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Stearidonic acid (18:4n-3): Metabolism, nutritional
importance, medical uses and natural sources

Stearidonic acid (SA, 18:4n-3) is a polyunsaturated fatty acid (PUFA) that constitutes
the first metabolite of a-linolenic acid (ALA, 18:3n-3) in the metabolic pathway leading
to Cyp_0» PUFA, such as eicosapentaenoic acid (EPA, 20:5n-3), and docosahexaenoic
acid (DHA, 22:6n-3), which recently have received much attention because of their
various physiological functions in the human body. Recently, several studies indicated
that dietary SA increased EPA more efficiently than ALA. Thus, vegetable oils contain-
ing SA may become a dietary source of n-3 fatty acids that is more effective in
increasing tissue n-3 PUFA concentrations than the current ALA-containing vegetable
oils. Nevertheless, few SA sources occur in nature, although there are still a large
number of species untested to date. SA has been detected in variable amounts in
several species of algae, fungi and animals tissues, but the seeds of some plant
families seem to be better sources of SA, especially Echium (Boraginaceae) species.
This work reviews the nutritional significance, medical uses and natural occurrence of

SA.

Keywords: Stearidonic acid, polyunsaturated fatty acids, essential fatty acids.

1 Introduction

Stearidonic acid [SA; moroctic acid; (6Z,92,12Z,152)-
octadecatetraenoic acid; A6,9,12,15-octadecatetraenoic
acid; all-cis-6,9,12,15-octadecatetraenoic acid] is a
polyunsaturated fatty acid (PUFA) with an 18-carbon
chain (C4g PUFA) (Fig. 1) and four double bonds in the acyl
chain (Fig. 1). Its molecular weight is 276.4, and its melt-
ing point is =57 °C [1].

Among C,g PUFA, a-linolenic acid (ALA, 18:3n-3) and
linoleic acid (LA, 18:2n-6) are considered essential fatty
acids (EFA), whose absence in a normal diet has been
described as responsible for the development of a wide
range of diseases, such as cardiovascular disorders,
inflammatory processes, viral infections, certain types of
cancer, and autoimmune disorders [2, 3]. ALA and LA are
the precursors of two families of PUFA. The first is the n-3
family which, besides SA and ALA, includes Cyq 5, PUFA,
such as eicosapentaenoic acid (EPA, 20:5n-3) and doc-
osahexaenoic acid (DHA, 22:6n-3), which recently have
received much attention because of their various physio-
logical functions in the human body. The other one is the
n-6 family which includes the above-mentioned LA, y-
linolenic acid (GLA, 18:3n-6), dihomo GLA (DGLA, 20:3n-
6), and arachidonic acid (AA, 20:4n-6) [4].
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Fig. 1. Stearidonic acid: (6Z,9Z,12Z,152)-octadecate-
traenoic acid.

Cg PUFA occur in several fish and plant species, but the
seeds of higher plants constitute the richest source. This
is because higher plants lack the metabolic pathways to
produce PUFA with 20 or more carbons. Thus, LA, ALA,
GLA and SA accumulate at variable amounts in plant tis-
sues as terminal fatty acid (FA) metabolites [5]. Con-
versely, the majority of species of bacteria, microalgae
and fungi have the ability to biosynthesize C,q and C,, n-3
and n-6 PUFA, such as EPA, AA, docosapentaenoic acid
(DPA, 22:5n-3) and DHA [6].

Based on dietary estimates for fats and FA from the
National Health and Nutrition Examination Survey
(NHANES, 1999-2000), for the US population, the mean
PUFA intake for men is 20.0 g/day and that for women is
16 g/day (age range 20-59 years), primarily from LA. For
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LA, the mean intake for men is 17.9 g/day and that for
women is 13.5 g/day (20-59 years). In contrast, the mean
intake of ALA is 1.7 g/day for men and 1.3 g/day for
women (20-59 years). For EPA + DPA + DHA, the mean
intake for men is 0.17 g/day and that for women is 0.11 g/
day (20-59 years) [7]. SA daily intakes are not known. This
can be attributed to the fact that the food contents of SA
are not included in the food composition tables used to
assess diets.

Actually, it is reported that the current “western diet”,
which is relatively high in n-6 and low in n-3 PUFA, may
not supply the appropriate amounts of PUFA for proper
biological functions [8, 9]. Thus, the current n-6/n-3
PUFA intake ratio may be undesirable, and a ratio more
similar to the one our ancestors developed during the
crucial evolutionary phase of the Pleistocene could be
more appropriate. Therefore, the importance of n-3
PUFA in the diet has been recognized, by considering
that the n-6/n-3 intake ratio during this pre-human phase
has been estimated to range from 4:1 to 1:1. It seems
that the current intake clearly differs from that of our
ancestors: Pre-agricultural humans generally consumed
ALA and LA in roughly equal amounts [10]. Thus, when
considering both that ALA is a DHA precursor and also
that DHA occurs largely in the human brain, it might be
argued that the probable adequate intake of EFA of pre-
humans contributed favorably to human encephalization.
Nevertheless, DHA could be ingested directly from some
foods. In this sense, there actually exists a controversy
about the influence of fish consumption, as an adequate
source of DHA, on the evolutionary encephalization pro-
cess [11].

In any case, it seems that the bioconversion of ALA to
EPA and DHA is very low —approximately 6% for EPA
and 3.8% for DHA - for a diet rich in saturated fat.
Furthermore, with a diet rich in n-6 PUFA, the bio-
conversion is reduced by 40 to 50%. Thus, an n-6/n-3
PUFA intake ratio lower than 4-6 seems to be reason-
able [12]. Restricted conversion to DHA may be critical
since evidence has been increasing that this long-chain
metabolite has an autonomous function, e.g. in the
brain, retina and spermatozoa, where it is the most
prominent FA [12]. These findings indicate that future
attention will have to focus on adequate provision of
EPA and DHA, which can reliably be achieved only with
their supply through the diet or perhaps with an
increased supply of their precursors [12]. Considering
the advantaged position of SA with respect to ALA in
the metabolic pathway that leads to EPA and DHA, and
also in considering its natural occurrence in some seed
plants, it is possible that SA could be an adequate pre-
cursor of EPA and DHA.
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Although the effects of the main n-3 PUFA (ALA, EPA,
DHA) are fairly well known and have been reviewed else-
where [13-16], the physiological importance of SA has
begun to be recognized only recently. This work reviews
the nutritional significance and natural occurrence of SA.

2 Structure and outline of the metabolism
of SA in the context of n-3 and n-6 PUFA
pathways

The n-6 and n-3 pathways for the synthesis of long-chain
PUFA in eukaryotes are shown in Fig. 2. Both LA and ALA
can be converted to AA and DHA, respectively, by the
consecutive action of desaturases and elongases, either
starting with an n-6 desaturation or with an n-9 desa-
turation. In mammals, the n-4 double bond in DHA is the
result of a more complicated series of reactions that
involve the elongation to a C,, FA, a second n-6 desa-
turation, and the final chain shortening in peroxisomes
[17]. Both n-3 and n-6 PUFA are precursors of hormone-
like compounds, the eicosanoids, which are involved in
many important biological processes in the human body
[4, 6]. The n-6 and n-3 FA are stored in cell membranes of
tissues and have two primary functions: They are struc-
tural components of the membranes and serve as sub-
strate for the enzymes cyclooxygenase (COX) and lipox-
ygenase (LO), which convert the n-6 and n-3 FA into the
eicosanoids. The eicosanoids include prostaglandins
(PG), thromboxanes (TX) and leukotrienes (LT). Eicosa-
noids influence several metabolic activities such as pla-
telet aggregation, inflammation and immune function.
The net effect of dietary PUFA can be largely attributed to
a balance of actions resulting from the change in media-
tors derived from modifications in AA tissue content as
well as the enzymatic pathways responsible for the lib-
eration of AA and its conversion to bioactive eicosanoids.
In addition, eicosanoids derived from AA are generally
pro-inflammatory, whereas those derived from n-3 PUFA
tend to inhibit platelet aggregation and to have anti-
inflammatory activity [4]. On the other hand, the n-6 and
n-3 pathways are linked in that they both compete for the
same desaturase and elongase enzymes. However,
these enzymes appear to give preference to the n-3 over
the n-6 pathway [5].

Currently, ALA is the main n-3 FA available in vegetable
oils [5, 6]. Although there may be cardiovascular benefits
associated directly with ALA, there is poor conversion of
ingested ALA to the longer-chain n-3 FA EPA and DHA
[12]. A possible explanation for the low conversion of ALA
to EPA is that the initial enzyme, A6 desaturase, is rate
limiting in humans [18]. Thus, the ingestion of vegetable
oils enriched in SA may be an efficient means of increas-
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ing tissue EPA concentrations, even more effectively than
via ALA [18-20]. This way, some workers pointed out that
when a food source of SA is ingested, an increase of the
plasma EPA level is observed. In this sense, the effect of
the FA composition of the diet on liver lipid classes has
been investigated in animal models (guinea pigs). It was
found that feeding with black currant seed oil — a source
of GLA and SA - resulted in significant increases of
DGLA (attributed to the GLA content in the oil) in all liver
lipid classes examined, whereas the levels of AA
remained relatively stable. Also EPA increased when the
diet contained decreased amounts of n-6 FA, especially
if SA was present in the diet [21]. This effect has been
also demonstrated in rats, in which the use of diets
enriched with SA resulted in an increase in the EPA con-
tent in liver phospholipids, approximately 50% of that for
EPA [22].

Other studies have focused on the ability of dietary SA to
increase selected tissue concentrations — erythrocyte and
plasma phospholipids — of EPA and DHA in healthy hu-
man subjects, and to compare the effectiveness of SA
with that of ALA [20]. The results showed that dietary SA
increased EPA more efficiently than ALA, with 1 g of diet-
ary SA being established as equivalent to 300 mg of diet-
ary EPA in terms of increasing tissue concentrations of
EPA. Thus, vegetable oils containing SA could become a
dietary source of n-3 FA that is more effective in increas-
ing tissue EPA concentrations than the current ALA-con-
taining vegetable oils. In addition, the use of SA-contain-
ing oils in food manufacture could provide a wide range of
dietary alternatives to the current EPA-containing oils
[20, 23].
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Fig. 2. LA and ALA, the parent compounds of
the n-6 and n-3 PUFA families, are obtained
primarily from vegetable oils, but are also
found in foods of plant and animal origin. SA
has been enriched in genetically modified
canola oil. GLA can be found in specialized
oils such as borage and evening primrose oils.
AAis found only in meats and eggs, and some
microbiological sources. EPA and DHA are
obtained primarily from fish and microalgae
oils. Eicosanoids are produced by COX, LO or
cytochrome P450 monooxygenase (epox-
ygenase) enzymes, which are generally regu-
lated at the level of gene transcription. Eico-
sanoids include prostaglandins (PG), throm-
boxanes (TX) and leukotrienes (LT), with
opposed physiologic activities.

A9 Elgngase

On the other hand, when considering that global produc-
tion of farmed fish has more than doubled in the last
15 years and that this expansion places an increasing
demand on supplies of wild fish harvested to provide
protein and oil as ingredients for aquafeeds, the replace-
ment of oils for aquaculture with oils from commercial
terrestrial plants might be desirable. In this sense, it has
been demonstrated that Atlantic salmon can be grown on
a diet in which fish oil is replaced with a plant oil contain-
ing 14% SA, without apparent detriment to fish growth or
health or a reduction in the concentration of specific key
FA, in particular EPA and DHA [24]. The same effect has
been observed in cod (Gadus morhua L.) [25]. Thus, a
new strategy to feed farmed fish with any SA terrestrial oil
is starting now, which will provide unquestionable envi-
ronmental benefits.

3 Medical uses of SA

3.1 Some cancer types

Several authors have reported that dietary AA potently
increases the phospholipid AA content in some studied
tissues, and these levels are positively correlated with
tumor number [26]. Tissue AA levels are also positively
correlated with PG levels, and PG levels are also posi-
tively correlated with tumor number [26]. Thus, inhibition
of tumorigenesis by n-3 FA, including SA, may be due
to competition with AA as substrate for the COX-2 and
LO-5 pathway to produce PG (Fig. 2), which plays an
important role as mediator in various disease processes
[26-30].
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In short, SA has been characterized as a potent inhibitor
of cancer cell growth. To elucidate its therapeutic poten-
tial, several experiments have been performed. The
incorporation and metabolism of oleic acid (OA), ALA and
SA have been compared in cancer cells. In NIH-3T3 cells,
it was found that over a 4-day period, the growth of the
cells was slightly stimulated in the presence of ALA, but
was strongly inhibited in the presence of SA at the same
concentration. The authors concluded that this inhibition
may be caused by enhanced lipid peroxidation as a result
of the high levels of SA present [31].

In another experiment, SA and other PUFA were com-
pared to attenuate tumor formation in animal models.
The antitumorigenicity of several dietary FA was eval-
uated — ALA, SA, EPA, DHA, conjugated linoleic acid
(CLA, 77% 18:2n-7) and GLA — and compared with OA, in
the diets of Apc™™* mice, a mouse line that is used as a
genetic model of intestinal tumorigenesis. This study also
tried to determine whether any alterations in tumorigen-
esis correspond to alterations in PG biosynthesis. It was
noted that tumor multiplicity was significantly lower (by
50%) in mice fed with SA or EPA, compared with con-
trols, whereas less pronounced effects were observed in
mice fed with DHA. On the other hand, the remaining
PUFA tested were ineffective at the tested doses. It was
reported that, although lower tumor numbers coincided
with significantly lower PG levels in SA- and EPA-fed
mice, ALA and DHA supplementation resulted in equally
low PG levels, despite proving less efficacious with
regard to tumor number. Furthermore, the authors indi-
cate that SA and EPA attenuate tumorigenesis in this
model and that this effect may be related in part to
alterations in PG biosynthesis [29]. Nevertheless, other
authors suggest that the beneficial effect on carcinomas
could be due to a generic effect of n-3 PUFA. This way,
the effect of a mixture of n-3 FA added to the diet on a
colon carcinoma in vivo in rat liver was examined. It was
found that a diet rich in n-3 FA reduced the development
of metastasis and prevented tumor growth. Furthermore,
it was indicated that the mechanism of prevention is
unclear, but suggesting an effect on apoptosis as a pos-
sible mechanism [32].

In any case, SA seems to be more effective as protecting
agent in tumorigenesis than its metabolic precursor, ALA.
In this sense, a comparison has been performed between
SA and ALA on COX-2 enzyme expression and PGE,
production and COX-2 protein levels in breast cancer cell
cultures. It was found that both SA and ALA reduced the
level of AA; however, SA was more effective than ALA in
decreasing the ratio of n-6/n-3 PUFA in cells. In addition,
SA was more potent than ALA in suppressing the
expression of the COX-2 gene [33].
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Another kind of tumorigenesis in which SA might provide
health benefits in humans is prostate cancer, although
clinical assays in humans have still not been performed. In
this sense, it has been observed that men with higher en-
dogenous 5a-reductase activity may have a higher pros-
tate cancer risk [34]. To elucidate the relative inhibitory
potencies of SA and other PUFA on 5a-reductase activity,
it was measured in human and rat microsomal tissues.
The relative inhibitory potencies of PUFA were, in
decreasing order: GLA > DHA = SA = AA = ALA. Thus, SA
and other PUFA may play an important role in regulating
androgen action in target cells [35]. In addition, it seems
that this tumor type could be modulated by another
mechanism, by manipulating the n-6/n-3 ratio through
diets enriched in SA. This way, it has been demonstrated
that SA promotes apoptosis and decreases proliferation
in mouse prostate cancer cells, causing a decrease in the
prostate-specific antigen PSA doubling time, compared
to n-6 LA [36].

In any case, the use of dietary SA as an antitumorigenic
agent is promising because it is not dependent on the A6
desaturase reaction, the rate-limiting step in de novo
biosynthesis of long-chain PUFA, which also indicates
that SA may reduce the formation of AA-derived eicosa-
noids in vitro [30]. In addition, other studies indicate that
the beneficial effects of SA could be attributed to an
increase in immune function, based on the observation
that SA, in combination with GLA, increased the propor-
tion of EPA in peripheral blood mononuclear cells (lym-
phocytes and monocytes) [37]. This collective evidence,
albeit limited, warrants investigation into the anti-
tumorigenic potential of SA.

3.2 Antithrombotic activity

SA has an inhibitory effect on platelet aggregation and
arachidonate oxygenation. This effect was established
using fish oil and some plant oils, such as black currant
seed oil, which were studied on human platelets. When
added to platelets simultaneously with collagen, AA or the
endoperoxide mimetic U46619, SA appeared as a weak
inhibitor of platelet aggregation. In addition, SA did not
alter the metabolism of exogenous AA. In contrast, when
pre-incubated with platelets after precoating onto albu-
min, SA inhibited platelet aggregation induced by throm-
bin, collagen, AA or U46619, and was as potent as EPA
tested under similar conditions. SA also altered the en-
dogenous AA oxygenation stimulated by low doses of
thrombin, but to a significantly lesser extent than did EPA.
It seems therefore that, in addition to competing with the
endogenous AA metabolism, SA may affect platelet
aggregation by another mechanism [38].

www.ejlst.com



1230 J. L. Guil-Guerrero

3.3 Rheumatoid arthritis

Fish oil supplements containing PUFA are reported to
have beneficial effects on the symptoms of rheumatoid
arthritis whilst offering few, if any, side effects at the levels
used [39]. It has been reported that modest clinical
improvements usually emerge after 12 weeks of treat-
ment and peak around 18-24 weeks [40]. Firstly, this
effect was attributed to the EPA and DHA content in fish
oil [39]. The levels of EPA and DHA required to produce a
beneficial effect were established at around 90 mg per kg
of body weight per day [41]. As exposed above, this effect
is due to the competition of EPA with AA as a substrate for
COX and 5-LO to produce PGE; and LTB;g, which are less
inflammatory than the AA products PGE, and LTB,
(Fig. 2). This way, the pro-inflammatory properties of LTBg
are about 10% of those of LTB, [42]. Nevertheless, SA has
demonstrated to be as effective as EPA in inhibiting 5-LO
when tested in vitro [30]. Thus, the use of SA and/or SA-
containing oils such as black currant and Echium oils, and
certain fish oils in anti-inflammatory pharmaceuticals
administered orally, rectally, enterally or parenterally is
patented in the USA [43].

3.4 Acne

It has been noted that higher serum androgen levels,
which depend on higher endogenous 5a-reductase ac-
tivity, are associated with the presence of acne, especially
in women [44]. In order to diminish this activity, the relative
inhibitory potencies of SA and other PUFA on 5a-reduc-
tase were measured in human and rat microsomal tis-
sues. The relative inhibitory potencies of PUFA were: GLA
> DHA = SA = AA = ALA. Thus, SA as well as other PUFA
may play an important role in regulating androgen action
in target cells that could attenuate disorders associated
with a high 5a-reductase activity [35].

3.5 Skin inflammation and atopic dermatitis

Leukotrienes have been shown to play an important role
as mediators in various disease processes, including the
inflammatory ones, and thus their synthesis is tightly
regulated [30]. The major precursor of leukotrienes is AA
(Fig. 2). Because of the structural similarity of SA with AA,
a study was conducted to determine whether SA exerts
an inhibitory effect on leukotriene synthesis. It was
demonstrated that leukotrienes were reduced by SA at
the same order as observed with EPA, and it was also
found to be dose dependent [45].

In another experiment, the effects of dietary SA on
inflammatory mediator release in whole blood and sple-
nocytes in mice was investigated, and the effects were
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compared with those of two other n-3 PUFA, ALA and
EPA. The release of PGE, and tumor necrosis factor (TNF)
were measured in whole blood and splenocytes stimu-
lated with lipopolysaccharide. In whole blood, the pro-
duction of TNF was suppressed by all dietary n-3 PUFA as
compared with the control diet, which contained
triacylglycerols prepared from safflower oil. PGE, pro-
duction was not significantly changed. It was also found
that SA-containing diets induce an increase in eicosate-
traenoic acid (ETA, 20:4n-3), EPA, and DHA in plasma and
splenocytes [45].

It has been reported that patients with atopic dermatitis
show a significant decrease in A6 desaturase activity and
therefore an abnormal availability of eicosanoid pre-
cursors like DGLA, AA and EPA; an improvement for A6
desaturase patients has been described following dietary
supplementation with evening primrose oil due to its GLA
content, the first A6-desaturated metabolite of LA and a
DGLA and AA precursor [46]. Thus black currant oil
- source of both GLA and SA - in children affected with
atopic dermatitis was tested. The authors concluded that
the simultaneous administration of A6-desaturated n-6
and n-3 FA (like GLA and SA) could be a very useful atopic
dermatitis treatment [46].

It is widely know that larger amounts of UV radiation
cause sunburn, which is characterized by erythema, pain,
swelling and blistering; in extreme cases, there is epi-
dermal necrosis. Thus, new pharmaceutical formulations
based on A6-desaturated n-6 and n-3 FA could be ap-
propriate to treat skin inflammation. In this sense, the use
of SA in inhibiting the COX pathway for treating skin
inflammation is patented by CRODA, as a sunscreen
composition comprising SA in combination with a UV-
blocking and/or UV-absorbing material [47].

Echium oil, rich in SA, is used as a typical SA source. It
has shown very useful properties when applied topically,
which is of great interest for the Personal Care market. It
has been described that, when applied topically to a skin
model, Echium oil inhibited the release of PGE, by nearly
two thirds, when compared to untreated tissue [48].

3.6 Hypertriglyceridemia

A wealth of evidence indicates that consumption of fish or
dietary fish oils containing long-chain n-3 PUFA such as
EPA and DHA is associated with cardiovascular benefits,
including a reduction in circulating triacylglycerol con-
centrations and reduced mortality from coronary heart
disease [49]. Nevertheless, it is established that shorter-
chain dietary n-3 PUFA such as ALA from vegetable oils
are inefficiently converted to EPA and DHA and do not
possess the hypotriglyceridemic properties attributed to
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fish oils [49]. A study was performed to investigate the
effect of dietary Echium oil, a plant oil containing SA, on
tissue FA content and serum triacylglycerol concentra-
tions in hypertriglyceridemic humans. The results
demonstrated that dietary plant oils rich in SA are meta-
bolized to longer-chain, more unsaturated n-3 PUFA.
Also, these oils appear to possess hypotriglyceridemic
properties typically associated with fish oils [49]. Thus, a
PUFA-containing composition — including SA - for treat-
ing hypertriglyceridemia and methods for its use have
been patented by the above-mentioned authors [50].

4 Sources of SA

4.1 Algae

A selection of species of algae having SA in their oil is
shown in Tab. 1. Micro- and macroalgae have consider-

Tab. 1. Fatty acid content of selected algae species.

Stearidonic acid 1231

able percentages of palmitic acid (PA, 16:0) and EPA,
which are higher than the percentages of SA. Among
the microalgae, Isochrysis seems to be a better source
of SA. Macroalgae species, especially from the Phaeo-
phyceae, such as Scytosiphon lomentarius and Micelo-
phycus simplex, have SA percentages twice as high in
their oil. Nevertheless, the saponifiable oil content in
macroalgae is usually very low, although the majority of
the consulted works lack any data about the oil content
in macroalgae (Tab. 1). Other workers reported relatively
high SA percentages in the oils of some macroalgae,
but in considering the low oil content of these, they may
not be useful SA sources [56]. On the other hand, an
adequate strategy to upgrade the algal SA oils is effec-
ted through selective lipid fractionation. By this proce-
dure, in the monogalactosyldiacylglycerol fraction, the
macroalgae Ulva fenestrata accumulates SA at 24.3%
based on the total lipid fraction, but yielding low FA
amounts [57].

Saponi-  14:0 16:0 16:1 18:.0 18:1 18:2n-6 18:3n-6 18:3n-3 18:4n-3 20:4n-6 20:5n-3 22:6n-3
fiable oil (SA)
(% of dry
matter)
Microalgae
Prymnesiophyceae
Pavlova lutheri [51]? - 88 17.3 144 267 24 06 0.5 2.1 10.9 0.7 26.7 -
Isochrysis sp. [51]2 10.0 184 93 50 37 76 37 2.0 5.7 26.8 0.1 0.8 -
Bacillariophyceae
Phaeodactylum 10.5 54 155 173 03 05 22 0.6 0.3 0.4 3.4 29.8 0.8
tricornutum [52]
Rhodophyceae
Porphyridium 4.1 19 266 18 08 1.0 6.2 - 1.0 0.5 23.0 23.9 0.2
cruentum [53]
Macroalgae
Rhodophyceae
Rhodomela - 30 219 24 09 128 3.1 0.5 5.8 9.8 11.9 24.8 -
confervoides [54]
Phaeophyceae
Undaria pinnatifida [54] - 36 239 12 17 97 99 0.5 5.8 10.8 15.5 12.5 -
Scytosiphon - 42 144 10 04 90 56 1.1 6.2 18.8 12.0 24.2
lomentarius [54]
Micelophycus - 28 153 21 05 88 43 0.8 7.0 201 7.6 23.8
simples [54]
Sargassum - 40 318 65 136 7.0 24 0.22 451 450 9.45 4.68 -
piluliferum [55]
Chlorophyceae
Ulva lactuca [54] - 11 248 04 03 75 46 0.8 20.5 17.9 0.0 1.3 -
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On the other hand, PUFA profiles as well as oil percent-
ages in microalgae can be improved by modifying some
parameters in the photobioreactors, such as tempera-
ture, residence time, culture medium, etc. Thus, it is
expected that microalgae could become a promising
source of SA.

4.2 Fungi

SA is scarcely reported in fungi species. According to the
current literature, it seems that studies about the FA
composition of fungi have focused on taxonomical pur-
poses. In this sense, the FA composition of Thamnidium
elegans, a slightly psychrophilic fungus, has been deter-
mined and compared with other mucoraceous fungi [58].
It has been found that, in addition to the biosynthesis of
ALA at low temperature, T. elegans shows an increase in
the synthesis of SA, and also that the response to tem-
perature has taxonomical value in relation to fungal phy-
logeny. Another studied species, from the genus Morter-
iella, showed low amounts of this PUFA [59].

4.3 Seed plants

Looking at the metabolic pathways that lead to SA bio-
synthesis (Fig. 2), it is comprehensible that both GLA and
SA could appear jointly in the seed oil of some taxa. Thus,
sometimes the literature about the FA distribution in seed
plants shows data for both PUFA simultaneously. Nor-
mally, the data obtained from analyzed seed plants are
indexed in the Seed Oil Fatty Acids (SOFA) database
(http://www.bagkf.de/sofa/). Over many years, the Insti-
tute for Chemistry and Physics of Lipids in Munster (Ger-
many) has collected seed oil FA composition data. This
database permits searches for plant species, genera and
families, for individual FA and combinations of FA in their
seed oils, and for their proportional contents in form of FA
composition tables. It also contains literature references
and close to 1000 unpublished data from analyses carried
out by GLC between 1986 and 2002 in the Institute for
Chemistry and Physics of Lipids.

In the last years, the PUFA distribution in seed plants has
been analyzed while looking for new and better sources.
In addition, other sources have been investigated, such
as fungi and microalgae. Nevertheless, seeds plants are
intensively examined because this source has attractive
advantages [5].

They constitute a natural and renewable material, whose

by-products (forage, residues of seeds, etc.) can be easily
recycled.
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Genetic engineering possibilities, still not well known,
seem to have a great future.

The agricultural techniques, which are easily applicable,
have been well known for a long time.

Agriculture with non-alimentary purposes constitutes an
alternative option to the traditional cultivation of lands,
which sometimes is subsidized in the European Commu-
nity.

Thus, according to the above exposed statements, seed
plants seem to be the better option to produce SA oils.
Unfortunately, to date, SA has been reported in only a
small number of families: Aracauriaceae, Boraginaceae,
Caryophillaceae, Cannabinaceae, Primulaceae, Saxi-
fragaceae and Loasaceae.

Among the angiosperms, the Boraginaceae seemed to be
the most appropriate family to continue the search for SA
in nature. Nevertheless, after a vast search, only few
plants from this family have shown SA amounts in their
seed oils that could be useful for industrial extraction.

The FA percentages of the seed oils in which SA appears
in noticeable amounts are shown in Tab. 2 (Boraginaceae)
and Tab. 3 (other families). Notice that, usually, both GLA
and SA are discovered at the same time when any new
seed oil is characterized. This is because the occurrence
of the A6 desaturase enzyme implies the biosynthesis of
both GLA and SA (Fig. 2).

Among the Boraginaceae, Echium, Lappula and Litho-
spermum seem to be the better sources of SA. The high
amount of ALA shown by all species that produce SA can
be explained by considering the metabolic pathway that
generates SA from ALA (Fig. 2). Other FA that appear in all
species are PA, OA, LA and ALA.

The chemotaxonomic significance of the FA composition
of the seed oil in the Boraginaceae is widely accepted.
According to Tétényi [75], this family has different FA
profiles at the tribal level. Velasco and Goffman [67]
found that the subfamily Heliotropioideae is character-
ized by low levels of ALA, GLA and SA, and long-chain
monounsaturated FA. The tribes Eritrichieae and Lithos-
permeae showed high concentrations of SA. The max-
imum levels of GLA were found in the tribe Boragineae,
and the maximum concentrations of long-chain mono-
unsaturated FA constitute a characteristic of the tribe
Cynoglosseae. In this sense, important differences have
been described between European and North-African
Echium plants and Macaronesian Echium (endemic
Echium from Macaronesia, a group of islands located in
the Mid Northeast Atlantic: namely Canary, Madeira,
Azores and Cape Verde Islands), consisting of an
increase in the GLA content of the Macaronesian Echium
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Tab. 2. Fatty acid content of selected species of Boraginaceae with SA >10% of the saponifiable oil.

Saponifiable oil 16:0 18:0 18:1n-9 18:2n-6 18:3n-6 18:3n-3 18:4n-3

(% of dry matter) (SA)
Echium asperrimus [60] 18.7 7.7 2.8 14.7 16.3 9.6 35.3 111
Echium boissieri [60] 19.8 5.5 2.3 14.7 8.6 5.5 471 14.3
Echium creticum [60] 14.6 5.6 3.0 8.2 14.3 9.7 42.7 14.7
Echium italicum [61] 17.0 8.0 3.0 17.0 11.0 8.0 39.0 12.0
Echium lusitanicum [62] 20.6 6.7 2.5 16.4 16.4 10.9 33.3 12.3
Echium plantagineum [60] 30.0 7.0 4.0 17.0 15.0 10.0 34.0 13.0
Echium rubrum [63] 15.0 8.0 2.0 8.0 20.0 14.0 34.0 15.0
Echium russicum [62] 18.6 5.7 2.4 14.4 22.6 15.8 26.6 10.6
Echium sabulicola [60] 20.4 5.5 2.4 8.0 16.3 10.9 40.4 14.7
Echium fastuosum [64] 13.7 7.5 3.0 9.7 16.2 23.8 25.5 10.9
Hackelia americanum [65] 32.0 6.80 1.50 20.6 17.5 12.4 19.3 10.5
Lappula granulata [66] 12.7 5.3 1.9 16.1 1.7 6.9 32.6 17.7
Lappula intermedia [66] 4.6 5.1 1.5 13.8 134 71 35.4 17.7
Lappula myosotis [66] 18.0 5.9 1.9 13.3 12.9 6.7 34.9 17.2
Lappula squarrosa [67] 12.2 10.2 7.8 12.2 13.6 7.3 27.6 171
Lithospermum arvense [63] 16.1 7.0 5.6 10.9 10.6 5.2 41.5 17.4
Lithospermum incisum [60] 11.8 10.0 3.0 14.0 19.0 55 34.0 11.0
Moltkia aurea [59] 10.0 6.0 3.0 16.0 19.0 10.0 36.0 16.0
Rochelia disperma [63] 18.0 6.0 3.0 17.0 10.0 5.0 39.0 15.0
Rochelia stylaris [63] 21.0 6.0 2.0 18.0 12.0 5.0 40.0 14.0
Pectocarya platycarpa [68] 15.0 9.5 2.9 19 17.9 15.2 19.9 12.0
Tab. 3. Fatty acid content of seeds of selected species from other families.

Saponifiable oil  16:0 18:0 18:1n-9 18:2n-6 18:3n-6 18:3n-3 18:4n-3

(% of dry matter) (SA)
Aracauriaceae
Agathis robusta [69] 46.0 3.4 9.3 12.3 36.9 0.5 11.0 0.2
Cannabinaceae
Cannabis sativa [70] 25.0 6.0 2.3 8.6 54.3 3.9 21.7 1.91
Primulaceae
Aleuritia scotica [71] - 7.7 0.4 10.3 26.9 2.2 29.0 22.5
Aleuritia farinosa [71] - 9.1 0.4 7.3 29.9 1.8 29.2 17.5
Primula macrophylla [72] - 9.9 1.1 18.2 7.3 0.8 55.4 17.0
Primula sikkimensis [73] 17.6 9.4 0.9 27.8 23.6 3.5 11.3 14.9
Saxifragaceae
Ribes alpinum [74] 18.7 5.6 1.4 18.1 39.0 9.6 22.0 4.4
Ribes nigrum [74] 30.0 7.0 15 11.0 47.0 18.0 13.0 3.0
Ribes uva-crispa [74] 18.0 7.5 1.0 17.0 40.0 11.0 19.5 4.5

species — up to 100% as compared to the continental
Echium - at the expense of a decrease in the ALA and SA
amounts [64].

The seed oils of the Saxifragaceae (Tab. 3) are very similarto
the Boraginaceae oils in that they contain both ALA and SA.
Ribes species are commercially exploited to obtain GLA
[76], but the amounts of SA in Ribes species are very low.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Primulaceae (Primula and Aleuritia species) (Tab. 3)
show good amounts of SA. Aleuritia scotica seems to
be the best source of SA found so far in nature.
Nevertheless, some variables affecting the oil avail-
ability, such as seed size or cultivation viability, appear
to be unreported. Hemp (Cannabis sativaL.) seed oil
seems to be an exceptionally rich source of PUFA,
specifically of LA and ALA [70]. There are now reports

www.ejlst.com



1234 J. L. Guil-Guerrero

of significant amounts of GLA and SA in the seed oil of
this species.

In other families, SA appears sporadically at different
taxon levels. For instance, Nasa is the only genus of the
Loasaceae that shows both GLA and SA (at levels of 3.5—
10% and 2-8.5%, respectively). As noted for the Bor-
aginaceae [60], there is no obvious connection between
the degree of unsaturation of the seed oil and the habitat
of this species [77].

The genetic modification of oilseed crops provides an
opportunity to tailor the composition of seed oils for opti-
mal dietary or processing characteristics. Until recently,
modifications of oil composition could only be achieved
through traditional plant breeding, where the natural
diversity within closely related species could be exploit-
ed, or through mutagenesis. Transgenic technology
widens the scope of modifications achievable in oil com-
position by allowing the introduction of a wider range of
genetic elements than is otherwise possible. This way, the
production of GLA and SA in seeds of a marker-free
transgenic soybean has been realized recently. Through a
single desaturation step (Fig. 2), the Borago officinalis L.
A6 desaturase can convert LA and ALA to GLA and SA,
respectively. To this end, DNA sequences of the B. offici-
nalis A6 desaturase gene were cloned downstream of the
embryo-specific promoter B-conglycinin. In the trans-
genic soybean, the average GLA levels ranged from 3.4
up to 28.7%, while the SA levels varied from just under 0.6
to 4.2% [78].

Better results have been obtained by generating trans-
genic canola (Brassica napus) lines that expressed in
seeds the A6 and A12 FA desaturases isolated from the
commercially grown fungus Mortierella alpina and the
A15 FA desaturase from canola. Seed oil from inde-
pendent transformants accumulated SA, up to 23% of
the oil by weight. Seed lipids were evaluated in the F1
and F2 generations from several independent crosses. In
these progeny plants, SA accumulated to up to 23% of
the F1 seed lipids. The total n-3 content in the seed lipids
(ALA + SA) exceeded 55% of the seed lipids whereas
the total n-6 FA content of the seed lipids (GLA + LA)
was 22% [79].

4.4 Animal sources

Most fish oils show low percentages of SA. Thus, men-
haden has 2.1, sardine 4.7, tuna 0.8, herring 3.0, mackerel
1.3 and salmon 1.4% SA based on total FA [80]. This
means that fish oils are used mainly as sources of EPA or
DHA instead of SA.
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5 Conclusions

The A6 desaturated SA is reported as a PUFA that could
be used in the treatment of several diseases. Never-
theless, new research about the physiological effects of
SA on human health is needed, in which the physiological
effects of this PUFA should be clearly distinguished from
those of the other PUFA that usually are present in the
same oil source.

Knowledge of SA in nature is increasing steadily; thus, a
great number of SA producer species have recently been
reported. Some of these new sources have interest, both
for oil extraction to use as health food as well as for
obtaining pure SA. Keeping in mind a possible future
demand for SA oils, the use of new SA producer species
could be a desirable option for agriculture. It is expected
that new species containing higher amounts of SA than
those described until now can still be found, by consider-
ing the high number of species untested to date.

Few oils are available as SA source. Marine oils show low
SA percentages; thus it is mainly ingested through spe-
cialized seed oils. Among these, Echium oil seems to be a
good option. Other marketed oils sources of SA are Ribes
species and the novel hemp oil, but SA reaches low per-
centages in these oils.

Until today, references about possible adverse effects on
health of this fatty acid have not been reported.
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