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Abstract: A comparative study of the fatty acid (FA) composition of non-edible (viscera) and
edible (mantle and arm) tissues of octopus (Octopus vulgaris) was carried out. According
to the specimen size, three different groups (1-2 kg, 2-3 kg, and 3—4 kg, respectively)
were taken into account. The effect of the cooking process (40 min at 90 °C) and frozen
storage (4 months at —18 °C) was analyzed. In all kinds of samples, the polyunsaturated
FA (PUFA) group was the most abundant (p < 0.05) and monounsaturated FAs were the
least abundant (p < 0.05). Lower (p < 0.05) w3-PUFA, w3/ w6 ratio and docosahexaenoic
acid values were detected in viscera (35.4-41.9%, 3.0-4.5%, and 12.7-17.5%, respectively)
than in edible tissues (44.4-52.5%, 4.1-6.1%, and 24.3-30.1%, respectively). Conversely,
higher (p < 0.05) eicosapentaenoic acid content was detected in viscera (19.6-21.9%) than in
the edible tissues (17.2-19.3%). In most cases, the cooking process and frozen storage led to
an average decrease in the PUFA and w3-PUFA content and to an increase in the saturated
FA presence. In agreement with current nutritional recommendations, all tissues showed
great levels of highly valuable indices regarding the lipid fraction. The study proves that
viscera, a waste substrate, can be considered a relevant source for food and pharmaceutical
industrial requirements.

Keywords: octopus; viscera; arm; mantle; cooking; frozen storage; w3 fatty acids; w3/ w6
ratio; EPA; DHA

1. Introduction

Seafood is known to provide high contents of important constituents for the human
diet. The great biological and chemical diversity in marine fish and invertebrate makes
them a relevant source of highly valuable constituents susceptible to be used in a wide
range of applications [1,2]. In agreement with a great number of studies focused on the em-
ployment of marine-enriched diets, the marine fatty acid (FA) profile has been found to be
responsible for different health benefits (i.e., decreases in cardiovascular, neurological and
inflammatory disorders) [3-5]. Notably, the consumption of eicosapentaenoic acid (EPA)
and docosahexaenoic (DHA) acid consumption has been associated with low prevalence of
different diseases related to neurodegenerative and cardiovascular problems [6,7].

The chemical composition of marine species has proved to encompass wide varia-
tions resulting from endogenous (genetic, anatomical, and physiological) and exogenous
(water temperature, season, and feeding availability) factors [8]. Endogenous factors influ-
ence the distribution of biochemical constituents within different body tissues of marine
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species [9-11]. Among these constituents, lipid content and composition exhibit the great-
est variability, differing significantly among edible tissues in wild invertebrates [12,13],
fatty [14] and lean [15,16] fish species, and farmed fish [17,18].

The processing of marine species leads to a wide quantity of undesired by-products.
In general, heads, blood, viscera, skin, or tails are obtained at different steps of seafood
processing and constitute an important drawback for environmental contamination [19-21].
However, seafood by-products have been reported to be an important source of major
components like proteins, minerals, lipids, and vitamins, in addition to minor constituents
such as chitin, enzymes, pigments, and collagen [22-24]. Notably, the highest levels of
high-added-value constituents is often present in marine tissues or parts that are often
discarded [25,26].

Cephalopods are considered to be a highly interesting biological group because of
their great nutritional value for human health and for their great commercial value [27-29].
Among cephalopods, the different species of octopus are considered as a highly nutritional
seafood that can be commercialized in a wide range of products [30,31]. In the present
research, a comparative study of FA composition was carried out between non-edible
(viscera as a whole) and edible (mantle and arm) tissues of common octopus (Octopus
vulgaris). The aim of the study was to prove the valuable FA composition of all tissues
with a special stress on the viscera tissue, a waste product resulting from commercial
processing. On the basis of the specimen sizes, three different groups were considered
separately. Additionally, the effects on the FA profile of the cooking process and frozen
storage were analysed.

2. Results and Discussion
2.1. FA Composition of Raw Samples: Effect of Tissue

The FA profiles of the different tissues were analyzed in the raw samples corresponding
to the three sizes, i.e., Group I (1-2 kg per specimen; small-sized specimens), Group II
(2-3 kg per specimen; medium-sized specimens), and Group III (3—4 kg per specimen; large-
sized specimens). Throughout the whole study, each group was considered separately in
order to carry out the comparison among tissues.

For the viscera tissue, the most abundant FA (g-100 g~ ! total FAs) in all groups was
EPA (19.5-22.0 range), followed by DHA (12.7-17.5 range), C16:0 (13.9-15.2 range), C18:0
(9.3-11.2 range), and C20:4w6 (6.1-7.6 range). A previous seasonal study on several non-
edible tissues of octopus (O. vulgaris) detected the same main FAs [32]; thus, the following
decreasing sequences were detected for the digestive gland and the ovary: DHA > EPA
> 16:0 > C18:0 > C20:4w6 and DHA > 16:0 > EPA > C20:4w6 > C18:0, respectively. The
same main FAs (DHA, EPA, C16:0, C20:4w6, and C18:0) than in the present study were
also detected as the most abundant in octopus (O. vulgaris) by-products considered as a
whole after lipid extraction by using low-toxicity solvents (acetone, ethanol, and ethyl
acetate) [33].

Regarding the composition of non-edible tissues obtained from other cephalopod
species, the same most abundant FAs (DHA, C16:0, and EPA) as in the current study were
detected in total by-products obtained from Patagonian squid (Doryteuthis gahi) during a
seasonal study [34]. However, C18:1w9, DHA, and C20:1w11 FAs were found to be the
most abundant in cuttlefish (Sepiella maindroni de Rochebrum) viscera [35], and C16:0, EPA,
and C18:0 FAs were observed as the most abundant in Sepia officinalis viscera (i.e., stomach,
intestines, and pyloric caeca) [36]. A different distribution of the main FAs than in the
present work was also detected by Singh et al. [28] in squid (Loligo formasana) ovary; in their
study, DHA, EPA, and C20:4w6 were found as the major FAs. Total viscera obtained from
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squid (Illex argentinus) showed the following decreasing sequence for the most abundant
FAs: DHA > C16:0 > C18:1w9 > EPA [37].

Regarding mantle and arm tissues in the present research, the most abundant FA
(g:100 g~! total FAs) in all groups was DHA (22.0-26.1 and 23.9-28.5 ranges, respec-
tively), followed by C16:0 (16.8-17.0 and 14.3-19.1 ranges, respectively), EPA (16.7-18.6 and
17.2-19.0 ranges, respectively), C20:4w6 (6.3-9.4 and 6.2-9.0 ranges, respectively), and
C20:1w9 (3.3-3.5 and 3.4-3.5 ranges, respectively). A similar FA distribution was detected
in previous research related to the edible tissues of the current species of octopus. This
distribution was observed in the mantle [32,38] and arm [32,39] tissues and in the edible
tissues considered as a whole [40-43].

With the aim of better focusing on possible composition changes, discussion of FA
values will be addressed in the present study to FA groups (saturated FAs, STFAs; mo-
nounsaturated FAs, MUFAs; PUFAs; w3-PUFAs) and FA ratios (total w3/total w6; polyene
index, PI; flesh-lipid quality, FLQ). Additionally, and on the basis of the importance of
w3-PUFAs, analysis of the content of single w3-PUFAs (EPA; DHA; docosapentaenoic acid,
DPA) will also be discussed.

2.1.1. FA Groups

Values obtained for the STFA, MUFA, and PUFA groups in raw samples are shown
in Tables 1-3, respectively. In all specimen sizes, the PUFA group showed to be the most
abundant (ca. 47-62 g-100 g~ ! total FAs range) and the MUFA group provided the lowest
values (p < 0.05) (ca. 10-24 g-100 g~ ! total FAs range).

Table 1. Saturated fatty acid (STFA) content (g-100 g_l total FAs) * in different kinds of raw and
processed tissues corresponding to different specimen sizes **.

Specimen Size Raw or Processed Tissue Tissue
Viscera Mantle Arm

Raw 31.82 £3.33 Aa 31.93 £2.82 Aa 34.48 £ 0.09 Aa
Frozen 32.56 + 0.41 Aa 36.27 = 0.61 Bb 35.92 +0.11 Bc

Group I
Cooked NA *** 33.74 + 1.81 Aab 35.05 £ 0.34 Ab
Cooked-Frozen NA 37.70 £ 0.35 Ac 37.54 £0.18 Ad
Raw 31.83 £0.23 Ba 35.14 £ 0.43 Ca 28.82 £0.94 Aa
Frozen 32.47 £ 0.35 Aa 36.63 = 0.12 Bb 37.90 = 0.60 Cb

Group I
Cooked NA 36.49 £ 0.38 Bb 31.30 £2.84 Aa
Cooked-Frozen NA 37.06 & 0.05 Ac 3794 £0.13 Ab
Raw 29.16 £1.49 Aa 35.51 £ 0.24 Ba 3471 £1.15Ba
Frozen 32.42 +£0.19 Ab 36.17 = 0.16 Bb 36.80 + 0.02 Bb

Group III
Cooked NA 35.72 £ 0.37 Aab 35.79 £0.14 Aa
Cooked-Frozen NA 37.53 £0.29 Ac 37.06 £ 0.18 Ab

* Average values+ standard deviations of three replicates (1 = 3). Within each group and for each row, different
capital letters (A-C) indicate significant differences (p < 0.05) among tissues. Within each group and for each
column, different lowercase letters (a—d) indicate significant differences (p < 0.05) as a result of processing.
** Specimen sizes: Group I (1-2 kg per specimen), Group II (2-3 kg per specimen), and Group III (3—4 kg per
specimen). *** NA: not analyzed.
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Table 2. Monounsaturated fatty acid (MUFA) content (g-100 g*1 total FAs) * in different kinds of raw
and processed tissues corresponding to different specimen sizes **.

Specimen Size Raw or Processed Tissue Tissue
Viscera Mantle Arm
Raw 18.01 + 0.92 Ba 10.05 + 0.08 Aa 10.29 £ 0.03 Ab
Frozen 20.40 £ 0.88 Bb 10.14 + 0.04 Aa 10.26 £ 0.28 Ab
Group 1
Cooked NA *** 10.17 £ 0.33 Aa 10.24 £ 0.44 Ab
Cooked-Frozen NA 10.32 + 0.10 Ba 9.14 £0.17 Aa
Raw 17.03 + 0.04 Ba 10.90 + 0.27 Aa 10.0 + 0.46 Aa
Frozen 17.03 £ 44 Ba 10.15 £ 0.20 Aa 10.51 £ 0.29 Aa
Group I
Cooked NA 10.86 £ 0.33 Ba 9.97 £0.29 Aa
Cooked-Frozen NA 10.64 + 0.08 Ba 10.02 4+ 0.08 Aa
Raw 23.71 £ 0.65 Bb 10.43 + 0.25 Ab 9.99 £0.31 Ab
Frozen 18.42 £ 0.25 Ba 10.11 £ 0.07 Ab 9.82 + 0.09 Ab
Group III
Cooked NA 10.30 + 0.07 Ab 10.03 + 0.14 Ab
Cooked-Frozen NA 9.22 +£0.07 Ba 8.45+0.13 Aa

* Average values+ standard deviations of three replicates (n = 3). Within each group and for each row, different
capital letters (A,B) indicate significant differences (p < 0.05) among tissues. Within each group and for each
column, different lowercase letters (a,b) indicate significant differences (p < 0.05) as a result of processing.
** Specimen sizes as expressed in Table 1. *** NA: not analyzed.

Regarding the STFA group, no differences (p > 0.05) were detected among tissues for
the small-sized specimens (Group I). Conversely, higher average values were detected in
the mantle tissue than in the other tissues in the medium- and large-sized samples (Groups
II and I1I, respectively); differences were found to be significant (p < 0.05) in both cases in
comparison to the viscera tissue. A marked higher MUFA value (p < 0.05) was obtained
in the viscera tissue when compared to the two other tissues; meanwhile, no differences
(p > 0.05) were observed between mantle and arm tissues. In the case of the PUFA group,
the opposite distribution as for the MUFA group was detected. Thus, the viscera tissue
depicted the lowest values (p < 0.05) in all sizes (Groups I, II, and III). Comparisons of
arm and mantle tissues revealed higher PUFA values (p < 0.05) in the mantle tissue for
small-sized specimens; conversely, higher levels (p < 0.05) were detected in the arm tissue
in the case of medium-sized octopus.

Regarding non-edible tissues, the same FA group distribution as in the current study
was previously detected in octopus (O. vulgaris) ovary during a seasonal study carried out
in specimens obtained in the Atlantic coast [32]; conversely, the digestive gland showed
the following decreasing sequence: PUFAs > MUFAs = STFAs. During a recent study
focused on lipid extraction with low-toxicity solvents [33], PUFAs were found to be the
most abundant group, and MUFAs depicted the lowest values in total non-edible tissues
from octopus (O. vulgaris). Also in agreement with the present study, the PUFAs > STFAs >
MUFAs decreasing sequence was detected for FA groups in non-edible tissues obtained
from Patagonian squid (D. gahi) [34] and viscera obtained from squid (I. argentinus) [37],
cuttlefish (S. officinalis) [36], and Giant squid (Dosidicus gigas) [44].

A similar distribution of the three FA groups than in the present case was already
detected in different edible tissues of octopus (O. vulgaris). This result has been observed in



Mar. Drugs 2025, 23,182

specimens also captured in the European Atlantic coast for mantle and arm tissues [32],
and for edible parts considered as a whole [40,43]. Additionally, a similar FA distribution
was also observed in specimens captured in the Mediterranean Sea for the mantle [38],
arm [39], and edible parts [41], as well as in specimens obtained in the Brazilian coast [42].

Table 3. Polyunsaturated fatty acid (PUFA) content (g-100 g_1 total FAs) * in different kinds of raw
and processed tissues corresponding to different specimen sizes **.

Specimen Size

Raw or Processed Tissue

Tissue

Viscera

Mantle

Arm

Group I

Raw

50.17 + 2.24 Ab

58.03 £1.75 Cc

55.26 £ 0.12 Bc

Frozen

47.04 + 0.87 Aa

53.59 £ 0.64 Bb

53.79 = 0.34 Ba

Cooked

NA Ezd

56.10 £ 1.90 Abc

54.72 + 0.17 Ab

Cooked-Frozen

NA

51.98 + 0.42 Aa

53.33 £ 0.31 Ba

Group II

Raw

51.14 + 0.19 Ab

53.96 £ 0.20 Bc

6110 £1.22Cb

Frozen

50.51 £+ 0.13 Aa

53.22 £ 0.22 Bbc

51.59 + 0.88 Aa

Cooked

NA

52.65 £+ 0.28 Aab

58.73 £ 3.09 Bb

Cooked-Frozen

NA

52.30 £ 0.05 Ba

52.05 £ 0.04 Aa

Group III

Raw

4712 £2.14 Aa

54.06 + 0.46 Ba

55.30 + 1.86 Bab

Frozen

49.15+ 0.18 Aa

53.72 £0.12 Ba

53.38 = 0.11 Ba

Cooked

NA

53.98 + 0.32 Aa

54.48 £ 0.24 Ab

Cooked-Frozen

NA

53.25 £ 0.34 Aa

54.18 £ 0.08 Bb

* Average values+ standard deviations of three replicates (n = 3). Within each group and for each row, different
capital letters (A,B,C) indicate significant differences (p < 0.05) among tissues. Within each group and for each
column, different lowercase letters (a,b,c) indicate significant differences (p < 0.05) as a result of processing.
** Specimen sizes as expressed in Table 1. *** NA: not analyzed.

Marine lipids are reported to include many beneficial constituents for the human
health, especially related to their high values on w3-PUFAs [3,4]. On the basis of the great
significance of w3-PUFAs, its content was studied in the current research. Thus, a similar
distribution was detected for the w3-PUFAs (Figure 1) as for the PUFA group (Table 3).
Values obtained in raw samples of the different size groups were included in the 35.4-41.9,
44.4-46.6, and 44.30-52.5 g-100 g~ ! total FAs ranges for viscera, mantle and arm tissues,
respectively (Figure 1). The lowest levels (p < 0.05) were detected in the viscera tissue of
all sizes. Additionally, the mantle tissue showed higher values (p < 0.05) than the arm
tissue for specimens of small sizes; conversely, higher average values were observed in the
arm tissue for samples corresponding to medium- and large-sized specimens. In spite of
such differences among the tissues considered, present w3-PUFA levels in specimens of
all size groups can be considered to be highly valuable regarding nutritional and healthy
requirements [2,4,8].

Previous research has also shown high values of w3-PUFAs in non-edible zones of
the present species of octopus. Expressed as g-100 g~ total FAs, the ovary and digestive
gland depicted the 40.4-47.0 and 35.8-43.5 ranges, respectively, during a seasonal study
of Atlantic octopus (O. vulgaris) [32]. A recent lipid extraction with low-toxicity solvents
revealed values included in the 36.8-38.3 range for octopus (O. vulgaris) by-products [33].
Concerning non-edible tissues of other related cephalopod species, Kacem et al. [36] showed
a 21.4-26.1 range in cuttlefish (S. officinalis) viscera from two different catching times and a
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ca. 37.4 value was reported for total viscera of squid (I. argentinus) [37]. A seasonal study
on total squid (D. gahi) by-products indicated a 46.1-48.6 range [34].
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Figure 1. Determination of the total w3 polyunsaturated fatty acid (w3-PUFA) content (g-100 g~!
total FAs) in different kinds of raw and processed tissues corresponding to different specimen sizes.
Mean values of three replicates (1 = 3); standard deviations are indicated by bars. Within each group
and for each raw/processed substrate, different capital letters (A,B,C) indicate significant differences
(p < 0.05) among tissues. Within each group and for each tissue, different lowercase letters (a,b,c)
indicate significant differences (p < 0.05) as a result of processing. Specimen groups are as expressed
in Table 1. The viscera tissue was not subjected to the cooking process.

Previous studies have also reported a high w3-PUFA presence in edible tissues corre-
sponding to the current species of octopus. Thus, similar values (expressed as g-100 g~!
total FAs) were detected in the edible tissue considered as a whole by Bonafe et al. [42]
(39.4), Ozogul et al. [39] (41-47 range), and Zlatanos et al. [41] (37.7). Regarding single
tissues, arms corresponding to octopus (O. vulgaris) captured in the Mediterranean Sea
revealed a 46-49 range value [38]. The seasonal study of the w3-PUFA presence showed
ranges of 49.8-54.2 and 50.3-55.3 for arm and mantle, respectively, corresponding to speci-
mens obtained in the European Atlantic coast [32]. Conversely, a low w3-PUFA value (17.3)
was detected by Biandolino et al. [45] in the edible tissue of farmed specimens from the
Ionian Sea.

2.1.2. Total w3/Total w6 FA Ratio

It is well-known that Western countries, in general, do not consume necessary levels of
w3-PUFAs, so a great attention has been accorded to the w3/ w6 ratio of foods included in
the human diet [3,4]. With the aim of preventing several health disorders (cardiovascular,
neurological, and inflammatory), the World Health Organization (WHO) recommends
nowadays a higher ratio than 1:10 in the human diet [46]. Furthermore, the European
Nutritional Society indicated that notable health benefits could be achieved if an w3/ w6
ratio of 1:5 or higher was provided in the human diet [47].

Values for w3/ w6 ratios obtained in raw samples in the current study were included
in the 3.0-4.5, 4.1-5.2, and 4.1-6.1 ranges for viscera, mantle, and arm tissues, respectively
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(Figure 2). The analysis of the w3/ w6 ratio values revealed no differences (p > 0.05) among
tissues in specimens corresponding to the small-sized group. Conversely, the arm tissue
depicted higher levels (p < 0.05) than its counterpart viscera tissue for medium- and large-
sized specimens. In the case of large-sized samples, the mantle tissue provided a higher
w3/ w6 ratio value (p < 0.05) than the viscera one. In spite of differences mentioned, and in
agreement with current recommendations provided by nutritional organizations, w3/ w6
ratio values obtained in all cases can be considered as highly valuable for the human diet.
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Figure 2. Determination of the total w3 polyunsaturated fatty acid (w3-PUFA) content (g-100 g !
total FAs) in different kinds of raw and processed tissues corresponding to different specimen sizes.
Mean values of three replicates (1 = 3); standard deviations are indicated by bars. Within each group
and for each raw /processed substrate, different capital letters (A,B,C) indicate significant differences
(p < 0.05) among tissues. Within each group and for each tissue, different lowercase letters (a,b,c,d)
indicate significant differences (p < 0.05) as a result of processing. Specimen groups are as expressed
in Table 1. The viscera tissue was not subjected to the cooking process.

Compared to the present values obtained for viscera, Sieiro et al. [32] observed higher
w3/ w6 ratio values for the ovary and the digestive gland (4.2-8.3 and 5.0-9.1 ranges,
respectively) during a seasonal study of common octopus (O. vulgaris). Conversely, total
by-products from the same marine species showed values included in the 3.2-3.7 range
when extracted with low-toxicity solvents (ethanol, acetone, and methyl acetate) [33].
In the case of other cephalopod species, higher w3/w6 ratio values were detected for
squid (1. argentinus) viscera (7.6-8.0 range) [37] and squid (D. gahi) by-products (12.1-13.3
range) [34] than in the present viscera tissue. Conversely, lower values (1.5-2.4 range)
were detected by Kacem et al. [36] for cuttlefish (S. officinalis) viscera from specimens
corresponding to two different catching times.

Higher w3/ w6 ratios than found in the current work were obtained during a seasonal
study of different edible tissues obtained from Atlantic European octopus (O. vulgaris) [32],
in which arm and mantle tissues provided values included in the 9.5-12.8 range. Similar
values to those in the present research were reported for the same species in the muscle
tissue by Oliveira et al. [43] (5.3), Ozogul et al. [38] (3.8-5.6), and Zlatanos et al. [41] (3.6).
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Conversely, Biandolino et al. [45] showed a notably lower w3/ w6 ratio value (1.7) in the
arm tissue of farmed octopus (O. vulgaris).

2.1.3. Single w3-PUFAs

Among w3-PUFAs, EPA and DHA have received a great attention, in agreement with
their beneficial health properties. Thus, EPA consumption has been associated with low
prevalence of circulatory, coronary, and inflammatory diseases [48]. On the other side,
DHA has been reported to be responsible for the prevention of neurodegenerative diseases
and correct fetal development, and functioning of the nervous system and visual organs in
the fetus [49]. In spite of its lower content in seafood than EPA and DHA, DPA is attracting
an increasing attention because of its presence in human brain and its high levels in human
milk, which implies a potential impact during pregnancy and early development [50,51].
Moreover, DPA has been reported to be related to the improvement of cardiovascular and
metabolic diseases [52,53]. Consequently, and on the basis of their great significance to
human health, the current research on the FA profile will now be focused on the presence
of these three w3-PUFAs, i.e., EPA, DHA, and DPA.

In the present study, the EPA value was included in the 19.6-21.9, 18.4-18.8, and
17.2-19.3 g-100 g_l total FAs ranges for viscera, mantle, and arm tissues, respectively, in the
different size groups (Table 4). The following decreasing sequence (p < 0.05) was observed
for the EPA content of tissues corresponding to small-sized specimens: viscera > mantle
> arm. In the case of medium- and large-sized groups, the lowest values (p < 0.05) were
detected in the mantle, while the highest average levels were obtained in the viscera tissue.

Table 4. Determination of the eicosapentaenoic acid (EPA) content (g-100 g~ ! total FAs) * in different
kinds of raw and processed tissues corresponding to different specimen sizes **.

Specimen Size Raw or Processed Tissue Tissue
Viscera Mantle Arm
Raw 20.83 £ 0.83 Cb 18.57 £ 0.24 Bc 17.22 +£0.24 Ab
Frozen 17.19 £ 1.00 Ba 17.33 £0.19 Bb 16.30 £ 0.25 Aa
Group I
Cooked NA *** 18.18 £ 0.25 Ac 18.49 £ 0.15 Ac
Cooked-Frozen NA 16.03 = 0.59 Aa 18.29 + 0.72 Bbc
Raw 21.93 £ 0.03 Cb 18.41 + 0.25 Ab 19.73 + 0.79 Bab
Frozen 17.47 £0.19 Aa 20.20 £ 0.56 Bc 21.56 = 1.13 Bb
Group I
Cooked NA 19.31 +0.36 Ac 19.06 + 0.51 Aa
Cooked-Frozen NA 17.06 = 0.76 Aa 19.39 + 0.70 Ba
Raw 19.58 + 0.62 Ba 18.75 £ 0.18 Abc 19.33 + 0.14 Ba
Frozen 19.15 £ 0.10 Ba 17.52 £ 1.03 Aab 19.19 £ 0.23 Ba
Group III
Cooked NA 1791 £ 0.38 Aa 20.21 £ 0.17 Bb
Cooked-Frozen NA 19.10 + 0.32 Ac 20.01 £ 0.03 Bb

* Average values+ standard deviations of three replicates (1 = 3). Within each Group and for each row, different
capital letters (A,B,C) indicate significant differences (p < 0.05) among tissues. Within each Group and for each
column, different lowercase letters (a,b,c) indicate significant differences (p < 0.05) as a result of processing.
** Specimen sizes as expressed in Table 1. *** NA: not analyzed.
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Results concerning DHA are depicted in Table 5. A notably lower value (p < 0.05)
(expressed as g-100 g~! total FAs) was detected for all sizes (Groups I, II, and III) in
the viscera tissue (12.7-17.5 range) than in the edible tissues. Differences between arm
(24.3-30.1 range) and mantle (24.3-26.1 range) values were only observed in medium-sized
samples, with arm tissue showing a higher (p < 0.05) content.

Table 5. Determination of the docosahexaenoic acid (DHA) content (g-100 g*1 total FAs) * in different
kinds of raw and processed tissues corresponding to different specimen sizes **.

Specimen Size Raw or Processed Tissue Tissue
Viscera Mantle Arm
Raw 16.01 £2.22 Aa 26.14 4+ 2.21 Bbc 2515+ 0.15Ba
Frozen 15.53 +0.34 Aa 25.13 +0.63 Cb 23.77 £ 0.22 Bb
Group I
Cooked NA *** 27.29 +£1.16 Bc 23.49 + 1.08 Aab
Cooked-Frozen NA 2343 £ 0.67 Aa 2494 £+ 1.12 Aab
Raw 17.46 £ 0.14 Aa 24.25 £+ 0.35 Bb 30.06 £ 1.28 Cc
Frozen 18.05 £ 0.09 Ab 24.46 +0.41 Bb 23.60 4 1.38 Ba
Group II
Cooked NA 24.57 +£0.15 Ab 27.44 +2.12 Abc
Cooked-Frozen NA 22.99 £ 0.57 Aa 25.69 £ 0.94 Bab
Raw 12.70 £ 1.05 Aa 24.50 4+ 0.23 Ba 24.29 4 1.34 Bab
Frozen 16.8 £0.125 Ab 24.40 £+ 1.03 Bab 25.74 +0.37 Bb
Group III
Cooked NA 25.66 £ 0.30 Ab 2494 £ 0.15 Aa
Cooked-Frozen NA 25.20 £ 0.24 Ab 25.67 £ 0.08 Ab

* Average values + standard deviations of three replicates (1 = 3). Within each group and for each row, different
capital letters (A,B,C) indicate significant differences (p < 0.05) among tissues. Within each group and for each
column, different lowercase letters (a,b,c) indicate significant differences (p < 0.05) as a result of processing.
** Specimen sizes are as expressed in Table 1. *** NA: not analyzed.

Regarding DPA, values were notably lower than in the case of the two other w3-PUFAs
(Table 6). Thus, ranges of 2.6-3.5, 1.5-1.9, and 1.9-2.5 g-100 g ! total FAs were obtained
for viscera, mantle, and arm tissues, respectively, in the different size groups. The lowest
average values were detected in the mantle tissue for all sizes of specimens; differences
with other tissues were found significant (p < 0.05) for Groups II and III. The highest
average values were obtained in viscera; remarkably, differences with the arm tissue were
significant (p < 0.05) in small- and large-sized samples.

Previous research regarding non-edible tissues of the current species of octopus
showed a different decreasing tendency (i.e., DHA > EPA > DPA) than in the current
study for the presence of the three w3-PUFAs. Thus, the following ranges were detected
during a seasonal study [32]: 24.8-31.6, 13.4-18.1, and 0.3-1.1 g-100 g~ ! total FAs, respec-
tively, in ovary tissue; in the same study [32], the digestive gland provided the following
value ranges: 16.7-28.7, 14.4-18.1, and 0.1-1.0 g-100 g~ ! total FAs, respectively. In agree-
ment with the present research, the EPA value (21.0-22.4 g-100 g ! total FAs range) showed
to be higher than that of DHA (14.0-14.5 g-100 g ! total FAs range) in lipid extracts obtained
from total by-products by employing low-toxicity solvents (ethanol, acetone, and ethyl
acetate) [33]. In the case of other cephalopod species, total viscera obtained from squid
(L. argentinus) revealed values ca. 16.4, 9.3, and 0.5 g-100 g_1 total FAs for DHA, EPA, and
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DPA, respectively [37]. During a seasonal study carried out on Patagonian squid (D. gahi)
by-products [34], 29.5-30.8, 15.9-17.2, and 0.5-0.6 g-100 g ! total FAs ranges were detected
for DHA, EPA, and DPA, respectively. A similar distribution (35.0-39.0, 13.1-14.3, and
0.7-0.8 g-100 g ! total FAs ranges, respectively) was observed in the arms and tentacles of
European squid (Loligo vulgaris) [54]. Conversely, a seasonal study carried out on cuttlefish
(S. officinalis) viscera led to ranges of 6.3-9.1, 7.1-11.6, and 1.66 g-100 g ! total FAs for DHA,
EPA and DPA.

Table 6. Determination of the docosapentaenoic acid (DPA) content (g-100 g*1 total FAs) * in different
kinds of raw and processed tissues corresponding to different specimen sizes **.

Specimen Size Raw or Processed Tissue Tissue
Viscera Mantle Arm

Raw 3.54 + 0.48 Bb 1.85 +0.11 Ab 1.93 +0.03 Aa
Frozen 2.45 +0.10 Ca 1.61 £ 0.06 Aa 1.86 £+ 0.05 Ba

Group I
Cooked NA *** 1.64 +£0.01 Aa 2.26 = 0.11 Bb
Cooked-Frozen NA 1.94 £ 0.16 Ab 2.21 £ 0.11 Ab
Raw 2.59 + 0.05 Bb 1.54 +0.03 Aa 2.50 + 0.45 Bab
Frozen 2.25 4+ 0.05 Ba 1.99 4+ 0.02 Ab 1.91 £ 0.09 Aa

Group II
Cooked NA 1.59 £ 0.15 Aa 2.76 - 0.20 Bb
Cooked-Frozen NA 2.02 +£0.02 Ab 1.95 £+ 0.07 Aa
Raw 3.12 +0.15Ca 1.84 + 0.07 Abc 2.45 4+ 0.28 Bb
Frozen 3.47 +0.04 Cb 1.93 £+ 0.07 Ac 2.29 £+ 0.04 Bb

Group III
Cooked NA 1.50 £ 0.03 Aa 1.98 +£0.12 Ba
Cooked-Frozen NA 1.71 +0.03 Ab 2.21 +0.02 Bb

* Average values + standard deviations of three replicates (1 = 3). Within each group and for each row, different
capital letters (A,B,C) indicate significant differences (p < 0.05) among tissues. Within each group and for each
column, different lowercase letters (a,b,c) indicate significant differences (p < 0.05) as a result of processing.
** Specimen sizes are as expressed in Table 1. ** NA: not analyzed.

Previous research has already shown the current decreasing tendency, i.e., DHA >
EPA > DPA, in the edible tissues of the present species of octopus. Thus, Zlatanos et al. [41]
detected values of 20.1, 13.6, and 2.0 g-100 g~ ! total FAs, respectively, in muscle tissue.
In a seasonal study [32], ranges of 28.3-32.9, 19.1-21.4, and 0.2-0.5 g-100 g~ ! total FAs,
respectively, were detected in arm and mantle tissues. Oliveira et al. [43] showed values of
100.4, 77.2, and 7.0 mg-100 g~ ! edible tissue, respectively. In a different species of octopus,
Eledone moschata, values of 24.7,16.7, and 1.8 g-100 g_1 total FAs, respectively, were detected
in the mantle tissue [55]. During a seasonal study of musky octopus (E. moschata) [39],
the edible tissue showed values included in the 21.0-28.2 and 7.9-12.2 g-100 g~ ! total FAs
ranges for DHA and EPA, respectively.

2.2. Effect of Cooking on the FA Composition

The cooking treatment was applied to raw mantle and arm tissues but not to viscera.
As for samples corresponding to the raw stage (Section 3.1), changes produced in the FA
profile will be discussed on the basis of the cooking effect on FA groups and ratios as well
as on single w3-PUFAs.
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2.2.1. FA Groups

As a result of the thermal treatment, an increased average value of the STFA presence
was observed in all tissues and for specimens corresponding to all sizes (Table 1). Differ-
ences were found to be significant (p < 0.05) in the mantle of medium-sized samples and
in the arm of small-sized samples. In the case of MUFAs (Table 2), the evaluation of the
average values did not provide any definite tendency and no effect (p > 0.05) of the cooking
process could be implied on any of the tissues for any of the sizes considered. A general
decrease in the average PUFA level was found after the cooking process (Table 3). This
decrease was found to be significant (p < 0.05) in the mantle of medium-sized specimens
and in the arm of small-sized specimens. Regarding the w3-PUFA value (Figure 1), the
only significant change (p < 0.05) detected was a content increase in the mantle tissue of
medium-sized samples.

2.2.2. FA Ratios

The w3/ w6 ratio showed an average increase with the cooking process in small-sized
specimens, with differences being significant (p < 0.05) in the mantle tissue (Figure 2).
A definite trend could not be concluded in the two other tissues, although increases in
this ratio were obtained in the mantle of medium-sized specimens and in the arm of
large-sized samples.

The PUFA presence in the human diet has been found to be strongly related to
nutritional value, digestibility, and preserving properties [56,57]. In order to evaluate the
PUFA content variation during seafood processing and storage, the polyene index (PI),
defined as the DHA+EPA /C16:0 ratio of FA concentrations, has widely been employed [37,
58]. Technologists focused on seafood consider this ratio to be a valuable and practical tool
for the assessment of the lipid fraction damage and therefore, to the quality loss of seafood
during different steps of processing.

PI values obtained in the present research are expressed in Figure 3. Raw samples
showed values included in the 2.3-2.6, 2.2-2.7, and 2.2-3.3 ranges for viscera, mantle and
arm tissues, respectively. No differences (p > 0.05) among tissues could be detected in small-
and large-sized specimens (Figure 3). Conversely, the following decreasing sequence was
observed in medium-sized specimens: arm > viscera > mantle. Regarding the effect of the
cooking process, the average Pl revealed a general decrease (Figure 3). This decrease was
significant (p < 0.05) in the arms of small-sized samples and in the large-sized samples from
the mantle tissue.

The FLQ index has also been employed in order to assess the quality of the dietary
lipid source [59-61]. FLQ values obtained in the current study are presented in Table 7.
Raw samples depicted values included in the 47.7-65.0, 74.4-80.9 and 73.5-99.2 ranges
for viscera, mantle, and arm tissues, respectively. In all sizes of specimens, a lower value
(p < 0.05) was depicted in viscera than in both edible tissues. The cooking process did
not lead to a general trend in the mantle tissues. Thus, decreased values (p < 0.05) were
detected in frozen small- and medium-sized samples and an increase (p < 0.05) in frozen
big-sized specimens was obtained. Regarding the arm tissue, an increase (p < 0.05) in
frozen small-sized samples and a decrease (p < 0.05) in raw medium-sized specimens
were observed.

Current values obtained for mantle and arm tissues have shown to be higher than
those reported for muscle corresponding to freshwater and farmed fish species. Thus,
FLQ value of ca. 34.8, 37.2, and 41.3 were detected for roach (Rutilus rutilus), perch
(Perca fluviatilis), and pike (Esox lucius) muscle [61]. During a seasonal study, Senso et al. [59]
reported a 19.4-31.3 value range for farmed gilthead sea bream (Sparus aurata). A ca.
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24.5-36.4 value range was obtained in several freshwater fish species (roach, R. rutilus;
bream, Abramis brama; pike, E. lucius; Eurasian perch, P. fluviatilis) [60].

Polyene index
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Figure 3. Determination of the total w3 polyunsaturated fatty acid (w3-PUFA) content (g-100 g~!
total FAs) in different kinds of raw and processed tissues corresponding to different specimen sizes.

Mean values of three replicates (1 = 3); standard deviations are indicated by bars. Within each group

and for each raw/processed substrate, different capital letters (A,B,C) indicate significant differences

(p < 0.05) among tissues. Within each group and for each tissue, different lowercase letters (a,b,c)

indicate significant differences (p < 0.05) as a result of processing. Specimen groups are as expressed

in Table 1. The viscera tissue was not subjected to the cooking process.

Table 7. Determination of the flesh-lipid quality (FLQ) index * in different kinds of raw and processed

tissues corresponding to different specimen sizes **.

Specimen Size Raw or Processed Tissue Tissue
Viscera Mantle Arm
Raw 58.32 +5.15 Ab 80.86 + 6.25 Bbc 73.52 + 1.44 Bb
Frozen 48.63 + 2.34 Aa 73.79 £+ 2.44 Cb 66.86 + 2.22 Ba
Group I
Cooked NA *** 83.39 + 2.17 Bc 72.35 4+ 3.18 Aab
Cooked-Frozen NA 65.18 4+ 3.27 Ba 76.15 + 3.16 Ab
Raw 64.99 = 1.12 Ab 74.40 £ 2.09 Bb 99.16 + 3.26 Cb
Frozen 55.09 4+ 2.35 Aa 80.70 £ 3.20 Bc 82.27 + 4.08 Ba
Group II
Cooked NA 78.19 4+ 2.10 Abc 86.92 4 4.38 Ba
Cooked-Frozen NA 66.81 + 3.43 Aa 82.08 4+ 3.39 Ba
Raw 47.67 +3.51 Ab 76.21 + 3.42 Bab 77.37 + 3.21 Ba
Frozen 56.25 + 1.41 Aa 72.18 + 4.41 Ba 81.59 + 1.40 Cab
Group III
Cooked NA 77.09 £ 2.37 Aab 82.32 +1.17 Bab
Cooked-Frozen NA 79.53 +2.17 Ab 84.09 + 1.12 Ab

* Average values+ standard deviations of three replicates (1 = 3). Within each group and for each row, different
capital letters (A,B,C) indicate significant differences (p < 0.05) among tissues. Within each group and for each
column, different lowercase letters (a,b,c) indicate significant differences (p < 0.05) as a result of processing.

** Specimen sizes are as expressed in Table 1. *** NA: not analyzed.
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2.2.3. Single w3-PUFAs

Increased EPA values (p < 0.05) were obtained with the cooking process for the arm
of small-sized octopus and for the mantle of medium-sized samples (Table 4); conversely,
large-sized specimens revealed a decrease (p < 0.05) in the mantle tissue. Concerning the
DHA value (Table 5), a general increase in the average value with cooking was obtained in
the mantle of specimens corresponding to all sizes; this increase was found to be significant
(p < 0.05) in the mantle of large-sized samples. For the arm tissue, a definite trend could not
be concluded for the DHA level. Regarding the DPA presence, a decreased value (p < 0.05)
was obtained in the mantle tissue of small- and large-sized samples and in the arm tissue
of large-sized samples; conversely, small-sized specimens showed a DPA level decrease in
the arm tissue.

2.2.4. Previous Related Studies Regarding the Effect of Cooking on Cephalopod Tissues

Different damage pathways have been pointed out in previous studies, resulting from
the cooking treatment of seafood in general. Among them, heat degradation of nutri-
ents, oxidation of vitamins and lipids, and protein toughening can be mentioned [62,63].
As a result, nutritional and sensory quality losses have been indicated, especially when
over-processing is carried out. In such studies, great attention has been given to the evolu-
tion of PUFA compounds, as being especially prone to lipid oxidation development [58]
and consequently, lead to a wide range of negative effects on nutritional and healthy
values [64,65].

Previous work related to the effect of cooking on non-edible tissues corresponding
to cephalopod species can be considered scarce. Toyes-Vargas et al. [44] detected the loss
of FA values after the cooking process of Giant squid (D. gigas) viscera; thus, decreased
values (g-kg ! dry tissue weight) were detected for EPA (from 16.9 to 14.0), DHA (from
19.4 to 18.9), C20:4w6 (from 3.6 to 3.4), and total STFAs (from 38.2 to 31.2). A decreasing
tendency for the DHA, EPA and PI values was detected in squid (I. argentinus) viscera
when increasing the heating time and the temperature of processing [37]; conversely, the
authors observed no effect on the w3/ w6 ratio.

Previous research regarding the effect of the cooking process and thermal treatment,
in general, on the FA profile of edible tissues of cephalopod species can also be considered
scarce. A marked effect on the FA profile of octopus (O. vulgaris) muscle was observed
by Czech et al. [66] after subjecting it to a frying process with sunflower oil. The authors
observed a remarkable content decrease (g-100 g~ ! total FAs) in the fried product in EPA
(from 14.0 to 0.5), DHA (from 29.6 to 2.5) and DPA (from 0.9 to 0.1) values and in the
w3/ w6 ratio (from 4.0 to 0.1). No differential losses in FA groups were detected by Oliveira
et al. [43] by subjecting gutted octopus (O. vulgaris) to the boiling process. Thus, losses of
89.5%, 92.1%, 89.0% and 88.9% for STFA, MUFA, PUFA, and w3-PUFA groups, respectively,
were detected; additionally, a decrease from 5.25 to 5.17 was produced for the w3/ w6 ratio
and from 2.44 to 2.34 for the PI as a result of the thermal treatment.

2.3. Effect of Frozen Storage on the FA Composition

The effect of the frozen storage was studied on the raw samples of the viscera, mantle,
and arm tissues and on the cooked samples of the mantle and arm tissues. As for samples
corresponding to the raw and cooked conditions, changes produced in the FA profile will
be discussed on the basis of the effect of the frozen storage on FA groups and ratios, as well
as on single w3-PUFAs.
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2.3.1. FA Groups

Frozen storage led to a significant increase in STFA content in viscera (Table 1); this
difference was significant (p < 0.05) in specimens corresponding to the large-sized group.
Regarding mantle and arm tissues, a notable increase in the average STFA content was
detected in all size groups as a result of the frozen storage. This tendency was observed
both for raw as for cooked samples.

The effect of frozen storage on MUFA content varied by sample size: it increased
significantly (p < 0.05) in small-sized viscera but decreased (p < 0.05) in large-sized ones.
Meantime, the mantle tissue showed no effect (p > 0.05) for small- and medium-sized
specimens; however, an average decrease was found in large-sized specimens, which was
significant (p < 0.05) for cooked samples. A different behavior was obtained for the arm
tissue according to the size of specimens. Thus, small- and large-sized samples showed
a decrease in the average value, while medium-sized samples experienced an increase;
a significant effect (p < 0.05) of the frozen period was detected in cooked small- and
large-sized groups.

A decrease (p < 0.05) of the PUFA value was detected in viscera corresponding to the
small- and medium-sized samples as a result of frozen storage; conversely, an average
value increase was observed for large-sized specimens. Regarding the mantle tissue, a
general decrease in the average PUFA level was observed; this decrease was found to
be significant (p < 0.05) in medium-sized samples both for raw and cooked samples. A
general decrease in the average PUFA value was observed in the arm tissue; this decrease
was significant (p < 0.05) for small- and medium-sized specimens corresponding to the
cooked condition.

A decrease (p < 0.05) in the total w3-PUFA value was observed in viscera from small-
and medium-sized samples; conversely, large-sized samples saw an increase (p < 0.05) as
a result of the frozen period. Mantel and arm tissues showed a decrease (p < 0.05) of the
w3-PUFA value in raw and cooked samples of Group II. However, a definite trend for both
tissues could not be concluded for this FA group regarding specimens corresponding to
Groups I and II1.

2.3.2. FA Ratios

A notable decrease (p < 0.05) in the w3/w6 ratio was observed as a result of the
storage period in the viscera tissue corresponding to small- and medium-sized samples.
Conversely, viscera corresponding to large-sized octopus showed an increased value
(p < 0.05). Regarding the mantle tissue, a decreased value (p < 0.05) was obtained for
cooked small- and medium-sized samples, but an increased value (p < 0.05) was detected
in raw medium-sized samples and cooked large-sized samples. For the arm tissue, an
increased value (p < 0.05) was obtained in most cases; the exception was the raw small-sized
batch that exhibited a decrease (p < 0.05) after the storage period.

The PI of the viscera tissue indicated an average decrease for specimens corresponding
to the small- and medium-sized batches; differences were significant (p < 0.05) for the
medium-sized ones. Small-sized specimens showed an average PI value decrease in
the mantle and arm tissues as a result of the frozen storage; differences were significant
(p < 0.05) for cooked mantle and raw arm. Concerning medium- and large-sized samples,
an increased PI was observed after the frozen period in the mantle tissue in most cases;
differences were significant (p < 0.05) for raw medium-sized samples. For the arm tissue,
a general decrease in the average PI was detected in medium- and large-sized samples;
conversely, cooked specimens corresponding to Group III showed a content increase
(p < 0.05) with frozen storage.
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The FLQ value of the viscera tissue indicated a significant decrease (p < 0.05) in
specimens of all sizes (Table 7). The effect of the frozen storage on the mantle tissue did not
lead to a general trend. Thus, a value decrease (p < 0.05) was detected in cooked small- and
medium-sized samples and a value increase in raw medium-sized specimens. For the arm
tissue, decreased values were obtained in raw small- and medium-sized specimens.

2.3.3. Single w3-PUFAs

Regarding the EPA value, viscera samples showed an average decrease with the frozen
storage; differences were significant (p < 0.05) in small- and medium-sized samples. For
mantle samples, a decreased value was detected after the frozen storage in most cases;
differences were significant (p < 0.05) in raw and cooked small-sized samples and in cooked
medium-sized ones. Conversely, the mantle tissue corresponding to raw medium-sized
and cooked large-sized samples showed an increased (p < 0.05) EPA level as a result of
the frozen storage. In the case of the arm tissue, the effect of frozen storage varied by
specimen size. Thus, small- and large-sized samples depicted an average decrease, while
medium-sized ones indicated an increase.

The DHA value in viscera showed an increase (p < 0.05) after the frozen storage in
medium- and large-sized samples. Regarding the mantle tissue, an average value decrease
was detected for this PUFA group in most cases; differences were found to be significant
(p < 0.05) in cooked small- and medium-sized batches. A decreased DHA value was
generally observed in the arm tissue of small- and medium-sized samples after the frozen
period; this decrease was found to be significant (p < 0.05) in raw samples. Regarding
large-sized octopus, an increasing average DHA content was observed in the arm tissue as
a result of the frozen storage; differences were significant (p < 0.05) in cooked samples.

For the DPA level, a different trend was detected according to the size of specimens;
that is, the viscera tissue showed a decrease (p < 0.05) in small- and medium-sized samples
and an increase (p < 0.05) in large-sized ones. Regarding the mantle tissue, an average
increase was seen in most cases. Conversely, an average decrease in the DPA value was
detected in the arm tissue of all groups as a result of frozen storage; differences were only
significant (p < 0.05) in cooked medium-sized samples.

2.3.4. Previous Related Studies Regarding the Effect of Frozen Storage on Cephalopod and
Invertebrate Tissues

Frozen storage mostly inhibits microbial development, but fish constituents may
undergo different kinds of deteriorative mechanisms such as the formation of aggregates,
protein insolubility, mechanical damage, and development of lipid damage [67,68]. Among
them, lipid hydrolysis and oxidation, and therefore FA damage, have been recognized
as important factors that influence quality changes during the frozen storage of seafood
in general [69,70]. Notably, the development of the lipid damage mechanisms has been
revealed to be more important when increasing the time and temperature of the storage
period [15,71].

Regarding non-edible tissues of cephalopods and invertebrate species in general,
previous research focused on the effect of the frozen storage on changes in the FA profile,
and lipid damage was considered scarce. A marked development of lipid oxidation was
detected in Patagonian squid (D. gahi) by-products during the frozen storage (—10 and
—18 °C up to 18 months) [72]; in this study, lipid deterioration increased with the time
and temperature of storage. Regarding invertebrate species, the evolution of the FA profile
of Chinese mitten crab (Eriocheir sinensis) hepatopancreas during the frozen storage at
different temperatures (—20, —40, and —80 °C) was studied by Fan et al. [73]; an increase
in the STFA level and a decrease in the MUFA and PUFA presence were detected with
increasing temperature and time of storage.
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Previous research accounts for the study of changes in the FA profile in differ-
ent edible tissues of cephalopod species subjected to frozen storage conditions. Thus,
Atayeter and Ercoskun [54] analyzed the changes produced in the FA profile of the arms
and mantle of European squid (L. vulgaris) subjected to frozen storage (—20, —40, and
—80 °C). By increasing the storage time, a marked increase in the STFA presence could be
detected, which was accompanied by slight decreases in the MUFA and PUFA values and
remarkable increases in the w3/ w6 ratio; additionally, marked decreases in the DHA and
DPA levels were detected, but no effect on the EPA value could be proved. Gullian-Klan
et al. [74] analyzed the changes produced in the FA profile of Mexican four-eyed octopus
(Octopus maya) muscle during a 5-month storage at —18 °C. As a result, 6.07% and 9.28%
decreases in the PUFA value were detected after 3 and 5 months of storage, respectively.
Furthermore, the initial PI value (i.e., 3.5) decreased to values of 2.9 and 2.3 after 3 and
5 months, respectively.

3. Materials and Methods
3.1. Raw Octopus, Sampling, Cooking and Frozen Storage

Common octopus (O. vulgaris) were obtained near the Galician coast (North-West
Spain) and supplied by Frigorificos Rosa de los Vientos S. L. (Marin, Pontevedra, Spain).
Three different specimen groups were considered, i.e., Group I (1-2 kg per specimen),
Group II (2-3 kg per specimen), and Group III (3—4 kg per specimen). In order to carry out
the study, 24 specimens of each group were used. Within each group, separation of viscera,
mantle and arm was carried out.

Viscera tissue corresponding to 12 specimens was subjected to analysis (Raw viscera).
For this, three independent batches were considered (n = 3; viscera corresponding to
4 specimens per batch). Viscera tissue corresponding to the other 12 specimens was
subjected to frozen storage (—18 °C) for 4 months. After this period, viscera tissue
was subjected to thawing and subsequent analysis (Frozen viscera). For this, three in-
dependent batches were considered (n = 3; viscera corresponding to 4 specimens per
batch). In agreement with industrial practice, the viscera tissue was not subjected to the
cooking process.

Mantle tissue corresponding to 6 specimens was subjected to analysis (Raw mantle).
For this, three independent batches were considered (1 = 3; mantles corresponding to
2 specimens per batch). Meantime, mantle tissue corresponding to 6 specimens was
subjected to frozen storage (—18 °C) for 4 months. After this period, mantle tissue was
subjected to thawing and subsequent analysis (Frozen mantle). For this, three independent
batches were considered (1 = 3; mantles corresponding to 2 specimens per batch).

Mantle tissue corresponding to the remaining 12 specimens was subjected to cooking
(40 min at 90 °C). Afterwards, mantle tissue corresponding to 6 specimens was subjected
to analysis (Cooked mantle). For this, three independent batches were taken into account
(n = 3; mantles corresponding to 2 specimens per batch). Meantime, mantle tissue cor-
responding to 6 specimens was subjected to frozen storage (-18 °C) for 4 months. After
this period, the mantle tissue was subjected to thawing and subsequent analysis (Cooked-
Frozen mantle). For this, three independent batches were considered (n = 3; mantles
corresponding to 2 specimens per batch).

For the arm tissue, the sampling procedure carried out was the same as for the mantle
tissue. Thus, the following arm samples were obtained: Raw, Frozen, Cooked and Cooked-
Frozen. As for the mantle tissue, three independent batches were considered (1 = 3; arms
corresponding to 2 specimens per batch) in all sample types.

Solvents and chemical reagents used in this study were of reagent grade (Merck,
Darmstadt, Germany); otherwise, the supplier is defined.
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3.2. Lipid Extraction and FA Analysis of Tissue Samples

The lipid extraction of the different tissues was carried out in agreement with the Bligh
and Dyer [75] method. In a first step, this method employs a chloroform /methanol/water
(1/2/0.8, v/v/v) mixture as an extracting solvent system. Then, the addition of chlo-
roform and water is carried out to the mixture in order to attain a 2/2/1.8 (chloro-
form/methanol/water, v/v/v) solvent ratio so that two phases are formed. The one placed
at the bottom is carefully taken and corresponds to the lipid fraction. Results on total lipid
yield were calculated as g total lipids-kg ! tissue. Lipid extracts were kept at —40 °C in a
nitrogen atmosphere before being used.

Fatty acid methyl esters (FAMEs) were obtained from lipid extracts by employing
acetyl chloride in methanol. Then, FAMEs were analyzed by gas chromatography (Perkin-
Elmer 8700 chromatograph, Madrid, Spain) [76]. A fused silica capillary column SP-2330
(0.25 mm i.d. x 30 m, Supelco, Inc., Bellefonte, PA, USA) was used. The temperature
program was the following: increased from 145 to 190 °C at 1.0 °C-min~! and from 190 °C
to 210 °C at 5.0 °C-min !, then held for 13.5 min at 210 °C. Nitrogen at 10 psig was used as
carried gas and a flame ionization detector at 250 °C was used as detector. A programmed
temperature vaporizer injector was used in the split mode (150:1), being heated from 45 to
275°C at 15 °C-min .

Identification of FAME peaks was carried out by comparison of the retention
times to those of standard mixtures (Qualmix Fish, Larodan, Malmo, Sweden; Supelco
37 Component FAME Mix, Sigma-Aldrich, Laramie, WY, USA). Peak areas were automati-
cally integrated. For quantitative purposes, C19:0 was employed as an internal standard;
for that, 100 uL (i.e., 40 pg C19:0) of a 0.4 mg-mL~! solution in toluene were added to each
sample before the methylation reaction with acetyl chloride in methanol. Detection and
quantification limits were 500 and 1,500 area units, respectively. Quantitative calibration
was carried out by means of the above-mentioned Supelco FAME Mix.

The content of each FA was expressed as g-100 g~ ! of total FAs. Results regarding
FA groups (STFAs, MUFAs, PUFAs, total w3-PUFAs and total w6-PUFAs) and FA ratios
(total w3-PUFAs/total w6-PUFAs, P1, and FLQ) were calculated by considering the results
obtained in individual FAs. The PI and the FLQ were determined as the following ratios of
FA concentrations: DHA+EPA /C16:0 and 100 x (DHA + EPA)/% total FAs, respectively.

3.3. Statistical Analysis

This research was carried out in triplicate (n = 3). For each kind of sample
(raw/cooked/frozen, specimen size, and tissue), three biological replicates (three indepen-
dent batches) were employed. In the case of mantle and arm, each sample analyzed was
composed of tissues corresponding to two different specimens. For viscera, each sample
analyzed was composed of tissues corresponding to four different specimens.

Data obtained from the FA analysis (FA groups and ratios and single w3-PUFAs) were
subjected to the ANOVA method. For it, one-way ANOVA was applied to investigate
differences resulting from the following factors: tissue, cooking process and frozen stor-
age. The effect of each factor was analyzed independently. Statistical comparisons were
conducted via PASW Statistics 18 Software for Windows (SPSS Inc., Chicago, IL, USA).
The least-squares difference (LSD) test was used for comparison of means. For each FA
parameter, the 95% confidence interval was calculated; for this, the standard deviation of
each sample and the number of replicates (1 = 3) were taken into account.

4. Conclusions

A comparative study of the FA composition of non-edible (viscera) and edible (mantle
and arm) tissues of octopus (O. vulgaris) was carried out. In agreement with current
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nutritional recommendations, all kinds of tissues (viscera, mantle, and arm) showed great
levels of highly valuable indices related to the lipid fraction (total w3-PUFAs, EPA, DHA,
and DPA values; w3/ w6 PI, and FLQ ratios). In most cases, the cooking process and the
frozen storage led to an average decrease in the PUFA and w3-PUFA content and to an
increase in the STFA presence. In spite of such processing effects, all kinds of specimen
sizes considered in the present study maintained such highly nutritional values. This
result is considered especially important in the case of the viscera tissue, a substrate that is
commonly discarded or employed for obtaining low-value sub-products.

This research contributes to achieve alternative sources for obtaining highly valuable
constituents from waste substrates resulting from the seafood commercialization with
the aim of providing healthy compounds for the food and pharmaceutical industries and
increase the profitability of such by-products. Waste constituents may be used not only as
food but also for other high-end applications. The results of this study could serve as a
basis for the development of new functional foods enriched with w3-PUFAs such as EPA
and DHA. Such enriched foods would be likely to produce a positive and profitable impact
on the health of a wide range of consumers such as infants, pregnant women, or older
adults in general.

The use of the current viscera tissue would lead to the ecological upside of reducing
seafood industry waste and agree with general commitments for environmental sustain-
ability and circular economy. Further research ought to be carried out on the optimization
(i.e., surface-response methodology) of the extracting conditions and considering the differ-
ent process and response variables of the extraction. The use of an RSM design can provide
the possibility of affording a product with, at the same time, a minimum rancidity level and
maximum yield of w3-PUFA compounds. For it, the employment of green technologies
such as irradiation (microwave, ultrasound, pulsed electric fields, etc.)-assisted, supercrit-
ical fluid, or green solvent extraction ought to be developed to fulfil current ecological
requirements and guarantee a high-quality w3-PUFA extract. Before finding a subsequent
use for octopus waste, international requirements regarding safety concerns (presence of
heavy metals, aromatic hydrocarbons, etc.) ought to be taken into account.
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Abstract: Background: Oxidative stress, inflammation, and endothelial dysfunction are
important processes in the progression of atherosclerosis and the occurrence of acute
coronary syndromes (ACSs). Omega-3 polyunsaturated fatty acids (Omega-3 PUFAs) are
present in marine organisms and have the capacity to reduce all these processes and, at the
same time, the progression of atherosclerosis and the emergence of ACSs. Aim: To evaluate
the role of Omega-3 PUFAs therapy on parameters of oxidative stress, inflammatory
syndrome, endothelial dysfunction, and long-term prognosis in acute coronary syndromes.
Methods: One thousand one hundred forty patients were admitted to Clinic County
Emergency Hospital Brasov with ACS and were enrolled in a prospective study. The study
was divided into four groups related to the type of ACS and treatment with Omega-3
PUFAs added to the optimal medical therapy (OMT). The effect of Omega-3 PUFAs therapy
associated with the OMT was determined by measuring the dynamics of the following
parameters: (a) oxidative stress—total antioxidant status (TAS), oxidated low density
lipoprotein cholesterol antibodies (Ab anti-ox-LDL), IgG anti-Myeloperoxidase antibodies
(IgG type Ab anti-MPO); (b) inflammatory syndrome—C-reactive protein and fibrinogen;
(c) endothelial dysfunction—flow mediated dilation (FMD) and von Willebrand factor
(VWH) activity, from baseline to 6 months of follow-up. Clinical events followed at 5 years
were cardiovascular and sudden death, Non-ST and ST segment elevation ACS, in stent
thrombosis and restenosis, stroke, readmission in hospital for ACS and for heart failure.
Results: In ACS groups, treatment with Omega-3 PUFAs added to the OMT significantly
decreased the parameters of oxidative stress, inflammatory syndrome, and endothelial
dysfunction at 6 months of follow-up. Regarding the clinical events, a significant reduction
in the risk of cardiovascular and sudden death and a decreased incidence of Non-ST and
ST segment elevation ACS, in-stent restenosis, readmission for ACS and heart failure, was
observed in Omega-3 PUFA-treated groups in comparison to control groups. Conclusions:
In acute coronary syndromes, therapy with Omega-3 PUFAs added to the OMT resulted
in a significant decrease of parameters of oxidative stress, inflammation, and endothelial
dysfunction at 6 months and also a significant improvement in the long-term prognosis.

Mar. Drugs 2025, 23, 154 https://doi.org/10.3390/md23040154
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1. Introduction

Oxidative stress, inflammation, and endothelial dysfunction are involved in the pro-
gression of atherosclerosis and the appearance of acute coronary syndrome (ACS). Oxida-
tive stress is the consequence of the imbalance between antioxidants and reactive oxygen
species (ROS). A high concentration of ROS will cause damage to the protein and lipid
structure of the arterial wall and, at the same time, DNA degradation [1-3].

The most important actions of ROS in acute coronary syndromes are an increase in
the synthesis of inflammatory cytokines, thereby participating in the oxidation of LDL (a
major determinant of atherogenesis); mitochondrial dysfunction leading to overproduction
of ROS, which promote acute or chronic low grade inflammation, and at the same time,
determine proliferation, apoptosis, and progression of atherosclerotic plaques. ROS impede
the competition between polyunsaturated fatty acids (Omega-3 PUFAs) and arachidonic
acid in the biosynthesis of pro-inflammatory mediators, resulting in the dysfunction of
seleno-proteins, which can no longer exert their protective, antioxidant effects in the coro-
nary arteries. It leads to the production of nitro-tyrosine, which decreases the bioavailability
of nitric oxide (NO) [4-6].

Compared to native LDL, oxidated LDL is more avidly taken up by macrophages,
giving rise to foam cells, forming a larger lipid core and increasing stress in the fibrous
cap, which will increase the risk of plaque rupture. Hypochlorous acid (HOCI) acts
with the electronic substrates of apolipoprotein B (lysine and tyrosine residues), forming
3-chloro-tyrosine myeloperoxidase, which is found in large quantities in the atherosclerotic
(ATS) plaque. Moreover, the latter can generate a series of secondary products that can be
involved in reactions resulting in oxidated LDL (tyrosine radicals, p-hydroxy-phenyl-acetyl-
aldehyde, unsaturated glyceraldehyde, 2-hydroxypropanal, acrolein). Omega-3 polyunsat-
urated fatty acids (Omega-3 PUFAs) are a molecular class present in marine extracts with
the capacity to reduce inflammation and oxidative stress values in the ATS plaque [7-9].

The main aim of this study was to evaluate the role of Omega-3 polyunsaturated fatty
acids therapy on parameters of oxidative stress, inflammatory syndrome, and endothelial
dysfunction on the long-term prognosis of acute coronary syndrome.

2. Results
2.1. Cardiovascular Risk Factors, Demographic Characteristics, and Biomarkers at Baseline

At the baseline, the cardiovascular risk factors, demographic characteristics, and the
biomarkers for dyslipidemia and myocardial necrosis were analyzed (Table 1). There were
no registered significant differences between the study groups. The comparison was made
between groups with the same type of ACS, NSTE-ACS or STE-ACS.

Table 1. Cardiovascular risk factors, demographic characteristics, and biomarkers at baseline.

NSTE-ACS STE-ACS

Omega-3 PUFAs NSTE-ACS Omega-3 PUFAs STE-ACS
N =283 o N =287 o N =293 o N =277 o
Total Patients to Patients to p Patients to Patients Yo p
Age > 65 113 39.93% 112 39.02%  0.825093 112 38.23% 106 38.27%  0.991793
Male 151 53.36% 153 53.31%  0.991068 155 52.90% 149 53.79%  0.831501
Smokers 127 44.88% 128 44.60%  0.946975 132 45.05% 123 44.40%  0.876634
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Table 1. Cont.

TR neteacs T STeAcs
Total Il’\;:iezr?tz % Il’\;lat=ie2nstz % P Il’\elit=ie21?t?; ? Il’\e]1t=ie2n7t7s % P

Arterial Hypertension 188 66.43% 188 65.51%  0.815565 195 66.55% 181 65.34%  0.76059
Diabetes Mellitus 112 39.58% 111 38.68%  0.82576 114 38.91% 109 39.35%  0.913874
BMI >25 kg /m? 186 65.72% 184 64.11%  0.686638 194 66.21% 176 63.54%  0.503808
Total Cholesterol > 200 mg/dL 194 68.55% 197 68.64%  0.981558 202 68.94% 189 68.23%  0.854972
LDL Cholesterol > 55 mg/dL 200 70.67% 197 68.64%  0.598114 200 68.26% 195 70.40%  0.580246
HDL Cholesterol < 40 mg/dL 159 56.18% 158 55.05%  0.785738 166 56.66% 151 54.51%  0.60683
Triglycerides > 150 mg/dL 195 68.90% 129 44.95%  0.851756 135 46.08% 119 42.96%  0.454586
Troponin T > 0.1 ng/dL 278 98.23% 280 97.56%  0.576182 290 98.98% 275 99.28%  0.693338
CK-MB >24U/L 270 95.40% 272 94.77%  0.726689 280 95.56% 266 96.03%  0.180419

OMT = optimal medical therapy; NSTE-ACS Omegz?—B PUFAs = érqup of Pgtients with Non-ST elevation acute

coronary syndromes treated with Omega-3 fatty acids (Omacor™) in addition to OMT; NSTE-ACS = group of

patients with Non-ST elevation acute coronary syndromes with OMT without Omega-3 fatty acids (Omacor®);

STE-ACS Omega-3 PUFAs = group of patients with ST elevation acute coronary syndromes treated with Omega-

3 fatty acids (Omacor®) in addition to OMT; STE-ACS = group of patients with ST elevation acute coronary
syndromes with OMT without Omega-3 fatty acids (Omacor®); LDL Cholesterol—Low Density Lipoprotein
Cholesterol; HDL Cholesterol—High Density Lipoprotein Cholesterol; CK-MB—Creatine kinase isoenzymes MB.

2.2. Pharmacologic and Non-Pharmacologic Treatment

Optimal Medical Therapy (OMT), interventional, and surgical revascularization were
defined by ACC/AHA and ESC guidelines. There were no significant differences be-
tween NSTE-ACS groups with or without Omega-3 fatty acids (Omacor®) and also in
STE-ACS groups with or without Omega-3 fatty acids (Omacor®) in terms of treatment
strategy (Table 2).

Table 2. Pharmacologic and non-pharmacologic treatment.

NSTE-ACS STE-ACS

Omega-3 PUFAs NSTE-ACS Omega-3 PUFAs STE-ACS
Total Il:;;ezr?t?; % Il’\alit=ie2118tz % p Il’\;t=ie2ngt?; % 11:1t=ie2n7tz Yo P

Aspirin 283 100% 287 100%  1.0000 293 100% 277 100%  1.0000

Enoxaparin 283 100% 287 100% 10000 293 100% 277 100%  1.0000

Clopidogrel 283 100% 287 100% 10000 293 100% 277 100%  1.0000
ACEI 188 66.43% 188 6551% 0.815565 195 66.55% 195 70.40%  0.323716
Beta-blockers 232 81.98% 232 80.84% 0725932 141 48.12% 141 50.90%  0.507068
Calcium blockers 19 6.71% 25 871% 0371765 21 7.17% 23 830%  0.611526
Statins 210 74.20% 210 7317% 0779203 218 74.40% 202 72.92%  0.688671
Intravenous nitroglycerin 90 31.80% 99 34.49%  0.494768 93 31.74% 46 16.61%  0.459779
Long-acting nitrates 126 44.52% 123 42.86% 0688485 123 41.98% 117 4224%  0.950137
OMT only 119 42.05% 124 4321% 0780202 123 41.98% 120 4332%  0.746125
revasirtlltli?ljzearggjr?il OMT 128 45.23% 129 4495% 0946073 132 45.05% 125 45.13%  0.98562
Surgical revascularization + 36 12.72% 34 11.85% 075054 38 12.97% 32 1155% 0606453

OMT

OMT = optimal medical therapy; NSTE-ACS Omega-3 PUFAs = éroup of patients with Non-ST elevation acute

coronary syndromes treated with Omega-3 fatty acids (Omacor

) in addition to OMT; NSTE-ACS = group of

patients with Non-ST elevation acute coronary syndromes with OMT without Omega-3 fatty acids (Omacor®); STE-
ACS Omega-3 PUFAs = group of patients with ST elevation acute coronary syndromes treated with Omega-3 fatty
acids (Omacor®) in addition to OMT; STE-ACS = group of patients with ST elevation acute coronary syndromes
with OMT without Omega-3 fatty acids (Omacor®); ACEI = Angiotensin Converting Enzyme Inhibitors.
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2.3. Results Regarding Oxidative Stress

Low values of total antioxidant status (TAS) at baseline seem to have an almost equal
and high incidence in NSTE-ACS Omega-3 PUFAs (64.66%) and NSTE-ACS (63.07%), and
in STE-ACS Omega-3 PUFAs (63.82%) and STE-ACS (63.90%). Also, the second markers of
oxidative stress, respectively, high titers of oxidized LDL cholesterol antibodies (anti-Ox-
LDL antibodies) registered similar incidences in NSTE-ACS Omega-3 PUFAs (71.02%) and
NSTE-ACS (67.25%), and also in STE-ACS Omega-3 PUFAs (70.31%) and STE-ACS (67.87%).
High titers of Myeloperoxidase (MPO) antibodies IgG type (Ab anti-MPO IgG), the third
oxidative stress biomarker, has lower sensitivity in all the groups at baseline (Table 3).

Table 3. Oxidative stress biomarkers.

NSTE-ACS STE-ACS
Omega-3 PUFAs NSTE-ACS Omega-3 PUFAs STE-ACS
N =283 i N =287 . N =293 . N =277 .
Total Patients to Patients % P Patients Yo Patients Yo P
Baseline

TAS < 1.3 mmol /L 183 64.66% 181 63.07% 0691298 187  63.82% 177  6390% 0984861

Ab anti-Ox LDL cholesterol 201 71.02% 193 67.25% 032906 206  70.31% 188  67.87% 0529031
150 UT/L

Ab anti-MPO IgG >20 U 67 23.67% 57 19.86% 0269773 71 2423% 63 2274%  0.675342

At 6 months 0.00%

TAS < 1.3 mmol /L 59 20.85% 94 3275% 0001382 66 22.53% 98 3538%  0.000704

Ab anti-Ox LDL cholesterol ) 11.31% 54 18.82%  0.012283 31 10.58% 60 21.66%  0.000306
150 UT/L

Ab anti-MPO IgG 20 U 2% 9.19% 39 1359%  0.098328 29 9.90% 36 13.00%  0.2447

OMT = optimal medical therapy; NSTE-ACS Omega-3 PUFAs = group of patients with Non-ST elevation acute
coronary syndromes treated with Omega-3 fatty acids (Omacor®) in addition to OMT; NSTE-ACS = group of
patients with Non-ST elevation acute coronary syndromes with OMT without Omega-3 fatty acids (Omacor®);
STE-ACS Omega-3 PUFAs = group of patients with ST elevation acute coronary syndromes treated with Omega-
3 fatty acids (Omacor®) in addition to OMT; STE-ACS = group of patients with ST elevation acute coronary
syndromes with OMT without Omega-3 fatty acids (Omacor®); TAS = total antioxidant status; Ab anti-Ox LDL
cholesterol = antibodies anti-Oxidated Low Density Lipoprotein Cholesterol; Ac anti-MPO IgG = Antibodies
anti-Myeloperoxidase Immunoglobulin G type. All p values < 0.05 that are considered statistically significant
are bolded.

At 6 months after the acute event, high serum levels of oxidative stress biomarkers
registered a low incidence in all groups, which once again confirms the correlations between
high levels of oxidative stress and acute coronary ischemic events. Moreover, the oxidative
stress persisted at 6 months in a significantly lower percentage of patients in the groups
treated with Omega-3 PUFAs compared to the groups that did not receive this therapy
as follows: Low values of total antioxidant status (TAS) in NSTE-ACS Omega-3 PUFAs
at 20.85% and NSTE-ACS at 32.75% (p < 0.01) and also in STE-ACS Omega-3 PUFAs at
22.53% and STE-ACS at 35.38% (p < 0.001). Similar results about the second oxidative stress
biomarker were obtained: high titers of anti-Ox LDL antibodies in NSTE-ACS Omega-3
PUFAs at 11,31% and NSTE-ACS at 18.82% (p < 0.05) and also in STE-ACS Omega-3 PUFAs
at 10.58% and STE-ACS at 21.66% (p < 0.05). The third biomarker of oxidative stress, Ab
anti-MPO IgG, registered lower titers in Omega-3 PUFAs groups but not significantly lower,
mostly because of low titers at baseline (Table 3).

2.4. Results Regarding Inflammation

At baseline, a high incidence of inflammation was registered in all NSTE-ACS and
STE-ACS groups; high serum levels of C-reactive protein (CRP) > 0.5 mg/dL were ob-
tained in NSTE-ACS Omega-3 PUFAs (56.89%) and NSTE-ACS (55.05%) and also in
STE-ACS Omega-3 PUFAs (55.97%) and STE-ACS (56.92%), and high plasma values of
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fibrinogen > 400 mg/dL were obtained in NSTE-ACS Omega-3 PUFAs (48.41%) and NSTE-
ACS (49.83%) and also in STE-ACS Omega-3 PUFAs (51.19%) and STE-ACS (50.54%). At
baseline, a high incidence of the inflammatory syndrome can be observed in more than half
of the patients with acute coronary syndrome, if we refer to the increased serum level of
C-reactive protein, more sensitive than fibrinogen, with increased plasma values in almost
half of the patients (Table 4).

Table 4. Biomarkers of inflammation.

Omegas PUTAs  NSTEACS OmegasPUras  STEACS
Total II:L: ezrftss % Ilit=ie2r\8tz % P Il:x: e2119t35 Y Il’\;t=1 e2n7tz Yo P
Baseline
C-reactive protein > 0.5 mg/dL 161 56.89% 158 55.05%  0.658483 164 55.97% 156 56.32%  0.933882
Fibrinogen > 400 mg/dL 137 48.41% 143 49.83%  0.735701 150 51.19% 140 50.54%  0.876136
At 6 months
C-reactive protein > 0.5 mg/dL 64 22.61% 91 31.71%  0.014716 53 18.09% 82 29.60%  0.001231
Fibrinogen > 400 mg/dL 31 10.95% 51 17.77%  0.020429 40 13.65% 72 25.99%  0.00021

OMT = optimal medical therapy; NSTE-ACS Omega-3 PUFAs = %roup of patients with Non-ST elevation acute
coronary syndromes treated with Omega-3 fatty acids (Omacor™) in addition to OMT; NSTE-ACS = group of
patients with Non-ST elevation acute coronary syndromes with OMT without Omega-3 fatty acids (Omacor®);
STE-ACS Omega-3 PUFAs = group of patients with ST elevation acute coronary syndromes treated with Omega-
3 fatty acids (Omacor®) in addition to OMT; STE-ACS = group of patients with ST elevation acute coronary
syndromes with OMT without Omega-3 fatty acids (Omacor®). All p values < 0.05 that are considered statistically
significant are bolded.

At 6 months of follow-up, inflammation was registered as having an important reduc-
tion in all groups. Inflammation persisted at 6 months in a significantly lower percentage
of patients in the groups treated with Omega-3 PUFAs compared to the control groups as
follows: High serum levels of CRP in NSTE-ACS Omega-3 PUFAs at 22.61% and NSTE-
ACS at 31.71% (p < 0.05) and also in STE-ACS Omega-3 PUFAs at 18.09% and STE-ACS
at 29,60% (p < 0.01). Similar results about high plasma levels of fibrinogen were obtained
in NSTE-ACS Omega-3 PUFAs at 10.95% and NSTE-ACS at 17.77% (p < 0.05) and also in
STE-ACS Omega-3 PUFAs at 13.65% and STE-ACS at 25.99% (p < 0.001) (Table 4).

2.5. Results Regarding Endothelial Dysfunction

At baseline, in all ACS patients, endothelial dysfunction parameters registered an
increased incidence as follows: Low value of flow-mediated dilation (FMD) < 4.5%—in
NSTE-ACS Omega-3 PUFAs (53%) and NSTE-ACS (50.87%) and also in STE-ACS Omega-
3 PUFAs (52.56%) and STE-ACS (51.26%); high level of von Willebrand factor activity
(VWI activity) > 169.7%—in NSTE-ACS Omega-3 PUFAs (55.12%) and NSTE-ACS (52.61%)
and also in STE-ACS Omega-3 PUFAs (54.61%) and STE-ACS (54.51%). All of these
data illustrate the pivotal role of endothelial dysfunction in triggering the acute coronary
ischemic event (Table 5).

After 6 months of follow-up, the parameters of endothelial dysfunction were more
reduced in Omega-3 PUFA-treated groups and registered a significantly lower percentage
of patient with endothelial dysfunction in these groups as follows: Low value of flow-
mediated dilation (FMD) in NSTE-ACS Omega-3 PUFAs at 19.79% and NSTE-ACS at
29.27% (p < 0.05) and also in STE-ACS Omega-3 PUFAs at 14.68% and STE-ACS at 27.80%
(p < 0.001). Similar results about high plasma level of vWf activity were obtained in NSTE-
ACS Omega-3 PUFAs at 18.73% and NSTE-ACS at 28.22% (p < 0.05) and also in STE-ACS
Omega-3 PUFAs at 15.70% and STE-ACS at 29.60% (p < 0.01) (Table 5).
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Table 5. Endothelial dysfunction parameters.

NSTE-ACS STE-ACS
Omega-3 PUFAs NSTE-ACS Omega-3 PUFAs STE-ACS
N =283 . N =287 . N =293 . N =277 .
Total Patients o Patients o p Patients to Patients Yo P
Baseline
Flow-Mediated Vasodilatation 150 53.00% 146 50.87% 061043 154  52.56% 142 5126%  0.756888
(FMV) < 4.5%
Von Willebrand factor (vW¥) 156 55.12% 151 52.61%  0.54779 160 54.61% 151 5451%  0.98186
activity > 169.7%
At 6 months
FI"W"MedlaieZ ;?,/ﬂat“’“ (FMD) 56 19.79% 84 2927%  0.008563 43 14.68% 77 27.80%  0.000123
o (¢}
Von Willebrand factor (vWf) 53 18.73% 81 2822%  0.007521 46 15.70% 82 29.60%  0.00007

activity > 169.7%

OMT = optimal medical therapy; NSTE-ACS Omega-3 PUFAs = %roup of patients with Non-ST elevation acute
coronary syndromes treated with Omega-3 fatty acids (Omacor™) in addition to OMT; NSTE-ACS = group of
patients with Non-ST elevation acute coronary syndromes with OMT without Omega-3 fatty acids (Omacor®);
STE-ACS Omega-3 PUFAs = group of patients with ST elevation acute coronary syndromes treated with Omega-
3 fatty acids (Omacor®) in addition to OMT; STE-ACS = group of patients with ST elevation acute coronary
syndromes with OMT without Omega-3 fatty acids (Omacor®). All p values < 0.05 that are considered statistically
significant are bolded.

2.6. Long-Term Clinical Results

The results regarding patient monitoring and the occurrence of cardiovascular event
components individually evaluated—cardiovascular death, sudden death, NST/ST eleva-
tion acute coronary syndrome (NSTE/STE-ACS), in-stent thrombosis, in-stent restenosis,
stroke, readmission for ACS, and readmission for heart failure—were reported at 5 years
of follow-up. In groups with Omega-3 PUFAs added to the optimal medical therapy,
with or without interventional and/or surgery revascularization, a significantly reduced
incidence of most cardiovascular events was observed. The risk of cardiovascular death
was significantly lower at 6.71% (p < 0.05) in the NSTE-ACS Omega-3 PUFAs group in
comparison with 12.89% in the NSTE-ACS group, and also significantly reduced to 7.17%
(p < 0.01) in STE-ACS Omega-3 PUFAs versus 15.88% in STE-ACS (Table 6).

Similar results about sudden death were significantly lower at 3.89% (p < 0.05) in the
NSTE-ACS Omega-3 PUFAs group versus 8.71% in the NSTE-ACS group and also 4.10%
(p <0.01) in the STE-ACS Omega-3 PUFAs group versus 10.11% in the NSTE-ACS group.
It can be observed that the results are almost similar regarding cardiovascular and sudden
death as a confirmation of a bad prognosis of ACS, even in NSTE or STE (Table 6).

Regarding the occurrence of reinfarction (recurrence of NSTE/STE-ACS), the reduction
of oxidative stress, inflammatory syndrome, and endothelial dysfunction was associated
with a significantly lower risk of these coronary ischemic events in the groups treated with
Omega-3 PUFAs compared to the conventionally treated groups (Table 6).

In-stent acute thrombosis, a trend has been registered regarding the reduction of risk
in the Omega-3 PUFAs groups in comparison with the control groups, without reaching
statistical significance (Table 6).

Occurrence of in-stent restenosis—the intravascular event highly dependent on the
activity of the atheroma plaque—was shown to occur in a significantly reduced percentage
in patients treated with Omega-3 PUFAs compared to control groups that did not receive
this treatment, proving the anti-inflammatory and antioxidant effects of Omega-3 PUFAs
at 2.47% (p < 0.00001) in the NSTE-ACS Omega-3 PUFAs group versus 13.24% in the NSTE-
ACS group and also 3.07% (p < 0.00001) in the STE-ACS Omega-3 PUFAs group versus
14.80% in the NSTE-ACS group (Table 6).
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Table 6. Clinical results at 5 years.

NSTE-ACS
Omega-3 PUFAs

NSTE-ACS

STE-ACS
Omega-3 PUFAs

STE-ACS

Total

N =283
Patients

%

N =287
Patients

%

P

N =293
Patients

[0

N =277
Patients

%

14

Cardiovascular death

19

6.71%

37

12.89%

0.013221

21

7.17%

44

15.88%

0.001066

Sudden death

11

3.89%

25

8.71%

0.01722

12

4.10%

28

10.11%

0.004973

Recurrence of NSTE/STE-ACS

32

11.31%

58

20.21%

0.003568

39

13.31%

67

24.19%

0.00085

In-stent acute thrombosis

6

2.12%

12

4.18%

0.159467

8

2.73%

14

5.05%

0.150016

In-stent restenosis

7

2.47%

38

13.24%

<0.00001

9

3.07%

41

14.80%

<0.00001

Stroke

6

2.12%

17

5.92%

0.02105

8

2.73%

15

5.42%

0.103518

Readmission for ACS

46

16.25%

75

26.13%

0.003932

49

16.72%

84

30.32%

0.000124

Readmission for heart failure

39

13.78%

67

23.34%

0.003343

41

13.99%

71

25.63%

0.000474

Loss from follow-up

10

3.53%

10

3.48%

0.974512

9

3.07%

11

3.97%

0.559693

OMT = optimal medical therapy; NSTE-ACS Omega-3 PUFAs = %roup of patients with Non-ST elevation acute

coronary syndromes treated with Omega-3 fatty acids (Omacor
patients with Non-ST elevation acute coronary syndromes with OMT without Omega-3 fatty acids (Omacor

) in addition to OMT; NSTE-ACS = group of
®).

STE-ACS Omega-3 PUFAs = group of patients with ST elevation acute coronary syndromes treated with Omega-3
fatty acids (Omacor®) in addition to OMT; STE-ACS = group of patients with n ST elevation acute coronary
syndromes with OMT without Omega-3 fatty acids (Omacor®). All p values < 0.05 that are considered statistically
significant are bolded.

The risk of stroke was significantly lower in 2.12% (p < 0.05) only in the NSTE-ACS
Omega-3 PUFAs group in comparison with 5.92% in the NSTE-ACS group. There was also
a trend regarding the reduction of stroke risk in the STE-ACS Omega-3 PUFAs group in
comparison with the STE-ACS group, without reaching statistical significance (Table 6).

Regarding the soft endpoints represented by readmission for ACS and readmission
for heart failure, the incidence of both of these were significantly lower in groups treated
with Omega-3 PUFAs in comparison with control groups, as can be seen in Table 6.

Loss from follow-up was registered in similar proportions—under 4%—in all studied
groups (Table 6).

Multiple linear regression analysis for predictors of cardiovascular death, sudden
death, recurrence of NSTE/STE-ACS, in-stent restenosis, stroke, readmission for ACS,
and heart failure in acute coronary syndrome patients was conducted. Multiple linear
regression analysis was used to adjust for potential confounders, including risk factors of
age > 65 years, male gender, diabetes mellitus, smokers, arterial hypertension, and body
mass index > 25 kg/m?. Omega-3 PUFA therapy remained independently associated with
a lower risk of cardiovascular death in patients with acute coronary syndromes included in
the present study (Table 7).

Table 7. The results of multiple linear regression analysis for predictors of cardiovascular death.

Predictor Variable

Coefficient beta (f3) 95% Confidence Interval (CI) Standard Error

p-Value

Intercept

0.161

0.010 to 0.303

0.069

0.02

Omega-3 PUFA Therapy

—0.112

—0.216 to —0.025

0.059

0.03

Age > 65

0.211

0.091 to 0.332

0.052

0.005

Male

0.069

0.058 to 0.175

0.042

0.02

Smokers

0.108

0.026 to 0.189

0.042

0.01

Arterial Hypertension

0.154

0.061 to 0.232

0.045

0.001

Diabetes Mellitus

0.114

0.034 to 0.188

0.045

0.009

BMI > 25 kg /m?

0.076

—0.158 to —0.060

0.051

0.05

BMI = Body Mass Index; Omega-3 PUFAs = Omega-3 fatty acids (Omacor®). All p values < 0.05 that are considered
statistically significant are bolded.
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Similar results were obtained regarding the other long term endpoints: Omega-3
PUFAs treatment remained independently associated also with a lower risk of sudden
death (p = 0.04), recurrence of NSTE/STE-ACS (p = 0.009), in-stent restenosis (p = 0.002),
readmission for ACS (p = 0.001) and heart failure (p = 0.004) in patients with acute coronary
syndromes included in the present study. For in-stent acute thrombosis and for stroke,
Omega-3 PUFA therapy is not independently associated with lower risk in our study.

3. Discussion

The results of the present study regarding the significant decrease at 6 months of
the levels of oxidative stress, inflammation, and endothelial dysfunction parameters in
patients with Non-ST elevation ACS (NSTE-ACS) and ST elevation ACS (STE-ACS) treated
with Omega-3 PUFAs added to OMT were in accordance with most of the data from the
literature about the effectiveness of treatment with Omega-3 PUFAs in cardiovascular
disease. Epidemiological and therapeutic studies have shown that a diet rich in fish sig-
nificantly reduces coronary artery disease risk [10]. Marine Omega-3 PUFAs reduced the
infiltration of inflammatory cells and pro-inflammatory activity into the plaque [11]. In
other interventional and therapeutic studies, treatment with marine Omega-3 PUFAs in pa-
tients with advanced atherosclerotic plaques was followed by stabilization of the atheroma
plaques and reduction of inflammation [12]. In the OCEAN study, the levels of matrix
metalloproteinases were lower in atheroma plaques from patients treated with marine
Omega-3 PUFAs, and the plaque vulnerability was thus reduced [13]. In 5480 patients,
the dietary intake of marine Omega-3 PUFAs was inversely correlated with subclinical
atherosclerosis [14]. The JELIS study demonstrated a reduction in major acute coronary
events using EPA in patients with hypercholesteremia [15].

More than that, marine Omega-3 PUFAs were demonstrated to be anti-atherogenic
agents [16,17]. In addition, in a cohort of 600 men with cardiovascular disease, fish oil
supplement administration was followed by reduced parameters of atherothrombotic
risk [18]. Omega-3 PUFAs also decreased atherosclerotic plaque dimensions and stabilized
plaques, preventing plaque rupture and acute coronary syndrome [19,20].

With regard to the antioxidant effect, it was demonstrated that the EPA neutralized
extracellular reactive oxygen species and reduced oxidized LDL-C levels in plasma [21].
Moreover, Omega-3 PUFAs had antioxidant properties, improved endothelial function,
and contributed to anti-atherosclerotic benefits [19,22].

Omega 3 PUFAs act through several mechanisms including: the stabilization of vulner-
able plaques, reducing platelet aggregation and inflammation.. At the same time, Omega 3
PUFAs are involved in reducing the risk of arrhythmias and promoting vasodilation. [19,20].

Moreover, a retrospective study in Japan in patients with cardiovascular disease
demonstrated that low DHA levels were correlated with reduced flow-mediated dilation
(FMD) as a measure of endothelial dysfunction [21]. Similar data about improvement of
endothelial function and anti-inflammatory effects were reported in patients with metabolic
syndrome after treatment with Omega-3 PUFAs [23].

The most important results of the present study are those related to the long-term
prognosis, respectively, at 5 years of follow-up, which highlighted the effectiveness of the
association of treatment with Omega-3 PUFAs to OMT in patients with ACS. Thus, the
risk for cardiovascular and sudden death, reinfarction, stroke, and readmissions for ACS
and heart failure were significantly reduced in the groups treated with Omega-3 PUFAs
compared to the control groups.

Previous studies have various limitations regarding this issue according to demo-
graphic characteristics, comorbidities, the lack of homogeneity of study groups in meta-
analyses, and the predominance of short-term results in most studies in comparison with
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long-term follow-up, which could obtain consistent results with high statistical value.
In this context, a systematic review reported that Omega-3 PUFAs administrated daily
were associated with a significant reduction in sudden cardiac death. A meta-analysis
of 13 studies also demonstrated that marine Omega-3 PUFAs supplementation signifi-
cantly reduced the risk of myocardial infarction and cardiovascular morbidity [22]. A
meta-analysis of 38 studies involving 149,051 participants demonstrated that Omega-3
PUFAs reduce cardiovascular mortality, the risk of non-fatal myocardial infarction, and
coronary heart disease events [22]. In the GISSI Prevenzione trial, the risk of the primary
endpoint (death, non-fatal myocardial infarction, and stroke) was significantly decreased
by treatment with Omega-3 PUFAs at 3.5 years of follow-up [24]. In a short-term follow-up
study, the reduction in the risk of sudden death was statistically significant at 4 months [25].

Even though some negative trials of EPA + DHA were published, the debate and
meta-analyses demonstrated the value of Omega-3 PUFAs in preventing cardiovascular
events and reducing residual risk [22].

A narrative review of publications published in the last 10 years highlighted the impor-
tant role of dietary Omega-3 PUFAs in reducing oxidative stress related to mitochondrial
dysfunction, the apoptosis of endothelial cells, and increasing endogenous antioxidant
enzyme activity. At the same time, Omega-3 polyunsaturated fatty acids reduce the level
of pro-inflammatory cytokines in the heart muscle and vessels [26].

Higher levels of plasma EPA are associated with a lower risk of major cardiovascular
events (MACE), such as any cause mortality, acute myocardial infarction, stroke, and
readmission for heart failure. Additionally, it reduces the risk of sudden cardiovascular
events caused by plaque rupture by significant thickening of the fibrous cap and increasing
the stability of the atherosclerotic plaque. DHA is an Omega-3 fatty acid that has anti-
arrhythmic and anti-thrombotic effects administrated in fish oil pills [26,27].

In accordance with these data, Omega-3 PUFA supplementation has been suggested as
a therapeutic strategy in primary and secondary prevention of cardiovascular disease [28].

The limitations of this study are represented by the relatively small number of patients
included compared to the large clinical trials, but these limitations are partially compen-
sated for by the long-term follow-up of the patients—?5 years, not very often met in the
large clinical trials.

Another limitation of this research is the absence of the Omega-3 index at baseline and
in dynamics among the biomarkers. A value of this index above 8% is demonstrated to be
protective in terms of the risk of sudden death, an aspect demonstrated by retrospective and
prospective epidemiological studies. The results of fundamental research on animal models
and cell cultures have demonstrated the action of Omega-3 polyunsaturated fatty acids
at the level of the myocardial cell membrane, reducing the risk of fatal arrhythmias and
sudden death. These results led to the recommendation of the Guidelines of the European
and American Societies of Cardiology of the ingestion of an average of 1 g of Omega-3
polyunsaturated fatty acids/day, especially in the secondary prevention of sudden death.
A large individual variability depending on age, individual genetic substrate, health status,
and geographical region habits determine the Omega-3 index [29].

In this study, Omega-3 PUFA therapy remained independently associated with a lower
risk of cardiovascular death, sudden death, recurrence of NSTE/STE-ACS, in-stent resteno-
sis, and readmission for ACS and heart failure in patients with acute coronary syndromes
included in the present study, after adjusting for potential confounders, including risk
factors of age > 65 years, male gender, diabetes mellitus, smokers, arterial hypertension,
and body mass index > 25 kg/m? by multiple linear regression analysis.
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4. Materials and Methods

One thousand one hundred forty patients were admitted to Clinic County Emergency
Hospital Brasov with ACS and were enrolled in a prospective study. The study was
divided into 4 groups related to the type of ACS and Omega-3 PUFAs treatment added
to the optimal medical therapy (OMT). In ESC Guidelines for the management of acute
coronary syndromes, the 2 types of ACS were defined as Non-ST segment elevation acute
coronary syndromes (NSTE-ACSs) and ST segment elevation acute coronary syndromes
(STE-ACSs), related to changes on a 12-lead electrocardiogram (ECG).

According to epidemiological studies, people who consume fish, due to the rich
Omega-3 PUFA content, have a reduced risk of cardiovascular disease. The most impor-
tant Omega-3 PUFAs recovered in marine extracts are eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). Therapy with 1 g of Omega-3 PUFAs daily is the most recom-
mended dose for secondary prevention. Omacor® was the commercial form of Omega-3
PUFAs used [10,24,25,30,31]. Omacor®—1 g capsule contains 465 mg of EPA and 375 mg

® was

of DHA—is most commonly administered in Europe [7]. In this context, Omacor
administrated to all patients in the Omega-3 PUFAs groups.

The study protocol and informed consent were approved by the Ethics Committee of
the County Emergency Hospital of Brasov. The patients received the informed consent that
they read and signed before inclusion in the study, according to the Declaration of Helsinki.
All data were anonymized during the analysis [32].

The patients were divided in four groups in relation to type of ACS—Non-ST segment
elevation acute coronary syndrome (NSTE-ACS) or ST segment elevation acute coronary
syndrome (STE-ACS)—and with addition of Omega-3 polyunsaturated fatty acids (Omacor®)
to optimal medical therapy (OMT): Group 1: NSTE-ACS Omega-3 PUFAs—282 patients with
Non-ST segment elevation acute coronary syndromes treated with Omega-3 polyunsat-
urated fatty acids (Omacor®) in addition to OMT; Group 2 (NSTE-ACS control group):
NSTE-ACS—287 patients with Non-ST segment elevation acute coronary syndromes with
OMT, without Omega-3 polyunsaturated fatty acids (Omacor®); Group 3: STE-ACS Omega-
3 PUFAs—293 patients with ST segment elevation acute coronary syndromes treated with
Omega-3 polyunsaturated fatty acids (Omacor®) in addition to OMT; Group 4 (STE-ACS
control group): STE-ACS—277 patients with ST segment elevation acute coronary syn-
dromes with OMT without Omega-3 polyunsaturated fatty acids (Omacor®). Acute coro-
nary syndrome (ACS) was diagnosed by clinical and paraclinical criteria.

At admission to the hospital, the biomarkers to confirm NSTE-ACS and STE-ACS
diagnostic and specific parameters for oxidative stress, inflammatory syndrome, and
endothelial dysfunction were analyzed. Biomarkers of myocardial necrosis were evaluated:
Creatine kinase isoenzymes MB (CK-MB) with Immunologic assay—normal value <24 U/L;
Troponin T with ECLIA assay—normal value < 0.1 ng/dL.

Among the oxidative stress biomarkers, the following biomarkers were chosen
for determination in this study: Anti-Myeloperoxidase antibodies (MPO) type IgG—
turbidimetric method—ELISA INOVA kits—normal value < 20 U [4,5,33-36]; Anti-Ox-LDL
antibody—ELISA INOVA technique—normal value < 150U/L [9,30,35]; Total antioxidant
status (TAS)—ABTS ® Method—RANDOX kits normal value > 1.3 mmol/L. The prin-
ciple of the method is the incubation of ABTS® (2,2-azinobis (3-ethylbenzothiazoline-6-
sulfonate)) with a peroxidase-met-myoglobin and H,O, to produce the ABTS® + cation
radical measured at 600 nm. The total antioxidant status is a measure of all components with
antioxidant activity [35,36].

Biomarkers of inflammation were also analyzed: C-reactive protein—Immunoturbodi-
metric Assay—normal values 0-0.5 mg/dL; fibrinogen—Continuous sequential photo-
optical method—mnormal values 200-400 mg/dL [37-41].
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Parameters of endothelial dysfunction were determined. Flow-mediated dilation
(FMD) was analyzed using brachial artery ultrasound measurement. Endothelial dys-
function was defined as a percentage variation of brachial artery basal diameter after 60 s
post-hyperemia. Endothelial dysfunction was considered if flow-mediated dilation was
less than 4.5% [40,41]. The second endothelial dysfunction analyzed was Von Willebrand
factor (vWT{) activity, using ELISA kits—normal values < 169.7% [42,43].

All these parameters were measured at baseline and at 6 months to evaluate the role
of treatment with Omega-3 PUFAs (Omacor®) added to the OMT in patients with acute
coronary syndromes.

The results regarding patient monitoring and the occurrence of cardiovascular events
—cardiovascular death and sudden death, Non-ST /ST elevation acute coronary syndrome
(NSTE-ACS/STE-ACS), in-stent thrombosis and restenosis, stroke, and readmission for
ACS and for heart failure—were reported at 5 years of follow-up.

Statistical Analysis: The research methodology and the statistical analysis methods
were chosen to be appropriate to the research profile. Statistical analysis was performed
with the following tests: GraphPad Prism 10 version 10.4.1 and Excel Office 2019; de-
mographic data and clinical characteristics of the study population were analyzed using
descriptive statistics, expressed as percentages for categorical variables; Fisher’s exact
test to evaluate percentage differences in categorical variables; Pearson’s correlation to
evaluate the relationship between variables; multiple linear regression analysis to define
independent variables. Statistical significance was defined as a value of p < 0.05 for all tests.

5. Conclusions

In patients with acute coronary syndromes treated with Omega-3 polyunsaturated
fatty acids, at 6 months from the index event, the parameters of total antioxidant status,
inflammation, and endothelial dysfunction normalized in a significantly larger number of
patients in comparison with the control group. The improvement of long-term prognosis
at 5 years of follow-up represents the strongest evidence of the effectiveness of Omega-3
polyunsaturated fatty acid supplementation. Regarding long-term prognosis, in Non-ST
and ST segment elevation acute coronary syndromes, treatment with Omega-3 polyun-
saturated fatty acids added to the optimal medical therapy significantly decreased the
risk of cardiovascular death, sudden death, reinfarction, and readmissions for acute coro-
nary syndrome or heart failure in comparison with Omega-3 polyunsaturated fatty acids
untreated groups.

At the same time, multiple linear regression analysis proved that Omega-3 PUFA
therapy remained independently associated with a lower risk of major acute cardiovascular
events in patients with acute coronary syndromes after adjusting for potential confounders,
including risk factors.

Analyzing the results of this clinical study, which are in accordance with the already
published results, we concluded that it is important to individually evaluate the patients
regarding the presence of oxidative stress and inflammation that play an important role
in the unfavorable prognosis in acute coronary syndromes and to improve oxidative and
inflammatory status by adding Omega-3 polyunsaturated fatty acids to the specific treat-
ment.
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Abbreviations

The following abbreviations are used in this manuscript:

ATS Atherosclerotic

ECG Electrocardiogram

OMT Optimal Medical Therapy

BMI Body Mass Index

NSTE-ACS group of patients with Non-ST elevation acute coronary syndromes

Omega-3 PUFAs  treated with Omega-3 fatty acids (Omacor®) in addition to OMT

NSTE-ACS group of patients with Non-ST elevation acute coronary syndromes with OMT
without Omega-3 fatty acids (Omacor®)

STE-ACS group of patients with ST elevation acute coronary syndromes treated

Omega-3 PUFAs  with Omega-3 fatty acids (Omacor®) in addition to OMT

STE-ACS group of patients with n ST elevation acute coronary syndromes with OMT

without Omega-3 fatty acids (Omacor®)
LDL Cholesterol ~ Low Density Lipoprotein Cholesterol

HDL Cholesterol ~ High Density Lipoprotein Cholesterol

CK-MB ACEI Creatine Kinase isoenzymes MB Angiotensin Converting Enzymes Inhibitors
FMD Flow-Mediated Dilation

vWI von Willebrand factor

TAS Total Antioxidant Status

Ab anti OxLDL antibodies anti-Oxidated Low Density Lipoprotein Cholesterol

cholesterol

f/{cpgnig G Antibodies anti-Myeloperoxidase Immunoglobulin G type
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Abstract: The sustainable utilization of co-products derived from the salmon processing industry is
crucial for enhancing the viability and decreasing the environmental footprint of both capture and
aquaculture operations. Salmon (Salmo salar) is one of the most consumed fish worldwide and a
major species produced in aquaculture. As such, significant quantities of salmon co-products are
produced in pre-commercialization processing/steaking procedures. The present study characterized
a specific co-product derived from the processing of salmon: minced salmon heads. More specifically,
this work aimed to reveal the nutritional profile of this co-product, with a special focus on its lipid
content, including thoroughly profiling fatty acids and fully appraising the composition in complex
lipids (polar lipids and triglycerides) for the first time. The antioxidant potential of lipid extracts
from this salmon co-product was also studied in order to bioprospect lipid functional properties
and possibly unveil new pathways for added-value applications. Our analysis indicated that these
minced salmon heads are exceptionally rich in lipids. Oleic acid is the most prevalent fatty acid in this
co-product, followed by palmitic acid, stearic acid, and linoleic acid. Moreover, relevant lipid indexes
inferred from the fatty acid composition of this co-product revealed good nutritional traits. Lipidome
analysis revealed that triglycerides were clearly the predominant lipid class present in this co-product
while phospholipids, as well as ceramides, were also present, although in minimal quantities. The
bioprospecting of antioxidant activity in the lipid extracts of the minced salmon heads revealed limited
results. Given the high concentration of triglycerides, minced salmon heads can constitute a valuable
resource for industrial applications from the production of fish oil to biodiesel (as triglycerides
can be easily converted into fatty acid methyl esters), as well as possible ingredients for cosmetics,
capitalizing on their alluring emollient properties. Overall, the valorization of minced salmon heads,
major co-products derived from the processing of one of the most intensively farmed fish in the
world, not only offers economic benefits but also contributes to the sustainability of the salmon
processing industry by reducing waste and promoting a more efficient use of marine bioresources.

Keywords: aquaculture; omega-3 fatty acids; fish co-products; lipidomics; nutritional quality;
salmon; sustainability
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1. Introduction

Atlantic salmon (Salmo salar) is a critical resource for human nutrition, normally recog-
nized for its high-quality protein content and for the presence of beneficial fatty acids (FAs),
namely omega-3 [1-4]. As one of the most consumed fish globally, its production is both
indispensable and substantial. In 2023, global salmon production reached approximately
3 million metric tons [5], with aquaculture accounting for about 70% of this volume [6].
This high level of production generates significant quantities of co-products including
heads, bones, skin, and viscera. Estimates suggest that the fillet yield could represent only
50-70% of the whole salmonid weight [7], implying a production of roughly up to 1.5
million metric tons of salmon co-products annually.

A considerable number of studies have studied the lipid content of S. salar mus-
cle/edible tissue, including characterizations at a molecular level and the use of lipidomic
approaches [8-14], which is proof of the interest and relevance of this species. Regarding
salmon co-products in particular, the phospholipid composition of the head, roe, and
skin (although in a different salmon species, Oncorhynchus tshawytscha) was studied using
nuclear magnetic resonance spectroscopy [15]. This study showed that salmon heads
contained less phospholipid and omega-3 fatty acid content (including eicosapentaenoic
(EPA) and docosahexaenoic (DHA) acids) than roe and skin [15]. The other available report
using lipidomics to study salmon co-products characterized the phospholipid extracts
of the heads of an unspecified salmon species using more standard liquid chromatogra-
phy coupled with a mass spectrometry (LC-MS) approach [16]. This study reported high
percentages of DHA and EPA in the fatty acid chains of phosphatidylcholine (PC) and phos-
phatidylethanolamine (PE), the two main phospholipid classes present [16]. Other studies
using lipidomics tools to characterize the lipid content of the heads of other fish species
included those conducted on the silver carp (Hypophthalmichthys molitrix) [16], Pacific blue
mackerel (Scomber australasicus) [17], and king salmon (Oncorhynchus tshawytscha) [15], in
the later species using a nuclear magnetic resonance (NMR), with all focusing specifically
on the content in omega-3-containing phospholipids. This interest in the content in omega-
3-containing phospholipids is justified by the wide range of health benefits ascribed to
these compounds when acquired through the diet [18,19]. Other studies simply focused on
the characterization of the fatty acid profiles of S. salar co-products in specific, unveiling
desirable features in terms of the omega-3 fatty content in heads [20,21], as well as in
frames, skin trimmings, and viscera [21]. Despite these reportedly enticing characteristics
of the lipid content of salmon co-products, the bioprospecting of bioactive lipids in salmon
co-products with a perspective of valorizing these resources for higher-end applications in
the industry still represents an unexplored path.

The exploitation of salmon co-products as prospective sources of valuable com-
pounds was the subject of numerous studies, mostly focused specifically on the protein
content and related bioprospecting of the biological activity of protein fractions and hy-
drolysates [22-34]. Despite the lipid content of salmon co-products remaining rather less
explored in terms of the bioprospecting of biological activity and the isolation of bioactive
lipids, a few preliminary assessments assigned antioxidant [35], anti-inflammatory [35,36],
antithrombotic [37], cardioprotective [37], and antimicrobial activity [35,38] to lipid frac-
tions and oils obtained from salmon heads. Also, orally administered phospholipid extracts
from salmon heads were linked to ameliorating effects upon rodent models used to study a
metabolic syndrome [16]. Therefore, further bioprospecting and characterizing, in detail,
the lipid fractions of salmon co-products could substantiate the pertinence of recover-
ing bioactive lipids or lipid fractions from these bioresources, envisioning biorefinery
approaches that allow taking full advantage of both protein and lipid contents [39].

The valorization of fish co-products is paramount for the sustainability and economic
viability of the seafood industry [39]. Using these co-products can significantly reduce
waste, lower the environmental impact, and create new revenue streams [40,41]. Making
use of state-of-the-art technical resources including gas chromatography—mass spectrome-
try (GC-MS) and liquid chromatography-mass spectrometry (LC-MS), this study aimed
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to achieve an in-depth characterization of the whole lipid content of Atlantic salmon
heads. Moreover, since the available studies characterizing the lipid content in salmon
co-products at a molecular level only focused on phospholipids, we aimed to extend the
characterization of minced salmon heads to their whole lipidome. The bioprospecting of
biological activity in the lipid extracts of minced salmon heads could also pave the way for
novel, higher-end applications for these bioresources in the industry. We believe that this
type of characterization of fish co-products is instrumental to unveiling new applications
and/or directing these resources to the most suitable industrial uses, contributing to a
more sustainable and economically viable farmed fish industry framed by circularity and
contributing more efficiently to a blue bioeconomy.

2. Results
2.1. Elemental Composition and Biochemical Characterization

The results of the elemental analysis quantifying the contents of carbon, hydrogen,
nitrogen, and sulfur are depicted in Supplementary Figure S1. In terms of the biochemical
characterization of the minced salmon heads, the most striking result was the remarkable
content of lipids (23.97 £ 0.72% WW), which was much higher than the content of protein
(16.20 &= 20% WW; Table 1). This salmon co-product also displayed an abundant moisture
content (58.04 £ 0.99% WW) and very limited contents of ash (0.81 & 0.22% WW) and
carbohydrates and other compounds (0.97 £ 0.80% WW; Table 1), which were determined
as the remaining component percentages. Another remarkable feature of this co-product
was the considerably low phospholipid content in the total lipid fractions obtained from
these resources (1.16 £ 0.17% of total lipid; Table 1).

Table 1. Proximate composition of the minced salmon heads. Data are shown as means + standard
deviations (SDs) for 5 samples of salmon head homogenate (1 = 5).

Component (WW) Y%
Moisture 58.04 £ 0.99
Ash 0.81 +0.22
Protein 16.20 = 1.02
Carbohydrates and other compounds 0.97 £ 0.80
Lipid 2397 £0.72
Phospholipid ! 1.16 £0.17

1 Phospholipid content is presented as percentage of total lipid content.

2.2. Fatty Acid Profiles

The fatty acid profile of the minced salmon heads was characterized by a very signif-
icant content of fatty acids with 18-carbon chains. Oleic acid (C18:11-9) was clearly the
most abundant fatty acid present (34.66 & 1.26%, Figure 1; 116.0 & 15.4 ug/mg DW, Sup-
plementary Figure S2) while stearic (C18:0) and linoleic acids (C18:2n-6) were also among
the major fatty acids present (11.64 + 1.14% and 12.10 + 0.41%, respectively; Figure 1).
Palmitic acid (C16:0) was the other fatty acid that was present in more noticeable amounts,
representing 13.24 4 1.44% of all the fatty acid content (Figure 1). Omega-3 fatty acids were
present at modest amounts and included linolenic acid (C18:3n-3; 3.70 £ 0.12%, Figure 1;
15.8 £+ 2.2 ug/mg DW, Supplementary Figure S2), eicosapentaenoic acid (EPA, C20:51-3,
2.70 £ 0.12%, Figure 1; 12.6 + 1.7 ug/mg DW, Supplementary Figure S2), and docosahex-
aenoic acid (DHA, C22:6n-3, 2.86 £ 0.11%, Figure 1; 12.7 £ 1.4 ug/mg DW, Supplementary
Figure S2). In Supplementary Figure S2, the results of the fatty acid profiling are presented
in absolute quantities.
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Figure 1. Fatty acid profile of the minced salmon heads (results are presented as percentages of total
fatty acid content). Data are shown as means + standard deviations (SDs) for 5 samples of salmon
head homogenate (1 = 5).

Monounsaturated fatty acids (MUFAs) represented almost half of the total fatty acid
content (46.59 £ 1.98%; Table 2) while the contents of saturated (SFA) and polyunsatu-
rated fatty acids (PUFA) were lower (28.29 & 2.56% and 25.12 £ 0.79%, respectively). The
minced salmon heads contained more omega-6 (or n-6, 12.44 & 0.38%) than omega-3 (or
n-3,10.68 £ 0.35%) fatty acids, although the resulting n-6/n-3 ratio was still reasonably low
(1.17 4+ 0.02), as was the saturated-to-unsaturated (SFA /UFA) ratio (0.39 + 0.05; Table 2).
The average fatty acid chain length was very close to 18 (18.01 £ 0.04), confirming the
significant contributions of fatty acids like oleic (the most abundant), stearic, and linoleic
acids to the total content of fatty acid. This salmon co-product was also shown to present in-
terestingly low atherogenic (Al) and thrombogenic (TI) indexes (0.28 £ 0.03 and 0.43 =+ 0.06,
respectively), along with a remarkably high hypocholesterolemic/hypercholesterolemic
(h/H) ratio (0.42 £ 0.05; Table 2).

Table 2. Indexes/factors derived from the fatty acid profiles of minced salmon heads. Data are shown
as means =+ standard deviations (SDs) for 5 samples of salmon head homogenate (1 = 5).

Index/Factor Value
n-3 10.68 + 0.35%
n-6 12.44 + 0.38%
n-6/n-3 1.17 £0.02
SFA 28.29 + 2.56%
MUFA 46.59 £+ 1.98%
PUFA 2512 + 0.79%
SFA /PUFA 1.13 £ 0.12
TI 0.43 £ 0.06
Al 0.28 £ 0.03
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Table 2. Cont.

Index/Factor Value
h/H 4.24 +0.49
Pol 0.42 £ 0.05
Ul 125.59 £ 3.93
ACL 18.01 + 0.04

ACL: average chain length; Al: atherogenic index; h/H: hypocholesterolemic/hypercholesterolemic index; MUFA:
monounsaturated fatty acid; Pol: polienic index; PUFA: polyunsaturated fatty acid; SFA: saturated fatty acid; UL
unsaturation index; TI: thrombogenic index.

2.3. Lipidome Characterization

Analysis of the lipidome of the minced salmon heads by LC-MS allowed the iden-
tification and semi-quantification of 150 different lipid species (Figure 2). This analysis
revealed that triglycerides (TGs) were not only the most abundant but also the most diverse
class of lipids present (Figure 2; Supplementary Tables S1 and S2). In fact, 108 different TG
species were identified, including one oxidized TG form (TG 50:2;0). Other acylglycerides,
namely diglycerides (DGs) were also present, with 14 different species being detected,
all in low amounts. In terms of the polar lipid content and phospholipids in particular,
the detected species were also present in residual amounts, as was already somewhat
inferred from the quantification of phospholipids in lipid total extracts (Table 1). Never-
theless, fifteen PC species and five lysophosphatidylcholines (LPCs) were detected. Other
phospholipid classes, namely molecular PEs (2), lysophosphatidylethanolamine (LPE,
1) phosphatidylglycerol (PG, 1) and phosphatidylserine (PS, 2), were barely represented
(Figure 2; Supplementary Tables S1 and S2). Two sphingolipids, one ceramide (Cer 42:2;,20),
and one hexosylceramide (HexCer 42:2;20) were also detected.

Total=150 Lipid Species

1 Cer

1 HexCer
5LPC

15 PC
1LPE

2 PE
1PG
2PS

14 DG

Figure 2. Number of molecular lipid species detected in minced salmon heads according to lipid class.

In terms of the specific profiles of TGs, the most prevalent lipid class present in samples
of minced salmon heads (Supplementary Figure S3), 108 different molecular species were
recorded, with total fatty acyl carbon chains ranging from 37 to 66 total carbons and with
the most unsaturated species being TG 62:13 (Figure 3), corresponding to a TG specifically
containing one oleic and two DHA esterified fatty acids. Further analysis of the TG profile
revealed that TG 54:3 (containing three esterified oleic acids) was the most abundant TG
species, representing 16.20 &= 0.35% of the content of the class (Figures 3 and 4). The only
other two TG species with contents representing over 10% of the class were TG 52:2 (with
the major form containing one palmitic and two oleic esterified fatty acids, representing
11.54 £ 0.32% of total TGs) and TG 52:3 (with the major form containing one palmitic,
one oleic, and one linoleic esterified fatty acid, amounting to 10.04 £ 0.15% of the class;
Figure 4).
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Figure 3. Heatmap depicting the percentages of triglycerides present in minced salmon heads as
distributed according to total acyl chain length and unsaturation degree.
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Figure 4. Percentages of molecular lipid species of triglycerides present in minced salmon heads in
terms of the total content of the class (only the top 20 most abundant species are presented).

The percentage of marine TGs (as defined as the ones containing EPA and/or DHA)
was also ascertained, representing 12.71 & 0.22% of the total lipid content of the class.

2.4. Screening of Antioxidant Activity

The antioxidant activity of total lipid extracts of minced salmon heads was assessed
by the use of both DPPH® and ABTS®* assays (Table 3). Lipid extracts from minced salmon
heads were shown to display a limited free radical scavenging capacity. In fact, it was
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only possible to determine 10.76% of the inhibition for the lipid extracts of minced salmon
heads in the DPPH® assays and 15.41% in the ABTS®* assay using 250 pg mL~! of the
lipid extract (Table 3). The DPPH® assay also resulted in low values in terms of TE for the
minced salmon head lipid extract, with a value of 4.39 for the DPPH® assay and a value of
1.67 in the ABTS®* assay.

Table 3. Free radical scavenging capacity of the total lipid extracts of minced salmon heads expressed
as inhibition percentages for 250 g mL~! of lipid extract for DPPH® and ABTS®** assays and Trolox
equivalents (TE, as umol g_l) for each assay also. Data are shown as means =+ standard deviations
(SDs) for 3 samples of lipid extracts from minced salmon heads (1 = 5).

DPPH® Assay ABTS®* Assay
TE TE
qees o cies o
Inhibition (%) (umol g-1) Inhibition (%) (umol g1)
10.76% =+ 0.69 4.39 +0.28 15.41% =+ 0.62 1.67 £+ 0.06

3. Discussion

The proximate composition of the minced salmon heads showed a remarkable amount
of lipid content, certainly one of the highest reported for fish and other seafood co-
products [39]. Atlantic salmon is considered a high fat fish species, according to tentative
classifications [42], and the lipid content of their heads seems to corroborate that assump-
tion. Thus, salmon heads represent an obvious possibility for exploring this naturally
abundant content in lipids for novel applications, for which a great first step would always
be a thorough characterization of lipid composition at molecular level.

The results presented here for the proximate composition, in general, agree with
results reported in previous studies. Vasquez et al. [23] reported values of 62.6% of
moisture (WW) and contents of 54.3% of lipids and 30.1% of protein (DW), as well as
a very restricted ash content (2.7%), in S. salar heads. Another study by Malcorps and
colleagues reported the moisture content to range between 50 and 55% and confirmed
the remarkable quantity of lipids (>40% DW), which was higher than the protein content
(~30%), describing, however, a significantly higher ash content in salmon heads (~=8%) [21].
It is important to mention that reports studying the proximate composition of salmon
flesh/fillets highlight very meaningful compositional features regarding salmon heads,
underscoring nutritional quality [1,3,4] and nutraceutical potential [20,36,37]. These reports
systematically propose that in salmon flesh (unlike in the case of minced salmon heads),
the composition of protein is higher than that of lipids (sometimes three times larger in
relative terms) [1,3,4]. Other studies directly comparing the fat (lipid) content in salmon
heads to that in salmon flesh/fillets corroborated that the first displayed a content much
higher in terms of lipids than proteins [20,36]. Another remarkable feature of salmon
heads was the notably low content of total phospholipids present in total lipid extracts.
This overwhelming predominance of neutral lipids and TGs in particular (accounting
for well over 90% of lipids) in salmon heads had already been highlighted in previous
studies [20,37].

Regarding the fatty acid profile of salmon head homogenate, our study showed fatty
acids with 18-carbon chains to be especially enriched in this co-product, especially oleic
acid, representing more than a third of total fatty acid content. Other studies characterizing
the fatty acid profile of Atlantic salmon heads were in line with our findings, namely
confirming oleic acid to consistently be the main fatty acid present, and highlighted linoleic
and palmitic acids as the main components of fatty acid profiles [20,21,35,36,38]. However,
these studies also generally reported lower stearic acid (C18:0) levels than the ones reported
in the present study (2.3-5.4%) [20,21,35,36,38]. When considering the contents of marine
omega-3 fatty acids in salmon heads, the literature reports vary significantly, with some
pointing to quantities of EPA similar to the ones reported in the present work but higher
contents of DHA [21,36]. Nonetheless, other studies referred higher relative quantities
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of both EPA and DHA [20,35] while other works completely failed to detect/report EPA
or DHA [38]. Methodological differences, both in lipid extraction methods and in the
derivatization and determination of fatty acid content, may account at least for some of
the discrepancies between these reports. Moreover, growth conditions, especially the diet
provided to fish during grow-out, may also contribute to the disparities reported in salmon
head fatty acid profiles [43-45]. Also, the fatty acid profile of commercially available S. salar
was reported to vary significantly according to several production specifications, namely
ranges (value, standard, premium, or organic) and origins [3], making it particularly
challenging to compare the fatty acid profiles of their heads without any background
information on diet and other grow-out conditions (e.g., water temperature). A study
characterizing the fatty acid profiles of Atlantic salmon fillets from ten different retailers
clearly documented this variability, with oleic acid, despite being consistently the most
abundant fatty acid (as in S. salar heads), varying between 24.3 and 42.0% [3] while other
reports described an even lower content (17.7% in wild S. salar) [1]. Linoleic acid ranged
from 8.3 to 15.1% and palmitic acid from 8.7 to 14.1% as examples of other main fatty acid
components [3]. The contents of marine omega-3 FAs were found to be very variable, with
the EPA ranging from 2.6 to 8.5% and DHA from 3.1 to 9.4% [1,3 4].

Omega-3 fatty acids collectively, and EPA and DHA in particular, have been ascribed
a wide range of health benefits [46-51], with a combined intake of EPA + DHA from 250 to
500 mg/day in adults being recommended by health organizations [52]. Our calculations
showed that less than 50 g of salmon head homogenate (DW) would be enough to meet
those requirements. Therefore, even though the content in salmon heads of omega-3 fatty
acids, namely EPA and DHA, is somewhat restricted in relative terms when compared to
that of other fatty acids, the richness of salmon heads in lipid contents makes them good
prospective sources of these fatty acids in qualitative or absolute terms. Moreover, despite
this aforementioned restricted content of EPA and DHA, minced salmon heads still present
a very enticing n-6/n-3 ratio (of 1.17). An n-6/n-3 ratio lower than 4-5 is recommended
in the diet [53,54] as presenting several health benefits [55,56] and actively mitigating
the prejudicial effects of the high 1-6/n-3 ratios characteristic of Western diets [57,58].
Moreover, the saturated-to-polyunsaturated (SFA /PUFA) fatty acid index, one of the other
most commonly used indexes for appraising the nutritional value of dietary foods, is also
in line with that described for the edible parts of many other fish species, or even generally
lower [59]. Additionally, minced salmon heads also present low thrombogenic indexes
(TIs) and remarkably high hypocholesterolemic/hypercholesterolemic (h/H) indexes when
generally compared to other fish species [59], which represent additional beneficial features
in nutritional terms.

The analysis of the lipidome of the minced Atlantic salmon heads allowed detecting
TGs containing small-chain fatty acids (8-12 carbons), as well as other odd-chain fatty acids
in their fragmentation profiles (MS/MS) that were not detected by GC-MS. This fact is
explained by a lower sensitivity of the GC-MS technique with regard to high resolution
LC-MS, and by the fact that the TG species containing those fatty acids were vestigial with
regard to the majority TG species. This study also highlighted the predominance of TGs
as the most well-represented lipid class in this co-product. A study also characterizing
the phospholipid content in salmon heads also reported residual contents of phospho-
lipids, such as phosphatidylinositol (PI) and sphingomyelin (SM), in salmon heads, in
addition to the phospholipid classes that were detected in our study [20]. Another study
using lipidomics focused specifically on the characterization of phospholipid extracts from
salmon heads [16], detecting molecular species of the following lipid classes: LPA, LPC,
LPE, LPG, LPI, LPS, PA, PC, PE, PG, PI, and PS [16]. However, in our case, we were not
able to detect lipids from the LPA, LPG, LPI, LPS, PA, and PG and PI classes given the
overwhelming predominance of TGs in our total lipid extracts [16]. This previous study
reported PC 34:1 as being the most abundant PC in salmon heads and PE O-34:2 to be the
most abundant molecular species from the PE class [16]. In our study, PC 34:1 was, in fact,
one of the most abundant PCs in the minced salmon heads, along with PC 42:6 and PC
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38:6, while we were not able to detect ether lipids belonging to the PE lipid class. In the
same previous study, the percentage of phospholipids containing EPA and DHA was larger
than 20%, therefore being higher than the percentage of TGs containing those fatty acids
reported here [16]. This enrichment of the polar lipid components of Atlantic salmon heads
with regard to the results presented here for TGs was confirmed in another study, reporting
EPA and DHA contents in polar lipid extracts to attain 10.1 and 16.8%, respectively [37].
Moreover, in king salmon (Oncorhynchus tshawytscha), this trend was also recorded, with
polar lipid fractions of salmon heads being reported to be especially enriched in EPA and
DHA with regard to the neutral lipid content [15].

A study specifically characterizing the TG profile in salmon muscle tissue through
lipidomics identified TG 58:7 (16.4% of the class total) as the major TG present in the
lipid extracts of these co-products, followed by TG 54:5 (11.6%) [11]. These results mean
that the TG composition in the salmon muscle differs considerably from that of the head.
Indeed, the most abundant TG in the head is TG 54:3 (16.2%) while the main TG in the
muscle (TG 58:7) only occurs residually (=0.02%) in the head. Two other different studies
also employing a lipidomic approach to characterize the fillets/muscle of Atlantic salmon
and focusing only on its phospholipid content identified PC 38:6 and PE 38:6 as the most
abundant molecular species for each phospholipid class [8,10]. In salmon heads, PC 38:6
was among the most abundant PC present, along with PC 42:6, while we were not able to
detect PE 38:6.

With regard to works characterizing the heads of other fish species by lipidomics tools,
the available studies are difficult to compare to ours because they focused specifically on
the content in omega-3-containing phospholipids. A study characterizing silver carp heads
phospholipids detected lipid species from the LPC, LPE, LPG, LPI, LPS, phosphatidic acid
(PA), PC, PE, PG, P, and PS classes [16]. Here, we were not able to detect lipids from the
LPG, LPL LPS, PA, and PI classes, probably because of the fact that the polar lipid content is
almost negligible in total lipid extracts of minced salmon heads. With regard to the classes
that we were able to detect, this study reported LPC 16:0, LPE 22:6, PC 34:1, PE-O 34:2,
PG 34:1, and PS 36:1 to be the most abundant lipid species of their class [16]. In our study,
although we were only able to detect a restricted number of phospholipid species, we were
able to detect LPC 16:0 and PC 34:1, and LPE 22:6 was, in fact, the only member of its class
that we detected.

While the analysis of the lipid content and profile of salmon heads revealed a some-
what limited content in omega-3 fatty acids, and the marine fatty acids EPA and DHA, when
compared to other animal seafood co-products [39], that content, in absolute terms, ended
up being very considerable given the substantial content of lipids present in this salmon co-
product. The global demand for omega-3 fatty acids was estimated to attain 3.61 billion by
2028 [60]. This projection intensified demand and consolidated the nutritional importance
of omega-3 fatty acids, mostly due to the plethora of beneficial health-promoting benefits
generally ascribed to the consumption of these fatty acids (namely EPA and DHA). These
biomolecules have been reported to yield beneficial effects in the mitigation of neurode-
generative and cardiovascular diseases and cancer and protection against inflammation
specifically [61-69]. However, the production of fish oils containing marine omega-3 fatty
acids is under pressure, both from the side of demand, because of current demographics,
and from the side of production, due to climate change impacts and overfishing [70,71].
Therefore, the search for new alternative sources of omega-3 fatty acids (namely EPA and
DHA) is now more intensive than ever [72]. Fish co-products have already been profusely
explored for the production of fish oils containing the marine omega-3 fatty acids EPA and
DHA [73-78]. Given the volume of production and consumption of salmon at a worldwide
scale, along with the remarkable level of lipid content in salmon heads, the situation can
make these resources very enticing for food/feed applications. In this sense, given the
current demand for omega-3 fatty acids, lipid fractions obtained from salmon heads could
be potentially more readily explored [79-81]. Moreover, the similarities between salmon
heads and olive oil, namely the high content of oleic acid [82-84], also overwhelmingly
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predominant in the form of triglycerides [85-87], may also be promising for future applica-
tions given the range of health benefits already reported for these biomolecules, especially
in the context of cardiovascular disease and metabolic syndrome [88-92]. It is important
to notice, however, that eventual uses of these resources for food/feed should take into
account that lipids, particularly those containing PUFA, may be readily degraded by lipid
oxidation reactions with the production of secondary oxidation products contributing to
flavor deterioration and the occurrence of off-flavors [93-95]. Moreover, some of these
products may present toxicity risks [96-98]. Therefore, the development of new approaches
to detect and quantify oxidized lipids in resources like these co-products is important, and
studies like this, characterizing the lipid components at a molecular level, represent a first
step in that direction.

In the cosmetics industry, TGs from salmon heads may also represent valuable re-
sources taking advantage of the emollient qualities of TGs [99]. In this case, this salmon
co-product may represent an alternative not only to vegetable fat but also to other animal
fat sources that have already been exploited in the industry [100-103]. Rendered poultry
fat, tallow, and lard are widely used in the cosmeceutical industry for their occlusive,
emulsion-stabilizing, emollient, surfactant, and viscosity-increasing properties [104]. The
natural origin of these lipids can be a significant marketing point, catering to the increasing
consumer demand for natural and sustainably sourced cosmetic ingredients. However,
the purposeful use of salmon head lipids for cosmeceutical applications is still constrained
by a general lack of bioprospecting of biological activity and bioactive lipids in the lipid
fractions of these co-products.

This salmon co-product has, therefore, valorization potential in the food/feed and
cosmetics industry. But another opportunity for its valorization while those applica-
tions are implemented and developed comes from an increasingly challenged energy
industry. In fact, another alternative suitable application could include the production of
biodiesel [105,106] and the production of skin care products. In biodiesel production, TGs
represent primary materials due to their high energy content and efficient conversion to
FAME:s [107-109]. The production of biodiesel from waste animal fat is rather established
and presents great potential as these resources do not compete with the final production
of food products and also contribute to a global reduction in waste produced by the food
industry [106,110]. Reports have shown that the use of animal fat for the production of
biodiesel has approximately doubled in the past decade [111]. Moreover, the demand for
animal fat for biofuel production is projected to triple by 2030 with regard to the beginning
of this decade [111]. The use of salmon-head-derived TGs may represent a valid alternative
to vegetable oils and other animal fat sources [112-114] for biodiesel production, enabling
an alternative and renewable energy source that can reduce reliance on fossil fuels and
lower greenhouse gas emissions. The importance of salmon for human nutrition and the
production volume of this fish species [115] make salmon co-products readily available
bioresources. Interestingly, oleic acid in particular, by far the most abundant fatty acid in
salmon heads, is a major component in almost all biodiesel formulations and was reported
to present highly favorable features for biodiesel production, namely a convenient balance
between oxidative stability and low-temperature operability [116-120]. Moreover, the
very low levels of phospholipids in the lipid extracts of salmon heads may represent an
additional advantage from an industrial point of view, simplifying the processing and
refinement of these resources to highly concentrated TG fractions.

Here, we reported the lipid extracts of salmon heads to display moderate antioxidant
activity. The lipid content in salmon heads and other salmon co-products remains, for the
most part, rather unexplored in terms of the bioprospecting of biological activities and
bioactive lipids, with the exception of a handful of studies. Salmon backbones, heads, and
viscera oils obtained by Soxhlet and microwave-assisted extractions were previously tested
for cytotoxic, antioxidant, anti-inflammatory, and antimicrobial activities with promising
results [35]. As also reported here, the antioxidant activity of salmon head lipids was rather
limited, and even only detected when salmon head oil was obtained specifically by one
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of the techniques employed (microwave-assisted extraction) [35]. The anti-inflammatory
potential of lipid extracts from the heads of S. salar was confirmed in another study [36],
as were the antimicrobial properties of oils produced from S. salar co-products: in this
case, oils from the heads, but also discarded soft tissues [38]. Another study reported lipid
extracts heads of S. salar to display antithrombotic activity and potential cardioprotective
properties [37]. Lastly, phospholipid extracts from salmon heads were shown to display
general ameliorating effects in rodent models of metabolic syndrome [16]. However,
despite the promise of these bioprospecting studies and the remarkable lipid content of
salmon heads, much remains to be explored in terms of screening for biological activity
and bioactive lipids in salmon heads in particular and salmon co-products in general.

Other than lipids, the protein content of salmon co-products has also been explored
for novel added-value applications. Not only the heads of salmon but also the trimmings,
backbones/frames, viscera, tailfins, and the skin were all explored for the recovery of valu-
able protein fractions, gelatin, collagen, and protein hydrolysates [22-27,30-34]. Moreover,
protein extracts and hydrolysates from salmon co-products (including the heads) have been
reported to yield multiple bioactive properties [22-24,26-30]. These promising bioactivities
and applications targeting the protein content of salmon co-products, including heads,
along with the rather untapped potential of their lipids, may sustain and justify an inte-
grated biorefinery approach that optimally recovers both proteins and lipids and directs
these biomolecules for selected high-end uses. Such an approach would not only increase
the profitability of the salmon industry by creating multiple new revenue streams but also
contribute to its sustainability by minimizing waste and promoting a circular economy. In
this study, the priority was to characterize, as deeply and thoroughly as possible, the lipid
content in these resources to fully unveil their potential in terms of their lipid content. For
this purpose, we used the traditional extraction methods (the Bligh and Dyer method, more
specifically [121]) known to guarantee the highest yield and coverage of lipid classes. It is
obvious that if food/feed applications are to be prioritized, lipid extraction, either alone or
in biorefinery setups, must be explored using green extraction methods and solvents. In
this case, our study offers a good baseline for comparison and for an eventual optimization
of other methods.

The limitations of this work include the fact that the lipidomics approach involved a
semi-quantitative procedure, and therefore, it is not possible to calculate, quantitatively, the
amounts of each lipid species and lipid classes per quantity of biomass of the co-product.
Moreover, since the objective of this work was to perform a characterization of the lipid
content as thoroughly as possible, we used the standard methods (Bligh and Dyer) known
to assure an optimized extraction of total lipid and lipid class coverage. However, these
classical methods use solvents that are not compatible with uses in the food/feed industry
and, therefore, the next steps of the valorization of these co-products include testing the use
of green methods/solvents for the lipid extraction in these resources. Another limitation
was the fact that we were only able to bioprospect biological activity in lipid extracts
from these resources in terms of antioxidant activity. In the future, it will be important
to extend this screening to other possible manifestations of biological activity in order to
improve the possibilities of unveiling other innovative uses for these resources in possible
higher-end applications. Finally, future work also includes the planning and testing of
biorefinery setups able to optimally recover and guarantee the quality of both lipid and
protein contents from these co-products.

4. Materials and Methods
4.1. Chemicals

High-grade liquid chromatography (HPLC)-grade dichloromethane (CH,Cl,), 96% ab-
solute ethanol (CH3CH,OH), and methanol (CH3OH) were obtained from Fisher Scientific
Ltd. (Loughborough, UK). Milli-Q purified water was obtained using the Synergy® system
from Millipore Corporation (Billerica, MA, USA). Whatman No. 1 filter paper was acquired
from Sigma-Aldrich, St. Louis, MO, USA. The 2,2'-azino-bis(3-ethylbenzothiazoline-6-
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sulfonic acid) radical cation (ABTS®*) was obtained from Fluka (Buchs, Switzerland) while
the o, x-diphenyl-p-picrylhydrazyl radical (DPPH®) was obtained from Sigma-Aldrich (St.
Louis, MO, USA). The 37 Component FAME Mix was purchased from Supelco (Sigma-
Aldrich, St. Louis, MO, USA) along with the internal standard methyl nonadecanoate
(>99% purity) from Sigma-Aldrich (St. Louis, MO, USA). Lipid internal standards for
lipidomic analyses were acquired from Avanti Polar Lipids, Inc. (Alabaster, AL, USA),
including 1,2-dimyristoyl-sn-glycero-3-phosphate (AMPA), 1,2-dimyristoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (AMPG), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (dMPC),
1,2-dipalmitoyl-sn-glycero-3-phosphatidylinositol (dPPI), 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine (AMPE), 1,2-dimyristoyl-sn-glycero-3-phosphatidylserine (dMPS), 1-
nonadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC), N-heptadecanoyl-D-erythro-
sphingosine (Cer), 1’,3'-bis[1,2-di-tetradecanoyl-sn-glycero-3-phospho]-sn-glycerol (CL),
and N-heptadecanoyl-D-erythro-sphingosylphosphorylcholine (SM). All other reagents
were purchased from leading commercial suppliers guaranteeing product quality.

4.2. Samples

Fresh heads of farmed Atlantic salmon (Salmo salar) were purchased at a local super-
market and transported to the laboratory on ice. Heads were ground and minced in an
industrial meat grinder (HOBART, Troy, OH, USA) and stored at —20 °C until analysis.
Heads were mechanically ground and minced in an industrial meat grinder (HOBART,
Troy, OH, USA) and stored at —20 °C until analysis. These co-products did not include any
additive since only mechanical means are used in the industrial processing. Five different
portions of minced heads were subsequently subjected to all the analyses described in
this section.

4.3. Biochemical and Elemental Composition

Moisture and ash contents were assessed using standard analytical methods. Five
portions of minced salmon heads (250 mg) were placed in ceramic crucibles and dried
overnight in an oven set at 105 °C. Following a 24 h period, the crucibles were cooled to
room temperature in a desiccator containing silica gel and weighed to determine moisture
content. Ash determination followed a two-step procedure. First, the salmon-head mince
was pre-incinerated by placing the crucibles on a heated plate for 20 min. Subsequently,
the crucibles were transferred to a muffle furnace and maintained at 575 °C for 6 h. Once
cooled, the crucibles were weighed to determine the ash content.

The elemental composition of lyophilized co-product samples, specifically carbon (C),
hydrogen (H), nitrogen (N), and sulfur (S) contents, was analyzed using a Leco Truspec-
Micro CHNS 630-200-200 elemental analyzer. The combustion furnace temperature was
set at 1075 °C, with the afterburner set to 850 °C. Approximately 2 mg of minced salmon
heads was combusted in an oxygen/carrier gas mixture, ensuring complete combustion
and conversion of co-products to water vapor, carbon dioxide, and nitrogen for gas analysis.
Carbon, hydrogen, and sulfur were detected via infrared absorption while nitrogen was
measured using thermal conductivity. This elemental analysis enabled the estimation of
protein content using a nitrogen-to-protein conversion factor. The standard conversion
factor of 6.25 was employed as it had commonly been used in previous studies to determine
protein content in salmon [3,20,21,23]. Lipid content was measured by gravimetry after
lipid extraction, and carbohydrates (with other compounds) represented the remaining wet
weight percentage after accounting for moisture, ash, lipid, and protein contents.

4.4. Lipid Extraction

Total lipid extracts from salmon head homogenate were obtained using the Bligh and
Dyer method, with slight adaptations [121,122]. Approximately 10 mg of freeze-dried co-
product samples were thoroughly minced and homogenized with a mortar and pestle and
placed in glass tubes. To these tubes, 2.5 mL of methanol and 1.25 mL of dichloromethane
were added. The mixture was vortexed for 1 min and another 1.25 mL was added to
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each sample-containing tube. After vortexing for another minute, the mixtures were
incubated for 30 min in an orbital shaker on ice (4 °C) and then centrifuged at 626 x g for
10 min at room temperature. The supernatant was transferred to a new glass tube and the
precipitate (biomass) was re-extracted two times (adding 2.5 mL methanol and 1.25 mL
dichloromethane each time, followed by 1 min vortexing and centrifugation at 626x g
for 10 min at room temperature, with subsequent collection of the supernatant into the
same tube). The combined organic phases were completely dried under a nitrogen stream,
re-dissolved in 2 mL of dichloromethane and 2 mL of methanol, and vortexed for 1 min.
Ultra-pure water (1.8 mL) was added to each tube; the mixtures were vortexed for 1 min
and centrifuged at 626 x ¢ for 10 min at room temperature. Organic (lower) phases were
collected into new tubes and the aqueous (upper) phases were re-extracted with 2 mL of
dichloromethane, followed by 2 min of vortexing and a final centrifugation at 626 x g for
10 min at room temperature. The lower organic phases were combined in the same tube,
filtered (Whatman No. 1 filter paper), dried under a nitrogen stream, and preserved at
—20 °C for further analysis. Finally, the total lipid content in salmon heads was estimated
by gravimetric analysis.

4.5. Phospholipid Quantification in Total Lipid Extracts

The phospholipid quantification in total lipid extracts of minced salmon heads was
performed using a modified version of Bartlett and Lewis method [122-124]. Briefly,
samples were dissolved in 300 uL of dichloromethane, and small aliquots (10 pL, in
duplicates) were transferred to acid-washed glass tubes and evaporated under a nitrogen
stream. Each sample-containing tube was then added 125 pL of perchloric acid (HCIOy,
70% m/V) and incubated for 60 min at 180 °C in a steel heating block. Following the
hydrolysis step, 850 pL of water, 125 uL of ammonium molybdate (2.5%, m/V), and 125 pL
of ascorbic acid (10%, m/V) were added to the content of each tube. The mixture was
then vortexed and incubated for 10 min at 100 °C in a water bath. A calibration curve was
prepared using standards with known phosphorus concentrations ranging from 0.1 to 2.0 ug
(using a standard solution of NaH;POy4-2H,0 containing 100 ug of phosphorus per mL).
Absorbance measurements were performed at 797 nm using a Thermo Scientific Multiskan
Go microplate UV-vis spectrophotometer (Thermo Scientific, Hudson, NH, USA).

4.6. Gas Chromatography—Mass Spectrometry (GC-MS)

The fatty acid content in lipid extracts of minced salmon heads was analyzed by
GC-MS following transmethylation. Thirty microgram aliquots of the lipid extracts were
transferred to glass tubes and dried under a nitrogen stream. The lipid films were then
dissolved in 1 mL of n-hexane containing C19:0 as an internal standard (1 ug mL~!,
CAS number 1731-94-8, Merck, Darmstadt, Germany). Each tube was added 200 pL of
a potassium hydroxide (KOH) 2 M solution in methanol and the mixture was vortexed
for 2 min. Next, 2 mL of a saturated sodium chloride (NaCl) solution was added and the
mixture was centrifuged for 5 min at 626 x ¢ to promote phase separation. Cholesterol
in the upper (organic) phase was removed using a protocol available on the Lipid Web
“https:/ /lipidhome.co.uk/ms/basics/msmeprep/index.htm (accessed on 5 May 2024). A
10 mm silica column in a pipette tip with wool was pre-conditioned with 5 mL of hexane.
Methyl esters were added to the top of the column and eluted with a hexane ether (95:5,
v/v, 3 mL) mixture, then completely dried under a nitrogen stream. Finally, fatty acid
methyl esters (FAMEs) were dissolved in 100 pL of n-hexane, and 2 pL of the resulting
solution was injected into an Agilent Technologies 8860 GC System (Santa Clara, CA,
USA) equipped with a DB-FFAP column (30 m length, 0.32 mm internal diameter, and
0.25 um film thickness, J&W Scientific, Folsom, CA, USA). The gas chromatograph was
connected to an Agilent 5977B Network Mass Selective Detector, operating with electron
impact ionization at 70 eV, scanning the mass range of m/z 50-550 in a 1 s cycle in full
scan mode. The oven temperature program started at 58 °C for 2 min and increased by
25 °C min~! to 160 °C, by 2 °C min~! to 210 °C, and by 30 °C min ! to 250 °C, holding for
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10 min. The injector and detector temperatures were set at 220 °C and 280 °C, respectively.
Helium was used as the carrier gas at a flow rate of 1.4 mL min~!. Fatty acids were
identified by comparing retention times to those of commercial FAME standards in the
Supelco 37 Component FAME Mix (ref. 47885-U, Sigma-Aldrich, Darmstadt, Germany)
and by MS-spectrum comparison with chemical databases (Wiley 275 library and AOCS
lipid library). The relative percentages of fatty acids were calculated using the percent
relative area method and quantification was performed by normalization with the included
internal standard methyl nonadecanoate (19:0). Various indexes, including average chain
length (ACL), double bond index (DBI), peroxidizability index (PI), atherogenic index (Al),
thrombogenic index (TI), hypocholesterolemic/hypercholesterolemic index (h/H), and
polienic index (Pol), were calculated as previously described [122,125].

4.7. Reverse-Phase Liquid Chromatography—Mass Spectrometry (C18-LC-MS)

Total lipid extracts from minced salmon heads were analyzed by reverse-phase lig-
uid chromatography (C18-LC-MS) using a Dionex Ultimate 3000 (Thermo Fisher Scien-
tific, Bremen, Germany) with an Ascentis® Express 90 A C18 column (Sigma-Aldrich®,
2.1 x 150 mm, 2.7 um) coupled to a Q-Exactive® hybrid quadrupole Orbitrap mass spec-
trometer (Thermo Fisher, Scientific, Bremen, Germany). The mobile phases used for
the gradient during RP-LC-MS determinations consisted of mobile phase A (Milli-Q wa-
ter/acetonitrile (40/60%) with 10 mM ammonium formate (NH,HCO,) and 0.1% formic
acid (CH0O3)) and mobile phase B (isopropanol/acetonitrile (90/10%) with 10 mM am-
monium formate and 0.1% formic acid). The gradient defined for the experiments was as
follows: 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 containing 1 ug of lipid extract from salmon head homogenate
was prepared in 91 pL of a solvent system consisting of 50% isopropanol/50% methanol
and 8 pL of a mixture of phospholipid standards (AMPC—0.04 ng, SM d18:1/17:0—0.04 ng,
dMPE—0.04 png, LPC—0.04 ng, dPPI—0.08 ng, CL(14:0)4—0.16 pg; dMPG—0.024 pg, Cer
17:0/d18:1—0.08 ng, dAMPS—0.08 pg, and dMPA—0.16 pg) and loaded into the C18 column
at 50 °C with a flow rate of 260 pL. min~!. The mass spectrometer operated simultaneously
in positive (3.0 kV) and negative (—2.7 kV) modes. The capillary temperature was set to
320 °C and the sheath gas flow to 35 U. Data acquisition was performed in full-scan mode
with a high resolution of 70,000 and automatic gain control (AGC) target of 3 x 10°, in an
m/z range of 300-1600, with 2 micro scans and a maximum injection time (IT) of 100 ms.
Tandem mass spectra (MS/MS) resolution was 17,500, with an AGC target of 1 x 10°, 1 mi-
cro scan, and a maximum IT of 100 ms. The cycles included a full-scan mass spectrum and
10 data-dependent MS/MS scans, continuously repeated throughout the experiments with
a dynamic exclusion of 30 s and an intensity threshold of 8 x 10%. The normalized collision
energy (CE) ranged between 20, 24, and 28 eV in the negative mode and 25 and 30 eV in
the positive mode. Data acquisition was performed using the Xcalibur data system (V3.3,
Thermo Fisher Scientific, Bremen, Germany). Molecular lipid species were identified using
the Lipostar software version 2.1.5 (Molecular Discovery Ltd., Borehamwood, UK) [126].
This software is capable of processing raw-data importing, peak detection, integration,
and identification. Lipid assignment and identification were performed against a database
created from the LIPID MAPS structure database (version of June 2024). The database was
fragmented using the DB Manager Module of Lipostar, following Lipostar fragmentation
rules. The raw files were directly imported and aligned according to the settings defined by
Lange et al. [127]. Automatic peak picking was carried out with the SDA smoothing level
set to high and a minimum signal-to-noise ratio of 3. Automatic isotope clustering settings
included a tolerance of 7 ppm and a retention time tolerance of 0.2 min. The MS/MS filter
was applied to retain features with MS/MS spectra for identification. Lipid identification
was performed using the following parameters: 5 ppm precursor ion mass tolerance and
10 ppm product ion mass tolerance. Lipostar annotations and assignments were manually
confirmed based on the analysis of the fragmentation (MS/MS spectra) and the presence of
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the m/z signaling the presence of the fatty acids and class-characteristic fragments. The
areas of the peaks of each lipid species were normalized by calculating the ratio against the
area of the respective class internal lipid standard included at a known concentration. The
relative abundance of each lipid species was estimated by dividing the normalized peak
areas of each lipid species by the sum of the total normalized peak areas.

4.8. Antioxidant Activity

The antioxidant scavenging activities of minced salmon heads total lipid extracts
against o, x-diphenyl-B-picrylhydrazyl (DPPH®) and 2,2'-azino-bis-3-ethylbenzothiazoline-
6-sulfonic acid radical cation (ABTS®*) were evaluated using previously described meth-
ods [125,128]. Briefly, 150 uL of an ethanolic dilution of the lipid extracts (50, 250, and
500 pg mL~1) was combined with 150 uL of DPPH® or ABTS®* working solution in ethanol
(absorbance ~ 0.9). The samples were incubated for 120 min and the absorbance was
measured at 517 nm for DPPH® and 734 nm for ABTS** every 5 min using a UV-vis spec-
trophotometer (Multiskan GO 1.00.38, Thermo Scientific, Hudson, NH, USA). Controls
were prepared by substituting the radical solution with ethanol. To ensure the stability of
the radicals, solutions with the radical plus ethanol were also prepared. All measurements
were performed in triplicate. The same procedure was applied to the Trolox standard
solution (12.5, 62.5, 125, 250 pg mL~! in ethanol). The antioxidant activity, as expressed as
the percentage of inhibition of the DPPH® (or ABTS**), was calculated using Equation (1),
which is as follows:

Inhibition (0/0) = ((AbSRadical - (AbsSample - AbSControl))/ AbsRadical) x 100 (1)

Here, Absgagical 1S the absorbance of the radical (DPPH® or ABTS®*), Abssample is the
absorbance of the sample with radical (DPPH® or ABTS®**), and Abscontrol is the absorbance
of the sample with ethanol.

The antioxidant activity expressed in Trolox equivalents (TE) was calculated according
to Equation (2):

TE (umol gfl) = IC Trolox (umol gfl) x 1000/1C of samples (ug mL™1) (2)

Here, IC is the concentration of lipid extract per sample and of Trolox, which promotes
inhibition at the tested concentrations of the extract in the radicals DPPH® or ABTS®".

4.9. Statistical Analysis

Figures were produced using GraphPad Prism version 7.00 for Windows (GraphPad
Software, La Jolla, CA, USA). All experimental data are shown as means + standard
deviations (SDs) for 5 samples of minced salmon heads (n = 5).

5. Conclusions

Given its significant role in human nutrition and its importance as one of the most pro-
duced and preferred fish species for human consumption worldwide, the salmon industry
will continue to generate considerable quantities of co-products that cannot be regarded as
waste. Therefore, the efficient use of salmon co-products is paramount to foster sustainabil-
ity in fisheries and aquaculture. One of the most important findings of this study was the
remarkably rich lipid content of minced salmon heads (23.97 & 0.72 WW). Such a substan-
tial lipid content should warrant further study, particularly targeting bioprospecting and
valorization pathways. The lipid content of minced salmon heads occurs predominantly in
the form of triglycerides (TGs), paving the way for multiple uses (Figure 5). A biorefinery
setup, which optimizes the extraction of both lipids and proteins contents, could represent
a promising approach to handle these resources. This dual extraction strategy could lead
to a more comprehensive utilization of salmon heads, contributing to the economic and
environmental sustainability of the salmon industry. This study proved that the biochemi-
cal characterization of co-products, in particular the elucidation of the lipid content, can
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play a key role in identifying novel uses for these bioresources, which, in the case of these
particular resources, may include food/feed and cosmeceutical applications. Overall, the
present study ultimately highlighted the importance of a thorough characterization of
fish co-products for the optimization of their use and value, ultimately supporting a more
sustainable and economically viable fish industry under a blue bioeconomy framework.
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Figure 5. Salmon heads as source of concentrated triglyceride fractions and potential industry
applications as pathways or valorization.
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Abstract: Omega-3 fatty acids are in high demand due to their efficacy in treating hypertriglyc-
eridemia and preventing cardiovascular diseases. However, the growth of the industry is hampered
by low purity and insufficient productivity. This study aims to develop an efficient RP-MPLC pu-
rification method for omega-3 fatty acid ethyl esters with high purity and capacity. The results
indicate that the AQ-C18 featuring polar end-capped silanol groups outperformed C18 and others in
retention time and impurity separation. By injecting pure fish oil esters with a volume equivalent to
a 1.25% bed volume on an AQ-C18 MPLC column using a binary isocratic methanol-water (90:10,
v:0) mobile phase at 30 mL/min, optimal omega-3 fatty acid ethyl esters were obtained, with the
notable purity of 90.34% and a recovery rate of 74.30%. The total content of EPA and DHA pro-
duced increased from 67.91% to 85.27%, meeting the acceptance criteria of no less than 84% set by
the 2020 edition of the Pharmacopoeia of the People’s Republic of China. In contrast, RP-MPLC
significantly enhanced the production efficiency per unit output compared to RP-HPLC. This study
demonstrates a pioneering approach to producing omega-3 fatty acid ethyl esters with high purity
and of greater quantity using AQ-C18 RP-MPLC, showing this method’s significant potential for use
in industrial-scale manufacturing.

Keywords: omega-3 fatty acids; eicosapentaenoic acid; docosahexaenoic acid; reverse-phase medium-pressure
liquid chromatography; AQ-C18; high-purity

1. Introduction

Omega-3 fatty acids are long-chain poly-unsaturated fatty acids that feature an initial
conjugated double bond at the third carbon atom from the methyl end; principally the
eicosapentaenoic acid (C20:5 w-3; EPA) and docosahexaenoic acid (C22:6 w-3; DHA) are
of major interest [1], which are derived from «-linolenic acid (C18:3 w-3) via a series of
chain elongations and desaturations. However, due to insufficient A-12 and A-15 desat-
urases for conversion in the human body [2,3], omega-3 fatty acids have to be obtained
via dietary means [4] and are considered essential to human health [5,6]. An increased
consumption of EPA and DHA has been scientifically proven to be beneficial in the treat-
ment and prevention of atherosclerosis [7], myocardial infarction [8], inflammation [9],
arthritis [10], diabetes [11], infant brain development [12,13], and cancers [14]. Notably,
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many epidemiological, observational, and clinical studies have emphasized the efficacy of
omega-3 fatty acids in reducing plasma triglyceride levels and preventing cardiovascular
diseases [3]. As a result, the authorities that oversee the pharmaceutical industry have set
standards for “Omega-3-acid ethyl ester”, “Ethyl polyenoate”, and correlative capsules and
thus approved several prescription drugs for treating hypertriglyceridemia or preventing
cardiovascular diseases, such as Lovaza® and Omacor® [46% EPA ethyl esters (EPA-EE) +
38% DHA ethyl esters (DHA-EE)], and Vascepa® (96% EPA-EE) [15]. It is recommended
by heart associations worldwide that a prescription of omega-3 fatty acids (EPA+DHA
or EPA only) at a dose of 4 g/day (>3 g/day total EPA + DHA) represents an effective
therapeutic agent in reducing triglycerides. With this increasing attention, the demand for
high-purity omega-3 fatty acid has surged significantly. However, prolonged overfishing
has led to a sharp decline in the main fish sources, resulting in a rapid growth in the price
of omega-3 fatty acid. Nevertheless, there are only a handful of companies worldwide with
the capacity to manufacture pharmaceutical-grade omega-3 fatty acid [16]. Hence, it is
necessary to develop a universally applicable and cost-effective technology that ensures
the safe production of high-purity omega-3 fatty acid.

Omega-3 fatty acid ethyl esters have been concentrated using various techniques,
including low-temperature crystallization [17,18], urea inclusion [19,20], molecular dis-
tillation [21,22], lipase catalysis [23,24], and supercritical fluid extraction [25]. However,
the purity of the omega-3 fatty acids produced using these methods does not meet the
standards of the Pharmacopoeia. Chromatography is considered the primary purification
technology used in the industrial-scale manufacturing of commercially valuable com-
pounds with high purity, including high-pressure liquid chromatography (HPLC) [26],
high-speed counter-current chromatography (HSCCC) [27], supercritical fluid chromatog-
raphy (SFC) [28], and simulated moving bed (SMB) chromatography [29]. These methods,
which rely on high-pressure conditions, effectively improve the purity of omega-3 fatty
acids [30,31]. However, several drawbacks to these methods hinder their broader appli-
cation in the industry, such as the requirement for relatively high initial sample purity,
high energy consumption, complex equipment requirements, and high costs during pro-
duction. The HPLC method utilizes packings with a smaller particle size and has a lower
sample-loading volume to ensure high resolution and sensitivity [30]. The SFC method
leverages supercritical fluids of CO, as the mobile phase, necessitating precise control over
the operating parameters (pressure and temperature), which often requires specialized ex-
pertise [31]. SMB chromatography is currently acknowledged for its continuous operation
and enhanced efficiency in the purification process [32]; however, for SMB to be effective, a
high concentration of raw materials is required, and it utilizes smaller-particle stationary
phases to ensure effective purification, which consequently elevates the cost. Therefore,
developing a cost-effective, high-throughput chromatographic method tailored to low-
purity fish oil samples to produce omega-3 fatty acids with high purity is of significant
importance.

Reversed-phase medium-pressure liquid chromatography (RP-MPLC) is a type of
liquid chromatography that operates at pressures ranging between 0 and 200 psi; the main
features of RP-MPLC include a fast separation speed and high efficiency [33]. With signifi-
cantly reduced instrumentation and operational expenses relative to HPLC, SFC, and SMB,
the cost-effective alternative of RP-MPLC operates under medium pressure and employs
packing materials with larger particle sizes, which leads to larger sample preparation
capacities, reduces the impact of impurities on the packing materials, and shortens the
processing times. By accepting lower-purity materials and decreasing the frequency of
preliminary purification stages, RP-MPLC plays an important role in the separation and
purification of saponins [34], polysaccharides [35], and polypeptides [36] and has gradually
become a popular method in recent years [35,37]. Additionally, Ishihara et al. [38] purified
stearidonic acid (C18:4 w-3) and hexadecatetraenoic acid (C16:4 w-3) to more than 95%
purity using RP-MPLC. These results indicate that RP-MPLC could potentially produce
high-purity omega-3 fatty acid ethyl esters.
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In this study, RP-MPLC was initially employed to deliver high-purity omega-3 fatty
acid ethyl esters, targeting a total content of EPA and DHA of not less than (NLT) 84%,
as stipulated by the Pharmacopoeia. Fundamental variables controlling separation were
evaluated and optimized based on the purity and recovery rate, including the packing
material, mobile phase, sample volume, sample concentration, flow rate, and mobile-
phase composition. Furthermore, comparisons were made between RP-MPLC and RP-
HPLC using the same packings, with the aim of assessing the effectiveness of the purifi-
cation. Ultimately, this research provides a new approach and theoretical basis for the
cost-effective and high-throughput production of high-purity omega-3 fatty acids on an
industrial manufacturing scale.

2. Results and Discussion
2.1. Fatty Acid Composition of Fish Oil Ethyl Esters

Identifying fatty acids and esters with a similar equivalent carbon length from the
EPA and DHA is a crucial stage in the development of the RP-MPLC method. The GC
chromatogram for the fish oil ethyl esters is displayed in Figure 1, and the fatty acid com-
position is outlined in Table 1. We can see that 24 fatty acids were detected in the esters,
including 6 saturated fatty acids (SFAs), 5 mono-unsaturated fatty acids (MUFAs), and 13
poly-unsaturated fatty acids (PUFAs), accounting for 4.45%, 7.84%, and 87.71% of the con-
tent, respectively. The major SFAs were C18:0 and C16:0, at 2.18% and 1.52%, respectively.
The primary MUFAs were C18:1n9, C22:1n9, and C20:1n9, at 4.64%, 1.19%, and 1.17%,
respectively. PUFAs made up the bulk of fatty acids, with w-6 PUFAs at 9.12% (mainly
C20:4n6, C18:4n6, and C22:5n6) and w-3 PUFAs at a higher percentage, predominantly EPA
(C20:5n3), DHA (C22:6n3), DPA (C22:5n3), C21:5n3, and C20:3n3. However, the sum of the
content of EPA and DHA was 67.91%, falling short of the acceptance criteria of the Chinese
Pharmacopoeia (2020 edition) for “Ethyl polyenoate”, which require NLT 84% purity of the
total content of EPA and DHA.
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Figure 1. Gas chromatogram of the fish oil ethyl esters.

Table 1. Fatty acid composition of the fish oil ethyl esters.

Abbreviation Compound Name Content (%)
C14:0 Myristic acid 0.23 &= 0.06
C15:0 Pentadecanoic acid 0.04 £ 0.02
C16:0 Palmitic acid 1.52 +0.04
C18:0 Stearic acid 2.18 +0.08
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Table 1. Cont.

Abbreviation Compound Name Content (%)
C19:0 Nonadecanoic acid 0.10 £ 0.04
C20:0 Arachidic acid 0.37 £ 0.02

Cl6:1n7 Palmitoleic acid 0.64 £+ 0.06
C18:1n9 Octadecenoic acid 4.64 +0.05
C20:1n9 11-Eicosenoic acid 1.17 £0.03
C22:1n9 Erucic acid 1.19 + 0.07
C24:1n9 Nervonic acid 0.21 £+ 0.03
C18:3n3 «-Linolenic acid 0.54 £ 0.03
C20:3n3 11,14,17-Eicosatrienoic acid 2.43 4+ 0.04
EPA C20:5n3 5,8,11,14,17-Eicosapentaenoic acid 40.83 +0.12
C21:5n3 Heneicosapentaenoic acid 2.58 + 0.06
DPA C22:5n3 Docosapentaenoic acid 517 +£0.07
DHA C22:6n3 4,7,10,13,16,19-Docosahexaenoic acid 27.08 + 0.07
C18:2n6 Linolelaidic acid 0.29 £+ 0.03
C18:3n6 Octadecatrienoic acid 0.80 = 0.04
C18:4n6 Octadecatetraenoic acid 2.79 £0.06
C20:3n6 8,11,14-Eicosatrienoic acid 0.52 + 0.04
C20:4n6 Arachidonic acid 3.46 £+ 0.04
C22:4n6 7,10,13,16-Docosatetraenoic acid 0.19 £+ 0.02
C22:5n6 4,7,10,13,16-Docosapentaenoate 1.06 £+ 0.02

Y SFA Saturated fatty acids 445+ 0.1

Y MUFA Mono-unsaturated fatty acids 7.84 4= 0.06
Y PUFA Poly-unsaturated fatty acids 87.71 £ 0.06

Y w-3 PUFA w-3 Poly-unsaturated fatty acids 78.59 +0.23
Y w-6 PUFA w-6 Poly-unsaturated fatty acids 9.12+0.19
EPA + DHA 67.91 +0.18

2.2. Fatty Acid Composition of Separate Fractions in RP-MPLC Chromatogram

An RP-MPLC chromatogram of fish oil ethyl esters is shown in Figure 2. Four major
fractions (A-D), corresponding to the separated group, were collected, vacuum-evaporated,
and analyzed using GC-MS. A GC chromatogram of the fish oil ethyl esters, with four
fractions (A-D), is displayed in Figure 3. The varying fatty acid compositions across
different fractions are demonstrated in Figure 4.

Fraction A comprised a total of 42.85% of EPA (29.76%) and DHA (13.09%), with
the remainder predominantly made up of C18:4n6 (45.34%), C14:0 (3.76%), C18:0 (1.44%),
and C20:4n6 (1.01%). Conversely, fraction B was mainly represented by EPA, at 90.66%,
with the remainder mostly including DHA (2.63%), C18:0 (2.11%), and C18:3n3 (1.42%).
Fraction C displayed the highest DHA content, at 75.01%, complemented by EPA (6.81%),
C21:5n3 (6.48%), C18:0 (2.70%), C20:4n6 (1.90%), C18:3n6 (1.49%), and C20:1n9 (1.39%).
Fraction D was notable for the highest DPA concentration, at 51.70%, with the rest primarily
comprising DHA (13.17%), C20:4n6 (7.27%), C20:3n3 (5.67%), C20:5n3 (4.50%), C20:1n9
(4.10%), C22:5n6 (3.84%), and C18:1n9 (1.88%). In essence, fraction B and fraction C were
identified as the target components of EPA and DHA, respectively, which enabled their
precise collection for the further purification of omega-3 fatty acid ethyl esters.
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Figure 2. RP-MPLC chromatogram of fish oil ethyl esters with four fractions: A, B, C, and D.
Conditions: stationary phase, C18; sample load, 0.4 mL fish oil ethyl esters; mobile phase, methanol-
water (90:10, v:v); flow rate, 20 mL/min; detector, UV 210 nm; room temperature.
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Figure 3. Gas chromatogram of fractions A, B, C, and D.
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Figure 4. Stacked histograms of fatty acid compositions from different fractions.

62



Mar. Drugs 2024, 22, 285

2.3. Optimization of RP-MPLC
2.3.1. Effects of Packing Materials

The packing materials are the “heart” of the chromatographic system. The physic-
ochemical properties of the packing materials, including the uniformity of the packing
structure (monolithic, porous, or nonporous), the geometry (particle size, area of the bed,
and pore size and shape), and the type of attached ligands, significantly influence the
separation efficacy [5,39]. To identify column packings that provide high throughput,
low back pressure, strong sensitivity, and high resolution for efficient separation, various
bonded packing materials (CN, Diol, C4, C6, C8, C18, and AQ-C18) were evaluated in the
purification of omega-3 fatty acid ethyl esters (Figure 5 and Table 2).

Intensity(AU)

,/ ploL

T T
10 20 30 40 50
Time (min)

Figure 5. RP-MPLC chromatograms of omega-3 fatty acid ethyl esters using various packing materials.

Table 2. Effects of AQ-C18 and C18 on the esters of EPA and DHA purified via RP-MPLC.

) . tr2 [5:§]
Packing Materials (min) (min) Rgy Rs;
AQ-C18 17.09 + 0.08 b 21.53 + 0.07 1.43 +0.022 1.13 +0.032
C18 31.08 +£0.142 37.90 +0.12 1.27 +0.03P 1.02 4+ 0.03P

Note: tr, represents the retention time of EPA; tg3 represents the retention time of DHA; Rg; represents the
resolution of EPA and the preceding impurity (fraction A); Rs, represents the resolution of DHA and the following
impurity (fraction D). Different letters within the group indicate significant differences (p < 0.05). The same notes
apply to the following tables.

Analysis of the elution curves for CN, Diol, C4, C6, and C8 revealed that EPA and DHA
did not acquire baseline separation from the preceding and subsequent impurities. CN, a
normal-phase stationary phase with cyanide groups, was more suited to the reverse-phase
separation of weakly polar compounds, showing a weak affinity for EPA and DHA [40].
Diol, with intermediate polarity, and C4, C6, and C8, with shorter carbon chains, exhibited
weaker affinity, leading to shorter retention times and less effective purification of EPA and
DHA. Thus, these materials were deemed unsuitable.

In contrast, the elution curves of C18 and AQ-C18 packing materials display clear
target peaks for EPA and DHA, with good separation from adjacent impurity peaks. AQ-
C18 demonstrates earlier peak emergence, shorter purification time, and lower solvent
consumption compared to C18, showcasing superior separation efficiency. Both C18 and
AQ-C18 are non-polar reversed-phase stationary phases with octadecyl carbon chains
bonded to silica. However, AQ-C18 undergoes the polar end-capping of silica hydroxyl
groups, minimizing the residual silanol on the surface [41] and thus enhancing the separa-
tion effects of omega-3 fatty acid ethyl esters (Figure 6). Based on these findings, AQ-C18
was chosen as the stationary phase for subsequent experiments.
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Figure 6. Structural differences between RP-MPLC stationary phases (A) C18 and (B) AQ-C18.

2.3.2. Effects of Mobile Phases

The appropriate mobile phase plays an important auxiliary role in improving separa-
tion efficiency. When choosing the mobile phase for industrial applications, emphasis has
been placed on the separation efficacy, cost, column pressure drop, and ease of subsequent
product purification [42]. As a result, solvents characterized by low viscosity, low boiling
points, and low cost are preferred. In Figure 7 and Table 3, we can see that ethanol and
acetonitrile were ineffective in achieving the baseline separation of impurities from omega-3
fatty acids, unlike methanol, which was successful. Despite its higher viscosity, methanol’s
lower boiling point facilitated easier separation from the product than acetonitrile and
ethanol. More importantly, methanol is an effective solvent, with easy recovery from
boiling point [43,44], which allows resource reuse and promotes the development of the
circular economy [45]. Consequently, methanol was employed as the preferred mobile
phase.
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Figure 7. RP-MPLC chromatograms of omega-3 fatty acid ethyl esters via different mobile phases.

Table 3. Effects of different mobile phases on the esters of EPA and DHA purified via RP-MPLC.

. tr2 tRr3
Mobile Phases (min) (min) Rgq Rg;
Ethanol 6.29 £+ 0.08 © 714 +0.04 € 0 0
Acetonitrile 13.95+0.1P 15.81 + 0.08 b 0 1.32+0.022
Methanol 17.08 + 0.06 @ 21.54 +£0.082 142 +0.022 1.27 +0.03 P

Note: Different letters within the group indicate significant differences (p < 0.05).
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2.3.3. Effects of Sample Load Volume

According to the nonlinear theory of chromatographic preparation, increasing the
sample volume can improve the processing capacity of chromatography, boost the product
recovery rate, and enhance production efficiency [46,47]. As shown with the growth loading
volume in Table 4 and Figure 8, the retention time is delayed, peak shapes are widened,
the resolution is reduced, and the purification time is increased. This is consistent with
the experimental findings of Dillon et al. [48]. This could be due to the adsorption of more
impurities on the AQ-C18 packings, which affects the separation of main and impurity
peaks, thereby reducing the purity of the target substance [49]. With a sample volume of
0.6 mL, the recovery rates for the total ethyl esters for the EPA and DHA peak were the
highest (83.57%). To maximize the loading volume while achieving better separation effects,
the sample loading of 0.6 mL, equivalent to the 1.25% bed volume of the chromatographic
column, was selected.

Table 4. Effects of different injection volumes on the esters of EPA and DHA purified via RP-MPLC.

Sample Purity of Recovery of . "
Volumes EPA-EE/DHA-EE  EPA-EE/DHA-EE (mlﬁl ) (nﬁ; ) Ry R,
(mL) (%) (%)
0.4 87.57 +£0.302 58.44 + 0.13 ¢ 1710 £0.049 2147 4+0.04¢ 1.43 +0.022 1.07 £ 0.022
0.5 86.75 + 0.08 P 65.43 +0.21° 1725 +0.05¢  21.80 +0.03°¢ 1.32 +0.03P 1.02 +0.01°
0.6 86.67 £ 0.24 P 83.57 £ 0222 1740 £ 0.05° 22,07 £ 0.07P 1.27 +£0.02° 1.02 +0.02P
0.7 83.15 + 0.30 63.59 + 0.36 b¢ 1751 +0.042 2230 £ 0.062 1.06 £ 0.02 ¢ 0.96 + 0.02 ¢

Note: Different letters within the group indicate significant differences (p < 0.05).
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Figure 8. RP-MPLC chromatograms of omega-3 fatty acid ethyl esters with different

injection volumes.

2.3.4. Effects of Sample Concentration

During industrial production, increasing the sample concentration can enhance the
chromatographic processing capacity, while reducing the concentration helps to promote
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the partition and adsorption processes of analytes onto chromatographic packing material,
thus enhancing the separation between target substances and impurities [50-53]. How-
ever, this improvement comes at the cost of a corresponding decrease in recovery rates.
Chromatographic curves depicting various concentrations of fish oil ethyl esters diluted
with methanol in RP-MPLC are presented in Figure 9, accompanied by Table 5. As the
concentrations of fish oil ethyl esters increased, the purity of ethyl esters of EPA and DHA
decreased, whereas the recovery rate, retention time, and resolution exhibited an increase.
Conversely, the use of pure fish oil for injection reduced the resolution of ethyl esters of
EPA and DHA, achieving a separation factor of 1.23 for front impurities and 1.10 for rear
impurities, with a purity of 85.75%. The recovery rate of ethyl esters of EPA and DHA
steadily increased with the sample concentration, peaking at 74.62% with pure fish oil. To
maximize production efficiency, the pure fish oil ethyl esters were chosen.
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Figure 9. RP-MPLC chromatograms of omega-3 fatty acid ethyl esters of different concentrations.

Table 5. Effects of different concentrations on the esters of EPA and DHA purified via RP-MPLC.

Sample Con- Purity of Recovery Rate of ¢ ;
centrations ~ EPA-EE/DHA-EE  EPA-EE/DHA-EE (nﬁi ) (mRii ) Rg; Rs,
(g/mL) (%) (%)
0.25 87.19 £0.19° 50.47 + 0.08 4 15.86 £ 0.03 18.07 £ 0.06 © 1.38 £0.03 1.31£0.04°
0.5 86.63 £0.28 2 58.65 + 0.07 ¢ 17.51 +£0.04®  20.69 +0.06° 1.35 £ 0.02° 1.27 £0.032
1 86.11 +0.11° 62.21 +0.08° 17.61 +£0.03°> 2147 £0.042 129 £0.02°¢ 1.13 +0.02°
Pure 85.75 £0.15°¢ 74.62 £0.052 17.72£0.02*  21.924+0.03° 123 £0.04°¢ 1.10 £ 0.03°

Note: Different letters within the group indicate significant differences (p < 0.05).

2.3.5. Effects of Flow Rate

In a liquid chromatography system, increasing the flow rate can shorten the elution
time of analytes, albeit with the potential downside of compromising the robustness of
chromatographic analysis [54,55]. As the flow rate accelerates, the peak elution time shifts
earlier and the peak shape becomes more compact, resulting in closer proximity between
the peaks of the ethyl esters EPA and DHA and the surrounding impurity peaks (Figure 10).
As the flow rate speeds up, the elution time of the ethyl esters EPA and DHA consistently
decreases, leading to a reduced retention time and resolution and thus causing a decline
in purity (Table 6). Additionally, the recovery rates of the ethyl esters EPA and DHA
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reduce continuously with the growth in flow rate. This is similar to the trends observed
by Oh et al. [30], which could be attributed to the fact that excessively high flow rates
might impede the adsorption of target compounds to the stationary phase. To optimize the
separation efficiency while minimizing time and solvent usage, the flow rate of 30 mL/min
was selected.
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Figure 10. RP-MPLC chromatograms of omega-3 fatty acid ethyl esters with different flow rates.

Table 6. Effects of different flow rates on the esters EPA and DHA purified via RP-MPLC.

Purity of Recovery Rate of
Flow Rate oy PE/DHA-EE  EPA-EE/DHA-EE Ir2 'Rs R Rs,
(mL/min) o o (min) (min)
(%) (%)
20.00 86.17 +0.152 82.86 +0.182 1733 £0.062  20.60 +£0.07® 127 +0.032 1.28 +0.042
25.00 86.01 £0.142 76.35 + 0.01P 14.08 £ 0.08  17.82 +0.08P 1.26 4+ 0.03 2 1.06 + 0.02 P
30.00 85.27 +0.15P 73.82 +0.16P 11.87 £0.05¢ 1507 4+0.06¢ 123 +0.012 1.01 +0.02P
35.00 84.16 £ 0.83 ¢ 58.94 -+ 0.14 9.624+0099  12.09+0.089  1.14+0.02P 0.87 +0.03

Note: Different letters within the group indicate significant differences (p < 0.05).

2.3.6. Effects of Mobile-Phase Composition

The proportion of the organic solvent in the mobile phase modifies its polarity, thereby
altering the distribution coefficient of the sample components in the stationary phase and
affecting the separation efficiency [56]. Increasing the methanol proportions advances the
peak emergence time, broadens the peak shape, and reduces the retention time, resolution,
and purity of the ethyl esters EPA and DHA (Figure 11 and Table 7). This is attributed
to the fact that increasing the polarity of the mobile phase has been found to improve
the separation efficiency by delaying the retention time of the non-polar FAEE in the
column [30,48]. With a methanol proportion of 86% to 90%, the purity of omega-3 fatty
acid gradually declines; meanwhile, the recovery rate improves. Wei et al. [29] observed
the same experimental trend. At a 92% methanol proportion, the purity of ethyl esters of
EPA and DHA falls to 83.39%, which does not meet the national Pharmacopoeia standards.
Methanol proportions over 90% are not conducive to the preparation of high-purity omega-
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3 fatty acids. Therefore, a 90% methanol solution was chosen as the composition of the
mobile phase.
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Figure 11. RP-MPLC chromatograms of omega-3 fatty acid ethyl esters with different mobile-phase
compositions.

Table 7. Effects of different mobile-phase compositions on the esters of EPA and DHA purified via
RP-MPLC.

Methanol- Purity of Recovery Rate of " +
Water EPA-EE/DHA-EE  EPA-EE/DHA-EE R2 R3 Rg; Rs»
o o (min) (min)

(v:0) (%) (%)

86:14 87.17 £0.152 5451 4+ 0.16 ¢ 22.81+£0.052  30.48 +0.082 1.64 +0.042 1.41 4+ 0.032
88:12 86.32 + 0.10° 65.24 +0.12P 1837 +£0.07 2426+ 0.06P 1.50 + 0.02 P 1.26 + 0.03 P
90:10 85.27 £ 0.15¢ 7430 +£0.112 11.87 £ 0.05¢  15.07 4+ 0.04°¢ 1.22 £ 0.04¢ 1.02 +0.02 ¢
92:8 83.39 +£0.14 4 53.28 +£0.01 ¢ 9.67+0.14 12.02 + 0.07 4 1.05 4+ 0.034 0.84 +0.024

Note: Different letters within the group indicate significant differences (p < 0.05).

2.4. Fatty Acid Analysis of Purified Omega-3 Fatty Acid Ethyl Esters

Fish oil ethyl esters equivalent to 1.25% of the column volume were introduced into
an RP-MPLC column equipped with AQ-C18 packings (2040 um particle size, 100 A pore
size, 320-340 m?/ g surface area) and eluted with a methanol-water (90:10, v:v) isocratic
mobile phase at a flow rate of 30 mL/min under an operating pressure of 1-4 bar. The
RP-MPLC chromatogram of fish oil ethyl esters under optimal purification conditions
is shown in Figure 12. Fractions B and C were collected, concentrated under reduced
pressure, and subsequently characterized via GC-MS. In total, 16 types of fatty acids were
identified in the form of 2.39% SFAs, 3.14% MUFAs, and 94.47% PUFAs (Figure 13 and
Table 8). Compared with Table 1, SFAs C14:0, C15:0, and C19:0; MUFA C24:1n9; and PUFAs
C22:5n3, C20:3n6, and C22:5n6 were removed. The proportion of w-3 PUFAs rose from
78.59% to 90.34%, the main components of which were EPA and DHA, accounting for
57.13% and 28.14%, respectively, and totaling 85.27%. Thus, the omega-3 fatty acid ethyl
esters purified via AQ-C18 RP-MPLC meet the criteria for “Ethyl polyenoate” in the 2020
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edition of the Pharmacopoeia, which states that the combined EPA and DHA content must
be at least 84%.

0 10 20
Time (min)
Figure 12. RP-MPLC chromatogram of fish oil ethyl ester under optimal purification conditions.
Conditions: stationary phase, AQ-C18; sample load, pure fish oil ethyl esters with volume equivalent
to 1.25% bed volume; mobile phase, methanol-water (90:10, v:v); flow rate, 30 mL/min; detector, UV
210 nm; room temperature.
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Figure 13. Gas chromatogram of the purified omega-3 fatty acid ethyl esters.
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Table 8. Fatty acid composition of purified omega-3 fatty acid ethyl esters.

Number Abbreviation Compound Name Content (%)
1 C16:0 Palmitic acid 0.19 £+ 0.03
2 C18:0 Stearic acid 1.70 £ 0.07
3 C20:0 Arachidic acid 0.51 £ 0.04
4 Cl6:1n7 Palmitoleic acid 0.53 £+ 0.04
5 C18:1n9 Octadecenoic acid 1.40 + 0.07
6 C20:1n9 Eicosenoic acid 0.61 £ 0.04
7 C22:1n9 Erucic acid 0.57 £ 0.05
8 C18:3n3 a-Linolenic acid 0.58 £ 0.05
9 C20:3n3 11,14,17-Eicosatrienoic acid 2.20 + 0.03
10 C20:5n3 5,8,11,14,17-Eicosapentaenoic acid 57.13 £ 0.08
11 C21:5n3 Heneicosapentaenoic acid 2.29 +£0.04
12 C22:6n3 4,7,10,13,16,19-Docosahexaenoic acid 28.14 £+ 0.08
13 C18:2n6 Linoleic acid 0.43 +£0.19
14 C18:3n6 Octadecatrienoic acid 0.46 £ 0.04
Table 8. Cont.
Number Abbreviation Compound Name Content (%)
15 C18:4n6 Octadecatetraenoic acid 0.18 £+ 0.06
16 C20:4n6 Arachidonic acid 3.08 £ 0.07
17 Y SFA Saturated fatty acids 2.40 £ 0.08
18 Y MUFA Mono-unsaturated fatty acids 3.14 £+ 0.07
19 Y PUFA Poly-unsaturated fatty acids 94.47 + 0.15
20 Y w-3 PUFA w-3 Poly-unsaturated fatty acids 90.34 +0.17
21 Y w-6 PUFA w-6 Poly-unsaturated fatty acids 413 +0.15
22 EPA + DHA 85.27 £ 0.15

2.5. Comparison of RP-MPLC and RP-HPLC

The purification of omega-3 fatty acid ethyl esters using RP-MPLC and RP-HPLC
methods was evaluated using the same packing of AQ-C18, focusing on the purity, recovery
rate, retention time, operation duration, and solvent consumption. The results are compared
in Table 9; both the RP-MPLC and RP-HPLC methods achieved a purity > 84% of the total
content of the EPA and DHA ethyl esters, meeting the standards set by the Pharmacopoeia.
This indicates that both methods are suitable for purification. Despite RP-MPLC exhibiting
a slightly lower purity (85.27%) and recovery rate (74.30%) compared to RP-HPLC, it
demonstrated notable advantages in shortening times for the ethyl esters EPA and DHA and
the overall operation duration, with reductions of 58.35%, 63.47%, and 70.67%, respectively.
Within the permissible operating pressure, the flow rate of RP-MPLC was ten-fold faster
than that of RP-HPLC, which significantly improved the separation efficiency, leading
to earlier peak emergence and reducing the purification time to one-third of that of RP-
HPLC. However, this came at the cost of consuming 1.93 times more solvent. In industrial
settings, solvents like methanol and ethanol can be recycled via dehydration with 3A
molecular sieves and rotary evaporation. This helps to cut costs and reduce environmental
pollution [57]. In conclusion, when using AQ-C18 as the stationary phase, RP-MPLC
not only meets the Pharmacopoeia purity standards for the ethyl esters EPA and DHA,
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but also enhances the unit time production efficiency by requiring only 29.33% of the
purification time compared to RP-HPLC. Additionally, solvent recycling reduces costs,
making RP-MPLC more cost-effective in terms of equipment, operation, and maintenance
than RP-HPLC. Therefore, RP-MPLC emerges as the preferred method for the large-scale
production of omega-3 fatty acids with high purity and yield.

Table 9. Comparison of purification effects of RP-MPLC and RP-HPLC methods on omega-3 fatty

acid ethyl esters.
Purity of Recovery Rate of ¢ ; Duration Solvent
Methods EPA-EE/DHA-EE  EPA-EE/DHA-EE R2 R3 . Consumption
o o (min) (min) (min)
(%) (%) (mL)
RP-MPLC 85.27 +0.15° 74.30 +1.14° 11.87 +£0.07° 1508 £0.06® 2217 +0.76° 665 +20.912
RP-HPLC 86.11 +0.96 2 78.56 + 0.86 2 2851+ 0062  41.27 +0.072 75+£1.052 22550 +3.18P

Note: Different letters within the group indicate significant differences (p < 0.05).

2.6. Summary and Prospect of RP-MPLC

Liquid chromatography is highly effective in separating structurally similar fatty acids
and can be used to prepare high-purity omega-3 fatty acids [58-61], as demonstrated in this
study. The RP-MPLC method ensures a safer and more reliable omega-3 fatty acid product.
This process utilizes AQ-C18 as the stationary phase and methanol as the mobile phase,
effectively preventing hazardous reagents such as silver mercury ions and acetone from
contaminating the product and thereby eliminating potential risks to human health [62].
The RP-MPLC method requires packings with larger particle sizes and operation at lower
pressures, thus allowing for increased sample loading. This enhances the chromatographic
processing capacity and results in higher production efficiency. RP-MPLC is an ideal
technology for enhancing the purity of substances with commercial value, especially
those with low initial purity levels, such as the fish oil ethyl esters studied here, which
initially had a combined EPA and DHA purity of only 67.91%. This method uses simpler
purification equipment, and its cost-effectiveness is a notable advantage, making it an
attractive option for the large-scale industrial purification of omega-3 fatty acid ethyl esters.
Furthermore, the applications of RP-MPLC in conjunction with other chromatographic
packing materials in separation and purification have been extensively studied [63,64]. It is
essential to explore the purification mechanism for improving the efficiency of RP-MPLC.

3. Materials and Methods
3.1. Materials and Reagents

Fish oil ethyl esters, with an EPA purity of 40.83% and a DHA purity of 27.08%,
were kindly provided by Fujian Coland Marine Bioengineering Co., Ltd (Fuzhou, China).
Guaranteed-grade sodium chloride and anhydrous sodium sulfate were purchased from
Xiya Chemical Technology Co., Ltd (Linyi, China). HPLC-grade methanol, ethanol, ace-
tonitrile, and n-hexane; GC-grade boron trichloride-methanol solution (15% in methanol);
standards of EPA ethyl and DHA ethyl; and the standard mixture of 40 fatty acid methyl
esters were purchased from ANPLE Laboratory Technologies Inc. (Shanghai, China). Milli-
Q water (Integral-3, Merck Millipore, Darmstadt, Germany) was used. All other chemicals
were of chromatographic and analytical grade.

3.2. RP-MPLC Procedure

A Pure Chromatography Instrument C-815 Flash (Buchi, Switzerland) equipped with
two binary gradient pumps and flashpure columns (26.2 mm x 152.3 mm) filled with
various stationary phases (2040 um particle size, 100 A pore size, 320-340 m? /g surface
area) was utilized for the purification of omega-3 fatty acid (Figure 14). Fish oil ethyl
esters (equivalent to 0.8-1.4% of column volume) were injected manually through a sam-
ple loading loop and mixed with the mobile phase at an electric port valve. The eluent
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signal was recorded by UV detectors, and peak fractions with signals over 0.05 AU were
collected, dried under reduced pressure for solvent removal using an R-100 rotary evapora-
tor (Buchi, Switzerland), and subsequently characterized using a GCMS-QP2020NX gas
chromatograph—mass spectrometer (Shimadzu, Japan).

Sample Injector
Flash Colum UV Detector

O—L—%

Pressure Gage I

) Data System
Medium Pressure Pump

i i
S
Fluid Reservoir Fraction Collector

Figure 14. Schematic diagram of experimental apparatus.

3.3. Fatty Acid Analysis

The fatty acid composition of fish oil ethyl esters or RP-MPLC fraction aliquots was
analyzed using GC-MS fitted with an SH-Wax capillary column (30 m x 0.25 mm X
0.25 um). Helium (99.999%) was employed as the carrier gas at a constant flow rate of
3.0 mL/min; the injector temperature was set at 240 °C; the injection mode was splitless;
and the pressure was maintained at 109.1 kPa, with a total flow rate of 30 mL/min and
a column flow rate of 1.46 mL/min. The injector temperature was set at 230 °C. The
temperature program was initiated at 100 °C and held for 3 min, followed by an increase
at a rate of 5 °C/min to 230 °C, and then maintained for 15 min. MS detection was set to
electron impact (EI) ionization mode, the ion source temperature was set at 230 °C, the
interface temperature was 250 °C, the ionization energy was 70 eV, the detector voltage was
0.9 kV, the solvent delay time was 5 min, the mass scan range was set from 35 to 500 m/z,
and the acquisition mode was set to scan.

The ethyl esters were identified by their retention times compared with a fatty acid
methyl ester standard mixture. The relative purity (%) of various esters was calculated
using integrated peak areas according to Equation (1):

Asi X FFAEEi-FAi
P, = % 100% )
" L Asr X Frapgi-pai

where P; represents the percentage of a specific fatty acid in the sample relative to the
total fatty acids as a percentage (%), Agj is the peak area of each fatty acid ethyl ester in
the sample, Frapgi-F 4 refers to the coefficient for converting fatty acid ethyl esters to fatty
acids, and )_Agr denotes the sum of peak areas of all fatty acid ethyl esters in the sample.

3.4. Optimization of RP-MPLC

The column packing materials (CN, Diol, C4, C6, C8, C18, AQ-C18), sample load
volume (0.4 mL, 0.5 mL, 0.6 mL, and 0.7 mL), sample concentration (pure fish oil, 1 g/mL,
0.5 g/mL, and 0.25 g/mL, with methanol as the dilution medium), mobile phase (methanol,
ethanol, acetonitrile), flow rate (20 mL/min, 25 mL/min, 30 mL/min, and 35 mL/min), and
the mobile-phase composition (92:8, 90:10, 88:12, 86:14, v:v) were varied for optimization.
The performance of the RP-MPLC process was evaluated using the following indicators:
the retention time (fg), resolution from impurities (Rg), relative purity (P), and recovery
rate of EPA/DHA (R,).
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The resolution, a measure of the degree of separation between two adjacent peaks in a
chromatogram, reflects an important comprehensive indicator of column efficiency and
selectivity. It was calculated according to Equation (2):

Z‘tRa — tRﬁ‘

Re=——" x100% 2
S Wy + W, @

where Rs (%) represents the resolution between omega-3 fatty acid ethyl esters and impuri-
ties, tg, (min) represents the retention time of the sample, tz, (min) represents the retention
time of impurities, W; (min) is the peak width of omega-3 fatty acids, and W, (min) is the
peak width of impurities.

The recovery rate is the ratio of the content of the target component to its theoretical
content in the raw material, and it is an important indicator for measuring separation
efficiency. The recovery calculation for the omega-3 fatty acid ethyl ester formula is
as follows: b

R, = % x 100% 3)
where R, (%) represents the recovery rate of omega-3 fatty acid ethyl esters as a percentage;
my (g) is the mass of the fish oil ethyl esters raw sample, in grams; m; (g) is the mass of
the purified fish oil ethyl esters, in grams; Pq (%) is the purity of EPA + DHA in the fish
oil ethyl esters raw sample; and P, (%) is the purity of EPA + DHA in the purified fish oil
ethyl esters.

3.5. Comparison of RP-MPLC and RP-HPLC

By using AQ-C18 packing (2040 um, 100 A pore size, 320-340 m? /g surface area) as
the stationary phase, the effects of RP-MPLC and RP-HPLC chromatography methods on
the purification of omega-3 fatty acid ethyl esters were explored based on indicators such
as the purity, recovery rate, retention time, operation duration, and solvent consumption.

RP-MPLC conditions: The Pure Chromatography Instrument C-815 Flash system
equipped with an AQ-C18 RP-MPLC column (26.2 mm x 152.3 mm) was employed.
Sample concentration: pure fish oil ethyl esters; mobile phase: methanol-water (90:10, v:v);
isocratic elution; flow rate: 30 mL/min; UV (wavelength of 210 nm) detectors.

RP-HPLC conditions: The SMB-2-50 Liquid Chromatography System (Hanbon Sci
& Tech, Jiangsu, China) fitted with an AQ-C18 RP-HPLC column (10 mm x 150 mm) was
utilized. Sample concentration: pure fish oil ethyl esters; mobile phase: methanol-water
(90:10, v:v); isocratic elution; flow rate: 3 mL/min; column temperature: 30 °C; UV detection
wavelength: 210 nm.

3.6. Statistical Analysis

Samples were analyzed in triplicates, and the data are presented as mean =+ standard
deviation. One-way analysis of variance (ANOVA) with LSD and Turkey methods and a
two-sample f-test were carried out using SPSS Statistics 25 (SPSS Inc., Chicago, IL, USA); a
difference was considered significant at p < 0.05. Graphical analysis was carried out using
Origin 2022b software (Origin Lab Corp., Northampton, MA, USA).

4. Conclusions

In this study, omega-3 fatty acid ethyl esters with a total content of EPA and DHA
of 85.27% and the considerable recovery rate of 74.30% were obtained using AQ-C18 RP-
MPLC, the optimal conditions of which were as follows: AQ-C18 packings (20-40 um, 100 A
pore size, 320-340 m? /g surface area), a fish oil sample injection that constituted 1.25% of
the column volume; methanol-water (90:10, v:v) as the mobile phase, isocratic elution at a
30 mL/min flow rate; and an operating pressure of 1-4 bar. To our knowledge, this is the
first study to highlight the greater suitability of AQ-C18 packing for purifying omega-3
fatty acids, as it enhanced the retention time via the polar end-capping of the silanol groups,
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resulting in better purification effects. A comparison between RP-MPLC and RP-HPLC
revealed that, although the purity of EPA and DHA ethyl esters produced using both
methods met national Pharmacopoeia standards, RP-MPLC allowed for greater sample
loading, higher flow rates, and lower system pressure, thereby shortening the purification
time, increasing the production efficiency, and reducing production costs. The preliminary
RP-MPLC study has demonstrated great potential for industrial production, thereby laying
the foundation for pilot-scale experiments. In the future, it will be necessary to conduct
pilot-scale experiments to explore the RP-MPLC purification of high-purity omega-3 fatty
acids and perform a techno-economic assessment of large-scale production costs.
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Abstract: Marine microalgae Schizochytrium sp. have a high content of docosahexaenoic acid (DHA),
an omega-3 fatty acid that is attracting interest since it prevents certain neurodegenerative diseases.
The obtention of a bioactive and purified DHA fatty acid ester using a whole-integrated process in
which renewable sources and alternative methodologies are employed is the aim of this study. For
this reason, lyophilized Schizochytrium biomass was used as an alternative to fish oil, and advanced
extraction techniques as well as enzymatic modification were studied. Microalgal oil extraction was
optimized via a surface-response method using pressurized liquid extraction (PLE) obtaining high
oil yields (29.06 £ 0.12%) with a high concentration of DHA (51.15 £ 0.72%). Then, the enzymatic
modification of Schizochytrium oil was developed by ethanolysis using immobilized Candida antarctica
B lipase (Novozym® 435) at two reaction temperatures and different enzymatic loads. The best
condition (40 °C and 200 mg of lipase) produced the highest yield of fatty acid ethyl ester (FAEE)
(100%) after 8 h of a reaction attaining a cost-effective and alternative process. Finally, an enriched
and purified fraction containing DHA-FAEE was obtained using open-column chromatography with
a remarkably high concentration of 93.2 4= 1.3% DHA. The purified and bioactive molecules obtained
in this study can be used as nutraceutical and active pharmaceutical intermediates of marine origin.

Keywords: microalgae; Schizochytrium sp.; DHA; Novozym®435; pressurized liquid extraction;
enzymatic ethanolysis

1. Introduction

In recent years, several studies have focused on polyunsaturated fatty acids (PUFA),
specially omega-3, and their beneficial effects on health [1,2]. In particular, docosahex-
aenoic acid (DHA, C22:6 n-3), a long-chained PUFA (LC-PUFA) [3], is being investigated
due to its capability to modulate many inflammatory processes and its key role in brain
development [4]. Thus, DHA is proposed to prevent neurodegenerative diseases, such as
Alzheimer’s or Parkinson’s, as well as inflammatory diseases [5-7].

Nevertheless, to efficiently increase the amount of DHA present in neuronal tissues,
DHA may be incorporated in the diet via nutritional supplements and nutraceuticals,
since conversion from a-linolenic acid to DHA in adults is limited [8,9]. In this way, the
preferred sources of DHA are fish and krill, but microalgae have emerged as an alternative
and ecological source of DHA [8,10] that is in agreement with the sustainability of marine
resources. Therefore, bioactive compounds from microalgal oils are gaining importance as
a renewable and sustainable source of DHA [8,11,12].

Among different microalgae that are harvested worldwide and accepted as novel
food, Schizochytrium sp. is emphasized due to its high lipid content, especially regarding
the high amounts of DHA (around 40% DHA), whose accumulation depends on culture
conditions [13,14]. This microalgal oil is advantageous in the industry because of its

Mar. Drugs 2024, 22, 146. https:/ /doi.org/10.3390/md22040146 78

https://www.mdpi.com/journal /marinedrugs



Mar. Drugs 2024, 22, 146

heterotrophic culture conditions, which enable elevated DHA production in the form of
triacylglycerols (TAG) [15]. Moreover, Schizochytrium oil is also composed of three other
principal fatty acids, myristic (C14:0), palmitic (C16:0), and docosapentaenoic acid (C22:5
n-6, DPA), the main acids found in its composition [13,14]. For their extraction, modern
technologies such as pressurized liquid extraction (PLE) arise as an alternative to traditional
extraction procedures [16,17]. PLE uses high temperatures and pressures that can extract
bioactive compounds extremely quickly, avoiding their oxidation and deterioration in a
process that follows the principles of green chemistry [18-22]. Thus, the possibility of
modifying these parameters enables the optimization of lipid extraction for its consequent
hydrolysis by lipases.

Lipases (EC 3.1.1.3) are used in a wide range of industrial applications [23-25] in the
pharmaceutical and food industries. Over the last decade, oil hydrolysis and transesterifi-
cation by lipases have become more important [26-28]. However, only a few reports focus
on the ethanolysis of microalgae oil using lipases [29-32]. The esterification of LC-PUFA,
such as DHA, is developed by immobilized lipases under mild conditions to maintain the
labile structure of the fatty acid. The use of immobilized lipases as industrial biocatalysts is
the most suitable method for developing more selective, controlled, and rapid procedures
in the industry [33-36]. Furthermore, immobilization allows for the industrial reuse of the
biocatalyst for several cycles as a result of an increase in its stability, and the easy separation
of the desired product, obtaining cost-efficient procedures [37-40].

Candida antarctica lipase B (CALB) is an immobilized lipase, commercially known as
Novozym®435, characterized by its versatility, high activity, and stability [41]. CALB is
used for oil modification, mainly in biodiesel production, as well as food industry [42]. It
is able to cause oil ethanolysis in solvent-free systems according to green chemistry [26].
The molecules produced in the reaction (fatty acid ethyl esters, FAEE) [29] could serve as
a scaffold to develop structured lipids enriched in DHA with improved properties and
composition [1,43—47] using regioselective lipases [48-50].

In this study, a novel strategy to obtain an enriched DHA oil from Schizochytrium
sp. was proposed. For this aim, different extraction conditions using PLE technology
were compared and optimized, and the extracted oil was characterized by GC-MS. The
enzymatic ethanolysis of microalgal oil was developed using CALB Novozym®435 to
produce FAEE with the highest concentration of DHA, which can serve as a food supple-
ment or nutraceutical for structured phospholipid synthesis to prevent neurodegenerative
diseases. Thus, the hypothesis of this paper was to determine the possibility of producing
DHA concentrates from sustainable raw materials as microalgae using environmentally
friendly technologies.

2. Results and Discussion
2.1. Lipid Extraction from Schizochytrium sp. by Pressurized Liquids Compared to the
Soxhlet Method

Lipid extraction of Schizochytrium lipids was compared using two different methods.
On the one hand, Soxhlet was used as the traditional procedure for obtaining a reference
lipidic yield. On the other hand, PLE was proposed as an alternative method for the
advanced and fast extraction of bioactive compounds preserving the bioactivity.

The result obtained with Soxhlet was an extraction yield of 24.04 & 0.25%. Lipid
extraction using pressurized liquids was optimized using surface-response methodology.
Parameters such as temperature and solvent polarity (hexane and ethanol) were evaluated
in a previous study on Nannochloropsis lipids [51]. In this study, hexane was used as a
non-polar solvent, ethanol as a polar solvent and a mixture of both with mild polarity
(1:1) for lipid extraction, as reported for other microalgae species [52]. Moreover, different
extraction times (5, 10 and 15 min) and different temperatures (from 80 to 120 °C) were also
evaluated.

Using the Statgraphics 19 program, the surface-response plots shown in Figure 1
were drawn.

79



Mar. Drugs 2024, 22, 146

A Emmatﬁc'l“ I;s_s%%u':isurface B Ewmq}lglc'i‘ gigsﬂfss:ﬁaudace

Extraction yield (%) Extraction yield (%)

. 18,0 . 18,0

. 19,0 - 19,0

. 20,0 . 20,0

21,0 21,0

<y 22,0 — 22,

£ = 230 £ X =0

2 24,0 2 = 24,0

5 25,0 = . 25,0

s 26,0 B 26,0

B 21,0 = 27,0

g 28,0 g 28,0

Z = 29,0 Z 30100 = 290

. 30,0 . 30,0

a0 100 & Solvent (%)
110 120

Temperature (°C) Temperature (°C)

c Eemfd R e

Extraction yield (%)
18,0

NN W
o - S )
8
23

Extraction yield (%)
N
=3

B8
=3

=

Temperature (°C)

Figure 1. Surface-response plots obtained with the Statgraphics 19 program with different extraction
times. (A) Corresponds to a static extraction time of 5 min. (B) Corresponds to a static extraction time
of 10 min. (C) Corresponds to a static extraction time of 15 min.

As can be seen, the influence of different solvent mixtures on the extraction was
revealed. Thus, using hexane and ethanol in equal parts (1:1), the yield improved compared
to extraction only with hexane or ethanol for all the times studied. With respect to the static
extraction time, there was no difference in the oil yield when this parameter was modified
(Appendix A). In addition, an increase in the extraction yield was obtained, as previously
found in the literature, with oil yields ranging from 17.13 £ 1.17% to a maximum yield of
29.06 + 0.12% at 120 °C for 15 min, and with a hexane—ethanol 1:1 solvent mixture.

Thus, the extraction with a mixture of hexane—ethanol in a 1:1 proportion was used to
scale up the method, with a final volume of 70 mL of solvent. In this case, a 26.15 4= 1.13%
extraction yield was achieved, notably similar to that obtained by the standard protocol
with less volume. In the scale-up, a solvent saving system was configured with up to
10 times the amount of microalgae. In both cases, the results found were also comparable
to the yield found using the Soxhlet method, representing the valuable alternative of PLE
against traditional methods, decreasing both the amount of non-friendly solvents, such
as hexane, and the necessary time and energy. Therefore, the scale-up of the extraction
method was useful as it allowed a higher amount of microalgal oil to be produced, leading
to the development of further experiments of enzymatic modification.

2.2. Characterization of Schizochytrium sp. Oils

Starting with the HPLC-ELSD characterization (see Section 3.7), all oils used for the
experimental development were analyzed, and the results show that they contained only
TAG in their composition (see Appendix B), in accordance with the consulted literature [53].

For characterization of fatty acids of the TAG by GC-MS, an analysis of Schizochytrium
sp. commercial oil and microalgae oils obtained using PLE in our laboratory was carried
out. To compare their fatty acid profiles, as oils contained only TAG in their composition
(no free fatty acids), their characterization in a basic medium is an effective method (see
Section 3.5). GC-MS was employed to obtain different fractions of decreasing polarity
and separate the fatty acid methyl esters. Fatty acids such as myristic (14:0), palmitic
(16:0), stearic (18:0), oleic (18:1), linoleic (18:2), arachidonic (20:4), eicosapentaenoic (EPA),
docosapentaenoic (DPA n-3 and 1-6), and docosahexaenoic (DHA) were found.
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According to results shown in Table 1, there were some differences between com-
mercial oil and oils extracted using PLE with different solvents. In commercial oil a lack
of myristic acid was found in the fatty acid profile, despite the fact that myristic acid is
commonly found in other oils of Schizochytrium sp. described in the literature [13]. In our
case, a ratio of 14:0 fatty acids was present in all microalgae oils obtained using PLE in
around 10-13% of the total fatty acid composition.

Table 1. Fatty acid profiles of different Schizochytrium sp. oils (commercial, extracted from biomass
by PLE with different solvents and extracted from biomass using the Soxhlet method) analyzed by
GC-MS. Microalgal oil 1 referred to Schizochytrium oil extracted with PLE using hexane. Microalgal oil
2 referred to Schizochytrium oil extracted with PLE using hexane—ethanol (1:1). Data were calculated
as a percentage of fatty acid composition related to total & standard deviation (SD).

Commercial Oil Microalgal Oil 1 Microalgal Oil 2 Soxhlet Extraction

14:0 - 10.41 £ 0.19 9.96 + 0.45 12.72 £0.18

16:0 20.67 + 0.04 20.30 & 3.89 19.34 £ 0.57 23.02 £ 0.07

18:0 0.99 £ 0.02 1.15 4+ 0.55 0.53 £ 0.09 0.41 £ 0.05
18:1n-9 0.33 £ 0.09 0.80 + 0.05 0.63 +0.03 0.64 + 0.05
18:2n-6 0.41 £ 0.03 0.27 £ 0.02 0.20 £ 0.07 0.14 £ 0.01
20:4 0.46 £+ 0.08 0.81 £ 0.06 0.77 £0.04 0.83 £0.25
20:5n-3 (EPA) 0.38 £ 0.02 0.98 £ 0.08 0.75 £ 0.04 0.83 £+ 0.01
22:5 (DPA n-6) 1542 £ 0.12 14.61 £+ 0.58 15.49 £+ 0.09 14.12 £ 0.30
22:5 (DPA n-3) 0.49+ 0.04 0.36 £ 0.06 0.45 £ 0.03 0.33 £ 0.05
22:6 n-3 (DHA) 60.85 + 0.32 4925 +4.72 51.15+0.72 45.58 £+ 0.34

Moreover, the composition of palmitic acid was similar in all studied oils (around 20%
of total composition) as well as DPA n-6 (around 15% in all cases). Even though the DHA
percentage in the composition was higher in the commercial oil, there was an impact on the
whole fatty acid profile, as it did not have myristic oil. Therefore, DHA representativeness
was diverse, and the results cannot be directly compared. Accordingly, the oil with the
highest amount of DHA from all extracted oils tested was that produced by PLE with 1:1
hexane-ethanol. More than 50% of the total fatty acid composition corresponded to DHA,
exceeding that extracted by Soxhlet by 5%. This result may be due to the methodology
applied, since the Soxhlet method uses high temperatures for several hours. In the case of
PLE, the sample is in an environment free of oxygen and light, unlike the Soxhlet method,
so there is no oxidation of PUFA during short time extraction, nor when high temperatures
such as 120 °C are used [54-56].

Regarding the fatty acid composition of Schizochytrium sp. oils extracted with different
solvent mixtures, the extraction by PLE influenced extraction yield (see Section 2.1), but it
did not have much impact on the fatty acid composition of the extracted oil.

2.3. Enzymatic Ethanolysis of Schizochytrium Oil

To optimize the enzymatic ethanolysis reactions of Schizochytrium oil and produce
ethyl esters of the fatty acids, reaction kinetics at different temperatures (30 °C and 40 °C)
and different loads of commercial lipase Novozym® 435 (CALB) were studied.

The results represented in Figure 2 show that the conversion of TAG into FAEE was
similar at both reaction temperatures of 30 °C or 40 °C. However, remarkable results were
obtained for the first two hours of reaction, where large differences between temperatures
in the conversion of the initial TAG were observed. In this case, at 30 °C (Figure 2A) there
was a 64.35% TAG compared to 20.68% FAEE. Comparing these results with those obtained
at 40 °C (Figure 2B), at the same time as the reaction, there was 54.24% of TAG versus
30.18% of FAEE.
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Figure 2. Kinetics of enzymatic ethanolysis, using CALB at 30 °C (A) and 40 °C (B), both at 200 rpm.

From this point, there was a higher conversion in FAEE at 40 °C than at 30 °C,
while after 6 h of ethanolysis, at 40 °C, the yield of FAEE reached 84.47%; the yield at
30 °C was 69.84%. When considering the 24-h aliquot, in both cases, a yield of 100% was
achieved in the conversion of TAG into FAEE. In all cases, no relevant differences in reaction
intermediates (DAG and MAG) were observed, either at 30 °C or 40 °C.

Therefore, the increase in temperature favors the course of the enzymatic reaction,
as was already discussed in the literature on Novozym® 435 lipase [30]. Subsequently,
enzymatic ethanolysis was also performed at 40 °C by adding twice the amount of the
enzyme to study the influence of this parameter.

As seen in Figure 3, the reaction with a double load of CALB evolved more rapidly
than the reaction with a normal load at the same temperature.
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Figure 3. Kinetics of enzymatic ethanolysis with a double load of CALB at 40 °C and 200 rpm.

After 4 h, a yield of FAEE of 66.58% was achieved by adding the normal enzymatic
load (Figure 2B). In comparison, when adding a double amount of enzyme, the yield
obtained was 91.03%. Moreover, 100% FAEE was reached after only 8 h of reaction with a
double enzymatic load, while it took 24 h to obtain this yield with a simple load. Therefore,
by adding twice the enzymatic load at 40 °C and 200 rpm, 100% FAEE was produced after
8 h, so the time was considerably reduced, but more enzyme was used.

With this process, Schizochytrium oil composed by TAG was enzymatically modified
in a mild process at 40 °C to produce FAEE that can be separated to produce concentrates
of DHA for different purposes.
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2.4. Open-Column Chromatography

Therefore, open-column chromatography was performed to separate and purify DHA
from the rest of FAEE produced in the enzymatic ethanolysis described before. The sample
was divided into different fractions that were eluted with different mixtures of solvents.

The first four fractions were discarded as FAEE was kept inside the column because of
its affinity. A second round of hexane—ethyl acetate (95:5), which correspond to fraction
5 (F5) was needed for FAEE elution. F5 was analyzed by GC-MS and the corresponding
chromatogram is represented in Figure 4 (blue). It can be seen that a large amount of
saturated fatty acids (myristic acid and palmitic acid), as well as squalene and a low
amount of DPA, were eluted.
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Figure 4. Analysis of FAEE profiles in fraction 5 (blue) and fraction 6 (red) obtained by open-column
chromatography using GC-MS.

Then, fraction 6 (F6) was eluted with hexane—ethyl acetate in proportion 90:10 and
analyzed by GC-MS (Figure 4, red). In this case, the following values of FAEE were
obtained: 5.0 £ 0.8% myristic acid, 6.3 &+ 1.3% palmitic acid, 1.7 £ 0.1% EPA, 14.9 +
0.1% DPA, and 72.0 £ 2.2% DHA. The initial proportion of fatty acids is explained in
the characterization of microalgal oil 2 (see Section 2.2). Overall, a fraction with almost
90% of LC-PUFA was isolated, constituting mostly DHA. Moreover, in the next fraction
of open-column chromatography (F7), there was not any peak corresponding to FAEE.
Therefore, all the DHA extracted from Schizochytrium sp. was eluted in fraction 6, with a
maximum recovery.

In order to attain a DHA-enriched fraction, the protocol of open-column chromatog-
raphy was slightly modified as expressed in Section 3.9. The first four fractions were
discarded. Moreover, either P5 or P6 of the purification protocol (duplicates) were com-
posed of myristic and palmitic acid, squalene, a large part of DPA, and a low fraction of
DHA. Subsequently, modifying the relation between hexane and ethyl acetate from 95:5 to
92:8 and using two cycles of elution under the same conditions enabled the total elution
of certain FAEE. However, part of DHA was also eluted in this fraction, avoiding the full
recovery of DHA.

Furthermore, in the last step of purification, hexane—ethyl acetate in proportion 90:10
was used. This protocol was also carried out in duplicate, obtaining a fraction with the
following values of FAEE: 2.0 & 0.4% EPA, 4.8 £ 0.9% DPA, and 93.2 + 1.3% DHA (Figure 5).
In this case, a purity higher than 90% DHA was achieved.
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Figure 5. Analysis of FAEE profile in an enriched DHA fraction isolated by purification in open
column chromatography using GC-MS.

Hence, a fraction with 75.0 & 14.9 mg with a purity of 93.2% of DHA was obtained
from 0.3 g of FAEE that was introduced in the open column and produced by enzymatic
ethanolysis. If the recovery of each of the duplicates was calculated in terms of average
and standard deviation, a yield of 44.72 4 6.99% DHA was obtained. Taking into account
that the percentage of DHA extracted with PLE using hexane—ethanol (1:1) was 51.2% of
the total fatty acid composition, almost 90% of DHA was recovered from Schizochytrium sp.
with a high purity.

3. Materials and Methods
3.1. Materials

Lyophilized Schizochytrium sp. biomass was provided by Cianoalgae S.L. (Madrid,
Spain). Schizochytrium sp. commercial oil was acquired from Nutilab S.L. (Valencia, Spain).
The oil and microalgae were kept at cool temperatures and protected from light to avoid
oxidation. Commercial immobilized lipase Novozym® 435 (Candida Antarctica B lipase,
CALB) was kindly donated from Novozymes A/S (Bagsvaerd, Denmark). Hexane, ethyl
acetate, and methyl tert-butyl ether (MTBE) were purchased from Avantor Performance
Materials (Gliwice, Poland). Molecular sieves (3A) were purchased from Scharlab S.L.
(Sentmenat, Spain). Methanol, acetone, and isopropanol (HPLC-grade) were provided by
Lab-Scan Analytical Sciences (Gliwice, Poland). Ethanol and reagents of common use were
provided by Panreac Quimica S.A.U. (Barcelona, Spain).

3.2. Traditional Lipid Extraction by Soxhlet Method

For Soxhlet extraction [57], 4.0 g of lyophilized Schizochytrium sp. was used, and
150 mL of hexane was added in a Soxhlet extractor with continuous boiling and con-
densation cycles of the solvent for 6 h (matrix/solvent ratio 1:37.5). Subsequently, the
extracts were evaporated with a rotary evaporator (Heidolph Hei-Vap Value HB/G3, Ger-
many, Berlin) at 35 °C followed by nitrogen stream to constant weight. Lipid content
was determined gravimetrically and calculated as percentage by weight of dry biomass
(Equation (1)).

. o\ _ Evaporated extract weight(mg)
Lipid content(%) = Dry biomass weight(mg) x 100 1)

The extracts obtained were stored in a nitrogen atmosphere in the dark at 4 °C until
analysis. In all cases, the experiments were carried out at least in triplicate.

3.3. Pressurized Liquid Extraction of Microalgal Biomass

PLE was carried out with a DIONEX ASE 350 extractor (Sunnyvale, California)
equipped with stainless steel extraction cells (10 mL volume). Lyophilized Schizochytrium
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sp. was weighed (1 g) and loaded into the extraction cell, adding 2 g of sand at both ends
of the cell.

The extraction cell was then filled with the different solvents used: hexane, ethanol,
and a mixture of both (1:1), different temperatures (80, 100, and 120 °C) and different static
extraction times (5, 10, and 15 min) were also tested. For this purpose, a surface-response
experimental design was created by introducing all of the variables mentioned above,
using the Statgraphics 19 statistical program. The volume of solvent used was 20-25 mL,
depending on cell temperature and pressure. Finally, the extract was recovered under a
stream of nitrogen in 50 mL vials and kept at 4 °C until analysis. Each of the extraction
conditions was performed in duplicate [51].

3.4. Scale-up of Pressurized Liquid Extraction

The extraction procedure was scaled up using 100 mL stainless steel cells. In this case,
20.00 g of lyophilized Schizochytrium sp. was weighed and loaded into the extraction cell,
adding sand at both ends of the cell. A solvent saving mode with a flow rate of 1.5 mL/min
was used. The static extraction time was 15 min and the volume of the solvent used was
69-75 mL. The scale-up was performed in triplicate.

3.5. Characterization of Schizochytrium sp. Oils by GC-MS

The fatty acid profile of Schizochytrium sp. oil was determined in duplicate, both from
commercial oil and from different extractions carried out by PLE. Derivatization in a basic
medium was developed following ISO TC34/SC 5 standard method (See Appendix C for
explanation) [58]. The obtained fatty acid methyl esters (FAME) were analyzed by gas
chromatography coupled to a mass spectrometer (GC-MS) using 100 uL of FAMEs and 400
uL of hexane for GC-MS analysis.

The fatty acid analysis was performed on an Agilent Technologies (Palo Alto, Cal.,
USA) 5975 MSD Series gas-mass chromatograph with an automatic injector and He as the
carrier gas. An Agilent Technologies HP-88 capillary column was used, with dimensions
of 100 m x 0.25 mm x 0.20 pm. The injection temperature was 250 °C. The oven was kept
at 175 °C for 8 min. The temperature was then raised at a rate of 3 °C/min to 230 °C,
which was maintained for an additional 10 min. The temperature of the detector was 230
°C. The amount of sample injected was 1 uL with a 1:20 split. The mass spectrometer
used an ionization potential of 70 eV and an atomic mass range from 30 to 400 p (atomic
mass units).

The fatty acids were identified by comparing their retention times and the mass
spectra (NIST Mass Spectral Library Version 2.0) with those obtained from the standards,
expressing the amounts as percentages of the total FA content. The findings were compared
with updated bibliographic references.

3.6. Enzymatic Ethanolysis of Schizochytrium sp. Oil

First, 200 mg of 3A molecular sieves, which remove water to prevent hydrolysis
reactions, and 100 mg of commercial CALB were weighed and placed in a 30 mL capacity
glass vial. Then, 2.05 mL of hexane, 150 pL of absolute ethanol, and 300 uL of Schizochytrium
sp. oil extracted by PLE were incorporated. Both solvents were dehydrated when in contact
with molecular sieves. The reaction was carried out in a Heidolph incubator equipped
with a platform shaker (Unimax 1010) and a heating unit, with constant agitation (200 rpm)
at different temperatures (30 °C and 40 °C). The reaction was also tested at 40 °C with a
double enzymatic load, according to the previously described method.

To study the reaction kinetics, 25 pL of the suspension (reaction medium) was taken
at different times (0, 20 min, 40 min, 1 h, 2 h, 4 h, 6 h and 24 h), diluted 25 times in hexane
and analyzed by high-performance liquid chromatography coupled with a light-scattering
detector (HPLC-ELSD). All reactions were conducted in duplicates.
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3.7. Analysis by HPLC-ELSD

HPLC-ELSD analysis was performed using an Agilent 1260 Infinity Auto-injector
Chromatograph (G1329B) with a quaternary pump (G1311B/C), equipped with an Agilent
385 Evaporative Scattered Light Detector (Palo Alto, CA, USA). The chromatographic
separation of the different reaction products obtained by enzymatic ethanolysis was carried
out with a silica normal phase column (250 mm x 4.6 mmi.d., 5 um) maintained at 30 °C [59]
using a ternary gradient as follows: 0-2 min, 99.5% A and 0.5% B; at t = 6.5 min, 70% A and
30% B; at t = 11 min, 63% A, 27% B and 10% C; at t = 18 min, 99.5% A and 0.5% B; and at
t =20 min, and 99.5% A and 0.5% B. Eluent A consisted of 2,2,4- trimethylpentane, eluent
B consisted of methyl tert-butyl ether, and eluent C consisted of 2-propanol.

The optimal signal and resolution of the ELSD detector were achieved with the
following conditions: evaporator and nebulizer temperature of 30 °C, and evaporator gas
(N7) at 1.6 SLM.

To identify different lipids represented in the sample such as TAG, diacylglycerols
(DAG), monoacylglycerols (MAG), and FAEE, standards were individually injected and
compared with standards already analyzed in previous studies.

3.8. Fractionation of Fatty Acid Ethyl Esters by Open-Column Chromatography

First, the filler material (6 g of silica) was added to the burette, as it has a glass frit
in the lower part so that it remain fixed, adding the necessary hexane to dilute the silica
to the burette. Then, more hexane was added to prevent the formation of bubbles in the
column, and the sample was loaded into the column (0.3 g of the FAEE obtained from
the scale-up of the enzymatic ethanolysis). To start separating the sample components in
fractions (F), different mixtures of hexane and ethyl acetate were added to the column:
10 mL of hexane (F1); 10 mL of hexane—ethyl acetate (99:1) (F2); 10 mL of hexane—ethyl
acetate (98:2) (F3); 15 mL of hexane—ethyl acetate (95:5) (F4); 5 mL of hexane—ethyl acetate
(95:5) (F5); 5 mL of hexane—ethyl acetate (90:10) (F6) and another 5 mL of hexane—ethyl
acetate (90:10) (F7). Experiments were made in duplicates. Fractions were kept refrigerated
for GC-MS analysis.

3.9. Purification of an Enriched Dha Fraction by Open-Column Chromatography

The burette was prepared as in the previous section (see Section 3.8). The column
was conditioned, and the sample was loaded (0.3 g of FAEE). Solvent mixtures to extract
the first three fractions (P1, P2 and P3) were the same as in the previous protocol (see
Section 3.8). Moreover, different mixtures were added: 10 mL of hexane—ethyl acetate (95:5)
(P4); 5 mL of hexane—ethyl acetate (92:8) (P5); 5 mL of hexane—ethyl acetate (92:8) (P6);
5 mL of hexane—ethyl acetate (90:10) (P7); and 5 mL of hexane—ethyl acetate (90:10) (P8).
Experiments were made in duplicate. Fractions were kept refrigerated for GC-MS analysis.

3.10. Analysis of Fatty Acid Composition by GC-MS

The fatty acid profile of the different fractions obtained by open-column chromatogra-
phy was analyzed by GC-MS. Fractions were derivatized as reported in Section 3.5, and
FAME were analyzed using GC-MS according to the described previously method. In this
case, 200 puL of each fraction was collected on 400 pL of hexane for GC-MS analysis.

4. Conclusions

In conclusion, it should be noted that the use of alternative techniques of extraction
from microalgal biomass, such as pressurized liquids, with subsequent enzymatic ethanol-
ysis of the produced Schizochytrium oil, enables a sustainable and environmentally friendly
procedure to effectively generate FAEE of DHA. Ethyl esters separated by column chro-
matography were fractionated and two objectives were achieved: On the one hand, an
enriched fraction of DHA was obtained with complete recovery. On the other hand, it was
possible to produce a fraction with high purity and the recovery of DHA, 93.2% and 86%,
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respectively, which may be used as a food supplement and to develop nutraceuticals and
active pharmaceutical intermediates of marine origin in an integrated process.
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Appendix A

Table A1. Results obtained with the experimental design of PLE extraction. ! 0 = 100% hexane; 50 =
50% hexane: 50% ethanol; 100 = 100% ethanol.

Temperature (°C) Time (min) Solvent ! Extraction Yield (%)
80 10 0 21.85 £ 0.06
100 5 0 22.38 £ 0.34
100 15 0 22.62 £1.12
120 10 0 22.86 £ 0.45
80 5 50 26.11 £ 0.71
100 10 50 26.08 +£0.13
100 10 50 25.87 £1.01
100 10 50 2597 £1.23
80 15 50 25.71 £ 0.51
120 5 50 28.66 £ 0.78
120 15 50 29.06 £+ 0.12
80 10 100 1713 £ 1.17
100 5 100 21.41 £0.75
100 15 100 22.03+1.85
120 10 100 24.81 £ 0.35
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Appendix B

Figure A1. HPLC-ELSD analysis. Chromatograms correspond to the following: (A) microalgal oil 2;

(B) commercial oil.

Appendix C
To obtain the FAMESs in a basic medium, ISO TC34/SC 5 was followed:

—  First, 25 mg of oil was mixed with 200 uL of hexane.

— Next, 50 pL of 2N KOH in methanol (prepared daily) was added.

— The mixture was shaken for 1 min in a vortex (Velp Scientifica ZX3).

—  The mixture is rested for 5 min before the reaction proceeds.

—  Then, 125 mg of sodium hydrogen sulfate monohydrate (NaHSO4 H,O) was added to
stop the reaction and vortexed.

—  Finally, the mixture was centrifuged for 5 min at 50 rpm (Hettich zentrifugen Mikro
120): Supernatant = FAMEs

For further analysis, 100 uL of FAMEs was collected from 400 pL of hexane.
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Abstract: The presence of bioactive compounds in European eel (Anguilla anguilla) skin was stud-
ied. Proximate and lipid class compositions and analysis of the fatty acid (FA) profile (individual
FAs; FA groups, i.e., saturated, monounsaturated, and polyunsaturated; FA ratios, i.e., polyunsatu-
rated /saturated, w3/w6) were determined and compared to the composition of the eel muscle. As a
result, higher (p < 0.05) levels of proteins (271.6 g~kg_1), lipids (38.0 g-kg_l), ash (27.7 g~kg_1), and w6
FAs were observed in the skin tissue. Contrary, the muscle tissue showed higher (p < 0.05) moisture,
w3 FA, and w3/ w6 ratio values. Regarding lipid classes, a higher (p < 0.05) proportion of phospho-
lipids (111.1 g-kg ! lipids), free sterols (104.7 g-kg ! lipids), a-tocopherol (274.0 mg-kg~! lipids),
and free FAs (43.6 g-kg ! lipids) was observed in the skin tissue. No differences (p > 0.05) between
both tissues could be detected for triacylglycerol and FA group (saturated, monounsaturated, and
polyunsaturated) values and for the polyunsaturated /saturated FA ratio. It is concluded that Eu-
ropean eel skin, a by-product resulting from commercial processing, can be considered a valuable
source for the food and pharmaceutical industries by providing value-added constituents such as
proteins, lipids, w3 FAs, phospholipids, and x-tocopherol.

Keywords: European eel (Anguilla anguilla); skin; muscle; proteins; phospholipids; free sterols;
a-tocopherol; w3 fatty acids; w3/ w6 ratio; source

1. Introduction

A wide range of studies have recognised the fish fatty acid (FA) profile and the lipid
class composition as being responsible for the health benefits resulting from the employ-
ment of fish-enriched diets [1,2]. Among polyunsaturated FAs (PUFAs), eicosapentaenoic
(EPA) and docosahexaenoic (DHA) acid consumption has been associated with a low
prevalence of several human diseases such as cardiovascular and neurodegenerative con-
cerns [3,4]. According to their amphiphilic character, phospholipid (PL) compounds have
shown to be valuable drug delivery systems for their high bioavailability and protecting
effects on different kinds of diseases [5,6]. Regarding tocopherol compounds, fishery prod-
ucts have been described as an important source of this effective lipid-soluble antioxidant
system [7,8].

As a result of fish processing, a large volume of undesired by-products is obtained
that constitute an important environmental contamination source, unless efforts for their
recovery are attained and their commercial value can be enhanced [9,10]. Remarkably, fish
by-products have been reported to include bioactive and profitable components such as
amino acids, enzymes, collagen, pigments, chitin, vitamins, and minerals [11,12]. Among
fish by-products, skin tissue has attracted a great attention and has been studied in dif-
ferent kinds of fish species. Thus, Spanish mackerel (Scomberomorous niphonius) [13] and
great hammerhead shark (Sphyrna lewini) [14] skin showed to be a remarkable source of
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collagen. Additionally, skin tissue from bigeye snapper (Priacanthus tayenus and Priacan-
thus macracanthus) [15], snakehead, and shark [16] showed to be a valuable substrate for
gelatine extraction. Notably, fish skin-derived peptides have shown antioxidant [17-19],
antimicrobial [20], and antifreezing [21] properties.

European eel (Anguilla anguilla), a teleost fish belonging to the family Anguillidae, is
a commercially valuable species in Europe and Asia. As a result of recent overfishing on
coasts and several biological concerns [22], great attention has been accorded to the devel-
opment of this fish species as a farmed product [23,24]. With the extension of farming, the
total annual production is assumed to be over 10,500 tonnes, The Netherlands consuming
ca. 50% of this [25]. Previous studies account for the analysis of the proximate composition
and FA profile [26,27] and the presence of essential and toxic elements in the muscle [28].
Additionally, the evolution of the eel muscle quality has been studied during different
processing conditions such as refrigeration [29,30], cooking [31], and canning [32].

However, previous research on European eel by-products can be considered very
scarce. Thus, Sila et al. [33] carried out the extraction and characterisation of sulphated
glycosaminoglycans. Taktak et al. [34] developed novel eco-friendly, gelatine-based mi-
crofibers from eel skin for fish encapsulation. Teng et al. [35] prepared peptide-chelated
calcium from European eel bones. Regarding eel skin, it is considered a thick substrate
that is commonly treated as a waste material during the commercial processing of eel and
is normally converted into low-value products or discarded. The unemployment of this
by-product not only results in the loss of a large amount of bioactive constituents, but also
leads to environmental concerns.

The current study focused on the presence of bioactive compounds in European eel
(A. anguilla) skin. Determination of proximate and lipid class compositions and analysis
of the FA profile, i.e., individual FAs, FA groups (saturated, STFAs; monounsaturated,
MUFAs; PUFAs), and FA ratios (PUFAs/STFAs and w3 FAs/w6 FAs) was carried out. On
the basis of the wide consumer acceptance of eel muscle as a valuable food for the human
diet, the composition of the edible tissue was also analysed in this study and was compared
to the composition of the skin.

2. Results and Discussion
2.1. Determination of the Proximate Composition

Values obtained for the proximate composition are included in Table 1. Water was
shown to be the most abundant constituent in both eel tissues, with a higher (p < 0.05)
value being detected in the muscle. Crude protein levels higher than 160 g-kg~! wet
tissue were observed in both tissues; notably, values obtained in the skin tissue (ca.
272 g-kg~! wet tissue) were higher (p < 0.05) than in the muscle. The crude lipid con-
tent of the present eel samples depicted values included in the 28-38 g-kg~! wet tis-
sue range. As for crude protein content, crude lipid values were found to be higher
(p < 0.05) in the skin tissue. Regarding the ash content, skin samples (27.7 g-kg~! wet tis-
sue) showed higher values (p < 0.05) than their counterparts, corresponding to the muscle
tissue (9.9 g-kg~! wet tissue).

Table 1. Proximate composition (gkg‘1 wet tissue) of eel skin and muscle 1.

Chemical Constituent Tissue
Skin Muscle
Water 677.0 7.0 7833 +£35*
Crude protein 2716 £7.2 166.4 £ 1.8%
Crude lipid 38.0+0.9 286+1.6*
Ash 27.7 +21 99+1.0*

1 Average values = standard deviations of four (1 = 4) replicates. Muscle values followed by an asterisk denote
significant differences (p < 0.05) with skin values, according to the LSD test.
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The crude protein content obtained in the present study is higher than the one found
in the muscle of most commercial fish species [36-38]. Therefore, this by-product can be
considered a protein-rich substrate. Regarding the current crude lipid content of Euro-
pean eel skin, this substrate maybe ranked as a medium-fat substrate [36] and could be
considered a valuable source of lipid components.

To the best of our knowledge, no previous research has focused on the proximate
composition of European eel (A. anguilla) skin. However, previous research provides infor-
mation regarding the muscle tissue of this fish species. Thus, higher lipid contents (5.0%)
than in the present study were obtained by Ozogul et al. [26] in individuals caught in the
northeastern Mediterranean. Additionally, higher protein (19.2-19.6%), lipid (5.0-10.21%),
and ash (1.23-1.50%) levels were detected in European eel (A. anguilla) muscle when
studying freshwater individuals corresponding to several sizes [27].

Previous studies have also addressed the proximate composition of the edible tissue
of other eel species. Thus, Oku et al. [39] carried out a comparative study on wild and
cultured Japanese eel (Anguilla japonica) muscle; as a result, higher protein (19.0 and 18.9%,
respectively) and lipid (11.6 and 13.1%, respectively) values than in the present study
were obtained, although moisture values were lower (69.1 and 67.4%, respectively). A
higher protein content (ca. 18.1%) than in the current study was also detected in farmed
and freshwater eel (Monopterus albus) muscle [40]. A varying lipid content (3.6-20.4%)
resulting from the catching season and location was proved for freshwater eel (A. japonica)
muscle [41], as well as from comparing A. japonica individuals in the initial and terminal
stages of spawning migration (0.3-20.6%) [42].

Previous research accounts for the proximate composition of skin in different kinds
of fish species. Thus, Njinkoué et al. [43] studied the lipid content of different fish species
from the Senegalese coast; according to the present results, higher values were detected in
the skin than in the white muscle for Sardinella maderensis (26 vs. 5.0%), Sardinella aurita
(24 vs. 3.5%), and Cepahlopholis taeniops (2.4 vs. 1.3%). According to the present results,
Pateiro et al. [44] found higher protein (ca. 25%) and lipid (ca. 27%) values in gilthead
seabream (Sparus aurata) skin than in the counterpart muscle (ca. 21 and 8%, respectively).
A similar protein content (ca. 28%) was detected by Ahmmed et al. [45] in blue mackerel
(Scomber australasicus) skin; however, lower lipid (ca. 21%) and higher moisture (ca. 50%)
values were obtained. The same authors (Ahmmed et al. [46]) obtained similar moisture
values (ca. 65%) than in the present study in king salmon (Oncorhynchus tshawytscha)
skin; however, protein and lipid contents were notably lower (20 and 13%, respectively).
Recently, Park et al. [47] obtained a protein content included in the 11.0-40.9% range for
Conger myriaster skin, by employing green extracting technologies.

2.2. Analysis of the FA Composition

A similar FA profile was detected in both eel tissues (Table 2). Thus, the two major
FAs were C16:0 and C18:1w9. Additionally, relatively abundant FAs were C18:0, C16:1w?7,
C18:1w7, C20:4w6, C20:5w3, C22:5w3, and C22:6w3. However, the comparative analysis of
both tissues revealed remarkable quantitative differences. Thus, a higher content (p < 0.05)
of C17:0, C20:1w9, C22:1w9, and C20:2w6 was detected in the skin tissue. Contrary, C14:0,
Cl6:1w7, C20:4w6, C22:4w6, C20:5w3, C22:5w3, and C22:6w3 revealed a higher presence
(p < 0.05) in the muscle samples.

Comparison of both kinds of tissues did not show significant differences (p > 0.05) in
the contents of STFA, MUFA, and PUFA groups (Figure 1). According to the individual
FA profile, the MUFA group was shown to be the most abundant (p < 0.05) in both tissues,
while the PUFA group depicted the lowest (p < 0.05) presence. In agreement with this
similar composition for the FA groups, no differences (p > 0.05) between both tissues could
be outlined for the PUFA /STFA ratio (Figure 2).
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Table 2. Fatty acid (FA) profile (g-100 g*1 total FAs) of eel skin and muscle .

FA
Skin Muscle

14:0 2.70 £ 0.03 3.09 £ 0.04 *

15:0 0.70 £ 0.06 0.65 + 0.01

16:0 22.37 £0.15 22.39 £ 0.09

17:0 1.48 £0.05 1.05 £0.02 *

18:0 597 £ 0.13 5.91 4+ 0.20
16:1 w7 6.63 £ 0.12 6.92 +0.15*
18:1 w7 6.93 £ 0.06 6.84 + 0.16
18:1 w9 25.34 +0.40 25.09 + 0.47
20:1 w9 1.25 £ 002 1.12 £ 0.01*
22:1 w9 0.16 = 0.01 0.13£0.01*
24:1 w9 0.45 £ 0.03 0.15 +£0.02 *
18:2 w6 2.35 £ 0.05 2.254+0.14
20:2 wé 1.25 £ 0.05 1.05 £ 0.08 *
20:4 wé 5.45 + 0.09 425+0.13*%
22:4 w6 3.234+0.14 2444+ 0.10*%
20:5 w3 5.83 £ 0.14 6.74 £ 0.07 *
22:5 w3 4.82+0.18 5.14 £ 0.08 *
22:6 w3 3.06 £ 0.08 423 +£0.16*

1 Average values + standard deviations of four (1 = 4) replicates. Muscle values followed by an asterisk denote
significant differences (p < 0.05) with skin values, according to the LSD test.
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Figure 1. Fatty acid (FA) groups of eel skin and muscle (g-100 g~! total FAs). Average values of four
(n = 4) replicates; standard deviations are indicated by bars. Muscle values accompanied by an aster-
isk denote significant differences (p < 0.05) with skin values, according to the LSD test. Abbreviations:
STFAs (saturated FAs), MUFAs (monounsaturated FAs), and PUFAs (polyunsaturated FAs).
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Figure 2. Fatty acid (FA) ratios of eel skin and muscle. Average values of four (1 = 4) replicates;
standard deviations are indicated by bars. Muscle values accompanied by an asterisk denote signifi-
cant differences (p < 0.05) with skin values, according to the LSD test. Abbreviations as expressed in
Figure 1.

The contents of total w3 FAs and total w6 FAs revealed remarkable differences between
both tissues (Figure 1). Thus, samples corresponding to the skin tissue showed a lower
content (p < 0.05) of w3 FAs, but a higher content (p < 0.05) of w6 FAs. As a result, a
higher w3/ w6 ratio (p < 0.05) was proved in samples corresponding to the muscle tissue
(Figure 2).

A great interest has been paid to the presence of w3 PUFAs, according to their benefi-
cial health effects [48,49]. Based on epidemiological and clinical studies, EPA consumption
has been related to circulatory, inflammatory, and coronary diseases [50], while DHA has
been associated with the prevention of neurodegenerative diseases, foetal development,
and the correct functioning of the nervous system and visual organs in the foetus [51].
Meanwhile, a relevant interest has also been given to the w3/ w6 FA ratio [52,53]. Remark-
ably, recent studies have proved that Western populations do not include appropriate levels
of w3 FAs in their diet through natural dietary sources. In an attempt to avoid cardiovas-
cular, neurological, and inflammatory concerns, the World Health Organization (WHO)
recommends a higher ratio than 1:10 in the human diet [54]. Current results on both tissues
have shown lower levels for EPA, DHA, and w3 FAs than those present in the muscle of
marine fish and invertebrate species [36-38]. However, results can be considered notably
higher than in non-aquatic food such as poultry and egg [55], milk [56], and meat [57].
Remarkably, the w3/ w6 ratio in both eel tissues was shown to be higher than 1 and was
notably higher than 1/10, as recommended by the WHO [54].

No previous research is available regarding the FA composition of European eel
(A. anguilla) skin. However, previous studies have focused on the FA composition of
European eel muscle. According to the present results, a decreasing sequence for FA groups
in muscle samples was described, i.e., MUFAs > STFAs > PUFAs, in individuals obtained
in the northeastern Mediterranean Sea [26], in both wild and cultivated fish from Tunisian
Mediterranean coasts [27], and in freshwater individuals from the River Ulla (Galicia, NW
Spain) [58]. In such studies, and also in agreement with the current results, C18:1w9 and
C16:0 were the most abundant FAs.

Where FA ratios are concerned, lower PUFA /STFA ratios than in the present case were
obtained in European eel (A. anguilla) muscle from the Mediterranean Sea (0.37) [26] and
from both wild (0.46) and cultivated (0.52) individuals caught in the Tunisian Mediterranean
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coasts [58]. Regarding the w3/w6 ratio, higher values were detected in the muscle of
freshwater individuals from the Ulla River (1.66-2.07) [27]. Additionally, Achouri et al. [58]
found higher (3.28) and lower (1.31) w3/ w6 ratio values in the muscle of both cultivated
and wild individuals, respectively, obtained from Tunisian Mediterranean coasts.

Previous studies account for the FA composition of the skin and muscle tissues of
related eel species. Thus, the same FA group distribution (MUFAs > STFAs > PUFAs) as
in the current study was detected in the skin from C. myriaster eel from South Korea [47],
in freshwater eel A. japonica muscle [41], in wild and cultivated Japanese eel (A. japonica)
muscle [39], and in Japanese freshwater eel (A. japonica) muscle [42]. Contrary, the FA
analysis of marbled eel (Anguilla marmorata) skin showed that C18:0 (ca. 50%) and C16:0 (ca.
22%) were the most abundant, with values for EPA and DHA being under 0.05% [59]; for
the muscle tissue, this study proved that C18:1w?9 (ca. 45%) and C16:0 (ca. 19%) were the
most abundant FAs, and EPA and DHA were present at a value below 0.03%. Regarding
FA ratios, a higher w3/w6 ratio (4.48-5.41) than in the present work was detected by
Park et al. [47] in C. myriaster eel skin from South Korea. Contrary, Lee et al. [41] obtained a
similar w3/ w6 ratio (0.90-1.67) in A. japonica muscle than in the current study.

Previous studies have also been focused on the FA composition of skin obtained from
other fish species. During the analysis of the FA composition of skin obtained from three
species from the Senegalese coast, Njinkoué et al. [43] proved that C16:0 and EPA were the
most abundant (20.5% for both FAs) in S. maderensis, C16:0, C18:1w9, and EPA (20.5, 15.5,
and 10.4%, respectively) in S. aurita, and C16:0 and C18:1w9 (28.4 and 12.5%, respectively)
in C. taeniops; regarding DHA, values of 4.2, 2.5, and 6.9% were detected in such species,
respectively. C18:1w9 was the most abundant (ca. 36%), followed by C18:2w6 (ca. 19%)
and C16:0 (ca. 14%) in gilthead seabream (S. aurata) skin [44]; the presence of w3 FAs was
low (ca. 4 and 2% for DHA and EPA, respectively), so that a lower w3/ w6 ratio (0.64)
than in the present case was detected. The following FA distribution was detected by
Ahmmed et al. [45] in blue mackerel (S. australasicus) skin: 19.5% (DHA), 17.3% (C16:0),
14.7% (C18:1w9), and 2.30% (EPA); as a result, higher values than in the present study were
obtained for PUFA /STFA (1.23) and w3/ w6 (11.11) ratios. A very different FA distribution
was found by the same authors [46] in king salmon (O. tshawytscha) skin; thus, C18:1w9
was shown to be the most abundant (ca. 40%), followed by C16:0 (ca. 16%) and very low
EPA and DHA values (<3%).

2.3. Determination of Lipid Classes

Results obtained for the composition of lipid classes is described in Table 3. Triacyl-
glycerols (TAGs) were shown to be the most abundant lipid class in both tissues; values
were included in the 400412 g-kg ! lipid range. A higher average content was observed
in the muscle tissue; however, differences were not found significant (p > 0.05).

Free FAs (FFAs), compounds resulting from the hydrolysis of higher molecular weight
compounds (i.e., TAGs and PLs) [60-62], provided values included in the 30-44 g-kg~!
lipids range; notably, higher values (p < 0.05) were detected in the skin tissue than in the
counterpart edible substrate.

A remarkable presence of structured lipid classes (PLs and sterols, STs) were detected
in the skin tissue (ca. 111 and 105 g-kg~! lipids, respectively). Values were higher (p < 0.05)
than those obtained in counterparts corresponding to the muscle tissue, especially for the
ST compounds.

The analysis of the tocopherol composition of the current substrates indicated that the
only tocopherol compound present was a-tocopherol. The content of this compound was
found to be notably higher (p < 0.05) in the skin (274 mg-kg ! lipids) than in the muscle
(178 mgkg‘1 lipids).

Table 3 also indicates the lipid class content, expressed on a tissue basis. As for
the previously mentioned results, on a lipid basis, higher (p < 0.05) FFA, PL, ST, and «-
tocopherol values were detected in the skin tissue than in the counterpart muscle substrate.
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Notably, a higher average value of TAGs was observed in skin samples, although differences
with muscle tissues were not significant (p > 0.05).

Table 3. Composition of lipid classes of eel skin and muscle !.

Lipid Class Tissue
Skin Muscle

Triacvlalveerol 400.6 + 28.0 4116 +73
Cyiglyceross (15.2 £ 3.0) (11.8 £ 0.6)
. 436+ 14 30.9 + 0.8 *
Free fatty acids (1.7 + 0.4) 0.9+ 0.1%
N 1111455 934 +55*
Phospholipids (4.2 + 0.6) 2.7 +06%)
Free sterols 104.7 £ 5.8 242 +1.1*
(4.0 + 0.6) (0.7 +02%)

2740 + 14.7 178.0 £ 38.8*
Alpha-tocopherol (10.4 + 1.8) (G1+19%

1 Average values & standard deviations of four (1 = 4) replicates. Data expressed as g-kg*1 lipids, except for alpha-
tocopherol (mg-kg~! lipids). Data in brackets indicate the content, on a tissue basis, expressed as g-kg ™! tissue,
except for a-tocopherol (mg-kg~! tissue). Muscle values followed by an asterisk denote significant differences
(p < 0.05) with skin values, according to the LSD test.

Based on their amphiphilic character, remarkable attention has been accorded to the PL
compounds present in fish [5,6]. Thus, remarkable functions of PL compounds have been
related to food production and pharmaceutical industries [63,64], these include antioxidant
properties during food processing [65,66]. Based on their important role as lipid-soluble,
chain-breaking antioxidants, tocopherol compounds have received great attention from
marine technologists for their important role as lipophilic antioxidants [7,8]. Among them,
a-tocopherol has been shown to be the most abundant in fish species [36]. The PL and
a-tocopherol contents observed in the current eel by-product can be considered remarkable
and correspond to the edible muscle of a medium-fat fish substrate [36,67], but lower than
in a lean fish species [37,38].

Previous research regarding the analysis of lipid classes of European eel (A. anguilla)
samples (skin or muscle) can be considered very scarce. According to the present results,
TAGs were shown to be the most abundant lipid class in the muscle tissue from pre-migrant
and migrant eel individuals [68]; in this study, phosphatidylcholine (PC) was shown to
be the most abundant PL class. Regarding a related eel species, Park et al. [47] detected
a-, (B + v)-, and é-tocopherol in C. myriaster skin from South Korea; as in the present
case, x-tocopherol was shown to be the most abundant, with a content included in the
31-100 mg/100 g skin range. The presence of PL compounds was found to be relatively
similar to the present concentrations in previous studies related to the skin substrate of other
kinds of fish species. Thus, blue mackerel (S. australasicus) skin showed a 13.4 g-100 g~ !
lipids concentration [45] and king salmon (O. tshawytscha) skin showed a 9.31 g-100 g~!
lipids value [46].

Previous studies also account for the lipid class analysis of the edible tissues of other
eel species. Thus, Saito et al. [42] compared the lipid class composition of the initial
and terminal stages of spawning migration of wild Japanese freshwater eel (A. japonica)
muscle; as a result, TAGs were the major component in the initial-phase eels, but presented
a remarkable content decrease in individuals corresponding to the terminal phase. A
comparative study of the lipid class profile in both wild and cultivated individuals of the
Japanese eel (A. japonica) was carried out by Oku et al. [39]; both in wild and cultivated
individuals, TAGs were shown to be the most abundant lipid class of muscle (67.9-68.2%);
other lipid classes detected were sterylesters (9.5-10.2%), FFAs (9.9-11.2%), STs (4.5%), PC
(2.3-2.4%), and phosphatidylethanolamine (1.2-1.5%).
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3. Materials and Methods
3.1. Solvents, Chemicals, and Standards

Solvents and chemical reagents used were of reagent grade and purchased from Merck
(Darmstadt, Germany). The following solvents were employed: chloroform, methanol,
hexane, toluene, ethyl ether, and isopropanol. In the case of tocopherol analysis, solvents
used were liquid chromatographic grade. The following reagents were used: ammonium
molybdate, hydroxylamine, cupric acetate, pyridine, acetic acid, acetic anhydride, acetyl
chloride, and ferric trichloride.

Quantitative standards (1,2-dipalmitoyl-rac-glycero-3-phosphocholine, oleic acid,
cholesterol, methyl stearate, nonadecanoic acid, and «-, 3-, y-, and d-tocopherol) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The following FAME standards were
employed: Qualmix Fish (Larodan, Malmo, Sweden) and the Supelco 37 Component FAME
Mix (Sigma-Aldrich, Laramie, WY, USA).

3.2. Fish Material and Sampling

European eels (A. anguila) (weight: 53-83 g; length: 32-39 cm) were captured during
the authorised season (i.e., winter) and were slaughtered by ice water immersion at a local
market (Mariscos Vivos del Grove, Quintela de Canedo, Ourense, Spain). Once at the
post-slaughtered stage, eels were transported to the laboratory in insulated boxes on ice
(0-1 °C). The fish (60 individuals) were distributed into four groups (fifteen individuals
per group), which were considered independently for the statistical analysis (n = 4). As a
first processing step, the fish were eviscerated and washed with running water. In each
individual fish, the skin and muscle were excised and considered separately. Inside each of
the four groups, portions corresponding to the same tissue (skin or muscle) were pooled
together and subjected to the different chemical analyses.

3.3. Proximate Composition Analysis

Moisture content was determined as the weight difference in the homogenised tissue
(1-2 g) before and after 4 h at 105 °C [69]. Results were calculated as g water-kg ! tissue.

Crude protein content was measured using the Kjeldahl method [69] with a conversion
factor of 6.25. Results were calculated as g protein-kg~! wet tissue.

The crude lipid fraction was extracted using the Bligh and Dyer [70] method, which
employs a single-phase solubilisation of the lipids using a chloroform-methanol (1:1)
mixture. Results were calculated as g lipids-kg ! wet tissue.

Ash content was measured according to the AOAC [69] method by heating the fish
tissue at 550 °C. Results were calculated as g ash-kg~! wet tissue.

3.4. FA Analysis

Lipid extracts were converted into fatty acid methyl esters (FAMEs) using acetyl
chloride in methanol and then analysed using gas chromatography (Perkin-Elmer 8700
chromatograph, Madrid, Spain) according to an established procedure [71]. For it, a fused
silica capillary column SP-2330 (0.25 mm i.d. x 30 m, Supelco, Inc., Bellefonte, PA, USA)
was employed and the temperature program was as follows: increased from 145 to 190 °C
at 1.0 °C min—! and from 190 °C to 210 °C at 5.0 °C min~}; held for 13.5 min at 210 °C. The
carrier gas was nitrogen at 10 psig and detection was performed with a flame ionisation
detector at 250 °C. A programmed temperature vaporiser injector was employed in the
split mode (150:1) and was heated from 45 to 275 °C at 15 °C min~ 1.

Peaks corresponding to FAMEs were identified by comparing their retention times
with those of standard mixtures (Qualmix Fish and Supelco 37 Component FAME Mix).
Peak areas were automatically integrated. C19:0 was used as an internal standard for
quantitative purposes; for it, 100 uL (i.e., 40 ug C19:0) of a 0.4 mg-mL~! solution in toluene
were added to each sample before the methylation reaction with acetyl chloride. Limits
of detection and quantification were 500 and 1500 area units, respectively. Quantitative
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calibration was carried out by means of the above-mentioned Supelco FAME Mix. Content
of each FA was expressed as g-100 g~ ! total FAs.

Results concerning FA groups (STFAs, MUFAs, and PUFAs; w3 and w6 FAs) and FA
ratios (total w3 FAs/total w6 FAs and total PUFAs/total STFAs) were calculated taking
into account the results obtained in individual FAs.

3.5. Analysis of Lipid Classes

To measure the TAG content, the total lipid extracts were first purified on 20 x 20 cm
thin-layer chromatography plates coated with a 0.5 mm layer of silica gel G (Merck, Darm-
stadt, Germany) using a mixture of hexane-ethyl ether-acetic acid (90/10/1, v/v/v; two
developments) as eluent [72]. Once the TAG fraction was purified, the method of Vioque
and Holman [73] was used to measure the ester linkage content, according to the conversion
of the esters into hydroxamic acids and their subsequent complexion with Fe (III). For
quantification purposes, different quantities (0, 2, 5, 10, 20, and 40 uL) of a methyl stearate
solution in toluene (41.0 mg/5 mL) were employed. The validity range was 16.4-328.0 ug
methyl stearate and the R? value of the analytical procedure was 0.9995. Results were
calculated as g tristearine-kg ! lipids and g tristearine-kg ! tissue.

FFA content of the total lipid extracts was determined following the Lowry and Tins-
ley [74] method, which is based on the formation of a complex with cupric acetate-pyridine.
In this study, benzene was replaced by toluene as organic solvent. For quantification
purposes, different quantities (0, 5, 10, 20, 40, 60, 80, 100, 130, and 150 uL) of an oleic acid so-
lution in toluene (705.3 mg/25 mL) were employed. The validity range was 0.5-15.0 umol
oleic acid and the R? value of the analytical procedure was 0.9998. Results were calculated
as g oleic acid-kg ! lipids and g oleic acid-kg ! tissue.

PLs were quantified by measuring the organic phosphorus in the total lipid extracts
according to the Raheja et al. [75] method, which is based on a complex formation with
ammonium molybdate. For quantification purposes, different quantities (0, 5, 10, 20, 40, 60,
80, 100, 130, and 150 pL) of a 1,2-dipalmitoyl-rac-glycero-3-phosphocholine (DPPC) solution
in chloroform (15.3 mg/5 mL) were employed. The validity range was 16.1-483.0 ug DPPC
and the R? value of the analytical procedure was 0.9995. Results were calculated as g
DPPC-kg ! lipids and g DPPC-kg ! tissue.

Free STs were determined on total lipid extracts using the method of Huang et al. [76]
based on the reaction with acetic anhydride in acetic acid (Liebermann—Buchardt reaction).
For quantification purposes, different quantities (0, 5, 10, 20, 40, 60, 80, 100, 130, and 150 pL)
of a cholesterol solution in acetic acid (12.2 mg/5 mL) were employed. The validity range
was 11.5-345.0 pg cholesterol and the R? value of the analytical procedure was 0.9998.
Results were calculated as g cholesterol-kg~! lipids and g cholesterol-kg ! tissue.

The content of tocopherol compounds was determined in both tissues according
to the method of Cabrini et al. [77], with some modifications. For this purpose, a lipid
fraction was carried out to dryness under nitrogen flux, dissolved in isopropanol, and
analysed using HPLC (C18 5um, 4.6 x 250 mm column; XBridge, Waters, Milfoird, MA,
USA). The column was fluxed with methanol for 2 min; then, a gradient from 0 to 50% of
isopropanol in 10 min was applied. A 1.5 mL-min~! flow rate was employed and detection
was carried out at 280 nm. The possible presence of «-, 3-, y-, and d-tocopherol molecules
was checked. For quantitative purposes, the content of each tocopherol compound present
in the lipid extract was calculated with calibration curves prepared with the corresponding
commercial tocopherol molecule (10-100 uL of a 1000 ppm tocopherol/methanol solution)
and calculated as mg-kg~! lipids and mg-kg~! tissue.

3.6. Statistical Analysis

Data (n = 4) obtained from the different chemical analyses (proximate composition,
individual FAs, FA groups and ratios, and lipid classes) were subjected to the ANOVA
method to investigate differences between both tissues, i.e., skin and muscle (Statistica
version 6.0, 200; Statsoft Inc., Chicago, II, USA). A comparison of means was performed
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using the least-squares difference (LSD) test. The 95% confidence intervals of each chemical
parameter were calculated; for it, the standard deviation of each sample and the number of
replicates were considered.

4. Conclusions

The present study provides a first approach focused on the chemical composition
of European eel (A. anguilla) skin. The presence of bioactive compounds in this waste
substrate was comparatively analysed with the edible tissue, a seafood widely accepted
by the consumer. Thus, higher (p < 0.05) levels of proteins (271.6 g-kg~! wet tissue), lipids
(38.0 g-kg’1 wet tissue), ash (27.7 g-kg’1 wet tissue), and w6 FAs were observed in the
skin tissues. Contrary, the muscle tissue showed higher (p < 0.05) moisture, w3 FA, and
w3/ w6 values. Regarding lipid classes, higher proportions of PLs (111.1 g-kg ! lipids), STs
(104.7 g-kg ! lipids), a-tocopherol (274.0 mg-kg ! lipids), and FFAs (43.6 g-kg ! lipids)
were observed in the skin tissue. No differences (p > 0.05) between both tissues could
be detected in TAG and FA group (STFAs, MUFAs, and PUFAs) values and in the total
PUFA /total STFA ratio.

It is concluded that eel skin, a by-product resulting from commercial processing, can
be considered a valuable source for the food and pharmaceutical industries by providing
value-added constituents such as proteins, lipids, w3 FAs, PLs, and a-tocopherol. Further
research taking into account variations of the chemical composition resulting from internal
and external factors ought to be addressed. The study agrees with the current search for
alternative sources of healthy and nutritive compounds from waste substrates. As for the
edible parts of fish, convenient handling and storage during the skin processing ought to be
carried out to avoid the development of damage mechanisms such as autolysis, microbial
activity, and lipid oxidation.
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Abstract: Marine microbial-derived docosahexaenoic acid (DHA) has garnered significant
attention as a sustainable and health-promoting alternative to fish oil-derived DHA. How-
ever, its industrial production from marine heterotrophic microorganisms faces challenges
related to high costs and suboptimal oil quality, which hinder its broader application. This
review focuses on recent strategies aimed at achieving low-cost and high-quality marine
microbial DHA production, emphasizing heterotrophic systems that dominate commercial
supply. Key aspects include: Fermentation optimization using waste-derived feedstocks
and bioprocess engineering to enhance DHA yields; Critical refining techniques—including
degumming, neutralization, decolorization, and deodorization—are analyzed for improv-
ing DHA oil purity and quality, with emphasis on process optimization to adapt to the
unique biochemical properties of microbial-derived oils. Additionally, strategies for ox-
idative stabilization, such as antioxidant protection, are discussed to extend the shelf life
and preserve the nutritional value of marine microbial DHA oil. By integrating techno-
economic and biochemical perspectives, this work outlines a holistic framework to guide
the industrial optimization of marine microbial-sourced DHA oil production, addressing
cost and quality challenges to facilitate its large-scale application as functional foods and
nutraceuticals, thereby reducing reliance on marine resources and advancing sustainable
omega-3 production.

Keywords: marine microbial DHA; circular economy; heterotrophic fermentation; oil
quality enhancement; antioxidant technology

1. Introduction

The increasing demand for healthier diets, fueled by rising living standards, is sup-
ported by scientific and technological advancements that enable material progress and
meet evolving dietary requirements. Lipids, essential for human growth and development,
encompass fatty acids that are classified as either saturated (SFAs) or unsaturated (UFAs).
UFAs are further divided into monounsaturated fatty acids (MUFAs) and polyunsaturated
fatty acids (PUFAs). PUFAs, owing to their unique chemical structure, possess a range
of medicinal and health-promoting properties, such as anti-cardiovascular disease effects,
cholesterol reduction, and the prevention of hypertension and diabetes. These properties
have established PUFAs as integral to health-conscious dietary practices. Among PUFAs,
w-3 fatty acids (e.g., docosahexaenoic acid (DHA, CpH3,0,) and eicosapentaenoic acid
(EPA, CyoH390,)) and w-6 fatty acids (e.g., gamma-linolenic acid (GLA, C13H3p0;) and
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arachidonic acid (ARA, Cy9H3,0,)) [1,2] are highly valued for their health benefits, includ-
ing regulating anti-inflammatory pathways, supporting neurovascular health, and driving
pro-inflammatory signaling and immune modulation, with their balanced interplay being
essential for metabolic homeostasis and disease resilience [1]. Traditional sources of PUFAs,
such as animal and plant oils, increasingly fall short of meeting growing demand. This
shortfall has driven interest in microbial fermentation as an alternative production method,
motivated by economic and societal considerations [3-5].

Docosahexaenoic acid (DHA, Cy»H3,05), an w-3 long-chain polyunsaturated fatty
acid, features six cis-configured double bonds. A colorless and odorless compound, DHA
is insoluble in water but soluble in organic solvents and remains in an oily liquid state at
room temperature due to its low melting point of —44 °C and inherent chemical instability.
Despite its essential role in human metabolism, DHA cannot be synthesized endogenously
and must be obtained from dietary sources. Often referred to as “brain gold”, DHA is
crucial for brain and visual development, constituting a key component of neuronal cell
membranes. Inadequate DHA intake during infancy can impair brain development and
lead to cognitive delays, while sufficient levels in adults are vital for maintaining cognitive
function [6-8].

Traditionally, DHA has been sourced from deep-sea fish and marine animals [9,10].
However, sustainable non-fish alternatives—collectively designated as “DHA algal oil”
and primarily derived from heterotrophic marine microorganisms—are rapidly replacing
conventional sources. Although derived from microbial fermentation, those DHA products
are uniformly marketed as “algal oils” in accordance with global regulatory frameworks
and consumer labeling conventions. Critically, this review specifically addresses high-yield
DHA production from non-photosynthetic microbes, which constitute >90% of commercial
algal DHA supply due to their superior productivity and fish-independent fermentation
systems. These microbial platforms provide essential sustainability advantages, including
decoupling from marine food webs and compatibility with circular bioeconomy models
using waste feedstocks [11]. Despite its advantages, industrial-scale production of this
microbial-sourced DHA (marketed as algal oil) faces significant challenges, primarily due
to high production costs [10,12] and inconsistencies in product quality [13-15]. To address
these issues, this review explores fermentation technologies and downstream processing
methods aimed at cost reduction and quality control, highlighting the recent advancements
in low-cost fermentation strategies, as well as refining and antioxidant technologies for
marine microbial DHA. This integrated approach aims to enable affordable, high-quality
DHA algal oil production at scale, reducing pressure on marine ecosystems while meeting
growing nutraceutical demand.

2. Sources of DHA
2.1. Traditional Sources of DHA

Many DHA products on the market are labeled as “deep-sea fish oil”, reflecting the
reliance on marine fish as the primary traditional source of DHA. Historically, fish from
deep-sea regions, such as tuna, cod, herring, and sardines, have served as principal raw
materials for DHA extraction [16]. However, in recent years, the use of fish oil as a DHA
source has faced several challenges, primarily due to environmental and sustainability
concerns, including global climate change and pollution [17,18].

Research indicates that DHA in seals, marine fish, and even commercial deep-sea
fish oil consumed by indigenous populations, such as the Inuit, originates from DHA
accumulation along the food chain. Planktonic microorganisms and microalgae in the
ocean are capable of synthesizing DHA, with fish acquiring it by consuming these primary
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producers. Therefore, marine microbes and their phototrophic counterparts, rather than
fish, are the true original producers of DHA [19].

2.2. New Sources of DHA

The limitations of traditional fish oil-derived DHA, coupled with the growing de-
mand for high-quality DHA, have highlighted the insufficiency of fish oil to meet societal
needs. As a result, there is an urgent need to identify high-quality, safe, reliable, and
sustainable alternatives to fish-derived DHA [20,21]. In this context, oil-producing ma-
rine microorganisms—the original producers of DHA—have garnered significant global
attention as a promising source of DHA.

An innovative approach to DHA production involves utilizing these marine microbial
producers, particularly heterotrophic species, fermented under optimized conditions to
accumulate lipids rich in DHA within their cells. This method bypasses the complexities
associated with the bioaccumulation of DHA through the marine food chain, enabling the
direct production of DHA from its microbial origin. Currently, commercially available
microbial DHA oils are primarily derived from heterotrophic marine protists. Compared
to fish oil-derived DHA, marine microbial DHA (commercially labeled as algal oil) offers
several key advantages:

e  High productivity in fermentation systems: Under controlled fermentation conditions,
selected heterotrophic strains exhibit rapid growth and can accumulate oil at levels as
high as 50% of their dry cell weight.

e  Closed-tank bioprocessing: Fermentation occurs in sterile bioreactors with defined
and uncontaminated culture media. This controlled environment produces DHA oil
with fewer impurities, superior quality, and enhanced safety.

e  Efficient extraction processes: Microbial fermentation DHA production integrates
seamlessly with downstream processing. Following fermentation, the oil can be
efficiently extracted and refined without the geographical and seasonal constraints
associated with fish-derived DHA, ensuring consistent production quality.

e  Utilization of agricultural by-products: These microorganisms can be cultured using
low-cost agricultural by-products and waste materials, such as waste molasses and
glycerol, as fermentation substrates. This approach not only reduces production costs
but also valorizes waste, contributing to environmental sustainability by mitigating
pollution from waste disposal.

Marine microbial DHA thus represents a highly promising alternative to traditional
sources, with broad industrial application potential [21-24].

2.3. DHA-Producing Strains

The exploration of microbial sources as a source of DHA began in the late 1970s and
early 1980s. During this time, scientists identified specific microalgal strains capable of accu-
mulating substantial amounts of DHA, a fatty acid essential for human health, particularly
for brain development. This groundbreaking discovery laid the foundation for subsequent
research into these microorganisms as a sustainable and environmentally friendly DHA
source. Initially, DHA-producing microalgae were cultivated using autotrophic growth in
photobioreactors. However, this method was hampered by slow cell growth rates and low
DHA yields, which posed challenges for efficient DHA oil production and complicated
downstream processing. The 1980s marked a turning point with the introduction of het-
erotrophic culture techniques, which revolutionized DHA production. By supplementing
the culture medium with carbon and nitrogen sources, heterotrophic cultivation facilitated
faster cell growth, higher biomass accumulation, and increased oil content. This approach
quickly became the dominant method for microbial DHA fermentation.
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The first microalgal strain applied to the industrial production of DHA was Cryptheco-
dinium cohnii, using heterotrophic culture methods, and the resulting DHA oil was incorpo-
rated into infant formulas and health supplements as a nutritional enhancer, establishing
the safety and suitability of microalgal DHA for human consumption [25]. Despite its
initial success, Crypthecodinium cohnii faced significant limitations, including a slow growth
rate, an extended fermentation period of approximately 400 h per batch, and relatively low
DHA production efficiency. Consequently, efforts have been directed toward identifying
more efficient DHA-producing strains. Thraustochytrids, as marine heterotrophic protists,
have emerged as a promising group for DHA production [26]. Genera such as Thraus-
tochytrium [27], Schizochytrium [28], and Aurantiochytrium [29] exhibit biotechnologically
relevant DHA-producing capabilities, showing great potential for large-scale commercial
production [30-32].

3. Marine Microbial DHA Fermentation
3.1. DHA Synthesis Pathway

Under environmental stress such as nutrient limitations (e.g., nitrogen or phosphorus
deficiency), oleaginous microorganisms shift toward lipid synthesis and accumulation.
DHA synthesis primarily occurs through two pathways: the fatty acid synthase (FAS)
pathway and the polyketide synthase (PKS) pathway [26,33]. Both utilize acetyl-CoA as a
precursor and rely on NADPH for energy. The FAS pathway, dominant in most photoau-
totrophic species, generates fatty acids through cyclic reactions including condensation,
reduction, dehydration, and a second reduction (a four-step cycle that sequentially extends
and processes the fatty acyl chain). The PKS pathway, employed by heterotrophic marine
protists like Thraustochytrids, is a multi-enzyme complex system. Mechanistically distinct
from FAS, PKS introduces unsaturated bonds during fatty acyl chain elongation [34].

Therefore, the preference for either pathway is largely strain-specific and influenced
by environmental and nutritional conditions. Photoautotrophic microalgae such as Nan-
nochloropsis and Chlorella typically utilize the FAS pathway, in which unsaturated fatty
acids are synthesized through a series of elongation and desaturation reactions of saturated
fatty acids. This process is favored under nitrogen-limited conditions and sufficient oxygen
availability, which activate desaturase enzymes and promote lipid accumulation [35,36].
In contrast, heterotrophic Thraustochytrids such as Schizochytrium and Aurantiochytrium
predominantly use the PKS pathway, a multi-modular enzyme system that enables the
direct formation of DHA without desaturation steps. This pathway is especially active
under high carbon-to-nitrogen (C/N) ratios, low oxygen levels, and in the presence of
abundant organic carbon sources such as glucose or glycerol [37,38]. Moreover, low culti-
vation temperatures have been shown to enhance DHA accumulation in PKS-dominant
strains, likely by modulating enzyme activity and promoting the entry of relatively large
amounts of substrates into the PKS pathway [39]. Overall, the dominance of the FAS or
PKS pathway is not only species-dependent but also closely linked to cultivation mode,
carbon and nitrogen availability, and oxygen conditions.

3.2. Materials for Microbial DHA Fermentation

In commercial microbial DHA fermentation using heterotrophic strains, the composi-
tion of nutrients in the culture medium plays a pivotal role in promoting rapid biomass
growth and efficient oil accumulation. The consumption of substrates by the cells is directly
linked to cellular activity, growth rates, and the rate of product synthesis.
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3.2.1. Traditional Carbon Sources

Carbon sources are essential for the growth and metabolism of microorganisms, serv-
ing as the primary energy supply and structural foundation for cellular functions. For
DHA, a long-chain fatty acid with 22 carbon atoms, a continuous and efficient supply of
carbon is crucial for its synthesis and accumulation. The choice of carbon source directly
influences microbial biomass production and DHA oil yield.

Heterotrophic production systems utilize diverse carbon substrates for growth and oil
accumulation. Glucose and glycerol are the dominant industrial carbon sources [40—42].
Glucose has been widely recognized as an effective carbon source for DHA production. For
example, Schizochytrium sp. can efficiently ferment glucose and fructose for DHA synthesis,
although it is unable to metabolize sucrose [43]. It is well known that glucose is particularly
effective in promoting DHA accumulation during fermentation. Glycerol, another widely
used substrate, has also demonstrated excellent potential for DHA production. Addition-
ally, glycerol has been found to enhance the conversion of short-chain saturated fatty acids
into unsaturated fatty acids during the oil accumulation phase, further boosting DHA
synthesis [40,44].

In addition to traditional carbon sources, C2 compounds such as ethanol and acetic
acid have been explored as substrates for DHA fermentation. Research indicates that
ethanol and acetic acid are viable carbon sources for DHA production in Schizochytrium
and other heterotrophic strains, offering alternative options for substrate utilization [41,45].

3.2.2. Traditional Nitrogen Sources

Nitrogen is a vital component for microbial cell synthesis, serving as a building
block for proteins, nucleic acids, and enzymes. The choice of nitrogen source significantly
influences DHA production during fermentation, with both organic and inorganic nitrogen
sources commonly employed.

Organic nitrogen sources such as yeast extract, corn steep liquor, monosodium gluta-
mate (MSG), and peptone are frequently used in DHA production [46]. These sources often
provide additional growth factors, including amino acids, vitamins, and fatty acids, which
support cellular metabolism and catalysis [47]. For instance, MSG has been identified as an
optimal nitrogen source for promoting both biomass accumulation and DHA synthesis [46].
Corn steep liquor, a cost-effective organic nitrogen source, has also demonstrated effective-
ness in enhancing DHA production [48]. In comparative studies, MSG enhanced glucose
consumption and biomass accumulation in Schizochytrium sp., whereas ammonium sulfate,
an inorganic nitrogen source, favored oil accumulation [49].

Inorganic nitrogen sources such as ammonium sulfate, ammonia, and sodium nitrate
are widely used due to their cost-effectiveness and fast cellular uptake [46,50]. Ammonium
sulfate is particularly notable for its dual function: it not only serves as a nitrogen source
but also helps regulate pH during fermentation by lowering the medium’s pH. Similarly,
ammonia is often used for its dual role in providing nitrogen and maintaining a stable pH
during fermentation, which enhances process efficiency [51,52].

Carbon and nitrogen sources are critical for optimizing DHA production during micro-
bial fermentation. Traditional carbon and nitrogen sources are usually more expensive. By
carefully selecting and balancing carbon and nitrogen sources, fermentation processes can
be optimized for higher DHA yields and cost efficiency. Table 1 summarizes the traditional
carbon and nitrogen sources and their effects in marine microbial DHA production.

108



Mar. Drugs 2025, 23, 256

Table 1. Conventional carbon and nitrogen sources for DHA production via fermentation.

. Carbon . . . DHA DHA Productivity
Strains Sources Nitrogen Sources Fermentation Conditions Content (g/L) (mg/L/h) Ref.
. Yeast extract, Batch fermentation (shake flasks,

Thraustochytrium sp. Glucose peptone 26 °C, 150 rpm, 120 h) 1.34 11.17 [53]
Thraustochytrium sp. Yeast extract, Batch fermentation (5 L bioreactor,
ONC-T18 Glucose MSG 25°C, 120 rpm, 168 h) 4.6 38.33 [54]
Aurantiochytrium Yeast extract, Batch fermentation (shake flasks,
sp. Glucose peptone 26 °C, 150 rpm, 120 h) 1.34 11.17 [55]
Aurantiochytrium sp.  Glucose, MSG, Corn steep Fed-batch fermentation (shake flasks, 275 2292 [56]
AF0043 glycerol powder 28 °C, 150 rpm, 120 h) ’ ’
Aurantiochytrium sp. Batch fermentation (shake flasks,
PKU#SWS Glucose MSG 28°C, 170 rpm, 96 h) 3.64 37.92 [57]
Aurantiochytrium Batch fermentation (shake flasks,
SW1 Fructose MSG 30 °C, 250 rpm, 120 h) 4.75 39.58 [58]
Aurantiochytrium Glucose, Yeast extract, Fed-batch fermentation (5 L bioreactor, 3236 3371 [40]
limacinum SR21 glycerol MSG 25 °C, 300-400 rpm, 96 h) ’ ’
Schizochytrium sp. Glucose, Fed-batch fermentation (shake flasks,
I-F-9 glycerol ~ !eptone,MSG 28 °C, 200 rpm, 120 h) 8.33 6941 [38]
Schizochytrium sp. Yeast extract, Batch fermentation (shake flasks,
ATCC 20888 Glucose MSG 25°C, 200 rpm, 96 h) 6.95 724 [59]
Schizochytrium sp. Yeast extract, Three stage continuous fermentation
HX-308 Glucose MSG (50 L bioreactor, 30 °C, 300 rpm, 147 h) 230 15646 [60]
Schizochytrium sp. Glucose Yeast extract, corn  Fed-batch fermentation (5 L bioreactor, 16.7 1833 [61]

ABC101

steep liquor

28 °C, 200 rpm, 84 h)

3.2.3. Non-Traditional Low-Cost Materials

Glucose currently serves as the primary carbon source for microbial DHA production,
with yeast extract commonly acting as the organic nitrogen source. However, glucose
represents one of the most expensive components in industrial fermentation media, often
exceeding 60% of total fermentation costs in microbial fermentations when used as the
primary carbon source [62]. Despite significant advancements in marine microbial DHA
production, challenges remain in scaling up the process and achieving practical imple-
mentation. Compared to fish oil-derived DHA, fermentation-sourced DHA oil production
costs remain higher, limiting market competitiveness [46,59,63]. Among the various factors
contributing to this, the cost of fermentation raw materials is a crucial consideration. The
use of low-cost substrates in fermentation systems often compromises DHA yields [48].
To overcome this challenge, further optimization of raw material processing methods and
increased efficiency in cell utilization through fermentation regulation are required.

Cheap Carbon Sources

To reduce production costs, there has been growing interest in utilizing waste products
and low-cost agricultural by-products as carbon sources for microbial DHA fermentation.
This strategy not only helps recycle resources but also minimizes environmental waste
while lowering the overall cost of DHA production.

Several agricultural by-products have been explored as viable carbon sources for
DHA production. Coconut water, a significant waste product in Southeast Asia, contains
sugars like glucose and fructose, which can support Schizochytrium fermentation for DHA
production [64]. The techno-economic analysis by Anni’s research team revealed that
glucose replacement with cassava-derived hydrolysate decreased overall DHA manu-
facturing expenses by 63%, demonstrating the viability of cheap lignocellulosic biomass
utilization in microbial lipid production systems [63]. Nguyen et al. demonstrated that
utilizing sugarcane bagasse hydrolysate as a carbon source achieved DHA productivity
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of 17.35% lipid content, with the carbon source cost dramatically reduced to USD 56.1 per
ton compared to conventional glucose-based systems (USD 903.9 per ton), representing
a 93.8% cost reduction in carbon substrate expenditure [65,66]. Similarly, sweet sorghum
straw juice, when used at a 50% addition ratio, achieved DHA productivity comparable
to pure glucose fermentation [67]. Cassava pulp has also been identified as an effective
substitute for glucose, with a higher economic yield of DHA [63]. Corn syrup, another
agricultural by-product, successfully supported Aurantiochytrium sp., yielding up to 20.1
g/L of DHA [68]. Additionally, bean dregs from tofu production have been used as a
carbon source for Schizochytrium, yielding significant DHA production [69].

Crude glycerol, a by-product from the biodiesel industry, has been recognized as a
promising carbon source for DHA fermentation. Studies have shown that crude glycerol
can support Schizochytrium growth, resulting in high biomass and DHA yields [70]. It was
reported that cultivation of Schizochytrium sp. S31 using crude glycerol achieved DHA
productivity of 23.97% lipid content [71]. Since the cost of crude glycerol is only one-
ninth that of glucose (USD 100 vs. 903.9 per ton) [66], the substrate cost analysis revealed
that crude glycerol expenditure represented merely 11% of the equivalent glucose-based
carbon source requirement, demonstrating an 89% cost reduction potential in bulk DHA
production systems.

Molasses hydrolysates, derived from sugar production, have also been successfully
used as an alternative to glucose, significantly lowering raw material costs [72,73]. Similarly,
spruce hydrolysate, an industrial by-product, has demonstrated potential as a sustainable
carbon source for DHA fermentation, demonstratings significantly lower production costs
than pure glucose-based carbon sources, with substitution achieving an estimated 70%
cost reduction [74]. Other waste materials, such as sugarcane top hydrolysates and food
waste hydrolysates, have been explored for their low-cost potential, and algae residues
after oil extraction have proven effective in stimulating biomass growth during DHA
fermentation [75,76].

Using waste products and agricultural by-products as carbon sources for DHA fermen-
tation presents an effective strategy to reduce production costs and address environmental
concerns. These low-cost materials not only reduce the financial burden of DHA production
but also promote sustainability by recycling waste into valuable products.

Cheap Nitrogen Sources

In addition to exploring low-cost carbon sources, researchers have focused on af-
fordable organic nitrogen sources to further reduce production costs in marine microbial
DHA fermentation.

Spent brewery yeast, a by-product of brewing, contains a high protein content (23.6%)
and has been explored as a nitrogen source in DHA fermentation. The hydrolysate derived
from spent brewery yeast has been successfully used as a substitute for yeast extract in cul-
tivating Aurantiochytrium sp. for DHA production [77]. It was also demonstrated that spent
brewery yeast is a promising, recyclable material for DHA fermentation [78]. Similarly,
algae residues, which remain after oil extraction from microalgae, have shown potential as
nitrogen sources. These residues, rich in protein, are commonly repurposed as livestock
feed [79], but the non-lipid biomass left after oil extraction can also be utilized in microbial
fermentation. It was found that enzymatically hydrolyzed residues from Chlorella after oil
extraction were effective for cultivating Chlorella vulgaris [80]. Likewise, Schizochytrium sp.
residues after oil extraction could serve as a nitrogen source in DHA fermentation. Strategic
substitution of 80% conventional yeast extract (YE) with algal residue extract in DHA
bioproduction achieved an 80% cost reduction in nitrogen source expenditure. Similarly,
Schizochytrium sp. residues after lipid extraction demonstrate viability as an alternative
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nitrogen substrate for DHA biosynthesis. Implementation of algal-derived residue extract
enabled substitution of 80% conventional yeast extract, achieving a proportional 80% cost
reduction in nitrogen source [73]. A parallel investigation demonstrated that strategic
recycling of cellular residues as nitrogen substrates achieved a 67.31% reduction in nitrogen
source expenditure for DHA biosynthesis, concomitant with a 12.75% increase in DHA
yield [81]. These strategies achieve dual industrial objectives by simultaneously addressing
cost reduction and productivity enhancement in industrial applications.

Other organic nitrogen sources, such as rapeseed meal hydrolysates, which are rich
in organic nitrogen, have also been identified as a promising nitrogen source for DHA
fermentation, particularly in Crypthecodinium cohnii [72]. A techno-economic evaluation by
Wang's team revealed that valorization of tofu processing wastewater as both a nitrogen
source and a culture medium not only boosted DHA output by 3.6-fold (361.54% increase)
in Thraustochytrid fermentation but also established a low-cost nutrient supply model
through complete elimination of traditional nitrogen substrate inputs [82].

Utilizing non-traditional cheap organic nitrogen sources offers a sustainable and
cost-effective approach to reducing DHA production costs. Algae residues, in particular,
represent a viable alternative to traditional yeast extract, providing an efficient way to recy-
cle waste materials into valuable resources for fermentation processes. These alternatives
help promote both economic and environmental sustainability in DHA production.

Wastewater

Wastewater refers to the liquid produced in various industrial, agricultural, and
household activities that contains water-soluble substances, often rich in organic and
inorganic components such as nutrients, nitrogen, phosphorus, and sugars. The recycling
and utilization of wastewater have become essential strategies for resource conservation,
cost reduction, and promoting sustainability, especially in microbial fermentation processes.
The reuse of wastewater not only helps reduce waste emissions but also significantly lowers
production costs [83,84].

After microbial fermentation, a significant amount of wastewater is often generated,
containing inorganic salts that help maintain the osmotic pressure of the fermentation broth,
as well as nutrient substances and growth-promoting factors [84]. For example, brewery
wastewater, containing essential salts and nutrients, has been successfully used in DHA
fermentation. Yamasaki et al. utilized brewery wastewater to achieve a DHA concentration
of 3.4 g/L [85]. Similarly, Song et al. repurposed wastewater from Mortierella alpina
fermentation to replace pure water in DHA production by Aurantiochytrium, obtaining
a DHA yield of 28.7 g/L, comparable to that using pure water [86]. Additionally, tofu
whey wastewater, a by-product of tofu production, has shown promise as a nitrogen source
for DHA fermentation. Wang et al. cultured Schizochytrium sp. S31 using tofu whey
wastewater, achieving significant biomass and DHA productivity [82]. A mixture of saline
wastewater and tofu whey wastewater further enhanced biomass and DHA yields [87].
Tofu whey wastewater can even replace commercial nutrients, such as glucose and peptone,
leading to a fourfold increase in DHA production [88].

Furthermore, dairy wastewater, such as mozzarella stretching water, has also been
successfully applied in DHA fermentation, resulting in a DHA yield of 1.21 g/L [78].
Kitchen wastewater, typically rich in nitrogen, phosphorus, and carbohydrates, has been
used for DHA fermentation by Aurantiochytrium sp., yielding 7.23 g/L of DHA [89].

The use of agricultural by-products, food processing by-products, fermentation
wastewater, and waste residues as raw materials for DHA fermentation offers both envi-
ronmental and economic benefits. This approach reduces production costs by replacing
expensive commercial media, supports the commercialization of marine microbial-sourced
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DHA oil, and helps minimize waste and environmental pollution. By recycling these waste
streams, resource conservation is promoted, and a more sustainable, circular economy
in the biotechnological industry is fostered, enhancing DHA production efficiency and
sustainability. Table 2 summarizes the non-traditional low-cost materials and their effects
on marine microbial DHA production.

Table 2. DHA fermentation performance using alternative low-cost substrates.

Strains Fermented Raw Materials Biomass (g/L) Lipid (g/L) DHA (g/L)  Ref.
Schizochytrium limacinum SR21 Crude glycerol 7.89 4.94 1.84 [70]
Schizochytrium limacinum SR21 Sorghum straw sweat 9.38 6.90 2.35 [67]
Schizochytrium limacinum PA-968 Saline wastewater 28.40 9.82 3.1 [90]
Schizochytrium mangrovei Sk-02 Coconut wastewater 28.6 14.13 5.5 [64]
Schizochytrium sp. HX-308 Algal residues and cane molasses 78.26 35.54 15.22 [73]
Schizochytrium limacinum OUC88 Soybean meal hydrolysate 81.84 44.68 19.2 [91]
Aurantiochytrium sp. KRS101 Orange peel extract 5.5 2.85 0.78 [92]
Aurantiochytrium sp. KRS101 Spent yeast 31.8 12.12 104 [77]
Aurantiochytrium sp. SW1 Waste fruit extract 41.5 25.6 12.67 [93]
Aurantiochytrium sp. TZ209 Waste cellular residues 70.12 40.55 17.78 [81]
Aurantiochytrium sp. YLH70 Corn syrup 78.5 51 20.1 [68]
Crypthecodinium cohnii ATCC 30772 Crude glycerol 5.34 1.31 1.34 [94]
Thraustochytrium sp. (T18) Lipid-extracted hydrolysate 14.86 6.43 2.07 [95]

3.3. pH Control in DHA Fermentation Processes

In heterotrophic DHA fermentation, pH is a critical parameter that influences both
cell growth and metabolism [42,96]. Production strains exhibit varying optimal pH values
at different stages of growth and product accumulation. In some cases, the optimal pH for
cell growth may differ from that required for target product formation. Several studies
have shown that the optimal pH for product formation does not always coincide with
the ideal pH for cell growth [97]. Moreover, pH fluctuations during fermentation, caused
by substrate consumption (particularly nitrogen sources), can impact intracellular and
extracellular ion balances and enzyme activity, further affecting overall productivity, and
these fluctuations can impact the intracellular and extracellular ion balance, as well as the
activity of enzymes involved in the process [98].

Given its importance, pH control is essential for achieving optimal DHA production.
This can be accomplished by carefully designing the initial pH [99] or by maintaining a
constant pH throughout the fermentation process [100]. Furthermore, different pH values
could significantly affect cell morphology [42]. Therefore, carefully designing the pH has
been widely studied to optimize DHA production. For instance, Zhao et al. demonstrated
that maintaining an initial pH of 7.0 during the growth phase and then adjusting to pH 5.0
for the production phase significantly enhanced DHA content, achieving a maximum yield
of 11.44 g/L [101]. Similarly, Yin et al. applied a two-stage pH strategy using ammonia and
citric acid as pH regulators in Schizochytrium sp. fermentations. They found that a pH of
7.0 was optimal for cell growth, while a lower pH of 5.0 was favorable for DHA synthesis,
resulting in a high DHA yield of 32.75 g/L [42].

Both single-phase and two-phase pH regulation strategies offer effective means of
optimizing DHA production during microbial fermentation. Single-phase strategies are
simpler to implement and can balance cell growth and product accumulation, whereas
two-phase strategies provide greater flexibility to meet the distinct pH needs of different
fermentation stages, often resulting in enhanced DHA yields. Selecting the appropriate
pH strategy depends on the specific marine microbial strain, process requirements, and
production goals.
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3.4. Osmotic Control in DHA Fermentation Processes

Osmotic pressure is a key factor influencing cell growth and metabolism, especially
for marine heterotrophic strains, as a stable culture environment is essential for optimal
microbial performance [102]. Inorganic salts play a crucial role in regulating osmotic
pressure and maintaining cellular integrity by serving as nutrients and enzyme activators.
Excessive osmotic stress can disrupt cellular metabolism: hypertonic conditions may cause
cell death due to water loss, while hypotonic conditions can lead to cell swelling and poten-
tial lysis [103]. For example, under hypertonic conditions, Schizochytrium sp. synthesizes
compatible solutes like cyclohexanol and betaine to maintain metabolic functions [104], and
Chlamydomonas reinhardtii forms irregular “ghost” cells under high osmotic pressure [105].
Additionally, mineral elements such as Na*, K*, Ca%*, and Cl~ often remain in the fer-
mentation broth after DHA production, helping to stabilize osmotic pressure and support
marine microbial growth [86].

Osmotic pressure also affects metabolite production, with some microorganisms ac-
cumulating specific metabolites under certain osmotic conditions. For instance, Torulopsis
glabrata accumulates pyruvate under hypertonic conditions [106], while Thraustochytrium
sp. shows a reduction in oil content without inorganic salts [107]. The stage of marine
microbial growth and oil accumulation can also influence the effect of osmotic pressure.
High osmotic conditions favor seed proliferation, while low osmotic conditions promote
PUFA accumulation [108]. Strategies that manipulate osmotic pressure during fermenta-
tion, such as partial reuse of fermentation wastewater, can optimize biomass accumulation
and DHA productivity [84]. Additionally, substrate concentration also plays a role in main-
taining osmotic balance, with continuous feeding strategies helping to sustain microbial
physiological conditions and improve DHA yields [102].

Osmotic pressure, influenced by inorganic salts and mineral elements, is essential
for maintaining cell integrity and supporting microbial metabolism, especially during
DHA fermentation. Adjusting osmotic pressure at different stages of marine microbial
growth and oil accumulation can enhance DHA productivity, making osmotic regulation
an important factor in optimizing fermentation processes.

3.5. Two-Stage Regulation Strategy for DHA Fermentation Processes

As discussed, microbial DHA oil synthesis occurs in distinct phases, with cell biomass
proliferation and lipid accumulation taking place at different stages of fermentation [109,110].
During the initial stage, when nutrients are abundant, cells prioritize division and growth,
leading to an increase in non-lipid biomass. As nutrients, particularly nitrogen sources, be-
come depleted, the cells shift their metabolic focus. The carbon source is redirected toward
lipid synthesis, initiating the oil accumulation phase. During this phase, cell prolifera-
tion halts, and lipid accumulation becomes the primary metabolic activity, with non-lipid
biomass levels remaining relatively constant [111,112]. The asynchronous mechanism of
biomass growth and lipid accumulation provides a theoretical basis for the development of
a two-stage regulation strategy.

3.5.1. Two-Stage Dissolved Oxygen Regulation

The two-stage dissolved oxygen regulation strategy is designed to optimize the growth
and oil accumulation phases of microbial fermentation, addressing the high aerobic oxygen
demand during the initial growth phase and the relatively anaerobic conditions needed
for DHA accumulation in the later stages. Qu et al. used the oxygen transfer coefficient
(KLa) as a benchmark for oxygen supply, maintaining KLa at 150.1 h~! for the first 40 h of
fermentation, then reducing it to 88.5 h~! for the remainder of the process. This two-stage
KLa strategy resulted in 43.83% and 63.88% higher biomass and DHA content, respectively,
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compared to constant KLa conditions [109]. Zhang et al. addressed the insufficient aeration
in traditional shake flasks by introducing aeration membranes and adjusting the shaking
table speed. This modification increased DHA production efficiency by 60% and shortened
the fermentation cycle [113]. Zhao et al. designed various agitator combinations to enhance
dissolved oxygen and mixing, and their computational fluid dynamics (CFD) simulations
revealed that a configuration with straight-blade, arrow-blade, and flat-blade impellers was
most effective for both cell growth and DHA accumulation [114]. Guo et al. developed a
membrane-pore-material agitator to enhance the KLa value and gas content, incorporating
a two-stage ventilation strategy to achieve higher biomass and DHA yields—87.34% and
83.77% higher than conventional reactors [111]. Additionally, optimizing bubble size
in bubble column bioreactors could replicate the benefits of a two-stage oxygen supply
strategy, improving both cell growth and DHA production [115].

3.5.2. Two-Stage Temperature Regulation

Temperature plays a crucial role in cell growth and metabolism, especially in oil-
accumulating microorganisms. While low temperatures promote the synthesis of polyun-
saturated fatty acids (PUFAs) by maintaining cellular fluidity, they can also slow down
enzymatic activity, which may reduce the rate of oil accumulation. Conversely, higher
temperatures favor cell growth and biomass accumulation but may reduce PUFA synthe-
sis [39,116]. Such as a temperature of 30 °C during the cell growth phase, followed by a
reduction to 20 °C for the DHA accumulation phase, led to a DHA content of 52% of the
total fatty acids [117].

3.5.3. Two-Stage Substrate Regulation

Substrate selection is crucial for both cell growth and metabolic flux partitioning,
with nitrogen limitation being a key factor in driving cellular metabolism toward lipid
accumulation. A higher carbon-to-nitrogen (C/N) ratio in the culture medium is favorable
for triacylglycerol biosynthesis in production phases. In a two-stage fermentation strategy,
the first stage supports biomass growth without nutrient restrictions, while the second
stage introduces nitrogen limitation to promote lipid accumulation. For example, Silvina
et al. used a two-stage medium strategy for Aurantiochytrium limacinum, where the cells
were first cultured in a medium optimized for biomass production, followed by transfer to
a high C/N ratio medium (55:1) for lipid accumulation. This strategy resulted in a DHA
productivity of 3.7 g/(L-day) [118]. Li et al. also explored the use of glucose and glycerol
as carbon sources for DHA fermentation by Schizochytrium sp. and found that glucose
supported biomass growth, while glycerol promoted DHA accumulation [40]. Based on
this, they implemented a two-stage substrate fermentation strategy where glucose was used
for biomass growth and glycerol for DHA synthesis, improving both production efficiency
and reducing costs. In addition, Yin et al. applied this two-stage strategy using glucose for
biomass accumulation in Schizochytrium sp., followed by hydrolyzed molasses for DHA
production. This strategy increased the utilization of inexpensive molasses, enhancing
DHA production efficiency while reducing raw material costs [73]. Furthermore, the two-
stage feeding control strategy has also been successfully applied using alternative nitrogen
sources, such as waste Pichia pastoris, in industrial DHA fermentation [119].

In summary, during marine microbial DHA fermentation, selecting suitable low-cost
raw materials (such as agricultural waste or industrial by-products) to replace traditional
expensive substrates can significantly reduce the economic cost of fermentation while
promoting resource recycling and sustainable development. Meanwhile, optimizing key
parameters in the fermentation process (such as temperature, pH, dissolved oxygen lev-
els, and nutrient composition) and precisely controlling the fermentation conditions can
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enhance cell growth and DHA accumulation efficiency. This strategy provides essen-

tial technical support for achieving large-scale and cost-effective production of marine

microbial-sourced DHA oil (Figure 1).
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Figure 1. Schematic of marine microbial DHA fermentation: Cost-control and efficiency-enhancement
strategies.

4. Post-Treatment of Marine Microbial DHA Oils

Marine microbial-sourced DHA oil exists both within the cell membrane as a functional

lipid and in the cytoplasm as a storage lipid. To obtain DHA oil, several post-processing

steps are necessary, including cell disruption and oil extraction. The resulting crude micro-

bial oil contains various impurities such as pigments, proteins, and colloidal substances.

Furthermore, during the extraction process, oxidation of certain lipids can lead to the

formation of undesirable compounds, which can negatively impact the sensory qualities

and fluidity of the DHA oil. Consequently, after the initial extraction, further refining

treatments are required to remove these impurities and enhance the overall quality of the
DHA oil.
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4.1. Extraction of Oils
4.1.1. Cell Lysis

DHA oil resides within microbial cells, necessitating cell disruption before oil extrac-
tion. Common methods for cell lysis include chemical, mechanical, and enzymatic approaches.

e  Chemical lysis: This method uses strong acids or bases to break down the cell wall by
dissolving glycoproteins, cellulose, and other structural components, thereby releasing
the oil. While chemical lysis is relatively simple and does not require extensive sample
pretreatment, the hot acid method is ineffective for extracting oils from cell membranes.
Moreover, the use of acids and alkalis is highly corrosive and poses significant safety
risks, making it unsuitable for large-scale production.

e  Mechanical lysis: This technique utilizes high shear force from a high-pressure homog-
enizer to rupture cell walls and membrane components. Unlike chemical methods,
mechanical lysis does not introduce chemicals, minimizing the risk of damaging the
oil components and improving extraction efficiency. However, this method is energy-
intensive and involves complex operational procedures, leading to higher labor and
energy costs.

e  Enzymatic lysis: This method uses specific enzymes tailored to the composition of
the cell wall. The enzymes interact with the structural components of the cell wall
and membrane, breaking them down and releasing the intracellular contents. Due to
the complexity of the cell wall structures, a combination of enzymes is often required
to achieve optimal lysis. With advancements in biotechnological enzymes and the
increasing demand for efficient production methods, enzymatic lysis has become the
predominant technique for disrupting DHA-producing microbial cells [120-122].

4.1.2. Oils Extraction

Oil extraction from microbial biomass is commonly carried out using organic solvents
due to the fat-soluble nature of oils. Organic solvents like n-hexane, cyclohexane, acetone,
and chloroform are widely used for their ability to dissolve oils efficiently, as they are
insoluble in water and have low boiling points that facilitate easy solvent removal through
distillation [123,124]. However, organic solvent extraction has significant drawbacks. One
of the primary concerns is the potential for solvent residues to remain in the extracted oil,
which can affect oil quality and complicate the reuse of microbial residue. Furthermore, the
flammability and volatility of organic solvents necessitate stringent safety measures during
the extraction process, posing environmental and health risks to operators. These factors
make the process less sustainable and raise concerns about its long-term viability.

To overcome these issues, supercritical fluid extraction, especially using supercritical
carbon dioxide (CO;), has emerged as a promising alternative [125,126]. This method
offers high purity and rapid separation, without the risk of solvent residues, making it an
attractive choice for food-grade oil extraction [127,128]. Supercritical CO, is particularly
beneficial due to its ease of removal after extraction. However, the method’s sensitivity to
the moisture content of the sample presents a challenge, as high-water content can hinder
the extraction efficiency, requiring pre-drying of the biomass. Despite its advantages, su-
percritical fluid extraction is not yet widely adopted for marine microbial DHA extraction
on an industrial scale. The high cost of equipment and operational complexities limit its
application from laboratory production to industrial scale [124]. Consequently, researchers
and manufacturers are increasingly exploring physical extraction methods, such as centrifu-
gation, which offer safer and more efficient alternatives [83]. Marine microbial DHA-rich
oil, composed of various fatty acids including palmitic acid (C16:0), docosapentaenoic
acid (DPA, C22:5), and DHA, has a lower density than water due to the large molecular
spacing between these fatty acids, making it well-suited for separation via centrifugation.
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The three-phase centrifuge is a particularly promising method for extracting microbial
oil. It efficiently separates the oil, water, and solid phases into distinct layers, allowing
for continuous and effective oil-water separation with minimal environmental impact,
providing a safer, more sustainable extraction option [83,129]. The three-phase centrifuge
enables continuous, high-efficiency DHA oil separation from microbial biomass, operating
without interruptions to simultaneously isolate oil, nutrient-rich wastewater, and solid
residues. The wastewater can be reused in fermentation media [83,84], while residues are
repurposed as organic nitrogen sources [81]. This closed-loop process supports sustainable
biomanufacturing by minimizing waste and maximizing resource recovery.

4.2. Oils Refining

Crude microbial DHA oil, after extraction, contains various impurities such as proteins,
phospholipids, free fatty acids, and pigments, which can affect its safety, stability, and
suitability for further processing. To improve the quality, appearance, and shelf life of
the oil, refining processes are used to remove these contaminants. Oil refining typically
involves several sequential steps, either carried out continuously or batchwise:

e  Degumming: This step removes phospholipids and other gum-forming agents that
can affect the oil’s clarity and quality.

e Neutralization: Free fatty acids are removed, which helps reduce acidity and improve
the oil’s stability.

e  Decolorization: Pigments and certain other contaminants are removed, improving the
oil’s color and purity.

e  Deodorization: Volatile compounds responsible for off-flavors and undesirable odors
are eliminated to improve the oil’s sensory characteristics.

To enhance the oil’s fluidity and expand its potential applications in the healthcare
and pharmaceutical industries, winterization is typically performed before deodorization.
Winterization helps remove certain saturated fatty acids, ensuring the oil remains fluid
even at lower temperatures.

4.2.1. Degumming

Colloidal impurities in crude microbial DHA oils (phospholipids, proteins, glyceryl
esters) compromise oil stability and complicate subsequent refining steps—such as causing
emulsification during alkali refining or increasing decolorizing agent consumption. Thus,
degumming acts as the first critical step in oil refining to address these issues [130].

The most common industrial degumming process involves adding salt water or phos-
phoric acid under heat: this hydrates and coagulates colloidal substances, which are then
removed via sedimentation and separation. In recent years, more efficient technologies
have emerged to overcome limitations of traditional methods. One is enzymatic degum-
ming, which uses phospholipases to hydrolyze non-hydrated phospholipids in crude oil;
released fatty acids enhance phospholipids” hydrophilicity, enabling their transfer to the
aqueous phase for separation, and this environmentally friendly approach also offers opera-
tional simplicity [131,132]. And several commercial phospholipases, such as Lecitase Ultra,
GumZyme, and Lysomax, have been successfully developed and applied [130]. Another
is ultrafiltration membrane separation: while phospholipids and glyceryl esters (with
similar molecular weights of 700-900 Da) are difficult to separate with conventional mem-
branes, phospholipids” amphiphilic nature allows them to form reverse micelles (>2000 Da)
in oil-water mixtures—these micelles enable specialized membranes to achieve efficient
phospholipid removal, with efficiency reaching up to 89% [133,134].
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4.2.2. Neutralization

Free fatty acids (FFAs) in crude microbial DHA oils increase acidity and trigger
oxidative rancidity, generating harmful compounds and degrading oil quality. Thus, alkali
refining acts as a critical deacidification step to address these issues.

The process involves adding alkaline agents (e.g., NaOH, KOH, Na,COs, LiOH,
Ca(OH),, CaCO3, and NH4OH) to neutralize FFAs [134], with NaOH the most widely
used. When NaOH reacts with FFAs, water-soluble sodium soaps form; these soaps are
then removed by water washing, reducing acidity and the risk of rancidity. Precise alkali
dosage is vital: insufficient alkali leaves residual FFAs (keeping the oil acidic), while
excess alkali triggers saponification of neutral oils (increasing oil loss). Thus, accurate acid
value determination is essential to calculate the optimal alkali amount. When properly
controlled, alkali refining enhances oil stability, shelf life, and quality by neutralizing FFAs
and inhibiting rancidity.

Beyond traditional alkaline methods, enzymatic deacidification offers an alterna-
tive [130], such as lipases (e.g., Novozym 435) selectively removing FFAs under mild
conditions while minimizing DHA loss [135].

4.2.3. Decolorization

Crude microbial DHA oil appears dark yellow after extraction, primarily due to pig-
ments, notably carotenoids, the dominant pigments in marine microbial-sourced DHA [136].
These pigments degrade the oil’s appearance and functionality, so decolorization is essential
to improve visual and functional quality.

Decolorization employs adsorbents (e.g., activated carbon, activated clay) to remove
pigments, reduce color intensity, and eliminate impurities like metal ions and saponins.
Choosing the right adsorbent is key to achieving effective decolorization [129,137]. Acti-
vated carbon (with a large surface area and micropores) effectively removes pigments but
causes high oil loss due to strong oil adsorption. Activated clay (often derived from ben-
tonite) offers high adsorptivity and chemical activity, enabling efficient decolorization with
lower oil loss and filter residue. In some cases, combining multiple decolorants enhances
pigment removal [138]. However, decolorization may deplete beneficial bioactives (e.g.,
vitamin E) and increase peroxide value [139]; thus, strict process control is vital to balance
visual improvement with minimizing nutrient loss and preserving oil quality.

4.2.4. Deodorization

Deodorization acts as the final critical step in oil refining, aiming to remove volatile
odor-causing compounds (e.g., aldehydes, ketones, and free fatty acids) via steam distil-
lation. This process not only eliminates unwanted flavors and odors but also enhances
the oil’s stability, quality, and sensory properties [139]. Key parameters like temperature,
pressure, duration, and stripping steam volume shape the process outcomes with inherent
trade-offs: higher temperatures boost the removal of FFAs but increase the risk of trans fatty
acid formation, which compromises the oil’s nutritional quality [140]; excessive stripping
steam improves impurity removal yet leads to greater oil losses. For batch deodorization,
typical conditions are 230260 °C and 3-5 mbar, with the steam amount ranging from 5 to
15% of the o0il’s weight. In continuous or semi-continuous systems, the steam volume is
reduced to 0.5-2% of the oil’s weight to minimize losses [141].

The effectiveness of deodorization is often measured through the p-anisidine value,
which quantifies secondary oxidation products like aldehydes and ketones [142]. Elevated
levels of these compounds can adversely affect health by potentially raising blood pressure,
interfering with the absorption of fat-soluble vitamins, and, in some cases, having carcino-
genic properties. China’s DHA Algal Oil LS/T 3243-2015 requires the p-anisidine value to
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not exceed 15, and the industry often enforces even stricter standards. Case studies, like
Yin et al.’s use of deoxygenated steam as a stripping gas, achieved a peroxide value of
0 meq/kg, a p-anisidine value of 3.50, and an acid value of 0.37 mg/g, producing DHA-rich
oil that met high-quality market standards [15].

Beyond traditional steam distillation, innovations include using nitrogen as a stripping
gas, which preserves heat-sensitive omega-3 fatty acids and reduces oxidative degrada-
tion [143], and nanofiltration membrane technology that can selectively remove volatile
odorants under mild conditions, reducing thermal degradation compared to conventional
high-temperature deodorization [135].

In summary, the post-treatment of marine microbial-sourced DHA oils is a critical
chain for converting biomass into high-quality DHA-enriched products. Table 3 summa-
rizes the refining processes and the specific impurities they target, visually illustrating
the pathways for quality improvement. However, it should be noticed that most studies
in this field currently prioritize technical performance indicators (e.g., extraction yield,
purification efficiency, product quality) over economic evaluations across the entire post-
treatment chain. Systematic cost data—which should cover raw material costs, equipment
amortization, energy consumption, and other dimensions of multiple unit operations—
are rarely reported in the literature. Without a unified quantitative model or validated
data from industrial-scale practices, accurate cost calculations would remain speculative.
Given this context, this section only focuses on the technical principles, key parameter
optimization, and industrialization bottlenecks of each post-treatment unit (extraction and
refining processes), aiming to provide a foundation for subsequent economic analyses and
industrial-scale cost modeling in this domain.

Table 3. Oil refining processes and the removal of relevant impurities.

Oil Refining Processes Major Impurity Components
Degumming Phospholipids, proteins
Neutralization Free fatty acids, phospholipids, metal ions, soap stock
Decolorization Pigment, metal ions, and soap stock

Secondary oxidation products, free fatty acids, pigments,
sterols, and squalene
Winterization Saturated fatty acids

Deodorization

5. Antioxidant Technology of Marine Microbial DHA Oils
5.1. Oxidation Processes in PUFA-Rich Oils

Oils enriched with polyunsaturated fatty acids (PUFAs) like DHA, are inherently
vulnerable to oxidation during processing and storage. Exposure to light, heat, and oxy-
gen triggers a series of oxidative reactions that not only reduce shelf life via rancidity
development but also generate toxic by-products with potential health implications. The
susceptibility of PUFAs to oxidation stems from the instability of their multiple double
bonds, which render them highly reactive toward environmental stressors (e.g., light,
heat, oxygen).

5.1.1. Autoxidation of QOils

Autoxidation, a free-radical-mediated chain reaction, unfolds in three sequential
stages: initiation, propagation, and termination.

Initiation commences with the abstraction of hydrogen atoms from unsaturated fatty
acids or glycerides, yielding lipid radicals. Light, heat, and transition metals accelerate this
step, with hydrogen atoms adjacent to double bonds (especially conjugated double bonds)
being preferentially abstracted due to their lower bond energy.
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Propagation stage: In this stage, lipid radicals react with molecular oxygen to form
peroxyl radicals. These peroxyl radicals act as active chain carriers in the free radical chain
reaction. They can attack new lipid molecules, leading to the formation of hydroperoxides
and the generation of additional free radicals. The oxidation process continues as long as
there is a source of hydrogen or until the chain reaction is interrupted by antioxidants or
other inhibitors [144].

Termination neutralizes free radicals through radical-radical coupling or other inter-
actions, forming stable non-radical products (e.g., free-radical polymers) and halting the
chain reaction.

5.1.2. Photo-Oxidation of Oils

Photo-oxidation diverges from autoxidation as it does not rely on free-radical ini-
tiation. Instead, triplet oxygen (in an excited state) directly abstracts hydrogen from
unsaturated fatty acids, driving lipid oxidation. This process occurs via two mechanism-
dependent pathways.

Type I (low oxygen concentration): Excited photosensitizers independently extract
hydrogen from fatty acids, generating lipid free radicals analogous to those in autoxida-
tion [145]. The excited photosensitizers then return to the ground state by reacting with
these radicals, sustaining the oxidative process.

Type II (sufficient oxygen): Photosensitizers transfer energy to molecular oxygen,
elevating it to the singlet state (*O,). This highly reactive 'O, attacks electron-rich double
bonds in unsaturated fatty acids at a rate ~1500-fold faster than ground-state oxygen,
forming hydroperoxides [146].

5.2. Antioxidants for Marine Microbial DHA Oils

Oxidation not only shortens the shelf life of marine microbial-derived DHA-rich
oils but also compromises their safety and nutritional quality by generating harmful by-
products. Antioxidants are thus indispensable for inhibiting oxidation, extending shelf
life, and preserving nutrient integrity. By definition, antioxidants interrupt oxidative chain
reactions either by suppressing lipid free-radical formation or by reducing their concentra-
tion. Given DHA's six unsaturated double bonds, hydrogen atoms adjacent to these bonds
are particularly prone to abstraction, making DHA-rich oils exceptionally susceptible to
oxidation [147] and necessitating robust antioxidant protection during storage.

Phenolic antioxidants, a prominent class of inhibitors, exert their effect by donating
hydrogen atoms to lipid radicals, terminating the oxidative chain reaction. The resul-
tant antioxidant radicals exhibit low reactivity and do not propagate new radicals; more-
over, they can form stable non-radical products via interaction with lipid radicals, further
quenching oxidation.

5.3. Types of Antioxidants
5.3.1. Synthetic Antioxidants

Synthetic antioxidants are chemically engineered to inhibit oxidation at low concentra-
tions (<200 ppm). Common examples include tert-butylhydroquinone (TBHQ), butylated
hydroxytoluene (BHT), butylated hydroxyanisole (BHA), and ethylenediaminetetraacetic
acid (EDTA).

TBHQ, a polar phenolic compound, demonstrates potent antioxidant activity—
especially during the early stages of oxidation—and effectively extends the shelf life
of DHA-rich fish oils, outperforming other synthetic analogs. EDTA, originally a chelat-
ing agent, mitigates oxidation by sequestering metal ions that catalyze hydroperoxide
decomposition, thus preventing secondary oxidation. Despite their efficacy, synthetic
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antioxidants face scrutiny over potential health risks, driving consumer demand for natural
alternatives [148].

5.3.2. Natural Antioxidants

Natural antioxidants, abundant in plants, marine organisms, and microorganisms,
protect host organisms from oxidative damage and offer applications in food preserva-
tion and nutraceuticals. Table 4 provides examples of natural antioxidants and their
sources, highlighting the diversity of antioxidants found in nature and their broad
potential applications.

Table 4. Natural antioxidants and their sources.

Antioxidants Examples Sources
Tocopherol -, 3-, v-, d-tocopherol Seeds, grains, nuts, vegetable oils, etc.
Trienyltocopherol -, -, y-, - triene tocopherols Palm oil, rice bran oil

Ascorbic acid Vitamin C, ascorbate derivatives Fruits, vegetables, etc.

Carotenoids [3-carotene, lycopene, lutein, astaxanthin Carrots, tomatoes, microalgae, etc.
Phenols Flavonoids, phenolic acids, tannins, lignans Fruits, vegetables, grains, etc.
Peptides Glutathione, metallothioneins, antioxidant peptides Animal liver, eggs, milk, etc.
Enzymes Superoxide dismutase, catalase, glutathione peroxidase Plant and animal tissues

e  Tocopherol: A fat-soluble compound, tocopherol enhances DHA oil stability [149],
though its efficacy is concentration-dependent. Structural isomers (x-, y-, -
tocopherols) exhibit varying activities; while tocopherol scavenges singlet oxygen
and donates hydrogen to lipid radicals, excessive concentrations (>740 mg/kg) can
paradoxically promote oxidation (e.g., by generating free radicals during decomposi-
tion) [150]).

e Rosemary extract: Derived from Rosmarinus officinalis, rosemary extract contains
bioactive compounds (e.g., rosmarinic acid, carnosic acid, carnosol) and exists as
water- or fat-soluble fractions. It is widely used in food preservation for its strong
antioxidant properties [151,152], where a 50 mg/kg dose effectively controls oxidation
rates [153], and it preserves the sensory quality of sardine oil during cold storage [154].

e  Ascorbic acid: A water-soluble antioxidant, ascorbic acid neutralizes reactive oxygen
species (ROS) via redox reactions [155] but exhibits limited solubility in oils. Esterifi-
cation with fatty acids (e.g., ascorbyl palmitate) improves lipid compatibility while
retaining antioxidant activity, making it suitable for DHA oil systems.

e Tea polyphenols: Extracted from tea leaves, tea polyphenols (e.g., catechins) are water-
soluble and exhibit strong antioxidant activity. O’Sullivan et al. showed that 0.04%
(w/w) tea polyphenols inhibit thermal degradation in frying oil [156]. Recent studies
have further validated the antioxidant properties of tea polyphenols and demonstrated
their successful application in protecting DHA algae oil [12,157,158].

5.4. Synergistic Effects of Antioxidants

While individual antioxidants target specific oxidation components or stages, their
efficacy is often limited in isolation due to rapid activity loss. Combining antioxidants
thus emerges as a strategic approach: synergistic interactions enhance overall antioxidant
capacity, reduce dosage requirements, and lower costs [159]. These interactions amplify
protective effects across multiple oxidative pathways and stages, providing comprehensive
defense against oxidation [13].
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5.4.1. Vitamins and Polyphenols

Polyphenols exhibit amphiphilic properties, allowing them to dissolve in both water
and oil, which enhances their ability to interact effectively with vitamin antioxidants in
complex systems. Phenolic compounds with redox activity can also facilitate the regenera-
tion of vitamins. For example, research by Dai et al. demonstrated that polyphenols could
regenerate vitamin C [160]. In a model system using linoleic acid methyl ester peroxides,
the flavonoid quercetin in catechins exhibited a synergistic effect with a-tocopherol by
preventing chain oxidation of oils and regenerating «-tocopherol [161]. Specific bioactive
compounds in rosemary extract (e.g., phenolic acids, diterpenoids), acting as hydrogen
donors, can donate a hydrogen atom to the x-tocopherol radical, converting it back to its ac-
tive form. Similarly, ascorbic acid can recycle oxidized - and y-tocopherol radicals back to
their native state through direct reduction, thereby delaying tocopherol depletion [162]. The
combination of green tea polyphenols (GTP), «-tocopherol, and ascorbate demonstrated co-
operative inhibition of lipid peroxidation via a sequential redox cycling mechanism: GTPs
reduced «-tocopheroxyl radicals to regenerate c-tocopherol, while ascorbate subsequently
restored GTPs” antioxidant capacity by neutralizing their oxidized derivatives [163].

A study on various phenolic compounds (e.g., chlorogenic acid, gallic acid, protocate-
chuic acid, and vanillic acid) in mango pulp revealed that most combinations, including all
four compounds, exhibited significant synergistic effects [164]. Additionally, quercetin and
resveratrol have also been proven to have a synergistic effect [165].

5.4.2. Vitamins and Carotenoids

Carotenoids are effective quenchers of singlet oxygen, a highly reactive form of oxygen.
They achieve this by absorbing excess energy and returning singlet oxygen to its ground
state [147]. Marine microbial-sourced DHA oils naturally contains carotenoids, which are
primary pigments contributing to the oil’s color [31,166]. Early studies have shown that 3-
carotene and a-tocopherol can offer mutual protection against the formation of linoleic acid
peroxides, effectively preventing oxidation [167]. Carotenoids naturally present in palm oil
could protect tocopherols from decomposition at high temperatures by undergoing their
own oxidation. In turn, tocopherols can reduce some carotenoid free radicals back to their
active forms [168]. However, carotenoids present a challenge in practical applications due
to their dark color, which contradicts the goal of 0il decolorization. As a result, carotenoids
are typically removed during the decolorization process of DHA oil, limiting their use as
antioxidants in this context.

5.4.3. Application of Synergistic Antioxidants in DHA Oils

DHA oil, with its unique structure featuring six unsaturated double bonds, is highly
susceptible to oxidation, influenced by both intrinsic and extrinsic factors. Therefore,
selecting an appropriate antioxidant system is crucial to preserving the oil’s stability. Due
to the synergistic effects and concentration dependencies among antioxidants, selecting the
most effective antioxidant combination is not straightforward. Optimizing the combination
and dosage often requires methodologies such as response surface methodology [157,
169]. For instance, Shen et al. found that a combination of 80 mg/kg ascorbyl palmitate,
80 mg/kg vitamin E, 40 mg/kg phytic acid, and 80 mg/kg tea polyphenols provided better
antioxidant protection than each antioxidant used individually, extending the shelf life of
DHA-rich algal oils from 7.5 to 28.2 days [13]. Similarly, a combination of 53.20 mg/kg
octyl gallate and 360 mg/kg tea polyphenol palmitate resulted in the highest antioxidant
capacity, extending the shelf life of DHA algae oil by a factor of 4.24 [170]. In another
study, Yin et al. optimized an antioxidant combination consisting of 0.0259% rosemary
extract, 0.0224% vitamin E, and 0.0166% ascorbyl palmitate, which extended the oxidation
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induction time of marine microbial DHA-rich oils to 20.21-10.47 days longer than the
control group—thus enhancing the antioxidant capacity and prolonging the shelf life of
DHA o0il [157]. While a study has suggested that the most effective protection for DHA
algae oil involves four antioxidants, consisting of 80 mg/kg ascorbyl palmitate, 80 mg/kg
vitamin E, 40 mg/kg phytic acid, and 80 mg/kg tea polyphenols [13].

In summary, crude marine microbial DHA oil obtained after oil extraction can un-
dergo a series of refining processes, such as degumming, neutralization, decolorization,
and deodorization, to remove impurities and achieve high-purity, high-quality DHA oil.
Furthermore, the refined oil can be enhanced by adding appropriate antioxidants, such as
vitamin E, polyphenols, or natural plant extracts, to effectively increase the oil’s antioxidant
activity, reduce oxidation, and thus extend its shelf life (Figure 2). These measures not only
enhance the quality of marine microbial-sourced DHA oil, but also broaden its applications
across diverse sectors, including food and nutritional fortification, pharmaceuticals and
healthcare, and animal feed and aquaculture industries. This progress aligns with the
market demand for high-quality, stable DHA oils with extended shelf life.
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6. Conclusions

The industrial production of marine microbial DHA oil has achieved significant ad-
vancements, particularly in enhancing production efficiency and improving oil quality. The
shift toward utilizing heterotrophic microorganisms as a primary source of DHA presents
a promising avenue for reducing production costs, primarily through the adoption of
low-cost substrates and the optimization of fermentation processes. These developments
not only lower the economic barriers to DHA production but also align with the broader
goals of sustainable and environmentally friendly manufacturing practices. Ensuring the
high quality of marine microbial-sourced DHA oil (commercially designated as algal oils)
remains a critical priority, particularly in terms of its purity, stability, and nutritional value.
Meeting these standards is essential for addressing market demands and maintaining
consumer trust in the product. To this end, the implementation of robust quality preserva-
tion strategies, such as antioxidant treatments to mitigate oxidation, has proven effective.
These measures are vital for extending the shelf life and maintaining the functional in-
tegrity of DHA oil, thereby enhancing its applicability in various industries, including
food, pharmaceuticals, and nutraceuticals. Looking ahead, future research should focus
on advancing the scalability of marine microbial DHA production processes to meet the
escalating global demand for high-quality, cost-effective DHA oil. This includes the explo-
ration of novel biotechnological approaches, such as genetic engineering and metabolic
pathway optimization, to further enhance marine microbial productivity and DHA yield.
Additionally, the development of innovative downstream processing techniques will be
crucial for improving extraction efficiency and reducing energy consumption. Moreover,
the integration of circular economy principles, such as the utilization of waste streams
as substrates and the recycling of by-products, could further enhance the sustainability
of marine microbial DHA production. Collaborative efforts among researchers, industry
stakeholders, and policymakers will be essential to drive these innovations and ensure the
widespread adoption of marine microbial DHA as a viable and sustainable alternative to
traditional fish oil sources.
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Abstract: The phylum Cnidaria comprises five main classes—Hydrozoa, Scyphozoa, Hexa-
corallia, Octocorallia and Cubozoa—that include such widely distributed and well-known
animals as hard and soft corals, sea anemones, sea pens, gorgonians, hydroids, and jellyfish.
Cnidarians play a very important role in marine ecosystems. The composition of their
fatty acids (FAs) depends on food (plankton and particulate organic matter), symbiotic
photosynthetic dinoflagellates and bacteria, and de novo biosynthesis in host tissues. In
cnidarian lipids, besides the common FA characteristics of marine organisms, numerous
new and rare FAs are also found. All Octocorallia species and some Scyphozoa jellyfish
contain polyunsaturated FAs (PUFAs) with 24 and 26 carbon atoms. The coral families can
be distinguished by specific FA profiles: the presence of uncommon FAs or high/low levels
of common fatty acids. Many of the families have characteristic FAs: Acroporidae are char-
acterized by 18:3n6, eicosapentaenoic acid (EPA) 20:5n3, 22:4n6, and 22:5n3; Pocilloporidae
by 20:3n6, 20:4n3, and docosahexaenoic acid 22:6n3 (DHA); and Poritidae by arachidonic
acid (AA) and DHA. The species of Faviidae show elevated concentrations of 18:3n6 and
22:5n3 acids. Dendrophylliidae, being azooxanthellate corals, have such dominant acids
as EPA and 22:5n3 and a low content of DHA, which is the major PUFA in hermatypic
corals. The major and characteristic PUFAs for Milleporidae (class Hydrozoa) are DHA
and 22:5n6, though in scleractinian corals, the latter acid is found only in trace amounts.

Keywords: Cnidaria; Octocorallia; Hexacorallia; corals; fatty acids; uncommon fatty acids;
PUFA; symbiosis; zooxanthellae; food chain markers

1. Introduction

The phylum Cnidaria is an ancient member of Metazoa, with a simple body organiza-
tion. It comprises a diverse group of relatively primitive diploblastic animals characterized
by having an extremely complex cellular organelle referred to as cnida (which in ancient
Greek means “stinging nettle”) or nematocysts. Cnidarians have a characteristic radial
symmetry and the planula and polyp stages in their ontogeny [1].

The phylum Cnidaria consists of nearly 12,500 extant species from the classes Antho-
zoa, Medusazoa, Hydrozoa, and Scyphozoa [2]. Cnidarians play a very important role in
marine ecosystems, of which tropical coral reefs are exceptionally productive [3]. The high
levels of production in reef-building corals are achieved primarily due to their symbiotic
algae. Zooxanthellae (unicellular algae) in corals account for 50-70% of the total primary
production in most reefs. The number of coral species at depths greater than 50 m is usually
higher than that on shallow, tropical coral reefs [4]. Jellyfish are attracting increasingly
more attention because of the frequently documented cases of their mass proliferation,
their potential capability of shaping the food web structure [5], and their importance in
global biogeochemical cycles [6]. Cnidarian jellyfish are considered a sustainable source of
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high-value compounds that can find biotechnological applications, e.g., as antioxidants
and nutraceuticals [7,8].

The lipid biochemistry of Cnidarians deserves special attention. The use of thin-layer
chromatography (TLC) has shown that their total lipids contain phospholipids, sterols, free
fatty acids (FAs), triacylglycerols (TGs), monoalkyl-diacylglycerols (MADAGS), and wax
esters (WEs). The content of free FAs in total lipids is usually low, approximately 1.0-1.5%.
The concentrations of storage neutral lipids such as TG, WE, and, less commonly, MADAGs
vary between 20 and 30, 30 and 50, and 5 and 10%, respectively. The concentrations of
structural lipids, sterols, and phospholipids (PLs) range between 5 and 10, and 10 and
20%, respectively [9]. Lipids of the sea anemone Anthopleura elegantissima have been
found to include an unusual phosphosphingolipid with a 2-aminoethylphosphonic group,
ceramide aminoethylphosphonate (CAEP) [10]. The latter, in turn, has been found as a
major phospholipid (up to 20%) in gorgonarians and alcyonarians [11,12]. In the cold-water
alcyonarian Gersemia rubiformis, the content of CAEP and N-methyl-CAEP reaches 29% of
total phospholipids [13]. A possible role of CAEP is the stabilization of its own membranes
against toxic actinoporins, which constitute the main family of pore-forming proteins from
sea anemones [14]. In jellyfish, ceramide 2-aminoethylphosphonate is concentrated in the
membranes of the tentacles (oral arms) bearing stinging cells, where it may resist hydrolysis
due to the endogenous phospholipase A2 [15]. In this review, we compiled data on the FAs
of the major Cnidaria taxa, with a special focus on characteristic components, marker FAs,
the presence of symbionts, and new and uncommon fatty acids. It is relevant to note here
that the commonly applied term ‘coral” has no valid taxonomic definition. “Initially, the
Mediterranean coral, Corallium rubrum (Anthozoa: Octocorallia), having a calcitic skeleton
was referred to as ‘coral’. Afterwards, the term was used not only for other octocorallians,
such as the blue coral (Heliopora), but also for hexacorallians, such as black corals with
horny skeleton, Antipathes, or reef-building corals (scleractinians or Madreporaria) with
aragonitic skeleton, or even hydrozoans such as fire corals (Millepora). However, ‘coral’ is
also used to designate Octocorallia without hard skeleton, alcyonarians (soft corals), which
adds even more confusion. Scleractinian corals are known for their skeleton and are, in
this case, called ‘reef-building corals” or hermatypic corals (‘herm’ in ancient Greek means
‘reef’). Hermatypic corals host unicellular symbiotic dinoflagellates (Symbiodiniactaen),
commonly referred to as zooxanthellae, in their tissues. However, all scleractinians are
not reef builders (ahermatypic corals), although they are characterized by their aragonitic
skeleton” [16].

In the literature, different abbreviations are commonly used for the structures of FAs,
e.g., 18:1w9Y, 18:1n9, and 18:1n-9 for oleic acid, which are equivalent. Eicosapentaenoic acid
(EPA) 20:5(n-3) in texts can be abbreviated as 20:5(n-3), 20:5n3, and 20:5w3. Sometimes,
abbreviations are used to indicate the position of the double bond counted from the carboxyl
end, e.g., A7-18:1, A9,12-18:2, and A5,8,11,14,17-20:5. In this review, I will use the most
simple abbreviations with one letter, like 20:5n3.

2. Some Methodological Notes

Comparing various data on FA composition that are scattered in numerous articles
and obtained by different analytical protocols poses a major challenge. In some cases, it
may lead to erroneous or not fully reliable results. The most common mistakes in marine
FA analyses are the too short time of the GC run and the use of saponification or the basic
transesterification of microalgae lipids.
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Total Lipid Extraction and FA Analysis

Since some Cnidaria species (especially jellyfish) contain only ca. 0.2% total lipids
(TLs), it is better to use the cost-effective method proposed by [17] for lipid extraction.
For the isolation of TLs from stony corals, the extraction of crashed corals, instead of the
preliminary isolation of soft tissues by air spraying, is a much more efficient approach [18].
For the preparation of FA methyl esters (FAMEs), the use of acid reagents (5% HCI or 1-2%
sulfuric acid in methanol), 50 °C overnight or 80 °C for 90 min, is more preferable [19]
because the preliminary saponification or transesterification with NaOCHj3 in methanol
induces the decomposition and isomerization of octadecapentaenoic acid 18:5n3 into four
isomers [20,21]. The methyl ester of octadecapentaenoic acid 18:5n3 on GC, separated on a
Supelcowax 10 polar column, has an equivalent chain length (ECL) of 20.22, while isomers
run much more latter, with ECL of 20.48, 20.88 (main peak), and 21.19. Accordingly, instead
of the peak of 18:5n3 with an ECL of 20.22, which is located close to (even overlaps) the peak
of 20:1n9, one can see artifact peaks with an ECL of 20.88. Identifying 18:5n3 on a non-polar
column with 5% phenyl silicon such as SLB-5 or one similar, where the ECL is equal to 17.55,
is much easier. For the identification of marine-derived FAs, FAME standard mixtures such
as Supelco 37 are often used, but these do not contain the usual marine FAMEs such as
18:1n7, 18:4n3, 20:4n3, 22:5n3, and 22:5n6. Moreover, marine organisms may have PUFAs
with C24 and C26 and even longer carbon chains. There are reports about the presence
of elaidic acid (18:1n9 trans), which is not characteristic of marine samples. Besides the
use of sophisticated equipment like GC-MS, there is a simple and convenient method of
FAME identification carried out by the calculation of ECL values. It helps identify the most
common and unusual FAs merely by comparing its own data with published tables of ECL
values, e.g., in [22]. Moreover, it allows for the calculation or prediction of ECL for new
FAs [23]. More details on ECL values for FAMEs on columns with different phases and
their MS spectra are available at Chrombox.org [24]. For very-long-chain PUFAs with the
carbon chains C24-C26, which are characteristic of the class Octocorallia, the analysis is
preferably conducted under special conditions because these FAs have very long retention
times (RTs). For example, on the common polar column Supelcowax 10 at 220 °C, the RT
for the acids 22:6n3, 24:6n3, and 26:7n3 are 28.4, 48.1, and 86.7 min, respectively. On the
non-polar column SLB-5ms with a temperature ramp of 170-280 °C (2° /min), the RT is
quite moderate, <55 min, and the separation is good. An example of a chromatogram for
total lipids in the jellyfish Rhopilema esculentum is shown in Figure 1.
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Figure 1. GC-MS chromatogram of medusa Rhopilema esculentum total lipid FAMEs on SLB-5ms column.
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3. Fatty Acids of Hexacorallia

The class Hexacorallia comprises scleractinian, black corals, tube anemones, and sea
anemones (with a total of nearly 4300 species) [1]. The major orders are Actiniaria (ca.
1200 species), Antipatharia, Ceriantharia, Corallimorpharia, Scleractinia (ca. 1300 species),
and Zoantharia.

3.1. Fatty Acids of Actiniaria

Actiniaria are soft-bodied, solitary polyps with tentacles. They are predatory animals.
In Actiniaria species, the major PUFAs are DHA, 22:5n3 (DPA3), EPA and 22:4n6, while
n3 FAs prevail over n6 acids (with an n6/n3 ratio of 0.1-0.80) (Table 1). The content of
arachidonic acid is 2.6-7.7% and is always lower than that of EPA. The total amount of
C22 PUFA is greater than that of C20 PUFA. Abyssal and cold-water species accumulate
monoenoic C20:1 and C22:1 acids. Together with marked concentrations of 18:1n9 and
DHA, these indicate feeding on zooplankton. Of particular interest is the high concen-
trations of n3 docosapentaenoic acid and 22:4n6, which are homologs of arachidonic and
eicosapentaenoic acids.

Table 1. Main FA composition of total lipids of Actiniaria species (% of total FA).

F . Bathyphelli Metridium Metridium Aiptasia Actinia Anemonia Actinostola
atty Acids . . . . . o
australais dianthus senile pallida equina viridis callosa
16:0 9.7 4.6 12.6 21.2 28.5 13.7 7.9
16:1n7 1.5 0.6 3.3 3.0 3.5 0.5 2.5
18:0 3.2 5.9 9.9 7.7 11.3 9.1 6.1
18:1n9 9.3 2.7 9.2 5.3 8.5 14 5.9
18:1n7 5.5 1.1 7.1 1.1
18:2n6 0.4 1.1 3.2 2.1 0.3 0.6
18:3n6 2.8 7.8 0.8
18:4n3 1.1 1.4
20:1n7 7.7 7.3 3.6 2.3
20:1n9 2.0 22 6.4 10.8
AA 3.1 2.6 7.7 4.80 2.8 5.8
EPA 14.0 27.1 12.5 41 9.1 28.7 14.1
22:1 34 49 0.8 14.6
22:4n6 2.0 4.2 8.6 8.0 0.3 8.1 5.9
22:5n3 6.0 12.0 1.2 3.6 12.3 9.3
DHA 115 19.0 17.9 229 5.2 0.3 9.9
18:1n9/n7 1.7 NA NA 5.0 1.3 NA
n6/n3 0.11 0.79 0.58 0.4 0.27
20:1+22:1 13.5 4.9 0.8 24 10.0 27.5
. . [29] [30] .
References [25] abyssal [26] abyssal [27] littoral [28] tropical [31] batial

temperate aquarium

In [32], the authors compared the effects of symbiotic dinoflagellates (Symbiodinium
muscatinei) and chlorophytes (Elliptochloris marina) on lipids of the common sea anemone,
Anthopleura elegantissima. In general, the authors noted an increased total concentration
of FAs in A. elegantissima with symbionts, but the results were not complete (because a
standard MEFA Supelco 37 mixture lacks some common marine acids such as 18:4n3,
18:5n3, and 18:1n7). In [33,34], a set of new FAs, including non-methylene interrupted
(NMI) dienoic and trienoic acids C18-C23, brominated FA, etc., were identified in phospho-
lipids. In abyssal Actiniaria species, the uncommon FA 21:4n7 was detected at 2.3% and
tetracosahexaenoic acid (TPA) 24:6n3 at 0.8% [35]. In a discussion of the first communica-
tion on tetracosapolyenoic acids in Cnidaria [36], the authors mentioned that “among all
other coelenterates studied (class Hydrozoa: order Leptolida: class Hexacorallia: orders
Actiniaria, Zoantharia, Ceriantharia, insignificant amounts of TPA were found (up to 1%)”.
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In [37], the FA compositions of three species of bathyal sea anemones were studied, and
high proportions of mono- and polyunsaturated fatty acids (MUFAs and PUFAs), as well
as n3 FAs, and unusually low proportions of arachidonic acid were found. High values
of 20:5n3, 20:1n9, and 22:1n11 suggested feeding on zooplankton. In [38], low contents
of DHA in neutral lipids (NLs) and PLs (0.4-2.6%) and AA (2.7-4.7%) were reported for
the red and green forms of the Black Sea Actinia equina. In the paper, the structure and
marked concentrations of the less common fatty acids 22:4n6 and 22:5n3, previously found
in another sea anemone species, were well described.

3.2. Fatty Acids of Antipatharia and Zoantharia

The major PUFAs in black thorny coral (Stauropathes arctica), which is a cold-water
antipatharian, are fatty acids of the n3 family, 22:5n3 and EPA, constituting 17.1 and
10.6%, respectively [39], (Table 2). Arachidonic acid (AA) and DHA, which are common
for Cnidaria, have only minor proportions, 1.5 and 1.6%, with a low n6/n3 ratio (0.11).
The proportion of saturated acids is also low, 10%, while that of the monoenoic acids
C20:1 and 22:1 is 34.5%. This suggests a mainly zooplankton-based diet. In Palythoa [40],
octadecapentaenoic acid has been detected, which, together with 18:3n6 and 18:4n3, clearly
indicates the presence of zooxanthellae.

Table 2. Major fatty acids of Antipatharia and Zoantharia corals (as % of total FAMEs).

. Antipatharia Zoantharia Palythoa 5 Zoantharia Palythoa Zoantharia P.
Fatty Acids . . . .
Stauropathes arctica Species caesia caribaeorum
16:0 6.42 18.1-26.4 29.5 43
16:1n7 1.85 3.4-99 43 33
18:0 1.35 14.9-45 9.9 6.2
18:1n9 6.01 4.0-8.9 3.9 1.4
18:1n7 6.95 6.5-1.5 14 1.2
18:2n6 0.47 0.8-2.9 1.1
18:3n6 0.04 1.7-3.6 2.3
18:4n3 0.79 0.9-3.8 3.2 49
18:5n3 + 0.42
20:1n9 14.47 0.5-1.5 0.7 0.8
20:1n7 1.85 0.2
20:4n6 1.48 1.2-15.0 10.3 5.2
20:5n3 10.61 - 34
22:6n3 1.61 0.0-1.9 23
22:5n3 17.08 3.8-10.1 6.5 3.0
22:4n6 1.39 1.2-15.0 4.6 48
22:1n9 7.48 0.3 0.5
22:1n11(13) 8.65
C20:1+C22:1 34.6 1.6
Odd + Br 1.1 5.3-8.9 5.8
16:1n7+18:1 n7 8.8 51-17.4 5.7 5.5
References [39] [40] [41] [34]

In zoantharian species of the genus Palythoa, the major PUFAs are AA, DPA3, 22:4n6,
and AA. The contents of EPA and DHA are low, as well as those of C20:1 and 22:1 acids.
In [42], a statistical analysis of the distribution of 10 major PUFAs was carried out for 66
hexacoral and octocoral species. For nine species of Palythoa and Zoanthus, the Zoanthidae,
the data were similar to those presented in Table 3. In [40,41], the uncommon acid 18:5n3,
characteristic of symbiotic dinoflagellates, was found. Thus, the detection of the acids
18:3n6, 18:4n3, and 18:5n3 indicated the presence of symbiotic dinoflagellates [43]. In [41],
two azooxanthellate species of Palythoa showed AA as a major fatty acid (8-10%), much
lower levels of EPA and DHA (ca. 2%), and noticeable amounts of 22:4n6 (ca. 3.5%) and
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22:5n3 (ca. 5%). The authors of [42] considered concentrations of only five major n3 and
five n6 acids.

3.3. Order Scleractinia

According to [44], this order comprises 1363 extant species from the major families
Acroporidae (270 species), Agariciidae (47), Caryophylliidae (307), Dendrophylliidae (187),
Fungiidae (54), Lobophylliidae (60), Merulinidae (152), Pocilloporidae (55), Poritidae (100),
and Turbinoliidae (70). Initially, the data on the FA composition of scleractinian corals
were somewhat contradictory and incomplete. The first screening of FAs in Caribbean
Scleractinia was conducted by [45]. However, since there were some drawbacks in the lipid
isolation method and FAME analysis, the data presented have only a limited value. Later
on, the authors of the study [46] compared the PUFA contents and compositions between
eight species of corals from the depths of 2-5 and 25-30 m and suggested that the relatively
high levels of PUFAs, such as 22:5n3 and 22:6n3 in the species from the depths of 25-30 m,
compared to those in shallow-water species, might be derived from food (copepods), while
for the species from the depths of 2-5 m, the main source of FAs might be symbiotic
zooxanthellae. In [47], a more advanced FA analysis method was applied for Scleractinian
corals from the families Acroporidae, Pocilloporidae, Poritidae, and Dendrophylliidae from
Vietnam and the Seychelles (Table 3).

Table 3. FA composition (% of total FAMESs) of scleractinian corals from the families Acroporidae,
Seriatoporidae, Poritidae, and azooxanthellate Dendrophylliidae from Vietnam (V) and the Seychelles
(S) [47].

Acropora Acropora Acropora Seriatopora  Stylophora  Stylophora  Pocillopora Pocillopora  Porites Goniopora  Tubastrea
Fafty nasuta millepora florida caliendrum  pistillata pistillata damicornis  verrucosa lutea sp. coccinea *
Acids \% A% \% S S \% v A% \% v S
16:0 38.6 245 33.1 24.0 21.8 41.0 445 417 49.1 17.2 7.2
16:1n7 1.0 1.0 1.2 2.1 29 3.0 3.1 2.3 19 3.5 5.9
18:0 7.3 9.3 9.0 6.5 4.6 10.6 10.2 8.0 7.2 57 4.2
18:1n9 8.0 2.2 3.2 13.3 14.4 5.5 4.9 7.0 3.8 11.7 23.3
18:3n6 5.8 9.5 8.2 2.7 3.1 5.4 4.1 2.6 9.7 45 0.4
18:4n3 2.6 6.6 5.1 17 13 14 0.8 3.3 2.9 2.3 0.7
20:1 0.7 1.1 1.0 0.9 0.7 14 1.1 2.6 0.9 5.9 3.0
20:3n6 1.9 2.4 0.3 11.3 12.3 7.2 7.6 3.2 1.6 3.6 0.8
20:4n6 7.1 7.2 11.0 4.8 43 17 2.0 1.8 2.3 13.3 7.8
20:5n3 0.8 10.4 6.9 2.6 2.0 14 1.4 3.2 3.3 4.1 14.9
22:4n6 4.3 6.0 6.3 15 18 1.0 0.9 13 14 3.3 47
22:5n3 0.9 3.0 12 12 13 45 04 0.7 0.8 1.0 16.4
22:6n3 10.8 12.6 6.7 16.9 16.4 8.8 9.5 10.4 5.3 15.7 14
PUFA 404 59.6 49.4 485 50.4 31.5 30.5 30.0 29.3 53.8 52.0
(n3/16) 0.6 12 0.7 0.9 1.0 0.7 12 17 0.8 0.8 2.1

? Azooxanthellate species.

There the major FAs were 16:0, 18:0, 18:1n9, 20:4n6, 20:5n3, 22:4n6, and 22:6n3. Some

of the coral families had significant levels of characteristic FAs: 20:3n6 for Pocilloporidae,
18:3n6, 18:4n3, and 22:4n6 for Acroporidae, and 18:3n6 for Poritidae. The noticeable
amounts of 18:3n6 and 18:4n3 indicated the input of symbiotic microalgae. Two asymbiotic
species of Tubastraea, from the family Dendrophylliidae, showed the major FAs 18:1n-9
(23.3-26.4%), EPA, AA, and 22:5n3. The concentration of DHA, 18:4n3, and 18:3n6 in
these species was low, nearly 2%. Of particular note was that the azooxanthellate species
of Tubastraea had high concentrations of AA and EPA and their C22 homologs, 22:4n6
and 22:5n3. The contents of some common acids such as 18:1n7, 18:2n6, 20:1n7, 20:2n6,
and 22:2n6 were no higher than 2%. The content of branched- and odd-chain acids of
bacterial origin was also insignificant. In addition, the authors found differences in the
FA composition between the same species from different geographic places and depths
of sampling. An even more extensive FA study of 16 species of reef-building corals was
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published later [48]. There, in addition to the above-mentioned families, corals of Faviidae,
Pectiniidae, and Fungiidae were also analyzed (Table 4).

Table 4. Total FA composition (as % of total lipids FAME) in scleractinian corals from the fami-
lies Agariciidae (mean of 2 species), Dendrophylliidae (mean of 5 species), Euphylliidae (mean of
2 species), Faviidae (mean of 5 species), Fungiidae (mean of 3 species), and Pectiniidae (mean of
2 species) [9,48].

Agariciidae Dendrophylliidae Euphylliidae Faviidae Fungiidae Pectiniidae
Fatty Acids Pavonaria Turbinaria * Balanophillia sp. * Euphyllia Favia Fungia Echinophyllia

16:0 37.3 32.6 9.5 38.3 40.4 46.7 35.1
16:17 22 3.0 3.2 37 3.7 1.8 3.9

18:0 7.8 6.4 6.1 5.8 4.5 8.6 5.6
18:19 6.0 4.6 20.5 6.0 7.6 42 8.3
18:1n7 1.0 1.1 3.4 1.0 1.1 0.7 1.2
18:2n6 14 21 1.5 22 1.6 15 3.1
18:3n6 6.5 11.2 0.9 6.3 10.8 6.4 8.3
18:4n3 1.6 3.1 0.6 1.6 1.2 1.1 1.9
20:1n9 24 0.2 1.9 0.3 0.4 0.4 0.7
20:3n6 2.7 1.7 1.1 39 1.9 22 2.7
20:4n6 6.7 8.4 109 11.2 4.6 55 6.4
20:5n3 1.9 2.0 7.3 2.5 0.8 1.8 1.5
22:4n6 29 3.3 6.7 2.6 2.1 29 1.9
22:5n3 2.3 4.6 13.0 0.4 6.7 2.6 5.5
22:6n3 7.9 7.2 1.7 8.6 3.6 6.9 55
n6/n3 1.6 1.6 1.0 1.0 17 15 1.5

* Azooxanthellate species.

In general, the data reported by [9,47,48] were similar. In two Favia species, the major
PUFAs 18:3n6, AA and 22:5n3 and a low level of EPA were found. In Balanophillia sp., in the
family Dendrophylliidae, 18:1n9 was a major acid (20.3%). The polyunsaturated FAs were
DHA (9.2%), AA (3.4%), DPA3 (2.3%), and 18:3n6 (2.4%). The levels of the rest of C18-C22
PUFAs were no higher than 2% each.

The most noteworthy results were obtained through the statistical processing of
FA analysis data. In [47,48], principal component analysis (PCA) was performed, using
10 variables (the square root of the selected unsaturated fatty acid content), of the FAs
18:1n-9, 18:1n-7, 20:1n9, 20:1n7, 20:4n3, 20:5n3, 22:4n6, 22:5n3, and 22:6n3. Figure 2 shows
the relationships between the FA compositions and taxonomy of 35 reef-building coral
specimens. The four families of corals can be recognized in the score plot.
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Figure 2. Multidimensional scale analysis performed using ten FAs selected as marker variables.
Filled circles are for Acroporidae; filled squares for Pocilloporidae; filled triangles for Poritidae; open
circles for Faviidae; open squares for Dendrophylliidae; filled rhombi for Pectiniidae; and open
rhombi for Fungiidae. The plot is redrawn from [48].
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4. Octocorallia
4.1. Alcyonacea

The FA composition of the families Alcyoniidae and Nephtheidae was analyzed in [48]
and are here presented in Table 5. The polyunsaturated FAs 24:5n6 and 24:6n3 (TPA) were
the most characteristic of all Alcyonacea, comprising 3.1-10.03% in them. The highest level
of TPA was found in the azooxanthellate species of Dendronephthya. The major FAs were
16:0 (up to 35%), arachidonic acid (9.4-19.7%), and 18:3n6 (up to 10.6%). In all species,
the EPA content was only 2.1-5.9%, and the DHA content was 2.1-6.9%. The n6/n3 ratio
was always >1 (Table 6). Most species had high concentrations of the uncommon fatty
acid 16:2n7 (0.3-9.4%). The contents of the C20:1 and C22:1 fatty acids, which indicate
feeding on zooplankton, were low. In most species, there were marked concentrations
of the C18 PUFAs 18:3n6 and 18:4n3, which are typical of symbiotic zooxanthellae [43].
Two (zooxanthellate and azooxanthellate) species of Nephtheidae had a difference in the
contents of 18:3n6 (7.9-0.40%), EPA (5.9-1.4%), and TPA (6.4-10.3%). It was reported that
the main sources of the fatty acids 16:2n-7, 20:4n6, and 20:5n3 were, respectively, protists,
zooplankton, and phytoplankton that corals fed on [49]. Obviously, zooxanthellae was the
main food source for Alcyonacea. Only Lobophytum and Sarcophytum had noticeable levels
of bacterial FAs (8.3 and 3.9%). These data generally supported the results of previous
studies where 10 Dendronephthya species had been analyzed (the major FAs were AA (15.3%)
and TPA (17%)) [48].

Table 5. Main FA composition of total lipids in Alcyonacea (% of total FA) [50] (sp—means number
of investigated species).

Alcyoniidae Nephtheidae

FA Klyxum molle Cladiella 3 sp. Lobophytum 5 sp. Sarcophytum 6 sp. Sinularia 12 sp. Nephthea Dendroneph thya 3 sp. *
16:0 13.60 34.60 29.24 29.29 27.43 20.30 28.67
16:1n7 5.20 4.00 2.64 2.87 3.15 0.90 2.17
16:2n7 0.40 0.30 5.92 9.43 4.74 4.43
18:0 6.00 8.30 6.06 5.29 6.22 15.80 8.60
18:1n9 5.00 4.90 2.46 3.16 2.38 4.10 3.10
18:1n7 0.30 0.40 0.70 0.57 0.43 0.10 0.87
18:2n6 1.70 2.60 0.45 0.20 1.02 2.40 1.00
18:3n6 10.60 9.40 0.17 0.37 7.40 7.90 0.40
18:3n3 0.20 0.10 0.24 0.77 0.31 0.20 0.33
18:4n3 8.70 3.70 2.86 4.30 2.79 2.60 1.97
20:1n9 0.20 0.20 0.16 1.05 0.15 0.20 0.30
20:4n6 19.70 9.40 19.50 18.27 15.78 18.00 15.33
20:4n3 0.30 0.10 0.58 0.47 0.90 0.70 0.87
20:5n3 4.80 2.10 1.96 1.53 2.78 5.90 1.43
22:5n6 0.10 0.10 0.30 0.27 0.23 0.20 1.10
22:6n3 6.90 5.20 2.10 2.50 4.82 3.20 2.47
24:5n6 5.50 2.20 4.82 5.63 498 4.80 8.40
24:6n3 1.20 0.90 1.18 0.83 1.94 1.60 1.63
C24 PUFA 6.70 3.10 6.00 6.46 6.93 6.40 10.03
n6/n3 173 1.99 2.88 2.39 2.25 2.49 2.94
Odd+Br 1.10 0.60 8.28 3.90 2.52 0.57 5.60

2—azoxanthellate species.

4.2. Gorgonacea

For Gorgonacea species, the absolute dominance of arachidonic acid (up to 47% in
Echinogorgia sp.) and high levels of C24 PUFA were typical (Table 6). The azooxanthellate
species Leptogorgia piccola had the highest content of TPA, 21.1%. Other major FAs were
16:1n7, 20:5n3, 22:5n6, 22:6n3, 24:5n6, and 24:6n3. The content of common C18 and C20
acids such as 18:2n6, 18:4n3, 20:1n9, and 20:3n6 was no higher than 2%. Bacterial odd-
and branched-chain FAs were detected in quite noticeable amounts (up to 5.2% of total
FAs). The average ratio of oleic to cis-vaccenic acids, 18:1n9/18:1n7, was 17.9 and 1.5 for
zooxanthellate and azooxanthellate species, respectively. Thus, the zooxanthellate species
of Rumphella showed marked levels of 18:3n6 and 18:4n3, characteristic of endophotosym-
bionts. The FAs of the n6 series were dominant PUFAs in the species under study; the
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n6/n3 ratio ranged from 2.7 to 17.1 with an average of 7.0. I did not find any significant
difference between zooxanthellate and azooxanthellate coral species in the n6/n3 ratio.
Large amounts (up to 10%) of uncommon furanoic FAs (F-acids, containing a furan ring in
the hydrocarbon chain) were detected in azooxanthellate Gorgonacea [51].

Table 6. Main FA composition (% of total FAs) of zooxanthellate and azooxanthellate Gorgonacea
species from the families Melithaeidae, Acanthogorgiidae, Nidaliidae, Plexauridae, Elliselliidae,
Paramuriseidae, and Gorgoniidae [51] and data for Leptogorgia piccolo [52].

F . Acabaria Acanthogorgia  Chironephthya Echinogorgia Ellisella Menella Leptogorgia Rumphella
atty Acids P LA . . z
erythraea isoxia variabilis sp. plexauroides praelonga piccola aggregate
16:1n7 1.10 2.10 1.50 1.60 1.07 1.87 4.8 2.65
16:0 7.50 11.87 11.07 14.00 8.90 8.83 9.7 32.95
18:3n6 0.10 0.10 0.6 1.10
18:4n3 0.40 0.17 0.10 0.13 0.27 2.15
18:2n6 0.90 1.03 1.37 0.70 0.90 0.83 1.0 0.65
18:1n9 2.40 3.27 4.03 3.10 2.67 2.13 2.5 3.85
18:1n7 1.90 2.13 1.63 2.20 2.53 1.93 32 0.35
18:0 6.50 6.17 5.80 5.30 740 5.30 7.0 9.60
20:4n6 37.20 38.77 40.43 47.60 39.30 39.70 20.5 13.15
20:5n3 1.70 3.27 1.90 2.20 1.97 3.67 8.0 2.05
22:5n6 5.70 113 0.70 0.20 0.90 1.27 15 0.10
22:6n3 3.90 2.53 1.37 0.80 2.90 2.60 3.8 1.60
22:4n6 0.60 3.83 0.70 0.40 8.97 3.93 2.8 0.65
24:5n6 14.50 7.50 12.33 8.90 3.10 9.13 15.8 3.40
24:6n3 2.30 2.40 1.30 2.60 1.40 2.93 5.3 0.20
Sum TPA 16.8 9.90 13.63 11.50 4.50 12.06 21.1 3.60
Odd+Br 2.50 4.53 5.67 5.20 5.17 4.20 2.3 3.0
20:1+22:1 0.60 1.60 1.05 1.30 1.85 0.60

Z Zooxanthellate species.

Table 7 shows the FAs of azooxanthellate, the zooxanthellate species of Gorgonacea,
and gorgonarian Bebryce sp. with a sponge symbiont [51]. The arachidonic (20:4n6) and
palmitic (16:0) acids were dominant in all the species. However, the azooxanthellate
species had a 2-3-fold lower content of 16:0. The arachidonic acid content was 40.5%,
and the sum of n6 acids reached 54.5% of total FAs in the azooxanthellate species. The
contents of EPA and DHA were nearly 2.5%. Bacterial odd- and branched-chain FAs were
detected in quite a noticeable amount, up to 6.1% of total FAs, in Bebryce sp. The total
content of tetracosapolyenoic acids was substantial in all species and reached 11.4% in the
azooxanthellate species. Bebryce sp. with a symbiotic sponge had 17.2% of demospongic
acids with C25, C26, and C28 carbon atoms, which are major FAs in marine and fresh-water
sponges of the class Demospongiae [53].

Table 7. Main FA (% of total FAMEs) composition of azooxanthellate, zooxanthellate species of
Gorgonacea and Bebryce sp. with a sponge symbiont [51].

Azooxanthellate Gorgonacea Zooxanthellate Rumphella Bebryce sp. with Sponge

Fatty Acids Mean of 6 Species aggregata Symbiont
16:1n7 1.54 2.65 1.9
16:0 10.36 32.95 8.9
18:3n6 0.1 1.1 -
18:4n3 0.21 2.15 0.3
18:2n6 0.96 0.65 0.7
18:1n9 293 3.85 1.8
18:1n7 2.05 0.35 21
18:0 6.08 9.6 54
20:4n6 40.5 13.15 21.7
20:5n3 245 2.05 2.0
22:5n6 1.65 0.1 4.2
22:6n3 2.35 1.6 3.6
22:4n6 3.07 0.65 1.1
24:5n6 9.24 34 7.2
24:6n3 2.16 0.2 0.5
n6/n3 7.5 29 5.3
Odd & Br 4.55 3.0 6.1
20:1+22:1 1.07 0.6 1.2
Demospongic acids * 17.2%

* Demospongic acids: A5,9-25:2, A5,9-26:2, A5,9,19-26:3, and A5,9,19-28:3.
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4.3. Helioporacea and Stolonifera

Helioporacea comprises only two monogeneric families that are unique among oc-
tocorals in producing calcified skeletons of crystalline aragonite. The well-known blue
coral, Heliopora coerulea, is distributed widely across the Indo-Pacific where it is a common
member of shallow coral reef communities. The enigmatic genus Epiphaxum is known from
only a few localities at depths of 50-400 m. The phylogenetic relationships of these two
families to one another and to other Octocorallia remain uncertain [1]. The FAs in H. coerulea
have been analyzed only in two studies [48,54] (Table 8), whose data look contradictory:
one sample has 18:3n6 as the major PUFA. Furthermore, both samples demonstrated the
lowest level (0.2-0.9%) of arachidonic acid found in Octocorallia. Another feature of the
FAs from H. coerulea is the lowest content of tetracosapolyenoic acids, with approximately
2% of 24:6n3.

Table 8. Major fatty acids (% of total FAMESs) in Helioporacea (Heliopora coerulea) and Stolonifera
(Clavularia sp. and Carijoa riisei).

Fatty Acids H. coerulea H. coerulea Clavularia sp. Carijoa riisei Carijoa riisei
16:0 40.9 455 14.7 74 20.4
16:1n7 3.1 2.3 1.6 0.7 0.6
18:0 7.3 6.6 2.7 4.7 24.6
18:1n9 3.1 2.4 4.0 4.9 8.2
18:1n7 0.2 0.8 0.3 - 0.2
18:2n6 2.1 32 6.3 1.8 1.6
18:3n6 15.1 1.0 0.5 9.4 4.8
18:4n3 3.5 2.7 8.3 10.6 4.6
20:3n6 0.9 03 0.9 0.9
20:4n6 0.2 0.6 21.6 17.7 74
20:5n3 5.4 10.2 7.5 114 5.8
22:4n6 0.4 - 0.7 0.2
22:5n3 0.5 1.8 2.6 - 0.1
22:6n3 4.7 9.9 10.5 73 3.2
24:5n6 - - 2.4 8.9 4.0
24:6n3 1.7 2 0.4 21 0.8
References [54] [48] [48] [48] [48]

The major PUFAs in Carijoa riisei (azooxanthellate) and Clavularia sp. are AA, 18:4n3,
EPA, DHA, and 24:5n6. Of particular interest is the high concentrations of FAs 18:3n6 and
18:4n3, which, together with 18:5n3, are typical of symbiotic zooxanthellae. The study [42]
showed AA as the major PUFA (24.2%) and EPA, 22:4n6, and DHA, with levels of nearly
3% each in C. riisei. In the cited article, data on only the five major n3 and five n6 PUFAs
were presented.

4.4. Pennatulacea

Sea pens, or pennatulaceans, are a highly specialized group of Cnidaria. They are
benthic sessile animals adapted to living partially buried in sediment. Sea pens are en-
countered all over the world’s oceans and seas and at almost all depths (from the intertidal
zone to depths greater than 6100 m). Many deep-sea species have nearly cosmopolitan
distributions in such habitats [55]. Sea pens are colonial animals with multiple polyps
possessing eight tentacles. A single polyp develops into a rigid, erect stalk (rachis) and
loses its tentacles, forming a bulbous ‘root” or peduncle at its base.

There are plenty of data on the FA composition of Pennatulacea species, but most
publications do not show the presence of the tetracosapolyenoic acids 24:5n6 and 24:6n3,
which are major components (constituting up to 20% in total) (Table 9). In deep-sea
species, the prominent components were EPA, C20:1 and 22:1 acids, with n3 > n6 in most
samples, but in the shallow-water Rennilla koellikeri, a high content of AA was found. In
all species, the DHA content was low (within the range of 0.5-3.4%), and only in the
NLs of the deep-sea Pavonaria finmarchica did it reach 9.4%. Information on the FAs of
Pennatularia species is generally insufficient and somewhat contradictory. One of the
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issues is the use of different analytical protocols. In [41], the FAs of pennatulaceans had
higher contents of 20:5n3, 22:5n3, 22:4n6, and 24:6n3 and lower contents of 18:4n3 and
24:5n6 compared to those of alcyonaceans. Also, the authors found a similarity of the
FA profile with that of the azooxanthellate Pseudopterogorgia sp. [39] and carried out an
extensive comparative analysis of FAs (without TPAs, as they used a too short analysis
time) in cold-water Cnidaria, including 25 samples of sea pens, 16 samples of Gorgonians,
and 32 samples of soft corals. Soft corals and gorgonians (the order Alcyonacea) were
close in composition and likely fed on phytodetritus resulting from algae, macrophytes
and/or foraminifera, while sea pens (the order Pennatulacea) seemed to consume more
diatoms and/or zooplankton. The study [56] described the occurrence of TPAs in the
stenophagous nudibranch mollusk Armina maculata that feeds exclusively on the sea pen
Veretillum cynomorium. There is also experimental evidence that TPAs are retained in tissues
of A. maculata, even after 30 days of starvation [57]. In abyssal Pennatulacea species, the
uncommon acid 21:4(n-7) was found [35].

Table 9. Pennatulacea FA composition (% of total FAMEs) of genera Pennatula, Pavonaria, Malaco-
belemnon, and Veretillum.

FA Pennutula. aculeate i Pavom.zriu P. finmarchica NL Rennilla I.mellikeri Cy:z::[?g:z ® Sea Per.ls (25
(3 Specimens) finmarchica PL (2 Specimens) Speci Species)
pecimens)
16:0 7.3-8.9 49 8.7 16.1-17.7 8.3-10.9 12.6
16:1n-7 3247 0.9 5.0 1.6-2.3 1.2-1.8 43
17:0 0.6-0.7 0.4 22 2.2-3.0 1.2-14
18:0 2.1-2.6 1.3 0.6 8.0-9.5 5.9-6.8 2.6
18:1n-9 5.6-9.7 2.3 11.3 1.8-2.2 1.2-2.7 10.2
18:1n-7 5.1-7.2 - - 3.3-4.2 2.0-2.7 3.7
20:1n-9 12.8-14.0 12.2 10.3 0.9-1.8 0.4-0.6 8.1
20:1n-7 3.0-3.4 0.7-1.1
20:4n6 9.0-15.7 43 1.2 31.4-41.9 6.2-10.0 4.6
20:5n3 8.5-15.7 38.3 19.8 4.4-18.3 9.0-12.4 171
22:1n-11 10.9-11.4 0.3 2.1 82
22:1n-9 43-4.7 0.2 48
22:4n6 5.5-8.9 0.6 0.3 2.5-39 1.2
22:5n3 22-2.7 0.3 0.4 0.9-1.3 1.2
22:6n3 1.0-2.2 2.5 9.4 0.7-1.3 0.8-2.2 3.4
24:5n6 ND 6.0 3.6 ND 0.8-1.0 ND
24:6n3 ND 18.0 16.4 ND 7.7-11.5 ND
n3/n6 4.8 6.7 0.21-0.48 2.02-2.88 3.04
C20:1+C22:1 18.2-19.5 12.5 124 24.48
References [31] deep sea [36] deep sea [36] deep sea [58] shallow water [59] shallow water [39] deep sea

5. Medusozoa
5.1. Cubozoa, Order Cubomedusae

Cubozoa is a class of the phylum Cnidaria currently comprised of only 36 valid
species [1]. Cubozoans are also known as box jellyfish, usually small in size. Their tentacles
are located at the corners of the square umbrella margin. The venom of cubozoans is
lethal to humans. The data on cubozoans’ lipids and FAs are limited to a relatively old
communication [60]. Four analyzed species showed similar FA compositions. The major
PUFA were n3 family: 22:5n3, EPA, and DHA (Table 10). The content of AA was low;
the level of n6 acid was increased due to the presence of the less common FA 22:4n6
only in Maeotias inexpectata. According to the published database of FA microalgae [61],
significant amounts of the fatty acid were found in microalgae from Prymnesiophyceae,
Cryptophycea, and Bacillariophyceae. These microalgae are likely used as food or/and
symbionts. The contents of C18 PUFA and C20:1 and C22:1 acids were generally low, 2-5
and 1.1-2.0%, respectively.
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Table 10. Major FA (% of total FAMEs) in the cubozoan families Olindiidae, Bougainvilliidae,
Chirodropidae, and Tamoyidae [60].

FA Maeotias inexpectata Nemopsis bachei Chiropsalmus sp. Tamoya haplonema
16:0 9.5 8.5 17.6 8.5
16:1 2.6 18 49 2.0
18:0 10.1 9.1 10.4 9.3
18:1 4.7 3.7 6.6 6.6
18:2n6 1.0 12 12 12
18:3n3 0.4 2.0 0.8 05
18:4n3 0.5 2.3 0.23 0.7
20:0 03 17 0.3 0.2
20:1 0.8 2.0 13 11
22:1 0.5 0.5
AA 13 3.3 3.3 5.0
EPA 2.6 19.1 17.6 18.4
22:4n6 13.4 2.5 3.1 3.3
22:5n6 1.6 0.7 0.7
22:5n3 21.2 14.7 17.6 18.4
DHA 16.3 20.0 6.7 15.3
(n3)/n6 24 8.8 7.6 54

5.2. Hydrozoa

Hydrozoa is a speciose class of Cnidaria comprised of more than 3500 species. They
form colonies of polyps and free-swimming medusa [1]. Most hydrozoans are predators
or filter feeders. A few species have symbiotic zooxanthellae. Colonial polyps can secret
chitinous or calcareous coatings similar to that in Scleractinia.

Family Milleporidae

Corals of the genus Millepora are known as fire coral for their painful stings to humans.
They look like Scleractinia corals but are related to Hydrozoa. The species are characterized
by the dominance of C22 PUFA 22:4n6, 22:5n6, and 22:6n3 and low levels of AA and EPA
(Table 11). The n3/n6 ratio varies between 2.0 and 5.1. The fatty acids of Millepora species
and scleractinian reef-building corals differ in many features (Table 4). The samples from
Okinawa [62] had unexpectedly very low concentrations of PUFA, only 21.4%. This can be
explained by the accumulation of neutral lipids with a high concentration of saturated and
monoenoic acids.

Table 11. Major FA composition (% of total FAs) of hydrozoan corals of the genus Millepora from
Vietnam (V) and the Seychelles (S) [47,62].

Fatty Acid Millepora sp. M. M. dichotoma M. M. dichotoma M. murrayi
y A\ platyphylla V A\ platyphylla S S Okinawa
16:0 6.3 23.6 19.8 17.6 18.9 29.0

16:1n7 - 0.1 - 0.2 - 1.0
18:0 7.1 154 153 21.3 194 17.4
18:1n9 14 6.1 3.9 2.4 3.2 2.8
18:2n6 0.6 0.1 0.4 0.7 2.1
18:3n6 0.2 0.2 0.4 2.4
18:4n3 6.9 15 1.9 52 48 10.8
20:0 3.3 5.5 - - -
20:1n9 0.3 0.2 04 6.3 6.1 -
20:4n6 0.4 0.7 - 0.3 1.0 0.3
20:5n3 1.1 0.4 0.8 0.4 0.6 -
22:4n6 3.8 2.6 3.5 4.6 3.7 -
22:5n6 8.3 6.8 7.3 10.0 8.5 -
22:5n3 - 0.4 1.1 0.7 0.9 0.3
22:6n3 61.5 32.0 33.3 275 28.0 1.7
Saturated 14.0 39.0 40.0 62,2
PUFA 83.9 51.0 49.6 21.4
n3/n6 51 23 3.3 2.0 2.3

5.3. Families Physaliidae and Velellidae

The Portuguese man-of-war Physalia physalis (the family Physaliidae) and the wind
sailor Velella velella (the family Velellidae) are two pleustonic hydrozoan species. Physalia
physalis inhabits tropical and subtropical waters, while V. velella occurs in warm and
temperate waters. In both species, DHA, EPA and 18:4n3 as major PUFAs and a very low
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content of n6 acids were found, while the n3/n6 ratios were 10.8 and 12.4 [63] (Table 12). The
presence of C18 PUFA suggested the existence of zooxanthellae. The difference between
the two species was not significant. However, previous data on Physalia FAs [64] and
unpublished results showed arachidonic acid as a major component, and the n3/n6 ratios
were only 1.0 and 1.7. In all species, the contents of C20:1 and C22:1 and odd- and branched-
chain acids were low.

Table 12. FA composition (% of total FAs) of the hydrozoan families Physaliidae and Velellidae.

Fatty Acids Physalia physalis Physalia physalis Physalia physalis Velella velella
16:0 22.6 17.5 224 16.0
16:1n7 3.9 12 0.8 12
7M7-16:1 3.2 6.1

17:0 1.0 11 12 0.4
18:0 9.1 15.4 9.9 5.0
18:1n9 5.1 34 49 7.3
18:1n7 1.6 0.9 12 0.5
18:2n6 14 0.6 12
18:3n6 0.5 0.8 0.9
18:3n3 0.9 0.4 1.0
18:4n3 12 0.2 2.1 3.8
20:1n9 0.6 12 0.5 42
AA 9.1 13.2 0 0.3
20:3n3 0.1 2.3 0.1
EPA 77 5.4 6.5 7.8
22:4n6 0.7 2.2 0.3 05
22:5n6 43 6.7 1.6 0.5
22:5n3 1.1 14 19 14
DHA 15.5 16.2 22.9 27.6
n3/n6 17 1.0 12.5 10.9
Reference [64] - [63] [63]

5.4. Hydromedusae

Hydromedusae are a diverse group (>800 species worldwide), in which most repre-
sentatives are <10 mm in size. All species are carnivorous, capturing prey with specialized
stinging cells referred to as nematocysts. Most hydrozoans show an alternation between
the polyp and medusa phases. The difference between most hydrozoans and scyphozoans
is that the polyp stage in the former usually predominates, with medusae small in size
or sometimes absent. The major FAs in all species were DHA and EPA (Table 13). The
contents of arachidonic and other n6 acids were generally low, 0-1.4%, and the n6/n3 ratio
was no greater than 0.1%. Only Aequorea victoria was distinguished by marked quantities
of both 20:4n6 and 22:5n6. In most species, the presence of high levels of such acids as 20:1,
22:1, and 18:1n9 was associated with carnivorous feeding.

Table 13. Main FA composition (% of total FAs) of the Hydromedusae families * Thecata, ® Rhopalone-
matidae, ¢ Bythotiaridae, and d Physaliidae.

FA Aequorea victoria®  Arctapodema ampla ® Calycopsis borchgrevinki © Dimophyes arctica 4 Diphyes antarctica ¢
16:0 7.7 14.9 16.6 11.6 18.9 18 20.1
18:0 8.9 5.1 4.8 7.8 9.3 8.8 7.6
16:1n7 2.6 2.8 9.2 52 153 4.0 3.8
18:1n9 5.4 5.7 26.4 14.3 17.2 8.7 7.3
18:1n7 1.1 2 3.7 1.9 4.1 2.0 4.1
20:1n9 2.1 1.8 2.5 44 1.1 1.2 1.7
20:1n7 3.1 2 2.8 6.9 1.0 3.6 0.6
22:1n9 6.2 27 0 0.3 1.3 0.1 0
18:2n6 0.4 0.9 1.5 0.9 1.0 22 1.9
18:4n3 0.4 0.2 0.1 0.1 0.2 2.1 0.6
20:4n6 9.6 1.4 0 1.4 1.2
20:5n3 9.6 l6.4 9.6 9.9 8.2 16.5 19.1
22:4n6 0.3 21
22:5n6 44
22:5n3 1.5 0.2 2.1 5.6 0.1 0.2 0.3
22:6n3 18.8 264 7.0 16.1 10.4 16.9 17.6
Odd+Br 1.7 1.7 0.3 1.2 0.8 1.1 1.0
20:1+22:1 11.4 6.5 53 12.5 3.4 5.1 2.3
n6/n3 0.17 0.02 0.08 0.09 0.05 0.06 0.05
References [65] [66] [67] [66] [67] [67] [67]
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6. Scyphozoa

The class Scyphozoa, or ‘true medusae’, includes the orders Coronatae (mainly deep-
sea species), Rhizostomeae, and Semaeostomeae. The total number of species is greater
than 220 [1]. The most commonly known scyphozoans of the genera Aurelia, Cyanea, and
Chrysaora are usually found near beaches. Jellyfish range in size from a dozen of millimeters
to more than two meters in diameter. Jellyfish often get caught in fishing gear and nets
along with fish and then are discarded. Nevertheless, the jellyfish catch accounts for about
3% of total fish landing [68]. Jellyfish can be used as a sustainable source of high-value
compounds with biotechnological applications [7]. The largest (in size) species is Cyanea
arctica, whose tentacles may reach over 40 m in length [1]. All medusae are carnivorous, but
one of the Cassiopea species, Rhizostomeae, is known to possess symbiotic zooxanthellae.
The major PUFAs are best known and studied: EPA, DHA and AA. The proportion of
C20:1+C22:1 was high, up to 17.8% (Table 14).

Table 14. Major FA compositions (% of total FAs) of the Scyphozoa order Semaeostomeae.

FA Aurelia aurita Aurelia aurita letmea“ Cyanea capillata Chrysaom
amarckii isosceles
14:0 2.3-3.3 33 35 1.4-2.2 3.3
16:0 21.7-28.8 16.0 19.0 10.1-14.4 9.5
17:0 1.3-2.8 1.0 1.8-2.1 0.6
18:0 12.5-17.8 6.4 12.0 45-71 7.1
16:1n7 3.1-6.0 4.6 4.7 2352 3.7
18:1n9 1.4-2.6 8.9 55 4.6-7.2 4.4
18:1n7 2.2-2.4 2.6 3.1 15
20:1 0.3-0.6 20.4.8 34 6.8-12.5 6.6
22:1 3.0-10.0 32 25 1924 6.1
18:3n3 0.6-0.8 4.5 0.4 0.3-0.8 0.6
18:4n3 0.4 0.1 0.6 0.5-0.6 1.3
20:4n6 2.8-8.6 6.7 8.7 6.2-9.1 54
20:5n3 10.2-15.6 8.5 13.8 9.8-19.4 20.0
22:4n6 0.6 0.9-2.0
22:5n6 0.2-1.8
22:5n3 13-2.5 03 3.2 2.0-4.8 5.4
22:6n3 3.0-6.1 7.0 121 10.4-20.4 19.7
C20:1+C22:1 3.3-10.6 17.8 59 9.2-14.4 12.7
Reference [69] [70] [71] [72] [71]

For Atolla species, Coronatae, the major FAs were EPA, DHA, and DPA3 (Table 15).
They showed marked concentrations of the monoenoic acids 16:1n7, 18:1n7 and n9, and
20:1n9. These fatty acids are typical of carnivorous species. Three Rhizostomeae species
had 18:0,18:1n9, EPA and DHA as major FAs and much lower contents of 16:1n7, 18:1n7 and
C20:1 and C22:1 than those recorded from Atolla. The FA composition of the zooxanthellate
Cassiopea looked somewhat different [73]. The presence of 18:3n6 and 18:4n3 indicated
symbiotic dinoflagellates, but the PUFA content was low, only 18.4%. Also, there were very
low concentrations of EPA and DHA.

Tetracosapolyenoic acids have long been known as characteristic of Octocorallia. They
have been found as major acids in Alcyonacea, Gorgonacea, Pennatulacea, and Stolonifera.
However, Helioporacea shows some distinguishing features. Specimens of this taxon
collected from Vietnam had calcified skeletons of crystalline aragonite and contained only
small amounts of 24:6n3 (almost 2.0%), which were the lowest for Cnidaria. I found four
papers where TPAs were detected: Catostylus tagi contained only one TPA, 24:5n6 and
Pelagia noctiluca had the rare acid 24:4n6, while Aurelia aurita and Rhopilema asamushi had
mainly 24:6n3 (Table 16).
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Table 15. Major FAs (% of total FAs) of the Scyphozoa orders Coronatae and Rhizostomeae.

Coronatae Rhizostomeae
FA e Cotylorhiza Rhizostoma Phyllorhiza , z
Atolla wyvillei tubZrcu lata octopus pch tata Cassiopea sp.
14:0 2.0-6.1 29 5.1 7.7 3.1
16:0 16.0-20.8 26.1 27.3 26.0 26.7
18:0 2.8-11.9 242 21.7 17.7 5.4
16:1n7 5.3-2.6 1.2 3.8 3.8 1.9
18:1n9 11.8-9.0 12.8 6.8 9.3 7.25
18:1n7 7.2-4.1 1.2 3.5
20:1n9 4.6-7.3 0.8
22:1n9 0.4-0.5 - 1.5
18:2n6 2.5-14 8.3 1.6 2.4 1.65
18:3n3 1.0-0.5 1.6 1.2
18:3n6 0.9
18:4n3 0.9-5.0 2.8 4.1
20:3n6 5.1
20:4n6 042 5.3 2.8 6.2 4.5
20:5n3 16.6-15.0 5.1 9.7 6.3 1.0
22:5n3 24-9.7 1.3 1.0
22:6n3 5.6-3.9 72 5.3 74 2.6
C20:1+C22:1 48-7.8
Reference [67] [72] [70] [7] [73]

Z Zooxanthellate species.

Table 16. Major FA composition (% of total FAs) of Scyphozoa medusae with C24 and C26 PUFAs.

Fatty Acids Aurelia aurita Aurelia aurita Rhop 1lem‘u Catostylus tagi Pelagia noctiluca
asamushi
20:4n6 99+23 1.844+0.06 8.39 £3.85 7.5 18.5-9.0
20:5n3 141+19 33.28 +0.80 13.05 £3.90 13.5 14.6-10.1
22:6n3 98+16 11.20+£1.25 12.29 +£1.97 11.2 9.7-5.6
22:4n6 0.6 £0.0 0.26 4 0.02 2.35+1.96 40-24
22:5n3 11402 5.03 +0.41 5.07 +1.54 2.1
24:5n6 11£02 0.00 +0.00 0.44+0.24 39
24:6n3 93+1.8 9.48 £1.00 6.00 £1.96
24:4n6 0.69 £ 0.62 24-1.1
24:5n3 0.10 4 0.01 0.31£0.06 5.3-2.0
24:4n3 047 £0.17
26:7n3 0.55+0.27
26:6n3 0.44+0.16
26:5n3 0.63 +0.39
(n3)/n6 2.61 21.06 3.09 3.7
Y C24 PUFA 10.4 9.58 7.90 3.9 7.7-3.1
Y C26 PUFA 1.62
References [74] [75] [75] [76] [77]

Recent data on the presence of tetracosapolyenoic acids in Scyphozoa medusae suggest
a wider distribution of tetracosapolyenoic acids. As experiments have shown, TPA causes
a more pronounced inhibition of the synthesis of triglycerides and sterol esters than EPA
and DHA [78]. The hexacosapolyenoic acids (HPAs) 26:5n3, 26:6n3, and 26:7n3 were
found in Rhopilema asamushi. Their chemical structure was confirmed by GC-MS, and
their total content in Rh. asamushi was 1.6% [75]. All members of this group had high
proportions of PUFAs (48.3-66.0%); the n3/n6 ratio was 2.6-21.1. The total proportion of
tetracosapolyenoic acids in Scyphomedusae was 3.1-10.4%.

7. Summary

This review provides an overview of the available data on fatty acid (FA) compositions
for various cnidarian taxa. Obviously, for reliable results, standard methods are necessary
that allow us to analyze a very extensive set of C12—-C28 fatty acids and those with 1-7
double bonds. Otherwise, some important FAs can be omitted because of too long retention
times, like C24-C26 PUFAs or demospongic acids C24-C28 with 2-3 double bonds, or can
be destroyed, like 18:5n3 in basic transesterification.
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7.1. Class Hexacorallia

In Actiniaria species, the major PUFAs were DHA, 22:5n3 (DPA3), EPA, and 22:4n6,
with n3 FAs prevailing over n6 FAs. The content of arachidonic acid was relatively low,
2.6-7.7%, and was always lower than EPA. The total amount of C22 PUFA was higher than
that of C20 PUFA. Abyssal and cold-water species accumulated monoenoic C20:1 and C22:1
acids. Together with noticeable concentrations of 18:1n9 and DHA, they indicated feeding
on zooplankton. Of particular interest are the markedly high values of 22:5n3 and 22:4n6.

The order Antipatharia: Stauropathes arctica showed a somewhat simplified FA com-
position, the highest levels of C20 and C22 monoenoic acids (34.6%), EPA and DPA3 as
major PUFAs (with a total of 27.7%), and surprisingly low contents of AA and DHA. The
zoantharian genus Palythoa showed the dominance of the n6 acids AA and 22:4n6 and only
traces of C20:1 and C22:1. The presence of 18:3n6, 18:4n3, and even 18:5n3 indicated the
contribution of symbiotic zooxanthellae. The input of bacterial FAs was also noticeable.

The order Scleractinia: To date, these corals have been quite comprehensively in-
vestigated. The major unsaturated FAs in them were 18:1(n-9), 20:4n6, 20:5n3, 22:4n6,
and 22:6n3. Some of the coral families had significant levels of characteristic FAs: 20:3n6
for Pocilloporidae, 18:3n6, 18:4n3, and 22:4n6 for Acroporidae, and 18:3n6 for Poritidae.
The noticeable amounts of 18:3n6 and 18:4n3 indicated the input of symbiotic microalgae.
The asymbiotic specimens of Tubastrea showed a significant difference from the symbiotic
specimens. The contents of major FAs such as 18:1n9 (23.3-26.4%), 20:5n3 (10.9-14.9%), and
22:5n6 (16.4-17.3%) were multifold higher than in the symbiotic species. Also, the content
of 22:6n3 was surprisingly low (only 1.3-1.4%), while in the symbiotic species, the level of
DHAs ranged between 5.3 and 16.9%.

7.2. Class Octocorallia

The fundamental difference between Octocorallia and Hexacorallia consists of the
presence of the tetracosapolyenoic acids 24:6(n3) and 24:5n6 in the former. These FAs are
common and major components of Alcyonacea, Gorgonacea, Helioporacea, Pennatulacea,
and Stolonifera.

The order Alcyonacea: This order was characterized by the dominance of n6 acids
(with the n6/n3 ratio being 2-3). In all species, the major PUFAs were AA, 18:3n6, DHA,
EPA, 24:5n6, and 18:4n3. The high concentrations of the FAs 18:3n6 and 18:4n3 indicated
the major role of zooxanthellae in the food balance in Alcyonacea. The levels of bacterial
odd- and branched chain acids in Lobophytum, Sarcophytum, and Dendronephthya were
unusually high. The asymbiotic species had the highest concentration of tetracosapolyenoic
acids, 10.0%. The absence of zooxanthellae and lack of TPA in any available food suggest
the biosynthesis of TPA in Octocorallia.

The order Gorgonacea: Most Gorgonacea do not have zooxanthellae. They were
characterized by marked contents of major PUFAs such as arachidonic acid (up to 47.6%
in Echinogorgia sp.) and TPA (with a total of 4.5-21.1%, mainly 24:5n6). The low levels of
EPA, C20:1 and 22:1 and a noticeable concentration of bacterial FA suggest the suspension
feeding mode. Zooxanthellate Rumphella species were distinguished by the presence of FAs
typical of symbiont microalgae, 18:3n6 and 18:4n3, and a lower proportion of TPA. The
FA composition of Bebryce sp. with an unusual sponge symbiont included 17.2% of the
demospongic acids A5,9-25:2, A5,9-26:2, A5,9,19-26:3, and A5,9,19-28:3, which are major
FAs in marine and freshwater sponges of the class Demospongiae [53]. Moreover, this
species had 8.8% of odd- and branched-chain bacterial FAs.

The order Helioporacea is unique among octocorals in producing calcified skeletons of
crystalline aragonite. Lipids of Heliopora had high concentrations of the saturated acids 16:0
and 18:0 and an unexpectedly low content of AA, less than 1%. Another feature of the FAs
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from H. coerulea was the lowest content of tetracosapolyenoic acids, with approximately 2%
of 24:6n3. The major PUFAs in Carijoa riisei (azooxanthellate) and Clavularia sp. were AA,
18:4n-3, EPA, DHA, and 24:5n-6. The noticeable proportion of 18:3n6 and 18:4n3 suggests
the essential role of zooxanthellae.

The order Pennatulacea: There are plenty of data on the FA composition of Pennat-
ulacea species, but most of the publications do not report the presence of the tetracos-
apolyenoic acids 24:5n6 and 24:6n3, which are major components (with a total amount of
up to 20%). In the species with detected TPA, the rest of the PUFAs were EPA, AA, 22:4n6,
a low level of DHA, and noticeable levels of C20:1 and C22:1. A comparative analysis
of 25 sea pen samples showed that these animals apparently consumed more diatoms
and/or zooplankton.

7.3. Class Medusozoa

The order Cubomedusae is a non-speciose axon of the phylum Cnidaria, also known as
box jellyfish, usually small in size. The data on FAs in cubozoans are limited to a relatively
old communication. The major PUFAs were the n3 family: 22:5n3, EPA, and DHA. They
had noticeable levels of the symbiotic acids 18:3n6 and 18:4n3, a high n3/n6 ratio (5.4-8.8),
and low contents of C20:1 and C22:1 acids, which may be explained by the contribution
of symbiotic algae and feeding on diatoms. Maeotias inexpectata differed by low levels of
AA and EPA and an unexpectedly high content of AA and EPA homologs, the acids 22:4n6
(13.4%) and 22:5(n3) (21.2%).

7.4. Class Hydrozoa

The hydrozoan family Milleporiidae is commonly known as ‘stinging coral” or ‘fire
coral’. Millepores are voracious zooplankton feeders that can also obtain part of their nutri-
tion from autotrophic sources, i.e., photosynthetic production by symbiotic zooxanthellae.
The dominance of C22 PUFAs, especially DHA, 22:5n6 and 22:4n6, is characteristic of the
Millepora species. In some species, C20:1 acid is present in noticeable amounts. In addition,
they contain 18:3n6 and 18:4n3, characteristic of symbiotic microalgae. These data and the
exceptionally high level of DHA suggest polytrophic feeding on zooplankton, microalgae,
and symbiotic zooxanthellae.

Physalia (from the family Siphonophora) and Velella (Anthoathecata) are pleustonic
hydrozoan genera. In both, DHA, EPA, and 18:4n3 as major PUFAs and a very low content
of n6 acids were found. The n3/n6 ratios were high, 10.8 and 12.4, respectively. The
presence of C18 PUFA suggests the existence of the zooxanthellae symbiont. However, two
previous studies on Physalis showed AA as a major acid, and the n3/n6 ratios were 1.0
and 1.7. The low values of C20:1 and C22:1 and the high concentrations of DHA indicated
feeding on microalgae.

In the Hydromedusae families Thecata, Rhopalonematidae, Bythotiaridae, and Physali-
idae, the major FAs were DHA and EPA. The contents of arachidonic and other n6 acids
were generally low, 0-1.4%, and the n6/n3 ratio was no greater than 0.1%. Only Ae-
quorea victoria differed by marked contents of both 20:4n6 and 22:5n6. In most species,
the presence of high levels of such acids as 20:1, 22:1 and 18:1n9 could be associated with
carnivorous feeding.

7.5. Class Scyphozoa

The class Scyphozoa, or ‘true medusae’, consists of the orders Coronatae (mainly deep-
sea species), Rhizostomeae, and Semaeostomeae. All medusae are carnivorous, but one of
the Cassiopea species (Rhizostomeae) is known to possess symbiotic zooxanthellae. The FA
compositions of common medusae from the order Semaeostomeae were characterized by
such major components as EPA, DHA and AA. Low contents of C18 PUFA and significant
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levels of C20:1 andC22:1 and 18:1n9 are typical of carnivorous feeding. Atolla wyvillei
(Coronatae) showed an FA composition similar to that of the Semaeostomeae species. The
rest of the Rhizostomeae species demonstrated the lack of C20:1 and C22:1 acids, which
may be explained by feeding on microalgae and unspecific suspended particulate matter in
the water column.

Tetracosapolyenoic acids have long been known as characteristic of Octocorallia. Nev-
ertheless, I found four papers where TPAs were reported for medusae: Catostylus tagi
contained only one TPA, 24:5n6 and Pelagia noctiluca had the rare acid 24:4n6, while Aurelia
aurita and Rhopilema asamushi had mainly 24:6n3. These data on the presence of tetracos-
apolyenoic acids in Scyphozoa medusae suggest a wider distribution of tetracosapolyenoic
acids. The total proportion of tetracosapolyenoic acids in Scyphomedusae ranged between
3.1 and 10.4%.

In this review, I presented contemporary data on fatty acids in the main taxa of the an-
cient marine phylum Cnidaria. Numerous cnidarian species inhabit very different biotopes,
from tropical and arctic seas to abyssal depth. This investigation on FA distribution in
cnidarians gives information on the influence of many factors such as the taxonomy, depth,
temperature, feed and presence of symbionts on the lipid and FA biochemistry of Cnidaria.
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Abstract: Heart disease is one of the leading causes of death worldwide, and it is estimated that
17.9 million people die of it each year. The risk factors for cardiovascular diseases are attributable to
an unhealthy and sedentary lifestyle, poor nutrition, stress, genetic predisposition, diabetes, obesity,
and aging. Marine microalgae have been the subject of numerous studies for their potential activity
against several human diseases. They produce a plethora of primary and secondary metabolites such
as essential nutrients, vitamins, pigments, and omega-3 fatty acid. Many of these molecules have
antioxidant properties and have been shown to play a role in the prevention of heart diseases. The
aim of this review is to summarize recent studies on the discovery of marine microalgal compounds
and bioactivities for cardiovascular diseases, including in vitro and in vivo studies, showing and
discussing recent discoveries and trends. The most promising results were found for microalgal
polysaccharides, peptides and carotenoids. In conclusion, the overall data summarized here show
that microalgae-based supplementation has the potential to improve age-related cardiovascular
diseases and we expect more clinical studies in the future.

Keywords: cardiovascular diseases; marine microalgae; antioxidants; age-related diseases; bioactive
compounds; marine natural products

1. Introduction

Marine microalgae have been the subject of numerous studies for their potential ac-
tivities against several human diseases [1,2]. Microalgae have attracted a lot of attention
in recent years owing to their biodiversity in terms of species, adapted to live in different
environments, and in terms of chemical diversity, ranging from lipids and carbohydrates
to complex polyketides. In addition, their use has been considered eco-sustainable and
eco-friendly owing to their high growth rates and the possibility of culturing these both
indoors and outdoors at an industrial scale. Various studies have also shown that these
microorganisms are a promising source of beneficial nutrients for heart health. They pro-
duce a plethora of metabolites such as essential nutrients, vitamins, pigments, omega-3
fatty acid, and several antioxidant molecules which may play a role in the prevention
of heart disease [3,4]. In particular, the n-3 long-chain polyunsaturated fatty acids (n-3
LC-PUFAs), such as eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids, are known
for their beneficial effects on the cardiovascular system [5,6] and to have protective effects
against atherosclerotic, arrhythmic and thrombotic diseases [7,8]. These fatty acids have
been reported to reduce cholesterol levels in the blood, lower blood pressure, and reduce
inflammation [5,6]. The European Food Safety Authority (EFSA) recommends an intake
of 250 mg for EPA plus DHA for adults, 100 mg DHA for infants (>6 months) and young
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children <24 months, and to increase the dose during pregnancy and lactation [9]. Further-
more, marine microalgae also contain other antioxidant molecules, such as pigments [10]
and vitamins, like vitamin E, vitamin A and vitamin of complex B. These antioxidants
have been reported to play a significant role in the prevention of cardiovascular diseases
(CVD) [11,12]. For instance, it has been shown that pre-treatments with antioxidants, such
as vitamins C and E, can mitigate endothelial dysfunction due to high-fat meals [13].

According to the World Health Organization (WHO), heart disease is one of the leading
causes of death worldwide (https://www.who.int/health-topics/cardiovascular-diseases/
#tab=tab_1 accessed on 29 January 2024), with about 17.9 million deaths globally each year.
Cardiovascular diseases are the most prevalent age-related diseases [14,15]. As the pace
of population aging around the world is increasing dramatically, old population presents
one of the greatest challenges for the social and health care systems worldwide, especially
in low-income and middle-income countries [16]. For older patients, hypertension, hyper-
lipidemia and diabetes are also frequent negatively influencing cardiovascular events [17].
Overall, cardiovascular disease prevention in older adults should be established based on
the individuals, based on their estimated life expectancy, time to benefit, comorbidities,
and preferences (e.g., more plant-based and low-fat diet, exercise when possible, quitting
smoking, etc.).

The risk factors for cardiovascular diseases are mainly attributable to an unhealthy
lifestyle, poor nutrition, sedentary lifestyle, stress, genetic predisposition, diabetes, obesity
and aging (Figure 1) [18]. As reported in Izzo et al. [19], both age and gender are risk
factors. Older females are more susceptible to cardiovascular disease compared to men
of the same age. In both cases, in both men and women, these diseases are related to a
decrease in sex hormones [19,20]. Possible women-specific risk factors that have been
considered include gestational diabetes mellitus, pregnancy-induced hypertension, and
preeclampsia, as well as reproductive endocrine disorders, including polycystic ovary
syndrome and menopause [20]. CVD risk factors are highly prevalent in some countries
and vary according to socioeconomic, gender, and educational levels [18]. In Pakistan,
smoking (46%), family history (43%), hypertension (37%), dyslipidemia (33%), diabetes
mellitus (18%) and overweight (63.3%) are the most common risk factors found in CVD
patients under 45 years of age [21]. In the UK, the rate of hypertension has been reported
as the highest risk, approximately 65%, followed by smoking (44.2%), high cholesterol
(38.7%), diabetes (12%), overweight (5.13%), male gender (4.6%), and female gender (5.6%).
In adults, metabolic risk factors tend to increase with age [22]. Additional factors, including
frailty, obesity, and diabetes could complicate and enhance CVD risk factors amongst
the elderly [23,24]. With advancing age, the heart undergoes structural and functional
changes that make it more susceptible to pathologies such as heart failure, arrhythmia
and atherosclerosis [25]. The onset of various health issues is related to the subsequent
contribution of damages to the blood vessels and the heart itself. Obesity can cause an
increase in blood cholesterol, which leads to a greater predisposition to the development of
atherosclerotic diseases.

In this review, we reported marine microalgal compounds with beneficial and preven-
tive activities against heart diseases related to aging. When available, we also discussed
doses and mechanisms of action for both in vitro and in vivo studies. We showed that
the most bioactive molecules from microalgae reported for CVDs were polysaccharides,
peptides, carotenoids and lipids.
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Figure 1. A schematic representation of principal risk factors of cardiovascular diseases and main

microalgae which have shown potential beneficial activities.

2. Polysaccharides

Several studies have reported the potential of polysaccharides (PSs) to improve en-
dothelial dysfunction, defined as functional, structural, and communication changes be-
tween the vascular endothelium and muscle cells [26]. For example, Levy-Ontman et al. in
2017 [27] evaluated the anti-inflammatory and vasodilation properties of polysaccharides
produced by Porphyridium sp. using human coronary artery endothelial cells (HCAECs).
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The authors showed that polysaccharides were able to attenuate inflammatory processes by
interfering with tumor necrosis factor-alpha (TNF-x)-induced inflammation. In cells pre-
treated with polysaccharides, there was an up-regulation of adhesion molecule 1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1), nuclear factor kappa-B (NF-kB) transloca-
tion, and attenuated inhibitor of nuclear factor kappa B (IkB) degradation. Polysaccharides
improved endothelial function as measured by increased nitric oxide NO formation and
decreased endothelin 1 (ET-1) protein expression [27]. Hamias et al. in 2018 [28] studied
the ability of polysaccharides (PSs) from Porphyridium sp. to improve endothelial state
and found that PSs attenuated inflammatory atherosclerotic pathways up-regulated by
Angiotensin II (Ang II). When HCAECs were pre-treated with PSs (500 pug/mL) under Ang
II induction, PSs were able to down-regulate the NF-kB activation and suppress adhesion
molecule ICAM-1 and VCAM-1 up-regulation in a dose-dependent manner. Furthermore,
polysaccharides enhanced nitric oxide (NO) and endothelial nitric oxide synthase (eNOS)
production, and reduced ET-1 expression levels [28].

3. Peptides
3.1. In Vitro

In addition to polysaccharides, peptides can counteract the pathological processes
by mimicking the function of mediators or modulating the activities and expression of
mediators involved in hypertension, hypercholesterolemia, diabetes, inflammation and
oxidative stress [29]. Lin et al. [30] studied Isochrysis zhanjiangensis, which was suggested
to inhibit vascular injury and angiogenesis, and to have a protective effect on CVDs.
They characterized the production and the activity of an octapeptide (ICE) isolated from
I. zhanjiangensis, demonstrating that ICE was able to decrease ROS production in lipopolysac-
charide (LPS)-induced HUVECs (concentrations of ICE 1, 10, 20, and 50 pM). The peptide
could reduce cell damage by increasing the expression of antioxidant enzymes, such as the
antioxidant enzymes superoxide dismutase (SOD), glutathione peroxidase-1 (GPX), and
haem oxygenase 1 (HO-1). In addition, it also inhibited pro-inflammatory mediators tumor
necrosis factor (TNF)-«, cytokine interleukin-6 (IL-6), and ICAM-1 [30] (Table 1). Vo et al.
in 2013 [31] isolated two peptides with aminoacidic sequences of LDAVNR for peptide
1 and MMLDF for peptide 2 from the peptidic hydrolysates of Spirulina maxima. These
peptides showed anti-inflammatory properties in histamine-induced EA.hy926 endothe-
lial cells (used for cardiovascular disease research) with a decrease in interleukin (IL)-8
expression, measured by the ELISA assay. It is known that endothelial inflammation is a
risk factor for atherosclerosis and the authors suggested these two peptides for possible
anti-atherosclerotic activity [31].

Jiang et al. in 2021 [32] suggested that microalgal compounds may have great potential
as a healthier anti-hypertensive treatment substitution to conventional anti-hypertensive
drugs causing side effects. Hypertension, a risk factor for the development of CVDs, con-
sists of a sustained increase in arterial pressure above 140/90 mm Hg [33]. In particular,
the authors showed that peptides from microalgae are promising angiotensin-converting
enzyme (ACE) inhibitors (Table 1). Renin—-angiotensin—aldosterone system (RAAS) hy-
peractivity is involved in the progression of vascular disease. The key effector peptide
of the RAAS, angiotensin II (Ang II), is generated by angiotensin I through endothelial
angiotensin-converting enzyme (ACE). Inhibition of RAAS is recommended for managing
most cardiovascular diseases, particularly hypertension, heart failure, acute myocardial
infarction, and stroke [34]. ACE inhibitors and angiotensin receptor blockers (ARBs) are
commonly prescribed medication for primary hypertension [35] and other chronic con-
ditions, including heart failure, by reducing systolic function. Chen et al. in 2020 [36]
purified and identified a peptide (PIZ protein hydrolysate) produced by Isochrysis zhan-
jiangensis that was able to inhibit ACE. The ACE activity calculated from the amount of
hippuric acid liberated from hippuryl-His-Leu (HHL) showed that PIZ acts as a mixed
non-competitive inhibitor of ACE at an ICs5 value of 61.38 uM. Pretreatment with PIZ
10 uM for 24 h on human umbilical vein endothelial cells (HUVECSs) inhibited the NF-«xB
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pathway by protecting inhibitor IkBoc degradation and down-regulating NF-«B expression.
In addition, they showed that PIZ had modest ACE inhibitory effects due to its ability
to reduce inflammatory cytokine expression (NO, COX-2, and ICAM-1) and block the
production of ET-1. ICAM-1 and MCP-1 levels were significantly suppressed by PIZ in
a dose-dependent manner. Cell treatment with PIZ 10 uM decreased the expression lev-
els of inflammatory cytokines COX-2 and slightly inhibited iNOS and ET-1 production,
thereby improving endothelial dysfunction, reducing oxidative stress, and decreasing the
risk of hypertension [36]. Samarakoon et al. [37] showed that pepsin hydrolysate from
Nannochloropsis oculate exhibited ACE inhibitory activity. They demonstrated that the
ICs values of purified ACE inhibitory peptides were 123 uM and 173 uM and identified
Gly-Met-Asn-Asn-Leu-Thr-Pro (GMNNLTP; MW, 728 Da) and Leu-Glu-Gln (LEQ; MW,
369 Da) as novel peptides, respectively [37]. Wu et al. in 2015 [38] reported that a puri-
fied peptide (Tyr-Met-Gly-Leu-Asp-Leu-Lys) from Isochrysis galbana showed potent ACE
inhibitory activity with an ICsj of 36.1 uM. In 2017, Heo et al. [39] conducted a study to
produce an ACE inhibitory peptide from marine Spirulina sp. The ACE inhibitory peptide
(Thr-Met-Glu-Pro-Gly-Lys-Pro) showed the strongest ACE activity at an ICsy value of
0.3 mg/mL. In addition, the human umbilical vein endothelial cells (HUVECs) were treated
for 1 h with aliquots of purified peptide (62.5, 125 and 250 uM) and subsequently incubated
for 24 h with Ang II (1 pM). They showed that ACE inhibitory peptide inhibited NO and
ROS generation, and suppressed the expression of inducible nitric oxide synthase (iNOS)
and ET-1 [39].

Cunha et al. in 2022 [40] also showed that water-soluble hydrolysates rich in pro-
teins/peptides from the microalgae Chlorella vulgaris had anti-hypertensive potential by
measuring the percentage inhibition of the ACE enzyme (ICsp: 286 ug protein/mL) [40].
Recently, Pei et al. [41] showed that nonapeptide ETT (Glu-Met-Phe-Gly-Thr-Ser-Ser-Glu-
Thr) from Isochrysis zhanjiangensis showed excellent effects in regulating hypertension by
inhibiting ROS up-regulation of oxidized low-density lipoprotein receptor-1 (LOX-1) and
ROS levels in Ang II-induced human umbilical vein endothelial cells (HUVECs). In addi-
tion, ETT inhibited the expression of various inflammatory mediators and the expression
of related cytokines (IL-13, IL-8, TNF-«, iNOS, COX-2, ET-1, AT-1) as well as cell adhesion
molecules (ICAM-1 and VCAM-1) in a dose-dependent manner (10, 50, and 100 pM) [41].
Alzahrani et al. in 2018 [42] screened the anti-hypertension activities of Nitzschia laevis
in vitro. The author showed that trypsin hydrolysates from this species had antagonist
effects toward the ACE enzyme (ICs5q 1.63 £ 0.01 mg/mL), higher than that of Spirulina
and Chlorella [42]. Verspreet et al. [43] screened five microalgae (i.e., Chlamydomonas nivalis,
Porphyridium purpureum, Chlorella vulgaris, Nannochloropsis gaditana, and Scenedesmus sp.)
with respect to their ability to inhibit ACE by measuring the activity owing to an ACE-1
inhibition kit. The ACE inhibition bioassay showed that all microalgae tested inhibited
ACE by 73.4-87.1% when tested at a concentration of 1 mg/mL [43].

3.2. In Vivo

Regarding in vivo experiments, the activities found were mainly related to anti-
hypertension. Ko et al. [44] found that a purified peptide (Val-Glu-Gly-Tyr) from marine
Chlorella ellipsoidea acted as a competitive inhibitor against ACE with an ICsy value of
128.4 uM. Furthermore, they tested the anti-hypertensive effects of the purified peptide by
measuring the change in systolic blood pressure at 2, 4, 6 and 8 h after oral administration
of the peptide (10 mg/kg of body weight) and showed that purified peptide was able to
significantly decrease systolic blood pressure in rats [44].

Barkia et al. in 2019 [45] screened six strains of marine diatoms and found that papain
hydrolysates had ACE inhibitory activity in vitro (2 mg/mL), with the highest activity
obtained from Bellerochea malleus. Furthermore, in vivo assays showed that Bellerochea
malleus hydrolysates reduced systolic and diastolic blood pressure in male spontaneously
hypertensive rats after 5 days of hydrolysate treatment at doses of 75 and 100 mg/kg
body weight [45]. Hayes et al. in 2023 [46] studied hydrolysate and bioactive peptides
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from the red microalga Porphyridium sp., namely, GVDYVRFF, AIPAAPAAPAGPKLY,
and LIHADPPGVGL, and assessed the anti-hypertensive activity using spontaneously
hypertensive rats. The Porphyridium sp. hydrolysate was also included in a food carrier
(jelly candies; 0.5 g of the hydrolysate). Hydrolysate and hydrolysate—jelly candies reduced
systolic blood pressure by —1.54 mm Hg and —6.17 mm Hg, respectively, while Captopril®
reduced systolic blood pressure by —18.21 mm Hg after 24 h [46].

4. Carotenoids
4.1. In Vitro

Microalgae are known to produce a variety of pigments with various color shades
and biological activities, including carotenoids [3,12]. Zuluaga et al. in 2018 [47] reported
astaxanthin protective actions against ischemia and reperfusion (I/R) injury. Astaxanthin
also ameliorates myocardial cell oxidative stress injury [47]. Astaxanthin from the freshwa-
ter microalga Haematococcus pluvialis has also been shown to prevent oxidative stress on
human endothelial cells (HUVECs) without toxicity up to a dose of 10 pg/mL [48].

4.2. In Vivo

El-baz et al. in 2018 [49] demonstrated that 3-carotene rich Dunaliella salina carotenoid
fraction (250 g/kg) as well as the whole biomass (250 mg/kg) had protective potentials
against cardiac disfunction in a group of rats injected with D-galactose (200 mg/kg).
Dunaliella salina 3-carotene and biomass exhibited potent antioxidant activity and signifi-
cant reducing capacity of homocysteine, IL-6 and iNOS. In another study, El-Baz et al. [50]
examined the effects of zeaxanthin heneicosylate (ZH) isolated from Dunaliella salina on
cardiac dysfunction. The study was performed in vivo in rats, by injecting D-galactose
in rats for 8 weeks following orally treated with ZH (250 ng/kg) for a period of 28 days.
ZH improved cardiac aging manifestation, including irregular heartbeat and increased
NF-«B. ZH injected rats ameliorated NF-kB and restored superoxide dismutase (SOD).
SOD is an antioxidant enzyme that has been shown to protect the heart against oxidative
stress, and ischemic damage, and hypertrophy after myocardial infarction [51]. Oral ad-
ministration of ZH up-regulated retinoic acid receptor alpha (RAR-x) gene expression
in cardiac tissue. RAR-« plays important roles in cardiac regeneration after myocardial
infarction. Depletion of RA pathway leads to cardiomyocyte apoptosis after myocardial
infarction [52]. El-Baz et al. [53] conducted a study on the carotenoid rich fraction of the
microalgae Dunaliella salina activity against inflammation-associated cardiac dysfunction in
cardiac-obese rats induced by high fat diet, demonstrating that the carotenoid rich fraction
increased adiponectin and glucagon serum level. The histopathological examination of
rat treated with the carotenoid rich fraction showed the absence of fibrosis and severe
congestion in the myocardial blood vessels [53].

5. Lipids and Other Bioactive Extracts and Molecules

In addition to polysaccharides, peptides and pigments, other molecules from mi-
croalgae have shown promising results. In particular, Dahli et al. [54] demonstrated
that lyso-diacylglyceryltrimethylhomoserine (lyso-DGTS) isolated from Nannochloropsis
sp. ethanolic extract might be useful for the prevention of atherosclerotic risk factors by
showing increased activities of recombinant paraoxonase 1 (rePON1) lactonase [54].

A mixture of omega-3 polyunsaturated fatty acids (35%) from Schizochytrium sp., extra
virgin olive oil (75%) and algae oil (25%) was reported to activate the phosphoinositide
3 kinase (PI3K/Akt) pathway that is known to repair vascular endothelium. Aortic rings
from old rats treated with the oil mixture (2.5 mL/kg) showed a decreased response to the
vasoconstrictor Ang II [55]. Haimeur et al. [56] assessed the effects of two n-3 PUFA from
freeze-dried Odontella aurita on risk factors for CVDs. A rat group fed with the high-fat
diet supplemented with Odontella aurita displayed a significantly lower body weight and
reduced insulinemia, as well as a reduced serum lipid level, reduced platelet aggregation
and oxidative status induced by high fat intake. The authors reported that Odontella aurita
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was more effective than the fish oil in reducing the hepatic triacyglycerol levels and in
preventing high-fat diet-induced steatosis [56].

Dudek et al. [57] summarized, in a review, the beneficial role of dietary silicon in the
prevention of age-related diseases. Vide et al. [58] reported the effects of Spirulina and
dietary silicon-enriched Spirulina (SES) on atherosclerosis. Hamsters on a high-fat diet
were treated with Spirulina or SES at a dose 57 mg/kg body weight daily, corresponding to
0.57 mg of silicon/kg body weight. The results showed that in the SES group, there was a
reduction in inflammation by lowering the levels of TNF-c, IL-6, as well as a reduction in
the number of polymorphonuclear cells and prevention of the activity of NF-«B. Both SES
and Spirulina itself similarly protected against oxidative stress by reducing the activity of
nicotinamide adenine dinucleotide phosphate oxidase (NOX) and maintaining the activity
of the antioxidant SOD and glutathione peroxidase [58].

Quagliariello et al. in 2022 [59] reported that Spirulina platensis, Ganoderma lucidum
and Moringa oleifera were able to improve cardiac function by reducing inflammation and
cardiotoxicity induced by anthracyclines, adjuvant therapies for cancers. Female mice
were treated with doxorubicin (DOXO) or a combination of Spirulina, Ganoderma lucidum,
and Moringa oleifera (Singo). Following that, they analyzed the myocardial expressions of
nucleotide-binding domain, leucine-rich—containing family, pyrin domain-containing-3
(NLRP3), galectin-3 and calgranulin 5100, and 13 cytokines through ELISA methods. The
authors also assessed myocardial fibrosis, necrosis, and hypertrophy through immuno-
histochemistry. In addition, they performed tests on human cardiomyocytes by exposing
them to DOXO (200 nM) alone or in combination with Singo (at 10, 25 and 50 ug/mL) for
24 and 48 h. The results showed that Singo reduced NLRP3 and p65/NF-kB levels in hu-
man cardiomyocytes exposed to Singo at 10, 15 and 50 pg/mL and reduced cytokine levels
(the concentration of Singo was 25 ug/mL). Immunohistochemistry analysis indicated that
Singo (at 12 mg/kg) reduced fibrosis and hypertrophy in the myocardial tissues of mice
during exposure to DOXO [59].

Umei et al. in 2022 [60] demonstrated that oral administration of Euglena gracilis was
beneficial to improve cardiac function in a mice model of isoproterenol-induced heart
failure. A group of mice were injected with isoproterenol (ISO) (20 mg/kg/day) for
7 days. They showed that oral administration of Euglena gracilis (2%), in combination with
an AIN93G diet, alleviated cardiac dysfunction [60]. Song et al. [51] tested Dunaliella salina’s
protective effects on myocardial ischemia/reperfusion injury (MIRI) in the Langendorff
perfused heart model in mice. The authors reported that D. salina (500 mg/kg) was able to
improve left ventricle function, reduce the rate of malignant arrhythmia and infarct size,
and increase the antioxidant superoxide dismutase. In a recent study published by Tsai
etal. in 2023 [61], D. salina was reported to have cardioprotective effects against myocardial
ischemia/reperfusion (I/R) injury. A group of rats was subjected to surgical procedures
for inducing myocardial I/R injury. D. salina extract treatment (0.1 mg/kg) was able to
decrease myocardial infarct size and attenuate the expressions of cyclooxygenase-2 (COX-2)
and the activity of STAT1, janus kinase 2 (JAK2), inhibitor of IkB, NF-«kB [61]. Yang et al. [62]
showed that Chlorella pyrenoidosa was able to lower the blood pressure in rats fed a diet
containing N w-nitro-L-arginine methyl ester hydrochloride (L-NAME), which induced
endothelial dysfunction (40 mg/kg). Rats consuming 4 and 8% Chlorella had significantly
lower ACE activity in the aorta and reduced TNF-o concentrations in the aorta and heart.
Histopathological results showed that Chlorella consumption reduced the injury scale of
the coronary arteries, ventricles, and septum of the heart [62].

Clinical Studies

Recently, Sandgruber et al. [63] completed a clinical trial with 80 young and healthy
participants who consumed a smoothie enriched with either 15 g of Chlorella pyrenoidosa
dry weight (d.w.) or 15 g of Microchloropsis salina d.w. for 14 days. They demonstrated
that regular consumption of Chlorella pyrenoidosa ameliorated CVD factors such as total
cholesterol, LDL cholesterol, the LDL—-cholesterol to HDL-cholesterol ratio, and non-HDL
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cholesterol, possibly due to its rich vitamin D2 source. Microchloropsis salina improved the
fatty acid distribution in plasma lipids by increasing the LC n3 PUFA content and reducing
the n6/n3 PUFA ratio [63]. Clinical studies with Chlorella were also conducted by Shimada
et al. [64] with eighty subjects with systolic blood pressure of 130-159 mmHg or diastolic
blood pressure of 85-99 mmHg. The subjects took y-Aminobutyric Acid (GABA)-rich
Chlorella (20 mg as y-aminobutyric acid or placebo twice daily for 12 weeks) as a dietary
supplement. Systolic blood pressure decreased significantly compared with placebo, with
a higher reduction in the subjects with borderline hypertension than in the subjects with
high-normal blood pressure [64]. A randomized triple-blind placebo-controlled clinical
trial study conducted by Ghaem et al. [65] in 2021 involved 41 patients with hypertension
consuming a salad dressing containing 2 g of Spirulina platensis powder for two months. The
results showed that the Spirulina dressing significantly decreased systolic blood pressure,
diastolic blood pressure, serum triglyceride, total cholesterol, and low-density lipoprotein
(LDL) levels in comparison to placebo controls [65]. Bioactive compounds and extracts
from microalgae for CVDs are summarized in Table 1.

Table 1. The table reports marine microalgal bioactive compounds with potential beneficial activities
for cardiovascular diseases. Microalgae, activity observed, compound, concentration (Conc.) used,
and model are reported. Abbreviations: CVDs for cardiovascular diseases, DHA for Docosahexaenoic
acid, EPA for Eicosapentaenoic acid, EVOO for extra virgin olive oil, IC5 for inhibitory concentration
values, NLRP3 for NOD-, LRR- and pyrin domain-containing protein 3.

Microalgae Activity Observed Compound Conc. Model Reference
Polysaccharides
Preserve In Vitro: Human
Porphyridium sp. endothelial . coronary artery
(Rhodophyta/Porphyridiophyceae) function, Polysaccharides 50 ug/mL endothelial cells [27]
anti-inflammatory (HCAECs)
Preserve In Vitro: Human
Porphyridium sp. endothelial . coronary artery
(Rhodophyta/Porphyridiophyceae) function, anti- Polysaccharide 500 mg/mL endothelial cells (28]
atherosclerosis (HCAECQ)
Peptides
o . . Peptic .
Spirulina maxima Anti- In Vitro: EA.hy926
(Cyanobacteria/Cyanophyceae) atherosclerosis hy.drollysates of 200 uM endothelial cell [31]
Spirulina
Inhibit vascular Octapeptide In Vitro: Human
Isochrysis zhanjiangensis iniury and (IEC; Ile-Ile-Ala- 1, 10, 20, and umbilical vein [30]
(Haptophyta/Coccolithophyceae) a r{uig] aenesis Val-Glu-Ala-Gly- 50 uM endothelial cells
8108 Cys) (HUVECs)
Isochrysis zhanjiangensis aAr?gtll(_)l’:grr:se1l;1t_€3 e Peptide (P1Z; In Vitro:
(Haptophyta/Coccolithophyceae)  converting enzyme ghe:Slu;He-Hls- (oo = 6138 il Epr;Jt;rIYIII-{I}IJls-Leu 136]
(ACE) inhibitors yeu-ys assay
Chlamydomonas nivalis
(Chlorophyta/Chlorophyceae),
Porphyridium purpureum
(Rhodophyta/Porphyridiophyceae),
Chlorella vulgaris (Chloro- Angiotensin- In Vitro:
phyta/Trebouxiophyceae), converting enzyme - 1mg/mL Hippuryl-His-Leu  [43]
Nannochloropsis gaditana (ACE) inhibitors (HHL) HHL assay

(Heterokonto-
phyta/Eustigmatophyceae), and
Scenedesmus sp.
(Chlorophyta/Chlorophyceae)
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Table 1. Cont.

Microalgae Activity Observed Compound Conc. Model Reference
Anti-hypertensive, =~ Water-soluble In Vitro:
Chlorella vulgaris angiotensin- hydrolysates rich  ICsp: 286 pg . i
. . . ; Hippuryl-His-Leu  [40]
(Chlorophyta/Trebouxiophyceae) converting enzyme  in pro- protein/mL (HHL) HHL assa
(ACE) inhibitors teins/peptides y
Peptides:
Gly-Met-Asn-
Nannochloropsis oculate Angiotensin- Asn-Leu-Thr-Pro ICsp: 123 In Vitro:
- (GMNNLTP; . .
(Heterokontophyta/ converting enzyme IC50 =173 uM,  Hippuryl-His-Leu  [37]
Eustigmatophyceae) (ACE) inhibitor: MW, 728 Dajand 0 ivel (HHL) HHL assa
stigmatophyceae ors Leu-Glu-Gln espectively ssay
(LEQ; MW, 369
Da),
Nitzschia laevis Angiotensin- ICon = 1.63 4 In Vitro:
(Heterokontophyta/ converting enzyme - 0 0510 r; ./mL Hippuryl-His-Leu  [42]
Bacillariophyceae) (ACE) inhibitors ’ & (HHL) HHL assay
Isochrysis galbana Angiotensin- Peptide: (Tyr- In Vitro:
. converting enzyme  Met-Gly-Leu- IC590 =36.1 uM  Hippuryl-His-Leu  [38]
inhibitors sp-Leu-Lys assa
(Haptophyta/Coccolithophyceae) ACE) inhibi Asp-Leu-Ly (HHL) HHL y
Marine Spirulina s :;1Ar:1 tilg)}’:ZIIi)s(eil:-e e Peptide In Vitro:
PTG sp- goter (Thr-Met-Glu- ICs5p =03 mg/mL Hippuryl-His-Leu  [39]
(Cyanobacteria/Cyanophyceae) converting enzyme '~ o 5-Pro) (HHL) HHL assa
(ACE) inhibitors Ty y
Anti- Nonapeptide .
Isochrysis zhanjiangensis atherosclerosis named ETT In Vitro:
. - . (Glu-Met-Phe- IC59 =15.08 uM  Hippuryl-His-Leu  [41]
(Haptophyta/Coccolithophyceae) ZEE_?E;;E;I;?SS Gly-Thr-Ser- (HHL) HHL assay
SerGlu-Thr)
Anti-hypertensive, ?CI Vlt_r(i:ZS 4 uM In Vitro:
Chlorella ellipsoidea angiotensin- Peptide (Val-Glu- I 5\(}._ o K Hippuryl-His-Leu [44]
(Chlorophyta/Trebouxiophyceae) converting enzyme  Gly-Tyr) 11(1) H:V?i( ¢ (HHL) HHL assay
(ACE) inhibitors 87580 In Vivo: Rats
body weight
In Vitro:
. . 2mgm/L; In Vitro:
Bellerochea malleus ig%:?z}ﬂiﬁzr;swe’ Papain In Vivo: the Hippuryl-His-Leu [45]
(Heterokontophyta/Mediophyceae) tiviti y hydrolysates dose of (HHL) HHL assay
achvities, 400 mg/kg In Vivo: Rats
body weight
Peptide:
Porphyridium sp GVDYVRFF,
(Rhodophyta,/Porphyridiophyceae) Anti-hypertensive ?ILE?{A;EAPAG— - In Vivo: Rats [46]
LIHADPPGVGL
Carotenoids
) Ameliorate .
Dunaliella ace-associated Zeaxanthin
salina c§r diac heneicosylate 250 pg/kg In Vivo: Rats [49]
(Chlorophyta/Chlorophyceae) dysfunction (zH)
Improve cardiac
Du’nalzellu tissue flPrOS.IS and Carotenoid rich 150 mg/kg .
salina congestion in the . . In Vivo: Rats [50]
fraction body weight

(Chlorophyta/Chlorophyceae)

myocardial blood
vessels
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Table 1. Cont.

Microalgae Activity Observed Compound Conc. Model Reference
In Vitro: Human
Haematococcus pluvialis Antioxidant Astaxanthin 10 ug/mL endothelial cells [48]
(HUVECsS)
Protective
potentials against [-carotene rich
Dunaliella salina cardiac Dunaliella salina 250 mg/kg In Vivo: Rats [53]
dysfunction carotenoid fraction
Antioxidant
Improve
Myocardial
ischemia-
reperfusion injury
Dunaliella salina (MIRY), ) 500 me /k L:ﬁii:jcﬁirt [51]
(Chlorophyta/Chlorophyceae) improve left 8/58 fno del in mice
ventricle function
and reduce the rate
of malignant
arrhythmia
(C(?l}ls(’;fg;;};ta /Trebouxiophyceae) Anti-hypertensive - 20 mg Clinical trials [64]
fé];’:riz:ga;;ltaet:gs/lsc yanophyceac) Anti-hypertensive - 2g Clinical trials [65]
Lipids and other bioactive extracts and molecules
. Lyso-
Nannochloropsis sp. . .
(Heterokontophyta/ aAtﬁg;osclerosis ;ﬁiﬁ%ﬁgggﬁz_me 143 mg/mL  In Vivo: Mice [54]
Eustigmatophyceae) 4
(lyso-DGTS)
2.5mL/kgofa
mixture of 75% of
EVOO (Cornicabra
variety; 80% oleic
A Mixture of Schizochytrium sp. Attenuate Zgljga;d /o of O;?efsi tu-
and Extra Virgin Olive Oils aging-induced seéoiri df(;)ic%s) and Eatgd fatt In Vivo: Male [55]
(not found in algaebase, but endothelial 5% of Aleae oil acids (w—g Wistar rats
found in wikipedia) dysfunction . &a
(Schizochytrium PUFA)
spp-: 35% DHA,
20% EPA and 5%
Docosapentaenoic
(DPA))
Anti-
atherosclerosis,
Freeze-dried Odontella friiﬁ?icelmia serum 12% (w/w) of  In Vivo: Male
aurita lipid levels ! Marine omega-3 freeze-dried Wistar [56]
(Heterokontophyta/Mediophyceae) platelet 4 O. aurita rats
aggregation and
oxidative status
Hamster on a
high-fat diet
were treated
- . Dietary with Spirulina
é;;l ;ﬁl;gisti .ria /Cyanophyceae) aAt?l:rosclerosis sili'cor}—enriched or SES at a In Vivo: Hamster [57,58]
Spirulina (SES) dose
57 mg/kg
body weight
daily,
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Table 1. Cont.

Activity Observed Compound Conc. Model Reference
Reduction in
NLRP3 and
ﬁ?i{llli_rl:]s levels Singo (Spirulina In Vitro: 10,

Spirulina platensis, Ganoderma cardiomyocytes. platensis, ) 15and In Vl.tm: Human

lucidum and Moringa oleifera Reduction in Ganoderma lucidum 50 pg/mL cardiomyocyte. [59]
fibrosis and and Moringa In Vivo: In Vivo: Mice
hypertrophy in the oleifera) 12mg/kg
myocardial tissues
of mice
Cardioprotective
effects against Dunaliella salina

Dunaliella salina myocardial is- extract 0.1 mg/kg In Vivo: Rats [61]
chemia/reperfusion
(I/R) injury

. Improvement in Euglena s

Euglena gracilis cardiac function - gracilis 2% In Vivo: Mice [66]
Ameliorative 15  for

Chlorella pyrenoidosa effects on CVDs - 14 ga S Clinical trials [63]
factors Y
Improvement in

. o fatty acid 15 g for . .

Microchloropsis salina distribution in - 14 days Clinical trials [63]
plasma lipids

Chlorella pyrenoidosa Anti-hypertensive - 40 mg/Kg In Vivo: Rats [62]

6. Conclusions

Overall, this review highlights that the most common compounds with bioactivities
useful for cardiovascular diseases are omega-3, pigments, peptides, and carbohydrates. The
most abundant phyla of microalgae that have shown beneficial activities for heart-related
diseases were Chlorophyta (i.e., Chlorella sp., Chlamydomonas nivalis, Chlorella vulgaris,
Chlorella ellipsoidea, Scenedesmus sp., Dunaliella salina), followed by Heterokontophyta and
Rhodophyta. In general, the most common mechanisms of action involved in the protective
role of microalgal extracts and compounds for cardiovascular diseases are antioxidant
and anti-inflammatory activity by reducing free radicals and inhibiting the release of
inflammatory mediators (Figure 2).

As regards patents, the W0O2019026067A1 relates to extracts of the microalga Nan-
nochloropsis and their uses. According to the patent, the nutraceutical composition of
WO2019026067A1 (https:/ / patents.google.com /patent/W02019026067A1/en; accessed
on 14 March 2024) may be used for ameliorating conditions associated with atherogen-
esis and preventing atherosclerotic cardiovascular diseases and associated conditions,
such as heart attack, stroke, and high blood pressure. An example of a product is
Spirulysat®, a product produced by AlgoSource (https://algosource.com/healthcare/
preventive-cardiovascular-care/; accessed on 14 March 2024), based on Spirulina extracts,
rich in phycocyanins. AlgoSource suggests this product for cardiovascular disease pre-
vention. In particular, Spirulysat® was suggested to prevent the formation of atheroma
plaques (https:/ /algosource.com /healthcare/preventive-cardiovascular-care/; accessed on
14 March 2024). Owing to their rapid growth, the possibility of applying metabolic engineer-
ing, and multiple bioactive metabolites, marine microalgae represent a great sustainable
source of molecules for an industry-scale production of ingredients for functional foods,
cosmeceuticals and possible future drugs.
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Microalgal bioactive
molecules activities
against CVD

Figure 2. A schematic representation of microalgal bioactive molecules for different age-related

cardiovascular disease applications. CVD abbreviation stands for cardiovascular disease.
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