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Genetic variation and the lipid response to dietary intervention: a

systematic review'-3
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ABSTRACT

There is wide interindividual variation in the lipid and lipoprotein
responses to dietary change, and the existence of consistent hypo-
and hyperresponders supports the hypothesis that responsiveness
is related to genetic variation. Many studies have investigated the
possibility that the heterogeneity in responsiveness to changes in
dietary fat, cholesterol, and fiber intake is explained by variation
in genes whose products affect lipoprotein metabolism, eg,
apolipoproteins, enzymes, and receptors. A systematic review
of the literature was carried out to investigate the effect of
genetic variation on the lipid response to dietary intervention.
A search strategy for the MEDLINE database retrieved 2540
articles from 1966 to February 2002. This strategy was adapted
and performed on the EMBASE database, which retrieved 2473
articles from 1980 to week 9, 2002. Reference lists from rele-
vant journal articles were also checked. This is the first sys-
tematic review of the literature, and it summarizes results avail-
able from 74 relevant articles. There is evidence to suggest that
variation in the genes for apolipoprotein (apo) A-I, apo A-IV,
apo B, and apo E contributes to the heterogeneity in the lipid
response to dietary intervention. However, the effects of genetic
variation are not consistently seen and are sometimes conflict-
ing. Future studies need to have much larger sample sizes based
on power calculations and carefully controlled dietary inter-
ventions and should investigate the effects of polymorphisms in
multiple genes instead of the effects of polymorphisms in sin-
gle genes. Am J Clin Nutr 2003;77:1098-111.
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INTRODUCTION

Cardiovascular disease has a multifactorial etiology with many
established risk factors. The nonmodifiable risk factors include
older age, male sex, and a family history of premature cardiovas-
cular disease, whereas the modifiable risk factors include cigarette
smoking, obesity, hypertension, physical inactivity, diabetes mel-
litus, elevated total cholesterol and LDL-cholesterol concentra-
tions, and reduced HDL-cholesterol concentrations (1).

Serum cholesterol concentrations are profoundly influenced by
the composition of dietary fat, with saturated fatty acids (SFAs)
being the major determinant of serum cholesterol (2). Equations
have been developed to predict the responses of total, LDL, and
HDL cholesterol to dietary change (2-5), but there is wide
interindividual variation in these lipid and lipoprotein responses

(6-8). The existence of consistent hypo- and hyperresponders (9,
10) supports the hypothesis that responsiveness is related to
genetic variation.

Many studies have investigated this possibility and have largely
focused on genes whose products affect lipoprotein metabolism,
eg, apolipoproteins, enzymes, and receptors. Although there have
been several reviews of such studies (11-20), none were per-
formed in a systematic manner, which may have led to articles
being omitted and introduced bias toward positive findings. For
example, one review included a summary table of 28 studies that
examined interactions between the apolipoprotein (apo) E geno-
type and diet with changes in dietary fat or cholesterol (17); how-
ever, the present systematic review identified 16 additional rele-
vant studies that could have been included.

It is possible that conclusions from nonsystematic reviews
may not be accurate because they do not take into account all of
the available evidence, and there is no basis for the selection of
the studies that are included in the review. This is the first sys-
tematic review of the literature. The evidence available from 74
articles describing studies that have investigated the effect of
genetic variation on the lipid response to dietary interventions
were examined.

METHODS

A literature search strategy was developed to identify studies
that had measured the lipid and lipoprotein responses to dietary
interventions in different genotype groups. The literature strategy
for the MEDLINE (National Library of Medicine, Bethesda, MD)
database, which was searched from 1996 to week 4 of February
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TABLE 1
Literature strategy for MEDLINE: from 1966 to week 4 of February 2002
and the number of articles retrieved

No. of
articles

Search history retrieved

1) (cholesterol$ or lipoprotein$ or 1d1$ or hdl$ or vidI$ 253045
or triglyceride$ or triglycerol$ or triacylglyceride$ or
triacylglycerol$ or apo$).mp.
[mp = title, abstract, cas registry/ec number word,
mesh subject heading]

2) (polymorphism$ or allele$ or genotype$ or phenotype$ 916912
or isoform$ or mutation$ or gene or genes or genetic$).mp.

3) (diet$ or food$ or nutri$ or supplement$ or vitamin$ or

meal$ or fat or fats or fatty or egg$).mp. 712539
4) Iand2and3 5221
5) limit 4 to human 2908
6) limit 5 to (all infant <birth to 23 months> or all child

<0 to 18 years>) 368
7) Snot6 2540

2002, and the number of articles retrieved are shown in Table 1.
The strategy was adapted and performed on the EMBASE data-
base (Elsevier Science BV, Amsterdam) from 1980 to week 9 of
2002, and reference lists from relevant articles were checked. Arti-
cles were excluded if the intervention involved restriction of
energy intake or overfeeding, if the intervention was combined
with drug or exercise therapy, if the subjects were children or had
diabetes, or if the articles did not clearly assess whether responses
to diet were significantly different between genotype groups. This
search generated 74 relevant articles on dietary intervention stud-
ies and 17 reviews on gene-diet interactions.

The original studies retrieved, according to the polymorphism
studied, are summarized in Tables 2-7. The details given for each
study include the first author, the number and sex of the subjects,
the number of subjects in each genotype group, the type of dietary
intervention, and the results, ie, whether there was a significantly
greater response of plasma total cholesterol, LDL cholesterol,
HDL cholesterol, VLDL cholesterol, or triacylglycerol in one
genotype group than in another. The responses were generally in
the expected direction, ie, a reduction in lipid and lipoprotein con-
centrations after a reduction in dietary cholesterol and SFA
intakes. In most cases, the direction of the response was the same
for each genotype group. In these cases, the genotype that showed
the largest response to the dietary intervention is shown.

RESULTS

Apolipoprotein A-I, C-III, and A-IV gene cluster

Of 13 reports, 5 found that the presence of the apo A-1-75 (G/A)
A allele instead of the common G allele resulted in greater LDL-
cholesterol responses to changes in dietary fat (Table 2). In addi-
tion, significant interactions between the G/A genotype and diet
were found for changes in total and LDL cholesterol when sub-
jects changed from a low-fat diet to a diet high in monounsatu-
rated fatty acids (MUFAs) (24). When the effect of this polymor-
phism with the apo C-III Ss#I polymorphism was studied, it was
found that total and LDL-cholesterol concentrations decreased
most in subjects with the G/G-S1/52 polymorphism and increased
most in subjects with the G/A-S1/S1 polymorphism (24). No

significant interactions between diet and other polymorphisms in
the apo A-I gene were shown.

Variation at the apo C-III SstI site influenced dietary respon-
siveness such that after the subjects changed from a low-fat diet to
a high-MUFA diet, LDL-cholesterol concentrations increased in
S1/51 subjects but decreased in S7/52 subjects (24, 32). Variation
at the apo C-III Sacl or C1100T polymorphic sites has not been
associated with the magnitude of the lipid response.

The evidence that exists for an interaction between diet and the
apo A-1V glutamine-histidine mutation at position 360 (Gln360His)
suggests that GIn/Gln subjects show significantly greater total
and LDL-cholesterol responses and that G/n/His subjects show
greater HDL-cholesterol responses to changes in dietary fat, cho-
lesterol, or both. Although Wallace et al (37) found no significant
differences in LDL-cholesterol responses between genotypes,
dense LDL cholesterol decreased more in subjects carrying the
His allele when polyunsaturated fatty acids (PUFAs) replaced
SFAs in the diet. In the same study, there was a significant dif-
ference in HDL-cholesterol responses between genotype groups
such that concentrations decreased in GIn/Gln subjects and
increased in Gln/His subjects.

The presence of serine instead of threonine at position 347 in
the apo A-IV gene was associated with increased total and LDL-
cholesterol responsiveness when subjects switched from a high-
SFA diet to a National Cholesterol Education Program Step I diet
(23). When the same subjects changed from the National Choles-
terol Education Program Step I diet to a high-MUFA diet, subjects
with the Thr/Thr genotype had a 1% decrease in total cholesterol
concentrations, whereas subjects with the Ser allele had a 5%
increase in total cholesterol concentrations (23). When the
Thr347Ser and the apo A-I-75 (G/A) genotypes were combined,
carriers of the A and Ser alleles showed greater LDL-cholesterol
responses to changes in dietary fat (23). However, Carmena-Ramon
et al (36) investigated both the GIn360His and Thr347Ser poly-
morphisms and found no gene-diet or haplotype-diet interactions.

Apolipoprotein B

The evidence for an interaction between the Xbal polymor-
phism and diet is inconsistent (Table 3). In 2 studies, X—X— sub-
jects showed greater LDL-cholesterol responses (42, 46), whereas
Tikkanen et al (40) found that subjects carrying the X+ allele had
greater total, LDL-, and HDL-cholesterol responses. However in
Xu et al’s (92) analysis of these data, the Xbal polymorphism only
explained a significant proportion of variance of the change in
HDL cholesterol. Pajukanta et al (43) found no significant effect
on LDL-cholesterol responsiveness, although X—X—subjects
showed the greatest HDL,- and VLDL-cholesterol responses.
Finally, Lopez-Miranda et al (45) studied the effect of the Xbal
polymorphism in subjects with the common apo E3/3 genotype
and found that X—X— subjects showed the greatest triacylglyc-
erol response. Rantala et al (46) conducted a meta-analysis of all
published dietary trials, including their own trial (46). In their
analysis of 8 studies, X—X+ subjects had greater LDL responses
than did X+X+ subjects and no significant differences in the
responses of total or HDL cholesterol or triacylglycerol were
found between genotypes.

Two of 7 interventions found that the EcoRI R— allele was associ-
ated with significantly greater total and LDL-cholesterol responses to
changes in dietary fat and cholesterol (44, 46). Rantala et al’s (46) meta-
analysis of 7 studies found that R— R— subjects had significantly greater
total and LDL-cholesterol responses than did the R+R+ subjects.
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TABLE 2
Apolipoprotein A-I, C-I1I, and A-IV gene cluster’
Response’
Polymorphism and study Subjects Genotype groups Intervention Chol LDL HDL VLDL TG
Apo A-1-75 (G/A)
Lopez-Miranda et al (21) 50 M 36 G/G, 14 G/A NCEP-I vs high-fat, high-MUFA diet NS G/A NS — NS
Lopez-Miranda et al (22) 42 M and F High-SFA vs high-PUFA diet 3 G/A NS — —
Clifton et al (12) 96Mand F 68 G/G, 28 G/A Low-fat, low-chol vs high-fat, — NS — — —
high-chol diet
Jansen et al (23) 41 M 23 G/G, 18 G/A High-SFA vs NCEP-I diet — G/A — — —
Jansen et al (23) 41 M 23 G/G, 18 G/A NCEP-I vs high-MUFA diet — G/A — — —
Lopez-Miranda et al (24) 89 M 58 G/G, 31 G/A NCEP-I vs high-fat, high-MUFA diet S S NS — NS
Meng et al (25) 42 M 27 G/G, 15 G/A Low-fat, low-chol diet NS NS NS — NS
and A7A
Meng et al (25) 44 F 31 G/G, 13 G/A Low-fat, low-chol diet NS NS NS — NS
and A/A
Carmena-Ramon et al (26) 69 M and
F, FH 51 G/G, 18 G/A NCEP-I diet NS NS NS NS NS
Mata et al (27) 26 M 21 G/G,5 G/A High-SFA vs high-PUFA diet NS NS NS — NS
Mata et al (27) 26 M 21 G/G,5 G/A High-SFA vs high-MUFA diet NS NS NS — NS
Mata et al (27) 24 F 16 G/G, 8 G/A High-SFA vs high-PUFA diet G/A G/A NS — NS
Mata et al (27) 24 F 16 G/G, 8 G/A High-SFA vs high-MUFA diet NS NS NS — NS
Promoter Mspl
Gylling et al (28) 29 M 21 M+M+, 8 M+M— Low-chol vs high-chol diet — NS — — —
and M—M—
+83 (Msplt)
Carmena-Ramon et al (26) 69 M and 64 +/+,5 —/+ NCEP-I diet NS NS NS NS NS
F, FH
Apo C-III
C1100T
Humpbhries et al (29) S55MandF 38 C/C, 17 C/T High-SFA vs high-PUFA diet NS NS NS NS NS
and T/T
Wallace et al (30) 55 M and
F, HC 29 C/C, 26 C/T High-SFA vs high-PUFA diet NS — — — —
and T/T
Sacl
Hegele et al (31) 67MandF 53 1/1,14 172 Wheat- or oat-bran supplementation NS NS NS — NS
Sstl
Lopez-Mirandaetal (32) 50 M 40 S1/51, 10 S1/852 NCEP-I vs high-fat, high-MUFA diet — S — — —
Gylling et al (28) 29 M 24 S1/81, 5 8§1/52 Low-chol vs high-chol diet — NS — — —
and S2/52
Lopez-Miranda et al (24) 90 M 67 S1/51, 23 S1/52 NCEP-I vs high-fat, high-MUFA diet S S NS — NS
Apo A-IV
GIn360His
Mata et al (33) 93 M 76 GIn/Gin, 17 GIn/His  High-fat, high-chol vs low-fat, GIn/Gln GIn/Gln NS — NS
low-chol diet
Mata et al (33) 60 F 48 GIn/Gin, 12 GIn/His  High-fat, high-chol vs low-fat, NS NS NS — NS
low-chol diet
McCombs et al (34) 23Mand F 12 GIn/GIn, 11 Gin/His  Low-chol vs high-chol diet GIn/Gln GIn/Gln NS — NS
Jansen et al (35) 41 M 33 GIn/Gin, 8 GIn/His High-SFA vs NCEP-I diet NS NS Gin/His — NS
Jansen et al (35) 41 M 33 GIn/Gln, 8 GIn/His ~ NCEP-I vs high-MUFA diet NS NS GlwHis — NS
Jansen et al (35) 41 M 33 Gin/Gln, 8 GIn/His ~ High-SFA vs high-MUFA diet NS NS NS — NS
Schaefer et al (8) 71 M 63 GIn/Gln, 8 Gln/His ~ High-fat, high-chol vs NCEP-2 diet NS NS NS — NS
Schaefer et al (8) 47 F 42 GIn/Gln, 5 Gin/His High-fat, high-chol vs NCEP-2 diet NS NS NS — NS
Carmena-Ramon 67 M and 51 GIn/Gln, 16 GIn/His NCEP-I diet NS NS NS NS NS
et al (36) F, FH
Wallace et al (37) 44 M and 38 Gin/Gln, 6 GIn/His ~ High-SFA vs high-PUFA diet — NS S — NS
F, HC
Weggemans et al (38) 50Mand F 33 GIn/GIn, 17 GIln/His  High-SFA, low-chol vs high-SFA, NS NS NS — —
and His/His high-chol diet
Weinberg et al (39) 26 M and F 14 GIn/GlIn, 12 GIn/His  High-chol, high-SFA diet — NS NS — —
Weinberg et al (39) 24Mand F 13 GIn/Gin, 11 GIn/His  High-chol, high-PUFA diet — NS NS — —
GIn360His
Weinberg et al (39) 22Mand F 12 GIn/Glin, 10 GIn/His  High-chol, low-fat diet — NS NS — —

(Continued)
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TABLE 2 (Continued)

Response’
Polymorphism and study Subjects Genotype groups Intervention Chol LDL HDL VLDL TG
Thr347Ser
Jansen et al (23) 41 M 25 Thr/Thr, 16 Ser High-SFA vs NCEP-I diet Ser Ser NS — NS
(Thr/Ser and Ser/Ser)
Jansen et al (23) 41 M 25 Thr/Thr, 16 Ser NCEP-I vs high-MUFA diet S NS NS — NS
(Thr/Ser and Ser/Ser)
Carmena-Ramon 63 M and 44 Thr/Thr, 18 Thr/Ser, NCEP-I diet NS NS NS NS NS
et al (36) F, FH 1 Ser/Ser
Wallace et al (37) 44 M and 29 Thr/Thr, 15 Ser High-SFA vs high-PUFA diet — NS — — —
F, HC (Thr/Ser and Ser/Ser)

! Chol, cholesterol; NCEP-I diet, National Cholesterol Education Program Step I diet; MUFA, monounsaturated fatty acid; SFA, saturated fatty acid;
PUFA, polyunsaturated fatty acid; TG, triacylglycerol; NS and S, nonsignificant and significant (P < 0.05) differences, respectively, between genotype

groups; FH, familial hypercholesterolemic; HC, hypercholesterolemic.

2Tn most cases the direction of the response was the same for each genotype group; in these cases, the genotype showing the largest response is given.

3Indicates that the responses or P values were not clearly reported.

Only one study found an interaction between the Mspl poly-
morphism and response to diet. Rantala et al (46) found that
M+M+ subjects had significantly greater total cholesterol
responses than did M+M — subjects to a diet high in fat and cho-
lesterol. In addition, in their meta-analysis of 5 trials, Rantala et
al found that M+M+ subjects responded with significantly greater
changes in plasma LDL-cholesterol and triacylglycerol concen-
trations than did M+M — subjects, but there were no significant
effects on total or HDL-cholesterol responses.

Ten intervention studies found no significant effects of the apo
B signal peptide insertion/deletion (/D) polymorphism on dietary
responsiveness; however, 2 studies reported a significantly greater
responsiveness in subjects homozygous for the 7 allele. Lee et al
(93) studied 43 men and women to compare the effects of insolu-
ble and soluble fiber on plasma lipids. Their statistical model iden-
tified gene-diet interactions. However, they did not look specifi-
cally at differences between genotype groups; therefore, the study
is not included in the tables. It was found that D/D subjects had
similar decreases in HDL cholesterol after consumption of the
insoluble- and soluble-fiber diets. However, I/ subjects had larger
HDL-cholesterol decreases with the soluble-fiber diet, whereas I/D
subjects had larger HDL-cholesterol decreases with the insoluble-
fiber diet. The gene-diet interaction was significant (P = 0.021).

In response to Pajukanta et al’s (43) low-fat, low-cholesterol diet,
I/I subjects showed the greatest decrease in HDL,. In addition, I//
and 1/D subjects showed increased VLDL-cholesterol and decreased
LDL-cholesterol concentrations, whereas D/D subjects showed
decreased VLDL- cholesterol and increased LDL-cholesterol con-
centrations. The /D polymorphism showed no significant effect
on the responsiveness of total, LDL, or HDL cholesterol or tria-
cylglycerol in a meta-analysis of 7 studies (46).

The Bsp 12611 polymorphism was not associated with the LDL
response in Rantala et al’s study (46). However, their analysis of the
data from 2 Finnish studies showed that B—B— subjects responded
to a diet high in fat and cholesterol, with significantly greater increases
in plasma total and LDL cholesterol and significantly smaller changes
in triacylglycerol than observed in the B— B+ subjects. Finally, men
homozygous for the His allele at codon 1896 may be more responsive
than men with the less common Arg allele (50).

Apolipoprotein E

Variation in the apo E gene results in the 3 common alleles (€2,
€3, and e4), which can produce 3 homozygous (E2/2, E3/3, and E4/4)

and 3 heterozygous (E2/3, E2/4, and E3/4) genotypes. The €2, €3,
and 4 alleles have frequencies of =0.08, 0.77, and 0.15, respectively,
in white populations (94). The 4 studies that showed a statistically
significant interaction between the variation in the apo E gene and
dietary cholesterol indicate that the presence of the €4 allele results
in significantly greater responses in total, LDL, or HDL cholesterol;
subjects with the €2 allele showed the smallest response (Table 4).

Of the 46 interventions that involved altering the dietary fat con-
tent of the diet, significantly different total and LDL-cholesterol
responses between genotype groups were reported in 8 and 11
studies, respectively, with carriers of the €4 allele tending to show
the greatest responses. Although Tikkanen et al (64) found that
subjects with the E4/4 phenotype showed the greatest total and
LDL-cholesterol responses to dietary change, Xu et al (92) ana-
lyzed the same data and concluded that the apo E polymorphism
did not explain a significant proportion of the variation of the
response. Lopez-Miranda et al (71) conducted a meta-analysis of
9 studies involving 612 subjects and found that the presence of the
€4 allele was associated with a significantly greater LDL response
to dietary intervention.

Four studies found significantly different HDL-cholesterol
responses between genotype groups: one study found that carri-
ers of the €4 allele had the smallest HDL-cholesterol response
(71), whereas the other 3 studies found that carriers of the €4 allele
had the largest response (28, 54, 55, 58, 62).

Subjects with the €4 allele appear to be the most responsive to
changes in dietary fat and cholesterol; however, they may not be the
most responsive to changes in other aspects of the diet. For exam-
ple, subjects carrying the €2 allele had the greatest total and LDL-
cholesterol responses to wheat- or oat-bran supplementation (86).

Enzymes: lipoprotein lipase, hepatic lipase, and cholesterol
7a-hydroxylase

Three polymorphisms in the lipoprotein lipase gene have been
shown to influence the response to diet (Table 5). First, the H— allele
of Hindlll is associated with greater total cholesterol and triacylglycerol
responsiveness (29). Second, subjects with the S447X mutation showed
significantly greater decreases in LDL-cholesterol concentrations than
did subjects with the common S/ genotype when PUFAs replaced
SFAs in the diet. Third, subjects heterozygous for the N291S poly-
morphism (N/S) showed a greater mean change in triacylglycerol con-
centrations than did N/N subjects. The Pvull and T-93G polymorphisms
have not shown a significant influence on dietary responsiveness.
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TABLE 3
Apolipoprotein B gene’
Response?
Polymorphism and study Subjects Genotype groups Intervention Chol LDL HDL VLDL TG
C2488T (Xbal)
Tikkanen et al (40) 103 M and 39 X—X—, 64 X+ High-fat, high-chol, low-P:S vs X+ X+ X+ —3 NS
F, HC X=X+, X+X+) low-fat, low-chol, high-P:S diet
Friedlander et al (41) 37Mand F 20 X—X—, 17 X+ Low-SFA, low-chol vs high-SFA, NS NS NS — NS
X—X—, X—X+) high-chol diet
Friedlander et al (42) 63 M 22 X—X—, 35 X—X+, Low-SFA, high-MUFA and low-SFA, NS X-X- NS — NS
6 X+X+ high-PUFA diets
Pajukanta et al (43) 87Mand F 34 X—X—, 40 X-X+, Low-fat, low-chol diet — NS X—X—-X-X- —
13 X+X+
Clifton et al (12) and 51Mand F, — Low-chol vs high-chol diet — NS NS — —
Clifton and Abbey (14) HC and NC
Gylling et al (28) 29 M 9X—X—, 14 X—X+, Low-chol vs high-chol diet — NS — —  —
6 X+X+
Friedlander et al (44) 210 Mand F 88 X—X—, 107 X—X+, High-SFA, high-chol vs low-SFA, NS NS NS — NS
15 X+X+ low-chol diet
Lopez-Miranda et al (45) M 21 X—X—, 51 X+ High-SFA vs NCEP-I diet NS NS NS — NS
(X—X+, X+X+) o
Lopez-Miranda et al (45) M 21 X—X—, 51 X+ High-SFA vs high-MUFA diet NS NS NS — X—X- g
X=X+, X+X+) =1
Rantala et al (46) 44MandF 19 X—X—, 16 X—X+, Low-fat, low-chol diet — NS — — — 2
9 X+X+ E
Rantala et al (46) 4 MandF 19 X—X—, 16 X—X+, High-fat, high-chol diet —  X—X- — — — g-
9 X+X+ 3
G4154L (EcoRI) %
Hegele et al (31) 67Mand F 41 R+R+, 21 R+R—, Wheat- or oat-bran supplementation NS NS NS — NS ;
5R—R—- c
Abbey et al (47) 49Mand F 23 R+R+, 26 R— Low-fat, low-chol vs high-fat, NS NS NS — NS %ﬁ
(R+R—, R—R-) high-chol diet g
Friedlander et al (42) 60 M 48 R+R+, 11 R+R—, Low-SFA, high-MUFA and low-SFA, NS NS NS — NS S
1R—R—- high-PUFA diets g
Gylling et al (28) 29 M 20 R+R+,9 R— Low-chol vs high-chol diet — NS — — - «Q
(R+R—, R—R—) o
Friedlander et al (44) 206 M and F 131 R+R+,75 R— High-SFA, high-chol vs low-SFA, R— R— NS — NS §
(R+R—, R—R—) low-chol diet o
Rantala et al (46) 44Mand F 27 R+R+, 13 R+R—, Low-fat, low-chol diet — NS — — — 2
4 R—R- g
Rantala et al (46) 44Mand F 27 R+R+, 13 R+R—, High-fat, high-chol diet NS R—R-— — — — g
4R—-R—- N
A3611G (Mspl) N
Hegele et al (31) 67Mand F 39 M+M+, 23 M+M—, Wheat- or oat-bran supplementation NS NS NS — NS 2
5M-M— @
Friedlander et al (42) 62 M 54 M+M+, 8 M+M — Low-SFA, high-MUFA and low-SFA, NS NS NS — NS
high-PUFA diets
Gylling et al (28) 29 M 23 M+M+, 6 M+M — Low-chol vs high-chol diet — NS — — —
and M—M—
Friedlander et al (44) 205 M and F 184 M+M+, 21 M+M—  High-SFA, high-chol vs low-SFA, NS NS NS — NS
low-chol diet
Rantala et al (46) 4 Mand F 39 M+M+,5 M+M— Low-fat, low-chol diet — NS — — —
Rantala et al (46) 44Mand F 39 M+M+, 5 M+M— High-fat, high-chol diet M+M+ NS — —_ -
Signal peptide /D
Boerwinkle et al (48) 71 M 321,32 1/D, 7 D/D Low-chol vs high-chol diet NS NS NS — NS
Hegele et al (31) 67Mand F 20 //1,35 1I/D, 12 D/D Wheat- or oat-bran supplementation NS NS NS — NS
Friedlander et al (42) 62 M 41 /I, 17 I/D, 4 D/D Low-SFA, high-MUFA and low-SFA, NS NS NS — NS
high-PUFA diets
Eusufzai et al (49) 46 M 23 I/1, 23 I/D and D/D High-fat, high-SFA vs low-fat, v V4 i — —
low-SFA diet
Eusufzai et al (49) 57F — High-fat, high-SFA vs low-fat, NS NS NS — —
low-SFA diet
Humphries et al (29) 55MandF  35/1,201/D and D/D  High-SFA vs high-PUFA diet NS — — —_ -
Pajukanta et al (43) 87Mand F 42 I/, 38 I/D, 7 D/D Low-fat, low-chol diet — S i S —

(Continued)
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TABLE 3 (Continued)
Response’

Polymorphism and study Subjects Genotype groups Intervention Chol LDL HDL VLDL TG

Friedlander et al (44) 18 M and F 104 I/1, 80 I/D, 4 D/D High-SFA, high-chol vs low-SFA, NS NS NS — NS

low-chol diet

Rantala et al (46) 44Mand F 23 1/1,201/D, 1 D/D Low-fat, low-chol diet — NS — —

Rantala et al (46) 44 Mand F 23 I/1,201/D, 1 D/D High-fat, high-chol diet — NS — — —

Wallace et al (30) 55 M and 32 I/1,23 I/D and D/D  High-SFA vs high-PUFA diet NS — — —_ -

F, HC
Wallace et al (37) 46 M and 20 I/, 26 I/D and D/D  High-SFA vs high-PUFA diet — NS — —  —
F, HC

12611 (Bsp)

Rantala et al (46) 44 Mand F 22 B+B+, 21 B+B—, Low-fat, low-chol diet — NS — — —

1 B—B—
Rantala et al (46) 44Mand F 22 B+B+,21 B+B—, High-fat, high-chol diet — NS — —_ -
1 B—B—

1887 Asn/Ser

Tlmonen et al (50) 48 M 45 Asn/Asn, 3 Asn/Ser Low-fat, low-chol, high-P:S diet NS NS — — —

IImonen et al (50) 54 F 52 Asn/Asn, 2 Asn/Ser Low-fat, low-chol, high-P:S diet NS NS — — —
1896 His/Arg

Tlmonen et al (50) 47 M 37 His/His, 10 His/Arg ~ Low-fat, low-chol, high-P:S diet His/His NS — — —

IImonen et al (50) 54 F 44 His/His, 10 His/Arg ~ Low-fat, low-chol, high-P:S diet NS NS — — —

! Chol, cholesterol; TG, triacylglycerol; P:S, ratio of polyunsaturated to saturated fatty acids; SFA, saturated fatty acid; MUFA, monounsaturated fatty
acid; PUFA, polyunsaturated fatty acid; NCEP-I diet, National Cholesterol Education Program Step I diet; NS and S, nonsignificant and significant (P <
0.05) differences, respectively, between genotype groups; HC, hypercholesterolemic; NC, normocholesterolemic.

2In most cases the direction of the response was the same for each genotype group; in these cases, the genotype showing the largest response is given.

*Indicates that the responses or P values were not clearly reported.

Variation at the hepatic lipase Nlalll and Mspl sites was not
associated with the response to diet (31, 87). However, in the study
by Lee et al (93) that was described above, homozygotes for valine
(V/V) at position 73 had smaller decreases in LDL cholesterol with
the insoluble-fiber diet than with the soluble-fiber diet, but the
LDL-cholesterol responses to the 2 diets were similar for the het-
erozygotes for methionine. This gene-diet interaction was signifi-
cant (P = 0.036). Variation in the cholesterol 7a-hydroxylase gene
has not been associated with dietary responsiveness (42).

LDL receptor gene

A significant interaction between diet and variation in the LDL
receptor gene was shown in 2 studies (Table 6). After wheat- or oat-
bran supplementation, the total and LDL-cholesterol reductions were
significantly different among the Hincll genotype groups, with 2/2
subjects showing the greatest reduction and /7 subjects showing the
smallest reduction (31). Clifton et al (12) and Clifton and Abbey (14)
investigated variation at a Pvull site, and subjects lacking the cut-
ting site were found to have greater HDL responses to low-fat diets.

Other genes

Subjects homozygous for the presence of the TagIB cutting site
(B1/B1) of the cholesteryl ester transfer protein gene showed greater
total and LDL-cholesterol responses to changes in the type of
dietary fat than did subjects who were homozygous or heterozygous
for the B2 allele in 1 of 3 studies (30) (Table 7). No evidence exists
for a significant association between the 1405V polymorphism and
the response to changes in the amount of dietary fat and cholesterol.

A polymorphism in the intestinal fatty acid—binding protein gene at
amino acid residue 54 results in either alanine (A54) or threonine (754).
One study showed that 754/T54 subjects had greater total and LDL-
cholesterol responses to a soluble-fiber diet than did the other 2 geno-
types, and the heterozygotes had a significantly greater total choles-
terol response to soluble fiber than did the A54/A54 homozygotes (89).

The Leu7Pro polymorphism in the neuropeptide Y gene has
been investigated in one study in relation to dietary response; how-
ever, no significant effect was shown (90).

M/N blood groups have been associated with LDL-cholesterol
responses to dietary change such that significantly different
responses were noted between M/N subjects who responded the
least and the 2 homozygote groups (blood groups M/M and N/N)
who responded the most (91).

Magnitude of the response

Because of the heterogeneity in the type and duration of the inter-
ventions described, the magnitude of the lipid response to dietary
interventions varied widely: in one study (46) the change in LDL
cholesterol in the apo B EcoRI R—R— genotype group was as large
as 59% of the baseline concentration. In the studies that showed a
significant difference in response between genotype groups, the
results also varied widely: in some studies, the difference in
response between 2 genotype groups was =20% of the baseline lipid
concentration (12, 46). However, the magnitude of these differences
cannot be estimated with any accuracy, largely because most stud-
ies had only a small number of subjects in the rare genotype group.

The proportion of variance in the lipid response attributable to
a single polymorphism is not likely to be >10% (92). Therefore,
individual genes contribute only a small part to the variation in
the lipid response; however, when several genes are considered,
the proportion of variance explained could be larger.

DISCUSSION

Evidence for a gene-diet interaction

Evidence suggests that variation in the genes for apolipopro-
teins A-I, A-IV, B, and E may contribute to the heterogeneity in the
lipid response to dietary intervention. Specifically, carriers of the
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TABLE 4
Apolipoprotein E gene!
Response’
Study Subjects Genotype groups Intervention Chol LDL HDL VLDL TG
Intervention: dietary cholesterol
Brenninkmeijer et al (51) 11M 6 E3 (2/3,3/3),5 E4 High-chol diet NS NS —3 — NS
(3/4, 4/4)
Boerwinkle et al (48) 71 M 13 E2/3, 48 E3/3, Low-chol vs high-chol diet NS NS NS — NS
10 E3/4
Glatz et al (52) 32Mand F 1 E2/2,4 E2/3, 17 E3/3,
6 E3/4, 4 E4/4 Low-chol vs high-chol diet NS — — — —
McPherson et al (53) 30 M 6 E2/3, 12 E3/3, 12 E3/4  Low-chol vs high-chol diet — NS — — —
Miettinen (54), 29M 8 E2 (2/2, 2/3, 2/4), Low-chol vs high-chol diet E3and4 E3and4 E4 —_ -
Gylling and Miettinen (55), and 9 E3 (3/3), 12 E4
Gylling et al (28) (3/4, 4/4)
Lehtimaki et al (56) 36 Mand F 9 E2/3, 11 E3/3, Low-chol vs high-chol diet NS E4/4 NS — NS
13 E3/4, 3 E4/4
Jones et al (57) 13 M T E2 (2/2, 2/3), 6 E4 Low-chol vs high-chol diet NS NS NS — NS
(3/4, 4/4)
Martin et al (58) 30M S5 E2/3, 11 E3/3, 14 E3/4  Low-chol vs high-chol diet — NS E3/4 — —
Ginsberg et al (59) 20 M 15 E4—(2/2, 2/3, 3/3), 4 diets differing in chol content NS NS — — —
5 E3/4
Ginsberg et al (60) 13F 8 E2 (2/3, 3/3), 5 E4 3 diets differing in chol content NS NS NS — NS
(34, 4/4)
McCombs et al (34) 23Mand F 4 E2/3, 1 E2/4, 14 E3/3,  Low-chol vs high-chol diet — NS — — —
4 E3/4
Sarkkinen et al (61) 45Mand F 15 E3/3, 15 E3/4, Low-chol vs high-chol diet E4/4 NS NS — NS
15 E4/4
Weggemans et al (62) 103 M and F 18 E2 (2/2, 2/3), Low-chol vs high-chol diet NS — NS — —
62 E3/3,23 E4
(3/4, 4/4)
Intervention: dietary fat
Fisher et al (63) 8M 3 E2/3,5 E3/3 Corn oil % chol vs coconut NS NS NS NS NS
oil £ chol
Tikkanen et al (64) 110 Mand F 102 E2/3, 3/3 and 4/3, High-fat, high-chol, low-P:S vs E4/4 E4/4 NS — NS
8 E4/4 low-fat, low-chol, high-P:S diet
Glatz et al (52) 22 M and F High-PUFA vs high-SFA diet NS — — — —
Manttari et al (65) 117 M, DL 75 E2/2, 2/3 and 3/3; High-fat, low-P:S vs low-fat, E4 E4 NS — NS
42 E4 (3/4, 4/4) lower chol, high-P:S diet
Savolainen et al (66) 22M 11 E3/3, 11 E4 (3/4, 4/4)  Low-fat, low-chol vs high-fat, NS NS NS — NS
high-chol diet
Savolainen et al (66) 22F 12 E3/3, 10 E4 (3/4, 4/4)  Low-fat, low-chol vs high-fat, NS NS NS — NS
high-chol diet
Cobb and Risch (67) 67Mand F 13 E2/3, 44 E3/3,
8 E3/4,2 E4/4 Low-P:S diet vs high-P:S, — NS — NS —
lower chol diet
Sundram et al (68) 38 M 11 E2/3,22 E3/3,5 E3/4  Palm oil as major fat source NS NS NS NS NS
Vanhanen et al (69) 33 M and 16 E3/3, 17 E4 (3/4, 4/4) RO mayonnaise vs RO and NS NS — — —
F, HC sitostanol ester mayonnaise replacing
50 g fat
Denke and Grundy (70) 41 M, HC 1 E2/2,9 E2/3,19 E3/3,  High-SFA, high-chol vs — NS — — —
11 E3/4, 1 E4/4 NCEP-I diet
Lopez-Miranda et al (71) 83 M 13 E2/3, 60 E3/3, High-fat, high-chol vs low-fat, NS E3/4 E3/3 and 2/3 — NS
10 E3/4 low-chol diet
Lopez-Miranda et al (71) 45 F 4 E2/3,34 E3/3,7 E3/4 High-fat, high-chol vs low-fat, NS NS NS — NS
low-chol diet
Miettinen and Vanhanen (72) 23 M and 15 E3 (2/2, 3/3), 8 E4 RO mayonnaise replacing 50 g fat ~ E4 NS — — —
F, HC (374, 4/4)
Miettinen and Vanhanen (72) 23 M and 15 E3(2/2, 3/3), 8 E4 RO and plant sterols replacing NS E4 — — —
F, HC (3/4, 4/4) 50g fat
Sarkkinen et al (73) 37 M and 1 E2(2/3, 2/4),22 E3/3,  High-fat, high-SFA diet NS NS — — —
F, HC 14 E4 (3/4, 4/4)

(Continued)
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23 E4 (3/4, 4/4)

Response’
Study Subjects Genotype groups Intervention Chol LDL HDL VLDL TG
Sarkkinen et al (73) 41 M and 1 E2 (2/3, 2/4), 20 E3/3,  AHA-type diet NS NS — — —
F, HC 20 E4 (3/4, 4/4)
Sarkkinen et al (73) 40 M and 3 E2 (2/3,2/4), 27 E3/3, Monoene-enriched diet NS E3/3 — — —
F, HC 10 E4 (3/4, 4/4)
Sarkkinen et al (73) 40 M and 5 E2 (2/3, 2/4), 19 E3/3, Reduced-fat diet NS NS — — —
F, HC 16 E4 (3/4, 4/4)
Cox et al (74) 40Mand F 31 E3 (2/3, 3/3), 9 E4 High-SFA vs high-PUFA diet NS — — — —
(2/4, 3/4, 4/4)
Dreon et al (75) 103 M 10 E2/3, 65 E3/3, 28 High-fat vs low-fat diet E4 NS NS — NS
E4 (3/4, 4/4)
Friedlander et al (42) 57TM 4 E2/3, 1 E2/4,49 E3/3,  Low-SFA, high-MUFA and
3 E3/4 low-SFA, high-PUFA diets E3/4 E3/4 NS — NS
Schaefer et al (76) 15M 10 E3/3,5 E3/4 High-fat, high-chol vs
NCEP-II diet — E3/4 — — —
Schaefer et al (76) 11F 8 E3/3, 3 E3/4 High-fat, high-chol vs
NCEP-II diet — E3/3 — — —
Zambon et al (77) 122 M and 27 E2/3, 48 E3/3, High-fat, high-MUFA vs low-fat,
F, HL 47 E3/4 high-MUFA, low-chol diet NS NS NS NS NS
Bergeron and Havel (78) 15M 8 E3/3,1 E3/4 High-fat, high-PUFA diet — — — —  E3A4
Jansen et al (23) 41 M 6 E2/3, 1 E2/4,33 E3/3,  High-SFA vs NCEP-I diet — NS — — —
1 E3/4
Jansen et al (23) 41 M 6 E2/3, 1 E2/4,33 E3/3,  NCEP-I vs high-MUFA diet — NS — — —
1 E3/4
Lefevre et al (79) 103Mand F 11 E2 (2/2, 2/3, 2/4), AHA-1 diet NS NS NS — NS
57 E3/3, 35 E4 (3/4, 4/4)
Lefevre et al (79) 103Mand F 11 E2 (2/2, 2/3, 2/4), Low-SFA diet NS NS NS — NS
57 E3/3, 35 E4 (3/4, 4/4)
Lopez-Miranda et al (24) 8OM 7 E2/3,77 E3/3,5 E3/4 NCEP-I vs high-fat, — E3/4 — — —
high-MUFA diet
Schaefer et al (8) 58 M 49 E3/3,9 E3/4 High-fat, high-chol vs NS E3/4 NS — NS
NCEP-II diet
Schaefer et al (8) 38 F 25 E3/3, 13 E3/4 High-fat, high-chol vs NS NS NS — NS
NCEP-II diet
Mata et al (27) 48Mand F 3 E2/3,1 E2/4, 33 E3/3, High-SFA vs high-PUFA diet NS NS NS — NS
11 E3/4
Mata et al (27) 48Mand F 3 E2/3,1 E2/4,33 E3/3, High-SFA vs high-MUFA diet NS NS NS — NS
11 E3/4
Sarkkinen et al (61) 45 M and 15 E3/3, 15 E3/4, High-fat vs modified NCEP diet E4/4 NS NS — NS
F, HC 15 E4/4
Sarkkinen et al (61) 45 M and 15 E3/3, 15 E3/4, High-fat vs modified NCEP and E4/4 NS NS — NS
F, HC 15 E4/4 chol diet
Tso et al (80) 18 F 3 E2/3,12 E3/3,3 E3/4 8:0 and 10:0, and 12:0 SFA diets NS NS NS — NS
Tso et al (80) 18 F 4 E2/3,1 E2/4, 10 E3/3,  14:0, 16:0 and 18:0 SFA diets NS NS NS — NS
3 E3/4
Carmena-Ramon et al (81) 66 M and 7 E2/3,53 E3/3,6 E4 NCEP-I diet NS NS NS NS NS
F, FH (3/4, 4/4)
Friedlander et al (44) 186 M and F 25 E2/3, 132 E3/3, High-SFA, high-chol vs NS NS NS — NS
29 E3/4 low-SFA, low-chol diet
Hallikainen et al (82) 22 M and 14 E3/3, 8 E3/4 5 different doses of plant stanol — NS — — —
F, HC ester
Hallikainen et al (83) 34 M and 22 E3/3, 12 E3/4 Stanol ester and sterol ester — E3/4 — — —
F, HC margarines —_
Minihane et al (84) 50 M, DL 8 E2/3,22 E3/3,20 E4 6 g fish oil/d S NS NS — NS
(34, 4/4)
Wallace et al (30) 53 M and 5 E2/3,30 E3/3, 18 E3/4  High-SFA vs high-PUFA diet NS — — — —
F, HC
Weggemans et al (62) 210 M and F 31 E2 (2/2, 2/3), SFA vs cis unSFA or NS NS NS — —
130 E3/3, 49 E4 carbohydrates
(3/4, 4/4)
Weggemans et al (62) 82Mand F 13 E2 (2/2, 2/3), 46 E3/3, Trans fat vs cis unSFA NS NS NS — —

(Continued)
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TABLE 4 (Continued)

Response’
Polymorphism and study Subjects Genotype groups Intervention Chol LDL HDL VLDL TG
Intervention: other than
fat and cholesterol
Gaddi et al (85) 20 M and 7 E2/3,9 E3/3,4 E3/4, Animal-protein vs E3/3 and 34 — — — —
F, FH soy-protein diet
Jenkins et al (86) 67Mand F 13 E2 (2/2, 2/3), ‘Wheat- or oat-bran E2 E2 NS — NS
38 E3/3, 16 E4 (3/4, 4/4)  supplementation
Weggemans et al (62) 117Mand F 18 E2 (2/2, 2/3), 70 E3/3, Coffee diterpenes cafestol
29 E4 (3/4, 4/4) and kahweol NS NS E4 — —

'Chol, cholesterol; TG, triacylglycerol; P:S, ratio of polyunsaturated to saturated fatty acids; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid;
RO, rapeseed oil; NCEP-I and NCEP-II diets, National Cholesterol Education Program Step I and Step II diets; AHA, American Heart Association; MUFA,
monounsaturated fatty acid; NS and S, nonsignificant and significant (P < 0.05) differences, respectively, between genotype groups; HC, hypercholes-
terolemic; DL, dyslipidemic; HL, hyperlipidemic; FH, familial hypercholesterolemic.

2Tn most cases the direction of the response was the same for each genotype group; in these cases, the genotype showing the largest response is given.

3Indicates that the responses or P values were not clearly reported.

rare A allele of the apo A-I-75 G/A polymorphism, the common
Glin allele of the apo A-IV GIn360His polymorphism, the rare
R— allele of the apo B EcoRI polymorphism, the common / allele
of the apo B signal peptide I/D polymorphism, the apo B Xbal
X— allele, and the apo €4 allele tend to show the greatest total and
LDL-cholesterol responses to dietary change.

Many studies were unable to show significantly different
responses between these genotype groups, and the genotypes
showing the greatest response are not necessarily consistent
between studies. For example, Tikkanen et al (40) found that sub-
jects carrying the apo B Xbal X+ allele had greater decreases in
total, LDL, and HDL cholesterol than did X—X— subjects in
response to a diet low in fat and cholesterol, which contrasts with
the results of other studies (42, 43, 46). Similarly, the results in
Table 4 are not consistent, with E3/3 subjects showing a greater
LDL response than carriers of the e4 allele after a MUFA-rich diet
(73). Also, HDL-cholesterol responses have been shown to be
greatest in persons carrying the €4 allele (54, 58) and also in E3/3
and E2/3 subjects (71) after changing the content of dietary fat,
cholesterol, or both.

There was insufficient evidence to assess whether lipid respon-
siveness is affected by variation in the genes for apo C-III, lipopro-
tein lipase, hepatic lipase, cholesterol 7a-hydroxylase, the LDL
receptor, the cholesteryl ester transfer protein, or the intestinal
fatty acid—binding protein. Although each of these gene products
is essential in lipid metabolism, only a handful of studies have
investigated variation in these genes, and most of these studies
were unable to show significant gene-diet interactions.

Publication bias

Publication bias is a problem with any systematic review because
“studies with results that are significant, interesting, from large
well-funded studies, or of higher quality are more likely to be sub-
mitted, published, or published more rapidly than work without
such characteristics” (95). Therefore, it is possible that other rele-
vant dietary intervention studies with genotype information exist
but were not included in this review because they have not been
published. It is possible that the literature strategy for this system-
atic review missed studies because the genotype analyses were not
mentioned in their title, abstract, or subject headings; a hand search
of relevant journals may have identified more studies.

In the search for explanations for the heterogeneity in lipid
responses, reviewers may tend to highlight studies showing significant

effects of genetic variation while ignoring a large proportion of
studies that found no such results. Studies showing nonsignificant
or conflicting results cannot be ignored, especially because they
outnumber the studies showing significant effects, notwithstand-
ing the unpublished studies that could have nonsignificant and
uninteresting results. Therefore, one has to ask the question “If
genetic variability plays a role in the heterogeneity of lipid and
lipoprotein responses to dietary change, why have so many stud-
ies been unable to demonstrate this with statistical significance?”

Possible reasons for conflicting results

There are many possible reasons why studies have been unable
to show statistically significant gene-diet interactions. First, it is
highly probable that lipid responses to dietary change are under
polygenic control, with each gene contributing a relatively small
effect. However, most studies have attempted to find only single-
gene effects. For example, Gylling et al (28) found that the apo B
EcoRI polymorphism had no effect on the LDL-cholesterol
response to cholesterol feeding in all subjects, but in carriers of
the apo €4 allele, those carrying the R+ allele showed significantly
greater LDL-cholesterol responses than did the R—R— subjects. In
the future, genotyping at multiple loci will be required to identify
the best therapy for improving lipid and lipoprotein profiles.

Most of the studies summarized in this review lacked sufficient sta-
tistical power to detect any but a very strong effect because the sample
sizes were too small, particularly for genotypes with low frequencies of
the rare allele. However, many of the studies were retrospective and
were not designed to examine gene-diet interactions, but data were
reexamined after the availability of new information from genotype
analyses. Therefore, it is perhaps not surprising that significant effects
were not found in many studies because the numbers of individuals in
each genotype group were so small. In many studies there were too few
subjects homozygous for the rare allele to allow an analysis that would
take into account differences in the response between heterozygotes
and homozygotes. For apo E, where there are 6 possible genotypes, dif-
ferences in the grouping of these could also lead to differences in results
between studies. This illustrates that meta-analyses are important
because they can detect effects with greater power and greater preci-
sion because of their inflated sample size (46, 71). In addition, in stud-
ies with small sample sizes, genotype misclassification of one individ-
ual may significantly affect the interpretation and validity of the results.

Conflicting results may also occur because of the different
dietary protocols that were followed. The studies reviewed varied
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TABLE 5
Genes coding for enzymes’
Response’
Polymorphism and study Subjects Genotype groups Intervention Chol LDL HDL VLDL TG
Lipoprotein lipase
HindlIl
Humphries et al (29) 55Mand F 45 H+H+, 10 H— High-SFA vs high-PUFA diet H— - — — H-
(H+H—,H—H—)
Chamberlain et al (87) 83 M and 48 H+H+, 24 H+H —,
F, HC 11 H-H- Low-SFA, low-chol diet NS NS NS — NS
Wallace et al (30) 55 M and 23 H+H+, 32 H—
F, HC (H+tH—, H—H-) High-SFA vs high-PUFA diet NS — — — —
Pyull
Chamberlain et al (87) 83 M and 23 1/1,42 172, 18 2/2 Low-SFA, low-chol diet NS NS NS — NS
F, HC
S447X
Friedlander et al (44) 191 Mand F 146 S/S, 45 S/X High-SFA, high-chol vs NS NS NS — NS
low-SFA, low-chol diet
Wallace et al (30) 55 M and 47 /S, 8 S/X and X/X High-SFA vs high-PUFA diet NS — — — —
F, HC
Wallace et al (37) 46 M and 39 8/8,7 S/X High-SFA vs high-PUFA diet — S/X NS — NS
F, HC
T-93G
Friedlander et al (44) 194Mand F 185 T/T,9 T/G High-SFA, high-chol vs NS NS NS — NS
low-SFA, low-chol diet
N291S
Friedlander et al (44) 194 M and F 190 N/N, 4 N/S High-SFA, high-chol vs NS NS NS — N/S
low-SFA, low-chol diet
Hepatic lipase
V73M (Nlalll)
Hegele et al (31) 67Mand F 61 V/V,6 V/IM Wheat- or oat-bran NS NS NS — NS
supplementation
Mspl
Chamberlain et al (87) 83 M and 24 1/1,39 172,20 2/2 Low-SFA, low-chol diet NS NS NS — NS
F, HC
Cholesterol 7a-hydroxylase
Intron 2
Friedlander et al (42) 55M 1512—12—,26 12—12+, Low-SFA, high-MUFA and NS NS NS — NS
14 12+12+ low-SFA, high-PUFA diets
Intron 4
Friedlander et al (42) 45 M 10 /14—14—,30 14—14+, Low-SFA, high-MUFA and NS NS NS — NS

5 14+14+

low-SFA, high-PUFA diets

! Chol, cholesterol; TG, triacylglycerol; SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid; MUFA, monounsaturated fatty acid; NS, non-

significant difference between genotype groups; HC, hypercholesterolemic.

2In most cases the direction of the response was the same for each genotype group; in these cases, the genotype showing the largest response is given.

JIndicates that the responses or P values were not clearly reported.

widely in the composition and length of the baseline and experi-
mental diets. The dietary factors responsible for the changes seen
in each genotype group are not clear because many studies mod-
ified several dietary factors, and so the dietary content in future
studies should be tightly controlled and compliance must be
strictly measured, ie, not only for cholesterol and the amount and
type of fatty acids but also for other influential dietary compo-
nents such as fiber and plant sterols. In addition, these studies
investigated fasting lipid and lipoprotein concentrations; however,
the effect of genetic variation may be more evident in the post-
prandial state than in the less-common fasting state.

Differences in the age, sex, body mass index, menopausal sta-
tus, dietary backgrounds, and baseline lipid values of the partici-
pants could also have contributed to the discrepancies between the
results. For instance, subjects with the €4 allele tend to have higher
baseline total and LDL-cholesterol concentrations, and so greater

responses in these subjects could reflect the regression to the mean
phenomenon. However in Mantarri et al’s (65) study, baseline cho-
lesterol concentrations were not significantly different between
carriers and noncarriers of the €4 allele, showing that the greater
total and LDL-cholesterol responses in the €4 group were not due
to regression to the mean. It is also possible that weight change
could account for differences in lipid and lipoprotein changes.

In addition, a significant effect may not reflect a causal relation
but the allele may be in linkage disequilibrium with another one
that does. For example, the base change that results in the Xbal site
in the gene for apo B does not alter the amino acid, and so it may
be in linkage disequilibrium with another functional mutation.

Conclusion

Evidence suggests that genetic variation may contribute to the
heterogeneity in lipid responsiveness. At present, the evidence is
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TABLE 6
LDL receptor gene’
Response’
Polymorphism and study Subjects Genotype groups Intervention Chol LDL HDL VLDL TG
Hincll
Hegele et al (31) 67Mand F 15 1/1,37 1/2,15 2/2 Wheat- or oat-bran 2/2 2/2 NS - NS
supplementation
Friedlander et al (42) 62 M 10 1/1, 30 172,22 272 Low-SFA, high-MUFA and NS NS NS — NS
low-SFA, high-PUFA diets
Stul
Friedlander et al (42) 62 M 57 S+S+,5S+S— Low-SFA, high-MUFA and NS NS NS — NS
low-SFA, high-PUFA diets
Pyull
Gylling et al (28) 29 M 17P—P—, 12 P—P+ Low-chol vs high-chol diet — NS — — —
Pyull
Clifton et al (12)
Clifton and Abbey (14) 23 M, HC 15AA (+/4),8 B High-fat vs low-fat diet — — B — —
(+/— and —/-)
Clifton et al (12)
Clifton and Abbey (14) 23 M, HC 15AA (+/4),8 B High-fat vs low-fat vegetarian — NS B — —
(+/— and —/-) diet
Clifton et al (12)
Clifton and Abbey (14) 23 M, HC Low-chol vs high-chol diet — NS NS — —
Avall
Friedlander et al (42) 62 M 22A-A—,31A—-A+, Low-SFA, high-MUFA and NS NS NS — NS
9 A+A+ low-SFA, high-PUFA diets

!'Chol, cholesterol; TG, triacylglycerol; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; NS, non-
significant difference between genotype groups; HC, hypercholesterolemic.

2In most cases the direction of the response was the same for each genotype group; in these cases, the genotype showing the largest response is given.

*Indicates that the responses or P values were not clearly reported.

TABLE 7
Other genes’
Response?
Polymorphism and study Subjects Genotype groups Intervention Chol LDL HDL VLDL TG
Cholesteryl ester transfer
protein gene
TaqlB
Wallace et al (30) 55 M and 17 B1/B1, 38 B1/B2 and  High-SFA vs high-PUFA diet BI/BI  BI/Bl NS -3 NS
F, HC B2/B2
Wallace et al (37) 46 M and 14 B1/B1,32 BI/B2 and  High-SFA vs high-PUFA diet — NS — — —
F, HC B2/B2
Carmena-Ramon et al (88) 77 M and 22 B1/Bl, 44 B1/B2, NCEP-I diet — NS NS — NS
F, FH 11 B2/B2
1405V
Friedlander et al (44) 194Mand F 72 I/I, 88 V/1, 34 VIV High-SFA, high-chol vs NS NS NS — NS
low-SFA, low-chol diet
Intestinal fatty acid—binding
protein gene (FABP2)
Codon 54 Ala/Thr
Hegele et al (89) 43Mand F 21 A54/A54, 20 T54/A54, High-insoluble-fiber diet vs  T54/T54 T54/T54 NS — NS
2 T54/T54 high-soluble-fiber diet
Neuropeptide Y gene
Leu7Pro
Schwab et al (90) 68 Mand F 58 Leu7Leu, 10 Leu7Pro  High-fat vs reduced-fat diet NS NS NS — NS
M/N blood group
Birley et al (91) 127 M and F 38 M/M, 67 M/N, 22 N/N Low-fat diet and wheat bran — N/Nand M/M — — —

supplement

'Chol, cholesterol; TG, triacylglycerol; SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid; NCEP-I diet, National Cholesterol Education Pro-
gram Step I diet; NS, nonsignificant difference between genotype groups; HC, hypercholesterolemic; FH, familial hypercholesterolemic.

2In most cases the direction of the response was the same for each genotype group; in these cases, the genotype showing the largest response is given.

*Indicates that the responses or P values were not clearly reported.
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limited but suggestive and justifies the need for future studies with
much larger sample sizes based on power calculations, with care-
fully controlled dietary interventions, and that investigate the
effects of polymorphisms in multiple genes rather than in single
genes. Investigating gene-diet interactions will increase our
knowledge of the mechanisms involved in lipid metabolism and
improve our understanding of the role of diet in reducing cardio-
vascular disease risk. ¥ |
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