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Background: Only a limited number of studies have examined the vascular and postprandial effects of a-
linolenic acid (ALA, C18:3n-3). Therefore, we performed a well-controlled trial focusing specifically on
the effects of ALA on vascular function and metabolic risk markers during the fasting and postprandial
phase in untreated (pre-)hypertensive individuals.
Methods: In a double-blind randomized, placebo-controlled parallel study, 59 overweight and obese
adults (40 men and 19 women, aged 60 ± 8 years) with a high-normal blood pressure or mild (stage I)
hypertension consumed daily either 10 g of refined cold-pressed flaxseed oil, providing 4.7 g ALA
(n ¼ 29), or 10 g of high-oleic sunflower (control) oil (n ¼ 30) for 12 weeks.
Results: As compared with the high-oleic oil control, intake of flaxseed oil did not change brachial artery
flow-mediated vasodilation, carotid-to-femoral pulse wave velocity, retinal microvascular calibers and
plasma markers of microvascular endothelial function during the fasting and postprandial phase. Fasting
plasma concentrations of free fatty acid (FFA) and TNF-a decreased by 58 mmol/L (P ¼ 0.02) and 0.14 pg/
mL (P ¼ 0.03), respectively. No differences were found in other fasting markers of lipid and glucose
metabolism, and low-grade systemic inflammation. In addition, dietary ALA did not affect postprandial
changes in glucose, insulin, triacylglycerol, FFA and plasma inflammatory markers after meal intake.
Conclusion: A high intake of ALA, about 3e5 times the recommended daily intake, for 12 weeks
decreased fasting FFA and TNF-a plasma concentrations. No effects were found on other metabolic risk
markers and vascular function during the fasting and postprandial phase in untreated high-normal and
stage I hypertensive individuals.

© 2019 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
Introduction

In observational studies, the intake of a-linolenic acid (ALA,
C18:3n-3), an essential plant-derived omega-3 (n-3) fatty acid, is
associated with a moderately lower risk of cardiovascular disease
(CVD).[1] Low-quality evidence from intervention trials also sug-
gests that ALA may slightly reduce CVD event risk,[2] but moder-
ate- and high-quality evidence is still missing. Recently, we have
reported that in men and women with (pre-)hypertension higher
dietary intakes of ALA for 12 weeks did not significantly affect 24 h-
ambulatory blood pressure (24 h-ABP) or office blood pressure (BP)
astricht, the Netherlands.
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for Clinical Nutrition and Metabol
levels.[3] Apparently, the putative preventative effects of dietary
ALA consumption on the risk of CVD cannot be ascribed to an effect
on BP. Effects on vascular function and the more conventional
metabolic risk markers, which were secondary outcomes of the
study, were however not reported. These markers are indepen-
dently of BP associated with future cardiovascular events and can
also be used to demonstrate CVD benefits.[4] Reported effects of
dietary ALA intake on serum lipids, plasma glucose, insulin sensi-
tivity and markers of low-grade systemic inflammation are in
general disappointing,[5,6] while only a very limited number of
well-controlled trials have studied effects on vascular function.
These trials involved many individuals taking medications, which
may have masked potential beneficial effects of ALA consumption,
and have used only a limited set of vascular function markers.
ism. All rights reserved.
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Moreover, postprandial effects on vascular function have not been
studied yet. Postprandial challenges may be used as tools to assess
subtle changes in metabolic and vascular health following a high
intake of ALA, possibly even before these changes can be detected
under fasting conditions.[7] In this 12-week randomized, double-
blind, placebo-controlled parallel study, effects of ALA (4.7 g per
day, ~2% of energy intake) were therefore also assessed on a panel
of vascular function markers and risk markers related to metabolic
health during the fasting and postprandial phase. The current
well-controlled intervention study involved untreated overweight
and obese adults with a high-normal BP or mild (stage I) hyper-
tension, while using a high intake of ALA, about 3e5 times the
recommended daily intake,[8] allowing for improvement by the
intervention.

Materials and methods

Study population and design

Overweight and obese men and women aged between 40 and
70 years participated in this randomized, double-blind, placebo-
controlled parallel study with a 2-week run-in and 12-week
intervention period, as described previously.[3] In brief, all in-
dividuals were asked to consume daily 5 g of oil at breakfast or at
lunch and 5 g at dinner during the entire 14 weeks. During the run-
in period, all study individuals consumed palm supra olein oil in
addition to their habitual diet. For the intervention period, they
were randomly allocated to either the treatment or control groups.
The intervention group received refined cold-pressed flaxseed oil
providing ~4.7 g ALA and the control group received high-oleic
sunflower oil (Supplemental Table 1). As we used vegetable oils,
no EPA or DHA was present. Participants were asked to keep their
habitual diet, level of physical exercise, and alcohol intake
throughout the study and to refrain from the consumption of
vitamin supplements, fish oil capsules, and products rich in plant
stanol or sterol esters three weeks before the start and during the
study. Any signs of illnesses, the use of medication or alcohol
consumption were recorded in a study diary. Inclusion and exclu-
sion criteria have been in detail described before.[3] Briefly, eligible
for participation were apparently healthy adults with a high-
normal BP defined as SBP between 130 and 139 mmHg and/or
DBP between 85 and 89 mmHg or mild (stage I) hypertension
defined as SBP between 140 and 159 mmHg and/or DBP between
90 and 99 mmHg. A total of sixty-two study volunteers (43 men
and 19 women) with a Body Mass Index (BMI) between 25 and
35 kg/m2 were included. They had no indication for treatment with
medication according to the Standard for cardiovascular risk
management of the Dutch general practitioners’ community (NHG),
and did not use nutritional supplements, anti-hypertensive medi-
cation or a drug known to affect serum lipid or glucose metabolism.
All individuals gave written informed consent before entering the
trial. This study was conducted according to the guidelines laid
down in the Declaration of Helsinki, and all study procedures were
approved by the medical ethics committee of the University Hos-
pital Maastricht/Maastricht University and registered at Clinical-
Trials.gov under study number NCT02243969.

During the 2-week run-in period, individuals visited the
research unit at days 0, 11 and 14. The measurements at the end of
the run-in period (days 11 and 14) served as baseline measure-
ments. During the 12-week intervention period individuals visited
the university after 6 weeks (day 56) and twice inweek 12 (days 95
and 98). A fasting blood sample was taken at each visit, while a
subset of participants in the flaxseed oil and control groups also
participated in a postprandial test at the end of the intervention
period (day 98). Food intake over the previous month was assessed
at days 14 and 98 by a validated food-frequency questionnaire
(FFQ). Questionnaires were immediately checked by a research
dietitian in the presence of the subjects, and energy and nutrient
intake were calculated using the Dutch food composition table.[9]
On the day preceding testing, individuals were asked to avoid the
intake of alcohol and not to take part in any strenuous activity. After
an overnight fast (no food or drink after 08.00 PM, except for wa-
ter), volunteers arrived at approximately the same time of the day
at the research facilities in Maastricht. After an acclimatization
period of 30 min in the supine position, vascular measurements
were performed by the same person. After an intravenous cannula
was inserted into a vein and a fasting venous blood sample (T0) was
drawn, adults had to consume within 10 min a standardized mixed
meal. Subsequent blood samples were collected 15 min (T15),
30 min (T30), 45 min (T45), 60 min (T60), 90 min (T90), 120 min
(T120), 180 min (T180), and 240 min (T240) after meal consump-
tion. After blood sampling, the intravenous catheter was rinsed
with 1 mL 1% heparin (LEO Pharma, Ballerup, Denmark) in 0.9%
NaCl. Measurements were repeated 2 h after meal consumption,
immediately after taking the T120 sample. All measurements were
performed at the Metabolic Research Unit Maastricht (MRUM).

Test meal

The test meal (Supplemental Table 2) consisted of 2 muffins
(containing 56.6 g fat) and 300 mL low-fat milk (0% fat milk;
Friesland-Campina, Woerden, The Netherlands). The mixed meal
(fat/carbohydrate/protein: 46.6 En%/44.0 En%/9.6 En%) had an en-
ergy content of 4598 kJ and provided 26.5 g protein, 121.0 g car-
bohydrates and 56.6 g fat (fatty acid composition: 33.9 g saturated
fatty acids, 2.2 g trans fatty acids, 14.5 g monounsaturated fatty
acids, and 2.7 g polyunsaturated fatty acids). Our research dietician
prepared one batch of muffins for the entire study. After baking the
muffins at 180 �C in a fan-assisted oven for 20 min and cooling
down, the muffins were packaged per portion and frozen at�20 �C.

Blood sampling and analyses

After blood sampling, NaF-containing vacutainer tubes (Becton,
Dickinson and Company, Franklin Lanes, NY, USA) and EDTA-coated
vacutainer tubes (Becton, Dickinson and Company) were kept on
ice and centrifuged within 30 min. To obtain plasma, tubes were
centrifuged at 1300�g for 15min at 4 �C. Blood drawn in vacutainer
serum tubes (Becton, Dickinson and Company) was allowed to clot
for at least 30min at 21 �C. To obtain serum, tubes were centrifuged
at 1300�g for 15 min at 21 �C. Following centrifugation without
brake, serum and plasma samples were immediately portioned into
aliquots that were capped under a nitrogen flow and stored
at �80 �C until analysis.

Serum fasting samples were analyzed for total cholesterol
(CHOD-PAP method; Roche Diagnostics, Mannheim, Germany),
HDL-cholesterol (precipitation method; Roche Diagnostics), apoli-
poprotein (apo)A-I and apoB-100 (Horiba ABX, Montpellier,
France). LDL-cholesterol concentrations were calculated using the
Friedewald formula [10] and the degree of insulin resistance was
estimated by calculating the HOMAIR, as previously described.[11]
Plasma glucose (Horiba ABX) and free fatty acid (FFA; Wako Bio-
chemicals, Richmond, VA, USA) concentrations were measured in
NaF-plasma at all time points, and those of insulin (RIA; Millipore,
Billerica, MA, USA) in all serum samples. Serum triacylglycerol (GPO
Trinder; SigmaeAldrich Corp., St. Louis, MO, USA) with correction
for free glycerol was measured at hourly intervals. Furthermore,
EDTA-plasma samples collected at T0, T120 and T240 were used for
measurement of markers of low-grade inflammation (interleukin
[IL]-6, IL-8, tumor necrosis factor [TNF]-a, C-reactive protein [CRP],



Table 1
Baseline characteristics of the untreated (pre-)hypertensive adults who completed
the triala.

Flaxseed oil group High-oleic control oil group

Baselineb Baselineb

Men/women, n 20/9 20/10
Age, years 60 ± 8 60 ± 7
BMI, kg/mb 28.3 ± 1.7 28.6 ± 2.7
Office SBP, mmHg 142 ± 12 139 ± 14
Office DBP, mmHg 90 ± 8 87 ± 8
Heart rate, b.p.m. 68 ± 9 65 ± 10

a Flaxseed oil group: n¼ 29; high-oleic sunflower oil (control) group: n¼ 30. BMI:
body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure;
b.p.m.: beats per minute.

b Values are means ± SDs.
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serum amyloid A [SAA] and monocyte chemoattractant protein
[MCP]-1) and markers of microvascular endothelial function (sol-
uble vascular cell adhesion molecule [sVCAM]-1, soluble intercel-
lular adhesion molecule [sICAM]-1 and soluble endothelial selectin
[sE-selectin]). These measurements were performed using a multi-
array detection system based on electro-chemiluminescence
technology (SECTOR Imager 2400; MSD, Rockville, MD, USA).
Data obtained by themulti-array platform show comparable results
with single-biomarker techniques and are equally associated with
cardiovascular risk factors, regardless of differences in absolute
concentrations.[12]

Vascular function measurements

Measurements were performed in a quiet and darkened room
that was temperature controlled at 24 �C. Measurements have been
described before.[13,14] In brief, pulse wave analysis (PWA) was
performed, in triplicate, with a tonometer (SphygmoCor v9; AtCor
Medical, West Ryde, Australia) applied to the radial artery. The
central arterial waveform was derived from the peripheral arterial
waveform using a validated transfer function. Central augmenta-
tion indices were determined and corrected for heart rate
(CAIxHR75). With use of the direct carotid to femoral distance,
carotid-to-femoral pulse wave velocity (PWVc-f) was deter-
mined,[15,16] in triplicate, using the same tonometer. Brachial ar-
tery flow-mediated vasodilation (FMD) was assessed by ultrasound
echography in dual mode (SONOS 5500; Hewlet-Packard [Philips],
Andover, MA, USA) and recording of echo images on DVD.[17]
Reactive hyperemia was induced by forearm occlusion through
inflation of a cuff to 250 mmHg for 5 min. The echo images were
analyzed offline using a custom-written Matlab program (MyFMD;
Prof. A.P. Hoeks, Department of Biomedical Engineering, Maastricht
University Medical Center, Maastricht, The Netherlands). The FMD
responsewas quantified as themaximal percentage change in post-
occlusion arterial diameter relative to the baseline diameter.
Finally, retinal vascular images were obtained using a retinal
camera (Topcon TRC-NW-300; Topcon Co., Tokyo, Japan) to assess
microvascular diameters in the retina.[18] Images were digitized
and analyzed to calculate the central retinal arteriolar equivalent
(CRAE), central retinal venular equivalent (CRVE) and arteriolar-to-
venular diameter ratio (AVR) with appropriate software (General-
ized Dual-Bootstrap Iterative Closest Point [GDBP-ICP]).[19] At least
two arteriolar and venular segments, which were the same at each
time point for a participant, were measured and converted using
the Parr-Hubbard and Knudtson formulas.[20]

Statistical analyses

Results are presented as means ± standard deviations (SDs) or
mean changes ± standard errors of the means (SEMs), unless
otherwise indicated. Where available, individual values of mea-
surements from days 11 and 14 (baseline) and of days 95 and 98
(end of intervention) were averaged before statistical analysis. Data
were analyzed using a per-protocol approach. Baseline values of the
two groups were compared using an unpaired Student's t-test. A
one-way ANCOVA, using baseline values of the outcome variables
as covariates, was conducted to evaluate differences in responses
between the flaxseed oil and control groups. Postprandial changes
were analyzed using linear mixed models with group and time as
fixed factors and with group * time as interaction term. If the
interaction termwas not significant, it was omitted from themodel.
If the factor time was significant, post-hoc tests with Bonferroni
correction were conducted. The area under the curve (AUC) and
incremental area under the curve (iAUC; area above baseline [T0]
concentrations) over the postprandial period were calculated using
the trapezoidal rule.[21] Differences were considered statistically
significant at a two-sided significance level of P < 0.05. The study
was powered on mean 24 h-ambulatory mean arterial pressure
(MAP) that was the primary outcome,[3] but a retrospective power
analysis showed that with 41 individuals we had 80% power to
detect a true change in FMD of at least 2.65 percentage point (pp).
For the present calculation, an alpha of 0.05 and observed between-
subject variability in FMD of 3.00 pp were used. All described
statistical analyses were performed using SPSS 23.0 for Mac OS X
(SPSS Inc., Chicago, IL, USA).

Results

Participant characteristics and compliance

The flow of participants through the study is shown in
Supplemental Figure 1. A total of 62 individuals were randomly
assigned to either the flaxseed oil or the control group. One man in
the flaxseed oil and two men in the control group dropped out.[3]
Data from 59 individuals (40 men and 19 women) were thus avail-
able for analysis, while 41 volunteers also completed the post-
prandial test. Baseline characteristics of the untreated (pre-)
hypertensive adults who completed the trial are shown inTable 1.[3]
In brief, individuals were on average 60 ± 8 years and their average
BMI was 28.4 ± 2.2 kg/m2. Office BP and 24 h-ABP were within the
range of high-normal BP and stage I hypertension. Apart from in-
takes of the fatty acid under study, the energy and nutrient intake
was very similar in both the groups (Supplemental Table 3). As ex-
pected, the flaxseed oil group had a higher intake of total poly-
unsaturated fatty acids (PUFA) and ALA, while intake of
monounsaturated fatty acids, mainly oleic acid, was higher in the
control oil group. As comparedwith the control oil, intake offlaxseed
oil increased the percentage of total PUFA and total omega-3 PUFA in
plasma phospholipids. More specifically, ALA increased about 2.5-
fold by 0.3 pp. This indicates that compliance of the participants
was excellent, as also evidenced from the counts of returned vials
with the supplemental oils. In fact, based on the returned vials,
compliance ranged between 82% and 106%, andwas on average 96%.
No serious adverse events were reported in study diaries.

Vascular function markers

In the fasting condition, dietary ALA did not change FMD (Fig. 1),
brachial artery diameters (0.54 ± 0.07 cm vs. 0.52 ± 0.12 cm), and
markers of microvascular endothelial function (i.e. sVCAM-1,
sICAM-1 and sE-selectin). Also, PWVc-f and CAIxHR75 did not
change. In addition, no significant treatment effects were found on
central blood pressure levels and retinal microvascular caliber
properties: CRAE, CRVE and the retinal AVR (Table 2).



Fig. 1. Mean changes (±SEM) in flow-mediated vasodilation (FMD) following a post-
prandial mixed-meal challenge after 12 weeks of supplementation with 10 g/day
flaxseed oil or high-oleic sunflower oil in a randomized controlled trial with untreated
(pre-)hypertensive adults (flaxseed oil group: n ¼ 19; high-oleic sunflower oil [control]
group: n ¼ 22). Data were analyzed using linear mixed models. The decrease in FMD
was significant for the factor time (#P < 0.05). There was no significant group * time
interaction.
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As indicated in Fig. 1, test meal intake significantly decreased
FMD (P ¼ 0.03), but this effect did not depend on dietary ALA
consumption. There were no differences in postprandial changes in
brachial artery diameters (0.01 ± 0.03 cm vs. 0.00 ± 0.03 cm).
Moreover, no group * time interactions were found for all plasma
markers of microvascular endothelial function. Time effects
were statistically significant for plasma sVCAM-1 and sICAM-1
(P < 0.001; Fig. 2). Finally, postprandial changes in retinal micro-
vascular calibers were not affected in the flaxseed oil as compared
to the control group (data not shown).
Metabolic risk markers

As compared with the high-oleic control oil, intake of flaxseed
oil did not change fasting total cholesterol, HDL-cholesterol,
LDL-cholesterol, triacylglycerol, apoA-I, apoB-100, glucose, insulin
and HOMAIR (see Table 3). However, fasting FFA concentrations
Table 2
Fasting vascular function measurements at baseline and after 12 weeks of supplementati
trial with untreated (pre-)hypertensive individualsa.

Flaxseed oil group

Baselineb 12 weeksb

Vascular function
PWVc-f, m/s 8.9 ± 1.1 8.9 ± 1.1
CAIxHR75, % 18.0 ± 13.1 13.5 ± 11.9
Central SBP, mmHg 129 ± 10 125 ± 9
Central DBP, mmHg 93 ± 10 90 ± 10

CRAE, mm 126 ± 21 125 ± 19
CRVE, mm 228 ± 15 226 ± 15
Retinal AVR 0.55 ± 0.07 0.55 ± 0.06
Microvascular endothelial function
sVCAM-1, ng/mL 671.7 ± 108.1 671.8 ± 97.1
sICAM-1, ng/mL 403.6 ± 83.7 393.4 ± 79.4
sE-selectin, ng/mL 11.0 ± 5.4 10.3 ± 4.6

a Flaxseed oil group: n ¼ 29; high-oleic sunflower oil (control) group: n ¼ 30. PWVc

adjusted for heart rage; SBP: systolic blood pressure; DBP: diastolic blood pressure; CRAE
arteriolar-to-venular diameter ratio; sVCAM: soluble vascular cell adhesion molecule;
selectin; N/A: not available.

b Values are means ± SDs.
c Values are mean changes (95% CI) obtained from a one-way ANCOVA with baseline
were significantly decreased by 58 mmol/L (P¼ 0.02). Table 3 shows
effects on plasma markers of low-grade systemic inflammation.
Fasting TNF-a concentrations decreased by 0.14 pg/mL following a
high intake of ALA for 12 weeks (P ¼ 0.03). However, no differences
were found for IL-6, IL-8, CRP, SAA and MCP-1 between treatment
groups.

After meal consumption, plasma glucose, plasma insulin and
serum triacylglycerol concentrations significantly increased, while
FFA concentrations decreased (P < 0.001 for time effect). These
postprandial effects, however, did not significantly differ between
the ALA and control condition (see Fig. 3). The iAUCs and AUCswere
also comparable between intervention and control groups
(Supplement Table 4). As depicted in Fig. 2, no group * time in-
teractions were found for plasma markers of low-grade systemic
inflammation. Time effects were significant for plasma IL-6, TNF-a,
CRP and MCP-1 concentrations (P < 0.05).
Discussion

In this well-controlled study in untreated high-normal and
stage I hypertensive individuals, increasing daily ALA intake to
approximately 2% of energy intake for 12 weeks, which is about
3e5 times the recommended daily intake,[8] did significantly
decrease fasting FFA and TNF-a concentrations. However, no effects
were observed on other metabolic risk markers and vascular
function during the fasting and postprandial phasewhen compared
with the high oleic acid control. Compliance of the participants was
excellent, as evidenced from the counts of returned vials with the
supplemental oils and observed changes in fatty acid composition
of plasma phospholipids.[3]

Previous studies on the effects of increased ALA consumption on
vascular function in the fasting condition are scarce,[22] while
postprandial effects have never been investigated before. Two
studies of diets enriched in ALA reported in hypercholesterolemic
individuals an improved FMD after 4 [23] and 6 weeks,[24]
respectively. In contrast, we have found that a high intake of ALA for
12 weeks did not change FMD. A possible explanation for
discrepant findings between studies could be the source of ALA
used. We used ALA from purified cold-pressed flaxseed oil, while
the other studies used different sources of ALA, such as whole
walnuts increasing daily ALA intake to 1.8% of energy intake [23] or
whole walnuts with both walnut and flaxseed oil (providing 6.5%
on with 10 g/day flaxseed oil or high-oleic sunflower oil in a randomized controlled

High-oleic control oil group Treatment effect

Baselineb 12 weeksb D 12 weeksc

8.7 ± 1.1 8.8 ± 1.1 �0.1 (�0.3, 0.1)
12.9 ± 14.6 15.9 ± 13.6 �3.3 (�10.3, 3.8)
125 ± 12 126 ± 12 �3 (�8, 2)
90 ± 10 92 ± 10 �3 (�7, 1)
123 ± 18 123 ± 18 0 (�3, 3)
227 ± 14 225 ± 13 0 (�2, 3)
0.54 ± 0.08 0.54 ± 0.08 0.00 (�0.01, 0.02)

684.8 ± 100.3 688.3 ± 109.3 �5.6 (�35.4, 24.2)
414.4 ± 83.4 415.4 ± 92.0 �12.6 (�36.1, 10.9)
11.4 ± 4.7 10.5 ± 3.7 0.2 (�0.8, 1.2)

-f: carotid-to-femoral pulse wave velocity; CAIxHR75: central augmentation index
: central retinal arteriolar equivalent; CRVE: central retinal venular equivalent; AVR:
sICAM: soluble intercellular adhesion molecule; sE-selectin: soluble endothelial

value as covariate.



Fig. 2. Mean changes (±SEM) in interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-a, C-reactive protein (CRP), serum amyloid A (SAA), monocyte chemoattractant protein
(MCP)-1, soluble vascular cell adhesion molecule (sVCAM)-1, soluble intercellular adhesion molecule (sICAM)-1 and soluble endothelial-selectin (sE-selectin) concentrations
following a postprandial mixed-meal challenge after 12 weeks of supplementation with 10 g/day flaxseed oil ( ) or high-oleic sunflower oil ( ) in a randomized controlled trial
with untreated (pre-)hypertensive adults (flaxseed oil group: n ¼ 19; high-oleic sunflower oil [control] group: n ¼ 22). Data were analyzed using linear mixed models.
The increase in IL-6, CRP, MCP-1, sVCAM-1 and sICAM-1 and decrease in TNF-a plasma concentrations were significant for the factor time (P < 0.05). There were no significant
group * time interactions.

Table 3
Fasting metabolic risk measurements at baseline and after 12 weeks of supplementationwith 10 g/day flaxseed oil or high-oleic sunflower oil in a randomized controlled trial
with untreated (pre-)hypertensive individualsa.

Flaxseed oil group High-oleic control oil group Treatment effect

Baselineb 12 weeksb Baselineb 12 weeksb D 12 weeksc

Metabolic risk
Total cholesterol, mmol/L 6.06 ± 0.95 6.06 ± 0.83 5.87 ± 0.85 5.82 ± 1.00 0.07 (�0.19, 0.32)
HDL-cholesterol, mmol/L 1.46 ± 0.36 1.43 ± 0.31 1.50 ± 0.33 1.45 ± 0.31 0.01 (�0.05, 0.07)
LDL-cholesterol, mmol/L 3.97 ± 0.88 3.99 ± 0.77 3.73 ± 0.79 3.67 ± 0.90 0.11 (�0.11, 0.33)
TAG, mmol/L 1.41 ± 0.60 1.42 ± 0.52 1.40 ± 0.65 1.54 ± 0.64 �0.13 (�0.33, 0.07)
FFA, mmol/L 402 ± 122 377 ± 106 381 ± 95 424 ± 118 �58 (�109, �8)*
Apolipoprotein A-I, g/L 1.49 ± 0.24 1.48 ± 0.23 1.64 ± 0.23 1.63 ± 0.24 �0.02 (�0.08, 0.04)
Apolipoprotein B-100, g/L 1.22 ± 0.25 1.24 ± 0.23 1.20 ± 0.26 1.20 ± 0.27 0.02 (�0.04, 0.09)
Glucose, mmol/L 5.87 ± 0.64 5.85 ± 0.62 5.86 ± 0.50 5.90 ± 0.50 �0.06 (�0.22, 0.10)
Insulin, uU/mL 17.83 ± 10.80 17.93 ± 10.59 17.70 ± 6.27 17.34 ± 6.52 0.49 (�1.72, 2.70)
HOMAIR 2.02 ± 1.15 2.04 ± 1.14 2.03 ± 0.69 1.99 ± 0.72 0.05 (�0.18, 0.29)
Low-grade systemic inflammation
IL-6, pg/mL 1.2 ± 2.1 1.3 ± 2.2 1.1 ± 0.9 1.1 ± 1.0 0.01 (�0.15, 0.17)
IL-8, pg/mL 4.2 ± 1.4 4.4 ± 0.9 4.2 ± 1.1 4.4 ± 1.5 �0.01 (�0.61, 0.60)
TNF-a, pg/mL 2.4 ± 0.6 2.3 ± 0.5 2.2 ± 0.4 2.4 ± 0.5 �0.14 (�0.27, �0.01)*
CRP, mg/mL 3.0 ± 5.2 2.9 ± 3.0 2.4 ± 3.4 2.4 ± 3.3 0.15 (�0.98, 1.29)
SAA, mg/mL 6.3 ± 12.7 6.8 ± 8.9 4.3 ± 2.9 5.3 ± 8.2 0.34 (�3.20, 3.87)
MCP-1, pg/mL 134.7 ± 27.5 142.7 ± 38.2 146.1 ± 53.3 146.1 ± 57.6 7.0 (�8.9, 22.8)

a Flaxseed oil group: n ¼ 29; high-oleic sunflower oil (control) group: n ¼ 30. TAG: triacylglycerol; FFA: free fatty acid; IL: interleukin; TNF: tumor necrosis factor; CRP:
C-reactive protein; SAA: serum amyloid A; MCP: monocyte chemoattractant protein.

b Values are means ± SDs.
c Values are mean changes (95% CI) obtained from a one-way ANCOVA with baseline value as covariate. Treatment effect; *P < 0.05.
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Fig. 3. Mean changes (±SEM) in glucose, insulin, triacylglycerol and free fatty acid concentrations following a postprandial meal challenge after 12 weeks of supplementation with
10 g/day flaxseed oil ( ) or high-oleic sunflower oil ( ) in a randomized controlled trial with untreated (pre-)hypertensive adults (flaxseed oil group: n ¼ 19; high-oleic sunflower oil
[control] group: n ¼ 22). Data were analyzed using linear mixed models. The increase in glucose, insulin and triacylglycerol, and decrease in free fatty acid were significant for the
factor time (P < 0.001). There were no significant group * time interactions.

P.J. Joris et al. / Clinical Nutrition 39 (2020) 2413e24192418
energy from ALA).[24] These sources of ALA contain a matrix of
other bioactive ingredients (e.g. polyphenols, peptides, minerals
and fibers), which also have the potential to improve fasting
endothelial function. Except for FMD measurements in the fasting
state, study participants received a standardized mixed meal to
examine whether a high intake of ALA for 12 weeks could modify
the postprandial FMD response. To disentangle longer-term effects
from those of an acute challenge, we deliberately chose not to
incorporate flaxseed oil in the mixed meal. However, ALA did not
modify postprandial changes in FMD, while we did observe an
impaired FMD 2 h after meal consumption. An earlier study per-
formed by our group also showed an impaired FMD after
consuming a standardized meal that was identical to the one used
in the present trial.[7] As no differences were observed on post-
prandial glucose, insulin, triacylglycerol and FFA concentrations
between the flaxseed oil and control groups, the absence of an ef-
fect on FMD was not confounded by differences in glucose or lipid
metabolism between treatment groups.

Pase et al. found in their meta-analysis that supplementation
with the omega-3 long-chain PUFA eicosapentaenoic acid (EPA,
20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) improved PWV
in absence of changes in blood pressure or heart rate,[25] but effects
of ALA on markers of arterial stiffness have not been studied before.
In the present trial, PWVc-f and CAIxHR75 did not change during the
fasting and postprandial phase that might be explained by the very
limited conversion of ALA into EPA, while DHA synthesis fromALA is
even more restricted in human subjects.[26] Alternatively, longer
intervention periods may be necessary to detect significant differ-
ences on the progress of arterial stiffening. In fact, we observed that
PWV was not changed after 12 weeks, but was significantly
improved after 24-weeks magnesium supplementation.[16] Higher
intakes of ALA did also not significantly affect microvascular caliber
properties in the retina during the fasting and postprandial phase.
To the best of our knowledge, no other intervention studies in
humans have assessed retinal microvascular effects of ALA, in the
fasting or in the postprandial phase. Finally, markers of microvas-
cular endothelial function were investigated in plasma, but no
significant fasting and postprandial effects were observed. In
agreement, a recent meta-analysis did not observe an effect of
dietary ALA supplementation on fasting concentrations of sVCAM-1
and sICAM-1,[6] while no postprandial data were available.

Alternate possible mechanisms to explain the putative preven-
tative effects of ALA consumption on CVD risk may relate to the
postulated actions of ALA on cardiometabolic risk markers. How-
ever, we have already reported that, unlike in some earlier inter-
vention studies, blood pressure did not change.[3] As the design
and execution of our study was more rigorous than of several
earlier trials, a conceivable explanation was that ALA intake has no
substantial effect on BP and that earlier positive findings were due
to chance or potential confounding factors. Interestingly, a signifi-
cant decrease in fasting FFA was found that indicates reduced pe-
ripheral lipolysis.[27] However, circulating glucose and insulin,
insulin sensitivity, and other lipids and lipoproteins were compa-
rable between the two treatment groups. Three systematic reviews
investigating the effect of ALA on fasting metabolic risk markers
provided inconclusive evidence.[5,28,29] The meta-analysis by
Wendland and colleagues reported a moderate decrease in fasting
glucose by 0.20 mmol/L, but other markers were not affected.[5]
This estimate was based on only two trials in non-diabetic partic-
ipants, while Jovanovski et al. found in their recent systematic re-
view and meta-analysis of eight RCTs a neutral effect on glycemic
control in diabetic patients.[29] In another systematic review it was
thus concluded that there are insufficient data on which to draw
conclusions about the effects of dietary ALA on fasting glucose in
individuals without diabetes. Effects on other metabolic risk
markers are inconsistent, which is not in line with the well-known
beneficial effects reported for EPA and DHA. This was explained by
the limited capacity in humans to convert ALA to EPA and DHA.[28]
Finally, we observed in our study a significant decrease in fasting
TNF-a concentrations, suggesting that an improvement in
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low-grade systemic inflammation might be a potential mechanism
by which higher intakes of dietary ALA affect cardiovascular health.
TNF-a is a major cytokine that plays a pivotal role in the patho-
genesis and development of CVD, and TNF-a concentrations are
elevated in patients with cardiovascular disorders.[30] In contrast,
a recent systemic review and meta-analysis of 25 RCTs did not
observe beneficial effects of ALA intake on plasma markers of low-
grade systemic inflammation, including IL-6, TNF-a and CRP.[6] In
this trial, we also did not found differences for other plasma
markers (i.e. IL-6, IL-8, CRP, SAA and MCP-1) between groups.
Therefore, a conceivable explanation is thus that ALA has no sub-
stantial effect on low-grade systemic inflammation, and that our
positive finding for TNF-a may be due to chance.

In conclusion, the present results indicate that higher dietary
intakes of ALA, about 3e5 times the recommended daily amounts,
for 12 weeks did decrease fasting FFA and TNF-a plasma concen-
trations when compared with the high oleic acid control. However,
no effects were found on other metabolic risk markers and vascular
function during the fasting and postprandial phase in untreated
individuals with a high-normal blood pressure or mild (stage I)
hypertension. Apparently, putative preventative effects of ALA
consumption on CVD risk cannot be ascribed to an effect on these
markers.
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