromethane),
82 uL of a solvent system consisting of 50% isopropanol/50% methanol, and 8 puL of stan-
dards mixture (AMPC—0.04 ng, SM d18:1/17:0—0.04 pg, dAMPE—0.04 ng, LPC—0.04 ug,
dPPI—0.08 png, CL (14:0)4—0.16 pg; dMPG—0.024 pg, Cer (17:0/d18:1)—0.08 ng,
dMPS—0.08 pg; dMPA—O0.16 ug) was prepared for each mixture, and 5 uL was loaded into
the column at 50 °C and at a flow-rate of 260 pL-min~!. The mass spectrometer operated
in simultaneous positive (ESI 3.0 kV) and negative (ESI—2.7 kV) modes, as previously
described. The capillary temperature was 320 °C, and the sheath gas flow was 35 U. Data
were acquired in full scan mode with a high resolution of 70,000 at m/z 200, an automatic
gain control (AGC) target of 3 x 10°, an m/z range of 300~1600, 2 microscans, and a maxi-
mum inject time (IT) of 100 ms. The tandem mass spectra (MS/MS) were obtained with a
resolution of 17,500, an AGC target of 1 x 10°, 1 microscan, and a maximum IT of 100 ms.
The cycles consisted of one full-scan mass spectrum and ten data-dependent MS/MS scans,
which were repeated continuously throughout the experiments with a dynamic exclusion
of 30 s and an intensity threshold of 8 x 10*. Normalized collision energy TM (CE) ranged
between 20, 24, and 28 eV in the negative mode and 25 and 30 eV in the positive mode. Data
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acquisition was performed using the Xcalibur data system (V3.3, Thermo Fisher Scientific,
Bremen, Germany).

4.5.2. Data Analysis

The identification of the different lipid species was based on mass accuracy observed
in LC-MS spectra, as well as LC-MS/MS spectra interpretation that allows confirming
the polar head group identity and the fatty acyl chains of the molecular species. MSDial
4.6 software was used for peak detection, compound identification, and the generation
of a list of identified species. The generated template with the identified lipid species in
the C. amblystomatis and N. oceanica extracts and fractions was further used in MZmine
2.53 software. This software was used for filtering LC-MS raw data, peak detection, peak
processing, and assignment against the template generated with MSDial. Only peaks
within 5 ppm of the lipid exact mass and a peak area higher than 1 x 107 were considered.
Relative quantification was performed by normalizing the peak areas of the extracted ion
chromatograms (EIC) with the peak areas of internal standards.

4.6. Liposomes Preparation

The liposomes containing total extracts or lipid fractions from C. amblystomatis or
N. oceanica were prepared using the modified Gortzi method [62]. The dried total extracts
and fractions were mixed with sterile DMEM media, followed by two cycles of 5 min
vortex and 30 min of sonication in an ultrasonic water/ice bath (Bandelin, Mecklenburg-
Vorpommern, Germany) with an ultrasound frequency of 35 kHz and a nominal ultrasonic
power density of 80 W, and the water/ice bath was renewed every 30 min.

4.7. Cell Culture

Raw 264.7 cells (ATCC No. TIB-71, Manassas, VA, USA), a mouse macrophage cell
line, were maintained in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% non-inactivated fetal bovine serum (FBS), 1.5 g~L’1 sodium bicarbonate,
2 mM of glutamine, 100 U-mL~"! of penicillin, and 100 pg-mL~! of streptomycin. Cells were
maintained in an incubator at 37 °C and 5% CO, and were sub-cultured when reaching
80-90% confluence. Jurkat (ATCC No. TIB-152, Manassas, VA, USA), a human T-cell line,
was cultured in RPMI 1640 (Gibco, ThermoScientific, Waltham, MA, USA) supplemented
with 1 mM of pyruvate, 2 mM of glutamine, 100 U-mL~! of penicillin, 100 pg-mL~! of
streptomycin, and 10% heat-inactivated FBS. Cells were maintained in a confluence be-
tween 0.2 and 1 x 10° cells-mL~!. The morphological appearance of both cell lines was
routinely monitored via optical microscopy.

4.8. Evaluation of Cell Viability Using a Resazurin Assay

The impact of lipid fractions on cell viability was determined using the resazurin
reduction assay [63]. Macrophages were seeded at 5.0 x 10° cells-well ! in a 96-well plate
and allowed to stabilize in 200 uL of media overnight in the incubator. Cells were then
treated with increasing concentrations of liposomes containing total extracts (TE), DGDG
and sulfoquinovosyldiacylglycerol (SQDG), MGDG, and PL-and-DGTS-enriched fractions
(10, 25, 50, 100, and 200 ug~mL’1). After 22 h, resazurin (50 uM) was added, and cells were
incubated for an additional 2 h. Absorbance was then measured at 570 and 600 nm in a
Tecan infinite M200 spectrophotometer (Tecan Group, Médnnedorf, Switzerland). All assays
were performed in biological triplicates.

4.9. In Vitro Antioxidant Activity

Jurkat lymphocytes were plated at 2.5 x 10° cells-well ! in a 24-well plate and treated
with TE and fractions of both microalgae at non-cytotoxic concentrations for 1 h, followed
by the addition of 200 uM of tert-butyl hydroperoxide (TBHP) for an additional hour. After
this time, CellROX™ Deep Red (ThermoScientific, Waltham, MA, USA) was added to a
final concentration of 500 nM, and cells were incubated for 45 min. Cells treated only with
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200 uM TBHP were used as a positive control for cellular oxidative stress, and cells treated
with 5 mM N-acetylcysteine (NAC) prior to TBHP addition served as a positive control for
antioxidant activity. Finally, cells were collected and washed once with PBS, and the pellet
was resuspended in 400 pL of FACS buffer (PBS + 2% FBS).

The samples were analyzed in an Accuri C6 with a Flow Cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) using the FL4 detector (filter 675/25) to measure the fluorescence
of the CellROX® Deep Red dye. Data were collected from at least 10,000 gated singlet events,
and the results were processed using the Flow]Jo X software (BD Biosciences, NJ, USA).

4.10. Evaluation of Potential Anti-Inflammatory Activity with Blockade of LPS-Triggered
NO Production

The potential anti-inflammatory activity of TE and DGDG and SQDG, MGDG, PL,
and DGTS extracts was evaluated by analyzing their capacity to inhibit NO production
in LPS-stimulated Raw264.7 cells. The NO accumulation as nitrite in the culture super-
natants was measured using the colorimetric Griess assay, as previously described [64].
Individual plates were used for each microalga. Raw 264.7 macrophages were seeded at
4.0 x 10° cells-well ! in a 96-well plate and allowed to stabilize in new media for 24 h in the
incubator. Cells were then incubated with N. oceanica TE (100 pg-mL~!), DGDG and SQDG
(25 ug-mL’l), MGDG (10 ug~mL’1), and PL and DGTS (50 pg-mL’l), and C. amblystomatis
TE (100 pg-mL~'), DGDG and SQDG (50 pug-mL~!), MGDG (50 pg-mL~1!), and PL and
DGTS (50 pug-mL~1), and LPS was added at a final concentration of 100 ng-mL~! after 1 h
of incubation. After treatment, 100 uL of supernatant and 100 uL of Griess reagent were
mixed and incubated in the dark for 15 min at room temperature. The absorbance was read
at 550 nm in a microplate reader (Multiskan GO 1510-00111C, ThermoScientific, Waltham,
MA, USA). The quantity of nitrites was determined based on a sodium nitrite standard
curve. All experiments were performed in triplicate.

4.11. Nitric Oxide Scavenging Potential

The NO scavenging potential of the microalgae total extracts and lipid fractions was as-
sessed using S-nitroso-N-acetyl-DL-penicillamine (SNAP) as a NO donor. Culture medium
containing C. amblystomatis TE (100 pg-mL~!), DGDG and SQDG (50 pg-mL~!), MGDG
(50 ug-mL’l), and PL and DGTS (50 ug-mL’l), and N. oceanica TE (100 pg-mL’l), DGDG
and SQDG (25 pg-mL~1), MGDG (10 pug-mL~1), and PL and DGTS (50 pug-mL 1), as well
as SNAP (300 uM) were incubated in 96-well microplates for 3 h at 37 °C. The supernatants
were collected and mixed with Griess reagent in the dark, at room temperature, for 15 min.
A microplate reader (Multiskan GO 1510-00111C, ThermoScientific, Waltham, MA, USA)
was used to determine the number of nitrites. All assays were performed in triplicate.

4.12. COX-2 Inhibition in Chemico Assay

The COX-2 inhibitory potential of N. oceanica and C. amblystomatis total lipid extracts
and fractions was assessed with the COX-2 inhibition assay. This assay was performed us-
ing the commercial COX-2 inhibitory screening assay kit—Cayman test kit-701080 (Cayman
Chemical Company, Ann Arbor, MI, USA)—and was carried out according to the manufac-
turer’s instructions. Total lipid extracts and fractions from N. oceanica and C. amblystomatis
were dissolved in 100% dimethyl sulfoxide (DMSO) to the established concentrations.
The amount of prostaglandin F2x was determined via spectrophotometry (415 nm, Multi-
skan GO 1.00.38, Thermo Scientific, Hudson, NH, USA) and processed with the software
SkanlIT version 3.2 (Thermo Scientific). The results were expressed as a percentage of
COX-2 inhibition.

4.13. Analysis of Gene Transcription via Quantitative Reverse Transcription PCR (gPCR)

Raw 264.7 macrophages were plated at 2 x 10° cells-well~! in 6-well microplates and
allowed to stabilize overnight. Then, cells were pre-incubated with microalgal lipid extract
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or fraction at the indicated concentrations, followed via LPS stimulation (100 ng-mL’l) for
24 h.

Total RNA was isolated using NZYol reagent (Nzytech, Lisboa, Portugal) according
to the manufacturer’s instructions, and its concentration was determined with OD260
measurements using a Nanodrop spectrophotometer (Wilmington, DE, USA). Samples
were stored in RNA Storage Solution (Ambion, Foster City, CA, USA) at —80 °C until use.

For analysis of mRNA levels of selected genes, 1 pug of total RNA was reverse tran-
scribed using the NZY First-Strand cDNA Synthesis Kit (Nzytech, Lisboa, Portugal), and
then real-time quantitative PCR (qPCR) reactions were performed using the NZYSpeedy
gPCR Green Master Mix (Nzytech, Lisboa, Portugal) on a Bio-Rad CFX Connect device.
Transcription levels for indicated genes were analyzed with GenEx® software version 7
(MultiD Analyses AB, Goteberg, Sweden) using Hprt1 as a reference gene and the Livak
method (2-AACt), with the results expressed as fold changes relative to control. Primer
sequences were designed using Beacon Designer software version 8 (Premier Biosoft Inter-
national, Palo Alto, CA, USA) and thoroughly tested.

4.14. Statistical Analysis

The statistical analysis was carried out to identify changes between control vs. LPS-
treated cells, control vs. cells incubated with microalgae extracts and lipids, and LPS-treated
cells vs. cells incubated with microalgae extracts and lipids prior to LPS treatment. The
software GraphPadPrism version 9 (GraphPad Software, San Diego, CA, USA) was used to
compare the effects of different treatments on control or LPS-stimulated cells, and One-way
or Two-way ANOVA followed by Dunnett’s multiple comparison tests with significance
levels (p < 0.05) were used.

5. Conclusions

The present study demonstrated that extracts and lipid fractions from the microalgae
Nannochloropsis oceanica and Chlorococcum amblystomatis suppressed pro-inflammatory-
induced production of NO and transcription of Nos2, Ptgs2, Tnfa, and II1b. The most
active lipid fractions of each alga were enriched in DGTS and PL, and DGDG and SQDG,
respectively. Targeting these pro-inflammatory mediators can help modulate the pro-
inflammatory status and thus reduce chronic inflammation, offering these natural microal-
gal lipids a role as anti-inflammatory agents. Future work should explore the molecular
mechanism by which these microalgal lipids exert the observed anti-inflammatory effects,
and immunomodulation over other immune cells, such as dendritic cells and T cells, should
also be considered.
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