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Abstract: Partial replacement of saturated fatty acids (SFA) with unsaturated fatty acids is rec-
ommended to reduce cardiovascular disease (CVD) risk. Monounsaturated fatty acids (MUFA),
including oleic acid, are associated with lower CVD risk. Measurement of flow-mediated dilation of
the brachial artery (FMD) is the gold standard for measuring endothelial function and predicts CVD
risk. This study examined the effect of partially replacing SFA with MUFA from conventional canola
oil and high-oleic acid canola oil on FMD. Participants (n = 31) with an elevated waist circumference
plus ≥1 additional metabolic syndrome criterion completed FMD measures as part of the Canola Oil
Multi-Centre Intervention Trial 2 (COMIT-2), a multi-center, double-blind, three-period crossover,
controlled feeding randomized trial. Diet periods were 6 weeks, separated by ≥4-week washouts.
Experimental diets were provided during all feeding periods. Diets only differed by the fatty acid
profile of the oils: canola oil (CO; 17.5% energy from MUFA, 9.2% polyunsaturated fatty acids (PUFA),
6.6% SFA), high-oleic acid canola oil (HOCO; 19.1% MUFA, 7.0% PUFA, 6.4% SFA), and a control oil
blend (CON; 11% MUFA, 10% PUFA, 12% SFA). Multilevel models were used to examine the effect
of the diets on FMD. No significant between-diet differences were observed for average brachial
artery diameter (CO: 6.70 ± 0.15 mm, HOCO: 6.57 ± 0.15 mm, CON: 6.73 ± 0.14 mm; p = 0.72),
peak brachial artery diameter (CO: 7.11 ± 0.15 mm, HOCO: 7.02 ± 0.15 mm, CON: 6.41 ± 0.48 mm;
p = 0.80), or FMD (CO: 6.32 ± 0.51%, HOCO: 6.96 ± 0.49%, CON: 6.41 ± 0.48%; p = 0.81). Partial
replacement of SFA with MUFA from CO and HOCO had no effect on FMD in participants with or at
risk of metabolic syndrome.

Keywords: flow-mediated dilation; conventional canola oil; high-oleic canola oil; cardiovascular
disease risk

1. Introduction

Metabolic syndrome (MetS) is a growing public health concern, affecting 34% of adults
in the United States [1]. While various definitions have been used in research [2], MetS
is a cluster of cardiometabolic risk factors including abdominal obesity, dyslipidemia,
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elevated fasting glucose, and hypertension [3]. MetS is associated with higher risk of
developing atherosclerosis [4–8] and coronary artery disease [2], as well as increased risk of
cardiovascular disease (CVD) morbidity and mortality [9–13]. Endothelial dysfunction is
common in MetS and is implicated in the pathogenesis of atherosclerosis and CVD [14–18].
A cornerstone of CVD risk reduction is partial replacement of dietary saturated fatty acids
(SFA) and trans fatty acids (TFA) with unsaturated fatty acids, both monounsaturated
fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). Partial replacement of SFA
with MUFA, plant-derived MUFA in particular, reduces CVD risk [19–22] largely by im-
proving lipid/lipoprotein profiles [23,24]. Similarly, diets high in MUFA from plant-based
foods have been shown to reduce risk of MetS [25]. However, the effect of oleic acid, the
predominate MUFA, on endothelial function remains unclear [26–29].

The vascular endothelium is integral in the maintenance of vascular health [30]. The
gold standard for non-invasive measurement of endothelial function is brachial artery
flow-mediated dilation (FMD) [31]. Lower (i.e., worse) FMD is associated with higher
CVD risk factor burden [32,33], and increased risk of incident CVD events [34–37]. All
components of MetS negatively impact endothelial function [38]; consequently, improving
MetS components may lead to improvements in endothelial function and, thus, in long-term
cardiovascular health outcomes.

Canola oil and high-oleic canola oil (HOCO), key dietary sources of oleic acid, have
well-established lipid-lowering effects [20,24]. However, less research has examined the
effect of partially replacing SFA with MUFA, particularly high-oleic oils, on endothe-
lial function. Consumption of a meal high in oleic acid impaired postprandial FMD in
healthy men [39], but improved markers of endothelial function in men with hypertriglyc-
eridemia [40]. Additionally, past research has found that dietary patterns high in oleic acid
improve endothelial function and reduce CVD risk in individuals with type 2 diabetes
compared to a diet high in PUFA [41], while others have shown no benefits of diets high in
oleic acid on endothelial function in individuals with insulin resistance [42]. Since trans
fats were removed from the US Generally Recognized As Safe list [43], high oleic oils are in-
creasingly being used to replace trans fats in commercial food products [44]. Consequently,
consumption of high-oleic oils is expected to increase [44]. Additional research is needed
to clarify the health effects of increasing oleic acid consumption, especially in individuals
with or at risk of MetS.

The first Canola Oil Multi-Centre Intervention Trial (COMIT-1; NCT01233778),
a five-period randomized crossover controlled feeding study, compared the health effects
of five different oils (canola oil, high oleic acid + docosahexaenoic acid canola oil, high oleic
acid canola oil, flax oil, and safflower oil) in individuals with elevated cardiometabolic risk.
Results indicated that canola oil and HOCO were associated with a significant reduction
in abdominal fat mass [45]. COMIT-2 (NCT02029833) was then designed to probe the
promising results observed with the high-oleic oils in COMIT-1. Details of the study proto-
col and primary outcomes have been published previously [24,46]. Briefly, a three-period,
randomized, crossover, controlled feeding study was conducted to examine the effect of
canola oil, HOCO, and a control oil blend designed to match the fatty acid composition of
the average American diet. The primary outcome for the COMIT-2 trial was visceral and
abdominal adiposity; however, other markers of cardiometabolic health, including FMD,
were included as secondary outcomes.

The aim of the present sub-study of COMIT-2 is to examine the effect of canola oil and
HOCO on FMD compared to the control oil. We hypothesized that partial replacement of
SFA with oleic acid would improve FMD, but that canola and HOCO effects would not
differ significantly because of their similar high oleic acid content.

2. Materials and Methods

COMIT-2 was a randomized controlled trial, with a 3-period crossover, double-blind,
controlled feeding design [24,46]. FMD was a secondary outcome in this trial and was only
measured in a sub-sample of individuals from two study centers: St. Boniface Hospital



Nutrients 2022, 14, 3404 3 of 12

Albrechtsen Research Centre (SBRC, Winnipeg, MB, Canada) and The Pennsylvania State
University (PSU, State College, PA, USA). Diet periods were 6 weeks long, separated
by ≥4-week washout periods. Diet orders were counterbalanced to limit order effects,
with six sequences possible. For each participant, the odds of being assigned to any
one of the diet sequences were equal. The study was approved by each university’s
respective ethics boards (Ethical approval numbers: University of Manitoba Biomedical
Ethics Board, HS18178; St. Boniface Hospital Research Review Committee, RRC/2014/1377;
Pennsylvania State University IRB, CR00003924), and all procedures were followed in
accordance with the Declaration of Helsinki. Written informed consent was obtained
from each participant at screening, prior to study enrollment. This trial was registered at
clinicaltrials.gov (NCT02029833).

2.1. Participants

A total of 53 participants completed the study at PSU and SBRC. Eligible participants
were between 20 and 65 years of age and had an elevated waist circumference (≥94 cm for
men and ≥80 cm for women), plus at least one other International Diabetes Federation MetS
criterion [3], including fasting blood glucose ≥5.6 mmol/L; triglycerides ≥1.7 mmol/L;
high-density lipoprotein (HDL)-cholesterol <1 mmol/L (men) or <1.3 mmol/L (women);
and blood pressure ≥130 mmHg (systolic) and/or ≥85 mmHg (diastolic). Individuals with
diabetes mellitus, or with thyroid, liver, or kidney disease were ineligible to participate.
Current smokers, and those consuming >1 (females) or >2 (males) alcoholic drinks per
day were also ineligible. Individuals taking medications that affect lipid metabolism or
endothelial function were excluded. Due to the effect of the menstrual cycle on FMD [47,48],
pre-menopausal women (n = 21) were excluded from participating in FMD testing. Thus,
a subset of participants (n = 32) underwent FMD measurement at baseline and at the end
of each diet period; see Figure 1 for the participant flow chart. Participants who only
completed one FMD test, as well as FMD scans that were not scorable, were excluded,
resulting in a final sample of 31 men and post-menopausal women.

2.2. Intervention

Across all diet periods, participants consumed a fixed basal diet designed for weight
maintenance. Macronutrient composition of the diets, including the oils, is presented in
Table 1. The Harris–Benedict Formula [49] was used to estimate participants’ calorie needs,
with calorie levels increasing in 300 kcal increments. If a substantial change in weight was
seen during the first two weeks of the first diet period, adjustments to calorie level were
made. After this initial adjustment period, participants’ calorie level was maintained for
the duration of the study.

Table 1. Macronutrient composition of the three experimental diets, including oils 1,2.

Canola HOCO Control

Carbohydrate 50.79 50.79 50.75
Protein 15.87 15.87 15.71

Fat 35.26 35.26 35.21
MUFA 17.45 19.11 10.50

Oleic Acid 15.55 17.86 5.92
PUFA 9.21 7.02 9.96

α-linolenic acid 2.10 0.76 1.73
Linoleic Acid 6.42 5.56 7.28

SFA 6.56 6.43 12.26
1 Average composition of the 7-day rotating menu; est. at the 3000 kcal level using Food Processor Nutrition
Analysis Software (ESHA Research; Salem, OR, USA); 2 All values presented as percentage of total energy. MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; HOCO, high-oleic
acid canola oil.
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The basal diet was supplemented with three different oils (one for each diet period),
which provided 18% of total energy each day (e.g., 60 g per 3000 kcal). Diets included
a conventional canola oil diet (17.5% MUFA, 9.2% PUFA, 6.6% SFA), a high-stability/high-
oleic canola oil blend diet (HOCO; 19.1% MUFA, 7.0% PUFA, 6.4% SFA), and a control
diet with an oil blend containing butter oil/ghee, flaxseed oil, safflower oil, and coconut
oil (11% MUFA, 11% PUFA, and 13% SFA). Canola oil and HOCO contain similar levels
of SFA. Due to the higher MUFA content of HOCO, this diet was lower in PUFA and
higher in MUFA relative to the CO diet. The fatty acid composition of the control oil blend
was designed to approximate the average fatty acid intake of US adults as reported in
NHANES (2015–2016): 12% MUFA, 8% PUFA, and 12% SFA [50]. Oils were blended into
smoothies made with frozen strawberries, orange sherbet, and milk. By design, all foods
provided were identical across the three diet periods, except for the oils incorporated in
the smoothies.
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2.3. Outcome Assessment

On two consecutive days at baseline and at the end of each diet period, participants
reported to the clinical research center at the respective site following a 12 h fast from food
or drink (besides water) and a 48 h abstinence from alcohol. Fasting blood samples were
taken on both days at each time point. Weight, waist circumference, and seated blood
pressure were measured on just one of the two days at each time point. FMD was measured
at the first pre-trial baseline visit and at the end of each diet period, for a total of four
measurements. Height was measured at screening only.

2.4. Endothelial Function

FMD was measured in accordance with established guidelines [31]. To reduce variabil-
ity, a single sonographer performed all FMD measurements at each site. The sonographers
at both sites were American Registry for Diagnostic Medical Sonography (ARDMS)-certified
in vascular sonography and received additional training in flow-mediated dilation scan-
ning prior to beginning the study. Three electrocardiogram (EKG) electrodes were applied
in a modified lead II configuration to measure heart rate. An occlusion cuff was applied to
the participant’s right forearm, with the arm extended at approximately a 45◦ angle away
from the body. Participants rested quietly in a supine position for 10 min prior to beginning
the FMD procedure. The sonographer then placed an ultrasound probe on the participant’s
upper arm to image the brachial artery. Once a clear image was obtained, continuous im-
ages were acquired via Realtime 2-D B-Mode Ultrasound Imaging and Doppler, using a GE
Logiq e duplex ultrasound scanner with a 12L linear array broadband transducer (General
Electric Medical Systems, Chicago, IL, USA). Imaging was performed at 50% acoustic out-
put power with a center frequency of 10.0 MHz. Doppler evaluation of blood flow was
performed at 5.0 MHz center frequency at acoustic output power of 70%. Digital video
capture was performed at a rate of 5 frames/s for 8 min. Baseline Doppler was performed
for a duration of 10 s, followed by 50 s of imaging to obtain the baseline brachial artery
diameter (BAD). Cuff inflation was initiated at 1 min into the recording, at a cuff pressure of
250 mmHg, using a Hokanson Rapid Cuff Inflation System (AG101 cuff inflator air source
with E20 rapid cuff inflator; Hokanson, Bellevue, WA, USA). Cuff deflation was performed
at the end of five minutes of inflation; an additional two minutes of video were captured
post cuff-release. A ten-second Doppler sample was obtained immediately post deflation,
returning to 2D imaging within 15 s of deflation.

Automated edge detection software (Brachial Analyzer for Research Version 6; Med-
ical Imaging Applications, LLC, Iowa City, IA, USA) was used to continuously measure
BAD, defined as the distance from the anterior to the posterior arterial media. Frames in
which less than 30% of the region of interest could be accurately measured were rejected.
A pre-occlusion average baseline diameter was obtained from the 50 s of images taken
prior to cuff inflation. Peak BAD was defined as the first occurrence of the largest diameter
value observed after the occlusion cuff was released. FMD, expressed as percentage change
from baseline, was calculated as follows:

FMD = [(peak BAD − baseline average BAD)/baseline average BAD] × 100 (1)

Each scan was scored by two independent scorers. If the FMD value obtained by these
scorers differed by ≥2 percentage points, a third scorer was included. The average of the
two most similar scores was used in the statistical analyses. When all three scores differed
by ≥2 percentage points, the scan was considered not scorable, and was excluded from
analysis. For 10 s at both the beginning of baseline and immediately after cuff release,
duplex-pulsed Doppler was used to measure blood flow velocity. Flow (mL/min) was cal-
culated as follows: velocity time integral × cross-sectional area of the vessel (π × (baseline
average BAD/2)2) × heart rate. Reactive hyperemia (RH), the change in flow after cuff
release, was calculated: (peak flow−baseline flow)/baseline flow × 100.
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2.5. Blood Sample Collection and Analysis

On two consecutive days at baseline and at the end of each diet period, 12 h fasting
blood samples were collected. Ethylenediaminetetraacetic acid plasma tubes were cen-
trifuged immediately post-collection. Serum in separator tubes was allowed to clot for
30 min, and then separated by centrifugation. Samples were aliquoted into cryovials, and
stored in a locked freezer at −80 ◦C. Frozen samples were then packed in coolers with dry
ice, and shipped to St. Michael’s Hospital (Toronto, ON, Canada), where blood samples
from all study sites were analyzed.

2.6. Statistical Methods

Statistical analyses were performed using SAS (version 9.4; SAS Institute, Cary, NC, USA).
Variables were assessed for normality prior to beginning analyses; non-normally distributed
variables are presented as geometric means with geometric standard deviations. Prelim-
inary analyses used Welch’s t-tests to test for significant differences between the FMD
subsample and the overall study sample at baseline. Primary analyses examined between-
diet mean differences in FMD, assessing the main effect of diet using multilevel models.
Secondary analyses used multilevel models to examine change in FMD from baseline,
assessing the main effect of diet. The mixed models procedure (PROC MIXED) was used
for all analyses, with the diet period (Canola, HOCO, or control) nested within subjects
and the reference group set to the control diet. Significance was accepted at p < 0.05. When
a significant main effect was found, the Tukey–Kramer method was used to compare diet
periods, adjusting for multiple pairwise comparisons. To ensure good model fit, Pearson’s
Chi Squared Likelihood Ratio Tests and the associated p-values were used to compare
covariance matrix structures; variance components were the best fitting covariance matrix
structure. The univariate procedure (PROC UNIVARIATE) was used to assess normality
of the residuals, specifically considering Q–Q plots and the Kolmogorov–Smirnov test,
with a p-value of <0.05 indicating a non-normal distribution. Variables with non-normally
distributed residuals were log-transformed as needed to yield a more normal shape. Multi-
level models were also used following the same methods to check for order effects using
the diet sequence by diet interaction and for carryover effects using the visit number by
diet interaction, for between-center differences in the main effects of diet on FMD using the
study center by diet interaction, and to test for between-diet differences in baseline BAD,
baseline blood flow, peak blood flow, and RH. Past research indicates that a sample size of
30 provides 90% power to detect a 25% relative change in FMD [51].

3. Results

Participant characteristics at baseline are presented in Table 2; additional participant
characteristics can be found in Supplementary Materials Table S1. For the subset of par-
ticipants that completed FMD testing, between four and six participants were assigned to
each diet sequence. At baseline, mean FMD was 6.48 ± 0.49%. In this sample, 72.4% of
participants (n = 21) met the full criteria for MetS at baseline. The geometric mean waist
circumference was 106.9 ± 2.8 cm for males, and 103.5 ± 2.4 cm for females. The percentage
of participants who met each individual MetS criterion at baseline ranged from 31.0% for
fasting glucose to 96.6% for waist circumference. Only diastolic blood pressure differed
significantly between the FMD subsample and the overall COMIT-2 sample (p < 0.001)
(Table 3). Analyses did not indicate the presence of order effects (p = 0.43) or carryover
effects (p = 0.59). Study center (p value = 0.38) and sex (p = 0.86) were not significant
predictors of FMD and were, thus, dropped from subsequent models.

No significant between-diet differences in FMD (p = 0.81), baseline BAD (p = 0.72), peak
BAD (p = 0.80), baseline blood flow (p = 0.72), peak blood flow (p = 0.29), or RH (p = 0.41)
were observed. Additionally, there were no significant effects of MetS status (p = 0.94)
or the interaction of MetS status and diet on FMD (p = 0.49) in the endpoint-to-endpoint
analysis; results from the most parsimonious endpoint-to-endpoint models are presented
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in Table 3. Change-from-baseline analysis also revealed no significant effect of diet period
on change in FMD from baseline (p = 0.62).

Table 2. Participant characteristics at baseline.

Starting Diet

Variable Overall
n = 31

Canola
n = 11

HOCO
n = 11

Control
n = 9

Sex n (%)

Male 20 (67) 9 (82) 7 (64) 4 (44)
Female 11 (33) 2 (18) 4 (36) 5 (56)

Anthropometric Measures Mean ± SD

Age (years) 43 ± 14 39 ± 14 43 ± 13 45 ± 14
BMI (kg/m2) 32.1 ± 5.6 35.4 ± 7.0 30.0 ± 2.2 31.5 ± 5.5

MetS Criteria

Waist Circumference (cm) Male: 106.9 ± 1.1 1

Female: 103.5 ± 1.1 1
115.2 ± 1.1 1

111.2 ± 1.0 1
99.9 ± 1.1 1

97.4 ± 1.1 1
101.5 ± 1.1 1

105.6 ± 1.0 1

TG (mmol/L) 1.6 ± 0.8 1.7 ± 0.7 1.7 ± 1.1 1.2 ± 0.6
HDL-C (mmol/L) Male 1.1 ± 0.3 1.2 ± 0.4 1.1 ± 0.3 1.2 ± 0.4

Female 1.6 ± 0.4 1.4 ± 0.2 1.6 ± 0.6 1.7 ± 0.5
SBP (mmHg) 125 ± 13 125 ± 7 120 ± 15 128 ± 16
DBP (mmHg) 86 ± 9 86 ± 8 84 ± 11 86 ± 9

Fasting Glucose (mmol/L) 5.3 ± 0.5 5.4 ± 0.5 5.2 ± 0.5 5.4 ± 0.5
Met full MetS criteria * n = 21 (72.4%) 9 (81.8%) 5 (50%) 7 (77.8%)

Additional CVD risk factors

Total Cholesterol (mmol/L) 5.1 ± 1.0 5.1 ± 1.2 5.4 ± 0.9 5.0 ± 0.7
LDL-C (mmol/L) 3.2 ± 0.8 3.1 ± 0.9 3.4 ± 0.9 3.0 ± 0.6

BMI, body mass index; SD, standard deviation; MetS, metabolic syndrome; TG, triglycerides; SBP, systolic blood
pressure; DBP, diastolic blood pressure; CVD, cardiovascular disease; LDL-C, low-density lipoprotein cholesterol;
HDL-C, high-density lipoprotein cholesterol; 1 geometric means and geometric standard deviations presented
due to non-normally distributed variable. * To meet International Diabetes Federation definition of MetS, a person
must have an elevated waist circumference, plus at least 2 additional MetS criteria, including elevated triglycerides,
low HDL-C, high blood pressure, and elevated fasting glucose.

Table 3. Results of multilevel models.

Baseline Control Canola HOCO p

Avg BAD (mm) 6.55 ± 0.14 6.73 ± 0.14 6.70 ± 0.15 6.57 ± 0.15 0.72
Peak BAD (mm) 6.97 ± 0.14 7.14 ± 0.14 7.11 ± 0.15 7.02 ± 0.15 0.80
FMD (% change) 6.48 ± 0.49 6.41 ± 0.48 6.32 ± 0.51 6.96 ± 0.49 0.81
Baseline Flow # 176.7 ± 19.1 241.0 ± 24.9 246.5 ± 26.4 246.5 ± 26.4 0.72

Peak Flow 1067.8 ± 93.0 1168.4 ± 89.2 1376.6 ± 99.7 1307.9 ± 92.3 0.29
RH 503.9 ± 47.8 393.53 ± 46.1 351.1 ± 47.9 376.4 ± 47.9 0.41

FMD Change from
Baseline (mm) N/A −0.2 ± 0.6 0.1 ± 0.7 0.7 ± 0.6 0.62

# non-normally distributed variables are presented as geometric means; p values from multilevel models conducted
using mixed models procedure (PROC MIXED); Avg, average; BAD, brachial artery diameter; FMD, flow-mediated
dilation; RH, reactive hyperemia; N/A, not applicable.

4. Discussion

This study examined the effects of partially replacing SFA with MUFA from canola oils
on endothelial function. The present results do not support our hypothesis that partially
replacing SFA with oleic acid from canola oils for 6 weeks would improve FMD in adults
with or at risk of metabolic syndrome.

Previous research supports a beneficial effect of olive oil, naturally high in oleic acid,
on FMD. A meta-analysis of eight randomized controlled studies showed that olive oil
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interventions resulted in a 0.76% increase in FMD [52]. However, it is unclear whether
oleic acid is responsible for this effect, as olive oil contains other potentially mediating
compounds, including polyphenols [53]. At least one previous study has reported beneficial
effects of oleic acid, specifically, on FMD. Ryan and colleagues (2000) compared the effects of
a diet high in linoleic acid (a PUFA) with a diet high in oleic acid on FMD in a small (n = 11)
sample of males with type 2 diabetes, and found that the oleic-acid-rich diet resulted in
a 2.2% increase in FMD [41]. There are several possible explanations for the difference in
findings. First, Ryan and colleagues used 2-month-long diet periods, slightly longer than
the 6-week periods used in the present study. It is plausible that the extra time was necessary
for oleic acid to induce beneficial effects on endothelial function. Additionally, participants
in Ryan and colleagues’ study all had type 2 diabetes, while participants in the present study
were generally healthy but at risk of developing MetS; it is plausible that the beneficial
effects of oleic acid on FMD may differ in individuals with and without diabetes. The
methodology of the study by Ryan and colleagues also differs substantially from the present
study. COMIT-2 was a controlled feeding study in which participants were provided all
meals and snacks throughout each diet period. In contrast, Ryan and colleagues provided
a single session of nutritional counseling with a registered dietitian prior to starting each
diet period. While it is unclear what the participants consumed, specifically, the authors
provide evidence that the participants changed their dietary patterns by measuring the
oleic and linoleic acid content of adipocyte membranes in participants after each diet period.
Finally, Ryan and colleagues assessed FMD of the femoral artery rather than the brachial
artery; past research suggests that the two measures are not correlated [54], and as such
this may be a factor in the different results obtained.

A growing evidence base suggests that oleic acid intake may either not significantly
impact FMD, as found in the present study, or perhaps may even impair FMD [39,42,55,56].
For example, Berry and colleagues (2008) conducted a randomized crossover trial with
17 male participants and found that a meal high in oleic acid (from high-oleic sunflower
oil) decreased postprandial FMD by 3% compared to baseline, while a meal high in stearic
acid (an SFA; from a shea butter blend) did not significantly change postprandial FMD [39].
Vogel and colleagues (2000) similarly found that a meal high in oleic acid from olive
oil significantly impaired postprandial FMD (by 31%) in 10 healthy participants, using
a randomized crossover design. This study also included a meal supplemented with canola
oil instead of olive oil; in this condition, no significant change in postprandial FMD was
observed. Interestingly, Vogel and colleagues also tested two meals that added a salad
with balsamic vinegar or vitamins E and C, and found that these additions attenuated the
decrease in FMD by 65% and 71%, respectively, suggesting that the impairment in FMD
after oleic acid consumption may be driven by oxidative stress [55]. Moving to habitual
diet-based paradigms, Sanders and colleagues (2013) found no effect of partially replacing
SFA with MUFA (~5% replacement) for 24 weeks in a parallel arm randomized controlled
trial with 121 insulin-resistant men and women [42]. Participants were provided with
oils, fatty spreads, and mayonnaise to help achieve the assigned fatty acid composition,
and were provided dietary instructions, but were otherwise free to consume their habitual
diet. In COMIT-2, slightly more SFA was replaced with MUFA (conventional canola: 6.4%;
HOCO: 6.6%); however, the amount of replacement is small enough to be feasible for the
general population. To our knowledge, COMIT-2 is the first controlled feeding study to
directly assess the impact of partially replacing SFA with MUFA on FMD.

The study is limited by its small sample size; because FMD has a high degree of within-
person variability, this study may have been underpowered to detect treatment effects.
While a sample size of 30 is considered to provide 90% power to detect a 25% relative
change in FMD [51], this is the first study to examine the effect of partially replacing SFA
with MUFA on FMD in the context of a controlled feeding study. Thus, data were lacking
for power calculations and the true statistical power of the sample is difficult to determine.
Still, use of a crossover design increases the statistical power of the sample [57]. Smaller
crossover studies examining FMD have found significant effects with 11 [41,58], 19 [59],
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and 20 [60] participants and only two experimental conditions. It is therefore plausible that
the present sample of 31 participants across three diet periods was adequately powered.
Substantial racial homogeneity (79.3% white) further limits this study; it is unclear whether
results would generalize to other racial or ethnic groups. Additionally, the participants
had relatively high average FMD at baseline (6.48 ± 0.49%), indicating good vascular
health despite the presence of multiple MetS risk factors. In contrast, Ryan and colleagues
(2000) observed a mean FMD of 3.90% in individuals with type 2 diabetes in a linoleic-
acid-rich diet condition, and a significantly higher 6.12% FMD with an oleic-acid-rich
diet [41]. It is plausible that, in COMIT-2 participants, damage to the vasculature was
not yet manifested in a way that could be meaningfully improved via short-term dietary
interventions. Additional research is warranted to investigate the effects of partially
replacing SFA with oleic acid in individuals with more advanced endothelial dysfunction.
Further, the basal diet provided during all three study periods was also intentionally
designed to be a healthy, weight-maintenance diet [24]. While the controlled feeding
design is a strength of the present study, it is possible that the relatively high FMD we
observed in the control diet could be related to the healthy basal diet. Whether replacing
SFA with MUFA in the context of an average Western dietary pattern would improve FMD
remains unclear.

5. Conclusions

The present study did not demonstrate improvements in FMD with partial replace-
ment of dietary SFA with dietary oleic acid from canola oils in individuals with or at
risk of MetS. While the cardiovascular benefits of partially replacing SFA with MUFA are
well-established [19–25], questions remain about underlying mechanisms. Based on the
increasing rate of oleic acid consumption [44], longitudinal prospective studies are needed
to evaluate the replacement of a larger percentage of dietary SFA with oleic acid on CVD
risk, as well as longer duration clinical studies to further examine the health effects of
high-oleic oil consumption. Beyond this, given that plant-based oleic acid is a component
of liquid oils that contain a milieu of other compounds, including fatty acids, polyphenols
and antioxidants, there is a need to clarify how each affects CVD risk. This information
could explain the endpoint discrepancies in the high-oleic oil literature and, thus, better
inform future dietary guidance about which liquid oils best reduce CVD risk.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14163404/s1, Table S1: Comparison of baseline characteristics
in subsample and full sample.

Author Contributions: Conceptualization, P.J.H.J., C.G.T., P.Z., P.M.K.-E. and S.G.W.; Formal analysis,
K.M.D.; Funding acquisition, P.J.H.J., P.M.K.-E. and S.G.W.; Methodology, P.R.W.; Project administra-
tion, K.J.B., K.L., D.P., A.W. and P.R.W.; Supervision, K.S.P. and P.M.K.-E.; Writing—original draft,
K.M.D.; Writing—review and editing, K.M.D., K.S.P., C.G.T., P.Z. and P.M.K.-E. All authors have read
and agreed to the published version of the manuscript.

Funding: This research is part of the Canola Agri-Science Cluster, with funding provided by Agricul-
ture and Agri-Food Canada, the Canola Council of Canada, Alberta Canola, SaskCanola, Dow Agro
Sciences, and the Manitoba Canola Growers. This project was also supported by the National Center
for Advancing Translational Sciences, National Institutes of Health, through Grant UL1 TR002014.
The content is solely the responsibility of the authors, and does not necessarily represent the official
views of the NIH.

Institutional Review Board Statement: The study was approved by each university’s respective
ethics boards. Ethical approval numbers: University of Manitoba Biomedical Research Ethics
Board, HS18178, approved 9 January 2014; St. Boniface Hospital Research Review Committee,
RRC/2014/1377, approved 24 September 2014; Pennsylvania State University IRB, CR00003924,
approved 15 April 2016. All procedures were followed in accordance with the Declaration of Helsinki.
Written informed consent was obtained from each participant at screening, prior to study enrollment.
This trial was registered at clinicaltrials.gov (NCT02029833).

https://www.mdpi.com/article/10.3390/nu14163404/s1
https://www.mdpi.com/article/10.3390/nu14163404/s1


Nutrients 2022, 14, 3404 10 of 12

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Shin, D.; Kongpakpaisarn, K.; Bohra, C. Trends in the Prevalence of Metabolic Syndrome and Its Components in the United States

2007–2014. Int. J. Cardiol. 2018, 259, 216–219. [CrossRef] [PubMed]
2. Alshammary, A.F.; Alharbi, K.K.; Alshehri, N.J.; Vennu, V.; Khan, I.A. Metabolic Syndrome and Coronary Artery Disease Risk:

A Meta-Analysis of Observational Studies. Int. J. Environ. Res. Public Health 2021, 18, 1773. [CrossRef] [PubMed]
3. Alberti, K.G.M.M.; Zimmet, P.; Shaw, J. Metabolic Syndrome—A New World-Wide Definition. A Consensus Statement from the

International Diabetes Federation. Diabet. Med. 2006, 23, 469–480. [CrossRef]
4. Paoletti, R.; Bolego, C.; Poli, A.; Cignarella, A. Metabolic Syndrome, Inflammation and Atherosclerosis. Vasc. Health Risk Manag.

2006, 2, 145–152. [CrossRef] [PubMed]
5. Solymoss, B.C.; Bourassa, M.G.; Campeau, L.; Sniderman, A.; Marcil, M.; Lespérance, J.; Lévesque, S.; Varga, S. Effect of Increasing

Metabolic Syndrome Score on Atherosclerotic Risk Profile and Coronary Artery Disease Angiographic Severity. Am. J. Cardiol.
2004, 93, 159–164. [CrossRef]

6. Zhao, Y.; Evans, M.A.; Allison, M.A.; Bertoni, A.G.; Budoff, M.J.; Criqui, M.H.; Malik, S.; Ouyang, P.; Polak, J.F.; Wong, N.D.
Multisite Atherosclerosis in Subjects with Metabolic Syndrome and Diabetes and Relation to Cardiovascular Events: The
Multi-Ethnic Study of Atherosclerosis. Atherosclerosis 2019, 282, 202–209. [CrossRef]

7. Aboonabi, A.; Meyer, R.R.; Singh, I. The Association between Metabolic Syndrome Components and the Development of
Atherosclerosis. J. Hum. Hypertens. 2019, 33, 844–855. [CrossRef]

8. Varghese, J.F.; Patel, R.; Yadav, U.C.S. Novel Insights in the Metabolic Syndrome-Induced Oxidative Stress and Inflammation-
Mediated Atherosclerosis. Curr. Cardiol. Rev. 2017, 14, 4–14. [CrossRef]

9. Huang, P.L. ENOS, Metabolic Syndrome and Cardiovascular Disease. Trends Endocrinol. Metab. 2009, 20, 295–302. [CrossRef]
10. Alberti, K.G.M.M.; Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z.; Cleeman, J.I.; Donato, K.A.; Fruchart, J.C.; James, W.P.T.; Loria,

C.M.; Smith, S.C. Harmonizing the Metabolic Syndrome: A Joint Interim Statement of the International Diabetes Federation Task
Force on Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World Heart
Federation; International. Circulation 2009, 120, 1640–1645. [CrossRef]

11. Grundy, S.M. Metabolic Syndrome: A Multiplex Cardiovascular Risk Factor. J. Clin. Endocrinol. Metab. 2007, 92, 399–404.
[CrossRef] [PubMed]

12. Galassi, A.; Reynolds, K.; He, J. Metabolic Syndrome and Risk of Cardiovascular Disease: A Meta-Analysis. Am. J. Med. 2006,
119, 812–819. [CrossRef] [PubMed]

13. Silveira Rossi, J.L.; Barbalho, S.M.; Reverete de Araujo, R.; Bechara, M.D.; Sloan, K.P.; Sloan, L.A. Metabolic Syndrome and
Cardiovascular Diseases: Going beyond Traditional Risk Factors. Diabetes. Metab. Res. Rev. 2022, 38, e3502. [CrossRef]

14. Gimbrone, M.A.; Topper, J.N.; Nagel, T.; Anderson, K.R.; Garcia-Cardeña, G. Endothelial Dysfunction, Hemodynamic Forces, and
Atherogenesis. Ann. N. Y. Acad. Sci. 2000, 902, 230–240. [CrossRef] [PubMed]

15. Bonetti, P.O.; Lerman, L.O.; Lerman, A. Endothelial Dysfunction: A Marker of Atherosclerotic Risk. Arterioscler. Thromb. Vasc.
Biol. 2003, 23, 168–175. [CrossRef] [PubMed]

16. Davignon, J.; Ganz, P. Role of Endothelial Dysfunction in Atherosclerosis. Circulation 2004, 109, III27–III32. [CrossRef]
17. Chien, K.R. Molecular Basis of Cardiovascular Disease: A Companion to Braunwald’s Heart Disease. J. Vasc. Surg. 1999, 30, 361–362.
18. Fornoni, A.; Raij, L. Metabolic Syndrome and Endothelial Dysfunction. Curr. Hypertens. Rep. 2005, 7, 88–95. [CrossRef]
19. Hammad, S.; Pu, S.; Jones, P.J. Current Evidence Supporting the Link Between Dietary Fatty Acids and Cardiovascular Disease.

Lipids 2016, 51, 507–517. [CrossRef]
20. Huth, P.J.; Fulgoni, V.L.; Larson, B.T. A Systematic Review of High-Oleic Vegetable Oil Substitutions for Other Fats and Oils on

Cardiovascular Disease Risk Factors: Implications for Novel High-Oleic Soybean Oils. Adv. Nutr. 2015, 6, 674–693. [CrossRef]
21. Li, Y.; Hruby, A.; Bernstein, A.M.; Ley, S.H.; Wang, D.D.; Chiuve, S.E.; Sampson, L.; Rexrode, K.M.; Rimm, E.B.; Willett, W.C.; et al.

Saturated Fats Compared with Unsaturated Fats and Sources of Carbohydrates in Relation to Risk of Coronary Heart Disease:
A Prospective Cohort Study. J. Am. Coll. Cardiol. 2015, 66, 1538–1548. [CrossRef] [PubMed]

22. Zong, G.; Li, Y.; Sampson, L.; Dougherty, L.W.; Willett, W.C.; Wanders, A.J.; Alssema, M.; Zock, P.L.; Hu, F.B.; Sun, Q.
Monounsaturated Fats from Plant and Animal Sources in Relation to Risk of Coronary Heart Disease among US Men and
Women. Am. J. Clin. Nutr. 2018, 107, 445–453. [CrossRef] [PubMed]

23. U.S. Food and Drug Administration Qualified Health Claims: Letter of Enforcement Discretion—Unsaturated Fatty
Acids from Canola Oil and Reduced Risk of Coronary Heart Disease (Docket No. 2006Q-0091). 2006. Available on-
line: http://wayback.archive-it.org/7993/20171114183734/https://www.fda.gov/Food/IngredientsPackagingLabeling/
LabelingNutrition/ucm072958.htm (accessed on 22 June 2021).

24. Bowen, K.J.; Kris-Etherton, P.M.; West, S.G.; Fleming, J.A.; Connelly, P.W.; Lamarche, B.; Couture, P.; Jenkins, D.J.A.; Taylor, C.G.;
Zahradka, P.; et al. Diets Enriched with Conventional or High-Oleic Acid Canola Oils Lower Atherogenic Lipids and Lipoproteins

http://doi.org/10.1016/j.ijcard.2018.01.139
http://www.ncbi.nlm.nih.gov/pubmed/29472026
http://doi.org/10.3390/ijerph18041773
http://www.ncbi.nlm.nih.gov/pubmed/33670349
http://doi.org/10.1111/j.1464-5491.2006.01858.x
http://doi.org/10.2147/vhrm.2006.2.2.145
http://www.ncbi.nlm.nih.gov/pubmed/17319458
http://doi.org/10.1016/j.amjcard.2003.09.032
http://doi.org/10.1016/j.atherosclerosis.2018.12.005
http://doi.org/10.1038/s41371-019-0273-0
http://doi.org/10.2174/1573403X13666171009112250
http://doi.org/10.1016/j.tem.2009.03.005
http://doi.org/10.1161/CIRCULATIONAHA.109.192644
http://doi.org/10.1210/jc.2006-0513
http://www.ncbi.nlm.nih.gov/pubmed/17284640
http://doi.org/10.1016/j.amjmed.2006.02.031
http://www.ncbi.nlm.nih.gov/pubmed/17000207
http://doi.org/10.1002/dmrr.3502
http://doi.org/10.1111/j.1749-6632.2000.tb06318.x
http://www.ncbi.nlm.nih.gov/pubmed/10865843
http://doi.org/10.1161/01.ATV.0000051384.43104.FC
http://www.ncbi.nlm.nih.gov/pubmed/12588755
http://doi.org/10.1161/01.CIR.0000131515.03336.f8
http://doi.org/10.1007/s11906-005-0080-6
http://doi.org/10.1007/s11745-015-4113-x
http://doi.org/10.3945/an.115.008979
http://doi.org/10.1016/j.jacc.2015.07.055
http://www.ncbi.nlm.nih.gov/pubmed/26429077
http://doi.org/10.1093/ajcn/nqx004
http://www.ncbi.nlm.nih.gov/pubmed/29566185
http://wayback.archive-it.org/7993/20171114183734/https://www.fda.gov/Food/IngredientsPackagingLabeling/LabelingNutrition/ucm072958.htm
http://wayback.archive-it.org/7993/20171114183734/https://www.fda.gov/Food/IngredientsPackagingLabeling/LabelingNutrition/ucm072958.htm


Nutrients 2022, 14, 3404 11 of 12

Compared to a Diet with a Western Fatty Acid Profile in Adults with Central Adiposity. J. Nutr. 2019, 149, 471–478. [CrossRef]
[PubMed]

25. Gillingham, L.G.; Harris-Janz, S.; Jones, P.J.H. Dietary Monounsaturated Fatty Acids Are Protective against Metabolic Syndrome
and Cardiovascular Disease Risk Factors. Lipids 2011, 46, 209–228. [CrossRef]

26. Vafeiadou, K.; Weech, M.; Sharma, V.; Yaqoob, P.; Todd, S.; Williams, C.M.; Jackson, K.G.; Lovegrove, J.A. A Review of the
Evidence for the Effects of Total Dietary Fat, Saturated, Monounsaturated and n-6 Polyunsaturated Fatty Acids on Vascular
Function, Endothelial Progenitor Cells and Microparticles. Br. J. Nutr. 2012, 107, 303–324. [CrossRef]

27. Carluccio, M.A.; Massaro, M.; Bonfrate, C.; Siculella, L.; Maffia, M.; Nicolardi, G.; Distante, A.; Storelli, C.; De Caterina, R.
Oleic Acid Inhibits Endothelial Activation: A Direct Vascular Antiatherogenic Mechanism of a Nutritional Component in the
Mediterranean Diet. Arterioscler. Thromb. Vasc. Biol. 1999, 19, 220–228. [CrossRef]

28. Khan, F.; Elherik, K.; Bolton-Smith, C.; Barr, R.; Hill, A.; Murrie, I.; Belch, J.J.F. The Effects of Dietary Fatty Acid Supplementation
on Endothelial Function and Vascular Tone in Healthy Subjects. Cardiovasc. Res. 2003, 59, 955–962. [CrossRef]

29. Davda, R.K.; Stepniakowski, K.T.; Lu, G.; Ullian, M.E.; Goodfriend, T.L.; Egan, B.M. Oleic Acid Inhibits Endothelial Nitric Oxide
Synthase by a Protein Kinase C-Independent Mechanism. Hypertension 1995, 26, 764–770. [CrossRef]

30. Cahill, P.A.; Redmond, E.M. Vascular Endothelium—Gatekeeper of Vessel Health. Atherosclerosis 2016, 248, 97–109. [CrossRef]
31. Flammer, A.J.; Anderson, T.; Celermajer, D.S.; Creager, M.A.; Deanfield, J.; Ganz, P.; Hamburg, N.M.; Lüscher, T.F.; Shechter, M.;

Taddei, S.; et al. The Assessment of Endothelial Function: From Research into Clinical Practice. Circulation 2012, 126, 753–767.
[CrossRef]

32. Celermajer, D.S.; Sorensen, K.E.; Bull, C.; Robinson, J.; Deanfield, J.E. Endothelium-Dependent Dilation in the Systemic Arteries
of Asymptomatic Subjects Relates to Coronary Risk Factors and Their Interaction. J. Am. Coll. Cardiol. 1994, 24, 1468–1474.
[CrossRef]

33. Maruhashi, T.; Soga, J.; Fujimura, N.; Idei, N.; Mikami, S.; Iwamoto, Y.; Kajikawa, M.; Matsumoto, T.; Hidaka, T.; Kihara, Y.; et al.
Relationship between Flow-Mediated Vasodilation and Cardiovascular Risk Factors in a Large Community-Based Study. Heart
2013, 99, 1837–1842. [CrossRef] [PubMed]

34. Ras, R.T.; Streppel, M.T.; Draijer, R.; Zock, P.L. Flow-Mediated Dilation and Cardiovascular Risk Prediction: A Systematic Review
with Meta-Analysis. Int. J. Cardiol. 2013, 168, 344–351. [CrossRef] [PubMed]

35. Shechter, M.; Shechter, A.; Koren-Morag, N.; Feinberg, M.S.; Hiersch, L. Usefulness of Brachial Artery Flow-Mediated Dilation to
Predict Long-Term Cardiovascular Events in Subjects without Heart Disease. Am. J. Cardiol. 2014, 113, 162–167. [CrossRef]

36. Inaba, Y.; Chen, J.A.; Bergmann, S.R. Prediction of Future Cardiovascular Outcomes by Flow-Mediated Vasodilatation of Brachial
Artery: A Meta-Analysis. Int. J. Cardiovasc. Imaging 2010, 26, 631–640. [CrossRef]

37. Yeboah, J.; Folsom, A.R.; Burke, G.L.; Johnson, C.; Polak, J.F.; Post, W.; Lima, J.A.; Crouse, J.R.; Herrington, D.M. Predictive Value
of Brachial Flow-Mediated Dilation for Incident Cardiovascular Events in a Population-Based Study: The Multi-Ethnic Study of
Atherosclerosis. Circulation 2009, 120, 502–509. [CrossRef]

38. Tziomalos, K.; Athyros, V.G.; Karagiannis, A.; Mikhailidis, D.P. Endothelial Dysfunction in Metabolic Syndrome: Prevalence,
Pathogenesis and Management. Nutr. Metab. Cardiovasc. Dis. 2010, 20, 140–146. [CrossRef]

39. Berry, S.E.E.; Tucker, S.; Banerji, R.; Jiang, B.; Chowienczyk, P.J.; Charles, S.M.; Sanders, T.A.B. Impaired Postprandial Endothelial
Function Depends on the Type of Fat Consumed by Healthy Men. J. Nutr. 2008, 138, 1910–1914. [CrossRef]

40. Pacheco, Y.M.; López, S.; Bermúdez, B.; Abia, R.; Villar, J.; Muriana, F.J.G. A Meal Rich in Oleic Acid Beneficially Modulates
Postprandial SICAM-1 and SVCAM-1 in Normotensive and Hypertensive Hypertriglyceridemic Subjects. J. Nutr. Biochem. 2008,
19, 200–205. [CrossRef]

41. Ryan, M.; Mcinerney, D.; Owens, D.; Collins, P.; Johnson, A.; Tomkin, G.H. Diabetes and the Mediterranean Diet: A Beneficial
Effect of Oleic Acid on Insulin Sensitivity, Adipocyte Glucose Transport and Endothelium-Dependent Vasoreactivity. QJM—Mon.
J. Assoc. Phys. 2000, 93, 85–91. [CrossRef]

42. Sanders, T.A.B.; Lewis, F.J.; Goff, L.M.; Chowienczyk, P.J. SFAs Do Not Impair Endothelial Function and Arterial Stiffness. Am. J.
Clin. Nutr. 2013, 98, 677–683. [CrossRef] [PubMed]

43. U.S. Food and Drug Administration Final Determination Regarding Partially Hydrogenated Oils. (Docket No. FDA–2013–N–
1317). Available online: https://www.govinfo.gov/content/pkg/FR-2018-05-21/pdf/2018-10714.pdf (accessed on 28 June 2021).

44. Raatz, S.K.; Conrad, Z.; Jahns, L.; Belury, M.A.; Picklo, M.J. Modeled Replacement of Traditional Soybean and Canola Oil with
High-Oleic Varieties Increases Monounsaturated Fatty Acid and Reduces Both Saturated Fatty Acid and Polyunsaturated Fatty
Acid Intake in the US Adult Population. Am. J. Clin. Nutr. 2018, 108, 594–602. [CrossRef] [PubMed]

45. Liu, X.; Kris-Etherton, P.M.; West, S.G.; Lamarche, B.; Jenkins, D.J.A.; Fleming, J.A.; McCrea, C.E.; Pu, S.; Couture, P.; Connelly,
P.W.; et al. Effects of Canola and High-Oleic-Acid Canola Oils on Abdominal Fat Mass in Individuals with Central Obesity.
Obesity 2016, 24, 2261–2268. [CrossRef]

46. Hammad, S.; Eck, P.; Sihag, J.; Chen, X.; Connelly, P.W.; Lamarche, B.; Couture, P.; Guay, V.; Maltais-Giguère, J.; West, S.G.; et al.
Common Variants in Lipid Metabolism-Related Genes Associate with Fat Mass Changes in Response to Dietary Monounsaturated
Fatty Acids in Adults with Abdominal Obesity. J. Nutr. 2019, 149, 1749–1756. [CrossRef] [PubMed]

47. Hashimoto, M.; Akishita, M.; Eto, M.; Ishikawa, M.; Kozaki, K.; Toba, K.; Sagara, Y.; Taketani, Y.; Orimo, H.; Ouchi, Y. Modulation
of Endothelium-Dependent, Flow-Mediated Dilatation of the Brachial Artery by Sex and Menstrual Cycle. Circulation 1995,
12, 3431–3435. [CrossRef] [PubMed]

http://doi.org/10.1093/jn/nxy307
http://www.ncbi.nlm.nih.gov/pubmed/30773586
http://doi.org/10.1007/s11745-010-3524-y
http://doi.org/10.1017/S0007114511004764
http://doi.org/10.1161/01.ATV.19.2.220
http://doi.org/10.1016/S0008-6363(03)00395-X
http://doi.org/10.1161/01.HYP.26.5.764
http://doi.org/10.1016/j.atherosclerosis.2016.03.007
http://doi.org/10.1161/CIRCULATIONAHA.112.093245
http://doi.org/10.1016/0735-1097(94)90141-4
http://doi.org/10.1136/heartjnl-2013-304739
http://www.ncbi.nlm.nih.gov/pubmed/24153417
http://doi.org/10.1016/j.ijcard.2012.09.047
http://www.ncbi.nlm.nih.gov/pubmed/23041097
http://doi.org/10.1016/j.amjcard.2013.08.051
http://doi.org/10.1007/s10554-010-9616-1
http://doi.org/10.1161/CIRCULATIONAHA.109.864801
http://doi.org/10.1016/j.numecd.2009.08.006
http://doi.org/10.1093/jn/138.10.1910
http://doi.org/10.1016/j.jnutbio.2007.03.002
http://doi.org/10.1093/qjmed/93.2.85
http://doi.org/10.3945/ajcn.113.063644
http://www.ncbi.nlm.nih.gov/pubmed/23964054
https://www.govinfo.gov/content/pkg/FR-2018-05-21/pdf/2018-10714.pdf
http://doi.org/10.1093/ajcn/nqy127
http://www.ncbi.nlm.nih.gov/pubmed/30084912
http://doi.org/10.1002/oby.21584
http://doi.org/10.1093/jn/nxz136
http://www.ncbi.nlm.nih.gov/pubmed/31291447
http://doi.org/10.1161/01.CIR.92.12.3431
http://www.ncbi.nlm.nih.gov/pubmed/8521564


Nutrients 2022, 14, 3404 12 of 12

48. Williams, M.R.I.; Westerman, R.A.; Kingwell, B.A.; Paige, J.; Blombery, P.A.; Sudhir, K.; Komesaroff, A.P.A. Variations in
Endothelial Function and Arterial Compliance during the Menstrual Cycle. J. Clin. Endocrinol. Metab. 2001, 86, 5389–5395.
[CrossRef] [PubMed]

49. Harris, J.A.; Benedict, F.G. A Biometric Study of Human Basal Metabolism. Proc. Natl. Acad. Sci. USA 1918, 4, 370–373. [CrossRef]
50. US Department of Agriculture Agricultural Research Service Energy Intakes: Percentages of Energy from Protein, Carbohydrate,

Fat, and Alcohol, by Gender and Age, What We Eat in America, NHANES 2015–2016. 2018. Available online: https://www.ars.
usda.gov/ARSUserFiles/80400530/pdf/1718/Table_5_EIN_GEN_17.pdf (accessed on 13 August 2021).

51. West, S.G.; Wagner, P.; Schoemer, S.L.; Hecker, K.D.; Hurston, K.L.; Krick, A.L.; Boseska, L.; Ulbrecht, J.; Hinderliter, A.L. Biological
Correlates of Day-to-Day Variation in Flow-Mediated Dilation in Individuals with Type 2 Diabetes: A Study of Test-Retest
Reliability. Diabetologia 2004, 47, 1625–1631. [CrossRef]

52. Schwingshackl, L.; Christoph, M.; Hoffmann, G. Effects of Olive Oil on Markers of Inflammation and Endothelial Function—
A Systematic Review and Meta-Analysis. Nutrients 2015, 7, 7651–7675. [CrossRef]

53. Perona, J.S.; Cabello-Moruno, R.; Ruiz-Gutierrez, V. The Role of Virgin Olive Oil Components in the Modulation of Endothelial
Function. J. Nutr. Biochem. 2006, 17, 429–445. [CrossRef]

54. Thijssen, D.H.J.; Rowley, N.; Padilla, J.; Simmons, G.H.; Harold Laughlin, M.; Whyte, G.; Timothy Cable, N.; Green, D.J.
Relationship between Upper and Lower Limb Conduit Artery Vasodilator Function in Humans. J. Appl. Physiol. 2011, 111, 244–250.
[CrossRef] [PubMed]

55. Vogel, R.A.; Corretti, M.C.; Plotnick, G.D. The Postprandial Effect of Components of the Mediterranean Diet on Endothelial
Function. J. Am. Coll. Cardiol. 2000, 36, 1455–1460. [CrossRef]

56. Jackson, K.G.; Armah, C.K.; Minihane, A.M. Meal Fatty Acids and Postprandial Vascular Reactivity. Biochem. Soc. Trans. 2007,
35, 451–453. [CrossRef] [PubMed]

57. Hsieh, F.Y.; Lavori, P.W.; Cohen, H.J.; Feussner, J.R. An Overview of Variance Inflation Factors for Sample-Size Calculation. Eval.
Health Prof. 2003, 26, 239–257. [CrossRef] [PubMed]

58. Bakker, E.; Engan, H.; Patrician, A.; Schagatay, E.; Karlsen, T.; Wisløff, U.; Gaustad, S.E. Acute Dietary Nitrate Supplementation
Improves Arterial Endothelial Function at High Altitude: A Double-Blinded Randomized Controlled Cross over Study. Nitric
Oxide—Biol. Chem. 2015, 50, 58–64. [CrossRef]

59. Xaplanteris, P.; Vlachopoulos, C.; Pietri, P.; Terentes-Printzios, D.; Kardara, D.; Alexopoulos, N.; Aznaouridis, K.; Miliou, A.;
Stefanadis, C. Tomato Paste Supplementation Improves Endothelial Dynamics and Reduces Plasma Total Oxidative Status in
Healthy Subjects. Nutr. Res. 2012, 32, 390–394. [CrossRef]

60. Siasos, G.; Tousoulis, D.; Oikonomou, E.; Zaromitidou, M.; Verveniotis, A.; Plastiras, A.; Kioufis, S.; Maniatis, K.; Miliou, A.;
Siasou, Z.; et al. Effects of Omega-3 Fatty Acids on Endothelial Function, Arterial Wall Properties, Inflammatory and Fibrinolytic
Status in Smokers: A Cross over Study. Int. J. Cardiol. 2013, 166, 340–346. [CrossRef]

http://doi.org/10.1210/jcem.86.11.8013
http://www.ncbi.nlm.nih.gov/pubmed/11701712
http://doi.org/10.1073/pnas.4.12.370
https://www.ars.usda.gov/ARSUserFiles/80400530/pdf/1718/Table_5_EIN_GEN_17.pdf
https://www.ars.usda.gov/ARSUserFiles/80400530/pdf/1718/Table_5_EIN_GEN_17.pdf
http://doi.org/10.1007/s00125-004-1502-8
http://doi.org/10.3390/nu7095356
http://doi.org/10.1016/j.jnutbio.2005.11.007
http://doi.org/10.1152/japplphysiol.00290.2011
http://www.ncbi.nlm.nih.gov/pubmed/21512151
http://doi.org/10.1016/S0735-1097(00)00896-2
http://doi.org/10.1042/BST0350451
http://www.ncbi.nlm.nih.gov/pubmed/17511625
http://doi.org/10.1177/0163278703255230
http://www.ncbi.nlm.nih.gov/pubmed/12971199
http://doi.org/10.1016/j.niox.2015.08.006
http://doi.org/10.1016/j.nutres.2012.03.011
http://doi.org/10.1016/j.ijcard.2011.10.081

	Introduction 
	Materials and Methods 
	Participants 
	Intervention 
	Outcome Assessment 
	Endothelial Function 
	Blood Sample Collection and Analysis 
	Statistical Methods 

	Results 
	Discussion 
	Conclusions 
	References

