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ABSTRACT

Background: Omega-3 fatty acids, including DHA and «-linolenic acid (ALA), are proposed to improve metabolic
health by reducing obesity-associated inflammation. Their effects are mediated in part by conversion to oxylipins. ALA
is relatively understudied, and direct comparisons to other omega-3 fatty acids are limited.

Objectives: \We compared the effects of equal doses of ALA and DHA on plasma oxylipins and markers of metabolic
health in women with obesity.

Methods: \We carried out a randomized, double-blind, crossover clinical trial where women aged 20-51 with a BMI
of 30-51 kg/m? were supplemented with 4 g/day of ALA or DHA for 4 weeks in the form of ALA-rich flaxseed oil or
DHA-rich fish oil. The primary outcome, the plasma oxylipin profile, was assessed at Days 0 and 28 of each phase by
HPLC-MS/MS. Plasma fatty acids, inflammatory markers, and the monocyte glucose metabolism were key secondary
outcomes. Data were analyzed using a mixed model.

Results: Compared to the baseline visit, there were higher plasma levels of nearly all oxylipins derived from DHA
(3.8-fold overall; P < 0.001) and EPA (2.7-fold overall; P < 0.05) after 28 days of fish-oil supplementation, while
there were no changes to oxylipins after flaxseed-oil supplementation. Neither supplement altered plasma cytokines;
however, adiponectin was increased (1.1-fold; P < 0.05) at the end of the fish-oil phase. Compared to the baseline visit,
28 days of flaxseed-oil supplementation reduced ATP-linked oxygen consumption (0.75-fold; P < 0.05) and increased
spare respiratory capacity (1.4-fold; P < 0.05) in monocytes, and countered the shift in oxygen consumption induced by
LPS.

Conclusions: Flaxseed oil and fish oil each had unique effects on metabolic parameters in women with obesity. The
supplementation regimens were insufficient to reduce inflammatory markers but adequate to elicit increases in omega-3
oxylipins and adiponectin in response to fish oil and to alter monocyte bioenergetics in response to flaxseed oil. This
trial was registered at clinicaltrials.gov as NCT03583281. J Nutr2021;151:3053-3066.
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Introduction

Diets rich in PUFA have many documented benefits, including
reduced all-cause mortality (1). The protective effects of
omega-3 fatty acids in particular are usually attributed to
their lipid-lowering and anti-inflammatory actions (2). Animal
studies have demonstrated that supplementation with fish oil
or flaxseed oil rich in omega-3 fatty acids reduces obesity-
associated inflammatory markers and the progression of chronic

diseases, such as type 2 diabetes mellitus and cardiovascular
disease (3-6). Results of human trials have been mixed and
have so far been more focused on fish oils rich in DHA and
EPA. Systemic anti-inflammatory effects, generally a decrease
in C-reactive protein (CRP) or in proinflammatory cytokines
IL-18 and TNF-a, have been demonstrated in several trials
investigating the effects of DHA/EPA (7-10) or «-linolenic
(ALA) (11-13) supplementation in subjects with obesity or
hypercholesterolemia. It is clear that not all omega-3 PUFAs
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are equal; for example, disparate effects of DHA-rich compared
with EPA-rich oils have been documented (9). So far, direct
comparisons between plant-derived ALA and fish oil-derived
DHA or EPA in subjects with obesity have been limited.

Many of the biological effects of PUFAs have been attributed
to the actions of their oxygenated free fatty acid metabolites,
called oxylipins. Oxylipins are produced from precursor PUFAs
by groups of intracellular enzymes in the cyclooxygenase,
lipoxygenase (LOX), and cytochrome P450 (CYP450) families.
Dietary fatty acid intake influences the availability of precursor
PUFAs for conversion to oxylipins; however, changes to
oxylipin profiles do not necessarily reflect changes in the PUFA
composition (14, 15). Many omega-3 oxylipins have been
reported to exhibit direct anti-inflammatory or proresolving
effects, while both pro- and anti-inflammatory effects have been
demonstrated for various omega-6 oxylipins (16).

Multiple chronic diseases are characterized by the presence
of mitochondrial dysfunction in immune and other cells (17).
The mitochondrial function is closely tied to the production
of reactive oxygen species, which influences proinflammatory
cytokine production (18-20) and vice versa (21). Innate
immune cells isolated from patients with obesity-related chronic
diseases, including type 2 diabetes (22) and coronary artery
disease (23), exhibit elevated mitochondrial respiration rates
compared to those from healthy control populations. Early
changes to leukocyte mitochondrial function have not yet
been investigated in at-risk (obese) participants who have not
developed secondary disease. Fish-oil supplementation has been
demonstrated to alter mitochondrial structures and functions
in skeletal and cardiac muscle cells (24-26); however, so far no
such investigation has been performed in immune cells.

Here, we report the results of a 2-phase, randomized, double-
blind, crossover clinical trial (NCT03583281) where females
with abdominal obesity were supplemented with 4 g/day of
ALA or DHA for 4 weeks in the form of ALA-rich flaxseed
oil or DHA-rich fish oil (4:1 DHA/EPA). The primary outcome
was the plasma oxylipin profile. Secondary outcomes included
clinical makers and anthropometrics, plasma fatty acids, plasma
cytokines and adipokines, and monocyte glucose metabolism.

Methods

Trial design

As outlined in Figure 1, this was a randomized, double-blind, crossover
trial with two 28-day (£2 days) phases. Each phase was preceded by a
minimum 28-day wash-in period and each phase was scheduled to start
at 9 £ 2 days from last menses. Participants were randomly assigned
to start with either flaxseed oil or DHA-rich fish oil using a simple
randomization code generated by a statistician. All participants and
all team members except 1 (who had no contact with participants
or samples) were blinded to the supplement order. Study visits took
place on Days 0, 3, and 28 of each phase. At each visit, participants
were asked to report compliance to study protocols and changes in
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their health status or concomitant medications. Height, weight, and
blood pressure were recorded and a fasting blood sample was drawn.
A Mobil-O-Graph PWA (L.LE.M. GmbH) was used to assess blood
vessel elasticity on Days 0 and 28. Fewer than half the participants
(37%) were able to provide samples on Day 3 due to scheduling
difficulties; therefore, this time point was dropped from the analyses.
Participants were instructed to avoid consumption of foods high in
omega-3 fatty acids, defined as no more than 0.3 g ALA/serving or
0.1 g EPA + DHA/serving (as per examples on a handout). Three-day
food recall and activity questionnaires were to be completed during
the third week of each wash-in and supplementation phase. This trial,
registered at clinicaltrials.gov as NCT03583281, was approved by the
University of Manitoba Research Ethics Board and the St. Boniface
Hospital Research Review Committee. Details are provided in Rodway
et al. (27) that further describe the study rationale and design, inclusion
criteria, and sample size calculations. Some secondary outcomes will be
reported separately [fatty acid composition, oxylipin production, and
cytokine production by peripheral blood mononuclear cells (PBMC)],
while others will not be reported as originally planned due to low sample
numbers (vaginal fluid oxylipin profiles and immune composition).

Participants

This trial recruited nonpregnant, nonlactating, premenopausal females
between the ages of 20-55 with a BMI > 30 kg/m? and waist
circumference >80 cm (Asian descent) or >88 cm (all other ethnicities).
Print, electronic, and social media advertising were used in the
Winnipeg, Manitoba, area. Participants made contact by phone or
email, and those meeting the general eligibility criteria (age, estimated
BMI, nonsmoker, and premenopausal with regular menses) were invited
to a screening visit. Written informed consent was given before any
medical information was recorded or study-related procedures were
conducted. The inclusion/exclusion criteria are described in detail in
Rodway et al. (27). In brief, participants were required to be in relatively
good health apart from an elevated BMI, as evidenced by a lack of
clinically diagnosed diseases and by bloodwork showing liver enzyme,
creatinine, and lipid values within specified ranges. Additional exclusion
criteria included an unstable body weight, cigarette smoking, excessive
consumption of alcoholic beverages, and regular use of nonsteroidal
anti-inflammatory drugs or omega-3 PUFA supplements apart from
those provided during the study. Participants were required to have
regular menses and agreed to maintain stable levels of activity and their
usual regimen of vitamin/mineral/dietary supplements, if applicable,
during the course of their participation. If infection or illness (including
cold, flu, yeast infection, etc.) was reported within 7 days of a study
visit, the sample was not used and the participant was asked to repeat
the phase or withdraw. Thirty individuals were enrolled by LRR into
the study (with oversight from CGT), with 22 and 21 participants
completing phases 1 and 2, respectively.

Interventions

Thirty daily doses of ~4 g of ALA or DHA were provided in opaque,
deidentified packaging by the St. Boniface Hospital Pharmacy and
distributed to participants at their Day 0 visits. Either 3.70 g (first lot,
16 participants) or 3.58 g (second lot, 5 participants) of ALA per day
was achieved by providing 7 flaxseed capsules (7 g total oil; NOW
Foods; NPN:80002313). Additionally, 3.86 g of DHA (plus 1.01 g EPA)
was achieved by providing 6 DHA-rich fish-oil capsules (6 g total oil;
Super DHA gems, Carlson Laboratories; NPN: 80012587), according
to a fatty acid analysis of the capsule contents (27). Participants were
instructed to consume half their daily capsules with a morning meal and
the other half with an afternoon or evening meal. Any missed capsules
were to be returned at their Day 28 visit and were counted by the
1 team member not blinded. Self-reported compliance of >85% overall
and 100% for the 72 hours preceding the study visit was required. A
plasma fatty acid analysis was also used to confirm compliance.

Sample collection
For screening visits, fasting blood samples were collected by venipunc-
ture into BD Vacutainer collection tubes (Becton Dickinson) by a
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4 g ALA/day for 4 g DHA/day for
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n=22 (n=10) (n=12)
[ Minimum 28-day wash-out J
4 g DHA/day for 4 g ALA/day for
Phase 2 28 days 28 days
n=21 (n=10) (n=11)

Excluded during recruitment (n = 46)

Did not meet inclusion criteria (n = 47)
Declined to participate (n = 5)

Excluded by screening visit (n = 10)

Did not meet inclusion criteria (n = 8)
Declined to participate (n = 2)

Lost to follow-up (dropout) (n = 8)
. Unable to comply (n = 6)
. Unrelated health issues (infection, pregnancy; n = 2)

Lost to follow-up (dropout) (n = 1)
e  Unable to comply (n=1)

FIGURE 1 CONSORT chart of study subjects. After contacting 86 individuals and screening 40, 8 individuals did not meet the inclusion criteria.
Of 32 eligible individuals, 30 were randomized, while 2 declined to participate. The completion rate varied between phases due to the randomized
crossover nature of the study. The analysis of the fish oil arm of the study was based on 22 individuals, and the analysis of flaxseed oil was

based on 21 individuals. ALA, a-linolenic acid.

phlebotomist and analyzed by Shared Health Services at St Boniface
Hospital. Lithium heparin—containing tubes were used for measure-
ments of a lipid panel, creatinine, and liver enzymes, while K2-EDTA
tubes were used to measure glycated hemoglobin.

For study visits, fasting blood samples were collected into 10-mL
K2-EDTA Vacutainer collection tubes (Becton Dickinson) and processed
within 2 hours. To isolate platelet-poor plasma, blood was centrifuged
at 1100 g for 10 minutes at room temperature, then the top three-fourths
of the plasma was transferred and centrifuged again at 1500 g for
15 minutes. An antioxidant cocktail (0.2 mg/mL of BHT, 0.2 mg/mL of
EDTA, 2 mg/mL of triphenylphosphine, and 2 mg/mL of indomethacin
in a solution of 2:1:1 methanol:ethanol:water) was added to plasma
aliquots reserved for fatty acid and oxylipin extraction at 3.3% of the
sample volume. All plasma aliquots were kept frozen at —80°C until
analyzed.

Oxylipin analysis

Following a previously established protocol (28), oxylipins were
extracted from plasma samples (thawed on ice) using Strata-X-SPE
columns (Phenomenex), analyzed by HPLC-MS/MS (QTRAP 6500;
Sciex), and quantified by the stable isotope dilution method (29). Peaks
were considered quantifiable if the peak height exceeded 5 times the
blank levels in multiple samples. Detailed descriptions of quantification
methods, mass transitions, and retention times for the 157-oxylipin
panel can be found in previous publications (14, 30, 31).

Fatty acid analysis

Total lipids were extracted from 250 uL of plasma using the Folch
method and quantified by gas chromatography as previously described
(28, 32-34).

Plasma cytokine analysis

Cytokines and adipokines were quantified by electrochemiluminescence
detection according to manufacturer’s instructions using a SECTOR
Imager (Meso Scale Discovery), with all antibodies, diluents, and
standards purchased from Meso Scale Discovery. Precoated multi-spot
V-Plex plates were used to quantify IL-18, TNF-o, IL-10, IL-6, IL-8, IL-
17A, and vascular endothelial growth factor (VEGF), while single-spot

R-Plex plates coated in house were used to quantify adiponectin and
resistin.

Analysis of clinical markers in plasma

Alanine aminotransferase (ALT), aspartate aminotransferase (AST),
creatinine, glucose, a lipid panel (total cholesterol, LDL cholesterol,
HDL cholesterol, and triglycerides), and CRP were measured for all
study visit samples using a Cobas c¢111 analyzer (Roche).

Monocyte isolation

PBMC were first isolated using SepMate tubes with Lymphoprep
Density Gradient Medium (Stem Cell Technologies) according to the
manufacturer’s instructions. Briefly, blood was mixed 1:1 with PBS:2%
FBS [PBS prepared from disks (Calbiochem); FBS (Multicell)], dispensed
into SepMate tube inserts, then centrifuged at 1200 g for 10 minutes
at room temperature. Plasma was removed to ~2 c¢cm above the buffy
coat, then the remainder was poured into a fresh 50 mL tube, topped
up with PBS:2% FBS and centrifuged at 300 g for 8 minutes. The
cells were washed once more and spun at 120 g for 10 minutes to
deplete platelets. The PBMC were assessed for viability and counted
using a hemocytometer and trypan blue dye (Gibco), then resuspended
in PBS:2% FBS containing 1 mM of EDTA. The EasySep Human
Monocyte Isolation Kit (Stem Cell Technologies) was then used to purify
CD14*CD16~ monocytes by immunomagnetic negative selection, as
per the manufacturer’s instructions. Viability (target > 95%) was
assessed for every sample using trypan blue, and purity (target
> 90%) was assessed periodically by blocking with TruStain FcX
(Biolegend), staining with Fluorescein isothiocyanate-conjugated anti-
CD14 antibody (Stem Cell Technologies), and examining cells under a
fluorescence microscope (Olympus).

Monocyte bioenergetics

Bioenergetics parameters were assessed by modifying previously
published protocols (35). Seahorse XF24 culture plates were coated
with 45 pug/mL of CellTak (Corning) in 0.1 M of sodium bicarbonate
(pH, 7.5) for 20-30 minutes then washed with sterile deionized
water. Monocytes were plated at 4x105 cells per well in 200 uL of
serum-free Roswell Park Memorial Institute (RPMI) medium. Plates
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were centrifuged at 300 g for 5 minutes at room temperature;
200 uL of 2x media (20% FBS) was added along with a media
control or 10 ng/mL of LPS (from Esherichia coli O111: B4,
y-irradiated; Sigma-Aldrich), with 5 wells per condition as the target.
Some samples were limited to 3-4 wells per condition due to low
monocyte numbers (because of difficulties in drawing blood or purifying
cells). Cells were incubated for 2 hours in a humidified cell-culture
incubator (37°C; 5% CO;), after which a prewarmed Seahorse XF
Assay medium [XF base medium (Agilent Technologies) with 0.5%
FBS (Multicell), 2 mM L-glutamine (Hyclone), 1 mM of sodium
pyruvate (Gibco), 10 mM of glucose (Agilent Technologies), and a
pH of 7.4] was used to wash the cells twice and replace the culture
medium. A mitochondrial stress test protocol was followed where
0.5 M of oligomycin (Sigma-Aldrich), 1 uM of carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (Sigma-Aldrich), and 10 uM of
antimycin A (Sigma-Aldrich) plus 10 uM of rotenone (Sigma-Aldrich)
were injected sequentially as the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were read on a Seahorse XF24
analyzer (Agilent Technologies).

Statistical analysis

SAS University Edition (SAS Institute Inc.) was used for statistical
analyses. Primary outcomes (plasma oxylipins) and secondary outcomes
(plasma fatty acids, plasma cytokines and adipokines, anthropometric
data, blood lipids and other clinical parameters, nutrient intake data,
activity data, and monocyte metabolic flux parameters) were all
analyzed using a mixed model (28). Individuals were treated as random
effects, while the supplement, day, and phase order were treated as
fixed effects and entered as categorical values. The phase order had
no effect on the majority of parameters [fixed effect P value (Pr > F)
> 0.05], and so was dropped from the model unless otherwise stated,
in which case the full data are reported in Supplemental Table 1. Type
3 fixed effects of Day (0 and 28), Supplement (flaxseed oil and fish oil),
and Day*Supplement interaction were determined, and differences of
least square means with adjusted P values (Tukey-Kramer correction)
are reported to compare D28 to DO for each supplementation and to
compare flaxseed oil to fish oil at each day. If necessary, values were
log transformed to achieve a normal distribution within each group,
as assessed by the distribution of Conditional Studentized Residuals.
Values were excluded as outliers if they fell above or below the
mean by 6x (oxylipins) or 5x (all other parameters) the SD, unless
the paired values for the same participant in the same phase were
similarly elevated. Some data are missing due to, for example, an
insufficient sample volume, values outside the assay detection range,
or an unexpected retention time. Missing values were not imputed.
Pearson’s correlation was performed to identify associations between
parameters. For all analyses, a P value < 0.05 was considered significant.

Results

General results

Recruitment took place between June 2018 and December
2019. A participant flow diagram can be found in Figure 1.
Thirty participants were randomized; however, 8 dropped out
due to unrelated health issues or an inability to comply with
the study protocols or schedule. One additional participant was
unable to complete phase 2 due to cessation of operations in
response to the coronavirus disease 2019 pandemic in March
2020. No adverse events were reported. Self-declared ethnicities
included Caucasian (19 of 22), Asian (2 of 22), and Hispanic (1
of 22). Ten participants received flaxseed oil for phase 1, and
all 10 went on to receive DHA-rich fish oil for phase 2. Twelve
participants received DHA-rich oil for phase 1, and 11 of these
went on to receive flaxseed oil for phase 2. One participant
repeated their DHA phase after retroactively reporting a yeast
infection that was present at their Day 28 visit. Participant
characteristics at the screening visit are described in Table 1.
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TABLE 1 Anthropometrics and plasma analyte concentrations
of women with obesity’

Parameters

Age, years 38.0 £ 8.6(21-51)
Weight, kg 99.8 + 22.1(70.0-146)
BMI, kg/m? 36.8 &+ 6.10(30.0-51.4)

Waist circumference, cm
BP, systolic, mmHg

BP, diastolic, mmHg
Creatinine, mol/L

AST, U/L

ALT, U/L

Cholesterol, mmol/L
HDL cholesterol, mmol/L
LDL cholesterol, mmol/L

102 + 12.7 (82.0-134)
128 + 14.2 (98-155)
82.5 + 9.90(63-99)
68.0 + 8.90 (48-89)
17.1 £ 4.73(11-29)
17.1 & 7.10(10-37)
460 + 070(3.1-6.3)
150 + 0.50(1.0-3.1)
253 £ 0.80(0.8-4.4)

TG, mmol/L 1.30 £+ 0.41(0.5-1.9)
CRP, mmol/L 7.60 £ 6.20 (1-26)
HbA1c, % 541 + 0.30(4.8-6.3)

Compliance,? flaxseed-oil phase, %
Compliance,? fish-oil phase, %

96.7 + 4.1(86.1-100)
97.8 £ 2.2(93.2-100)

"Values are reported as means + SDs (ranges) from 21 (flaxseed-oil phase) or 22
(fish-oil phase) participants. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BR, blood pressure; CRP, C-reactive protein; HbA1lc, glycated
hemoglobin; TG, triglyceride.

2Calculated from self-reported doses missed.

All participants had abdominal obesity according to BMI and
waist circumference measurements, as specified in the inclusion
criteria. Mean self-reported capsule consumption compliance
was >95% for both supplements. This was supported by
the plasma fatty acid analysis, which confirmed an overall
increase in the supplemented PUFA for each phase (Table 2).
One participant reported relatively low compliance (86%) in
the flaxseed-oil phase and another completed their flaxseed-oil
phase prematurely by 6 days due to availability. A substantial
increase in plasma ALA was nonetheless observed in both of
these participants (rises of 34% and 124%, respectively). In
total, 21 and 22 participants completed the flaxseed-oil and
fish-oil phases, respectively, and were analyzed for the primary
outcome. Self-reported 3-day food records (Supplemental
Table 2) and activity (Supplemental Table 3) indicated similar
nutrient intakes and activity levels at Week 3 of each wash-out
and supplementation phase.

Oxylipin profiles

Plasma oxylipin concentrations were measured as the primary
outcome of this study and are reported in Table 3, with
statistical details and effect sizes in Supplemental Table 4.
Note that due to the large number of parameters being
examined statistically, there is an increased risk of a type
1 error for a given oxylipin. As such, we emphasize results
pertaining to oxylipin groups, defined by the precursor PUFA
or enzymatic pathway, rather than individual lipids, whose
P values should be interpreted with caution. Flaxseed oil
had no effect on any plasma oxylipin (Table 3). Total ALA
oxylipins were statistically similar on DO and D28 of flaxseed-
oil supplementation, although the concentrations were higher
on D28 of flaxseed oil supplementation compared to D28
of DHA-rich fish oil supplementation (Figure 2A, upper
left panel). By contrast, supplementation with DHA-rich fish
oil increased the total concentrations of EPA- and DHA-
derived oxylipins (Figure 2A, middle and lower left panels) by



TABLE 2 Effects of flaxseed-oil and fish-oil supplementation on plasma FA in women with obesity’

Supplementation with flaxseed oil

Supplementation with DHA-rich fish oil

Pr > F for type 3 fixed effect

DO D28 DO D28 Day Suppl. Day*Suppl
SFA, mol/L
12:023 9.77 + 5.19 971 + 492 13.28 + 15.9 953 + 8.1 0.234 0.256 0.500
14:0 155 4+ 97.0 139 + 60.5 164 + 121 115 + 67.1* 0.004 0.069 0.106
16:0? 3410 + 1530 3390 + 1720 3640 + 2260 3030 + 1540 0.012 0.170 0.109
17:0? 335 + 9.92 344 + 146 368 &+ 199 336 + 139 0.402 0816 0,585
18:0? 928 + 346 932 + 397 976 + 519 883 + 412 0.174 0.308 0.392
20:0? 35.2 + 128 347 + 131 359 + 174 36.3 + 147 0.918 0.689 0.346
22:0 83.9 + 29.2 82.7 + 312 86.4 + 39.2 830 =+ 362 0.361 0516 0,667
24:0 61.7 + 215 61.8 + 26.8 64.0 + 29.2 59.9 + 27.4 0.303 0.835 0.291
MUFA, zzmol/L
14:1n-5? 991 + 6.78 9.01 + 4.62 106 + 8.98 575 4 3.75%° 0004 0.016 0.030
16:1n-723 336 + 213 291 + 169 338 + 246 223 + 146* <0.0001 0.100 0.234
16:1n-7¢? 62.2 + 30.2 58.7 + 33.0 67.8 + 47.3 55.1 &+ 32.4 0.008 0.835 0.530
18:1n-92 2780 =+ 1150 2630 =+ 1400 3030 + 1830 2300 + 1100* 0.003 0.742 0.463
18:1n-723 228 + 89.8 218 + 111 243 + 141 188 + 77.8* 0.002 0.231 0.349
20:1n-9? 206 + 13.3 20.0 + 14.1 225 + 168 16.2 &+ 9.7545 0.001 0.182 0.019
22:1n-9? 1.08 + 4.42 0.760 + 5.06 236 + 7.84 0.380 + 469* 0.024 0642 0.045
24:1n-9? 126 + 38.6 120 + 56.3 128 + 67.1 142 + 54.7 0.846 0.064 0.019
n-6 PUFA, pumol/L
18:2n-67 3800 =+ 1180 3690 + 1730 3980 + 1840 3380 + 1400 0018 0.939 0.946
18:3n-6 497 + 188 432 £ 218 50.6 + 23.8 26.7 + 106%° <0.0001 0.009 0.002
20:2n-67 245 + 164 232 + 18.42 259 + 215 18.0 &+ 11.5* 0.001 0.474 0.389
20:3n-6 237 + 158 205 + 144 240 + 164 136 + 80.6%° <0.0001 0.020 0.005
20:4n-67 809 + 255 778 + 400 859 + 402 671 + 246 0.004 0.949 0.731
22:2n-67 340 + 1.94 380 + 3.02 400 + 283 3.02 + 2.24* 0.006 0.463 0.042
22:4n-67 20.9 + 9.99 189 + 9.65 233 + 146 104 + 6.29%° <0.0001 .0003 <0.0001
22:5n-67 13.7 + 845 12.1 + 8.19 16.3 &+ 12.9 117 + 6.19* 0.001 0.151 0.555
n-3 PUFA, emol/L
18:3n-3 119 + 64.2 179 + 98.8° 130 + 75.2 113. + 7338 0.015 0.002 <0.0001
20:3n-3? 279 + 1.96 411 £ 373% 277 + 268 224 + 174 0.184 <0.0001 0.003
20:5n-37 91.1 + 410 102 + 50.6 81.1 + 384 376 + 180%5 <0.0001 <0.0001 <0.0001
22:5n-32.6 490 + 202 53.9 + 29.2 52.7 + 26.7 446 + 253 0.142 0.733 0419
22:6n-3%7 218 + 125 204 + 153 191 + 154 588 + 301%° <0.0001 <0.0001 <0.0001
Totals, wmol/L
SFA? 4720 + 2020 4683 + 2240 5020 + 2980 4250 + 2080* 0.020 0.195 0.148
MUFAZ6 3560 + 1480 3350 + 1750 38340 + 2320 2930 + 1370° 0.002 0.687 0.490
PUFA 5440 + 1770 5320 + 2560 5650 + 2680 5380 + 2220 0.317 0.466 0.713
n-3? 480 + 219 543 + 299 457 + 269 1120 4 5474° <0.0001 <0.0001 <0.0001
n-62.6 4960 + 1560 4770 + 2270 5190 + 2420 4260 + 1690 0.007 0.844 0.798

TConcentrations are shown as means + SDs; n = 19-21. Differences of least square means and adjusted P values are in Supplemental Table 5.
2Log transformed for statistics.

30ne outlier removed.

4Indicates difference (P < 0.05) from Day 0 of the same phase.
SIndicates difference (P < 0.05) from other supplement at the same time point.
SResidual distributions may limit validity of the model.

"Phase order effect (refer to Supplemental Table 1 for values separated by phase).

2.7-fold and 3.8-fold, respectively. Nearly all individual EPA
and DHA oxylipins were significantly increased as well
(Table 3). These were the LOX products 8-, 11-, 12-,
15-, and 18-hydroxy-eicosapentaenoic acid (HEPE) and 7-,
10-, 11-, 13-, 14-, 16-, and 17-hydroxy-docosahexaenoic
acid (HDoHE), the CYP450 epoxygenase products 19,20-
epoxy-docosapentaenoic acid and 16,17- and 19,20-dihydroxy-
docosapentaenoic acid, and the CYP450 hydroxylase product
20-HDoHE. Levels of 3 arachidonic acid (ARA) oxylipins,
all secondary metabolites of CYP450 epoxygenase, were
reduced in response to supplementation with DHA-rich fish oil

(Table 3).

Fatty acid profiles

Plasma fatty acid concentrations are reported in Table 2 and
Supplemental Table 5. Only 2 plasma fatty acids were higher
(by 1.5-fold each) after 28 days of flaxseed-oil supplementation:
ALA itself and a low-abundance omega-3 PUFA, 20:3n3
(eicosatrienoic acid, Table 2). Supplementation with DHA-
rich fish oil resulted in elevated plasma levels of EPA (4.6-
fold) and DHA (3.1-fold; Figure 2B, middle and lower right
panels). There were changes in several other plasma fatty
acids (reported in Table 2 and Supplemental Table 5) that
were not accompanied by changes in their derived oxylipins.
For example, supplementation with DHA-rich fish oil resulted
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TABLE 3 Effects of flaxseed-oil and fish-oil supplementation on plasma oxylipins in women with obesity’

Supplementation with flaxseed oil

Supplementation with DHA-rich fish oil

Pr > F for type 3 fixed effect

DO D28 DO D28 Day Suppl. Day*Suppl
LA oxylipins, nmol/L
9-HODFE? 246 + 9.78 28.7 +19.2 23.3 + 105 189 + 9.20 0.422 0.069 0.077
9-0x00DE? 443 +1.75 438 + 2.75 479 + 2.87 340 + 1.78 0.070 0.479 0.415
13-HODE? 1.1 £ 419 12.8 £+ 8.19 11.0 £ 5.18 891 + 4.26 0.438 0.119 0.101
13-0x00DF? 455 + 2.20 591 + 551 5.09 + 2.69 332 +£1.93 0.239 0.153 0.057
9,10,13-TriHOME 1.19 + 0.564 1.11 £ 0676 1.16 £ 0.751 0.722 + 0.366 0.039 0.155 0.160
9,12,13-TriHOME 0.763 £ 0.317 0.733 + 0.409 0.767 + 0.476 0.519 + 0.229 0.080 0.202 0.166
9,10-DIHOME?34 0.212 + 0.063 0.200 + 0.101 0.202 + 0.072 0.195 + 0.136 0111 0.506 0.948
12,13-DiHOME?3 0.621 + 0.203 0.549 + 0.186 0.611 + 0.361 0.501 + 0.176 0.040 0.440 0.739
GLA oxylipins, nmol/L
13-HOTrE-y? 0.180 + 0.104 0.190 + 0.132 0.195 + 0.141 0.119 + 0.048 0.032 0.193 0.010
DGLA oxylipins, nmol/L
15k PGE; 0.008 + 0.002 0.011 + 0.008 0.009 + 0.003 0.008 + 0.003 0.207 0.232 0.026
15-HETrE 0.191 + 0.092 0.180 + 0.086 0.167 + 0.096 0.155 + 0.063 0.471 0.467 0.688
ARA oxylipins, nmol/L
PGK; 0.079 £ 0.044 0.098 + 0.072 0.085 + 0.049 0.109 + 0.051 0.040 0.550 0.623
5-HETE 1.54 + 0.681 1.76 + 0.822 1.59 + 0.734 1.35 + 0516 0.968 0.465 0.024
5-0xoETE 0.177 £ 0.102 0.140 + 0.080 0.128 + 0.079 0.139 + 0.073 0.389 0.252 0.100
8-HETE? 0.560 £ 0.193 0.557 + 0.176 0.570 + 0.281 0.514 + 0.165 0.795 0.790 0.606
9-HETE 0.344 + 0128 0.305 + 0.145 0.347 + 0.166 0.267 + 0.112 0.016 0.693 0.422
11-HETE? 0.230 + 0.088 0.216 + 0.075 0.218 + 0.089 0.191 + 0.050 0.140 0.448 0.814
12-HETE 0.817 £ 0.333 0.861 + 0.398 0.788 + 0.323 0.693 + 0.288 0.746 0.279 0.291
15-HETE 0.643 + 0.228 0.767 + 0.381 0.701 + 0.343 0.579 + 0.263 0.683 0.449 0.020
15-0x0ETE 0.105 + 0.045 0.125 + 0.111 0.136 + 0.067 0.101 + 0.075 0171 0.926 0.039
5,6-EpETrE 0.020 £ 0.011 0.021 £ 0.010 0.023 £ 0.016 0.019 + 0.009 0.338 0.780 0.364
8,9-DiHETTE 0.119 + 0.054 0.112 + 0.049 0.110 + 0.037 0.091 + 0.028° 0.006 0.232 0.158
11,12-DiHETE? 0.208 + 0.067 0.205 + 0.077 0.209 + 0.063 0.162 + 0.045° 0.002 0.204 0.005
14,15-DiHETE? 0.190 + 0.062 0.186 + 0.071 0.182 + 0.050 0.145 + 0.033° 0.002 0.131 0.012
16-HETE 0.162 + 0.075 0.150 + 0.089 0.123 + 0.070 0.091 + 0.053 0.066 0.017 0.420
17-HETE? 0.068 + 0.030 0.064 + 0.032 0.068 + 0.040 0.064 + 0.026 0.660 0.925 0.966
18-HETE? 3 0.077 £ 0.045 0.065 + 0.043 0.076 + 0.070 0.092 + 0.092 0.810 0.478 0.185
ALA oxylipins, nmol/L
9-HOTrE? 407 + 2.02 578 + 3.955 393 + 1.89 3.10 & 1.118 0.498 0.012 0.016
9-0x00TrE? 0.762 £ 0.337 0.839 + 0.546 0.805 + 0.547 0.572 + 0.202 0.407 0.232 0.365
13-HOTrE? 1.24 + 0.587 1.38 + 0.63 1.30 £ 0.771 0.940 + 0.241 0.489 0.105 0.034
12,13-EpODE? 0.012 £ 0.007 0.013 + 0.007 0.012 + 0.006 0.008 + 0.005° 0.285 0.095 0.011
EPA oxylipins, nmol/L
8-HEPE? 0.322 + 0131 0.338 + 0.331 0.354 + 0.216 0.697 + 0.208°>7 0.005 0.001 0.001
11-HEPE 0.101 £ 0.042 0.104 + 0.055 0.106 + 0.046 0.171 + 0.063%6 0.010 0.030 0.002
12-HEPE? 0.180 £ 0.077 0.201 + 0.088 0.215 £ 0.291 0.453 + 0.300%6 <0.0001 0.041 <0.0001
15-HEPE? 0.122 + 0.051 0.122 + 0.041 0.103 + 0.049 0.248 + 0.086%° <0.0001 0.020 <0.0001
18-HEPE 0.225 £ 0.119 0.265 + 0.120 0.202 + 0.097 0592 + 0.183%6 <0.0001 <0.0001 <0.0001
DHA oxylipins, nmol/L
7-HDoHE 0.556 + 0.353 0.563 + 0.462 0.395 + 0.211 1.80 + 0.697°7 <0.0001 <0.0001 <0.0001
10-HDoHE 0.193 £ 0.105 0.205 + 0.144 0.142 + 0.089 0629 + 0.208%6 <0.0001 <0.0001 <0.0001
11-HDoHE 0.272 £ 0.149 0.291 + 0.196 0.196 + 0.127 0.910 + 0.301%6 <0.0001 <0.0001 <0.0001
13-HDoHE? 0.397 + 0.174 0.427 + 0.272 0.346 + 0.185 1.12 + 0.430°6 <0.0001 0.001 <0.0001
14-HDoHE? 0.275 £+ 0.130 0.313 + 0.196 0.201 + 0.108 0.861 + 0.346°6 <0.0001 0.005 <0.0001
16-HDoHE 0.227 £ 0.115 0.256 + 0.168 0.171 £ 0.095 0652 + 0.223%6 <0.0001 <0.0001 <0.0001
17-HDoHE 0.795 + 0.364 0.866 + 0.550 0.567 + 0.300 2.224 + 0.768°6 <0.0001 <0.0001 <0.0001
RvD1 0.041 £ 0.012 0.042 + 0.008 0.040 £ 0.015 0.048 + 0.011 0.029 0.370 0.133
16,17-DiHDoPE 0.051 £ 0.022 0.048 + 0.021 0.043 £ 0.023 0.124 + 0.030°6 <0.0001 <0.0001 <0.0001
19,20-EpDoPE? 0.044 + 0.030 0.046 + 0.030 0.031 + 0.021 0.132 + 0.061%6 <0.0001 0.013 <0.0001
19,20-DiHDoPE 0.743 £ 0.449 0.709 + 0.332 0.594 + 0.336 1.649 + 0.402°6 <0.0001 .0004 <0.0001
20- HDoHE?? 0.497 £ 0.273 0.588 + 0.399 0.387 £ 0.222 1.526 + 0.730%6 <0.0001 0.006 <0.0001
Free FA, nmol/L
ALA 2350 + 873 2520 + 761 2270 + 838 1981 + 740 0.656 0.154 0.100
ARA 183 + 759 195 + 722 190 + 81.4 177 + 631 0911 0919 0.213
(Continued)
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TABLE 3 (Continued)

Supplementation with flaxseed oil

Supplementation with DHA-rich fish oil

Pr > Ffor type 3 fixed effect

DO D28 DO D28 Day Suppl. Day*Suppl
DHA 957 + 423 995 + 505 797 + 398 2320 + 70256 <0.0001 0.0001 <0.0001
EPA? 123 £70.8 136 &+ 59.9 109 £ 61.5 324 + 135°6 <0.0001 0.008 <0.0001

Concentrations are shown as means + SDs; n = 19-20 for all oxylipins except PGK; (n = 10-17), 8-HEPE (n = 13-21), 11-HEPE (n = 13-21), and 15-0x0ETE (n = 18-19). Two
participant samples were excluded from the analysis because more than one-third of their oxylipins qualified as outlier values, suggesting a technical error. Differences of least
square means and adjusted P values are in Supplemental Table 4. ALA, a-linolenic acid; ARA, arachidonic acid; DGLA, dihomo-gamma-linolenic acid; DiHDoPE,
dihydroxy-docosapentaenoic acid; DIHETrE, dihydroxy-eicosatrienoic acid; DIHOME, dihydroxy-octadecenoic acid; EpDoPE, epoxydocosapentaenoic acid; EpETrE,
epoxy-eicosatrienoic acid; EpODE, epoxy-octadecadienoic acid; FA, fatty acid; GLA, gamma-linolenic acid; HDoHE, hydroxy-docosahexaenoic acid; HEPE,
hydroxy-eicosapentaenoic acid; HETE, hydroxy-eicosatetraenoic acid; HETTE, hydroxy-eicosatrienoic acid; HODE, hydroxy-octadecadienoic acid; HOTrE, hydroxy-octadecatrienoic
acid; LA, linoleic acid; oxoETE, oxo-eicosatetraenoic acid; oxoODE, oxo-octadecadienoic acid; oxoOTrE, oxo-octadecatrienoic acid; PG, prostaglandin; Ry, resolvin; TiHOME,

trihydroxy-octadecenoic acid.

?|og transformed for statistics.

SResidual distributions may limit validity of the model.

4One outlier removed.

SIndicates difference (P < 0.05) from Day 0 of the same phase.

SIndicates difference (P < 0.05) from other supplement at the same time point.
"Phase order effect (refer to Supplemental Table 1 for values separated by phase).

in lower levels of several omega-6 PUFAs, including y-
linolenic acid (18:3n6) and dihomo-y-linolenic acid (20:3n6;
Table 2). Oxylipins derived from these PUFAs were unchanged
(Table 3). Also, supplementation with DHA-rich fish oil had
no measurable effect on plasma ARA (Table 2), despite
reductions in 3 ARA oxylipins (Table 3). Overall, both plasma
fatty acid and oxylipin profiles were altered substantially by
supplementation with DHA-rich fish oil but were relatively
resistant to flaxseed-oil supplementation.

Clinical parameters

Anthropometric, vascular, and blood biochemistry measure-
ments are reported in Table 4 and Supplemental Table 6. None
of these parameters were altered by flaxseed-oil supplementa-
tion. One marker of liver injury, ALT, was slightly (1.18 x fold)
but significantly increased after 28 days of supplementation
with DHA-rich fish oil, whereas AST was unchanged. HDL
cholesterol was increased, while triglyceride levels were de-
creased, after 28 days of supplementation with DHA-rich fish
oil, similar to previous clinical trials that employed longer
intervention periods (9). Although supplementation with both
ALA and DHA has been previously reported to reduce CRP
levels (7,8,11,12), we did not detect a significant effect of either
fatty acid supplement on CRP in this study.

Cytokines and adipokines

Inflammatory mediator concentrations are reported in
Table 5 and Supplemental Table 7. Based on previous studies,
we expected to observe a reduction in plasma inflammatory
markers with DHA (8, 9) and ALA (13) supplementation.
Instead, no changes were detected in any of the measured
pro-inflammatory cytokines (IFN-y, IL-18, IL-6, IL-8, IL-
17A, TNF-a, or VEGF), anti-inflammatory cytokine (IL-10),
or resistin. However, we did observe a small but significant
increase in plasma adiponectin after 28 days of supplementation
with DHA-rich fish oil, consistent with previous reports (36),
which is indicative of improved adipocyte function in these
participants.

Associations between BMI and monocyte
bioenergetics

Several studies have reported an altered glucose metabolism
in circulating immune cells of patients with chronic disease;
however, the direction of change (higher or lower) seems to

depend on the cellular population and/or the specific disease
condition (22,23, 37, 38). Here, we measured the live monocyte
metabolism ex vivo using a Seahorse XF platform in the
presence of glucose. We found that BMI is negatively associated
with ECAR and positively associated with OCR and ATP-linked
OCR (Figure 3A). Consistent with experiments performed
in dendritic cells and macrophages (37, 38), we observed
a Warburg effect induced by LPS stimulation of monocytes
(Supplemental Figure 1A-C): that is, a slight decrease in OCR
accompanied by a large increase in ECAR. Furthermore, the
LPS-induced decrease in OCR is amplified with an increasing
BMI (Supplemental Figure 1D). Thus, in the least healthy state
(highest BMI), the resting OCR is increased but the dampening
of OCR by LPS is enhanced.

Supplementation effects on monocyte bioenergetics
Complete data for monocyte bioenergetics parameters are
reported in Table 6 and Supplemental Table 8. Flaxseed-
oil supplementation for 28 days reduced basal respiration
and ATP-linked OCR in monocytes, and increased spare
respiratory capacity (Table 6; Figure 3B). Thus, flaxseed-
oil supplementation countered the increase in the monocyte
oxidative glucose metabolism observed with a higher BMI. In
contrast, supplementation with DHA-rich fish oil had no effect
on any bioenergetic parameters.

Furthermore, flaxseed-oil supplementation countered the
changes in oxidative phosphorylation parameters induced
by LPS. Specifically, after supplementation, the LPS-induced
reductions in basal respiration, ATP-linked OCR, and OCR
were lessened (Table 6). This can also be visualized in Figure 3C,
where the LPS-induced change in ECAR compared with OCR is
traced with an arrow. Two hours of LPS stimulation increased
ECAR and decreased OCR in cells harvested on Day 0 of both
regimens and on D28 of DHA supplementation. In contrast,
in cells harvested on D28 of flaxseed oil supplementation, LPS
stimulation increased both ECAR and OCR. Thus, flaxseed oil
opposed the enhanced Warburg effect of LPS observed with a
higher BMIL.

Discussion

Omega-3 PUFAs are a promising group of dietary bioactive
compounds proposed to block the progression of chronic
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FIGURE 2 Effects of flaxseed-oil and fish-oil supplementation on plasma ALA, EPA, and DHA oxylipins and their fatty acid precursors in women
with obesity. (A) Selected plasma oxylipins (n = 21) and (B) total plasma fatty acids (n = 21-22) are shown for day 0 and day 28 of each phase.
Data were analyzed using a mixed model, and pairwise comparisons were assessed by difference of least square means with adjusted P values
(Tukey-Kramer correction). *P < 0.05, **P < 0.01, and ***P < 0.001. Complete statistical analyses are provided in Table 3 and Supplemental
Table 4 for all oxylipins and in Table 2 and Supplemental Table 5 for all fatty acids. ALA, a-linolenic acid.

disease, in part by modulating obesity-associated inflammation
(2). However, before they can be utilized effectively, much
remains to be learned in humans with respect to the differences
between plant and marine PUFAs and the types of inflammatory
markers and processes that are affected. Here, we present
the results of a randomized, double-blind, crossover clinical
trial that compared the effects of supplementation with ALA-
rich oil compared with DHA-rich oil (4:1 DHA/EPA) for
4 weeks in women with obesity. We report that supplemen-
tation with DHA-rich fish oil increased the plasma levels
of nearly all detectable oxylipins derived from DHA and
EPA, including CYP450 products with anticancer activities
(39) and LOX products that are precursors to proresolving
mediators (40). Plasma oxylipins were unaffected by flaxseed-
oil supplementation. There were also no measurable changes

3060 Pauls et al.

to inflammatory cytokines (IFN-y, IL-18, IL-6, IL-8, IL-17A,
TNF-a, and VEGF), an anti-inflammatory cytokine (IL-10),
or resistin with either supplement; however, plasma levels
of adiponectin and HDL cholesterol were increased and
triglycerides were decreased after 28 days of supplementation
with DHA-rich fish oil. We also investigated effects on the
monocyte glucose metabolism and found that ALA but not
DHA reduced OCR and increased spare respiratory capacity.
These appear to be favorable changes since higher a BMI
was associated with an increase in oxygen consumption and
a decrease in spare respiratory capacity. Finally, flaxseed-
oil supplementation also countered the Warburg effect of
LPS stimulation. Overall, monocytes in ALA-supplemented
participants with obesity shift to a more quiescent phenotype
with respect to their glucose metabolism. Thus, we report that



TABLE 4 Effects of flaxseed-oil and fish-oil supplementation on anthropometric and clinical parameters in women with obesity’

Supplementation with flaxseed oil

Supplementation with DHA-rich fish oil

Pr > F for type 3 fixed effect

DO D28 DO D28 Day Suppl. Day*Suppl
Anthropometrics
Body weight, kg 100 + 214 100 + 23.0 100 + 23.3 100 + 24.0 0.963 0.998 0513
Waist circumference, cm 102 £+ 135 102 + 129 102 + 137 103 4+ 133 0.712 0.932 0.770
BMI, kg/m? 36.9 + 6.12 36.7 &+ 6.67 36.9 + 6.59 37 +£ 684 0.915 0.962 0.479
Vascular
SBP, mmHg 127 + 166 129 + 16.7 128 + 143 127 £15.7 0.899 0.986 0.232
DBP, mmHg 805 £+ 113 80.8 + 108 80.4 & 10.1 814 4+ 94 0.803 0.836 0.952
Alx, % 16.3 + 9.99 174 £ 11.6 202 & 9.46 205 + 16.4 0.822 0.268 0.890
PWV, m/s 6.22 + 0.806 5.97 + 0.903 6.15 & 1.19 5.86 4 0.995 0.467 0.947 0.340
Blood biochemistry
ALT, U/L2 179 £ 727 175 + 6.76 185 + 9.37 218 + 11.19° 0.039 0.420 0.003
AST, U/L 227 + 529 24.1 £+ 6.51 243 +7 26.1 4+ 7.32 0.075 0.306 0.816
Creatinine, zzmol/L* 67.3 + 8.35 68 + 9.51 68.2 & 7.84 68.3 & 8.06 0.604 0.810 0.759
CRP. mg/L2® 9.28 + 11.92 8.04 + 7.74 8.44 + 8.69 7.97 + 823 0.083 0.813 0.838
Glucose, mmol/L 5.53 + 0.653 5.62 + 0.761 5.55 4 0.66 5.74 4 0.761 0.035 0.731 0.489
Cholesterol, mmol/L 474 £+ 0735 462 + 0.664 466 + 0.84 481 + 0.828 0.859 0.802 0.054
HDL cholesterol, mmol/L 1.42 + 0425 1.38 + 0.423 1.35 + 0.401 150 + 0.432° .0004 0.847 <0.0001
LDL-cholesterol, mmol/L2 2.80 + 0.805 267 4+ 0.654 2.72 4 0.835 2.79 4+ 0.89 0.858 0.968 0.230
TG, mmol/L 1.25 + 0.333 1.26 + 0.381 1.41 + 0.483 1.08 4 0.339° 0.001 0.910 .0005

"Concentrations are shown as means =+ SDs; n = 20-22 for all parameters except Alx and PWV (n = 12-16). Differences of least square means and adjusted P values are in
Supplemental Table 6. Alx, augmentation index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP. C-reactive protein; DBPR diastolic blood pressure; PWV,

pulse wave velocity; SBP, systolic blood pressure.

?og transformed for statistics;

SIndicates difference (P < 0.05) from Day 0 of the same phase.

4Phase order effect (refer to Supplemental Table 1 for values separated by phase).
5Residuals distribution may limit validity of the model.

fish-oil and flaxseed-oil supplementation have distinct effects in
this population: fish oil enhances proresolving lipid mediators
and adipocyte function, while flaxseed oil seems to promote
immune-metabolic quiescence at the cellular level.

The effects of ALA- and DHA-rich oils on plasma oxylipin
profiles described here largely agree with the results of earlier
work. We previously reported that the same DHA-rich oil
increased most DHA- and EPA-derived oxylipins in healthy-
weight men and women, while flaxseed oil had little effect on
circulating oxylipins (28). At least 3 independent clinical trials

similarly report increased DHA- and EPA-derived oxylipins
in plasma after fish-oil supplementation (41-43). Flaxseed-
oil supplementation studies designed with higher doses and/or
longer durations have reported increases in ALA oxylipins
(42, 44), unlike what we observed here using ~4 g/day for
4 weeks. The degree of precursor PUFA enrichment is likely
an important factor contributing to oxylipin profile changes.
Here, supplementation with DHA-rich fish oil increased total
plasma EPA and DHA levels by more than 200% each, while
flaxseed-oil supplementation increased the total plasma ALA

TABLE 5 Effects of flaxseed-oil and fish-oil supplementation on plasma inflammatory markers in women with obesity’

Supplementation with flaxseed oil

Supplementation with DHA-rich fish ol

Pr > F for type 3 fixed effect

DO D28 DO D28 Day Suppl. Day*Suppl
IFN-y, pg/mL?? 4.34 4+ 256 452 4+ 280 379 £ 1.71 351 + 158 0.425 0.460 0.781
IL-10, pg/mL* 0.235 + 0.083 0.227 + 0.081 0.231 4 0.089 0.246 + 0.079 0.843 0.694 0.408
IL-18, pg/mL25 0.098 + 0.056 0.099 + 0.047 0.092 + 0.054 0.093 + 0.051 0.656 0.481 0.887
IL-6, pg/mL® 131 4 1.33 1.05 & 1.08 1.07 4 1.09 1.03 + 1.25 0.307 0635 0.478
IL-8, pg/mL 272 + 117 3.26 + 2.13 262 + 142 263 + 137 0278 0.393 0.250
TNF-a, pg/mL? 2.01 4 0.740 1.95 & 0.620 1.81 & 0500 1.90 4 0490 0.689 0612 0.280
VEGF, pg/mL? 378 + 296 35.1 + 231 395 + 215 313 +£ 137 0.185 0810 0.197
IL-17A, pg/m?* 0557 + 0.278 0491 + 0.187 0.466 + 0.167 0519 + 0.146 0.956 0.834 0.026
Resistin, pg/m? 2530 + 747 2630 + 712 2710 + 851 2560 + 672 0.786 0919 0.263
Adiponectin, 1g/mL 237 £ 771 242 + 834 237 + 732 261 + 879 0.010 0.903 0.079

"Concentrations are shown as Mean 4 SD; n = 19-20 for all markers except VEGF (n = 18-19) and IL-17A (n = 16-19). Differences of least square means and adjusted P-values

are in Supplemental Table 7 VEGF, vascular endothelial growth factor.

?|og transformed for statistics.

3Two outliers removed.

4One outlier removed.

5Phase order effect (refer to Supplemental Table 1 for values separated by phase).
SIndicates residuals distribution may limit validity of the model.

7Indicates difference (P < 0.05) from Day 0 of the same phase.
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FIGURE 3 Flaxseed-oil supplementation alters the monocyte glucose metabolism in women with obesity. Bioenergetics parameters
of CD14*CD16~ monocytes purified from peripheral blood on day O and 28 of each phase were assessed using a Seahorse XF
mitochondrial stress test in the presence of glucose. (A) Correlations between BMI and parameters at the first study visit (n 15).
Pearson coefficients (1 and P values are indicated. (B) Supplementation effects on selected bioenergetics parameters (n = 12-15). Data
were analyzed using a mixed model, and pairwise comparisons were assessed by difference of least square means with adjusted P
values (Tukey-Kramer correction). *P < 0.05. Complete statistical analyses of all bioenergetics parameters are in Table 6 and Supplemental
Table 8. (C) Visualization of cell energy phenotypes of unstimulated and 2-hour LPS-stimulated cells. OCR and ECAR measurements
represent mean values from 10-15 participants. ECAR, extracellular acidification rate; OCR, oxygen consumption rate; SRC, spare respiratory
capacity.
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TABLE 6 Effects of flaxseed-oil and fish-oil supplementation on monocyte bioenergetics parameters in women with obesity'

Supplementation with flaxseed oil

Supplementation with DHA-rich fish ol

Pr > F for type 3 fixed effect

DO D28 DO D28 Day Suppl. Day*Suppl
Unstimulated
Basal resp, pmol/min 80.8 + 228 59.7 4 2457 65.6 + 19.4 62.3 £ 154 0.022 0.439 0.048
Proton leak, pmol/min 8.89 + 122 547 + 83 578 £ 6.2 698 + 7.3 0.238 0.830 0.080
Maximum resp, pmol/min 152 + 444 144 £+ 318 147 £ 451 125 + 228 0.129 0.244 0.471
SRC, pmol/min 71.0 + 334 83.8 & 30.1 80.8 &+ 37.5 62.4 £+ 20.2 0.698 0514 0.058
Non mito ox, pmol/min 375 £ 211 39 + 11.3 307 £ 6.6 363 + 18 0.360 0.298 0.538
ATP-linked OCR, pmol/min 740 £ 186 55.5 + 19.92 60.0 + 22.9 553 + 18.3 0.018 0.422 0.057
Coupling effic,® pmol/min 0.948 + 0.241 0.943 + 0.124 0.889 + 0.173 0.926 + 0.211 0.280 0.546 0.579
SRC.** % 191 + 042 2.63 + 0975 2.26 + 0.649 237 £1.13 0.029 0.992 0.028
0OCR.? pmol/min 118 £ 332 98.8 + 24.3 96.3 + 21.6 98.6 + 20.3 0.180 0.180 0.067
ECAR, mpH/min 277 £ 145 36.5 + 18.1 312 £ 159 291 £ 171 0613 0.610 0.110
OCR/ECAR ratio® 488 £ 1.75 333 £ 185 398 + 224 421 £ 185 0.293 0.785 0.021
Change by LPS
ABasal resp,® pmol/min -26.4 4+ 212 -2.08 4+ 2357 -8.68 & 17.0 -196 & 155 0.213 0.867 .0003
AProton leak, pmol/min 1.96 + 5.09 7.07 £+ 588 5.65 + 6.12 331 + 5.66 0.395 0.984 0.030
AMaximum resp, pmol/min -11.6 £ 239 202 + 37.22 9.44 + 251 5.05 + 16.1 0.077 0.713 0.026
ASRC, pmol/min 148 + 309 223 + 254 19.2 + 301 247 4+ 228 0.409 0.662 0.899
ANon mito ox, pmol/min 1.1 + 19.6 11.4 + 16.0 492 +£ 128 10.5 &+ 21.1 0.472 0.530 0.488
AATP-linked OCR, pmol/min -279 £+ 189 972 + 21.3 -146 + 196 -230 £ 165 0.459 0.796 0.001
ACoupling efficiency,® -0.043 + 0.163 —-0.125 £+ 0.150 —-0.089 + 0.166 -0.176 + 0.229 0.082 0.347 0.942
pmol/min
ASRC.® % 0.875 £ 1.17 0.399 + 0.725 0.701 £ 0.699 0.832 £ 1.167 0.557 0.581 0.221
AQCR,® pmol/min -153 + 17.3 930 + 23.12 -376 + 211 -915+ 21 0.071 0.525 0.003
AECAR, mpH/min 233 £130 17.5 +£ 1.1 136 + 15.2 211 £ 139 0.692 0518 0.048
AOCR/ECAR ratio -2.86 £ 1.96 -1.37 £ 1.80 -1.44 + 187 -232 £ 149 0.894 0.895 0.003

"Concentrations are shown as means =+ SDs; n = 12-15 for unstimulated and n = 10-14 for change by LPS. Differences of least square means and adjusted P values are in
Supplemental Table 8. ECAR, extracellular acidification rate; mito, mitochondrial; OCR, oxygen consumption rate; ox, oxidation; resp, respiration; SRC, spare respiratory capacity.

?Indicates difference (P < 0.05) from Day 0 of the same phase.

3Log transformed for statistics.

4One outlier removed.

5Phase order effect (refer to Supplemental Table 1 for values separated by phase).

by only 50%. We previously reported that better vascular
health was associated with higher plasma levels of 12-LOX
products, including 12-HEPE and 14-HDoHE (45). Both of
these products increased after supplementation with DHA-
rich fish oil. Other omega-3 oxylipins have known anti-
inflammatory and proresolving effects (46, 47). Thus, omega-
3 oxylipins may mediate some of the physiological benefits of
short-term supplementation with DHA-rich fish oil and long-
term supplementation with flaxseed oil.

In rats, supplementation with pure omega-3 PUFAs reduces
circulating omega-6 PUFA oxylipins, including proinflamma-
tory eicosanoids derived from ARA, with DHA having a
stronger effect compared to ALA (15). However, human studies
examining the impacts of supplementation with ALA, DHA,
or a combination of EPA and DHA on ARA-derived oxylipins
have reported either a minimal effect (28, 44) or reductions
in a few discrete products only (41-43, 48). Similarly, here
we report minimal effects of supplementation on omega-6
oxylipins, despite the observation that DHA-rich (but not ALA-
rich) oil reduced total plasma levels of several omega-6 PUFAs.
Only 3 omega-6 oxylipins were reduced by supplementation
with DHA-rich fish here, all secondary CYP450 epoxygenase
metabolites of ARA.

Despite potent anti-inflammatory effects reported in animal
feeding studies (3-6), the outcomes of supplementation with
ALA-rich and DHA-rich oil in humans with obesity have
been mixed. These trials commonly use circulating CRP,
IL-6, and/or TNF-«o as the markers of interest. Many (8, 10)

but not all (49, 50) studies providing fish oil rich in both EPA
and DHA to subjects with obesity for similar time frames have
reported systemic anti-inflammatory effects. A study comparing
DHA-rich to EPA-rich oil demonstrated some unique anti-
inflammatory effects of each after 10 weeks (9). Some trials
of supplementation with ALA-rich oil reported no effect (7,
50, 51), while others that used higher doses [~17.5 g/day (12,
13)], longer durations [24 weeks (52)], or participants with
more severe obesity [BMI > 40 kg/m? (11)] reported reduced
inflammation. Here, we used a moderate dose (~4 g/day),
short time frame (4 weeks), and participants with BMIs of 30—
44 kg/m? without secondary disease. Note that consensus
healthy reference ranges are not available for these inflamma-
tory mediators. According to values reported in other studies,
levels of IFNy, IL-6, and TNF« in our participants are not
higher than those expected in healthy female controls, but IL-10
levels are lower than expected (53-55). Other factors, such as
the background diet and co-administered functional ingredients,
likely play an important role: for example, other fatty acids
present in the oil or fiber and protein components when milled
flaxseed is used as the source of ALA. Gene-diet interactions
could also be at play (56). It is important to note that the current
study reports only on circulating cytokine levels; other aspects
of leukocyte functions and tissue-level cytokine expression may
be more sensitive to omega-3 PUFA interventions.

According to current disease models, abdominal obesity is
harmful because adipocytes become hypertrophic and begin
secreting chemokines and other factors that attract immune
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cells, which then perpetuate a local, and eventually systemic,
inflammatory state (57, 58). A well-established marker of
adipocyte dysfunction is reduced levels of adiponectin (59).
Here, we report that plasma adiponectin levels are slightly
but significantly elevated after supplementation with DHA-
rich fish oil, in agreement with previously published studies
(7, 36). Since adiponectin is primarily produced by adipocytes,
this is evidence of an improved adipocyte function. Although
the change in adiponectin occurred in the absence of reduced
adiposity, defined by either body weight or BMI, it is possible
that beneficial effects related to metabolic and/or cardiovascular
functions might still occur. Indeed, high plasma adiponectin is
thought to reduce triglycerides and increase HDL cholesterol
(60), both of which were observed here after supplementation
with DHA-rich fish oil. Adiponectin can also bind to and
inactivate oxidized LDL cholesterol, reducing its atherogenic
potential without altering its levels (61). Our group previously
reported no change in triglyceride levels when the same
DHA-rich oil was given to healthy weight men and women
for 4 weeks (28). That study population was younger and
healthier, according to their blood biochemistry; thus, elevated
triglycerides at baseline might be required to detect a significant
reduction with supplementation.

The most novel finding of this study is that monocyte
OCR and ATP-linked OCR are reduced and spare respiratory
capacity is increased after 4 weeks of flaxseed-oil supplemen-
tation. Evidence from our study population suggests that these
are beneficial effects, since a higher BMI is associated with a
higher OCR and ATP-linked OCR but lower spare respiratory
capacity. A limitation to this result is the lack of healthy-
weight participants and a small sample size. Nevertheless,
our results are in agreement with other findings. Hartman et
al. (22) reported increased basal respiration in PBMC from
patients with type 2 diabetes compared to cells from control
patients. Shirai et al. (23) demonstrated a similar OCR elevation
in monocytes of coronary artery disease patients, although
this was accompanied by a greater increase in ECAR and
was measured in LPS/IFNy—stimulated monocytes without an
unstimulated reference. Here, we found that in parallel to a
reduction in the resting OCR, flaxseed-oil supplementation
also led to a dampened Warburg shift in response to 2 hours
of LPS stimulation. In the presence of adequate glucose, the
Warburg shift promotes a proinflammatory phenotype in innate
immune cells (62, 63). Thus, we predict that the combined
effect of a decreasing oxidative glucose metabolism at rest
and diminishing the LPS-induced Warburg shift will reduce
mitochondrial ROS production in monocytes and suppress a
proinflammatory phenotype. Although the mechanism is as
yet unclear, this may represent a new means by which ALA
impedes the progression of chronic disease, and is of interest for
future investigations. Note that although we achieved cellular
purity of >90% (tested sporadically), we cannot rule out that
population shifts in the contaminating minority component may
have contributed to the observed changes.

The role of glucose availability and the effects of obesity,
ALA, and other PUFAs on oxidative phosphorylation of
lipid substrates remain to be investigated. For example, it is
possible that the decrease in OCR observed with flaxseed-
oil supplementation may be accompanied by an increase in
fatty acid oxidation to support cellular functions. Furthermore,
the relationship between the immune cell metabolism and
whole-body physiology is controversial and seemingly context
dependent. Clarity may be achieved by characterizing the effects
of ALA on bioenergetics in other cells and tissues (64, 65), on
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the response to acute cellular stress (66), and in the context of
autoimmune disease (67).

In summary, we report that ALA- and DHA-rich oils
each have unique effects on plasma oxylipins and on mark-
ers of metabolic health in women with obesity. Four-week
supplementation with 4 g/day of DHA (plus 1 g/day of
EPA) was sufficient to increase plasma levels of oxylipins
derived from EPA and DHA, to improve clinical blood
lipid profiles, and to increase plasma adiponectin, but was
insufficient to alter systemic inflammatory markers. Four-week
supplementation with 4 g/day of ALA was insufficient to
alter oxylipin, blood lipid, or inflammatory profiles in our
study population; however, the monocyte bioenergetic profiles
were markedly changed. These disparate effects provide further
evidence that omega-3 PUFAs are not interchangeable and may
provide metabolic benefits by entirely different, and possibly
complementary, mechanisms. This raises the possibility that the
full benefits of plant and marine omega-3 fatty acids may be
optimally realized when present together in a given diet.
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