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Abstract

Oleic acid consumption is considered cardio-protective according to studies conducted examining 

effects of the Mediterranean diet. However, animal models have shown that oleic acid 

consumption increases LDL particle cholesteryl oleate content which is associated with increased 

LDL-proteoglycan binding and atherosclerosis. The objective was to examine effects of varying 

oleic, linoleic and docosahexaenoic acid consumption on human LDL-proteoglycan binding in a 

non-random subset of the Canola Oil Multi-center Intervention Trial (COMIT) participants. 

COMIT employed a randomized, double-blind, five-period, cross-over trial design. Three of the 

treatment oil diets; 1) a blend of corn/safflower oil (25:75); 2) high oleic canola oil; and 3) DHA-

enriched high oleic canola oil were selected for analysis of LDL-proteoglycan binding in 50 

participants exhibiting good compliance. LDL particles were isolated from frozen plasma by gel 

filtration chromatography and LDL cholesteryl esters quantified by mass-spectrometry. LDL-
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proteoglycan binding was assessed using surface plasmon resonance. LDL particle cholesterol 

ester fatty acid composition was sensitive to the treatment fatty acid compositions, with the main 

fatty acids in the treatments increasing in the LDL cholesterol esters. The corn/safflower oil and 

high-oleic canola oil diets lowered LDL-proteoglycan binding relative to their baseline values 

(p=0.0005 and p=0.0012, respectively). At endpoint, high-oleic canola oil feeding resulted in 

lower LDL-proteoglycan binding than corn/safflower oil (p=0.0243) and DHA-enriched high oleic 

canola oil (p=0.0249), although high-oleic canola oil had the lowest binding at baseline 

(p=0.0344). Our findings suggest that high-oleic canola oil consumption in humans increases 

cholesteryl oleate percentage in LDL, but in a manner not associated with a rise in LDL-

proteoglycan binding.
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Introduction

The Mediterranean diet supplemented with olive oil or nuts has been shown to reduce the 

incidence of major cardiovascular events in individuals with elevated cardiovascular disease 

(CVD) risk1. The Mediterranean diet has also been shown to be effective in secondary 

prevention of coronary heart disease (CHD)2. Many key components of this diet including 

olive oil and nuts are rich sources of monounsaturated fatty acids (MUFAs). 

Epidemiological evidence and meta-analyses suggest that, compared to diets high in 

saturated fatty acids (SFA), diets rich in MUFA are associated with lower LDL-C 

concentrations and reduced relative risk of CHD3-5. Similarly, metabolic ward trials which 

compare diets high in SFA, MUFA and polyunsaturated fatty acid (PUFA) or carbohydrate 

show that high MUFA diets reduce LDL-C, without decreasing HDL-C concentrations, 

compared to PUFAs 6, and do so without raising triglyceride levels as is typically observed 

with high carbohydrate diets 7.

Oleic acid accounts for over 90% of MUFA consumed in the USA 8. Recently, in response 

to the need to reduce trans-fats and increase product shelf life, a shift towards high oleic acid 

oilseed varieties has been implemented. This shift to MUFAs has come primarily at the cost 

of PUFAs 9. While it is often recommended to substitute SFA with MUFAs for 

cardiovascular disease prevention 10, some concerns persist as to whether MUFA 

consumption is cardioprotective, especially when replacing PUFAs 11. Notably, this concern 

is based on research in animal models which shows that elevated oleic acid consumption 

alters hepatic lipid metabolism, enriching LDL particles with cholesteryl oleate, and 

promoting the development of atherosclerosis 12, 13. Mouse knockout models as well as 

African green and cynomolgus monkey experiments show enrichment of LDL cholesteryl 

oleate and decreased cholesteryl linoleate content following consumption of oleic acid rich 

diets14-16. Importantly, the enrichment of LDL cholesteryl oleate is also associated with the 

extent of atherosclerosis in these animal models which is equivalent to the levels observed 

when saturated fat is fed. It has been demonstrated in mice and monkeys that increased LDL 
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cholesteryl oleate enhances arterial proteoglycan binding, increasing arterial retention of 

LDL and promoting atherosclerosis11, 13, 17.

Human evidence regarding MUFA consumption, cholesteryl oleate content in LDL 

particles, and the promotion of atherosclerosis is less clear. MUFA content of cholesterol 

esters (CEs) was positively associated with average carotid intima-media thickness in the 

Atherosclerosis Risk in Communities (ARIC) Study 18. However, in that study, SFA content 

of CEs was also positively associated with MUFA content of CEs and average carotid 

intima-media thickness. In that trial, plasma MUFA content failed to correlate with MUFA 

intake, but did correlate with SFA intake, suggesting that the association between MUFA 

CE content may have served as a surrogate of SFA intake 18.

The objective of this investigation, therefore, was to examine using a controlled feeding 

human intervention trial the effect of increased dietary oleic acid consumption on LDL 

particle core CE composition and LDL particle interactions with arterial proteoglycans. To 

accomplish this goal, surface plasmon resonance (SPR) technology was used to quantify 

LDL particle proteoglycan binding in samples from a sub-group of the Canola Oil Multi-

center Intervention Trial (COMIT) 19. COMIT was a randomized controlled cross-over trial 

designed to evaluate the effects of five diets that provided oils/oil blends differing in fatty 

acid content on CVD risk factors including plasma lipids in individuals with abdominal 

obesity20. Three of these diets were selected to investigate the impact of varying fatty acid 

intakes on CE composition and LDL proteoglycan binding.

Materials and methods

Trial design

A multi center, double blind, randomized crossover controlled feeding trial was conducted at 

the Richardson Centre for Functional Foods and Nutraceuticals (RCFFN) (University of 

Manitoba), the Institute of Nutrition and Functional Foods (INAF) (Laval University), and 

the Department of Nutritional Sciences, Pennsylvania State University (PSU), as previously 

reported 19. Briefly the trial included 5 treatment periods of 4 weeks, separated by 2 to 4-

week washout intervals (Figure 1). The date range for participant recruitment to last follow–

up was September 20, 2010 to Dec 13, 2011 at the RCFFN, November 1st, 2010 to 

December 22, 2011 at INAF and November 16th, 2010 to April 12th, 2012 at PSU.

Ethics Statement

Institutional ethics boards within the participating universities reviewed and approved the 

trial protocol. Written informed consent was obtained from participants as prescribed by 

institutional research ethics boards. The trial was registered with clinicaltrials.gov 

(NCT01351012). The registration of the clinical trial with clinicaltrials.gov (March 14, 

2011) was delayed due to staff turnover and did not occur until after the enrolment of 

participants had begun at the RCFFN center (September 20th, 2010). The authors confirm 

that all ongoing and related trials for this intervention are registered.
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Sample collection

Fasting blood samples were collected on days 1 and 2 (baseline) as well as 29 and 30 

(endpoint) of all phases. Samples from all clinical sites were frozen then shipped to a central 

laboratory at St. Michaels Hospital, University of Toronto and analyzed for serum lipid 

parameters total cholesterol (TC), LDL-C, HDL -C, and TG. Baseline and endpoint blood 

lipid values were separately assayed and determined as mean sample values of day 1 and 

day 2, and day 29 and day 30, respectively20.

Selection of subset samples

Three of the COMIT diets, a corn and safflower oil with the highest n-6 PUFA content, high 

oleic canola oil, with the highest n-9 MUFA content, and a high oleic canola oil with DHA 

blend, with the highest long chain n-3 PUFA (Table 1), were selected to investigate the 

effect of these varying fatty acid intakes on CE composition and LDL proteoglycan binding. 

Of the total 130 participants who completed all 5 periods of the trial, a subset of 50 

participants (20, 15 and 15 from RCFFN, INAF, and PSU, respectively), were assessed as 

good compliers to the dietary intervention and selected because they had the largest, by rank 

at each center, increase in C22:6 n-3 (DHA) as a percentage of plasma fatty acids at the end 

of DHA-enriched high oleic canola oil treatment period. These individuals' samples then 

underwent analysis of CE composition and LDL proteoglycan binding. Baseline 

characteristics of these 50 participants are shown in Table 2. A subset of 50 participants, as 

opposed to the full 130 participants, was selected for the LDL-biglycan binding assay as this 

was an exploratory analysis, the impact of dietary fatty acid modification on LDL 

proteoglycan binding in humans was unknown, and a limited budget was available.

Plasma fatty acid composition

Plasma fatty acid concentrations were analyzed as previously reported 19. Briefly, plasma 

fatty acids were extracted by the Folch method 21 using chloroform-methanol with added 

butylated hydroxytoluene, followed by methylation with methanolic hydrochloric acid with 

minor modifications 22. Fatty acid methyl esters were then analyzed using gas 

chromatography with flame ionization detection. Heptadecanoic acid (C17:0) was used as an 

internal standard. Authenticated fatty acid standards were used to identify the individual 

fatty acids of interest. Fatty acids were reported as percentage values of total identified fatty 

acids measured.

LDL particle cholesteryl ester fatty acid composition

LDL particles used in the binding experiments were isolated by gel filtration 

chromatography using a Superose-6 10/30 column (GE Healthcare) run at a flow rate of 0.4 

ml/min as previously described 16. LDL CEs were detected and quantified by mass-

spectrometry as previously described16, 23. Isolated LDL was diluted in methanol with a 

C17:0 CE internal standard. CEs were measured using a Quattro II mass spectrometer 

equipped with a Z-spray interface (capillary voltage = 3.2 kV; cone voltage = 50 V; source 

temperature= -80°C; desolvation temperature = 200°C) in positive-ion mode, monitoring the 

common neutral loss of 368.5 Da. CE molar concentrations were calculated from individual 
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profiles using the internal standard (C17:0 CE) and reported as percentages of total CE 

mass.

LDL proteoglycan binding

LDL-biglycan binding was quantified at Wake Forest University School of Medicine using a 

Biacore T100 SPR platform as previously described16. Briefly, human recombinant 

biglycan, a dermatan sulfate proteoglycan found in human atherosclerotic plaques24, was 

produced using 293-EBNA cells transfected to produce biglycan. The biglycan was 

immuno-bound to CM5 biosensor chips (Biacore, Inc.; Piscataway, NJ) in the sample 

channels of the Biacore T100, then isolated LDL samples, normalized to a cholesterol 

content of 10 μg/ml then added to both the sample and the reference channels. The 10 μg/ml 

normalization concentration was selected based on dose response data from previously run 

human LDL samples (Supplementary data) and the low sample volumes/concentrations and 

the large amount of samples. LDL-biglycan binding was corrected for nonspecific binding in 

the biglycan-free reference channel and is reported as the peak value for LDL binding in 

resonance units (RU). A representative kinetic profile of the LDL-biglycan binding assay 

shows rapid binding and slow dissociation (Supplementary Data). Though less than ideal 

based on previous studies16, 25, 26 the plasma samples used for assay of binding had 

necessarily been frozen, and this has the potential to modify the physical state of the 

cholesterol ester core or the apolipoprotein content 25, 26 of the LDL particles so that the 

binding may not fully reflect that of native LDL particles.

Statistical analysis

Mixed-effects repeated-measures analysis of variance were utilized for data with treatment, 

age and sex used as fixed effects, participant was used as a repeated factor, whereas multi-

center site was added as a random effect and an autocorrelation structure of order 1 (AR1). 

Normality and homogeneity was checked by visual inspections of plots of residuals against 

fitted values. Statistical comparisons were conducted between treatment baselines and 

treatment endpoints. Tukey-Kramer post hoc tests were used to examine differences 

between treatments. Significance of changes within each treatment (baseline to endpoint) 

was assessed using paired t-tests. Least squares means with standard errors are presented in 

the text and tables. SAS version 9.2 (SAS Institute Inc., Cary, NC) and Graphpad Prism 5 

(Graphpad Software Inc, San Diego, CA) were used for data analysis.

Results

Serum lipids

Changes in serum lipids in the 130 participants of COMIT for all 5 treatments have been 

reported20. Serum lipid profiles for the subset of participants used for LDL-biglycan binding 

are summarized in Table 3. Total cholesterol decreased baseline to endpoint for each 

treatment (p<0.05 for all). No differences were observed among treatments at baseline 

(p=0.1452) or endpoint (p=0.3643) for total cholesterol. LDL-C concentrations decreased 

from baseline to endpoint for each treatment (p<0.05 for all). LDL-C concentrations were 

lower at endpoint after high-oleic canola oil and corn/safflower oil treatments compared to 

DHA-enriched high oleic canola oil (p=0.0340 and p=0.0004, respectively). These findings 
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were similar to those reported for the full COMIT population, except at endpoint corn/

safflower oil had lower total cholesterol than DHA-enriched high oleic canola oil20.

Plasma fatty acid composition

Total plasma fatty acid profiles are summarized in Table 4. Changes in plasma fatty acids 

reflected their dietary intake after 28-d of treatment. Participants on the high-oleic canola oil 

diet showed the highest level of MUFA (p=0.05), consistent with the higher C18:1 n-9 

content compared with other treatments. Corn/safflower oil elevated the n-6 PUFA content 

compared to high-oleic canola oil and DHA-enriched high oleic canola oil (p<0.05), due to 

higher levels of C18:2 n-6 in the test diet. DHA-enriched high oleic canola oil produced 

higher levels of C20:5 n-3 compared to the other treatments (p<0.05).

LDL cholesteryl ester fatty acid composition

Individual CE compositions of LDL expressed as percentages based on FA components are 

shown in Table 5. Dietary treatment altered the LDL particle core CE FA profiles in a 

manner consistent with the dietary FA profile. Baseline LDL CE compositions differed 

across treatments. At baseline the high-oleic canola oil diet had higher LDL CE C16:0 than 

corn/safflower oil (p=0.0014) and DHA-enriched high oleic canola oil (p<0.0001); LDL CE 

C16:1 (p=0.0084) and C18:2 (p=0.047) was higher for high-oleic canola oil than corn/

safflower oil; LDL CE C20:4 was higher in high-oleic canola with DHA oil, than high-oleic 

canola oil (p=0.0006) or corn/safflower oil (p=0.018); and LDL CE C18:3 was higher 

(p=0.0126) in DHA-enriched high oleic canola oil than corn/safflower oil. Consumption of 

the corn/safflower oil diet increased the C18:2 CE (p<0.0001) content, primarily at the 

expense of C16:1, C18:1 CE,(p<0.0001 for both), but also C18:3 (p<0.0001); C20:5 

(p<0.0001); C22:6 (p=0.0001) and saturated FA (C16:0,p<0.0001; C18:0, p=0.0001) CE 

percentage. The high-oleic canola oil diet increased C18:1 in CE (p<0.0001) percentage, 

while decreasing the C16:1 (p<0.0001), C18:0 (p=0.0049) and C16:0 (p<0.0001) CE 

percentage. The DHA-enriched high oleic canola oil increased C18:1 (p=0.0015), C20:4 

(p=0.0007), C20:5 (p<0.0001) and C22:6 (p<0.0001) CE percentage, primarily at the 

expense of C18:3 (p<0.0001) in CE.

LDL binding to biglycan as a function of diet

Mean LDL-biglycan binding values for baseline and endpoint of each diet are presented in 

Figure 1. At baseline, LDL-biglycan binding was lower (p=0.0344) before the high-oleic 

canola oil compared to the corn/safflower oil diet. Both the corn/safflower oil and high-oleic 

canola oil diets lowered LDL-biglycan binding relative to their baseline values (p=0.0005 

and p=0.0012, respectively), whereas the DHA-enriched high oleic canola oil diet failed to 

produce a change in binding (p=0.5619). At endpoint, high-oleic canola oil exhibited lower 

LDL-biglycan binding than both corn/safflower oil (p=0.0243) and DHA-enriched high 

oleic canola oil (p=0.0249) diets. Linear regression enable investigation of the relationship 

between LDL-biglycan binding and LDL CE fatty acid composition (Figure 2). Results 

revealed an inverse relationship between percentage C18:1 CE in LDL and LDL-biglycan 

binding at baseline and endpoint of the high-oleic canola oil diet (r2=0.1093, p=0.0190 and 

r2=0.1027, p=0.0232. for baseline and endpoint, respectively, n=50 for both). This 

relationship was not seen in DHA-enriched high oleic canola oil or corn/safflower oil diets.
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Discussion

The principal finding of this trial is that diet modification, through the consumption of high 

oleic canola oil, led to the highest percentage of C18:1 CE in LDL particles, but did not 

increase LDL binding affinity to biglycan, measured using established methods. In contrast 

consumption of high oleic canola oil slightly decreased LDL-biglycan binding compared to 

baseline, as did corn/safflower oil consumption. These results indicate that enrichment of 

C18:1 in LDL CEs may result in a reduced residence time of LDL particles in the arterial 

wall, which could potentially decrease the development of atherosclerosis.

The present results contrast those of Melchior et al.16 who investigated the effects of dietary 

fatty acid modifications on LDL-biglycan binding in apoB-100-only Ldlr -/- mice. In the 

work by Melchior et al., increasing levels of C18:1 CE in LDL particles was consistently 

associated with increased LDL-biglycan binding affinity. The amount of biglycan binding 

was also shown to be proportional to the development of atherosclerosis in the apoB-100-

only Ldlr -/- mice. Similar results to those of Melchior et al. have also been seen in other 

rodent and primate models, which have repeatedly demonstrated that consumption of 

MUFAs and SFA, as opposed to n-3 or n-6 PUFA, results in the production of LDL particles 

with an increased affinity for proteoglycans 17, 27, 28. These animal trials showed 

associations between the content of cholesteryl oleate in the CE of the LDL particle core 

with the amount of LDL proteoglycan binding, both of which were also associated with the 

amount of atherosclerosis present. Unlike the COMIT, the diets used in these animal trials 

were supplemented with dietary cholesterol to model hypercholesterolemia, but similar to 

the COMIT diets the oleic acid sources in the animal trials were from vegetable oils.

The binding data obtained in the COMIT samples may not be the entirely representative of 

LDL particles in their native state because the samples were frozen prior to analysis, and the 

changes in binding seen were small and may not reflect the maximal effects possible. In 

addition, the rationale for using LDL isolated by gel filtration chromatography has been to 

avoid disruption of the minor apolipoproteins associated with LDL particles 16. These 

components may differ between the current trial participants and the animal models studied 

to date, where the apoE/apoB ratio was found to be a major determinant of binding17, 28.

The evidence linking oleic acid intake to CVD in humans is often seen in instances where 

animal fat was the source of oleic acid. For instance 11 cohort studies that contained dietary 

intake and coronary event reporting were analyzed by Jakobsen et al.29 to investigate the 

effects of different types of dietary fatty acid on coronary heart disease (CHD) risk. The 

combined cohort contained 344,696 participants, 5249 coronary events and 2155 coronary 

deaths occurred during a 4-10 year follow up. In this combined cohort a theoretical shift of 

5% of energy from SFA was to MUFA and an increase in coronary event (hazard ratio (95% 

CI) = 1.19 (1.00, 1.42)), but not coronary death (hazard ratio (95% CI) = 1.01 (0.73, 1.41)) 

risk was reported. However, the main source of MUFA in this combined cohort was animal 

fat, which contrasts with the use of vegetable oils used in the present trial. In addition, the 

authors noted that some vegetable sources of MUFA likely contained trans fatty acids29.
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Furthermore, associations between MUFA and CVD risk are complicated by the fact that 

MUFAs can be synthesized de novo from SFA, so differences in concentrations between 

individuals may also reflect stearoyl-CoA desaturase (SCD) activity, and not just dietary 

intake. In this regard, elevated SCD activity, measured by desaturase index using a product-

to-precursor fatty acid ratios, was shown to predict cardiovascular mortality in the Uppsala 

Longitudinal Study of Adult Men population-based cohort study30. In that study, elevated 

LDL cholesteryl oleate was associated with increased cardiovascular disease and total 

mortality.

Serum and LDL-CE fatty acid composition data at the end of the treatment phases were 

responsive to the dietary interventions, with the main component fatty acids of each 

treatment increasing in response to consumption, suggesting that participants had good 

compliance to the diets. C18:2 was the major fatty acid in LDL CE at baseline and endpoint 

at each treatment. This was expected as the majority of the CE in human plasma is derived 

from the enzyme lecithin:cholesterol acyltransferase (LCAT) and linoleic acid is the 

predominant fatty acid in the sn2 position of the phosphatidylcholine that serves as the 

LCAT substrate. Accordingly C18:2 is typically the main fatty acid seen in CE in humans 31 

and is very responsive to dietary linoleic acid showing a large increase during the linoleic 

acid rich corn/safflower oil treatment. C16:0 was a minor fatty acid, and C20:4 was absent 

from all the dietary treatments, however, these were higher in plasma and LDL CE due to 

lipogenesis of C16:0 and elongation from C18:2 to C20:4. While very little C20:5 n-3 was 

present in the DHA-enriched high oleic canola oil diet, C20:5 n-3 was elevated in plasma 

and in LDL CE at endpoint of the DHA-enriched high oleic canola oil diet possibly due to 

retro-conversion of C22:6 n-3 32, 33.

All three diets reduced total and LDL-C from baseline, however, high-oleic canola oil and 

corn/safflower oil feeding produced lower LDL-C compared with high-oleic canola with 

DHA oil, while DHA-enriched high oleic canola oil produced lower TG levels. These results 

are consistent with previous clinical trials which consistently show hypocholesterolemic 

effects of both PUFA or MUFA consumption 34, and TG lowering by C22:6 n-3 

consumption 35. The effect of the test diets on LDL-binding differed compared to their 

effects on the Framingham 10-year CHD scores20. The DHA-enriched high oleic canola oil 

diet showed a greater reduction in CHD score than both the corn/safflower oil and high-oleic 

canola oil diets. This discrepancy may be due to the mechanisms underlying the cardio-

protective effects of DHA consumption being independent of LDL-proteoglycan 

interactions36.

The SPR method used to assess LDL-biglycan binding provides a measurements of the 

extent of formation and dissociation of LDL-biglycan complexes, which is comparable to 

solid-phase LDL-biglycan binding measurements37. Gel filtration chromatography was used 

to isolate LDL for the SPR binding assays in an attempt to prevent modifications that might 

occur with ultracentrifugation. Only a small center portion of the LDL peak was selected for 

the binding assays. The entire LDL peak has been used for the compositional analysis of CE 

fatty acid content. This approach introduces the possibility that there were differences in 

composition in the LDL particles used in the binding assay and those used to measure 

composition 16.
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The higher level of oleic acid present in the LDL CE at baseline of all treatments suggests 

that participants in this trial were likely already consuming high amounts of oleic acid both 

at baseline and during the washout periods 18, 31. However, this is not surprising as most 

saturated fat sources contain comparable amounts of MUFA, primarily oleic acid, and many 

vegetable oils, such as safflower, sunflower, and canola have been modified to high oleic 

varieties 9. This high baseline oleic acid content could have reduced the impact of the high-

oleic canola oil and DHA-enriched high oleic canola oil diets on the LDL CE composition, 

while increasing the impact of the corn/safflower oil diet. The effect of this high baseline 

cholesteryl oleate percentage on the changes in LDL-biglycan binding induced by the 

treatment diets is unknown. However, a weak negative association between cholesteryl 

oleate percentage in LDL and LDL-biglycan binding was seen when all the baseline samples 

were pooled, which also was seen when all endpoint samples were pooled. These results 

suggest that, at least in our trial population, the presence of cholesteryl oleate in LDL 

particles appeared to be associated with slightly reduced LDL interactions with 

proteoglycans, which would be assumed to be cardio-protective.

Strengths of this trial include the controlled feeding, randomized crossover design which 

minimizes the potential impact of confounding factors when each participant acts as their 

own control. Participants were provided all meals, with one meal a day eaten under 

supervision for the majority of days. Good compliance was achieved as assessed from 

plasma fatty acid and LDL CE fatty acid composition responses which reflected each dietary 

treatment. A limitation of this trial is that the binding assays were necessarily conducted on 

LDL particles isolated from previously frozen plasma. Accordingly, we cannot be certain 

that the freezing and subsequent thawing may not have altered LDL particle structure, which 

in turn may have influenced the LDL proteoglycan interactions. Freezing and subsequent 

thawing of isolated LDL particles has been shown to alter LDL structural and cell-binding 

characteristics26. However, whatever the effect of freezing may have had, it would 

presumably impact all the dietary treatments in a similar manner. It is also relevant to 

underscore that binding curves generated by the samples were of high quality. Another 

limitation of this trial is the selection of a subset of 50 participants, rather than the complete 

130 participants. The selection criteria, based on the increase in DHA in plasma fatty acids, 

was used as a measure of trial compliance, however, this selection criteria may also have 

selected for some unknown factors which may have impacted the results.

Conclusions

These findings suggest that high oleic acid canola oil consumption for 4 weeks led to a small 

enrichment of LDL CE with oleic acid, but this was not associated with increased LDL-

biglycan binding, as has been reported with cholesterol oleate enrichment of LDL within 

rodent and primate models. In fact, both corn/safflower oil and high-oleic canola oil diets 

appeared to lead to small reductions in LDL-biglycan binding. Our trial provides evidence 

that diets high in oleic acid from canola may have comparable effects to diets rich in linoleic 

acid, from corn and safflower, on LDL-biglycan binding over a 4 week period in humans. 

The data support evidence from prospective clinical trials such as the PREDIMED trial1, 

that diets rich in oleic acid from vegetable oils have benefits for cardiovascular health. It is 
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unknown if longer feeding of the diets as in this trial would show similar effects to the 

longer feeding studies of the experimental animals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

This trial found that, in subset of participants from a randomized controlled trial, 

consumption of high oleic acid canola oil for 4 weeks led to a small enrichment of oleic 

acid in LDL cholesteryl esters. This enrichment was not associated with increased LDL-

biglycan binding. In fact, both the high oleic acid canola oil diet, and a diet high in 

linoleic acid containing a blend of corn/safflower oil (25:75), led to small reductions in 

LDL-biglycan binding following 4 weeks of consumption. These results do not agree 

with results from animal trials in which increases in LDL particle cholesteryl oleate 

content were associated with increased LDL-biglycan binding and the development of 

atherosclerosis. The trial data supports other clinical evidence that diets rich in oleic acid 

from vegetable oils have benefits for cardiovascular health.
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Figure 1. Canola Oil Multi-center Intervention Trial flow diagram
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Figure 2. Peak biglycan binding responses of LDL particles
n=50 for each bar. Bars with different letters designate differences across diets at that time 

(p<0.05) calculated by mixed-effects repeated-measures analysis of variance with treatment, 

age, sex as fixed effect, center as a random effect, and the measures for each participant 

repeated by period were used for the data analysis with Tukey-Kramer adjustment for 

multiple comparisons. * indicates a differences from baseline of same diet using paired t-test 

(p<0.05). CRNSF = corn and safflower oil blend, = high oleic canola oil, HODHA= high 

oleic canola oil with DHA.
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Figure 3. LDL cholesteryl oleate and its relationship to LDL-biglycan binding
Regression analysis comparing LDL binding to immobilized BGN with the percentage of 

cholesteryl oleate in the LDL particles in the high oleic canola oil diet (n=50).
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Table 1
Fatty acid profile of treatments oils

Corn/safflower High-oleic canola DHA-enriched high-oleic canola

C16:0 palmitic acid 5.9 3.7 5.3

C18:0 stearic acid 1.9 1.8 1.7

C18:1 oleic acid 17.6 71.5 63.3

C18:2 linoleic acid 69.3 14.7 12.7

C18:3 α-linolenic acid 0.3 2.3 2.0

C20:4 arachidonic acid 0.0 0.0 0.1

C20:5 EPA 0.0 0.0 0.2

C22:5 DPA 0.0 0.0 2.4

C22:6 DHA 0.0 0.0 5.8

Total saturated 7.9 6.9 9.0

Total monounsaturated 17.7 73.2 64.7

Total polyunsaturated 69.6 17.0 23.1

The values are % of total fatty acids. The daily 3000 kcal diet block contained 60 g of treatment oil. The amount of treatment oil was adjusted to 
contribute 18% of energy for each calorie level.
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Table 2
Baseline characteristics of COMIT participant subset at each center

RCFFN INAF PSU Total

Male, n 6 12 8 26

Female, n 14 3 7 24

BMI (Kg/m2) 31.4 ± 5.9 29.8 ± 3.6 29.8 ± 3.9 30.4 ± 4.7

Age (years) 42.8 ± 14.6 49.0 ± 13.7 46.6 ± 9.2 45.8 ± 12.9

TC (mmol/L) 5.49 ± 0.98 5.61 ± 0.98 5.35 ± 0.73 5.49 ± 0.89

HDL-C (mmol/L) 1.23 ± 0.29 1.16 ± 0.36 1.21 ± 0.22 1.20 ± 0.29

LDL-C (mmol/L) 3.45 ± 0.75 3.48 ± 0.86 3.46 ± 0.65 3.46 ± 0.74

TG (mmol/L) 1.81 ± 1.25 2.14 ± 0.87 1.49 ± 0.57 1.81 ± 0.98

Glucose (mmol/L) 5.40 ± 1.07 5.28 ± 0.63 5.30 ± 0.37 5.33 ± 0.77

Body weight (kg) 84.3 ± 18.7 86.1 ± 15.8 91.8 ± 16.3 87.1 ± 17.1

Waist 98.3 ± 17.1 102.9 ± 8.9 102.0 ± 8.6 100.8 ± 12.7

SBP (mmHg) 125.2 ± 25.6 123.8 ± 14.3 123.3 ± 13.3 124.2 ± 19.1

DBP (mmHg) 82.9 ± 13.6 75.2 ± 11.9 84.0 ± 9.6 80.9 ± 12.4

TC: total cholesterol; LDL-C: low density lipoprotein cholesterol; HDL-C: high density lipoprotein cholesterol; TG: triglycerides; SBP: systolic 
blood pressure; DBP: diastolic blood pressure; RCFFN: Richardson Centre for Functional Foods and Nutraceuticals, Winnipeg, MB Canada; 
INAF: Institute of Nutrition and Functional Foods, Quebec City, QC, Canada; PSU: Pennsylvania State University, State College, PA, USA.
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Table 4
Plasma fatty acid profile of participants at the end of each dietary phase in 50 COMIT 
participants

High-oleic canola DHA-high-oleic canola Corn/safflower Diet effect

C14:0 0.77±0.12 0.68±0.12 0.66±0.12 p=0.2644

C14:1 n-5 0.08 ±0.03 0.08±0.03 0.07±0.03 p=0.9758

C16:0 27.21±0.20a 27.88±0.20b 27.35±0.20a p=0.0012

C16:1 n-7 1.08±0. 13a 0.86±0.13b 0.97±0.11c p<0.0001

C18:0 12.02±0.17a 12.61±0.17 12.63±0.17b p<0.0001

C18:1 n-9 15.63 ±0.9a 13.44±0.9b 11.48±0.9c p<0.0001

C18:2 n-6 2l.60±0.34a 18.27±0.34b 26.41±0.34c p<0.0001

c18:3 n-6 0.18±0.01a 0.10±0.01b 0.19±0.01a p<0.0001

c18:3 n-3 0.62±0.04a 0.54±0.04b 0.50±0.04b p<0.0001

c20:0 0.44±0.05ab 0.46±0.05a 0.41±0.05b p<0.0001

c20:1 n-9 0.31±0.02a 0.24±0.02b 0.21±0.02b p<0.0001

c20:2 n-6 0.35±0.05a 0.19±0.05b 0. 33±0.05ab p=0.0290

c20:3 n-6 2.72 ±0. 22a 1.83±0.22b 2.43±0.22c p<0.0001

c20:4 n-6 9.38 ±0.42 9.50±0.42 9.38±0.42 p=0.7846

c20:5 n-3 0.86±0.08a 1.61±0.08b 0.47±0.08c p<0.0001

c22:0 0.88±0.13a 1.00±0.13b 0.91±0.13a p=0.0040

c22:4 n-6 0.32±0.04 0.21±0.04 0.33±0.04 p=0.0283

c22:5 n-3 0.±0.03a 0.36±0.03b 0.63±0.03c p<0.0001

c22:6 n-3 2.75±0.15a 7.89±0.15b 2.67±0.15a p<0.0001

c24:0 0.62±0.07a 0.71±0.07b 0.67±0.07ab p=0.0198

c24:1 n-9 1.39±0.09a 1.48±0.09b 1.24±0.09a p<0.0001

Total SFA 41.91±0.23a 43.32±0.23b 42.61±0.23c p<0.0001

Total MUFA 18.48±0.99a 16.09±0.99 13.97±0.99c p<0.0001

Total PUFA 39.59±0.90a 40.57±0.90b 43.40±0.90c p<0.0001

The values are % abundance of each fatty acid to total fatty acids given as least squares mean ± SE for 50 individuals. Mixed-effects repeated-
measures analysis of variance with treatment, age, sex as fixed effect, center as a random effect, and the measures for each participant repeated by 
period were used for the data analysis with Tukey-Kramer adjustment for multiple comparisons.

abc
Mean values with different superscript letters across rows denote significant differences at p<0.05
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