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Abstract

Dietary fat intake plays a critical role in the development of metabolic syndrome (MetS). This study addressed the hypothesis

that dietary fat quantity and quality may differentially modulate postprandial lipoprotein metabolism inMetS patients. A multi-

center, parallel, randomized, controlled trial conducted within the LIPGENE study randomly assigned MetS patients to 1 of 4

diets: high-SFA [HSFA; 38% energy (E) from fat, 16% E as SFA], high-monounsaturated fatty acid [HMUFA; 38% E from fat,

20% E as MUFA], and 2 low-fat, high-complex carbohydrate [LFHCC; 28% E from fat] diets supplemented with 1.24 g/d of

long-chain (LC) (n-3) PUFA (ratio 1.4 eicosapentaenoic acid:1 docosahexaenoic acid) or placebo (1.24 g/d of high-oleic

sunflower-seed oil) for 12 wk each. A fat challenge with the same fat composition as the diets was conducted pre- and

postintervention. Postprandial total cholesterol, triglycerides (TG), apolipoprotein (apo) B, apo B-48, apo A-I, LDL-cholesterol,

HDL-cholesterol and cholesterol, TG, retinyl palmitate, and apo B in TG-rich lipoproteins (TRL; large and small) were

determined pre- and postintervention. Postintervention, postprandial TG (P, 0.001) and large TRL-TG (P = 0.009) clearance

began earlier andwas faster in the HMUFA group comparedwith the HSFA and LFHCC groups. The LFHCC (n-3) group had a

lower postprandial TG concentration (P, 0.001) than the other diet groups. Consuming the LFHCC diet increased the TG (P =

0.04), large TRL-TG (P = 0.01), TRL-cholesterol (P, 0.001), TRL-retinyl palmitate (P = 0.001), and TRL-apo B (P = 0.002) area

under the curve compared with preintervention values. In contrast, long-term ingestion of the LFHCC (n-3) diet did not

augment postprandial TG and TRL metabolism. In conclusion, postprandial abnormalities associated with MetS can be

attenuated with LFHCC (n-3) and HMUFA diets. The adverse postprandial TG-raising effects of long-term LFHCC diets may

be avoided by concomitant LC (n-3) PUFA supplementation toweight-stableMetS patients. J. Nutr. 140: 1595–1601, 2010.

Introduction

The insulin resistance syndrome was initially described by
Reaven in 1988 (1) and was recently redefined as metabolic
syndrome (MetS)10 by the National Cholesterol Education
Program’s Adult Treatment Panel III report (2,3). MetS is a
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very common cause of type 2 diabetes, the incidence of which is
increasing rapidly. MetS is also strongly associated with coronary
artery disease (3).MetS refers to the aggregation of atherosclerotic
risk factors, including insulin resistance, dyslipidemia, and hyper-
tension (4). This syndrome is also characterized by additional
abnormalities, such as central obesity, endothelial dysfunction,
low HDL-cholesterol (HDL-C), and a pro-coagulant state (5).

The etiology of this syndrome is ill-defined, but there is no
doubt that genetic, metabolic, and environmental factors, includ-
ing diet, play an important role in its development (6). In
particular, the amount and type of dietary fat are reported to
contribute to the development of MetS, as suggested by observa-
tional studies (7,8). Thus, dietary modifications should be a
primary intervention to attenuate metabolic risk factors that lead
to MetS. However, a key question is whether to reduce SFA
intakes via low-fat, high-complex carbohydrate (LFHCC) diets or
by moderate-fat diets rich in monounsaturated fat (MUFA). Pre-
vious studies showed that consumption of high-MUFA (HMUFA)
diets induces lower triglycerides (TG) and higher HDL-C concen-
trations comparedwith low-fat, high-carbohydrate diets in healthy
participants (9). Also, Roche et al. (10) observed that the adverse
effects produced by the intake of low-fat, high-carbohydrate diets
on blood lipids can be attenuated by the addition of long-chain
(LC) (n-3) PUFA in healthy individuals.

MetS is a postprandial disease, because increased plasma TG
concentrations are one of the major abnormalities found in these
patients. Every time that we eat a meal there are physiological
changes in postprandial lipoproteins. However, modifications in
the metabolism of these postprandial lipoproteins could play an
important role in the development of cardiovascular complica-
tions (11). Postprandial hyperlipidemia is characteristic ofMetS,
with increased postprandial TG-rich lipoprotein (TRL) concen-
trations, which tend to be enriched with cholesterol esters in
MetS patients (12).

Thus, potential dietary modifications of postprandial lipemia
are of major importance, because the abnormal lipoprotein
profile presented in MetS greatly increases the risk of diabetes
and coronary artery disease (13). To date, few studies have
investigated the acute and long-term effects of dietary fat
amount on postprandial lipoprotein response in patients with
MetS (14). Furthermore, the acute impact of dietary fat quality
and the effect of a long-term dietary MUFA, LC (n-3) PUFA, and
high-complex carbohydrate intervention on postprandial lipo-
protein metabolism have never been investigated in these
patients. Therefore, we addressed the hypothesis that the acute
and long-term dietary fat intake would differentially modulate
postprandial lipoprotein response in MetS patients. To that
purpose, the aim of this study was to determinate the effects of
the quantity and quality of dietary fat on postprandial lipopro-
tein metabolism in a well-characterized cohort of MetS patients.

Methods

Participants and recruitment. This study was conducted within the

framework of the LIPGENE study (Diet, genomics and metabolic

syndrome: an integrated nutrition, agro-food, social and economic

analysis), a Framework 6 Integrated Projected funded by the European
Union. A total of 164 patients with MetS (104 females and 60 males)

from the LIPGENE cohort were accepted to participate in the

postprandial study; 130 patients (86 females and 44 males) completed

the preintervention postprandial lipemia study and 117 of them (76
females and 41 males) successfully concluded the dietary intervention

and the postintervention postprandial lipemia studies (Supplemental

Fig. 1). All participants gave written informed consent and underwent a

comprehensive medical history, physical examination, and clinical

chemistry analysis before enrolment. This study was carried out in the

Lipid and Atherosclerosis Unit at the Reina Sofia University Hospital,

Spain, and in the Department of Clinical Biochemistry, Jagiellonian
University School ofMedicine, Poland, from February 2005 toApril 2006.

The experimental protocol was approved by the local ethic committee at

each of the intervention centers according to the Helsinki Declaration.

Design. Patients were randomly stratified to 1 of 4 dietary interventions
for 12 wk. MetS was defined by published criteria (3), which conformed

to the LIPGENE inclusion and exclusion criteria (15). Pre- and

postintervention, a fat meal was administered providing the same

amount of fat (0.7 g/kg body weight), wherein the fat composition
reflected that consumed within the intervention period. The intervention

study design and intervention protocol, which also provides information

about pre-, mid-, and postintervention food consumption and dietary

compliance at each center, have been described in detail by Shaw et al.
(15). Briefly, dietary intake and compliance was assessed by a 3-d (2

weekdays and 1 weekend day) weighed food intake assessments at

baseline, wk 6, and wk 12. Dietary analysis programs reflective of the
Spanish and Polish food choices were used at the 2 European centers

(Jagiellonian University Medical College, Poland: Dietitia software;

Cordoba, Spain: Dietsource version 2.0).

Randomization and intervention. Randomization was completed
centrally according to age, gender, and fasting plasma glucose concen-

tration using the Minimization Program for Allocating Patients to

Clinical Trials (Department of Clinical Epidemiology, London Hospital

Medical College, UK) randomization program.
The diets differed in fat quantity and quality while remaining

isoenergetic (Supplemental Table 1). Two diets were designed to provide

38% energy (E) from fat: a high-fat, SFA-rich diet (HSFA), which was

designed toprovide~16%EasSFA,andaHMUFAdietdesigned toprovide
~20% E from MUFA. The other 2 diets were LFHCC diets (LFHCC and

LFHCC (n-3); 28% E from fat); the LFHCC (n-3) diet included a 1.24-g/d

supplement of LC (n-3) PUFA [ratio of 1.4 eicosapentaenoic acid (EPA):1
docosahexaenoic acid (DHA)] and the LFHCC diet included a 1.24- g/d

supplement of control high-oleic sunflower seed oil capsules (placebo)

(Supplemental Table 2).

Capsules containing LC (n-3) PUFA were used instead of fish for
several reasons. LC (n-3) PUFA capsules provide a fixed amount and stable

composition of fatty acids that are more convenient to consume than

increasing fish consumption, because these can be administered easily as a

dietary supplement. Also, fish oil supplements provide equivalent amounts
of EPA and DHA as oily fish, which are equally effective at enriching

blood lipids as LC (n-3) PUFA (16). Finally, some patients did not eat fish

and it was an effective method of ensuring that the population received the
recommended dosage of EPA and DHA.

Following the same protocol, each intervention center performed a

pre- (wk 0) and postintervention (wk 12) postprandial challenge with the

same fat composition as that consumed on the assigned dietary period.
Patients arrived at the clinical centers at 0800 h following a 12-h fast

refrained from smoking during the fasting period and abstained from

alcohol intake during the preceding 7 d. In the laboratory and after

cannulation, a fasting blood sample was taken before the test meal, which
then was ingested within 20 min under supervision. The test meal, which

was prepared in each center, reflected fatty acid composition of each sub-

ject chronic dietary intervention. Subsequent blood samples were drawn

at 2, 4, 6, and 8 h. Test meals provided an equal amount of fat (0.7 g/kg
body weight), E content (40.2 kJ/kg body weight), cholesterol (5 mg/kg

of body weight), fiber, and vitamin A [62.9 mmol vitamin A (retinol)/m2

body surface area]. The test meal provided 65% of E as fat, 10% as
protein, and 25% as carbohydrates. During the postprandial assessment,

participants rested and did not consume any other food for 9 h but were

allowed to drink water. The composition of the breakfasts was as follows:

HSFA, 38% E from SFA; HMUFA, 43% E from MUFA; LFHCC with
placebo capsules, 16%E as PUFA; LFHCCwith LC (n-3) PUFA, 16%E as

PUFA [1.24 g/d of LC (n-3) PUFA (ratio 1.4 EPA:1 DHA)].

Measurements. Blood was collected in tubes containing EDTA to give

a final concentration of 0.1% EDTA. In each center, plasma was
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separated from red cells by centrifugation at 15003 g for 15 min at 48C.
The large TRL (Sf. 400) were isolated from 4 mL of plasma by a single

ultracentrifugal spin (36,200 3 g, 30 min, 48C) in a type TY65 rotor
(Beckman Instruments). Large TRL, contained in the top layer, were

removed by aspiration and the infranatant was centrifuged at a density of

1.019 kg/L for 24 h at 183,0003 g in the same rotor. The small TRL (Sf

12–400) were removed from the top of the tube. All operations were
conducted in subdued light. Large and small TRL fractions were stored

at 2708C until assayed for retinyl palmitate (RP) and biochemical

determinations.

Analytes determined in frozen samples were analyzed centrally by
laboratory investigators of the Lipid and Atherosclerosis Unit at the Reina

Sofia University Hospital who were unaware of the interventions. Lipid

variables were assessed with a DDPPII Hitachi modular analyzer (Roche)
using specific reagents (Boehringer-Mannheim). TG and cholesterol in

plasma and lipoprotein fractions were assayed by enzymatic procedures

(17,18). Apolipoprotein (apo) A-I and apo B were determined by

turbidimetry (19). HDL-C was measured by precipitation of a plasma
aliquot with dextran sulfate-Mg2+, as described by Warnick et al. (20).

LDL-cholesterol (LDL-C) was calculated using the following formula:

plasma cholesterol – [HDL-C + large TRL-cholesterol (TRL-C) + small

TRL-C]. Apo B-48 plasma concentrations were determined by ELISA
(Biovendor) as previously described (21). The RP content of large and

small TRL fractions was assayed using a method previously described by

Ruotolo et al. (22).

Monitoring for adverse effects. Volunteers were visited each 2 wk for

study. Clinical investigators assessed adverse events by using physical

examinations and administering a checklist with diet-related symptoms
and gave advice on how to remediate them.

Statistical analyses. All data presented in the text, figures, and tables

are expressed as mean 6 SEM. SSPS 15 for Windows was used for the
statistical analyses. For a parallel design, statistical power calculations

indicated that 24 participants/group would be needed to detect mean

differences of 50 (mmol/L)min [SD, 6 (mmol/L)min] in the TGarea under

the curve (AUC) (0.05; power 0.8). Although we used the TG AUC to set
sample size, we were equally interested in changes in the other variables

of our study. The AUC, defined as the area between fasting and

postprandial concentrations, was calculated by the trapezoidal rule. The
normal distribution of variables to characterize the postprandial

response was assessed using the Kolmogorov-Smirnov test. Log trans-

formations of data were performed when these variables were not

normally distributed. One-way ANOVAwas used to test the association
among diet groups and anthropometric measures, fasting and postpran-

dial lipid and lipoprotein concentrations, and the composition of diet at

pre- (baseline) and postintervention. Repeated-measures ANOVA (RM-

ANOVA) was used to compare the effect of diet on postprandial
lipoprotein concentrations. In this analysis, we studied: the effect of diet,

independently of time (represented as P diet); the effect of time alone or

the change in the variable, independently of diet (represented as P time);
and the interaction of both factors, indicative of the magnitude of

postprandial response among diet groups (represented as P diet3 time).

Post-hoc statistical analysis was completed by using the protected least

significant difference test to identify significant differences between
dietary treatments. The contrast statistic used when the sphericity

assumption was not satisfied was Huynh-Feldt. P, 0.05 was considered

significant.

Results

The MetS patients assigned to the 4 isoenergetic diets did not
differ in age, BMI, lipids, or apo concentrations pre- (baseline)
or postintervention (Supplemental Table 3).

Achievement of dietary targets. Dietary composition at
preintervention did not differ among the 4 diet groups (Supple-
mental Table 1). During the intervention period, %E from fat
was significantly higher in the HSFA and HMUFA diet groups

than in the LFHCC and LFHCC (n-3) groups. The%E from SFA
and MUFA was significantly higher in the HSFA and HMUFA
diet groups, respectively, compared with the other diet groups.
Finally, %E from PUFAwas significantly greater in patients who
consumed the HSFA diet than the LFHCC (n-3) diet. Intake of
EPA and DHAwas significantly higher in the LFHCC (n-3) diet
group than in the other groups (Supplemental Table 1).

Postprandial lipid and lipoprotein metabolism. The effect
of dietary fat quality on acute postprandial lipoprotein metab-
olism (the preintervention postprandial response) demonstrated
that there were no significant differences in the acute postpran-
dial response among the participants (n = 130) assigned to the 4
diets (Table 1). Postintervention, postprandial plasma TG con-
centrations were lower in MetS patients who consumed the
LFHCC (n-3) diet (P, 0.001) (Fig. 1A) compared with the other
3 diet groups. On the other hand, participants in the HMUFA
group had an earlier increase and a faster clearance of post-
prandial plasma TG (P , 0.001) (Fig. 1A) and large TRL-TG
(P = 0.009) (Fig. 1B) concentrations compared with the HSFA
and LFHCC diet groups, indicating a lower postprandial
response with consumption of the HMUFA diet compared
with the HSFA and LFHCC diets. The small TRL-TG postpran-
dial response did not differ among the 4 diet groups (Fig. 1C).

To study the long-term effect of dietary fat modification on
postprandial lipoprotein metabolism, we analyzed the signifi-
cant changes between pre- and postintervention among diet
groups (Table 2 and Fig. 2A–F). Compared with preintervention
values, long-term ingestion of the LFHCC diet increased the
postintervention postprandial AUC for total plasma TG (P =
0.04) (Fig. 2A), large TRL-TG (P = 0.01) (Fig. 2C), large TRL-
RP (P = 0.001) (Table 2), small TRL-RP (P = 0.02) (Table 2),
large TRL-C (P , 0.001) (Fig. 2D), and large TRL-apo B (P =
0.002) (Table 2) in MetS patients. In contrast, long-term
ingestion of the LFHCC (n-3) diet did not increase the
postintervention postprandial AUC for total plasma TG (Fig.
2A), large TRL-TG (Fig. 2C), large TRL-C (Fig. 2D), and large
and small TRL-RP (Table 2) compared with the LFHCC diet. In
addition, participants in the LFHCC (n-3) group increased the
postintervention large TRL-apo B AUC (P = 0.02) (Table 2).
Furthermore, long-term ingestion of the HMUFA diet did not
produce the adverse effects of the LFHCC diet on postprandial
lipoprotein metabolism (Table 2 and Fig. 2A–F). The HMUFA
diet group showed an increase in only postprandial large TRL-RP
AUC postintervention (P = 0.04) (Table 2). Long-term ingestion
of the HSFA diet did not alter the postintervention postprandial
response compared with the preintervention phase (Table 2 and
Fig. 2A–F).

Adverse effects. No serious adverse events occurred. Mild
symptoms included 19% of patients in the LFHCC (n-3) diet
group who experienced regurgitations when taking the fish oil
capsules. Participants allocated to the LFHCC, HMUFA, or
HSFA diets did not report any adverse effects.

Discussion

The increasing incidence of MetS has serious implications for
human health (23). Because the pathogenesis of MetS is strongly
linked to excessive food consumption, in particular fat intake,
our aim was to study the effect of 4 diets with different dietary
fat quality and quantity on postprandial lipoprotein metabolism
in patients with MetS before and after a 12-wk dietary
intervention period. Each fat-rich breakfast or test meal

Postprandial lipoproteins and metabolic syndrome 1597
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contained the same fat composition as the diet consumed within
the intervention period. This study demonstrated that consump-
tion of an isocaloric LFHCC (n-3) and HMUFA diet improved
postprandial blood lipid abnormalities associated with MetS
without weight loss compared with the HSFA and LFHCC diets.
In addition, we observed for the first time, to our knowledge,
that the potentially adverse effects of LFHCC diets on post-
prandial lipoprotein metabolism could be attenuated by LC
(n-3) PUFA supplementation in patients with MetS.

At baseline (preintervention postprandial study), the acute
postprandial lipoprotein response of patients with MetS did not
differ among the 4 fat-rich meals. In agreement with our
findings, Lovine et al. (24) showed no substantial differences in
the acute TG response to different type of dietary fat adminis-
tered to hypertriglyceridemic patients. These results suggest that
only long-term dietary interventions could improve the post-
prandial lipoprotein abnormalities in patients with MetS. It has
been observed that intakes of unsaturated fatty acids (25), (n-3)

PUFA (26), dairy products (27), and whole grains (28) appeared
to influence the prevalence of this syndrome, either positively or
negatively, but little emphasis has been placed on the specific
therapeutic diets that improve lipoprotein abnormalities present
in MetS patients. In this sense, the PREDIMED study (29) has
shown that a non-energy–restricted traditional Mediterranean
diet enriched with nuts reduced the overall prevalence of MetS.
Furthermore, foods that improve insulin sensitivity might also
modulate the metabolic abnormalities linked with insulin
resistance (25).

Changes in dietary fat composition are clearly associated
with significant changes in plasma lipoprotein concentrations.
High fat intake, particularly high-saturated fat diets, induce
weight gain, insulin resistance, and hyperlipidemia in humans
(30). Also, high-carbohydrate diets increase plasma TG and
reduce HDL-C concentrations compared with high-fat diets
(31). Interestingly, high-carbohydrate diets have 2 effects on TG
metabolism. First, a high influx of carbohydrate into the liver

TABLE 1 Acute postprandial plasma lipid and lipoprotein responses in MetS patients assigned to the 4
groups at baseline1

Lipid and lipoprotein AUC HSFA HMUFA LFHCC LFHCC (n-3)

n 32 35 31 32

Total cholesterol, (mmol/L)min 2584 6 91 2395 6 65 2472 6 98 2575 6 91

Total TG, (mmol/L)min 1137 6 125 1139 6 90 992 6 66 1073 6 79

LDL-C,2 (mmol/L)min 1708 6 66 1553 6 52 1674 6 96 1729 6 72

HDL-C, (mmol/L)min 535 6 26 517 6 23 538 6 21 520 6 27

apo B, (g/L)min 444 6 18 425 6 15 445 6 21 458 6 21

apo B-48, (g/L)min 4.6 6 0.4 5.7 6 0.5 5.4 6 0.6 5.1 6 0.4

Large TRL-C,2 (mmol/L)min 153 6 19 150 6 18 114 6 15 131 6 19

Large TRL-TG, (mmol/L)min 451 6 53 449 6 46 355 6 35 409 6 45

Large TRL-RP,2 (mmol/L)min 83 6 18 81 6 14 66 6 11 75 6 10

Large TRL-apo B, (g/L)min 9.6 6 1.4 7.3 6 0.8 7.6 6 1.0 8.1 6 1.0

Small TRL-C,2 (mmol/L)min 200 6 27 171 6 15 158 6 12 193 6 15

Small TRL-TG, (mmol/L)min 301 6 27 278 6 37 236 6 23 298 6 31

Small TRL- TRL-RP,2 (mmol/L)min 20.3 6 12.9 19.6 6 3.0 15.6 6 2.7 24.1 6 1.6

Small TRL-apo B, (g/L)min 11.8 6 2.6 8.1 6 1.3 10.8 6 1.7 14.5 6 1.6

1 Values are mean 6 SEM. There were no effects of diet (1-way ANOVA).
2 Data were log-transformed before statistical analyses.

FIGURE 1 Postprandial plasma TG (A), large TRL-TG (B), and small TRL-TG (C) responses in MetS patients who consumed HSFA, HMUFA,

LFHCC, or LFHCC (n-3) diets for 12 wk. Results are expressed as mean 6 SEM, n = 26 (HSFA group); n = 32 (HMUFA group); n = 31 (LFHCC

group); and n = 28 [LFHCC (n-3) group]. RM-ANOVA was used to calculate the effects of diet (P diet), time (P time), and their interaction (P diet3
time). Large TRL-TG and small TRL-TG concentrations were log transformed before statistical analysis.
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enhances hepatic lipogenesis (32). Second, high-carbohydrate
diets may decrease the synthesis of lipoprotein lipase (LPL) (33).
Plasma TG concentrations are decreased when HMUFA diets
are substituted for high-carbohydrate diets in healthy individ-
uals (34) and patients with type 2 diabetes (9). Previous research
showed that the adverse effects of low-fat, high-carbohydrate
diets on blood lipids could be attenuated by the addition of LC
(n-3) PUFA in healthy normolipemic individuals (10). This
postprandial lipoprotein finding has now been confirmed for the

first time, to our knowledge, in patients with MetS, an effect
achievable without weight loss.

Epidemiologic and experimental studies have shown that
dietary saturated fat and high plasma SFA levels are associated
with several dyslipidemic features of MetS (35,36). Very few
studies have evaluated the effect of dietary fat composition on
postprandial lipoprotein metabolism in individuals with MetS
(37). In addition, the effect of a long-term dietary MUFA, LC
(n-3) PUFA, and high-complex carbohydrate intervention on

TABLE 2 Changes from baseline in postprandial plasma lipid and lipoprotein responses in MetS patients who consumed HSFA,
HMUFA, LFHCC, or LFHCC (n-3) diets for 12 wk1

D Lipid and
lipoprotein AUC HSFA HMUFA LFHCC

LFHCC
(n-3)

P-value2

D T D 3T

n 26 32 31 28

Total cholesterol, (mmol/L)min 12.9 6 44.2 (0.5%) 243.3 6 37.4 (21.8%) 28.1 6 70.9 (20.3%) 2138.6 6 45.2 (25.4%) —4 — —

LDL-C,3 (mmol/L)min 214.7 6 54.2 (20.9%) 242.5 6 40.3 (22.7%) 239.9 6 66.1 (22.3%) 290.8 6 50.5 (25.3%) — — —

HDL-C, (mmol/L)min 212.2 6 22.5 (22.3%) 27.5 6 19.8 (21.5%) 224.2 6 13.0 (24.6%) 233.8 6 18.0 (26.4%) — 0.04 —

apo B-48, (g/L)min 20.03 6 0.3 (20.6%) 0.2 6 0.4 (3.6%) 0.6 6 0.4 (11.2%) 0.3 6 0.4 (5.9%) — — —

Large TRL-RP,3 (mmol/L)min 222.0 6 15.9 (22.1%) 26.0 6 17.6* (32.1%) 56.3 6 17.4* (83.8%) 24.0 6 14.6 (29.9%) — 0.007 0.003

Large TRL-apo B, (g/L)min 20.4 6 1.4 (24.1%) 1.7 6 1.1 (22.2%) 3.5 6 1.1* (45.5%) 2.9 6 1.2* (36.4%) — 0.001 —

Small TRL-RP,3 (mmol/L)min 23.6 6 3.4 (216.0%) 6.3 6 4.4 (32.0%) 10.4 6 2.0* (65.5%) 2.3 6 5.2 (10.3%) — 0.03 —

Small TRL-apo B, (g/L)min 2.5 6 1.9 (17.4%) 3.5 6 1.6 (40.8%) 20.2 6 1.9 (21.8%) 22.4 6 1.9 (215.1%) — — —

1 Values are mean 6 SEM (percent change from baseline). *Different from baseline, P , 0.05.
2 Calculated using RM-ANOVA. D, Diet effect; T, time effect; D 3 T, diet 3 time interaction.
3 Data were log-transformed before statistical analyses.
4 –, P $ 0.05.

FIGURE 2 Postintervention changes from baseline (preintervention phase) of postprandial plasma TG (A), apo B (B), large TRL-TG (C), large

TRL-C (D), small TRL-TG (E), and small TRL-C AUC (F). Results are expressed as mean 6 SEM, n = 26 (HSFA group); n = 32 (HMUFA group); n =

31 (LFHCC group); and n = 28 [LFHCC (n-3) group]. *Different from baseline, P , 0.05. RM-ANOVA was used to calculate the effects of diet

(P diet), time (pre- vs. postintevention) (P time), and their interaction (P diet 3 time). AUC in large and small TRL-C were log transformed before

statistical analyses.
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postprandial lipoprotein metabolism has never, to our knowl-
edge, been investigated in MetS patients. An interesting study
showed different postprandial lipemic patterns following the
intake of a standard high-fat test meal in northern and southern
European healthy males (38), suggesting that dietary MUFA
may influence the nature and extent of postprandial lipemia. In
southern Europeans, plasma TG response was much greater
during the early postprandial phase and returned to near-fasting
concentrations much earlier compared with age- and gender-
matched northern Europeans with equivalent fasting TG con-
centrations (38). In another study, consumption of a MUFA-rich
diet was also associated with an earlier postprandial peak in
plasma TG and apo B-48 concentrations (39). The present study
demonstrates that a long-term MUFA-rich dietary intervention
inMetS patients produces an earlier postprandial peak and more
rapid clearance of plasma TG and large TRL-TG concentrations
compared with isocaloric long-term SFA-rich or LFHCC diets.
The mechanisms that might explain our findings are complex
and could reflect differences in chylomicron synthesis, secretion,
or clearance or may be attributable to differences in the rate of
VLDL secretion, reflecting long-term effects of different fatty
acid substrates on hepatic lipogenesis. In our study, we suggest
that the postprandial TG response in the HMUFA diet group,
which was characterized by more rapid gradients to both the
rising and declining components of the postprandial TG
response curve, could be explained by both faster rates of
digestion, absorption, and secretion of chylomicrons and more
efficient processing of TRL (40). This could be explained by LPL
activity, because there were no significant differences in apo B-48
postprandial response. In addition, the post-HMUFA diet
postprandial lipemic profile suggests a faster rate of chylomicron
entry into the circulation, reflecting accelerated rates of digestion
and absorption or upregulation of chylomicron synthesis and
secretion. In this sense, oleic acid has been shown to be
preferentially esterified into TG in the enterocyte (41). Contrary
to our results, the DELTA study (42) did not observe any
significant difference in post-fat load plasma TG between an
average American carbohydrate and MUFA diet in participants
with and without insulin resistance or MetS. Differences be-
tween studies, including duration of intervention period being
shorter (7 wk) in the DELTA study compared with 12 wk in the
present study, may account for this discrepancy. Moreover, the
DELTA study did not administer a LFHCC diet supplemented
with LC (n-3) PUFA, nor were the acute effects of dietary fat on
postprandial lipoprotein metabolism determined and postpran-
dial TRL fractions were not analyzed. In addition, we found in
these patients elevated RP levels in large TRL AUC. MUFA-rich
diets have been reported to promote gastrointestinal secretions
and to stimulate stomach emptying (43), which would increase
the rate of supply of monoacylglycerols and fatty acids to the
enterocyte.

This study concurs with others that showed that LC (n-3)
PUFA supplementation effectively reduces plasma TG concen-
trations (44). The long-term effect of the LFHCC (n-3) diet, pre-
vs. postintervention phases, showed several beneficial effects of
LC (n-3) PUFA supplementation in combination with a LFHCC
diet by preventing the increase in postprandial TG and TRL
particles induced by long-term LFHCC diets. Fish oil supple-
ments correct manymetabolic alterations associated with insulin
resistance (45), including reduced postprandial plasma TG
concentration (46). LC (n-3) PUFA can reduce hepatic VLDL
lipogenesis and/or enhance fatty acid oxidation (47) and may
facilitate TRL-TG removal through enhanced LPL activity in
plasma (48).

Our study presents some limitations. First, ensuring complete
adherence to dietary instructions is difficult in a feeding trial.
However, adherence to recommended dietary patterns was
good, as judged as per dietary assessment (15). Second, con-
sumption of LC (n-3) PUFA capsules caused some mild adverse
effects in someMetS patients. LC (n-3) PUFA capsules were used
instead of enhanced fish intake to ensure a stable composition
and fixed dose of LC (n-3) PUFA in this study. Oily fish are of
course an optimal alternative to enhance LC (n-3) PUFA intake
within the context of a low-fat dietary intervention. On the other
hand, our design has the strength of reproducing real-life con-
ditions with home-prepared foods, reflecting usual practice. It
would be interesting to extend our studies beyond 12 wk to
confirm the longer term effects of dietary fat interventions on
cardiovascular risk factors in MetS.

In conclusion, our data suggest that long-term intake of an
isocaloric, low-fat, high-carbohydrate diet supplemented with
LC (n-3) PUFA and MUFA-rich diets have beneficial effects on
postprandial lipoprotein response in patients with MetS. On
the other hand, the addition of LC (n-3) PUFA to a LFHCC diet
may normalize the adverse postprandial lipoprotein effects
produced by this diet. Importantly, both diets were effective
exclusive of weight loss, which is highly pertinent given the
pandemic of obesity-induced MetS that will occur in Europe
and North America over the next 20–30 y due to excessive
weight gain.
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