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ABSTRACT
Background: Differences in health effects of dietary α-linolenic acid (ALA) and DHA are mediated at least in part by

differences in their effects on oxylipins.

Objectives: Time course and sex differences of plasma oxylipins in response to ALA- compared with DHA-rich

supplements were examined.

Methods: Healthy men and women, aged 19–34 y and BMI 18–28 kg/m2, were provided with capsules containing

∼4 g/d of ALA or DHA in a randomized double-blind crossover study with >6-wk wash-in and wash-out phases. Plasma

PUFA and oxylipin (primary outcome) concentrations at days 0, 1, 3, 7, 14, and 28 of supplementation were analyzed

by GC and HPLC-MS/MS, respectively. Sex differences, supplementation and time effects, and days to plateau were

analyzed.

Results: ALA supplementation doubled ALA concentrations, but had no effects on ALA oxylipins after 28 d, whereas

DHA supplementation tripled both DHA and its oxylipins. Increases in DHA oxylipins were detected as early as day 1, and

a plateau was reached by days 5–7 for 11 of 12 individual DHA oxylipins and for total DHA oxylipins. Nine individual DHA

oxylipins reached a plateau in females with DHA supplementation, compared with only 4 in males. A similar time course

and sex difference pattern occurred with EPA and its oxylipins with DHA supplementation. DHA compared with ALA

supplementation also resulted in higher concentrations of 4 individual arachidonic acids, 1 linoleic acid, and 1 dihomo-γ -

linolenic acid oxylipin, despite not increasing the concentrations of these fatty acids, further demonstrating that oxylipins

do not always reflect their precursor PUFA.

Conclusions: DHA compared with a similar dose of ALA has greater effects on both n–3 and n–6 oxylipins in

young, healthy adults, with differences in response to DHA supplementation occurring earlier and being greater in

females. These findings can help explain differences in dietary effects of ALA and DHA. This study was registered

at clinicaltrials.gov as NCT02317588. J Nutr 2021;151:513–522.
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Introduction

Consumption of n–3 PUFAs has been associated with numerous
health benefits, including reduced risk of many disorders such
as cardiovascular diseases, cancers, inflammatory disorders,
prematurity, and depression, although not all findings are
consistent (reviewed in references 1–8). This evidence comes
primarily from studies with EPA and DHA, but studies with
the main dietary 18-carbon n–3 PUFA, namely α-linolenic
acid (ALA, 18:3n–3), indicate that it also has beneficial effects
that can be different and that are often less potent (1, 2, 8).
These effects are generally ascribed at least in part to the

oxylipins formed from these PUFAs and likely help explain
the different effects of these PUFAs. Oxylipins are biologically
active lipids formed from PUFAs released from membrane
phospholipids by phospholipase A2 and oxygenated by cyclo-
oxygenases, lipoxygenases, and cytochrome P450 enzymes
(9).

Conclusions regarding the effects of oxylipins have long
been based on data of PUFA composition and a few select
oxylipins, but both human and rodent supplementation studies
indicate that although effects on oxylipins often reflect PUFA
composition, this is not always the case (10–14). Recently
more comprehensive direct analysis of the oxylipin profile
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based on HPLC-MS has become feasible, allowing the direct
comparison of supplementation effects on PUFAs and oxylipins.
Such studies with combined EPA + DHA supplementation
in healthy humans have shown marked increases in plasma
EPA and DHA and many oxylipins derived from these PUFAs
[reviewed by Ostermann and Schebb (10)]. The concentration
of EPA in the supplements was generally higher than DHA
in these studies, but in a recent study, DHA supplementation
alone primarily increased DHA oxylipins and a small number
of EPA oxylipins (15). However, the few studies in humans that
have examined the effects of oxylipins produced in response to
consumption of ALA suggest that ALA supplementation results
in increased plasma ALA and EPA, but relatively small
in ALA oxylipins (11, 12).

Changes in oxylipins during the time course of supplemen-
tation have been reported in several studies with combined
EPA + DHA supplementation. In these studies, EPA and
DHA oxylipins both increase as early as 3 d or 1 wk after
such supplementation (16, 17), whereas it is primarily EPA
plasma oxylipins that increase after 6 h of a single low dose
of EPA plus DHA (18). In contrast, supplementation with
DHA alone increases DHA oxylipins and a small number of
EPA oxylipins after as early as 1 wk (15). With respect to
ALA supplementation, there has been only 1 study in men
that documented oxylipin changes in human plasma over
time (12).

Differences in response to supplementation also can be
affected by sex. There are known sex differences in plasma
PUFAs (19, 20), but little is known about sex differences
in oxylipins in response to n–3 PUFA supplementation. The
small number of EPA + DHA supplementation studies that
have included both males and females were not designed
to examine this, and few sex differences were analyzed or
reported (15–17, 21–24). Similarly, in a study designed to
examine age differences, we reported that supplementation with
ALA-rich flaxseed reduced 3 n–6 PUFA–derived oxylipins in
females compared with males (11). In rats we have found
that serum DHA oxylipins, but not DHA itself, displayed sex
differences that were influenced by the diet (13, 14), providing
another example of the discrepancy between PUFAs and their
oxylipins.

Therefore, the objective of the current study was to
systematically examine the time course and sex effects of
plasma oxylipins in response to a direct comparison of
a similar dose of ALA- and DHA-rich supplements in
healthy young men and women. Herein we provide several
examples of oxylipin concentrations that do not reflect
precursor PUFAs, and demonstrate differing effects of ALA-
compared with DHA-rich supplements on the time course
of plasma oxylipin changes and on sex differences in their
concentrations.
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Methods
Participants
Participants for this randomized double-blind crossover trial were
recruited from the Winnipeg, Manitoba, area using print, radio, and
electronic media. Participants gave written informed consent before
any study-related procedures were conducted. This study was approved
by the University of Manitoba Research Ethics Board and St Boniface
Hospital Research Review Committee. The study was registered at
clinicaltrials.gov as NCT02317588. The flow of participants through
the study is shown in a consort flow diagram in Supplemental
Figure 1.

Volunteers were excluded from participation if they had a clinically
diagnosed disease currently affecting the circulatory, respiratory,
immune, skeletal, urinary, muscular, endocrine, digestive, nervous,
or reproductive system, or a disease condition that had required
medical treatment. Additional exclusion criteria included regular use
of nonsteroidal anti-inflammatory drugs or n–3 supplements within the
past 3 mo, allergy or sensitivity to fish or flax products, current or past
cigar/cigarette smoking within the past 12 mo, unstable body weight
in the past 6 mo (±3 kg), consumption of >15 alcoholic beverages/wk
within the past 3 mo or while participating in the study, current viral,
bacterial, or fungal infection, or donation of blood in the past 2 mo.

Twelve individuals (6 males, 6 nonpregnant, nonlactating females)
aged 19–34 y with a BMI between 18 and 28 kg/m2 and blood
pressure <140/90 mmHg were enrolled by MG into the study. Sample
size was based on pilot data of 5 individuals supplemented with
an ALA- or EPA/DHA-rich supplement for 6 wk. Using pre- and
post-supplementaion means and (SD) of oxylipins derived from ALA
[9-hydroxy-octadecatrienoic acid: 278, 522 (165)], and DHA [17-
hydroxy-docosahexaenoic acid (HDoHE): 222, 789 (262)], an n = 7
and 3, respectively, provided a power of >0.80 with an α = 0.05. An
n = 12 was used to provide sufficient power for oxylipins present at low
concentrations and to account for potential dropouts. These individuals
also displayed normal blood lipid profiles, plasma creatinine, liver
enzymes (aspartate transaminase, alanine transaminase), and normal
menses and could be on birth control if female; a stable level of activity
and stable regimen if taking vitamin/mineral/dietary supplements for
the past month and while participating in the study; and willingness
to follow the study protocol. Study population parameters are listed in
Table 1.

Study design
All participants had a minimum 6-wk wash-in phase where they were
instructed to avoid consumption of foods high in ALA, EPA, and DHA
(defined as >0.3 g ALA/serving, or >0.1 g EPA + DHA/serving), and
which was followed for the duration of the study. The wash-in phase
was followed by a 28-d supplementation phase, another minimum 6-
wk wash-out phase, and a second 28-d supplementation phase. Due to
the crossover design the participants were randomly assigned to one
of the supplementations during their first phase and then assigned to
the other supplementation during their second phase according to the
statistician-generated randomization code. The wash-in and wash-out
phases varied in length to ensure females began the supplementation
phase 9 ± 2 d after the beginning of menses.

At day 0 of each phase, participants attended the clinic after an
overnight fast for baseline (day 0) testing. Height, weight, and blood
pressure were measured and blood was collected. On days 1, 3, 7,
14, and 28 of each phase, participants also came into the clinic fasted
and provided a blood sample. Weight and blood pressure were also
measured at day 28 of each supplementation phase. Completion of
activity questionnaires and 3-d food records was used to monitor
participant compliance and determine background diet and activity
levels. Plasma fatty acid composition was also used to verify participant
compliance.

Oil supplementation
Similar daily doses (4.2 g ALA or 4.3 g DHA) were achieved by
consumption of 7 flax oil capsules (NOW Foods; Natural Product
Number 80002313) (ALA group) or 8 DHA oil capsules (Super
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TABLE 1 Study population parameters at enrollment1

Parameter Total population (range) (n = 12) Males (n = 6) Females (n = 6)

Age, y 25 ± 1 (19–34) 25 ± 1 25 ± 1
Body height, cm 172 ± 2 (155–188) 179 ± 3 165 ± 2
Body weight, kg 73 ± 2.4 (57–98) 76 ± 4.4 70 ± 1.8
BMI, kg/m2 24.6 ± 0.5 (20.6–27.8) 23.5 ± 0.8 25.7 ± 0.5
Systolic BP, mmHg 114 ± 2 (104–126) 115 ± 3 114 ± 3
Diastolic BP, mmHg 76 ± 1 (68–88) 75 ± 2 77 ± 2

1Values reported as mean ± SEM. BP, blood pressure.

DHA gems; Carlson Laboratories; Natural Product Number 80012587)
(DHA group) per day. Flax oil capsules (1000 mg) contained 600 mg
ALA, and DHA oil capsules (1000 mg) contained 540 mg DHA and
110 mg EPA as per manufacturer’s specifications, and confirmed by our
GC analyses (Supplemental Table 1). Capsules were prepackaged by a
pharmacy (Taché Pharmacy) into 3 or 4 capsules per pack with 2 packs
designated per day, provided in opaque packaging to achieve blinding.
At the day 0 clinic visit participants were provided with a 2-wk supply
of study capsules and instructed to consume the capsules with water, 1
pack with a morning meal and the second pack with an afternoon or
evening meal. Participants were provided with a second 2-wk supply of
study capsules at their day 14 visit and instructed to report any missed
doses at each study visit and to bring back any missed capsules to their
day 14 and day 28 visits. An individual not involved in the study visits or
analyses oversaw the randomization of dispensed capsules and counted
the returned capsules.

Sample collection and plasma biochemistry analysis
Blood samples were collected from participants after completing an
overnight fast via venepuncture of an arm vein by a registered nurse
or trained phlebotomist, and were immediately processed. For plasma
preparation for fatty acid and oxylipin analysis, blood samples collected
in tubes (BD Vacutainer Blood Collection Tubes; Becton Dickinson)
containing EDTA were centrifuged for 10 min at 1100 × g at
4◦C; supernatants were then aliquoted and frozen at −80◦C until
analyzed. All plasma samples for fatty acid and oxylipin analysis had
antioxidant cocktail (0.2 mg/mL BHT, 0.2 mg/mL EDTA, 2 mg/mL
triphenylphosphine, 2 mg/mL indomethacin in a solution of 2:1:1
methanol:ethanol:water) added at 3.3% of sample volume. Blood for
plasma samples for biochemistry analysis was drawn into lithium
heparin–containing tubes and analyzed by Shared Health Services at St
Boniface Hospital using a Roche Cobas analyzer and kits from Roche
Diagnostics.

Analysis of oxylipins and fatty acids
Plasma samples (400 μL) were analyzed in duplicate for oxylipins by
HPLC/MS/MS as we have previously described (25, 26). Briefly, deuter-
ated internal standards (Cayman Chemicals) were added to plasma
samples and adjusted to pH <3.0 prior to solid-phase extraction using
Strata-X-SPE (Phenomenex) columns preconditioned with methanol,
followed by pH 3.0 water. Samples were loaded on the columns, washed,
and free oxylipins were eluted with 100% methanol. The eluate was
then dried and resuspended in solvent A (water/acetonitrile/formic acid,
70/30/0.02 v/v/v) for oxylipin analysis by HPLC/MS/MS, using a Luna
5-μm C18 column (100 Å, 250 × 2.0 mm, Phenomenex) on a Shimadzu
Nexera XR HPLC, coupled to an ABSciex QTRAP 6500 MS operating
in negative mode with electrospray ionization. Oxylipins were eluted
with the following gradient: 100% solvent A between 0 and 1 min, and
then solvent B (acetonitrile/isopropyl alcohol, 50/50, v/v) was increased
linearly to 25% at 3 min, to 45% at 11 min, to 60% at 13 min,
to 75% at 18 min, and to 90% at 18.5 min. Solvent B was then
held at 90% until minute 20, dropped to 0% by 21 min, and held
until 25 min. Quantification of oxylipins was performed using the
stable isotope dilution method (27). The level of quantification was set
at >5 times above baseline. Further details of all oxylipins scanned, mass

transitions, internal standards, standard curve slopes, and retention
times are provided in s 25 and 26.

For fatty acid analysis, total lipids were extracted from plasma or
oils and fatty acids were analyzed as described (28, 29). Briefly, chloro-
form/methanol (2:1) containing 0.01% BHT and 1,2-dipentadecanoyl-
sn-glycero-3-phosphocholine internal standard were added to plasma
samples, and then total lipids extracted using chloroform/methanol
and 0.73% sodium chloride. Hexane was used to extract the oils
from the capsules and triheptanoin internal standard was used for
quantification. Extracted total lipids were dried down, and the fatty
acids transmethylated using methanolic H2SO4. The resulting FAMES
were extracted in toluene, dried down and suspended in hexane, and
separated on a 30-m DB-225MS column (Agilent Technologies) using a
Bruker 450 gas chromatograph with flame ionization detection (FID).
Analyses of both fatty acids and oxylipins were performed in random
order.

Statistical analysis
All data were analyzed using SAS 9.3 (SAS Institute, Inc) and are
presented as mean ± SEM. One male missed the day 14 and 28
study visits for the DHA supplementation phase and these missing
data were not imputed. Anthropometric, blood lipid, fatty acid, and
plasma oxylipin (primary outcome) data were analyzed using a series
of mixed model approaches on each outcome variable to examine the
group differences at each time point. The initial level of each outcome
variable (intercept) was assumed to vary across individuals (random
effect). Time was specified as a categorical variable to examine the group
differences at each assessment, so the effects of time (day or phase) were
treated as fixed effects; phase was not significant for any parameter and
thus was not included in the reduced models. Supplementation and sex
also were fixed effects. If sex or any of the sex interactions were not
significant in the full model, the data were analyzed with a reduced
model that included time, supplementation, time × supplementation,
and the remaining sex/sex interactions as shown in Supplemental Tables
4–11. Adjusted P values (Tukey–Kramer corrections) for differences
of least squares means were used to determine significant differences
between ALA and DHA supplementation at a particular time point,
and to determine significant differences from baseline during ALA
supplementation or DHA supplementation. To calculate the plateau
for PUFAs and oxylipins during each supplementation phase, quadratic
modeling was used to estimate both linear and quadratic slopes. Time
was treated as a continuous variable and the outcome as a cubic function
of time. P < 0.05 was considered significant.

Results
General findings

All participants completed the study schedule, with the
exception of 1 male participant in the DHA supplementation
phase who missed days 14 and 28 due to a conflicting schedule.
Capsule consumption compliance was 93% as determined by
counting of the unused capsules returned by the participants.
This was supported by fatty acid analysis that revealed that all
individuals were within 2 SDs of the mean for both plasma ALA
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TABLE 2 Anthropometrics and fasting plasma lipid concentrations of healthy young male and female adults at days 0 and 28 of ALA
and DHA supplementation1

ALA supplementation DHA supplementation

Day 0 Day 28 Day 0 Day 28

Male Female Male Female Male Female Male Female

Body weight, kg 77.3 ± 6.0 70.4 ± 2.8 76.6 ± 6.0 70.4 ± 2.5 76.5 ± 6.3 69.4 ± 2.3 76.9 ± 7.4 70.4 ± 2.6
BMI, kg/m2 23.6 ± 1.1 25.5 ± 0.7 24.0 ± 1.2 25.9 ± 0.8 23.8 ± 1.1 25.9 ± 0.7 23.6 ± 1.1 25.8 ± 0.7
Systolic BP, mmHg 118 ± 2.8 114 ± 4.4 118 ± 3.5 112 ± 5.3 119 ± 2.6 119 ± 4.4 117 ± 6.6 113 ± 4.6
Diastolic BP, mmHg 77 ± 2.0 76 ± 2.8 74 ± 3.4 74 ± 3.1 75 ± 1.2 79 ± 2.6 74 ± 2.8 76 ± 2.7
TC, mmol/L 4.2 ± 0.1 4.7 ± 0.3 4.5 ± 0.2 4.5 ± 0.4 4.3 ± 0.1 4.4 ± 0.3 4.6 ± 0.3 4.4 ± 0.2
TAG, mmol/L 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.3 0.7 ± 0.0 1.0 ± 0.3 1.0 ± 0.2 1.0 ± 0.1 1.0 ± 0.2
HDL-C,2 mmol/L 1.4 ± 0.1 2.1 ± 0.3 1.4 ± 0.1 2.3 ± 0.4 1.3 ± 0.1 2.1 ± 0.3 1.4 ± 0.1 2.1 ± 0.4
LDL-C,2 mmol/L 2.4 ± 0.2 2.2 ± 0.2 2.7 ± 0.2 2.0 ± 0.1 2.6 ± 0.2 1.9 ± 0.2 2.7 ± 0.3 1.8 ± 0.2
C/HDL-C2 3.3 ± 0.3 2.4 ± 0.2 3.4 ± 0.3 2.2 ± 0.3 3.5 ± 0.3 2.3 ± 0.2 3.3 ± 0.3 2.4 ± 0.3
LDL-C/HDL-C2 1.9 ± 0.2 1.2 ± 0.2 2.1 ± 0.3 1.1 ± 0.2 2.1 ± 0.3 1.1 ± 0.2 2.0 ± 0.3 1.1 ± 0.3

1Data were analyzed using a mixed model with individuals as a random effect, and time, supplementation, and sex as fixed effects. No supplementation or time effects were
significant. Values reported as mean ± SEM; n = 6 for each group, except n = 5 for male day 28 time point in the DHA supplementation phase. ALA, α-linolenic acid; BP, blood
pressure; C, cholesterol; TAG, triacylglycerols; TC, total cholesterol, .
2Overall sex effect.

and DHA at all time points. Similarly, plasma ALA and DHA
concentrations were not different between supplementation
phases at baseline, indicating that the wash-in and wash-out
phases were of sufficient length. Self-reported 3-d food records
(Supplemental Table 2) and activity (Supplemental Table 3)
indicated similar nutrient intakes and activity levels before
the baseline visit and during week 3 of each supplementation
phase. There were no effects of supplementation on weight,
BMI, blood pressure, or on any serum lipid concentrations
(cholesterol, triglycerides, HDL cholesterol, LDL cholesterol,
total cholesterol/HDL cholesterol, or LDL cholesterol/HDL
cholesterol concentrations) (Table 2).

ALA compared with DHA supplementation effects on
n–3 fatty acids and oxylipins

The data were tested for interactions between sex and supple-
mentation or time, and if there were no such interactions, female
and male data were combined to examine supplementation and
time effects. All data and statistical details including effect sizes
for Figures 1–4 can be found in Supplemental Tables 4–11.

ALA, but not DHA supplementation, increased plasma
ALA concentrations, so from day 3 onward the plasma ALA
concentrations were higher in the ALA- compared with the
DHA-supplemented individuals (Figure 1). However, oxylipins
derived from ALA were unchanged when the ALA supplement
was provided. As a result, there were no differences in total ALA
oxylipins at any time point during the ALA supplementation.
Consistent with the lack of effect of DHA supplementation
on plasma ALA concentrations, it also did not increase any
individual or total ALA oxylipins (Figure 1).

ALA supplementation did not increase EPA or DHA,
whereas DHA supplementation increased EPA and DHA
from days 1 and 3, respectively. As a result, as shown in
Figure 2, EPA and DHA were higher with DHA compared
with ALA supplementation from days 1 and 3 onward. DHA
supplementation, but not ALA supplementation, also resulted
in increases in most EPA and DHA oxylipins, similar to their
effects on their precursor PUFA (Figure 2). Some DHA oxylipins
(e.g., 13-, 17-, 20-HDoHE) and total DHA oxylipins were
significantly increased as early as 1 d of supplementation.

Overall, plasma total n–3 PUFAs were not altered by ALA
supplementation, whereas DHA increased total n–3 PUFAs
from day 3 onward, resulting in higher total n–3 PUFAs with

DHA supplementation from day 3 onward (Figure 3). This
contrast was also observed for total n–3 oxylipins, which
were unaltered by ALA supplementation, but were increased
2-fold and were higher by day 3 of DHA supplementation
(Figure 3).

ALA compared with DHA supplementation effects on
n–6 fatty acids and oxylipins

n–6 PUFA–derived oxylipins also were altered by supple-
mentation, but fewer oxylipins were affected and the effects
were much smaller. Similar to effects on n–3 oxylipins,
supplementation effects also did not always parallel effects
on their precursor PUFA. For example, the concentrations of
plasma total n–6 PUFAs were higher, but total n–6 oxylipins
were lower with ALA compared with DHA supplementation
(Figure 3).

These patterns were reflected in some individual n–6 PUFAs
and their oxylipins (Figure 4). Plasma linoleic acid (LA) and
dihomo-γ -linolenic acid (DGLA) were not altered by supple-
mentation (concentrations were numerically lower with DHA
supplementation), but 9,10,13-trihydroxy-octadecenoic acid,
PGF1α, and total LA oxylipins were higher in DHA- compared
with ALA-supplemented participants. Plasma arachidonic acid
(AA) also was not altered by either supplementation. This was
reflected in the lack of effect of either supplementation on total
AA oxylipins throughout the 28-d supplementation phase, and
on most individual oxylipins. However, 4 individual plasma
AA oxylipins were higher with DHA compared with ALA
supplementation, namely PGD2 and 8-, 12-, and 18-hydroxy-
eicosatetraenoic acid.

ALA compared with DHA supplementation effects on
other fatty acids

Changes to other fatty acids also occurred with supplemen-
tation, but these were typically smaller. Supplementation had
few effects on individual SFAs (Supplemental Tables 4–6) and
had no effects on plasma total SFAs (Figure 3C). Several
individual MUFAs were higher with ALA compared with
DHA supplementation (Supplemental Tables 4–6), resulting in
higher plasma total MUFAs in ALA- compared with DHA-
supplemented participants (Figure 3F).
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FIGURE 1 Effect of time and supplementation of ALA or DHA on plasma (A) ALA, (B–F) individual ALA oxylipins, and (G) total ALA oxylipins
in healthy young male and female adults. Where there is a supplementation by time interaction, †denotes value is different from DHA
supplementation at that time point, and ∗denotes value is different from baseline for same supplementation based on significant adjusted
P values (Tukey–Kramer corrections) for differences of least squares means. Data points are mean ± SEM for sexes combined and analyzed
using a mixed model with individuals as a random effect, and time, supplementation, and sex as fixed effects; n = 12 for each time point,
except for days 14 and 28 during the DHA supplementation phase, where n = 11. ALA, α-linolenic acid; DiHODE, dihydroxy-octadecadienoic
acid; EpODE, epoxy-octadecadienoic acid; HOTrE, hydroxy-octadecatrienoic acid; oxoOTrE, oxo-octadecatrienoic acid.

Trends over time in fatty acid and oxylipin
concentrations

To determine trends in the increases in plasma n–3 PUFAs and
their oxylipins over time with ALA or DHA supplementation,
n–3 PUFAs and their oxylipins were subjected to plateau
analysis. With ALA supplementation, plasma ALA increased
rapidly and reached a plateau at days 5 and 6 for females
and males, respectively. In comparison, a plateau in ALA
oxylipins was detected in females for 2 of the 5 ALA oxylipins
present, with 12,13-epoxy-octadecadienoic acid and 9-oxo-
octadecatrienoic acid reaching a plateau at 5 d (Figure 5). ALA
supplementation also increased docosapentaenoic acid (22:5n–
3; DPAn–3), reaching a plateau at 5 d in females (not shown), but
17-keto DPAn–3, the only DPAn–3 oxylipin in the analysis, was
not detected in plasma.

DHA supplementation rapidly increased EPA and DHA,
reaching plateaus at days 5 and 6, respectively, in females, and
at day 8 for both PUFAs in males (Figure 5). Similarly, plateaus
for EPA and DHA oxylipins were reached in 5–7 d for 4 EPA
(of 7 present) and 9 (of 12 present) DHA oxylipins in females,
and in 6–7 d for 1 EPA and 4 DHA oxylipins in males.

Sex differences in oxylipins and their precursor PUFAs

Oxylipins that displayed an overall main effect of sex were
always at higher concentrations in females, with 16 of 62
oxylipins displaying a main sex effect. All others had no main

effect of sex, and 3 had interactions with treatment or time
(Supplemental Table 11). Oxylipins higher in females included
those derived from all major PUFAs, that is, 5 of 10 LA
oxylipins, 1 of 3 DGLA oxylipins, 3 of 30 AA oxylipins,
1 of 5 ALA oxylipins, 1 of 6 EPA oxylipins, and 5 of
12 DHA oxylipins. By comparison, none of their precursor
PUFAs displayed significant overall sex effects (Supplemental
Table 7).

In addition, the plateau analyses for time effects indicate that
supplementation usually increased plasma oxylipin and fatty
acid concentrations earlier in females (see above and Figure 5).
This analysis also revealed that more oxylipins reached a
plateau with supplementation in females compared with males:
that is, in females compared with males, 2 compared with 0 ALA
oxylipins reached a plateau with ALA supplementation, and 13
compared with 5 n–3 oxylipins reached a plateau with DHA
supplementation (Figure 5). Further, total EPA, total DHA, and
total n–3 oxylipins reached a plateau in plasma by 6–7 d in
females, whereas no plateau was detected for these totals in
males (Figure 5).

Discussion

In this study with similar amounts of ALA and DHA provided
over a 28-d phase, DHA supplementation had much greater
effects on the appearance of plasma n–3 oxylipins than ALA
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FIGURE 2 Effect of time and supplementation of ALA and DHA in healthy young male and female adults on plasma (A) EPA, (B–E) examples
of individual EPA oxylipins with differences from baseline and/or between supplementations, (F) total EPA oxylipins, (G) DHA, (H–N) examples
of individual DHA oxylipins with differences from baseline and/or between supplementations, and (O) total DHA oxylipins. Where there is a
supplementation by time interaction, †denotes value is different from DHA supplementation at that time point, and ∗denotes value is different
from baseline for same supplementation based on significant adjusted P values (Tukey–Kramer corrections) for differences of least squares
means. Data points are mean ± SEM for sexes combined and analyzed using a mixed model with individuals as a random effect, and time,
supplementation, and sex as fixed effects; n = 12 for each time point, except for days 14 and 28 during the DHA supplementation phase,
where n = 11. ALA, α-linolenic acid; DiHDoPE, dihydroxy-docosapentaenoic acid; EpDoPE, epoxy-docosapentaenoic acid; HDoHE, hydroxy-
docosahexaenoic acid; HEPE, hydroxy-eicosapentaenoic acid.

supplementation. Although ∼4 g/d of supplemented DHA
rapidly increased EPA and DHA oxylipins, a similar dose of
ALA had no effects on ALA oxylipins and did not alter EPA
or DHA oxylipins in men and women consuming a typical

Canadian diet. Supplementation with ALA increased plasma
ALA ∼2-fold, but did not increase ALA oxylipins. However,
DHA concentrations were already approximately twice as high
as ALA at baseline, and supplementation with DHA resulted in
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FIGURE 3 Effect of time and supplementation of ALA and DHA in healthy young male and female adults on plasma total (A, D) n–3 and n–6
PUFAs, and (B, E) oxylipins and (C, F) total SFAs and MUFAs. Where there is a supplementation by time interaction, †denotes value is different
from DHA supplementation at that time point, and ∗denotes value is different from baseline for same supplementation based on significant
adjusted P values (Tukey–Kramer corrections) for differences of least squares means. Data points are mean ± SEM for sexes combined and
analyzed using a mixed model with individuals as a random effect, and time, supplementation, and sex as fixed effects; n = 12 for each time
point, except for days 14 and 28 during the DHA supplementation phase, where n = 11. ALA, α-linolenic acid.

a ∼3-fold increase of both plasma DHA and DHA oxylipins.
These differences in their effects on oxylipins and PUFAs could
be due in part to the fact that relative to the background dietary
intake, the amount of supplemented PUFA was proportionally
much greater for DHA than for ALA; for ALA the background
intake was ∼1.5 g/d whereas for DHA it was less than ∼0.1 g/d.
This suggests that the amount of ALA in the typical diet
is sufficient to saturate ALA oxylipin levels, whereas dietary
amounts of DHA are low enough that both DHA and its
oxylipins are increased by DHA supplementation. However, we
cannot rule out increased turnover of ALA or its oxylipins as a
potential explanation for the lack of change in ALA and ALA
oxylipins, as has been suggested for DHA by carbon-13 studies
of DHA turnover (30, 31).

The effects of ALA supplementation on blood ALA changes
in this study are consistent with previous studies using a similar
dose for the same time period (3.7 g/d for 6 wk) (32), a
slightly lower dose (3 g/d) for 12 wk (33), or a much higher
dose (14–15 g/d) for 4–12 wk (32, 34). These studies also
documented increased blood concentrations of EPA, but not
DHA, with ALA supplementation. Similarly, Greupner et al.
(12) provided 12.9 g/d ALA for 12 wk to males only and
observed higher EPA and unchanged DHA in RBC fatty acids.
They also measured plasma oxylipins and found that 2 DHA
oxylipins were higher and 1 was lower . In a previous 4-wk study
we showed that 6 g/d ALA from flaxseed did not alter ALA
oxylipins and could have reduced some EPA and DHA oxylipins
(11). The current study also showed that supplemental ALA has
no effects on oxylipins in both men and women. In contrast,
DHA significantly increased EPA and DHA oxylipins, consistent
with previously reported findings—reviewed by Ostermann and
Schebb (10). Hence this direct comparison study confirms that
the effects of ALA supplementation on n–3–derived oxylipins
are much less than with DHA supplementation.

An objective of the current study was to examine the
time course for changes in plasma oxylipins during ALA
compared with DHA supplementation. We found that EPA

and DHA oxylipins reached a plateau in <1 wk of DHA
supplementation, although a plateau was not detected for all
oxylipins. Nevertheless, it shows that the increase in oxylipins is
rapid and largely complete by 1 wk with DHA supplementation.
In contrast, with ALA supplementation a plateau was detected
for only 2 ALA oxylipins, and no plateau was reached for
total ALA oxylipins. This is consistent with a previous study
that showed that much higher levels of ALA for a longer
supplementation period increase ALA, and possibly DHA,
oxylipins only to a small extent (12).

The current study also demonstrated that whereas the effects
of n–3 PUFA supplementation over time occur rapidly (within
days) for n–3 oxylipins, the effects on n–6 oxylipins are subtler.
DHA compared with ALA supplementation resulted in higher
concentrations of several individual AA-, LA-, and DGLA-
derived oxylipins, as well as total LA oxylipins and total n–
6 PUFA–derived oxylipins. In contrast, ALA supplementation
did not alter AA-derived oxylipins. The current study therefore
demonstrates a greater and more rapid human plasma oxylipin
response to DHA compared with ALA supplementation.

Another objective of this study was to examine sex
differences in plasma oxylipins and in response to dietary n–3
PUFA supplementation. We observed that ∼25% of oxylipins
displayed a sex difference, and in all such cases, oxylipin
concentrations were higher in females. These findings differ
from what we found in rats, where serum oxylipins displaying
a sex difference were higher in males (more than two-thirds of
serum oxylipins had a sex effect and >90% of these were higher
in males) (14). Thus, species differences must be considered
when comparing sex effects on oxylipins.

The time course and plateau analysis also showed that
females increased more n–3 oxylipins and did so sooner. This
is consistent with the report by Fischer et al. (16) suggesting
that DHA oxylipins are increased more in females than males
with EPA plus DHA supplementation. This indicates that
supplementation in females could be more effective when used
as an intervention for health benefits. Sex effects on fatty
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FIGURE 4 Effect of time and supplementation of ALA and DHA in healthy young male and female adults on plasma (A) LA, (D) DGLA and (G)
AA, and on individual or total n–6 oxylipins (B, C, E, F, H–L) with a main effect of supplementation. ∗Denotes value is different from baseline for
same supplementation based on significant adjusted P values (Tukey–Kramer corrections) for differences of least squares means. Data points are
mean ± SEM for sexes combined and analyzed using a mixed model with individuals as a random effect, and time, supplementation, and sex as
fixed effects; n = 12 for each time point, except for days 14 and 28 during the DHA supplementation phase, where n = 11. AA, arachidonic acid;
ALA, α-linolenic acid; DGLA, dihomo-γ -linolenic acid; HETE, hydroxy-eicosatetraenoic acid; LA, linoleic acid; TriHOME, trihydroxy-octadecenoic
acid.

acids previously have been demonstrated, with studies showing
higher plasma DHA in females than males (19, 20).

This study also provides more evidence that oxylipin
concentrations do not necessarily reflect dietary or plasma
fatty acid concentrations and cannot be predicted based on
their precursor fatty acid levels in the diet or in plasma.
Although EPA and DHA levels seem to correspond with the
levels of their respective oxylipins, this is not always the case
for LA, ALA, or AA and their oxylipins. For example, ALA
supplementation increased plasma ALA concentrations, but not
the concentrations of ALA oxylipins. Also, DHA compared
with ALA supplementation resulted in similar concentrations
of n–6 PUFAs, but several n–6 oxylipins were higher with
DHA supplementation. Another example of the discrepancy
between oxylipins and their precursor PUFAs is that the higher
concentrations of oxylipins in females are not reflected in

their corresponding PUFAs. Such differences between blood
PUFA and oxylipin concentrations have been reported in other
human studies (10), as well as in serum and multiple tissues
in rats, in which discrepancies between DHA and its oxylipins
are also observed (13,14, 35–37). No clear pattern for these
discrepancies has emerged, likely due to differences between
PUFA, supplementation dose, sex, species, tissues, and/or length
of intervention in these studies.

Several limitations in our study exist. Although the sup-
plementation dose for ALA might be achievable with dietary
changes, the dose for DHA would be more difficult to achieve
with diet alone. Conclusions from this study also are limited to
the dose that was used, because plasma oxylipin concentrations
depend on the dose of the PUFA provided during dietary
intervention (38). Conclusions also are limited to plasma,
because oxylipin pools in plasma would turn over at different
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FIGURE 5 Days to reach plateau concentrations in healthy young male and female adults for plasma (A) ALA and ALA oxylipins during ALA
supplementation, and for (B) EPA and DHA and their individual and total oxylipins and total n–3 oxylipins during DHA supplementation. n = 12.
Only fatty acids and oxylipins where the plateau was observed (significant) are shown. To calculate the plateau for PUFA and oxylipins during each
supplementation phase, quadratic modeling was used to estimate both linear and quadratic slopes. ALA, α-linolenic acid; DiHDPE, dihydroxy-
docosapentaenoic acid; EpDPE, epoxy-docosapentaenoic acid; EpODE, epoxy-octadecadienoic acid; HDoHE, hydroxy-docosahexaenoic acid;
HEPE, hydroxy-eicosapentaenoic acid; oxoOTrE, oxo-octatrienoic acid.

rates than in tissues. These tissues, in addition to blood cells and
the endothelium, could influence the overall plasma oxylipin
content, but the relative contribution of each remains to be
determined. This study also only applies to healthy young
adults, and results could vary with age and health status. The
DHA capsules also contained EPA, so 0.9 g/d EPA was also
consumed during the DHA supplementation phase, and likely
influenced the formation of EPA oxylipins, as observed in rats
when provided pure sources of EPA or DHA (13). Also, the
oxylipins reported herein are the free oxylipins, which represent
only a portion of the total oxylipins present in plasma. Free
oxylipins are presumed to be the most active form and are most
commonly analyzed, but several reports also describe functions
for esterified oxylipins (39, 40). However, dietary EPA and DHA
supplementation has been shown to affect free and esterified
oxylipins similarly (10, 23).

In summary, this side-by-side comparison demonstrates
that ∼4 g/d DHA compared with ALA has greater effects
on increasing plasma n–3 PUFA oxylipins and altering n–6
oxylipins. It also demonstrates that n–3 PUFA supplementation
increases n–3 PUFA–derived oxylipins sooner in females,
reaching a plateau by 1 wk of supplementation with the
doses used in this study. However, effects on n–6 PUFA
oxylipins are much subtler, and do not necessarily follow PUFA
patterns, confirming that PUFA data alone are insufficient to
predict oxylipin changes. These findings can help explain the
differing effects of dietary ALA and DHA on health, and
indicate that the responses to these PUFAs can be greater for
females.
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