
 

273 
 

Chapitre 18 Effets de la substitution des acides 

gras saturés par des acides gras polyinsaturés 

oméga-6 sur le métabolisme des lipoprotéines chez 

des hommes avec une dyslipoprotéinémie 

associée à la résistance à l’insuline 

 

Jean-Philippe Drouin-Chartier, André J. Tremblay, Marie-Claude Lépine, Valéry Lemelin, Benoît 

Lamarche, Patrick Couture 

 

L’article présenté dans ce chapitre s’intitule : 

Substitution of dietary omega-6 polyunsaturated fatty acids for saturated fatty acids decreases LDL 

apoB-100 production rate in men with dyslipidemia associated with insulin resistance: a randomized 

controlled trial 

 

Cet article est publié dans la revue : 

The American Journal of Clinical Nutrition 2018;107(1):26-34. 



 

274 
 

Résumé 

Introduction : La consommation d’AGPI ω-6 en substitution des AGS est recommandée en 

prévention cardiovasculaire. L’impact de cette substitution sur le métabolisme des lipoprotéines chez 

des sujets avec une dyslipoprotéinémie associée à la RI n’a jamais été évalué en profondeur.  

Objectif : Nous avons évalué l’impact de la substitution des AGS par des AGPI ω-6 sur la cinétique 

des lipoprotéines avec une apo B et sur l’expression intestinale des gènes clés impliqués dans le 

métabolisme des lipoprotéines chez des hommes avec une dyslipidémie associée à la RI. 

Design : Des hommes dyslipidémiques et RI (n=36) ont été recrutés pour cette étude contrôlée, 

randomisée, en chassé-croisé et à double-insu. Les sujets ont consommé dans un ordre aléatoire 

une alimentation contrôlée riche en AGS (AGS : 13,4% de l’énergie ; AGPI ω-6 : 4,0%) et une 

alimentation contrôlée riche en AGPI ω-6 (AGS : 6,0% ; AGPI ω-6 : 11,3%) pour des périodes de 4 

semaines séparées par une période de repos de 4 semaines. À la fin de chacune des périodes 

expérimentales, la cinétique des lipoprotéines avec une apo B était mesurée en plus de l’expression 

intestinale des gènes clés impliqués dans le métabolisme des lipoprotéines chez tous les participants. 

Résultats : La substitution des AGS pour des AGPI ω-6 n’a pas modifié la clairance (Δ=-3,8%, 

P=0,7) ni le taux de production (Δ=+1,2%, P=0,9) des LRT contenant l’apo B-48, bien qu’elle ait 

diminué l’expression intestinale des gènes MTP (Δ=-18,4%, P=0,006) et apo B (Δ=-16,6%, P=0,005). 

La substitution des AGS par des AGPI ω-6 a diminué la quantité plasmatique de particules LDL (Δ=-

7,8%, P=0,005). Cette différence était attribuable à une diminution du taux de production de ces 

lipoprotéines suite à la consommation de la diète AGPI ω-6 (Δ=-10,0%; P=0,003). 

Conclusions : Cette étude démontre que la substitution des AGS pour des AGPI ω-6 diminue la 

production et le nombre de particules LDL chez des hommes avec une dyslipidémie associée à la 

RI. 
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Abstract 

Background: The substitution of omega (ω)-6 polyunsaturated fatty acids (PUFAs) for saturated fatty 

acids (SFAs) is advocated in cardiovascular disease prevention. The impact of this substitution on 

lipoprotein metabolism in subjects with dyslipidemia associated with insulin resistance (IR) remains 

unknown. 

Objective: In men with dyslipidemia and IR, we evaluated the impact of substituting ω-6 PUFAs for 

SFAs on the in vivo kinetics of apolipoprotein (apo)B-containing lipoproteins and on the intestinal 

expression of key genes involved in lipoprotein metabolism. 

Design: Dyslipidemic and IR men (n=36) were recruited for this double-blind, randomized, crossover, 

controlled trial. Subjects consumed, in a random order, a fully controlled diet rich in SFAs (SFAs: 

13.4% of energy; ω-6 PUFAs: 4.0%) and a fully controlled diet rich in ω-6 PUFAs (SFAs: 6.0%; ω-6 

PUFAs: 11.3%) for periods of 4 wk, separated by a 4-wk washout period. At the end of each diet, the 

in vivo kinetics of apoB-containing lipoproteins were measured and the intestinal expression of key 

genes involved in lipoprotein metabolism was quantified in duodenal biopsies taken from each 

participant. 

Results: The substitution of ω-6 PUFAs for SFAs had no impact on TRL apoB-48 fractional catabolic 

rate (Δ = -3.8%, P=0.7) and production rate (Δ = +1.2%, P = 0.9), although it downregulated the 

intestinal expression of the microsomal triglyceride transfer protein (Δ = -18.4%, P = 0.006) and apoB 

(Δ = -16.6%, P = 0.005). The substitution of ω-6 PUFAs for SFAs decreased the LDL apoB-100 pool 

size (Δ = -7.8%; P = 0.005). This difference was attributed to a reduction in the LDL apoB-100 

production rate after the substitution of ω-6 PUFAs for SFAs (Δ = -10.0%; P = 0.003).  

Conclusions: This study demonstrates that the substitution of dietary ω-6 PUFAs for SFAs 

decreases the production and number of LDL particles in men with dyslipidemia and IR. This trial was 

registered at clinicaltrials.gov as NCT01934543. 

Keywords: insulin resistance, lipoprotein metabolism, intestinal mRNA expression, omega-6 

polyunsaturated fatty acids, saturated fatty acids 
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Introduction 

A significant proportion of cardiovascular disease (CVD) is attributable to insulin resistance (IR), 

which affects > 25% of the population in North America.1, 2 The atherogenic dyslipidemia associated 

with IR is characterized by both decreased HDL-cholesterol (C) concentrations and an 

overaccumulation of triglyceride-rich lipoproteins (TRLs).3 The increased production rate (PR) of both 

hepatic apolipoprotein (apo) B-100-containing lipoproteins and intestinally derived apoB-48-

containing TRLs, as well as the reduced catabolism of these subfractions, cause the 

overaccumulation of TRLs associated with IR.4 Recently, our group also showed that subjects with 

IR present important alterations in the expression of key intestinal genes involved in lipoprotein 

homeostasis that could play a role in the overall dysregulation of TRL metabolism.5 This is of 

significant interest because atherogenic dyslipidemia is undisputedly a major CVD risk factor for 

populations with IR.6, 7 

Dietary guidelines advocate the consumption of omega (ω)-6 PUFAs instead of SFAs for the 

prevention of CVD, as they decrease LDL cholesterol concentrations.8-10 Moreover, acute and chronic 

dietary studies show that the substitution of ω-6 PUFAs for SFAs decreases postprandial lipemia and 

apoB-48 secretion in insulin-sensitive subjects.11-14 The cholesterol- and triglyceride-lowering effects 

of ω-6 PUFA consumption in place of SFAs are of particular interest for dyslipidemic and IR subjects. 

However, data on the impact of this dietary substitution on lipoprotein metabolism in subjects with 

dyslipidemia associated with IR are limited and mixed.15-18 Therefore, our ability to define optimal, 

evidence-based dietary guidelines for this population at high CVD risk remains limited. 

The general objective of this study was to characterize the homeostasis of lipoproteins in men with 

dyslipidemia and IR by examining how the substitution of dietary ω-6 PUFAs for SFAs modifies 

hepatic and intestinal lipoprotein metabolism. The primary objective was to examine the impact of the 

substitution of dietary ω-6 PUFAs for SFAs on the in vivo kinetics of apoB-containing lipoproteins. 

The secondary objective was to examine the impact of the consumption of dietary ω-6 PUFAs instead 

of SFAs on the expression of key intestinal genes that regulate the absorption, synthesis, assembly 

and secretion of lipids and lipoproteins. We hypothesized that, in dyslipidemic and IR men, the 

substitution of ω-6 PUFAs for SFAs would reduce the PR, stimulate the fractional catabolic rate (FCR) 

of apoB-containing lipoproteins, and regulate the intestinal expression of key genes involved in lipid 

and lipoprotein metabolism, as dietary fatty acids are known to affect the transcription of several 

genes.19  

Methods 

The Laval University Medical Center ethical review committee approved the research protocol. 

Written consent was obtained from all participants. This trial was registered at clinicaltrials.gov 
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(NCT01934543). The study was conducted between December 2013 and December 2014 at the 

Institute of Nutrition and Functional Food (INAF) of Laval University in the Quebec City area (Canada). 

Study subjects 

Thirty-six, unrelated, dyslipidemic men with IR were recruited. To be enrolled in the study, participants 

had to be between 18 and 65 y old, had to have fasting plasma TG concentrations ≥1.3 mmol/L (114 

mg/dL) and <7.0 mmol/L (619 mg/dL) and fasting insulin concentrations ≥90 pmol/L. Fasting TG and 

insulin concentrations were measured during two different screening visits. The average 

concentration of TG and insulin had to meet these criteria. Participants had to have had a stable body 

weight for at least 3 mo prior to the screening, a BMI ≥25 kg/m2 and a waist circumference ≥94 cm. 

Exclusion criteria included smoking (>1 cig/d); alcoholism; illicit drug consumption; extreme 

dyslipidemias (e.g., familial hypercholesterolemia); type 2 diabetes; a history of CVD or cancer; acute 

hepatic or renal disease (aspartate aminotransferase/alanine transaminase >1.5 x the upper limit of 

normal; creatinine levels >176 μmol/L; creatine phosphokinase >2 x the upper limit of normal); HIV; 

uncontrolled high blood pressure (>160/110 mm Hg); or any other condition that could interfere with 

participation in the study. Lipid-lowering medication had to be withdrawn 3 wk prior to the first 

screening visit and abstained from for the duration of the study. The use of antidepressants, 

antihypertensive drugs or levothyroxine was allowed only if the dose had been stable for at least 3 

months prior to the study. Any other drug, dietary supplement or natural health product had to be 

stopped for the duration of the study. Participants had to notify one of the study coordinators if they 

had to initiate or modify any medication during the course of the study.  

Study design 

This study was designed as a double-blind, randomized, controlled, crossover study. Once enrolled, 

subjects initiated a 2-wk, run-in period to familiarize themselves with the instructions of the study 

(weeks -2 to 0). At week 0, subjects were randomized to either the SFA-PUFA or PUFA-SFA diet 

sequence. The randomization was performed with four blocks of 10 subjects with an allocation ratio 

of 1:1. Subjects with the SFA-PUFA sequence first consumed a fully controlled diet rich in SFAs and 

low in ω-6 PUFAs for 4 wk (weeks 0 to 4). The participants were then subjected to a fully controlled 

diet rich ω-6 PUFAs and low in SFAs diet for 4 wk (weeks 8 to 12) after a 4-wk washout period 

separating the two experimental diets (weeks 4 to 8). Given the crossover design, participants with 

the PUFA-SFA sequence consumed the two fully controlled diets in the reverse order. The two 

experimental diets were consumed under carefully controlled, isocaloric conditions to enable 

participants to maintain a constant weight during the study. The energy requirements of the study 

participants were estimated using Harris-Benedict’s formula20 and an assessment of their energy 

intakes from their completed, validated, web-based, self-administered food frequency questionnaires 

(FFQs).21 Body weight was monitored on weekdays before lunch. If a participant’s weight changed 

by ±2 kg from the diet-specific baseline value, the participant’s caloric intake was adjusted to stop the 
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weight variation. Three meals and one snack were provided daily to all participants. A 7-d cyclic menu 

was used. On weekdays, subjects consumed their lunch meal at the Clinical Investigation Unit at the 

Institute of Nutrition and Functional Foods under the supervision of a research assistant. Other meals 

were packed and consumed at home. Participants were instructed to consume all the food, and only 

the food, that was provided to them. Subjects had free access to caffeine- and calorie-free beverages. 

Alcohol consumption was forbidden during the experimental diets and limited to ≤2 serving/d and 

≤7/week during the run-in and the washout periods. Participants had to complete a daily checklist to 

identify foods that they had or had not consumed. Dietary compliance was measured using this 

checklist. Participants had to maintain a constant physical activity level throughout the study. Fasting 

blood samples were collected at the two screening visits, at the beginning of each diet and on the 

morning of the kinetic study at the end of each diet (weeks -4, -3, 0, 4, 8, 12). Kinetic studies were 

conducted on the last day (day 28) of each diet and duodenal biopsies were obtained on the day 26 

of each diet. Forty-eight hours prior to the duodenal biopsies and kinetic studies, high-intensity 

physical activity was forbidden. Participants and coordinators were blinded until the final statistical 

analyses were conducted. 

Composition of the experimental diets 

The nutritional composition of the SFA diet was designed to represent the typical US diet while the 

nutritional composition of the ω-6 PUFA diet corresponded to the current US nutritional guidelines.8 

The two experimental diets provided ~35% of energy as fat, ~50% as carbohydrates and ~16% as 

protein (Table 1). The SFA diet contained 13.4% of energy as SFAs, 14.4% as MUFAs and 4.0% as 

ω-6 PUFAs. Dietary fats and SFAs were mainly provided from lard. The ω-6 PUFA diet provided 6.0% 

of energy as SFAs, 14.2% as MUFAs and 11.5% as ω-6 PUFAs. Safflower oil instead of lard was 

used to provide ω-6 PUFAs. Other foods were fat free or low in fat in both diets. 

In the SFA diet, the use of lard provided an important amount of MUFAs, mainly oleic acid (18:1). To 

maintain the same MUFA content between the two diets, a small quantity of olive oil was substituted 

for safflower oil in the ω-6 PUFA diet. Thus, the ω-6 PUFA content of the ω-6 PUFA diet was ~2.0% 

lower than the SFA content of the SFA diet (11.5% vs. 13.4%). Overall, the main difference between 

the two experimental diets was the substitution of ω-6 PUFAs for SFAs. Other macro- and 

micronutrients were matched in both diets. The breakfast meal represented ~30% of the daily energy 

intake and the lunch and dinner meals each provided 35% of the daily energy intake. The composition 

of the diets was measured using Nutrition Data System for Research software (University of 

Minnesota). Dietetic technicians prepared the experimental diets throughout the study. Each food or 

ingredient was weighed with a precision of ±0.1 g. 



 

281 
 

Fasting plasma lipoprotein, glucose and insulin concentration 

measurements  

Twelve-hour fasting, blood samples were obtained from an antecubital vein. Serum cholesterol and 

TG concentrations were determined with a Roche/Hitachi MODULAR analyzer (Roche Diagnostics, 

Indianapolis, IN, USA) using proper reagents. Blood glucose levels were measured by colorimetry 

and insulin concentrations were measured by electrochemiluminescence (Roche Diagnostics, 

Indianapolis, IN, USA). Commercial ELISA kits were used to measure levels of apoAV, apoC-II, apoC-

III, apoE, angiopoietin-like 3 (ANGPTL3), C-reactive protein (CRP), cholesteryl ester transfer protein 

(CETP), hepatic lipase (HL), LDL receptor (LDLR), and lipoprotein lipase (LPL). The complete list of 

manufacturers is presented in the Supplemental Material.  

Kinetic studies 

To determine the kinetics of apoB-48- and apoB-100-containing lipoproteins, subjects underwent a 

primed-constant infusion of L-[5,5,5-D3]leucine while they were maintained in a constant fed state on 

the last day of each diet. Subjects received 30 small, identical snacks every half hour for 15 h, each 

containing 1/30th of their estimated daily food intake. The composition of the snacks provided during 

the kinetic studies was identical to that of the diet. The snacks of the kinetic study performed at the 

end of the ω-6 PUFA diet provided 11.3% of energy as ω-6 PUFAs and 6.0% as SFAs.  The snacks 

of the kinetic study performed at the end of the SFA diet provided 4.0% of energy as ω-6 PUFAs and 

13.4% as SFAs. Blood samples were collected at predetermined times during the test. ApoB-48 and 

apoB-100 concentrations were measured by commercial ELISA kits (Shibayagi Co. Ltd., Alerchek 

Inc., respectively). Sample processing, laboratory measurements and lipoprotein kinetic analyses 

were performed by liquid chromatography-mass spectrometry with multiple reaction monitoring as 

previously described.22 

Intestinal biopsies and extraction and quantification of total RNA 

Biopsy samples were collected from the second portion of the duodenum during 

gastroduodenoscopy. Three samples (3 x 3 mm) were collected using single-use biopsy forceps and 

immediately flash frozen in liquid nitrogen and stored at -80°C before RNA extraction. Intestinal tissue 

samples were homogenized in 1 mL of QIAzol (Qiagen). RNA was extracted using an RNeasy kit 

(Qiagen). To eliminate any contaminating DNA, biopsies were treated with an RNase-free DNase set. 

Total RNA extraction and quantitative real-time polymerase chain reaction (PCR) were performed as 

previously described.23 Primer sequences and gene descriptions are available in Supplemental 

Table 1. Quantitative real-time PCR measurements were performed by the CHU de Québec-

Université Laval Research Center Gene Expression Platform (Quebec, Canada) and were compliant 

with MIQE guidelines.  
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Sample size estimate 

A power calculation was conducted using the change in TRL apoB-48 PR as the primary outcome, 

and this calculation indicated that a sample size of 30 subjects would enable us to detect a clinically 

significant difference of 37% in TRL apoB-48 PR between the two diets with a power of 80% at a 

two–sided, 5% significance level. The within-patient SD for TRL apoB-48 PR used for this calculation 

was 50%, based on previous studies from our group.24, 25 Studies conducted in healthy subjects (n < 

10) reported significant effects on chylomicron metabolism associated with this dietary substitution.11 

A power calculation using the change in LDL apoB-100 FCR as a secondary outcome was also 

conducted. The within-patient standard deviation was fixed at 35%, based on previous studies from 

our group.24, 25 A sample size of 30 subjects would allow us to detect a clinically significant difference 

of 26% in LDL apoB-100 FCR between the SFA and ω-6 PUFA diets with a power of 80% at a two-

sided 5% significance level. This assumption is based on previous studies that reported significant 

effects on LDL apoB-100 clearance with the substitution of ω-6 PUFAs for SFAs.12, 26 An estimated 

attrition rate of 20% was taken into account to determine that 36 subjects had to be recruited. 

Statistics 

Statistical analyses were performed using mixed models with JMP Pro software version 12.2.0. In the 

mixed models, treatment was treated as a fixed effect and subjects were treated as a random effect. 

Treatment sequence and diet-specific baseline values were included in the models as fixed effect 

covariates. Models for biochemical characteristics, kinetics, and mRNA gene expression were also 

adjusted for anthropometric characteristics that differed between the two treatments. Only covariates 

with significant effects were maintained in the models. The covariance structure was adjusted for 

each dependent variable to increase the fit of the data to the model. The model normality was 

assessed by the distribution of the scaled residual values. For additional exploratory analyses, a non-

parametric Spearman’s rank correlation test was performed to evaluate the associations among key 

intestinal genes involved in cholesterol metabolism with respect to changes in mRNA expression 

levels following the PUFA diet versus the SFA diet. Differences were considered to be statistically 

significant at P < 0.05. 

Results 

A flow chart of the study is presented in Figure 1. During the intervention, 5 subjects dropped out of 

the study for personal reasons (protocol judged too restrictive, n = 2; aversion to foods, n = 3). One 

subject was randomized although he did not meet the eligibility criteria and was excluded from the 

study during week 0. Baseline demographic and fasting biochemical characteristics of the 30 subjects 

who completed the study are presented in Table 2. Subjects exhibited features of IR and atherogenic 

dyslipidemia with elevated HOMA-IR indexes, waist circumferences, and fasting TG concentrations 

and reduced HDL cholesterol concentrations. 
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The reported compliance to the experimental diets was very high for both diets (>99%). No difference 

was observed at the end of the two diets in weight (P = 0.5) and BMI (P = 0.9) of the subjects. Waist 

circumference was slightly lower at the end of the SFA diet in comparison with the end of the ω-6 

PUFA diet (Δ = -0.6 cm, P = 0.02). 

The substitution of ω-6 PUFAs for SFAs had no impact on TRL apoB-48 PR, FCR and pool size (PS) 

(Table 3). Kinetic analyses, however, indicated that the substitution of ω-6 PUFAs for SFAs had a 

significant impact on LDL apoB-100 metabolism. The LDL apoB-100 PS was significantly lower after 

the ω-6 PUFA diet compared with the SFA diet. This was attributable to the lower LDL apoB-100 PR, 

as LDL apoB-100 FCR remained unchanged between the two diets. The kinetics of VLDL apoB-100 

and of IDL apoB-100 were not modified by the diets. Also, no significant differences between the two 

diets were observed in the VLDL to LDL and the IDL to LDL conversion rates. Extensive biochemical 

analyses were conducted to determine if the change in LDL apoB-100 kinetics was associated with 

a variation in circulating molecules known to impact lipoprotein metabolism (Table 4). No changes 

were observed in the post-diet fasting concentrations of apoA-V, apoE, apoC-II, apoC-III, LPL, HL, 

ANGPTL3, CETP and LDLR. Finally, the substitution of ω-6 PUFAs for SFAs had no impact on insulin 

and glucose homeostasis, CRP levels and cholesterol and fasting TG concentrations. Nonetheless, 

LDL-C concentrations tended to be lower after the ω-6 PUFA diet compared to the SFA diet (P = 

0.06). 

Figure 2 presents the diet-induced changes in the duodenal mRNA expression levels of key genes 

involved in lipid metabolism. The substitution of dietary ω-6 PUFAs for SFAs significantly 

downregulated intestinal expression of hepatic nuclear factor-4α (HNF4α: Δ = -8.2 ± 4.6%; P = 0.008) 

and peroxisome proliferator-activated receptor α (PPARα: Δ = -8.6 ± 3.1%, P = 0.009). Among genes 

involved in lipoprotein assembly and transport, substituting ω-6 PUFAs for SFAs significantly 

upregulated intestinal expression of the VLDL receptor (VLDLR) (Δ = +19.5 ± 9.0%; P = 0.01) and 

downregulated intestinal expression of microsomal triglyceride transfer protein (MTP) (Δ = -18.4 ± 

8.3%; P = 0.006), apoB (Δ = -16.6 ± 8.4%; P = 0.005), apoAI (Δ = -23.1 ± 12.0%; P = 0.002), and 

SAR1 homolog B (SAR1B) (Δ = -9.0 ± 4.7%; P = 0.04). Of the genes involved in cholesterol 

metabolism and transport, intestinal expression of ATP-binding cassette (ABC) G5 and ABCG8 were 

significantly lower after the ω-6 PUFA diet (-20.2 ± 9.9%; P = 0.002 and -17.3 ± 10.0%; P = 0.005, 

respectively). Similarly, intestinal expression of fatty acid binding protein-2 (FABP2) and fatty acid 

transport protein-4 (FATP4) were significantly lower after the ω-6 PUFA diet (Δ = -18.2 ± 8.2%; P = 

0.006 and Δ = -12.5 ± 6.1%; P = 0.009, respectively). Finally, intestinal mRNA levels of mannosyl (α-

1,6-)-glycoprotein β-1,2-N-acetylglucosaminyltransferase (MGAT2) and diacylglycerol O-

acyltransferase 1 (DGAT1) were significantly lower following the ω-6 PUFA diet compared to the SFA 

diet (Δ = -6.8 ± 5.3%; P = 0.04 and Δ = -17.1 ± 12.1%; P = 0.01, respectively). 
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The validity of the duodenal model used was ascertained by correlation between changes in mRNA 

levels of different genes known to be regulated together. Among others, the diet-induced changes in 

HNF4α mRNA levels were significantly correlated with changes in FABP2, FATP4, MTP, apoB, 

ABCG5, ABCG8, MGAT2 and DGAT1 (Supplemental Table 2). 

Discussion 

This study evaluated the impact of the substitution of dietary ω-6 PUFAs for SFAs on lipoprotein 

metabolism in men with dyslipidemia associated with IR. Substituting ω-6 PUFAs for SFAs had no 

impact on TRL apoB-48 kinetics, but significantly decreased LDL apoB-100 PR and PS by 10.1% and 

7.8%, respectively. The substitution of ω-6 PUFAs for SFAs also regulated intestinal expression of 

several key genes involved in lipoprotein metabolism including MTP, apoB and VLDLR. In summary, 

this study demonstrated that, in dyslipidemic and IR men, substitution of dietary ω-6 PUFAs for SFAs 

reduces LDL particle number by decreasing production of these lipoproteins.  

To our knowledge, this study is the first to evaluate the impact of the substitution of ω-6 PUFAs for 

SFAs on TRL apoB-48 metabolism using tracer analyses in IR subjects. Postprandial overproduction 

of intestinal TRLs is a major concern for subjects with dyslipidemia and IR because of the atherogenic 

properties of apoB-48-containing remnant particles.7, 27 Substitution of ω-6 PUFAs for SFAs reduces 

postprandial lipemia in non-dyslipidemic and insulin sensitive subjects.11, 12, 14, 28, 29 However, the 

consumption of various types of dietary fat, including MUFAs, PUFAs, ω-3 PUFAs, SFAs, and 

medium-chain TGs, has also been reported to have a very limited impact on TRL apoB-48 metabolism 

and postprandial lipemia in subjects with IR.18, 23, 30, 31 It is well recognized that VLDL apoB-100 PS 

and insulin sensitivity are the principal determinants of the overproduction of TRL apoB-48 in 

dyslipidemic and IR subjects.5, 32 In this context, the absence of impact of ω-6 PUFAs on TRL apoB-

48 metabolism may result from the neutral effect of ω-6 PUFA on VLDL apoB-100 PS and insulin 

sensitivity. The present study demonstrated that the substitution of ω-6 PUFAs for SFAs has no 

beneficial effects on TRL apoB-48 kinetics and postprandial lipemia in subjects with dyslipidemia 

associated with IR. Accordingly, accumulating evidence now suggests that the impact of dietary fat 

on postprandial lipoprotein metabolism and CVD risk factors is attenuated by IR.33-35 

In comparison with SFAs, PUFAs are known to repress lipogenesis.19 In this study, the substitution 

of ω-6 PUFAs for SFAs induced a nearly significant downregulation in the intestinal expression of the 

lipogenic nuclear transcription factor SREBP1c (P=0.1). Several other genes involved in cholesterol 

and fatty acid transport (ABCG5, ABCG8, FABP2, FATP4), TG synthesis (MGAT2, DGAT1) and 

chylomicron assembly and secretion (apoB, MTP and SAR1B) were also downregulated following 

the ω-6 PUFA diet. The concomitant downregulation in the intestinal expression of PPARs was 

unexpected considering that PUFAs are direct agonists of PPARs.19, 36 Considering that IR is 

associated with a downregulation in PPAR expression and with important alterations in fat oxidation 
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metabolism,35, 37 it remains likely that the impact of PUFAs on the intestinal expression of PPARs was 

repressed by IR. Overall, changes in the intestinal mRNA levels of key genes involved in intestinal 

lipid transport, synthesis and oxidation, as well as in chylomicron assembly and secretion following 

the ω-6 PUFA diet, suggest that the substitution of ω-6 PUFAs for SFAs promoted lipid uptake and 

retention within enterocytes. However, the absence of change in TRL apoB-48 PR between the two 

diets contrasts with these numerous changes in gene expression. Considering that plasma free fatty 

acids have the ability to directly enter enterocytes via the basolateral membrane,38 exposure to high 

plasma concentrations of free fatty acids associated with IR probably maintained constant enterocyte 

lipid content and TRL apoB-48 PR levels between the two diets.5, 32, 39, 40 Further mechanistic 

investigations are required to corroborate this hypothesis. 

Previous kinetic studies in insulin-sensitive subjects showed that the consumption of ω-6 PUFAs in 

comparison with SFAs decreased LDL cholesterol concentrations and LDL PS by increasing LDL 

apoB-100 FCRs.12, 14, 26, 28, 29, 41 Studies conducted in cell and animal models showed that ω-6 PUFAs 

increase LPL activity29 and the expression of hepatic lipoprotein-receptor via PPAR-dependent and 

independent pathways.42-44 Conversely, SFAs increase the apoC-III concentration45 and reduce HL 

activity46 and LDLR concentrations,47 leading to decreased lipoprotein uptake by the liver.48 However, 

these mechanisms were all described in insulin sensitive models. In this study, the -7.8% reduction 

in LDL apoB-100 PS after the ω-6 PUFA diet resulted from the -10.1% decrease in LDL apoB-100 

PR. Our results suggest that the reduction in LDL apoB-100 PR could be the outcome of an increased 

direct clearance of larger TG-rich particles, upstream of LDL production. In that regard, the 

upregulation of the VLDLR gene induced by the substitution of ω-6 PUFAs for SFAs may have 

increased the uptake of TG-rich apoB-100 containing-particles in the intestine and, potentially, in 

other peripheral tissues.49-51 This remains, however, only a hypothesis at this stage. Nonetheless, 

this study demonstrated that substitution of dietary ω-6 PUFAs for SFAs decreases LDL apoB-100 

PS by reducing LDL apoB-100 PR in dyslipidemic and IR men. 

The recommendation that patients with dyslipidemia associated with IR or type 2 diabetes should 

reduce SFA consumption to prevent CVD was recently reaffirmed.10 However, these guidelines were 

primarily based on data from studies conducted in an insulin-sensitive population52-54 and the 

cardiovascular benefits of a high consumption of ω-6 PUFAs in place of SFAs was challenged by 

reappraisal of data from the Sydney Diet Heart Study and the Minnesota Coronary Experiment.55-57 

Nonetheless, considering that the LDL apoB-100 particle number is more closely related to coronary 

risk than the mass of cholesterol within the particles,58 the reduction in LDL apoB-100 PS measured 

in our fully controlled, dietary investigation is of particular interest. Our data suggest that the 

substitution of ω-6 PUFAs for SFAs could provide cardiovascular benefits in the long term for subjects 

with dyslipidemia associated with IR. Additional investigation in IR subjects on the impact of this 
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dietary substitution on other cardiometabolic risk factors (e.g. LDL oxidation, inflammation) are 

required. 

The crossover design and fully-controlled diets are major strengths of our dietary intervention and 

enabled evaluation of the impact of the substitution of ω-6 PUFAs for SFAs per se, as recommended 

in dietary guidelines. Additionally, the kinetic analyses and the quantification of intestinal gene 

expression provided extensive mechanistic explanations of the reported observations. However, the 

absence of hepatic and peripheral expression of key genes involved in lipoprotein metabolism may 

limit the interpretation of changes measured at the duodenal level. It cannot be excluded that the 

limited length of the dietary interventions attenuated the magnitude of some effects. Finally, the 

generalizability of the results is limited by the fact that only men were included in the present study. 

In conclusion, our study showed that the substitution of dietary ω-6 PUFAs for SFAs in men with 

dyslipidemia associated with IR had no impact on TRL apoB-48 kinetics but regulated the intestinal 

expression of several key genes involved in lipoprotein metabolism. More importantly, this dietary 

substitution reduced LDL particle numbers by decreasing the production of these particles.  
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Tables 

Table 18-1 Composition of the experimental diets 

 SFA diet ω-6 PUFA diet 

Energy (kcal) 3288 ± 302 3296 ± 299 

Alcohol (%) 0.0 0.0 

Protein (%) 16.0 16.0 

Carbohydrate (%) 49.3 49.7 

Lipids (%) 34.7 34.3 

Lipids (g) 127.9 ± 11.7 128.2 ± 11.6 

SFA (%) 13.4 6.0 

SFA (g) 49.4 ± 4.5 22.6 ± 2.1 

Butyric acid (4:0) (g) 0.5 ± 0.0 0.3 ± 0.0 

Caproic acid (6:0) (g) 0.2 ± 0.0 0.1 ± 0.0 

Caprylic acid (8:0) (g) 0.3 ± 0.0 0.2 ± 0.0 

Capric acid (10:0) (g) 0.5 ± 0.1 0.3 ± 0.0 

Lauric acid (12:0) (g) 1.2 ± 0.1 0.9 ± 0.1 

Myristic acid (14:0) (g) 3.0 ± 0.3 1.2 ± 0.1 

Palmitic acid (16:0) (g) 28.2 ± 2.6 14.0 ± 1.3 

Margaric acid (17:0) (g) 0.0 ± 0.0 0.0 ± 0.0 

Stearic acid (18:0) (g) 14.5 ± 1.3 4.8 ± 0.4 

Arachidic acid (20:0) (g) 0.1 ± 0.0 0.2 ± 0.0 

Behenic acid (22:0) (g) 0.1 ± 0.0 0.1 ± 0.0 

MUFA (%) 14.4 14.2 

MUFA (g) 52.9 ± 4.9 53.0 ± 4.8 

PUFA (%) 4.5 11.8 

PUFA (g) 16.6 ± 1.5 44.0 ± 4.0 

Linoleic acid (18:2) (g) 14.4 ± 1.3 41.8 ± 3.8 

Linolenic acid (18:3) (g) 1.6 ± 0.1 1.6 ± 0.1 

Arachidonic acid (20:4) (g) 0.2 ± 0.0 0.2 ± 0.0 

Eicosapentanoic acid (20:5) (g) 0.1 ± 0.0 0.1 ± 0.0 

Docosapentanoic acid (22:5) (g) 0.1 ± 0.0 0.0 ± 0.0 

Docosahexanoic acid (22:6) (g) 0.2 ± 0.0 0.2 ± 0.0 

ω-6 PUFA (%) 4.0 11.3 

ω-6 PUFA (g) 14.7± 1.4 42.1 ± 3.8 

ω-3 PUFA (%) 0.5 0.5 

ω-3 PUFA (g) 1.9 ± 0.2 1.9 ± 0.2 

PUFA:SFA ratio 0.3 2.0 

Trans fatty acid (%) 0.5 0.5 

Dietary cholesterol (mg) 328 ± 30 329 ± 30 

Fiber (g) 38.2 ± 3.5 38.2 ± 3.5 

Sodium (mg) 2934 ± 270 2944 ± 267 

1 Data are presented as the mean ± standard deviation. SFA: saturated fatty acids; ω: 

omega; PUFA: polyunsaturated fatty acids; MUFA: monounsaturated fatty acids. 
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Table 18-2 Baseline (week 0) anthropometric and fasting biochemical characteristics of the subjects 

(n=30) 

Characteristics  

Age (year) 39.5 ± 12.2 

Weight (kg) 100.4 ± 14.3 

BMI (kg/m2) 32.7 ± 3.6 

Waist circumference (cm) 110.8 ± 9.6 

Systolic blood pressure (mm Hg) 126 ± 10 

Diastolic blood pressure (mm Hg) 75 ± 9 

Total-C (mmol/L) 5.39 ± 1.15 

TG (mmol/L) 2.44 ± 1.49 

HDL-C (mmol/L) 1.09 ± 0.20 

LDL-C (mmol/L) 3.12 ± 0.85 

Non HDL-C (mmol/L) 4.30 ± 1.10 

Total-C/HDL-C  5.06 ± 1.18 

Glucose (mmol/L) 5.34 ± 0.56 

Insulin (pmol/L) 136 ± 52 

HOMA-IR index 4.68 ± 1.91 

1 Data are presented as the mean ± SD. C: cholesterol; TG: 

triglyceride. 
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Table 18-3 Kinetic parameters of TRL apoB-48 and VLDL, IDL and LDL apoB-100 of the subjects (n=30) at the end of each diet1 

 SFA ω-6 PUFA %Δ P2 

TRL apoB-48     

PS (mg) 55.0 ± 32.1 57.4 ± 28.6 +4.2 ± 14.2 0.7 

FCR (pools/d) 8.38 ± 4.47 8.07 ± 3.19 -3.8 ± 11.9 0.7 

PR (mg/kg/d) 4.05 ± 2.42 4.10 ± 1.44 +1.2 ± 12.6 0.9 

VLDL apoB-100     

PS (mg) 596 ± 378 632 ± 423 +6.0 ± 15.3 0.5 

FCR (pools/d) 7.79 ± 4.07 7.65 ± 2.62 -1.8 ± 11.3 0.9 

PR (mg/kg/d) 39.4 ± 13.5 42.7 ± 13.0 +8.4 ± 8.6 0.2 

Direct catabolic rate (%) 18.1 ± 23.4   16.8 ± 20.8 -7.2 ± 31.6 0.7 

IDL apoB-100     

PS (mg) 124.9 ± 47.3 118.8 ± 49.1 -4.9 ± 9.9 0.2 

FCR (pools/d) 20.5 ± 21.6 19.5 ± 9.4 -4.9 ± 21.0 0.7 

PR (mg/kg/d) 23.3 ± 22.2 22.1 ± 9.8 -5.2 ± 18.9 0.7 

Direct catabolic rate (%) 73.4 ± 39.9 80.4 ± 35.4 +9.5 ± 13.3 0.3 

LDL apoB-100     

PS (mg) 5126 ± 2215 4726 ± 2261 -7.8 ± 11.3 0.005 

FCR (pools/d) 0.37 ± 0.12 0.37 ± 0.14 +0.0 ± 8.1 0.9 

PR (mg/kg/d) 17.9 ± 7.3 16.1 ± 7.2 -10.1 ± 10.6 0.003 

Conversion rate     

VLDL to IDL (%) 48.5 ± 18.9 50.2 ± 18.1 +3.5 ± 9.8 0.6 

VLDL to LDL (%) 33.5 ± 16.3 33.0 ± 16.6 -1.5 ± 12.7 0.9 

IDL to LDL (%) 26.5 ± 39.9 19.5 ± 35.4 -26.4 ± 36.8 0.3 

1 Diet-specific data are presented as the mean ± SD. Differences between diets are presented as the mean ± SEM. SFA: 

saturated fatty acids; ω: omega; PUFA: polyunsaturated fatty acids; TRL triglyceride rich-lipoproteins; apo: apolipoprotein; 

PS: pool size; FCR: fractional catabolic rate; PR: production rate.  

2 P values were calculated with mixed models for repeated measures with subjects as a random effect.  



 

  

Table 18-4 Fasting biochemical characteristics of the subjects (n=30) at the end of each diet1 

 SFA diet ω-6 PUFA diet %Δ P2 

ApoA-V (ng/mL) 58.2 ± 34.9 48.6 ± 21.1 -16.5 ± 12.8 0.1 

ApoC-II (μg/mL) 149 ± 48 155 ± 54 +4.0 ± 8.8 0.5 

ApoC-III (μg/mL) 144 ± 69 134 ± 54 -6.9 ± 11.1 0.5 

ApoE (μg/mL) 37.5 ± 11.5 35.6 ± 8.3 -5.2 ± 6.9 0.2 

CETP (ng/mL) 2089 ± 406  1999 ± 379 -4.3 ± 4.8   0.2 

HL (ρg/mL) 7907 ± 1312  8178 ± 1354 +3.4 ± 4.4 0.4 

LPL (ng/mL) 3899 ± 8943 3963 ± 9100 +1.6 ± 59.7 0.6 

ANGPTL3 (ng/mL) 130 ± 31 130 ± 33 0.0 ± 6.37 0.9 

LDLR (ng/mL) 61.2 ± 22.9 62.3 ± 17.6 +1.7 ± 8.6 0.3 

Glucose (mmol/L) 5.25 ± 0.61 5.21 ± 0.69 -0.8 ± 3.2 0.6 

Insulin (ρmol/L) 129 ± 41 133 ± 36 +3.1 ± 7.8 0.3 

HOMA-IR index 4.37 ± 1.56 4.43 ± 1.29 +1.4 ± 8.5 0.5 

CRP (mg/L) 7.72 ± 15.92 5.87 ± 4.87 -24.0 ± 39.4 0.2 

Total-C (mmol/L) 4.91 ± 0.83 4.67 ± 0.86 -4.9 ± 4.5 0.3 

TG (mmol/L) 2.02 ± 0.91 1.86 ± 0.77 -7.9 ± 10.9 0.9 

HDL-C (mmol/L) 1.02 ± 0.21 1.00 ± 0.17 -2.0 ± 4.9 0.9 

LDL-C (mmol/L) 2.96 ± 0.68 2.79 ± 0.73 -5.7 ± 6.4 0.06 

Non HDL-C (mmol/L) 3.90 ± 0.82 3.67 ± 0.84 -5.9 ± 5.4 0.4 

Total-C/HDL-C 5.01 ± 1.23 4.78 ± 1.15 -4.4 ± 6.2 0.8 

1 Diet-specific data are presented as the mean ± SD. Differences between diets are presented as the mean ± SEM. 

SFA: saturated fatty acids; ω: omega; PUFA: polyunsaturated fatty acids; Apo: apolipoprotein; ANGPTL3: 

angiopoietin-like 3; CETP: cholesteryl ester transfer protein; C: cholesterol; CRP: C-reactive protein; HL: hepatic 

lipase; LDLR: LDL receptor; LPL: lipoprotein lipase; TG: triglyceride.  

2 P values were calculated with mixed models for repeated measures with subjects as a random effect. 



 

  

Figures 

Figure 18-1 Flow chart of participants 

 

Flow chart of participants. SFA: saturated fatty acids; PUFA: Polyunsaturated fatty acids. 
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Figure 18-2 Percent changes in intestinal mRNA levels following the ω-6 PUFA diet compared with 

the SFA diet in men with dyslipidemia and insulin resistance 

 

Percent changes in intestinal mRNA levels following the ω-6 PUFA diet compared with the SFA diet 

in men with dyslipidemia and insulin resistance (n=30). Intestinal mRNA levels were normalized 

according to the expression of the house-keeping gene, TATA box binding protein, prior to statistical 

analyses. Values are presented as the mean change (%) ± SEM. *Significant change vs. SFA diet (P 

< 0.05). P values were calculated with mixed models for repeated measures with subjects as a 

random effect.  
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Supplemental Material 

List of the manufacturers of the ELISA kits: 

Assaypro, St. Charles, MO, USA: ApoC-II, apoC-III; 

Biocheck Inc., Foster City, CA, USA: CRP; 

Cloud-clone Corporation, Houston, TX, USA: CETP, HL; 

Cell Biolabs Inc., San Diego, CA, USA: LPL; 

R&D systems, Minneapolis, MN, USA: ANGPTL3, LDLR, ApoE; 

US Biological, Swampscott, MA, USA: ApoAV.
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Supplemental table 18-1 Sequence primers and gene description 

Gene 

Symbol 

Description GenBank size 

(pb) 

Primer sequence 5'→3' 

S/AS 

DGAT1 Homo sapiens diacylglycerol 

O-acyltransferase 1 (DGAT1) 

NM_012079 135 TGCAGGATTCTTTATTCAGCTCT/CCACCAGGATGCCATACTTGAT 

FABP2 Homo sapiens fatty acid 

binding protein 2, intestinal 

(FABP2) 

NM_000134 137 TCAGGCTGGAATGTAGTGGAGAGA/CAAAACAAAAATTAGCTGGGCACTG 

HMGCoAR Homo sapiens 3-hydroxy-3-

methylglutaryl-Coenzyme A 

reductase (HMGCR), 2 

transcripts 

NM_000859 195 GGGACCAACCTACTACCTCAG/CGACCTGTTGTGAATCATGTGACTT 

ABCG5 Homo sapiens ATP-binding 

cassette, sub-family G 

(WHITE), member 5 (ABCG5) 

NM_022436 196 AGGCATGCTGAACGCTGTGAATC/TCGGGCAACCTCAGGATGTAA 

ABCG8 Homo sapiens ATP-binding 

cassette, sub-family G 

(WHITE), member 8 (ABCG8) 

NM_022437 269 GGGCAATGCTTTACTATGAACTGGA/ATTGCTGAAGAAGGAGGCCATGT 

FATP4 Homo sapiens solute carrier 

family 27 (fatty acid 

transporter), member 4 

(SLC27A4) 

NM_005094 139 TGGCTGCCCTGGTGTACTATG/TTCCGAATCACCACCGTCATG 

MGAT2 Homo sapiens mannosyl 

(alpha-1,6-)-glycoprotein 

beta-1,2-N-

acetylglucosaminyltransferase 

(MGAT2) 

NM_002408 191 TAACCGGCCCGAATACCTCAG/AGGGTACAACTGAATGCTGAAAGGAAA 

DGAT2 Homo sapiens diacylglycerol 

O-acyltransferase 2 (DGAT2), 

2 transcripts 

NM_032564 215 CCGATGGGTCCAGAAGAAGTT/TCACCAGGGCCTCCATGTACA 

MTP Homo sapiens microsomal 

triglyceride transfer protein 

(MTTP), 2 transcripts 

NM_000253 210 CAGGGTGGTCTAGCTATTGATATTTC/TGGGTACTGAGAAAACTGCACTGT 
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APOB Homo sapiens apolipoprotein 

B (APOB) 

NM_000384 274 CTGCGCAACGAGATCAAGACA/CATGCTGGGAATCGACTTGTGA 

LDLR Homo sapiens low density 

lipoprotein receptor (LDLR) 

NM_000527 193 GCCGTAAGGACACAGCACACAACC/GGAGCACGATGGGGAGGACAAT 

PCSK9 Homo sapiens proprotein 

convertase subtilisin/kexin 

type 9 (PCSK9), 2 trancripts 

NM_174936 172 CAGGGGAGGACATCATTGGTG/TTGGCAGAGAAGTGGATCAGTC 

SREBP2 Homo sapiens sterol 

regulatory element binding 

transcription factor 2 

(SREBF2), 2 transcripts 

NM_004599 206 AGGAGAAAGGCGGACAACCCATAATA/CCAGCTTCAGCACCATGTTCTC 

HNF4α Homo sapiens hepatocyte 

nuclear factor 4, alpha 

(HNF4A), 10 transcripts 

NM_000457 145 GGTGCAGGTGAGCTTGGAGGA/GCCGAAGAGCTTGATGAACTGGAT 

ACAT2 Homo sapiens acetyl-

Coenzyme An 

acetyltransferase 2 (ACAT2), 

2 transcripts 

NM_005891 267 CTGTGGCTCCGGAAGATGTGT/CTCCTGTTCTCAAGTAAGCCAAGTG 

NPC1 L1 Homo sapiens NPC1-like 1 

(NPC1L1), 2 transcripts 

NM_013389 273 GCTGCTGTTTCTCGCCCTGTT/GGGAACTCTGTGGCATACTGGATCT 

ACS1 Homo sapiens acyl-CoA 

synthetase long-chain family 

member 1 (ACSL1), 5 

transcripts 

NM_001995 262 GGCAACCCCAAAGGAGCAATG/TTGGAACCACGGGGAAGACAGT 

APOA1 Homo sapiens apolipoprotein 

A-I (APOA1) 

NM_000039 213 TGAAGGACCTGGCCACTGTGTA/GGCCCTCTGTCTCCTTTTCCA 

SREBP1c Homo sapiens sterol 

regulatory element binding 

transcription factor 1 

(SREBF1), 2 transcripts 

NM_004176 283 TGCGGAGAAGCTGCCTATCAACC/TTTGTGGACAGCAGTGCGCAGAC 

APOB48R Homo sapiens apolipoprotein 

B receptor (APOBR) 

NM_018690 135 GCCCAGACCCCAACTAAGCAAC/AGGCTTTACAGACCCCGCGTG 

ACACA Homo sapiens acetyl-CoA 

carboxylase alpha, 5 

transcripts 

NM_198834 194 CACCGCCAGCTTAAGGACAAC/CGCTGACAAGGTGGAGTGAAT 
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ACACB Homo sapiens acetyl-CoA 

carboxylase beta 

NM_001093 138 GCCATGGTAGCCTTCAGGAGAT/CTTGCAGTCATCCTCGGAGTATAG 

SCD Homo sapiens stearoyl-CoA 

desaturase (delta-9-

desaturase) 

NM_005063 151 GTCGGGGGAGAGAGTTAGCATGT/ACCCCGAGCCAGGAGAGAAAG 

FADS1 Homo sapiens fatty acid 

desaturase 1 

NM_013402 140 CACCCAGCTCCAGGCCACATG/GCACCAGGGGAGCCACTTTGT 

FADS2 Homo sapiens fatty acid 

desaturase 2 

NM_004265 234 GCCTTTGTCCTTGCTACCTCTC/GCCCAGAACAAACACGTGCAG 

VLDLR Homo sapiens very low 

density lipoprotein receptor, 2 

transcripts 

NM_003383 148 GCAGCAGGCAGTGTAATGGTATC/TGCTCCTGGTTACATACTTTGCTGATA 

SAR1B Homo sapiens SAR1 homolog 

B (S. cerevisiae) 

NM_016103 203 TGGCATTGTATTTCTGGTGGATTGTG/TCCCCTTTCCTGTTGTCTGACCATATA 

LRP1 Homo sapiens low density 

lipoprotein receptor-related 

protein 1 

NM_002332 150 CCGCGAGGACTACATTGAATTTG/TGGGCTCGGTTAATGGACTTTGT 

SRB1 Homo sapiens scavenger 

receptor class B, member 1 

(SCARB1), 2 transcripts 

NM_005505 129 GTGGGTGAGATCATGTGGGGCTA/GAGCCCAGAGTCGGAGTTGTTGA 

G6PD Homo sapiens glucose-6-

phosphate dehydrogenase 

(G6PD), nuclear gene 

encoding mitochondrial 

protein 

NM_000402 121 GATGTCCCCTGTCCCACCAACTCTG/GCAGGGCATTGAGGTTGGGAG 
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Supplemental table 18-2 Correlations between changes in intestinal mRNA levels induced by the substitution of ω-6 PUFAs for SFAs in intestinal 

genes involved in lipid and lipoprotein metabolism significantly regulated by the experimental diets 

 HNF4α PPARα VLDLR MTP ApoB ApoA1 SAR1B ABCG5 ABCG8 FABP2 FATP4 MGAT2 

PPARα 0.47† ---           

VLDLR -0.32 -0.43* ---          

MTP 0.64‡ 0.57† -0.32 ---         

ApoB 0.65‡ 0.58‡ -0.47† 0.49† ---        

ApoAI 0.48† 0.65‡ -0.41* 0.76‡ 0.58‡ ---       

SAR1B 0.74‡ 0.50† -0.34 0.83‡ 0.65‡ 0.72‡ ---      

ABCG5 0.69‡ 0.45* -0.48† 0.59† 0.64‡ 0.61‡ 0.54† ---     

ABCG8 0.54† 0.46* -0.43* 0.56† 0.44* 0.65‡ 0.53† 0.85‡ ---    

FABP2 0.72‡ 0.61‡ -0.34 0.85‡ 0.57† 0.79‡ 0.85‡ 0.53† 0.50† ---   

FATP4 0.67‡ 0.62‡ -0.53† 0.71‡ 0.60‡ 0.67‡ 0.79‡ 0.62‡ 0.62‡ 0.75‡ ---  

MGAT2 0.56† 0.16 -0.07 0.48† 0.38* 0.13 0.58‡ 0.41* 0.40* 0.46* 0.55† --- 

DGAT1 0.82‡ 0.63‡ -0.48† 0.82‡ 0.72‡ 0.77‡ 0.86‡ 0.75‡ 0.69‡ 0.84‡ 0.89‡ 0.48† 

A non-parametric Spearman’s rank correlation test was performed to evaluate the associations between key intestinal genes involved in cholesterol 

metabolism with respect to changes in mRNA expression levels following the PUFA diet vs. the SFA diet. *: P<0.05; †: P<0.01; ‡: P<0.001 

 


