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Abstract

The Thr54 allele of the intestinal fatty acid–binding protein Ala54Thr functional polymorphism (FABP2) is associated with increased fat
oxidation and insulin resistance. We determined the cross-sectional associations of the FABP2 gene with lipid levels and insulin resistance in
2148 participants who completed the year-20 examination of the Coronary Artery Risk Development in Young Adults (CARDIA) study. No
significant difference in total cholesterol, low-density or high-density lipoprotein cholesterol, triglycerides, high-density lipoprotein
cholesterol to total cholesterol ratio, or homeostasis model assessment of insulin resistance (HOMA-IR) was found between FABP2
genotypes. However, in the presence of a high–saturated fat diet (≥53.2 g/d, the 90th percentile for the population), the AA/AG genotypes
(carriers of the Thr54 allele) of FABP2 had statistically significantly higher levels of log(HOMA-IR) (P = .006) and a lower high-density
lipoprotein cholesterol to total cholesterol ratio (P = .03), and borderline statistically significantly higher levels of total cholesterol, low-
density lipoprotein cholesterol, and log(triglycerides) (P values = .08, .07, and .05, respectively) compared with those with the GG genotype
(Ala54 homozygotes). Lipid levels and log(HOMA-IR) did not vary by genotype with saturated fat intake less than 53.2 g/d. Limiting dietary
saturated fat intake may be particularly important among carriers of the A allele of FABP2.
© 2009 Elsevier Inc. All rights reserved.
1. Introduction

The intracellular fatty acid–binding proteins (FABPs)
belong to a multigene family with nearly 20 identified
members that form 14- to 15-kd proteins thought to
participate in the uptake, intracellular metabolism, and/or
transport of long-chain fatty acids. The fatty acid–binding
protein 2 (FABP2) gene codes for intestinal FABP, an
abundant cytosolic intracellular lipid-binding protein in
small intestine epithelial cells playing a role in fat absorption
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and transport [1]. The G to A mutation at codon 54 of
FABP2 results in a substitution of Thr54 for Ala54. This
polymorphism has been associated with dyslipidemia and
insulin resistance after a high-fat meal in sedentary
nondiabetic men and women [2]. FABP2 Thr54 carriers
have lower glucose tolerance and lower insulin action than
do Ala54-homozygous persons.

Although some investigators have suggested that the
Ala54Thr polymorphism specifically influences small
intestinal lipid absorption without modifying glucose uptake
or metabolism, thus influencing postprandial lipid metabo-
lism and plasma levels of lipids [3], most reports have linked
the polymorphism to impaired glucose tolerance and type 2
diabetes mellitus [1,4]. Additional evidence of a gene ×
environment interaction with dietary fat intake [5] led us to
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explore the association of this common polymorphism in the
population-based Coronary Artery Risk Development in
Young Adults (CARDIA) study to examine dietary influence
on lipid levels and insulin resistance in young men and
women who are free of clinically manifested cardiovascular
disease and who have a low prevalence of diabetes.
2. Subjects and methods

2.1. Study population

The CARDIA study is a prospective study of cardiovas-
cular risk factors in black and white men and women aged
18 to 30 years at baseline. The recruitment of participants,
study design, and methods have been previously described
[6]. Briefly, 5115 young adults were recruited during 1985-
1986 from 4 US cities: Birmingham, AL; Chicago, IL;
Minneapolis, MN; and Oakland, CA. The cohort was
balanced within each center on sex, race, age (18-24 and 25-
30), and education (high school or less and more than high
school). Follow-up examinations occurred at years 2 (1987-
1988), 5 (1990-1991), 7 (1992-1993), 10 (1995-1996), 15
(2000-2001), and 20 (2005-2006), with response rates of
90%, 86%, 81%, 79%, 74%, and 72%, respectively. The
CARDIA study was approved by the institutional review
boards of the coordinating center and the 4 participating
field centers, and informed consent was obtained from
participants at every examination.

2.2. Laboratory measurements

The FABP2 polymorphism was genotyped using the
TaqMan assay (Applied Biosystems, Foster City, CA) as
previously described [7]. Primer and probes are available
from the authors upon request. Polymorphism genotyping in
the CARDIA study adheres to a rigorous quality control
program, which includes barcode identification of samples,
robotic sample handling, and blind replicate genotype
assessment on 5% of the total sample.

For this study, only lipid levels and homeostasis model
assessment of insulin resistance (HOMA-IR) measured at the
year-20 examination were used. Participants were asked to
fast for 12 hours before the examination and blood draw.
Lipoprotein assays were conducted by Northwest Lipids
Research Laboratory (Seattle, WA). Enzymatic methods
were used to measure total cholesterol (TC) and triglyceride
(TG) levels [8]. High-density lipoprotein cholesterol
(HDL-c) levels were determined enzymatically after dextran
sulfate–Mg2+ precipitation of other lipoproteins [9]. Low-
density lipoprotein cholesterol (LDL-c) levels were esti-
mated with the Friedewald formula for individuals with TG
levels less than 400 mg/dL [10].

Fasting insulin and fasting glucose assays were performed
at Linco Research (St Charles, MO). An immunoassay
technique was used to measure serum insulin [11]. Serum
glucose was measured using the hexokinase coupled to
glucose-6-phosphate dehydrogenase method. We calculated
HOMA-IR by dividing the product of fasting insulin (in
microunits per milliliter) and fasting glucose (in millimoles
per liter) by 22.5.

2.3. Additional measurements

During the year-20 examination, each participant com-
pleted an interviewer-administered diet history questionnaire
designed specifically for the CARDIA study [12]. Partici-
pants were asked to report details about foods consumed in
the past 28 days, including the amount and method used to
prepare the food. Total kilocalories and grams of saturated fat
consumed per day were calculated from responses to the diet
history questionnaire using the nutrient database (version 36)
developed by the Nutrition Coordinating Center at the
University of Minnesota.

Waist circumference was measured to the nearest 0.5 cm
at the smallest abdominal girth. Standardized questionnaires
were used to determine years of education and smoking
status. Milliliters of ethanol per day were calculated from the
quantity and type of alcoholic beverages consumed. Amount
of moderate and heavy physical activity during the past year
was assessed using an interviewer-administered question-
naire [13,14]. A score of 100 exercise units is roughly
equivalent to 2 to 3 h/wk of vigorous physical activity for
6 months of the year.

2.4. Statistical analysis

All analyses were conducted using SAS version 8.2 (SAS
Institute, Cary, NC). Of the 5115 participants originally
enrolled in CARDIA, 3549 participants completed the year-
20 examination. Those not attending the year-20 examina-
tion differed significantly from those who were present in
regard to demographic and some, but not all, major
cardiovascular risk factors. For example, those who dropped
out before year 20 were less educated and were more likely
to be male, black, and current smokers and to have greater
alcohol intake at baseline than those who completed the year-
20 examination. After excluding participants with TG greater
than 400 mg/dL (n = 33), those on cholesterol medications at
year 20 (n = 314), 1 participant who had a saturated fat intake
of 363.2 g/d, and those who were not genotyped for FABP2
or who did not consent for DNA analysis (n = 504), there
were 2697 participants in our data set for analysis.

Agreement of the FABP2 genotype frequencies with
Hardy-Weinberg equilibrium expectations was tested using a
χ2 goodness-of-fit test. The FABP2 polymorphism was
tested for allelic dominance or codominance by comparing
statistical significance of least squares means of lipid values
between genotypes. Based on the results of the dominance or
codominance evaluations, the AA and AG genotypes were
grouped together for comparison with the GG genotype.

Participant characteristics at year 20 by FABP2 genotype
group (AA/AG vs GG) were compared using χ2 tests for
categorical variables and t tests for continuous variables.



able 2
articipant characteristics at year 20 by FABP2 genotype, the CARDIA
tudy, 2005-2006

AA/AG (n = 1145) GG (n = 1552) P value

ace
Black 522 (45.6) 738 (47.6) .32
White 623 (54.4) 814 (52.5)
ex
Male 465 (40.6) 680 (59.4) .24
Female 665 (42.8) 887 (57.2)
ge 45.2 ± 0.1 45.0 ± 0.1 .32
enter
Birmingham 270 (23.6) 338 (21.8) .62
Chicago 268 (23.4) 355 (22.9)
Minneapolis 300 (26.2) 418 (26.9)
Oakland 307 (26.8) 441 (28.4)
ducation
≤High school 222 (20.9) 298 (20.5) .01
Some college 289 (27.2) 468 (32.3)
College 286 (27.0) 390 (26.9)
Graduate school 264 (24.9) 295 (20.3)
MI, kg/m2

b25 327 (28.6) 489 (31.7) .23
25 to b30 389 (34.1) 504 (32.7)
≥30 426 (37.3) 548 (35.6)
aist, cm 91.1 ± 0.5 90.8 ± 0.4 .66
moking status
Never 703 (62.1) 963 (62.6) .39
Former 228 (20.1) 281 (18.3)
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General linear models were used to estimate the mean
differences in lipid levels and HOMA-IR by genotype group
and saturated fat intake after adjustment for race, sex, center,
educational attainment, and the following covariates at year
20: age, waist circumference, alcohol intake, smoking status,
and daily total calorie intake. We chose to use waist instead
of body mass index (BMI) because waist circumference is
more strongly related to insulin resistance. However, we also
conducted identical analyses using BMI instead of waist
circumference and results were not materially different.
Saturated fat intake was dichotomized at the 90th percentile
(53.2 g/d) to assess the additive interaction on 1 degree of
freedom between high vs low/normal saturated fat intake and
genotype on levels of TC, LDL-c, HDL-c, TG, HDL/TC
ratio, and HOMA-IR. The 90th percentile of saturated fat
intake was chosen as a cut-point to minimize misclassifica-
tion of individuals with low/normal saturated fat intake into
the category of high saturated fat intake. Triglycerides and
HOMA-IR were natural log transformed in the general linear
models and interaction analyses because of non-normal
distributions. We additionally tested for effect of modifica-
tion by race. We did not find evidence that the association
between FABP2 genotype and saturated fat intake with lipid
levels or HOMA-IR differed in blacks and whites. Therefore,
all models were run in the entire cohort adjusting for race.
Current 201 (17.8) 294 (19.1)
lcohol, mL/d 10.4 ± 0.6 11.0 ± 0.6 .46
hysical activity, EU 339.9 ± 8.3 345.0 ± 7.1 .64
aturated fat, g/d 31.3 ± 0.6 31.1 ± 0.5 .83
nergy intake, kcal/d 2415.7 ± 41.0 2389.0 ± 35.1 .62
C, mg/dL 186.7 ± 1.0 185.4 ± 0.9 .32
DL-c, mg/dL 111.1 ± 0.9 110.2 ± 0.8 .49
DL-c, mg/dL 55.3 ± 0.5 54.6 ± 0.4 .33
G, mg/dL 101.8 ± 1.8 102.7 ± 1.5 .73
DL/TC ratio 0.3 ± 0.003 0.3 ± 0.003 .74
iabetes
No 1061 (93.8) 1464 (94.8) .29
Yes 70 (6.2) 81 (5.2)
OMA-IR 4.0 ± 0.1 3.9 ± 0.1 .46

alues are number (percentage) for categorical variables and mean ± SEM
r continuous variables. EU indicates exercise units.
3. Results

After exclusions, 2697 participants remained in our data
set for analysis. However, because of missing values for the
covariates in our linear regression models, the sample size
was 2148 for the models examining the association of
FABP2 genotype and saturated fat intake on lipid levels and
2145 for the model examining this effect on HOMA-IR. The
biggest contributors to missing values were from ques-
tionnaire data on education (n = 185) and on daily calories
and saturated fat intake (n = 299).

Table 1 shows the genotype frequencies in all partici-
pants, as well as separately by race group. Individuals with
the AA and AG genotypes had similar mean lipid and
HOMA-IR levels (data not shown). Thus, the AA and AG
genotypes were pooled and compared with the GG genotype
in further analysis. The FABP2 gene was in Hardy-Weinberg
equilibrium in all participants and within race groups.
Participant characteristics at year 20 by FABP2 genotype are
shown in Table 2. Most participant characteristics did not
Table 1
FABP2 genotype frequencies by race group, the CARDIA study, 2005-2006

AA AG GG

All 163 (6.0) 982 (36.4) 1552 (57.6)
Blacks 78 (6.2) 444 (35.2) 738 (58.6)
Whites 85 (5.9) 538 (37.4) 814 (56.7)

Values are n (%).
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vary by genotype. However, there was a greater percentage
of individuals with a graduate school education in the AA/
AG genotype group compared with the GG group.

There were no significant differences in mean levels of
TC, LDL-c, HDL-c, TG, HDL/TC ratio, or HOMA-IR by
FABP2 genotype group (Table 2). Likewise, there was no
association of daily saturated fat intake with levels of TC,
LDL-c, HDL-c, TG, HDL/TC ratio, or HOMA-IR (data not
shown). However, a significant FABP2 gene × saturated fat
intake interaction on log(HOMA-IR) was found when
saturated fat was modeled continuously (P = .03). In addition,
a borderline-significant interaction between the FABP2 gene
and saturated fat intake on TC, LDL-c, and HDL/TC ratio
was found (P values = .06, .05, and .06, respectively). When
saturated fat intake was stratified at the 90th percentile
(corresponding to an intake of 53.2 g/d), the effect of high
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saturated fat intake on the association of FABP2 genotype
with HDL/TC ratio and log(HOMA-IR) was significant
(P values = .03 and .006, respectively) compared with low/
Fig. 1. Multivariable-adjusted plots of association between genotype and end point
2005-2006. Models are adjusted for race, sex, center, educational attainment, and
status, and daily total caloric intake. n = 2148 for the lipid models. Among those w
121 were GG for FABP2. Among those with low/normal saturated fat intake, 813 w
those with saturated fat intake greater than the 90th percentile, 97 were AA/AG and
813 were AA/AG and 1114 were GG. SF refers to daily saturated fat intake.
normal saturated fat intake (Fig. 1). Borderline statistically
significant genotype × saturated fat interactions on TC,
LDL-c, and log(TG) were also found when saturated fat was
s stratified on the 90th percentile of saturated fat intake, the CARDIA study,
the following at year 20: age, waist circumference, alcohol intake, smoking
ith saturated fat intake greater than the 90th percentile, 98 were AA/AG and
ere AA/AG and 1116 were GG. n = 2145 for the HOMA-IR model. Among
121 were GG for FABP2. Among those with low/normal saturated fat intake,
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stratified at the 90th percentile (P values = .08, .07, and .05,
respectively). Those with the A allele of the FABP2 gene and
saturated fat intake equal to or greater than the 90th percentile
had marginally higher TC, LDL-c, log(TG), and log(HOMA-
IR) levels and a lower HDL/TC ratio than those with the GG
genotype and similar saturated fat intake. Individuals with
saturated fat intake less than the 90th percentile had similar
levels of lipids and log(HOMA-IR) regardless of genotype.
Results were comparable when saturated fat intake was
stratified at the 75th percentile (data not shown).
4. Discussion

In this cross-sectional analysis at year 20 of the CARDIA
examination , we found evidence that the association of
FABP2 genotype with TC, LDL-c, HDL/TC ratio, log(TG),
and log(HOMA-IR) varied by level of saturated fat
consumed. Among individuals with a high saturated fat
intake (greater than the 90th percentile or ≥53.2 g/d), the
AA/AG genotypes of FABP2 had marginally higher levels of
TC, LDL-c, log(TG), and log(HOMA-IR) and a lower HDL/
TC ratio than those with the GG genotype. Lipid levels and
log(HOMA-IR) did not vary by genotype with low to
moderate saturated fat intake of less than 53.2 g/d. This is
analogous to saying that there is no difference in lipid levels
or log(HOMA-IR) among individuals with the GG genotype
regardless of saturated fat intake, whereas those who carry
the A allele of FABP2 have marginally higher levels of TC,
LDL-c, log(TG), and log(HOMA-IR) and a lower HDL/TC
ratio with high saturated fat intake compared with low/
normal saturated fat intake.

Potential mechanisms behind these findings have been
reported [15,16]. In vitro experiments showed that a
recombinant Thr54-containing protein had a 2-fold greater
affinity for long-chain fatty acids than the recombinant
Ala54-containing protein [17] and that transformed human
colonic carcinoma cell line cells expressing Thr54 transport
long-chain fatty acids secrete TGs to a greater degree than
human colonic carcinoma cell line cells expressing Ala54
[18]. In addition, Thr54-containing fetal jejunal explants had
increased synthesis and secretion of TG and increased
secretion of chylomicrons compared with Ala54 explants
[3]. Furthermore, the Thr54 allele of the FABP2 gene was
associated with higher LDL-c and apolipoprotein B in men
and higher TC and LDL-c in women compared with the
Ala54 allele in the Framingham Offspring Study [4].
Postprandial TG concentrations were 3-fold higher among
women carriers of the Thr54 allele compared with the wild
type, but this association was not found in men [19].
Although there is conflicting literature that suggests that the
Ala54Thr polymorphism is not associated with lipid
metabolism [20], these findings suggest that those with the
A allele of the FABP2 gene may have increased absorption
and processing of dietary fatty acids possibly resulting in
increased plasma lipid levels.
In addition to increased metabolism of long-chain fatty
acids and increased plasma lipid levels, results from some
studies suggest that the FABP2 gene is associated with
insulin resistance. For example, in the Framingham Off-
spring Study, women carriers of the Thr54 allele had higher
2-hour postchallenge insulin levels than women homozy-
gous for the Ala54 allele [4]. In addition, among older
(40-65 years) normoglycemic Japanese men, the FABP2
Thr/Thr genotype was associated with higher fasting plasma
glucose compared with men carrying the Ala54 allele [21].
Among Pima Indians, carriers of the Thr54 allele had higher
mean fat oxidation rates, higher fasting plasma insulin, and
higher insulin resistance in response to oral glucose overload
than those homozygous for the Ala54 allele [17]. In a review
by Weiss et al [22], approximately half of the studies
reviewed found an association of the Thr54 allele with lower
glucose tolerance or insulin action; but findings in Japanese
that used HOMA-IR found an association of increased
insulin resistance with the Thr54 allele in only 1 of 4 studies.
Although the results of previous studies are conflicting, an
increase in absorption and processing of fatty acids may
increase fat oxidation; and thus, increased insulin resistance
among individuals with the Thr54 allele of FABP2 is
biologically plausible.

Our study did not find evidence of an association between
FABP2 genotype (AA/AG vs GG) alone on levels of TC,
LDL-c, HDL-c, TG, HDL/TC ratio, or HOMA-IR. However,
we did find evidence of interactions between saturated fat
intake and FABP2 on TC, LDL-c, HDL/TC ratio, log(TG),
and log(HOMA-IR) levels. Among those with high saturated
fat intake, equal to or greater than 53.2 g/d, individuals with
the AA and AG genotypes (carriers of the Thr54 allele) had
marginally higher TC, LDL-c, log(TG), and log(HOMA-IR)
levels and a lower HDL/TC ratio than those with the GG
genotype (Ala54 homozygotes), whereas there was no
difference among those consuming a lower-fat diet. Our
results are consistent with some studies that examined the
effect of the Thr54 allele of the FABP2 gene and dietary fat
intake on plasma lipid levels and insulin resistance. Among
individuals following a low-fat diet in another study, fasting
insulin and fasting glucose were higher in Thr54 carriers; and
in response to a high-fat meal, postprandial lipid oxidation
rates were higher in Thr54 carriers compared with Ala54
homozygotes, suggesting that augmented lipid absorption
among Thr54 carriers may cause insulin resistance [2]. In a
study examining 3 different diets— (1) a high–saturated fat
diet, (2) a Mediterranean diet high in monounsaturated fat,
and (3) a low-fat and high-carbohydrate diet—individuals
with the Thr54 allele of FABP2 had less insulin sensitivity
and increased free fatty acid concentrations after consump-
tion of the high–saturated fat diet only [5]. Another study
found a gene × diet interaction that is somewhat inconsistent
with the previous study where Thr54 carriers had increased
chylomicron cholesterol after consumption of olive oil only
and not butter or safflower oil compared with Ala54
homozygotes [23].
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Our study analyzed data from a large community-based
ethnically diverse cohort. However, there are some limita-
tions in our study. First, food frequency questionnaires
generally result in underestimations of nutrient intake; so
individual levels of saturated fat intake among participants
are likely underestimated. However, the rank ordering of fat
intake is appropriate for cross-sectional dietary analysis.
Furthermore, dichotomizing the saturated fat intake at the
90th percentile likely captured very high intake of saturated
fat as a comparison with low/moderate saturated fat intake.
Lastly, because these data are cross-sectional, results must be
viewed as hypothesis generating only and caution should be
used in making causal interpretations.

In conclusion, there was no effect of the FABP2
polymorphism alone on levels of TC, LDL-c, HDL-c, TG,
HDL/TC ratio, or HOMA-IR in this large population-based
study. However, in the presence of a high–saturated fat diet,
the AA/AG genotypes of FABP2 showed evidence of a
borderline association with adverse lipids and increased
insulin resistance compared with the GG genotype. The
FABP2 polymorphism is common, with approximately 43%
of our study population carrying at least 1 copy of the A
allele. According to our findings, given that individuals who
are carriers of the A allele of FABP2 with high saturated fat
intake have somewhat more adverse lipid levels and insulin
resistance, it may be beneficial for these individuals to follow
a low-fat diet. Therefore, limiting dietary intake of saturated
fat to less than 7% of total calories, as recommended by the
American Heart Association [24], may be particularly
important among the large proportion of the population
who are carriers of the A allele of FABP2.
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