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so that persons can choose foods and ingredients that suit their
usual dietary habits. By using foods such as milk, margarine, and
sausage (all of which were enriched with fish oil), as well as
canned and fresh fish, we demonstrated that subjects can have a
dietary EPA+DHA intake of 1.5–1.8 g/d without altering their
dietary habits (3, 4). This intake is equivalent to that supplied
by ≥ 1 fish meal/d.
However, the modification of foods with oil that will efficiently
increase tissue concentrations of EPA and DHA requires enrichment with fish oils. With increasing applications, this is likely to
become problematic because of pressure on global fish stocks, and
aquaculture is unlikely to be a sustainable solution because the
industry relies heavily on wild fish stocks for feed (5).
These issues could be resolved by the provision of n3 fatty
acids via the terrestrial food chain. Currently, -linolenic acid
(ALA; 18:3n3) is the main n3 fatty acid available in vegetable
oils. Although there may be cardiovascular benefits associated
directly with ALA (6), there is poor conversion of ingested ALA
to the longer-chain n3 fatty acids EPA and DHA (7). A possible
explanation for the low conversion of ALA to EPA, a 3-enzyme
process, is that the initial enzyme, 6-desaturase (EC 1.14.99.25),
is rate limiting in humans, as it was shown to be in rodents (8, 9).
Thus, the ingestion of vegetable oils enriched in stearidonic acid
(SDA; 18:4n3) may be an efficient means of increasing tissue
EPA concentrations.
This study examined whether dietary SDA can increase tissue
EPA and DHA concentrations in healthy human volunteers and
compared its efficacy with that of dietary ALA and EPA. The comparative abilities of these dietary n3 fatty acids to inhibit inflammatory cytokine production were also examined.

SUBJECTS AND METHODS
INTRODUCTION
The therapeutic and preventive benefits of dietary n3 fatty
acids with regard to cardiovascular disease and rheumatoid arthritis have been well documented (1, 2). Most evidence for benefits
applies to the long-chain n3 fatty acids eicosapentaenoic acid
(EPA; 20:5n3) and docosahexaenoic acid (DHA; 22:6n3),
which occur in fish and fish oil. However, it is problematic to
recommend to patients or to the community that they increase
fish intake. Dietary preferences are strong, and, if individuals do
not habitually consume fish, a health message is unlikely to alter
this habit.
We have argued that the key to increasing n3 fatty acid intake
is to provide a wide range of foods enriched with n3 fatty acids
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Subjects
Forty-five healthy subjects, men and postmenopausal women
aged 18–65 y, who were normolipidemic and whose body mass
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ABSTRACT
Background: For many persons who wish to obtain the health
benefits provided by dietary n3 fatty acids, daily ingestion of
fish or fish oil is not a sustainable long-term approach. To increase
the number of sustainable dietary options, a land-based source of
n3 fatty acids that is effective in increasing tissue concentrations
of the long-chain n3 fatty acids eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) is required.
Objective: The objective of the study was to examine the ability
of dietary stearidonic acid (SDA) to increase tissue concentrations
of EPA and DHA in healthy human subjects and to compare the
effectiveness of SDA with that of the n3 fatty acids -linolenic
acid (ALA) and EPA.
Design: Encapsulated SDA, ALA, or EPA was ingested daily in
doses of 0.75 g and then 1.5 g for periods of 3 wk each by healthy
male and postmenopausal female subjects (n = 15/group) in a doubleblind, parallel-group design.
Results: Dietary SDA increased EPA and docosapentaenoic acid
concentrations but not DHA concentrations in erythrocyte and in
plasma phospholipids. The relative effectiveness of the tested
dietary fatty acids in increasing tissue EPA was 1:0.3:0.07 for
EPA:SDA:ALA.
Conclusions: Vegetable oils containing SDA could be a dietary
source of n3 fatty acids that would be more effective in increasing tissue EPA concentrations than are current ALA-containing
vegetable oils. The use of SDA-containing oils in food manufacture could provide a wide range of dietary alternatives for
increasing tissue EPA concentrations.
Am J Clin Nutr
2003;77:1140–5.

STEARIDONIC ACID METABOLISM IN HUMANS
TABLE 1
Macronutrient intake estimated from weighed food records1
Intake
g/d (% of dietary energy)
Protein
Carbohydrate
Total fat
n6 Fat
Monounsaturated fat
Saturated fat
1–
x ± SD; n = 44.

96.7 ± 5.4 (17.2 ± 0.9)
260 ± 11.8 (48.6 ± 1.6)
76.7 ± 4.8 (31.1 ± 1.4)
7.1 ± 0.8 (2.9 ± 0.3)
28.2 ± 1.6 (11.4 ± 0.4)
34.4 ± 2.8 (14.0 ± 0.9)
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cholesterol ester, and triacylglycerol fractions were retained.
These fractions were transesterified by methanolysis [1% (by vol)
H2SO4 in methanol at 70 C for 3 h]. Fatty acid methyl esters were
separated and quantified with a Hewlett-Packard 6890 gas chromatograph (Hewlett-Packard, Palo Alto, CA) equipped with a
50-m capillary column coated with BPX-70 (0.25-m film thickness; SGE Pty Ltd, Victoria, Australia) (3). Fatty acid standards
were obtained from NuChek Prep Inc (Elysian, MN) and included
SDA obtained from Sigma Aldrich Pty Ltd (Castle Hill, Australia). All organic solvents contained butylated hydroxy anisole
(0.005%) as an antioxidant.
Cytokine synthesis

Study design
After a 3-wk run-in period, subjects ingested either ALA, SDA,
or EPA supplied as ethyl esters in capsules. Vanillin was added to
all oils to mask odors. Intakes were 0.75 g/d for 3 wk and then 1.5
g/d for 3 wk. At –3, 0, 3, and 6 wk, 36 mL blood was taken by
venipuncture after an overnight fast. Blood was aliquotted into
various tubes for laboratory procedures.
Cell separations and fatty acid analysis
Blood (20 mL) was added to tubes containing 4 mL 4.5%
(wt by vol) EDTA in water and 4 mL 6% (wt by vol) dextran in
normal saline at a pH of 7.0. Erythrocytes were allowed to sediment under gravity at 37 C for 30 min. The leukocyte-rich
plasma was layered onto Lymphoprep, density 1.077 (Nycomed
Pharma, Oslo) and centrifuged at 110  g for 10 min at 25 C
to separate leukocytes from the platelets, which were removed.
The gradient was further centrifuged at 200  g for 20 min at
25 C to separate the neutrophils from mononuclear cells, which
were removed.
Samples were processed for fatty acid analysis as described
elsewhere (3). Plasma and washed platelet and mononuclear cell
pellets were stored at 80 C. Erythrocyte pellets were treated
with chloroform:isopropanol (2:1) without freezing, and the
lipid extracts were stored at 4 C. After being thawed, plasma
and platelet and mononuclear cell pellets were extracted with
the use of chloroform:methanol (2:1, wt by vol). The cellular and
plasma lipid extracts were fractionated with the use of thin-layer
chromatography. For the cellular extracts, the phospholipid fraction was retained, and, for the plasma extracts, the phospholipid,

Blood (4 mL) was added to heparinized tubes, bacterial
lipopolysaccharide (200 ng/mL) was added, and the mixture was incubated at 37 C in 5% CO2 for 24 h. Plasma was collected and assayed
for interleukin 1 (IL-1) and tumor necrosis factor  (TNF-) by
enzyme-linked immunosorbent assay, as described elsewhere (3).
Measurement of plasma lipids
Blood (4 mL) was collected in heparinized tubes, and plasma
total, LDL, and HDL cholesterol and plasma triacylglycerol were
measured in the clinical diagnostic laboratories of the Royal Adelaide Hospital, Institute of Medical and Veterinary Science.
Diet
Subjects were instructed in avoiding dietary n6 fatty acids
and substituting monounsaturated (n9) fatty acids where possible. To facilitate this pattern of intake, they were provided with
salad dressing, cooking oil, and margarine that were low in n6
fatty acids and high in n9 fatty acids. Subjects were provided
with diet diaries and instructed in keeping weighed food records
on designated days (weekdays and weekend days).
Dietary intake
Diet diaries were analyzed with the use of DIET/1 software
(Xyris Software, Brisbane, Australia) to obtain data on macronutrient (carbohydrate, protein, fat, alcohol, and the ratio of polyunsaturated fat to saturated fat) intake. This software uses the Australian Nutrient Data Table database (NUT-TAB95; Australian
Government Publishing Service, Canberra). The analysis also provides intake data on n6 and n9 fatty acids.
Statistical analysis
Two-way repeated-measures analysis of variance (ANOVA),
followed by Tukey’s post hoc test of significance, was conducted
with SAS software, version 8.2 (SAS Institute Inc, Cary, NC).
RESULTS
Baseline body mass index and weight change during trial
The average body mass index for all subjects was 26.4, and
there was no significant difference in baseline body mass
index between the groups. Subjects were weighed at each
visit, and there was no significant change in weight during the
trial (data not shown). One subject in the EPA group withdrew
from the study.
Energy and macronutrient intake
The mean (± SD) energy intake was 9.1 ± 0.2 MJ. Summary
data for the macronutrient intakes are shown in Table 1. There
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index (in kg/m2) was in the range of 20–30 were recruited. Exclusion criteria included bleeding disorders, hypertension, inflammatory disorders, active gastrointestinal diseases, chronic use of
low-dose aspirin, consumption of restaurant or carry-out evening
meals > 2 times/wk, use of dietary supplements rich in n3 or
n6 fatty acids, habitual consumption of > 1 fish meal/mo, and
plasma phospholipid EPA+DHA concentrations > 7.9% of total
fatty acids (x– ± SD concentration recorded in recruited subjects:
4.9 ± 1.0% of total fatty acids).
Subjects were randomly allocated (in blocks of 3) to 1 of 3 groups
for the administration of ALA, SDA, or EPA on a double-blind basis.
After unblinding at the study conclusion, the numbers of men and
women, respectively, in each group were 10 and 5 in the EPA group,
9 and 6 in the SDA group, and 10 and 5 in the ALA group.
Written informed consent was obtained from all subjects. The
study was approved by the Royal Adelaide Hospital Research
Ethics Committee.
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TABLE 2
Erythrocyte phospholipid fatty acids by dietary group before and after dietary intervention1
Week2
Erythrocyte fatty acid

3

0

3

6

% of total fatty acids
EPA
EPA group
0.85 ± 0.16a
0.81 ± 0.14a
1.60 ± 0.31b
2.56 ± 0.65c
a
a
b
SDA group
1.00 ± 0.22
0.96 ± 0.19
1.16 ± 0.17
1.44 ± 0.24c
ALA group
0.88 ± 0.16
0.88 ± 0.17
0.92 ± 0.23
1.01 ± 0.18
DPA
EPA group
2.92 ± 0.45a
2.81 ± 0.24a
3.19 ± 0.30b
3.71 ± 0.38c
a,b
b
a,b
SDA group
3.31 ± 0.30
3.16 ± 0.22
3.27 ± 0.27
3.46 ± 0.29a
ALA group
3.10 ± 0.40
3.08 ± 0.35
3.08 ± 0.37
3.19 ± 0.38
DHA
EPA group
5.02 ± 0.89
4.62 ± 0.69
4.49 ± 0.68
4.22 ± 0.68
SDA group
4.65 ± 1.10
4.23 ± 0.86
4.08 ± 0.77
3.96 ± 0.74
ALA group
4.87 ± 0.74
4.61 ± 0.71
4.38 ± 0.66
4.28 ± 0.56
1–
x ± SD. EPA, eicosapentaenoic acid; SDA, stearidonic acid; ALA, -linolenic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid. Values

was no significant difference in energy or macronutrient intake
between any group at baseline, and there were no statistically
significant changes during the study in any group.
Compliance
A count of returned capsules was used to assess compliance in
capsule intake. Compliance among all groups and at all doses was
99.5 ± 0.77%, and there was no significant difference between the
dietary groups in either of the dietary periods.
Fatty acids
Eicosapentaenoic acid
At baseline, there was no significant difference between the
dietary groups in EPA concentration in erythrocyte or plasma
phospholipids. The ingestion of EPA or SDA at 0.75 g/d (0–3 wk)
or 1.5 g/d (3–6 wk) significantly (P < 0.0001) increased EPA concentrations in the phospholipid fractions of erythrocytes and
plasma (Tables 2 and 3). The ingestion of ALA at either dose did
not significantly increase EPA concentrations. Similar results were
observed for EPA concentrations in platelets and mononuclear cell
phospholipids, plasma cholesterol esters, and plasma triacylglycerol (data not shown).
Docosapentaenoic acid
The ingestion of EPA at 0.75 g/d or 1.5 g/d significantly (P < 0.0001)
increased the concentration of docosapentaenoic acid (DPA;
22:5n3) in the phospholipid fractions of erythrocytes and plasma
(Tables 2 and 3). The ingestion of SDA at 1.5 g/d significantly
(P < 0.0001) increased DPA concentrations. Similar results were
observed for DPA concentrations in platelets and mononuclear cell
phospholipids, plasma cholesterol esters, and plasma triacylglycerol (data not shown).

were slight decreases in DHA concentrations, particularly at the
higher doses of the test fatty acids, the interaction term for dietary
group  time effects was not statistically significant (two-way
ANOVA), and therefore, analyses of the time effects for each diet
were not performed.
Numerical comparison of test fatty acids in increasing tissue
EPA concentrations
With the use of the data in Tables 2 and 3, the increases in erythrocyte and plasma phospholipid EPA can be calculated, and this
allows a comparison of the relative effectiveness of the dietary
fatty acids in increasing tissue EPA in erythrocyte and plasma
phospholipids.
At the 0.75-g daily dose (0–3 wk), the effectiveness of SDA
was 3.1- to 5.0-fold that of ALA, and the effectiveness of EPA was
3.1- to 3.9-fold that of SDA. At the 1.5-g daily dose (3–6 wk), the
effectiveness of SDA was 3.7- to 4.1-fold that of ALA, and the
effectiveness of EPA was 3.1- to 3.6-fold that of SDA.
Cytokine and eicosanoid synthesis
Whereas there were significant time effects for the synthesis of
both TNF- and IL-1, the diet-by-week interaction term was not
significant (two-way ANOVA) (Tables 4 and 5). Therefore, subgroup analyses for the time effects for each diet were not performed.
The test fatty acids had no consistent effect on the lipopolysaccharide-stimulated synthesis of prostaglandin E2, and thromboxane A2 synthesis during blood clotting was not affected by any of
the test fatty acids (data not shown).
Plasma lipids
There were no significant differences between groups at any visit
or between visits for any group in concentrations of fasting triacylglycerol or of total, LDL, or HDL cholesterol (data not shown).

Docosahexaenoic acid
None of the dietary test fatty acids at either dose resulted in a
numerical increase in DHA concentrations in the phospholipids
of either plasma or erythrocytes (Tables 2 and 3). Whereas there

DISCUSSION
The principal finding of this study is that dietary SDA was
metabolized to EPA in humans. The relative effectiveness of each
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in the same row with different superscript letters are significantly different, P < 0.05 (two-way repeated-measures ANOVA with Tukey’s post hoc test). The
significant effects and interactions were as follows: EPA (n = 14), diet, week, and diet-by-week (P < 0.0001 for all); DPA (n = 15), week (P < 0.0001) and
diet-by-week (P < 0.0001); and DHA (n = 15), week (P < 0.0001).
2
From 3 to 0 wk, run-in period; from 0 to 3 wk, 0.75 g fatty acid/d; from 3 to 6 wk, 1.5 g fatty acid/d.
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TABLE 3
Plasma phospholipid fatty acids by dietary group before and after dietary intervention1
Week2
Plasma phospholipid fatty acid

3

0

3

6

% of total fatty acids
EPA
EPA group
1.10 ± 0.40a
1.04 ± 0.23a
2.71 ± 0.71b
4.48 ± 1.35c
a
a
b
SDA group
1.19 ± 0.21
1.27 ± 0.30
1.80 ± 0.28
2.38 ± 0.51c
ALA group
1.07 ± 0.23
1.16 ± 0.31
1.33 ± 0.54
1.43 ± 0.40
DPA
EPA group
1.31 ± 0.29a
1.34 ± 0.22a
2.02 ± 0.45b
2.46 ± 0.48c
a
a
b
SDA group
1.37 ± 0.23
1.45 ± 0.19
1.68 ± 0.30
1.85 ± 0.34b
ALA group
1.29 ± 0.18
1.39 ± 0.26
1.38 ± 0.18
1.46 ± 0.34
DHA
EPA group
3.97 ± 1.06
3.75 ± 0.77
3.65 ± 0.72
3.48 ± 0.64
SDA group
3.40 ± 0.73
3.40 ± 0.79
3.27 ± 0.78
3.26 ± 0.63
ALA group
3.70 ± 0.63
3.64 ± 0.65
3.54 ± 0.63
3.39 ± 0.51
1–
x ± SD. EPA, eicosapentaenoic acid; SDA, stearidonic acid; ALA, -linolenic acid; DPA, docosapentaenoic acid; DHA, docosahexaenoic acid. Values

type of dietary fat in the background diet as much as is practical in free-living humans. This was achieved by providing
advice on avoiding unnecessary LA intake and by providing
margarine, salad dressing, and cooking oil that were low in
n6 fatty acids and high in n9 fatty acids. As a consequence,
the LA intake of 3% of dietary energy in this study is probably lower than the community average.
The inhibition of the synthesis of TNF- or IL-1, or both,
measured ex vivo after the ingestion of fish oil has been reported
in healthy males and females and in rheumatoid arthritis patients
(3, 16–19). Therefore, the comparative effect of the dietary fatty
acids on the production of these inflammatory cytokines was
examined. Whereas the synthesis of both TNF- and IL-1
decreased during the course of the study, the initial statistical
analysis by two-way ANOVA did not support further analysis of
the effects of the individual fatty acid supplements. The mechanism for inhibition of cytokine synthesis by long-chain n3 fatty
acids in not known, but it has been shown that polymorphisms in
the promoter regions of the TNF- and TNF- genes are involved
in determining not only the levels of synthesis but also the
response to fish oil (20).
An important outcome from this study is provided by quantifying the relative effectiveness of the test fatty acids in increasing
tissue EPA concentrations. If the ability of dietary EPA to increase
tissue EPA is set to unity, the numerical relative effectiveness of

of the fatty acid supplements in increasing EPA concentrations in
plasma or erythrocyte phospholipids was EPA > SDA > ALA.
These relativities support the proposition that the activity of
6-desaturase is rate limiting in the conversion of ALA to EPA in
humans, as it was shown to be in rodents (8, 9). In the SDA dietary
group, neither SDA nor its immediate metabolite 20:4n3 accumulated in detectable amounts (data not shown), which suggests
that elongase and 5-desaturase activities were sufficient to prevent tissue accumulation with the ingestion of ≤ 1.5 g SDA/d.
Dietary SDA and EPA were qualitatively similar with respect to
their ability to increase tissue EPA and DPA, but they did not
increase DHA. Whereas SDA is metabolized to EPA and DPA by
the actions of elongase and 5-desaturase, further metabolism to
DHA depends on 6-desaturase activity followed by -oxidation
(10). Given the rate-limiting activity of 6-desaturase in the conversion of ALA to EPA, its activity may limit the conversion of
DPA to DHA also. Whereas a study of > 6 wk may result in
increased DHA concentrations, the lack of increase in DHA with
the ingestion of ALA or EPA was reported previously (11, 12).
The test fatty acids—ALA, SDA, and EPA—were provided
as encapsulated dietary supplements. Although it is not
known whether dietary linoleic acid (LA; 18:2n6) alters
SDA metabolism to EPA, it has been shown in rats and
humans that dietary LA decreases ALA metabolism to EPA
(13–15). Therefore, it was considered prudent to control the
TABLE 4
Tumor necrosis factor  synthesis in lipopolysaccharide-treated whole blood1

Week2
Dietary group

3

0

3

6

ng/mL
EPA (n = 14)
36.6 ± 16.5
38.9 ± 12.5
32.0 ± 11.8
27.6 ± 10.6
SDA (n = 15)
37.6 ± 14.6
43.7 ± 18.7
37.7 ± 14.2
34.1 ± 12.0
ALA (n = 15)
30.9 ± 13.1
36.8 ± 17.4
32.7 ± 11.9
25.3 ± 7.2
1–
x ± SD. EPA, eicosapentaenoic acid; SDA, stearidonic acid; ALA, -linolenic acid. There was a significant effect of week, P < 0.0001 (two-way
repeated-measures ANOVA).
2
From 3 to 0 wk, run-in period; from 0 to 3 wk, 0.75 g fatty acid/d; from 3 to 6 wk, 1.5 g fatty acid/d.
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in the same row with different superscript letters are significantly different, P < 0.05 (two-way repeated-measures ANOVA with Tukey’s post hoc test). The
significant effects and interactions were as follows: EPA (n = 14), diet, week, and diet-by-week (P < 0.0001 for all); DPA (n = 15), diet (P = 0.001), week
(P < 0.0001), and diet-by-week (P < 0.0001); and DHA (n = 15), week (P < 0.0016).
2
From 3 to 0 wk, run-in period; from 0 to 3 wk, 0.75 g fatty acid/d; from 3 to 6 wk, 1.5 g fatty acid/d.
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TABLE 5
Interleukin 1 synthesis in lipopolysaccharide-treated whole blood1
Week2
Dietary group

3

0

3

6

ng/mL
EPA (n = 14)
93.1 ± 26.8
92.0 ± 25.4
75.3 ± 27.6
73.5 ± 16.4
SDA (n = 15)
106.9 ± 33.0
94.7 ± 29.3
81.4 ± 21.9
77.8 ± 26.4
ALA (n = 15)
97.9 ± 27.4
96.9 ± 30.9
87.3 ± 29.9
83.3 ± 24.0
1–
x ± SD. EPA, eicosapentaenoic acid; SDA, stearidonic acid; ALA, -linolenic acid. There was a significant effect of week, P < 0.0001 (two-way
repeated-measures ANOVA).
2
From 3 to 0 wk, run-in period; from 0 to 3 wk, 0.75 g fatty acid/d; from 3 to 6 wk, 1.5 g fatty acid/d.

dietary preferences, is the key to long-term compliance with health
messages to increase daily intakes of n3 fatty acids (3).
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interpretation. VU is an employee of Monsanto Company. MJJ and LGC have
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