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Abstract

Background: Cholesterol efflux plays an important role in preventing atherosclerosis progression. Vegetable oils with

varying unsaturated fatty acid profiles favorably affect multiple cardiovascular disease risk factors; however, their effects

on cholesterol efflux remain unclear.

Objective: The objectives of this study were to examine the effects of diets low in saturated fatty acids (SFAs) with

varying unsaturated fatty acid profiles on serum-mediated cholesterol efflux and its association with the plasma lipophilic

index and central obesity.

Methods: The present study is a randomized, crossover, controlled-feeding study. Participants [men: n = 50; women:

n = 51; mean ± SE age: 49.5 ± 1.2 y; body mass index (in kg/m2): 29.4 ± 0.4] at risk for or with metabolic syndrome

(MetS) were randomly assigned to 5 isocaloric diets containing the treatment oils: canola oil, high oleic acid–canola

oil, DHA-enriched high oleic acid–canola oil, corn oil and safflower oil blend, and flax oil and safflower oil blend. These

treatment oils were incorporated into smoothies that participants consumed 2 times/d. For a 3000-kcal diet, 60 g of

treatment oil was required to provide 18% of total energy per day. Each diet period was 4 wk followed by a 2- to 4-wk

washout period. We quantified cholesterol efflux capacity with a validated ex vivo high-throughput cholesterol efflux

assay. Statistical analyses were performed with the use of the SAS mixed-model procedure.

Results: The 5 diets increased serum-mediated cholesterol efflux capacity from THP-1 macrophages similarly by 39%,

34%, 55%, 49% and 51%, respectively, compared with baseline (P < 0.05 for all). Waist circumference and abdominal

adiposity were negatively correlated with serum-mediated cholesterol efflux capacity (r = −0.25, P = 0.01, r = −0.33,

P = 0.02, respectively).

Conclusion:Diets low in SFAswith different monounsaturated fatty acid and polyunsaturated fatty acid profiles improved

serum-mediated cholesterol efflux capacity in individuals with or at risk for MetS. This mechanism may account, in part,

for the cardiovascular disease benefits of diets low in SFAs and high in unsaturated fatty acids. Importantly, central

obesity is inversely associated with cholesterol efflux capacity. This trial was registered at www.clinicaltrials.gov as

NCT01351012. J Nutr 2018;148:721–728.
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Introduction

Metabolic syndrome (MetS) is associated with several ma-
jor cardiovascular disease risk factors that contribute to the
progression of atherosclerosis. Cellular cholesterol efflux from
lipid-laden macrophages toward extracellular acceptors (re-
ferred to as the cholesterol efflux capacity) is inversely asso-
ciated with coronary artery disease risk, which illustrates the
anti-atherogenic role of the cholesterol efflux process (1–3).
There is growing interest in better understanding how cellular
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cholesterol efflux is regulated and the role of dietary fatty acids
in this process.

A limited number of studies have evaluated the effects of
dietary fatty acids on HDL cholesterol efflux capacity (4, 5).
In healthy participants (n = 26), consumption of extra-virgin
olive oil (25 mL/d) for 12 wk increased HDL cholesterol efflux
capacity by 25% compared with baseline (4). In participants
with elevated LDL cholesterol (≥2.86 mmol/L), a positive dose-
response relation was observed between pistachio consumption
and HDL cholesterol efflux capacity (5). Virtually nothing is
known about the effects of dietary fatty acids on cholesterol
efflux capacity in individuals with MetS. In addition, central
obesity, the key criteria for MetS, is associated with increased
inflammation and oxidative stress, which have been shown to
decrease the protective function of HDL, thereby favoring the
development of atherosclerosis (6). However, the associations
between central obesity, dyslipidemia, and in vitro cholesterol
efflux remain to be studied.

Recent studies have reported that microRNA (MiR) plays an
important role in regulating cholesterol and lipid metabolism
via the following mechanisms: 1) miR-33a/b regulates ATP-
binding cassette transporter (ABCA1) transporter-targeted gene
(7); 2) miR-106 regulates ABCA1 expression (8, 9); 3) miR-30c
reduces lipid synthesis (10); and 4) miR-181a increases gene ex-
pression involved in β-oxidation and decreases gene expression
involved in lipid synthesis (11).There is limited clinical evidence
about the effects of dietary fatty acids in the regulation of MiR.

The Canola Oil Multicentre Intervention Trial (COMIT I)
was a randomized, crossover, controlled-feeding trial designed
to examine the effects of 5 diets low in SFAs with varying un-
saturated fatty acid profiles on endothelial function in a popula-
tion with or at risk for MetS. The present study was conducted
as part of the COMIT I study to investigate the effects of these 5
diets on the following: 1) the serum-mediated cholesterol efflux
capacity; 2) the association between serum-mediated cholesterol
efflux capacity and central obesity; and 3) the plausible molecu-
lar mechanisms of how dietary fatty acids may affect membrane
fluidity measured by plasma lipophilic index (LI) and the effect
of varying fatty acids on MiR expression that regulate choles-
terol efflux capacity in participants from the COMIT I study.

Methods
Study design. The COMIT I was a double-blind, randomized,
crossover, controlled-feeding trial. Detailed methods have been pub-
lished elsewhere (12, 13). In brief, the study included 5 dietary periods.
Participants were fed an isocaloric diet with varying fatty acid profiles.
Weight was measured daily (Monday through Friday) when meals were
distributed at each diet center. Each of the 5 treatment periods lasted
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4 wk and was separated by a 2- to 4-wk washout period and compli-
ance break. The primary outcome for this trial was endothelial function.

Participants. One hundred and thirty participants were randomly
assigned at 3 research centers across Canada (University of Manitoba
and Laval University) and the United States (Penn State Univer-
sity). Recruitment criteria were based on the International Diabetes
Federation criteria for metabolic syndrome (14). Inclusion criteria
were: men and women aged 20–65 y, BMI (in kg/m2) 22–40 with
central obesity (men: waist circumference ≥94 cm; women: waist
circumference ≥80 cm) plus ≥1 other MetS criterion. Criteria in-
cluded elevated fasting blood glucose (≥5.6 mmol/L), decreased
HDL cholesterol (men ≤1.0 mmol/L, women ≤1.3 mmol/L), in-
creased TGs (≥1.7 mmol/L) and elevated blood pressure (systolic
≥130 mm Hg or diastolic ≥85 mm Hg). One hundred and one
participants completed all 5 controlled diet periods and were in-
cluded in the analysis. Two participants were excluded from the
analysis because their baseline sample was not available. The study
was approved by the ethics committees of University Manitoba, Laval
University, and Penn State University and carried out in accordance
with the Helsinki Declaration.

Sample collection. Fasting blood samples were collected on days 1
and 2 (baseline) as well as on days 29 and 30 (endpoint) for all diet pe-
riods. Serum samples from all clinical sites were frozen and shipped to
the J Alick Little Lipid Research Laboratory (University of Toronto) for
analysis of the primary biochemical endpoints except cholesterol efflux.
Cholesterol efflux was measured by taking samples collected at study
initiation (day 1 of the first diet period) and at the end of each treat-
ment period (day 29). For the MiR analysis, 2 of the study diets—one
with high oleic acid–canola oil (CanolaOleic), which had the highest
n–9 MUFA content, and one with DHA-enriched high oleic acid–
canola oil (CanolaDHA), which had the highest long-chain n–3 PUFA
content—were selected for MiR assessment.

Dietary intervention. Test diets were created using Food Processor
SQL software, version 10.8 (ESHA Research, Salem, OR). Participants
were fed an isocaloric diet (calculated by the Harris-Benedict equation)
and advised to follow their routine physical activity practices. Weight
was measured daily Monday through Friday at each diet center. All of
participants’ food (3 meals and a snack daily) was provided during the
feeding periods.The food preparationwas done in themetabolic kitchen
at each research center. The macronutrient profile of the study diets was
based on a typical American diet with 50% of the energy from carbohy-
drate, 35% of energy from fat (18% from treatment oils), and 15% of
energy from protein. Five oil combinations were studied: conventional
canola oil, CanolaOleic, CanolaDHA, corn and safflower oil blend
(Corn/Saff), and flax and safflower oil blend (Flax/Saff). These oils were
incorporated into smoothies that participants consumed 2 times/d. The
smoothie contained the treatment oil, frozen unsweetened strawberry,
orange sherbet, and nonfat milk. The quantity of oil was calculated
based on the diet calorie level. For a 3000-kcal diet, 60 g treatment oil/d
was required to contribute the 18% of total energy in the diet. This
amount was split between 2 shakes. Each shake contained 100 g orange
sherbet, 100 g nonfat milk, 100 g frozen unsweetened strawberries, and
30 g oil. The fatty acid profiles of treatment oils are presented in
Supplemental Table 1. The mean energy intake for all participants was
the same between treatments (Supplemental Table 2).

DXA measurements. Body composition was assessed at baseline
and at the end of each diet period by DXA (Lunar Prodigy Advance, GE
Healthcare; QDR-4500W; Hologic Corp). The DXA method used has
been described previously (15). Baseline body composition was assessed
in a subset of the study population (n = 54). All participants (n = 101)
had DXA scans at the end of each diet period.

THP-1 human monocytes. The THP-1 (Homo sapiens, mono-
cyte) cell line was obtained from the American Type Culture
Collection (Rockville, MD) and was cultured in Roswell Park

Memorial Institute 1640 with 10% heat-inactivated FBS, 50 μM 2-
mercaptoethanol, 1 mM sodium pyruvate, and antibiotics. To differen-
tiate THP-1 monocytes to macrophages, cells were incubated in growth
medium minus 2-mercaptoethanol with addition of 100 nM phorbol
myristate acetate for 48 h (16).

High throughput cholesterol efflux assay. The cholesterol
efflux assay used has been described previously (16). THP-1 human
monocytes were plated in 96-well plates at a density of 1 × 105

cells/well and differentiated into macrophages by incubating with
100 nM phorbol myristate acetate for 48 h. After differentiation,
cells were washed twice with PBS and cultured in the growth medium
overnight. Cells were loaded with 50 μg/mL of oxidized LDL and
1 μg/mL of 3-nitrobenzoxadiazole cholesterol for 24 h to induce foam
cell formation and label the intracellular cholesterol pool. Medium was
then discarded and the cells were incubated in 1% FBS for 10–12 h. This
allowed the labeled cholesterol to be distributed to various intracellular
compartments. After 24 h, cells were washed twice with PBS and incu-
bated with human sera from the study participants (10%, v/v) for 1 h to
induce serum-mediated cholesterol efflux. After incubation, 100 μL of
the medium from each well was collected and transferred to a new 96-
well plate. Residual liquid in each well was removed. Cells were treated
with 100 μL lysis buffer and homogenized on an orbital shaker for
10 min. Fluorescence from the PBS fraction and the cell lysate fraction
was measured at excitation and emission wavelengths of 485 and
535 nm, respectively. Cholesterol efflux was calculated by dividing the
fluorescence intensity of the media by the total fluorescence intensity of
the cell lysate and media. This value was multiplied by 100 to obtain
percentage of cholesterol efflux. The relative cholesterol efflux was
calculated as percentage of cholesterol efflux at the end of each diet
period divided by the baseline percentage of cholesterol efflux. To
reduce variability, all samples from one individual were analyzed on
the same plate (Supplemental Methods).

Plasma fatty acid measurement and LI calculation. The cal-
culation of the plasma LI has been described by Wu et al. (17). The LI
for plasma fatty acid composition was calculated at the end of each diet
period.

Dietary LI = �k[Fatty acid(%)

×Melting point(◦C)i]/�k[fatty acid(%)i] (1)

The melting points for selected fatty acids have been reported by
Senanayake et al. (12).

RNA extraction, reverse transcription, real-time PCR. RNA
was isolated from serum samples using a kit from AMRESCO LLC, a
simple spin-column based method used for siRNAs and MiR in serum
samples. A qScript microRNA cDNA Synthesis Kit (Quanta Biosciences
Inc.) was used to convert MiRs into cDNA starting from total RNA. In-
dividual MiR was quantified in real-time qRT-PCR amplification reac-
tions with the use of PerfeCTa MiR assays along with PerfeCTa Univer-
sal PCR Primer and PerfeCTa SYBR Green SuperMix according to the
manufacturer’s protocol and amplified on an ABI Prism 7000 Sequence
Detection System (Supplemental Methods).

Statistical analysis. Variables were reported as the mean ± SE.
The normality of data was assessed before analysis through the use
of skewness and the Shapiro-Wilk test and graphically by evaluating
histograms. We applied log transformation on serum-mediated choles-
terol efflux and changes of serum-mediated cholesterol efflux to ap-
proximate a normal distribution. Models included the diet, visit, age,
gender, obesity status (normal weight: BMI ≤24.9; overweight: BMI
24.9–30; obese: BMI ≥30) as fixed effects. Center was included as
a random effect to adjust for potential confounders. We applied an
unstructured correlation matrix to account for within-individual re-
peated measure. Of primary interest was comparing the effects of the 5
diets on cholesterol efflux after treatment (endpoint comparisons). We
also compared the effects of the diets on changes in cholesterol efflux
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TABLE 1 Baseline anthropometric and
cardiometabolic characteristics1

Characteristic Participants

Anthropometric measurements
Age, y 49.5 ± 1.2
Body mass, kg 85.8 ± 1.5
Height, m 1.7 ± 0.01
Body mass index, kg/m2 29.4 ± 0.4
Waist circumference, cm 101.9 ± 1.1

Metabolic syndrome risk factors
Glucose,2 mmol/L 5.24 ± 0.11
HDL cholesterol,2 mmol/L 1.25 ± 0.03
TGs,2 mmol/L 1.84 ± 0.09
Systolic blood pressure, mm Hg 121 ± 1
Diastolic blood pressure, mm Hg 76 ± 1

1Values are means ± SEMs, n = 101.
2Glucose, HDL cholesterol, and TGs were measured in serum sam-
ples.

from baseline (day 1 of the first diet period). Tukey-Kramer adjusted
P values were reported for post-hoc comparisons among the 5 diets.
For endpoints that were measured in duplicate (lipids and lipoprotein
profiles), average values were used for analysis. One-way ANOVA was
performed on the miRs expressed. Statistical analyses were performed
with the use of the mixed model procedure in the SAS statistical soft-
ware package, version 9.2 (SAS Institute). Changes from baseline were
calculated by subtracting the day 1 measurements from the day 29 mea-
surements. Pearson correlation analysis was used to assess the correla-
tion between cholesterol efflux and waist circumference and abdominal
adiposity.

Results
Baseline characteristics. Baseline anthropometric and
metabolic characteristics of participants are summarized in
Table 1. Baseline body composition was conducted in a sub-
group of participants (n = 54) (Supplemental Table 3). Baseline
correlations between waist circumference, abdominal fat mass,
and cholesterol efflux capacity are presented in Figure 1A,
B. Serum-mediated cholesterol efflux capacity was negatively
correlated with waist circumference (n = 101, r = −0.25,
P = 0.012) and abdominal fat mass (n = 54, r = −0.33,
P = 0.017).

Diet-specific effects on the lipid/lipoprotein profiles and

LI. After 4 wk, all diets decreased total cholesterol (TC), LDL
cholesterol, and TG concentrations (P < 0.05 for all) from
baseline (Table 2). HDL cholesterol was increased from base-
line in response to the CanolaDHA diet (P < 0.0001). The
canola oil (P = 0.037), CanolaOleic (P = 0.015), and Flax/Saff
(P < 0.0001) diets decreased HDL cholesterol from base-
line. The Corn/Saff diet also tended to decrease HDL choles-
terol (P = 0.072) from baseline. ApoA1 was decreased on the
Flax/Saff diet compared with the other test diets (P < 0.05 for
all). There were no associations between HDL cholesterol and
cholesterol efflux at baseline or between the changes in HDL
cholesterol and the changes in cholesterol efflux in response to
the treatment diets (Supplemental Table 4). The LI in response
to each diet was 22.5 ± 0.14 for canola oil, 22.6 ± 0.14 for
CanolaOleic, 21.2 ± 0.14 for CanolaDHA, 22.7 ± 0.16 for
Corn/Saff, and 22.7 ± 0.16 for Flax/Saff. Participants had the
lowest LI after the CanolaDHA diet compared with the other
diets (P < 0.05 for all) (Supplemental Table 5).

Diet effects on serum-mediated cholesterol efflux from

THP-macrophages. There was no significant difference in
changes in serum-mediated cholesterol efflux capacity among
the 5 diets. After 4 wk, all diets increased serum-mediated
cholesterol efflux similarly when compared with baseline
(Figure 2). Serum-mediated cholesterol efflux from THP-1 was
increased by 39.1% (P = 0.021), 33.6% (P = 0.047), 55.3%
(P = 0.0096), 49.2% (P = 0.014), and 50.7% (P = 0.012)
for the canola oil, CanolaOleic, CanolaDHA, Corn/Saff, and
Flax/Saff oil diets, respectively. There was an effect of BMI sta-
tus on cholesterol efflux across the 3 BMI categories compared
with baseline (normal BMI, n = 13, P = 0.0003; overweight,
n = 33, P = 0.03; obese, n = 53; P = 0.04) (Figure 3). Partic-
ipants with a normal BMI had a greater increase in cholesterol
efflux capacity (93%) compared with overweight (67%,
P = 0.04) and obese participants (25%, P = 0.03) after diet
intervention (all diets combined). Cholesterol efflux capacity
did not differ between overweight and obese participants.

Diet regulates MiR expression. We further investigated the
effect of 2 diets: CanolaDHA (highest DHA content), which
increased cholesterol efflux the most (from baseline); and
CanolaOleic (highest MUFA content), which had the smallest
effect on cholesterol efflux on plasma MiR expression and their
regulation of cholesterol efflux. Five MiRs (miR-181c-5p, miR-
30c-5p, miR-33, miR-144, and miR-708) known for their roles
in cholesterol metabolism were quantified at baseline and af-
ter consumption of the 2 diets (Figure 4). CanolaOleic and
CanolaDHA significantly increased the expression of circulat-
ing miR-181a and miR-33 in serum when compared with base-
line. CanolaDHA increased the expression of miR-30. Statistical
significance was determined by one-way ANOVA within each
group (P < 0.05). There were no significant differences in the
expression of the miR-708 or miR-144 among the 2 treatment
diets tested.

Discussion

In this randomized, crossover, 5 diet-period, controlled-feeding
trial, we found that there was an inverse association between
central obesity and serum-mediated cholesterol efflux capacity.
In addition,we found that consumption of diets low in SFAs and
high in unsaturated fatty acids increase serum-mediated choles-
terol efflux capacity in participants with or at risk for MetS.
The similar increase in serum-mediated cholesterol efflux in re-
sponse to all diets suggests that HDL function is independent of
HDL cholesterol concentrations.

A novel aspect of our study is the systematic comparison
of serum-mediated cholesterol efflux among diets that dif-
fered in unsaturated fatty acid profiles in a population with
or at risk for MetS. Our findings add to the evidence base
that diets high in unsaturated fatty acids improve choles-
terol efflux capacity. Kasbi Chadli et al. (18) reported that
hamsters fed an n–3 fatty acid–enriched diet (21% w/w fat
with 8.6% SFAs, 8.6% MUFAs, 3.5% n–6 PUFAs and 1%
of energy as n–3 PUFAs) for 20 wk had a higher cholesterol
efflux (31.9%) than did those fed a diet lower in both n–3
and n–6 PUFAs (21% w/w fat including 9.3% SFAs, 9.8%
MUFAs, 1.9% n–6 PUFAs) and the control diet (5% w/w fat
including 2% SFAs, 1.8% MUFAs, 1.2% n–6 PUFAs). Our
results demonstrate that participants had a 55.3% increase in
serum-mediated cholesterol efflux capacity after consumption
of the CanolaDHA diet (DHA, 1.1% of energy) compared with
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FIGURE 1 Correlation between waist circumference (n = 99) and serum-mediated cholesterol efflux capacity (A), and between abdominal fat
mass (n = 54) and serum-mediated cholesterol efflux capacity (B) for participants with or at risk for metabolic syndrome at baseline.

baseline. A potential mechanism to explain this could be that
serum-mediated cholesterol efflux is affected by HDL phos-
pholipid fatty acid composition in response to the diet. Diets
enriched with long-chain PUFAs may alter HDL phospholipid
fatty acid composition and improve the fluidity of particle
membranes (19, 20); HDL particles with the greater fluid
surface then accept free cholesterol at a faster rate (21). In the
present study, the lowest LI was observed after consumption of

the CanolaDHA diet, which is indicative of greater membrane
fluidity. Despite having the lowest LI, the cholesterol efflux
capacity of the CanolaDHA diet did not differ statistically from
the other experimental diets, although it was numerically higher.

The 2 diets enriched with MUFA also increased serum-
mediated cholesterol efflux (canola oil, 39.1%; CanolaOleic,
33.6%), which agrees with a study conducted by Sola
et al. (22), who reported that consumption of a diet enriched

TABLE 2 Baseline and changes in serum lipid/lipoprotein profiles in response to diets low in SFAs with varying
unsaturated fatty acid profiles for 28 d in participants with or at risk for MetS1

Baseline2 Canola oil CanolaOleic CanolaDHA Corn/Saff Flax/Saff

Total cholesterol, mmol/L 5.48 ± 0.10 −0.58 ± 0.0513,a,b −0.61 ± 0.063,a,b −0.54 ± 0.063,a −0.62 ± 0.063,b −0.68 ± 0.043,b

HDL cholesterol, mmol/L 1.22 ± 0.29 −0.04 ± 0.023,a −0.02 ± 0.023,a 0.07 ± 0.023,b −0.01 ± 0.02a −0.04 ± 0.023,a

LDL cholesterol, mmol/L 4.26 ± 0.11 −0.54 ± 0.053 −0.55 ± 0.053 −0.58 ± 0.0543 −0.59 ± 0.053 −0.60 ± 0.0483

TG, mmol/L 1.75 ± 0.08 −0.14 ± 0.053,a −0.07 ± 0.043,a −0.50 ± 0.043,b −0.19 ± 0.053,a −0.17 ± 0.043,a

ApoA1, mmol/L 1.47 ± 0.02 −0.06 ± 0.01a −0.05 ± 0.01a −0.04 ± 0.01a −0.07 ± 0.01a −0.10 ± 0.013,b

ApoB, mmol/L 1.06 ± 0.03 −0.11 ± 0.013,a,b −0.11 ± 0.013,a,b −0.10 ± 0.013,a −0.13 ± 0.013,b −0.12 ± 0.0113,b

1Values are means ± SEMs, n = 101. Means in a row without a common superscript letter differ, P < 0.05 (mixed-model post-hoc analysis). CanolaDHA,
DHA-enriched high oleic acid–canola oil; CanolaOleic, high oleic acidcanola oil; Corn/Saff, corn oil and safflower oil blend; Flax/Saff, flax oil and safflower
oil blend; MetS, metabolic syndrome.
2Baseline data were collected on day 1 when participants were first enrolled in the study prior to diet intervention.
3Different from baseline, P < 0.05.
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FIGURE 2 Relative cholesterol efflux capacity in response to diets
low in SFAs with varying unsaturated fatty acid profiles after 28 d
in participants with or at risk for metabolic syndrome. *Means are
significantly different from baseline, P < 0.05 (n = 101). Values are
means + SEMs. Canola, canola oil; CanolaDHA, DHA-enriched high
oleic acid–canola oil; CanolaOleic; high oleic acid–canola oil; Corn/Saff,
corn oil and safflower oil blend; Flax/Saff, flax oil and safflower oil
blend.

with olive oil (15.6% of total energy) for 7 wk increased the
capacity of HDL3 to promote cholesterol efflux. Helal et al.
(4) also found that consumption of extra-virgin olive oil (71%
MUFA) for 12 wk increased the capacity of serum to me-
diate cholesterol efflux from THP-1 macrophages by 9.8%
(P < 0.01), and this was associated with a 13% increase in the
fluidity of the HDL phospholipid layer. It is possible that the
improvement in serum-mediated cholesterol efflux capacity in
the present study was a result of diet-induced physiochemical
changes in HDL via greater fluidity or a smaller particle size, or
an upregulation of transport protein (ABCA1/G1) gene expres-
sion resulting in an increased efficiency in accepting free choles-
terol (4, 23, 24). Importantly, the lack of an association between
serum-mediated cholesterol efflux and HDL cholesterol concen-
trations reported herein illustrates the independent relation be-
tween HDL function and HDL cholesterol concentrations.

We observed a greater increase in serum-mediated choles-
terol efflux in participants (n = 99) with a normal BMI (but
with an increased waist circumference) compared with over-
weight and obese participants. Obesity adversely affects HDL
composition, which has been shown to impair HDL function
(25). Indeed, obesity is associated with increased inflammation

0

20

40

60

80

100

120

Normal (n=13) Overweight (n=33) Obese (n=53)

R
el

at
iv

e 
ch

ol
es

te
ro

l e
ffl

ux
 c

ap
ac

ity
 

(%
 o

f b
as

el
in

e)
 

*

*

*

a

b

b

BMI ≤ 24.9 24.9 < BMI < 30 BMI ≥ 30

FIGURE 3 Relative cholesterol efflux capacity as a function of BMI
status (all diets combined). Means without a common letter differ,
P < 0.05 (n = 99) (mixed-model post-hoc analysis). *Means are sig-
nificantly different from baseline, P < 0.05.

and oxidative stress, both of which could contribute to an im-
paired HDL function and consequent diminution of cholesterol
efflux (26, 27). In addition, we observed an inverse association
between waist circumference and serum-mediated cholesterol
efflux capacity, and also between abdominal fat mass and
serum-mediated cholesterol efflux capacity. Thus, evidence is
accumulating that an increase in visceral adipose tissue mass
impairs HDL function.

The exploratory analysis of MiR showed that diets low in
SFAs and high in MUFAs and DHA may affect MiR in a way
that could increase cholesterol efflux capacity. miR-181 expres-
sion inhibits NF-κB activity and target gene expression, which
has been shown to decrease inflammation and atherosclerosis
in an animal model (28). The increase of miR-181 expression
in response to the CanolaDHA and the CanolaOleic diets may
protect the HDL particles from inflammation, thus perhaps
explaining, in part, the increase in serum-mediated cholesterol
efflux. miR-144 suppresses the ABCA1 expression, thereby
blunting HDL cholesterol efflux (29). In the present study both
CanolaOleic and CanolaDHA did not affect miR-144 gene
expression. In contrast with previous findings, we found an
increase in the miR-33 for both diets, which previously has
been reported to be associated with a decrease in cholesterol
efflux in animal studies (30). Further studies are required to un-
derstand how diet-induced changes in MiR regulate cholesterol
efflux.

Strengths of the present study include the controlled-feeding
study design and the precise delivery of the treatment oils. In ad-
dition, the crossover study design minimized within-individual
variation (31). A limitation of our study is that we compared
the treatment diets with the participants’ habitual baseline diet,
which we considered to be representative of a Western diet, and
for which there was no diet control. Another limitation is that
we used whole serum as an acceptor for free cholesterol, which
measures the transfer of cellular cholesterol to either HDL
or apoB-containing lipoproteins (32). Thus the proportion of
efflux contributed by each active transporter is unknown. On
the other hand, recent evidence has shown that in addition to
HDL particles, apoB-containing lipoproteins also contribute
to cholesterol efflux from macrophages by being the potential
cellular cholesterol acceptors for both the scavenger receptor
class B type 1 (SR-BI)- and the ATP-binding cassette sub-family
G member 1 (ABCG1)-mediated cholesterol efflux (33, 34).
The question has been raised about the impact of storage and
freezing of serum on structural and functional properties of
lipoproteins and their effect on the cholesterol efflux assay (35,
36). However, Sankaranarayanan et al. (36) compared choles-
terol efflux in fresh and frozen serum and reported similar
results.

In summary, consumption of diets low in SFAs and high in
MUFAs or PUFAs (n–6 fatty acids or n–3 fatty acids—both plant
and marine derived) increased serum-mediated cholesterol ef-
flux in participants with or at risk for MetS. The present study
underscores the adverse effects of obesity on cholesterol efflux.
Importantly, our findings add to the evidence in support of the
beneficial effect of diets in which unsaturated fats replace SFAs
for reducing cardiometabolic risk that we suggest are medi-
ated, in part, by an increase in HDL function as measured by
cholesterol efflux. Overweight and obese individuals will ben-
efit from a heart-healthy diet low in SFAs and high in unsat-
urated fatty acids that increases cholesterol efflux, and with
weight loss, cholesterol efflux would be expected to improve
further.
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