Influences of Apolipoprotein E Polymorphism on the Response of Plasma Lipids
to the Ad Libitum Consumption of a High-Carbohydrate Diet Compared With
a High—Monounsaturated Fatty Acid Diet
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The purpose of this study was to assess the contribution of the apolipoprotein E (apoE) polymorphism and factors, such as
age and waist circumference, to variations in plasma low-density lipoprotein-cholesterol (LDL-C) response following ad
libitum consumption of a diet rich in complex carbohydrates (high-CHO: 58% of energy as CHO) versus a diet rich in fat and
monounsaturated fatty acids (high-MUFA: fat, 40% of energy and 22% as MUFA). Sixty-five men participated in this parallel
6- to 7-week study involving either a high-CHO or a high-MUFA diet. Fasting plasma lipid profile and anthropometry were
determined at the beginning and at the end of the dietary period. The high-CHO and high-MUFA diets both induced significant
(P < .01) and comparable reductions in body weight and waist circumference. These changes were associated with a
significant (P < .01) and comparable decrease in LDL-C (—19% and —16%, respectively). Stepwise multiple regression analyses
showed that 32% of the variation in the LDL-C response to the high-CHO diet was attributable to the apoE polymorphism
(18.5%, P = .04) and waist circumference (13.5%, P = .03) indicating that men with a waist circumference greater than100 cm
and the E2 allele had the greatest reduction in plasma LDL-C after the high-CHO diet. On the other hand, in the high-MUFA
group, waist circumference was the only significant contributing factor to the LDL-C response and accounted for 44.5% of its
variance. In conclusion, the plasma LDL-C response to ad libitum comsumption of a high-CHO and a high-MUFA diets are not

modulated to the same extent by the apoE polymorphism and waist circumference.

© 2003 Elsevier Inc. All rights reserved.

HE RESPONSE OF plasma lipoproteins to dietary inter-
ventions shows considerable interindividua variations,!
and many studies have addressed the role of gene-nutrient
interactions in the response of plasma lipoprotein concentra-
tions to variations in intakes of fat, cholesterol, alcohol, and
carbohydrate.r3 Within subjects, this response to dietary
changes has been shown to be reproducible and seems to be
related, in part, to the genetic characteristics of individuals.4
Several candidate gene loci have been shown to explain a
significant, but still rather small, proportion of interindividual
variability in dietary response. Genetic variation at the apoli-
poprotein E (apoE) locus, as well as apoA4, apoB, and LPL
polymorphism are among the best studied genetic determinants
of plasma lipoprotein response to dietary interventions.s
Despite the large number of studies examining the relation-
ship between apoE polymorphism and low-density lipoprotein-
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cholesterol (LDL-C) response to dietary changes, the signifi-
cance of the reported associations remains controversial, and
genetic variability at the apoE locus continues to be the focus
of much attention.® In fact, there is an obvious need to inves-
tigate which specific dietary modifications would be responsi-
ble for the reported associations between apoE polymorphism
and the magnitude of lipoprotein responses to dietary interven-
tions. Most of the previous observational and interventional
studies focused on the effect of the apoE polymorphism on
lipoprotein responses to dietary saturated fat and cholesterol,
whereas less is known about the effect of other macronutrients.
Furthermore, most of these nutritional studies have been con-
ducted under isocaloric conditions in which body weight was
held constant, and little is known about the effect of the apoE
polymorphism on lipoprotein responses under ad libitum con-
ditions that more closely resemble rea life feeding patterns.
Therefore, the aim of the present study was to investigate the
effect of the apoE polymorphism and other constitutional de-
terminants, such as age and waist circumference, on plasma
lipoprotein responses to an ad libitum diet either rich in com-
plex carbohydrates (high-CHO diet) or in fat and monounsat-
urated fatty acids (high-MUFA diet).

MATERIALS AND METHODS
ubjects

Sixty-five men (mean age, 37.5 + 11.2 [SD] years; body mass index
[BMI], 29.2 = 4.9 kg/m?; Table 1) were recruited in the Québec City
metropolitan area. Exclusion criteria included endocrine, cardiovascu-
lar, hepatic and renal disorders, use of medication known to affect lipid
metabolism, smoking, and significant change in body weight within the
year that preceded study onset. Individuals with excessive acohol
intake, unusual dietary habits, and food aversions or allergies were also
excluded. Each participant signed a consent form approved by the
Clinical Research Ethica Committee of Laval University.

Metabolism, Vol 52, No 11 (November), 2003: pp 1454-1459
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Table 1. Baseline Characteristics o
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f Subjects According to Diets

High-CHO Diet (n = 33) High-MUFA Diet (n = 32) P
ApoE genotypes .67
E3/E2 (%) 3(9) 5 (16)
E3/E3 (%) 22 (67) 21 (65)
E4/E3 (%) 8 (24) 6 (19)
Age (yr) 35.9 £ 9.6 39.1 £ 125 .24
Weight (kg) 87.7 + 14.3 89.3 + 15.7 .68
Body mass index (kg/m?) 288+ 45 29.6 = 5.3 .53
Waist circumference (cm) 95.3 = 13.3 98.3 + 15.6 41
Plasma total cholesterol (mmol/L) 4.43 = 1.05 4.66 = 0.97 .36
LDL-C (mmol/L) 2.91 = 0.88 3.13 = 0.83 .31
HDL-C (mmol/L) 1.08 + 0.19 1.00 £ 0.17 .09
Plasma TG (mmol/L) 1.30 = 0.73 1.49 * 0.65 .07
LDL-apoB (g/L) 0.84 = 0.25 0.91 = 0.22 .26
LDL-PPD (A) 258.5 = 5.7 2574 5.7 44

Experimental Design

Subjects were randomized to either alow-fat, high-carbohydrate diet
(high-CHO) or a high-fat diet rich in monounsaturated fatty acids
(high-MUFA), which they consumed for 6 to 7 weeks (Table 2). The
baseline characteristics of subjects according to diets are summarized
in Table 1. The 2 dietary groups were comparable for age, physical
characteristics, lipid, and apo levels. Participants and staff performing
laboratory measures were blinded to dietary treatments. On weekdays,
just before lunch, body weight was recorded while subjects were
standing with their back to the scale to avoid fixation on body weight
fluctuations. Compliance to the experimental diets was assessed using
riboflavin incorporated in the foods, and only 2 subjects were excluded
from the analysis due to a low compliance.

Experimental Diets

The nutritional composition of the experimental diets was calcul ated
with the Canadian Nutrient File database (Health Canada, Ottawa,

1997) and the Nutrition Data System for Research (NDS-R) software
(Nutrition Coordinating Center, Minneapolis, MN, Database version
4.03-30, 1999). The experimental diets consisted of usua solid foods
that were prepared daily in our metabolic kitchen and weighed in
individual portions. Inasmuch as this was possible, both experimental
diets were formulated to have a very similar food composition, and
differed mainly with respect to the proportion of the food items/
ingredients and, thereby macronutrients (Table 2).

Dietary Intervention

Each participant received food in quantities that met 150% of their
habitual daily energy intake as assessed by a 3-day food record com-
pleted before the dietary intervention and 200-kcal snacks provided on
demand. To ensure that the macronutrient content of each diet was
conserved, food in each meal was disposed in the participant’s plate so
that they could consume the same proportion of each component. For
example, if a participant consumed 60% of the main dish, he had to

Table 2. Composition of the Usual and Experimental Diets

Nutrients Pre-high-CHO Pre-high-MUFA P
Usual diets consumed before the experimentation (baseline diets)
Proteins (% kcal) 14.4 = 2.8 15.6 = 2.6 .07
Carbohydrates (% kcal) 51.2+7.0 46.8 + 6.8 .01
Total fibers (g/1,000 kcal) 10.3 = 38 9.1+49 .28
Fats (% kcal) 35.0 +5.4 37.2 + 6.0 13
Saturated (% kcal) 11.9 = 2.3 13.6 = 3.4 .02
Monounsaturated (% kcal) 13.3 + 2.6 14.1 =27 .25
Polyunsaturated (% kcal) 7.0+23 6.5 +1.9 A1
Cholesterol (mg/1,000 kcal) 111.0 = 41.0 155.5 + 53.9 .01
P/S ratio 0.62 + 0.3 0.51 = 0.2 .08
Nutrients High-CHO High-MUFA
Experimental diets consumed ad libitum during 6 to 7 weeks
Proteins (% kcal) 15.9 15.2
Carbohydrates (% kcal) 58.3 44.7
Total fibers (g/1,000 kcal) 14.2 10.1
Fats (% kcal) 25.8 40.1
Saturated (% kcal) 6.0 8.2
Monounsaturated (% kcal) 13.3 225
Polyunsaturated (% kcal) 5.1 7.6
Cholesterol (mg/1,000 kcal) 105.8 110.1
P/S ratio 0.87 0.93

Abbreviation: P/S, polyunsaturated/saturated fat ratio.
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Table 3. Baseline Anthropometric Variables and Lipid Profiles of Subjects According to apoE Genotype

E3/E2 (n = 8) E3/E3 (n = 43) E4/E3 (n = 14) P
Age (yr) 37.3 +13.8 36.9 + 10.5 39.3+ 124 .79
Weight (kg) 87.5 + 18.2 88.3 £ 14.7 89.6 = 14.8 .95
Body mass index (kg/m?) 279 +54 29.4+49 29.1 = 4.7 72
Waist circumference (cm) 93.3 = 20.2 97.3 = 13.2 97.6 = 15.0 .76
Plasma total cholesterol (mmol/L) 3.90 + 0.55 4.53 + 1.01 4.96 + 1.07 .06
LDL-C (mmol/L) 2.40 = 0.50* 3.04 + 0.85 3.33 = 0.88 .04
HDL-C (mmol/L) 1.09 + 0.17 1.01 £ 0.17 1.10 £ 0.23 .21
Plasma TG (mmol/L) 1.15 £ 0.31 1.43 £ 0.72 1.41 = 0.77 .74
LDL-apoB (g/L) 0.67 = 0.14t 0.89 + 0.23 0.95 = 0.26 .02
LDL-PPD (A) 258.0 + 4.5 258.2 £ 5.7 257.2 + 6.6 .85

*Significantly different from E4/E3.
tSignificantly different from E3/E3 and E4/E3.

consume 60% of the bread and 60% of the desert. All leftovers were
returned to the laboratory and weighed to calculate actual caloric and
nutrient intakes.

Laboratory Methods

Blood samples were collected after a 12-hour fasting period at the
beginning and at the end of the study. Samples were then immediately
centrifuged at 4°C for 10 minutes at 3,000 rpm, and plasma was stored
in tubes containing benzamidine (0.03%) at 4°C until processed.®
Triglyceride (TG)-rich lipoproteins (d < 1.006 g/mL) were separated
by ultracentrifugation of plasma in a 50.3 Beckman rotor (Fullerton,
CA) at 4°C for 18 hours. High-density lipoprotein-cholesterol (HDL-C)
was measured in the supernatant collected after heparin-chloride and
MnCl, precipitation of apoB-containing lipoproteins in plasma.’”
LDL-C was calculated using the Friedwald formula unless plasma TG
levels were greater than 4.5 mmol/L. Plasma and lipoprotein choles-
terol and TG levels were determined enzymatically on a Technicon RA
500 (Bayer, Tarrytown, NY).

Distinct subpopulations of LDL particles in whole plasma were
separated by size using nondenaturing 2% to 16% gradient gel elec-
trophoresis.8 Particle size was quantified by densitometric scanning of
Sudan Black-stained gels using Image master 1 D Prime software
(Amersham, NJ), v3.01. LDL pesk particle diameter (LDL-PPD) was
identified as the most important subclass of LDL in each individual and
was caculated from calibration curves using plasma standards of
known diameter. The coefficient of variation of the calculated particle
diameters was estimated to be 2%.

DNA Analysis

The apoE genotype was determined by polymerase chain reaction
(PCR)-amplification of a 244-bp fragment of the exon 4 of the apoE
gene with oligonucleotides F4 and F6 and digestion of PCR fragments
with the restriction enzyme Hhal .° Table 3 shows the baseline anthro-
pometric variables and lipoprotein profiles of subjects according to
apoE genotype. No significant difference across apoE genotype was
observed for age, body mass index (BMI), total cholesterol, HDL-C,
TG levels, and LDL-PPD. However, as compared with carriers of the
apoE3/E3 and apoE4/E3 genotypes, subjects with the apoE2/E3 geno-
type had lower plasma levels of LDL-C and LDL-apoB.

Satistical Analysis

The chi-square test was used to compare the distribution of apoE
dleles in the 2 diet groups. Differences in age, BMI, mean baseline
levels and percentage changes of plasma lipids, lipoproteins, and apo-
protein concentrations among groups were assessed by 1-way anaysis
of variance (ANOVA) using the Tukey-Kramer HSD post hoc test

when a significant group effect was observed. In the different analyses,
plasma TG data were log-transformed to normalize their distribution.
Stepwise multiple regression analyses were subsequently used to esti-
mate the independent contributions of the apoE genotype, age, waist
circumference, plasma TG levels, and BMI to the variance in the
percentage of response of plasma LDL-C levels. These analyses were
performed using the IMP statistical software (release 5.01a, SAS, Cary,
NC).

RESULTS

Variability in the Response to Dietary Intervention

As shown in Fig 1, the ad libitum consumption of the
high-CHO and high-MUFA diets induced a significant (P <
.01) yet comparable decrease in body weight (—2.8% *+ 2.8%
and —2.3% = 3.2%, respectively, P = .97) and waist circum-

Body weight Waist circumference
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Fig 1. (A) Percentage of variation in weight and waist circumfer-
ence after a 6- to 7-week high-CHO diet or a high-MUFA diet. Results
are means = SD. (B) Percentage of variation in plasma lipids after ad
libitum consumption of a high-CHO diet and a high-MUFA diet.
Results are means = SD. *P = .05; TP < .01.
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Table 4. Anthropometric Variables and Lipid Profiles of Subjects According to apoE Genotype After High-CHO and High-MUFA Diets

E3/E2 (n = 3) E3/E3 (n = 22) E4/E3 (n = 8)
Pret Post# P8 Pre Post P Pre Post P P*
High-CHO diet
Weight (kg) 88.6 = 23.3 85.6 £ 22 .20 85.6 = 12.5 84.0 = 11.7 <.01 93.1 £16.2 90.2 = 15.6 .05 .47
BMI (kg/m?) 27.6 £ 6.2 26.6 £ 5.9 .20 284 +4.3 27.9 £ 4.1 <.01 30.2 £5.0 29.3 +4.8 .04 .47
Waist circ (cm) 88.7 £ 22.1 87.2 £21.0 .23 94.8 = 10.0 92.7 £ 9.5 <.01 99.3 £17.4 94.9 = 15.3 .05 .27
Total C (mmol/L) 4.09 = 0.80 2.93 £0.18 .09 4.27 £ 1.06 3.72 £ 0.85 <.01 4.99 = 1.02 3.98 = 0.88 <.01 .09
LDL-C (mmol/L) 2.51 = 0.69 1.568 = 0.15 .10 2.81 £ 0.88 2.34 £ 0.71 <.01 3.36 = 0.86 2.50 = 0.66 <.01 .07
HDL-C (mmol/L) 1.13 = 0.20 1.00 = 0.13 .16 1.07 = 0.18 0.98 = 0.16 .01 1.09 = 0.24 0.96 = 0.28 14 .84
TG (mmol/L) 1.19 £ 0.44 0.96 = 0.10 .43 1.27 = 0.68 1.29 = 0.67 74 1.41 £ 0.98 1.44 = 1.26 .75 .63
LDL-apoB (g/L) 0.69 = 0.20 0.52 = 0.03 .30 0.82 = 0.25 0.72 = 0.22 <.01 0.96 = 0.26 0.75 = 0.17 <.01 .24
LDL-PPD (A) 258.1 + 6.5 259.0 = 2.6 .75 2588 =55 256.8 = 5.1 <.01 257.9=*65 257.9 + 8.3 .98 .27
E3/E2 (n = 5) E3/E3 (n = 21) E4/E3 (n = 6) P*
High-MUFA diet

Weight (kg) 86.8 = 17.6 84.2 £ 16.1 .05 91.1 = 16.6 88.9 + 16.2 <.01 84.9 = 12,5 83.6 = 14.1 .40 .86
BMI (kg/m?) 28.1 £ 5.7 27.3 £5.2 .05 30454 294 £54 <.01 27.7 £ 4.3 27.3+4.7 .38 .85
Waist circ (cm) 96.1 £ 21.1 93.3 £18.8 11 99.7 £ 15.6 975 £ 154 <.01 954 £ 124 93.2 = 14.0 .35 .95
Total C (mmol/L) 3.78 £ 0.41 3.25 = 0.47 1 4.80 = 0.90 4.03 = 0.65 <.01 491 +1.23 4.24 = 1.20 .01 .94
LDL-C (mmol/L) 233 £0.44 1.93 = 0.40 17 3.28 = 0.77 2.66 = 0.50 <.01 3.29 £ 0.99 2.75 £ 0.94 .03 .95
HDL-C (mmol/L) 1.07 = 0.16 1.08 = 0.21 .89 0.95 = 0.14 0.91 £0.16 11 1.12 £ 0.23 1.13 £ 0.29 .98 .60
TG (mmol/L) 1.12 = 0.27 0.84 = 0.12 .07 1.61 = 0.74 1.35 = 0.68 .02 1.42 = 0.44 1.05 = 0.42 <.01 .42
LDL-apoB (g/L) 0.65 = 0.12 0.56 = 0.10 .07 0.96 = 0.19 0.82 £ 0.16 <.01 0.94 = 0.27 0.79 = 0.23 <.01 .88
LDL-PPD (A) 257.9 + 3.8 259.1 =45 .24 2576 *+5.9 257.4 = 6.0 .64 2563 7.2 257.2 £ 6.5 .34 .27

Abbreviations: BMI, body mass index; waist circ, waist circumference; C, cholesterol.
*P represents the P value for the difference between the % of variation among the 3 genotypes.

tPre, before the intervention.
}Post, after the 6 to 7-week intervention.

§P represents the P value for the difference within each genotype group (post — pre value).

ference (—2.6% = 3.0% and —2.3% = 3.1%, respectively,
P = .71). Similarly, plasma total cholesterol, LDL-C, and
LDL-apoB levels were significantly reduced in both groups,
and the difference between the 2 experimental diets was not
significant. There was a significant (P = .05) difference in the
percent changes of plasma HDL-C concentrations between the
2 experimental diets (CHO: —9.0% = 14.4%; MUFA: —2.5%
+ 12.2%). There was also a significant (P < .01) differencein
the percent changes of plasma TG levels between the 2 exper-
imental diets (CHO: +3.3% = 31.3%, MUFA: —17.1% =+
25.4%). Despite the variation in plasma TG levels after either
the high-CHO or the high-MUFA diet, no significant effect was
noted on LDL-PPD (data not shown).

Table 4 shows the anthropometric variables and lipid profiles
of subjects according to apoE genotype after both diets. In the
high-CHO group, apoE2/E3 carriers tend to experience a
greater reduction in total cholesterol (—1.17 = 0.65 mmol/L)
and LDL-C (—0.93 £ 0.55 mmol/L) compared with apoE3/E3
and E4/E3 carriers, but the CHO-related differences among the
3 genotypes did not reach statistical significance. To further
characterize the influences of apoE polymorphism on the re-
sponse of plasma lipids to the 2 experimental diets, we have
compared the percentage of variation in plasma lipoprotein
levels attributable to the apoE genotype after diet intervention
(Fig 2). Carriers of an E2 alele consuming a high-CHO diet
had a greater reduction in their LDL-C (—34.8% =+ 13.3%)
than E3 (—14.1% =+ 18.7%) and E4 (—25.4% * 8.2%) carriers.
There was no significant association between the magnitude of

LDL-C response and apoE genotype in the subjects consuming
the high-MUFA diet (Table 4 and Fig 2). Similarly, no signif-
icant association was observed between the apoE polymor-
phism and variations in LDL-PPD (data not shown).

Despite randomization, usual baseline diets (preintervention
diets) consumed by the subjects before the experiment con-
tained some significant differences. Men assigned to the exper-
imental high-CHO diet had a usua baseline diet higher in
carbohydrates, but lower in saturated fatty acids and cholesterol
compared with men who were assigned to the experimental
high-MUFA group (Table 1). Thus, all models used for our

High-CHO High-MUFA
0
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.g é' 220 4
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Fig 2. Percentage of variation in plasma LDL-C after a 6- to 7-week
ad libitum consumption of a high-CHO diet and a high-MUFA diet.
Results are means = SD.
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Table 5. Contribution of the apoE Genotype to Percent of Plasma LDL-C Response to High-CHO and High-MUFA Diets

Diets Independent Variables Total (R? X 100) Partial (R> X 100) P
CHO ApoE genotype 33.3 18.5 .04
Age (yr) 1.3 .48
Waist circumference (cm) 13.56 .03
MUFA ApoE genotype 45.2 0.2 .97
Age (yr) 0.4 .68
Waist circumference (cm) 44.5 <.01

NOTE. R squared, coefficient of multiple determination indicating the proportion of the variance in the percentage of lipoprotein changes
explained by the independent variables; P, probability value. Baseline plasma LDL-C and TG levels as well as %kcal provided by carbohydrates,

saturated fatty acids and quantity of cholesterol in usual diet were also included in the model.

multiple regression analyses were adjusted for baseline carbo-
hydrate, saturated fatty acid, and cholesterol intakes. Stepwise
multiple regression analyses (Table 5) showed that 32% of the
variation in the LDL-C response to the high-CHO diet was
attributable to apoE polymorphism (18.5%, P = .04) and
baseline waist circumference (13.5%, P = .03). These results
indicated that men with a baseline waist circumference greater
than 100 cm and the apoE3/2 genotype had the greatest percent
reduction in plasma LDL-C levels. On the other hand, in the
high-MUFA group, baseline waist circumference was the only
contributing factor to the LDL-C response and accounted for
44.5% of its variance.

DISCUSSION

The purpose of this study was to investigate the effect of the
apoE polymorphism and other constitutional determinants such
as age and waist circumference on plasma lipoprotein re-
sponses to an ad libitum consumption of either a high-CHO or
a high-MUFA diet. Our results showed that carriers of an E2
alele consuming a high-CHO diet experienced a greater reduc-
tion in their plasma LDL-C levels compared with E3 and E4
carriers. Our result is consistent with those of Jenkins et al2
who reported that carriers of the E2 allele experienced the
greatest reduction of total plasma cholesterol and LDL-C levels
after the isocaloric intake of diets enriched with fibers com-
pared with carriers of the E3 and E4 alleles. In addition, in our
study, 32% of the percent variation in the LDL-C response to
the ad libitum high-CHO diet was attributable to apoE poly-
morphism and baseline waist circumference, which represented
18.5%, and 13.5% of the total variance, respectively. Thus,
these results suggest that apoE polymorphism is an independent
predictor of LDL-C response to the high-CHO diet after ad-
justment for baseline waist circumference. On the other hand,
in the high-MUFA diet group, baseline waist circumference
was the only contributing factor to LDL-C response and ac-
counted for as much as 44.5% of its variance. The apoE
phenotype had no effect on LDL-C response to an ad libitum
high-MUFA diet. Sarkkinen et ali° reported similar results
when they investigated the interaction of apoE polymophismin
hypercholesterolemic men and women after the isocaloric in-
take of saturated fatty acids or MUFA. However, our observa-
tions contrast with results from the Delta study,'* which re-
ported that apoE genotype did not predict the lipid response to
alow saturated fatty acid diet in 103 normolipidemic subjects.
The partialy contradictory results obtained from previous stud-
ies addressing the role of the apoE polymorphism in the re-

sponse of plasmalipid levelsto variationsin fat and cholesterol
intakes were reviewed extensively.15 Large number of reports
showed significant associations between the E4 alele and an
increased LDL-C response to dietary intervention,2-14 how-
ever, the same number of reports failed to replicate such asso-
ciations. 111516 Several hypotheses can explain these discrep-
ancies. Oneisthat the apoE polymorphism affects the response
of cholesteral only in men, not in women, or only in popula
tions in which baseline plasma total cholesterol levels differ
significantly between the various apoE genotypes. Another
possible explanation is that the apoE polymorphism may only
affect the response of plasma cholesterol to specific dietary
changes. The present study supports this concept, because we
have observed that the plasma LDL-C responses to high-CHO
and high-MUFA diets are not modulated to the same extent by
the apoE polymorphism.

This study also showed a significant association between
plasma LDL-C response to high-CHO and high-MUFA diets
and baselinewaist circumference. Interestingly, this association
remained significant even after adjustment for the apoE poly-
morphism and other confounding variables, such as baseline
LDL-C and TG levels, as well as baseline carbohydrate, satu-
rated fatty acid, and cholesterol intakes. We have observed that
subjects with alarger waist circumference before dietary inter-
ventions had a greater reduction in plasma LDL-C levels after
the ad libitum consumption of either the high-CHO diet or the
high-MUFA diet. This observation contrasts with the previous
findings of Jansen et a,1” who demonstrated that baseline BMI
was inversely correlated with the magnitude of LDL-C re-
sponse to an hypolipidemic diet, because subjects with a greater
BMI have a lower decrease in plasma LDL-C than normal
weight individuals. Denke et a8 aso reported that BMI pre-
dicted lipid response. In their study, heavier individuals had
less LDL-C response to dietary change. One possible explana-
tion for these discrepancies could depend on the experimental
design. Both studies were performed in crossover, isocaloric
design, while ours was performed in a parallel, ad libitum
set-up alowing weight fluctuation.

The mechanism underlying the differential impact of the
apoE polymorphism on lipoprotein response to specific dietary
interventions is not known. It is reasonable to assume that the
mechanism by which plasma LDL-C responses to dietary
changes are increased in E3/E2 carriers may be related to the
slower catabolic rate of E2 as compared with E3 or E419 and by
the difference in the regulation of apoE expression between the
high-CHO and the high-MUFA diets. As compared with the
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high-MUFA diet, the high-CHO diet could reduce intracellular
hepatic cholesterol concentrations to a greater extent in carriers
of an E2 allele, thus increasing the upregulation of LDL recep-
tor expression and LDL particle uptake. In fact, it has been
shown that the various apoE isoforms differ in binding affinity
for the LDL receptor and the LDL receptor-related protein,
TG-rich lipoprotein particles, and HDL.20-22 As expected from
previous popul ation studies, our results showed that carriers of
the E2 alele had lower plasma LDL-C levels, while carriers of
E4 allele had higher LDL-C concentrations than E3 homozy-
gotes_23-25

In conclusion, the results of the present study have shown
that the LDL-C responsiveness to an ad libitum consumption of
ahigh-CHO diet, but not to ahigh-MUFA diet, is modul ated by
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the apoE polymorphism. Additional studies need to be carefully
designed in term of sample size, subject characteristics (men,
women, obese, hyperlipidemic subjects), and dietary interven-
tions (carbohydrates, amount of fat, type of fat) to further
examine this issue. Moreover, the genetic heritabilities of diet
responsiveness need to be explored within large families to
identify new responsiveness loci. In the meantime, we believe
that the factors presented in this study may provide useful
markers to predict the efficacy of dietary intervention.

ACKNOWLEDGMENT

We thank the participants, the staff of the metabolic kitchen, and the
technicians of the Lipid Research Center for their invaluable contribu-
tions.

REFERENCES

1. Rubin J, Berglund L: Apolipoprotein E and diets: A case of
gene-nutrient interaction? Curr Opin Lipidol 13:25-32, 2002

2. Jenkins DJ, Hegele RA, Jenkins AL, et a: The apolipoprotein E
gene and the serum low-density lipoprotein cholesterol response to
dietary fiber. Metabolism 42:585-593, 1993

3. Schaefer EJ, Lamon-Fava S, Ausman LM, et d: Individua vari-
ability in lipoprotein cholesterol response to National Cholesterol Ed-
ucation Program Step 2 diets. Am J Clin Nutr 65:823-830, 1997

4. Katan MB, Beynen AC, de Vries JH, et al: Existence of consistent
hypo- and hyperresponders to dietary cholesterol in man. Am J Epi-
demiol 123:221-234, 1986

5. Ordovas JM: Gene-diet interaction and plasma lipid response to
dietary intervention. Curr Atheroscler Rep 3:200-208, 2001

6. Cardin AD, Witt KR, Chao J, et a: Degradation of apolipoprotein
B-100 of human plasma low density lipoproteins by tissue and plasma
kallikreins. J Biol Chem 259:8522-8528, 1984

7. Burstein M, Samaille J Sur un dosage rapide du cholestérol lié
aux aet aux 3-lipoprotéines du serum. Clin Chim Acta 5:609-610, 1960

8. St-Pierre AC, Ruel IL, Cantin B, et a: Comparison of various
electrophoretic characteristics of LDL particles and their relationship to
the risk of ischemic heart disease. Circulation 104:2295-2299, 2001

9. Hixson JE, Vernier DT: Restriction isotyping of human apoli-
poprotein E by gene amplification and cleavage with Hhal. J Lipid Res
31:545-548, 1990

10. Sarkkinen ES, Uusitupa M|, Pietinen P, et a: Long-term effects
of three fat-modified diets in hypercholesterolemic subjects. Athero-
sclerosis 105:9-23, 1994

11. Lefevre M, Ginsberg HN, Kris-Etherton PM, et a: ApoE geno-
type does not predict lipid response to changesin dietary saturated fatty
acids in a heterogeneous normolipidemic population. The DELTA
Research Group. Dietary effects on lipoproteins and thrombogenic
activity. Arterioscler Thromb Vasc Biol 17:2914-2923, 1997

12. Lopez-MirandaJ, Ordovas J, Mata P, et al: Effect of apolipopro-
tein E phenotype on diet-induced lowering of plasma low density
lipoprotein cholesterol. J Lipid Res 35:1965-1975, 1994

13. Dreon DM, Fernstrom HA, Miller B, et a: Apolipoprotein E
isoform phenotype and LDL subclass response to a reduced-fat diet.
Arterioscler Thromb Vasc Biol 15:105-111, 1995

14. Sarkkinen E, Korhonen M, Erkkila A, et d: Effect of apoli-

poprotein E polymorphism on serum lipid response to the separate
modification of dietary fat and dietary cholesterol. Am J Clin Nutr
68:1215-1222, 1998

15. Savolainen MJ, Rantala M, Kervinen K, et a: Magnitude of
dietary effects on plasma cholesterol concentration: Role of sex and
apolipoprotein E phenotype. Atherosclerosis 86:145-152, 1991

16. Weggemans RM, Zock PL, Ordovas JM, et al: Apoprotein E
genotype and the response of serum cholesterol to dietary fat, choles-
terol and cafestol. Atherosclerosis 154:547-555, 2001

17. Jansen S, Lopez-Miranda J, Salas J, et a: Plasmallipid response
to hypolipidemic diets in young healthy non-obese men varies with
body mass index. J Nutr 128:1144-1149, 1998

18. Denke MA, Adams-Huet B, Nguyen AT: Individua cholesterol
variation in response to a margarine- or butter-based diet: A study in
families. JAMA 284:2740-2747, 2000

19. Gregg R, Zech L, Schaefer E, et al: Abnormal in vivo metabo-
lism of apolipoprotein E4 in humans. J Clin Invest 78:815-821, 1986

20. Gregg R, Zech L, Schaefer E, et a: Apolipoprotein E metabo-
lism in normolipoproteinemic human subjects. J Lipid Res 25:1167-
1176, 1984

21. Bohnet K, Pillot T, Visvikis S, et a: Apolipoprotein (apo) E
genotype and apoE concentration determine binding of norma very
low density lipoproteins to HepG2 cell surface receptors. J Lipid Res
37:1316-1324, 1996

22. Dong LM, Parkin S, Trakhanov SD, et a: Novel mechanism for
defective receptor binding of apolipoprotein E2 in type |11 hyperlipo-
proteinemia. Nat Struct Biol 3:718-22, 1996

23. Boerwinkle E, Utermann G: Simultaneous effects of the apoli-
poprotein E polymorphism on apolipoprotein E, apolipoprotein B, and
cholesterol metabolism. Am J Hum Genet 42:104-112, 1988

24. Eichner JE, Kuller LH, Ferrell RE, et a: Phenotypic effects of
apolipoprotein structural variation on lipid profiles. I11. Contribution of
apolipoprotein E phenotype to prediction of total cholesterol, apoli-
poprotein B, and low density lipoprotein cholesterol in the healthy
women study. Arteriosclerosis 10:379-385, 1990

25. Wilson P, Myers R, Larson M, et a: Apolipoprotein E aleles,
dyslipidemia, and coronary heart disease. The Framingham Offspring
Study. JAMA 272:1666-1671, 1994



	Influences of Apolipoprotein E Polymorphism on the Response of Plasma Lipids to the Ad Libitum Consumption of a High-Carbohydrate Diet Compared With a High–Monounsaturated Fatty Acid Diet
	MATERIALS AND METHODS
	Subjects
	Experimental Design
	Experimental Diets
	Dietary Intervention
	Laboratory Methods
	DNA Analysis
	Statistical Analysis

	RESULTS
	Variability in the Response to Dietary Intervention

	DISCUSSION
	ACKNOWLEDGMENT
	REFERENCES


