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OBJECTIVE—To examine the relation of fatty acid-binding protein (FABP)4 and nonesterified
fatty acids (NEFAs) to diabetes in older adults.

RESEARCH DESIGN AND METHODS —We ascertained incident diabetes among 3,740
Cardiovascular Health Study participants (1992-2007) based on the use of hypoglycemic med-
ications, fasting glucose =126 mg/dL, or nonfasting glucose =200 mg/dL. FABP4 and NEFA
were measured on specimens collected between 1992 and 1993.

RESULTS —Mean age of the 3,740 subjects studied was 74.8 years. For each SD increase in log
FABP4, hazard ratios (HRs) for diabetes were 1.35 (95% CI 1.10-1.65) for women and 1.45
(1.13-1.85) for men controlling for age, race, education, physical activity, cystatin C, alcohol
intake, smoking, self-reported health status, and estrogen use for women (P for sex-FABP4
interaction 0.10). BMI modified the FABP4-diabetes relation (P = 0.009 overall; 0.02 for women
and 0.135 for men), in that statistically significant higher risk of diabetes was mainly seen in men
with BMI <25 kg/m2 (HR per SD: 1.78 [95% CI 1.13-2.81]). There was a modest and non-
significant association of NEFA with diabetes (Pyyeng = 0.21). However, when restricted to the first
5 years of follow-up, multivariable-adjusted HRs for diabetes were 1.0 (ref.), 1.68 (95% CI 1.12—
2.53), and 1.63 (1.07-2.50) across consecutive tertiles of NEFA (Pieng = 0.03).

CONCLUSIONS —Plasma FABP4 was positively associated with incident diabetes in older
adults, and such association was statistically significant in lean men only. A significant positive
association between plasma NEFA and incident diabetes was observed during the first 5 years of
follow-up.
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ype 2 diabetes is associated with
high costs and societal burden, with
current estimated total cost in the
U.S. of $174 billion (1,2). The growing epi-
demic of obesity threatens to expand this

burden substantially, highlighting the cru-
cial importance of better understanding
the link between adiposity and type 2 di-
abetes. Indeed, we have previously demon-
strated that various measures of adiposity
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including BMI and waist circumference are
individually associated with an increased
risk of diabetes in older U.S. adults (3). Ad-
ipose tissues produce multiple adipokines
with diverse functions including modula-
tion of inflammation, thrombogenicity, in-
sulin resistance, and other metabolic effects
(4,5). As one of these adipokines, fatty
acid—binding protein (FABP)4 (or adipo-
cyte FABP or adipocyte protein 2 [aP2])
serves as a carrier protein for fatty acids
and other lipophilic substances between
extra- and intracellular membranes (6,7).
FABP4 is expressed by adipocytes, where
it makes up ~8% of the total protein of
mature adipocytes, and by macrophages
(8,9). FABP4-deficient mice remain insu-
lin sensitive even when challenged by
high-fat diets that induce obesity (10).
Conversely, in animal models, expression of
FABP4 in adipocytes has been associated
with overall insulin resistance (11-13).

While FABP4 has been associated with
a higher risk of stroke (14), mortality (14),
and metabolic syndrome (8,15), only a sin-
gle human study among 544 middle-aged
Chinese adults has reported a prospective
association between plasma FABP4 and in-
cident type 2 diabetes (16). Earlier studies
have reported that FABP4 may inhibit
stearoyl-CoA enzyme in the de novo lipo-
genesis as well as enhance the activity of
hepatic sensitive lipase (17): two pathways
that influence plasma concentrations of
nonesterified fatty acids (NEFAs). It is un-
clear whether FABP4 influences the rela-
tionship of NEFA with diabetes.

While some studies have reported a
positive association between NEFA and
type 2 diabetes in middle-aged and youn-
ger adults (18,19), other investigators
have shown an inverse association be-
tween NEFA and type 2 diabetes (20).
Elevated NEFA may increase peripheral
insulin resistance (21,22) and impair in-
sulin secretion via their toxic effects on
pancreatic B-cells (23,24) or increased
endogenous glucose production (25).
However, no previous study has evalu-
ated whether plasma NEFA and FABP4
individually or jointly influence the risk
of type 2 diabetes in older individuals. The
current project sought to prospectively
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FABP4, NEFA, and diabetes

examine the relation of plasma FABP4
and NEFA with incident type 2 diabetes
in a geographic and racially diverse co-
hort of older adults in the U.S.

RESEARCH DESIGN AND
METHODS —Study participants were
members of the Cardiovascular Health
Study (CHS), a prospective cohort con-
sisting of 5,888 men and women aged
=65 years who were randomly selected
from Medicare-eligibility lists in four
U.S. communities (Forsyth County, NC;
Washington County, MD; Sacramento
County, CA; and Pittsburgh, PA). A detailed
description of methods and procedures in
the CHS has previously been published
(26). Briefly, persons eligible to participate
were not institutionalized or wheelchair
dependent, did not require a proxy for
consent, were not receiving treatment for
cancer, and were expected to remain in
their respective regions for 3 years. From
1989 to 1990, 5,201 participants were
recruited in the original cohort. Between
1992 and 1993, 687 subjects (predom-
inantly African American) were also re-
cruited. Baseline evaluation of study
participants included standardized ques-
tionnaires, physical examination, an-
thropometric measurements, resting
electrocardiography, and laboratory ex-
aminations. From 1989 through 1999,
participants were followed up every 6
months, alternating between telephone
calls and clinic visits; biennial telephone
calls have continued since then. The insti-
tutional review board at each center ap-
proved the study, and each participant
gave informed consent. For this analysis,
the 1992-1993 clinic visit was used as
baseline. Of the 5,553 participants alive
at the 1992-1993 clinic visit, we excluded
773 people with prevalent diabetes, 780
people with missing data on FABP4 and
NEFA, 205 people with missing data on
prevalent or incident type 2 diabetes, and
55 individuals with missing covariate in-
formation. Thus, 3,740 participants were
available for analyses.

Measurement of plasma FABP4

and NEFA

Plasma samples collected at the 1992—
1993 examination were stored at —70°C
until analyzed at the central laboratory at
the University of Vermont. Plasma FABP4
concentration was measured using stan-
dard ELISA kits (Biovendor ELISA). The
interassay coefficient of variation (CV)
was 2.61-5.32% (detectable range 5-250
ng/mL). Plasma NEFA concentration was

measured by the Wako enzymatic
method. This technique relies on the
acylation of CoA by the fatty acids in
the presence of added acyl-CoA synthe-
tase. Acyl-CoA produced is oxidized
by added acyl-CoA oxidase with gener-
ation of hydrogen peroxide and in the
presence of peroxidase permits the oxi-
dative condensation of 3-methy-N-
ethyl-N(B-hydroxyethyl)-aniline with
4-aminoantipyrine to form a purple-colored
adduct. The latter is then measured color-
imetrically at 550 nm. The interassay
CV was 3.54-8.17% (detectable range
0.0156-1.50 mEq/L).

Assessment of incident type 2
diabetes

We assessed medication use at baseline
and annually by a validated medication
inventory (27) through 2007. In addition,
fasting glucose was measured on blood
specimens from the examinations in years
1992-1993, 1996-1997, 1998-1999,
and 2005-2006; nonfasting glucose was
measured on blood specimens from
1994 to 1995. A participant was classified
as having type 2 diabetes if any of the fol-
lowing conditions were met: 1) use of in-
sulin or oral hypoglycemic agents, 2)
fasting glucose level of =7 mmol/L (126
mg/dL), or 3) a nonfasting glucose level of
=11.1 mmol/L (200 mg/dL).

Other covariates

We used covariates from the 1992-1993
examination for adjustment. Age, sex,
race, years of education, smoking status,
and alcohol consumption were based on
self-report. Leisure-time activity (kilocal-
ories per week) was assessed using a mod-
ified Minnesota Leisure-Time Activities
questionnaire (28). Weight, height, and
waist circumference were measured using
standardized protocols. BMI was calcu-
lated as weight in kilograms divided by
the square of height in meters. Missing
values for smoking and height to calculate
BMI were carried forward from previous
years if available. Fasting insulin and lip-
ids were measured in fasting blood speci-
mens (29). Serum albumin was assessed
using the Kodak Ektachem 700 analyzer
(Eastman Kodak, Rochester, NY). Insulin
resistance was assessed using homeostasis
model assessment (HOMA-IR). Plasma
triglyceride was measured by enzymatic
methods on an Olympus Demand sys-
tem (Olympus, Lake Success, NY). HDL
was measured by an enzymatic meth-
od after precipitation of apolipoprotein
B—containing lipoproteins with dextran

sulfate/magnesium sulfate. Interassay CVs
using reference standards for triglycerides
and HDL were 1.78 and 2.15%, respec-
tively. LDL was calculated according to
the Friedewald equation if triglyceride
was =4.51 mmol/L. Cystatin C was mea-
sured by nephelometer using a particle-
enhanced immunonephelometric assay
(N Latex Cystatin C; Dade Behring, Newark,
DE) (30) with a interassay CV of 2.9-3.3%.
C-reactive protein was measured by immu-
noassay (interassay CV 6.2%).

Statistical analyses

Baseline characteristics of study partici-
pants were summarized according to cate-
gories of FABP4 and NEFA; continuous
variables were presented as means * SD
and categorical variables as percentages. In-
cidence rates of type 2 diabetes were calcu-
lated per 10,000 person-years.

Cox proportional hazards regression
was used to estimate the association of
FABP4 and NEFA with incident type 2 di-
abetes to allow adjustment for covariates.
Because the distribution of FABP4 differed
appreciably between men and women,
FABP4 was modeled as sex-specific tertiles
with the lowest tertile as the referent cat-
egory. FABP4 was also modeled continu-
ously per SD of log FABP4. NEFA was
similarly modeled as tertiles based on
the overall distribution and also continu-
ously per SD. Individuals were censored
for death, loss to follow-up, or end of di-
abetes ascertainment (2006-2007). Po-
tential confounders included in adjusted
models were age, race, and sex (where ap-
propriate) (model 1) with the addition of
BMI (included in NEFA model only), ed-
ucation (less than high school versus high
school or more), cystatin C (log trans-
formed and included in FABP4 model
only), serum albumin (included in NEFA
model only), kilocalories of physical ac-
tivity (log transformed), alcohol intake
(none and <0.5, 0.5-1, and >1 drinks/
day for women; none and <1, 1-2, and
>2 drinks/day for men), smoking status
(never, former, and current), self-reported
health status (fair/poor versus better), and
estrogen use for women (model 2). Given
the production of FABP4 in adipocytes,
we examined interaction between BMI
and FABP4. To evaluate intermediate
pathways by which FABP4 might lead to
type 2 diabetes, we adjusted for C-reactive
protein (log transformed), HOMA-IR,
triglycerides (log transformed), HDL,
and LDL. To evaluate the joint impact
of FABP4 and NEFA on diabetes risk, we
fit a model that included both analytes.
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We also tested for an interaction between
FABP4 and NEFA on the risk of incident
type 2 diabetes. In secondary analyses,
we evaluated whether there were statisti-
cally significant interactions between log
FABP4 and age or waist circumference or
between NEFA and sex or BMI. Because
measured weight may not always reflect
adiposity in older adults, we excluded par-
ticipants with unintentional weight loss
(defined as self-reported loss of =10
pounds not due to diet or exercise during
the past 12 months), prevalent cardiovas-
cular disease (coronary heart disease or
stroke), or cancer in a sensitivity analysis.
Since plasma NEFA varies with dietary in-
take (31) and lipid metabolism and a sin-
gle measure may not be a good estimate of
average concentrations over the long term,
we repeated the analysis while restricting
follow-up to the first 5 years. Schoenfeld
residuals and plots of the residuals over
time were used to evaluate proportional
hazards assumptions; there were no
meaningful violations. Stata, version 11.1
(StataCorp, College Station, Texas), was
used for all analyses, and P values <0.05
were considered statistically significant.

RESULTS —Among 3,740 participants,
2,259 were women (60%) and the mean
age at baseline was 74.8 years (range 65—
98). Median plasma FABP4 was 29.5 ng/mL
(interquartile range 22.0-39.3), and wom-
en had substantially higher concentra-
tions of FABP4 (median 34.4 ng/mL)
than men (median 22.8 ng/mL). Median
NEFA was 0.46 mEq/L (interquartile
range 0.35-0.60).

FABP4 and type 2 diabetes risk
Table 1 presents baseline characteristics
of subjects according to tertiles of FABP4
by sex. Compared with the lowest tertile
of FABP4, those in the highest tertile had
higher measures of adiposity and were
more likely to have insulin resistance,
higher prevalence of dyslipidemia, poorer
health, higher levels of cystatin C, and
lower physical activity. The Spearman cor-
relation coefficient between BMI and log
FABP4 was 0.38. Details on correlation
coefficients between FABP4 and risk fac-
tors for type 2 diabetes are presented in
Supplementary Table 1.

During a mean follow-up of 9.5 years,
305 cases of incident diabetes occurred.
Hazard ratios (HRs) associated with each
SD increase in log FABP4 were 1.39 (95%
Cl 1.19-1.62) overall, 1.35 (1.10-1.65)
for women, and 1.45 (1.13-1.85) for
men after adjustment for age, race, sex,

education, physical activity, cystatin C,
alcohol intake, smoking, self-reported
health status, and estrogen use for women
(Table 2), P for sex-by-FABP4 interaction
0.10). There was evidence for an interac-
tion between BMI and FABP4 on the risk
of diabetes (P value for interaction be-
tween continuous BMI and log FABP4:
P = 0.009 overall, 0.02 for women, and
0.135 for men) (Table 3). FABP4 was as-
sociated with diabetes in people with
lower BMI in both sexes, but the only sig-
nificantly elevated risk was among lean
men (Table 3).

As expected, additional adjustment
for potential mediating factors (C-reactive
protein, HOMA-IR, LDL and HDL cho-
lesterol, and triglycerides) attenuated the
observed association further (relative risk
[RR] per SD increase of log FABP4 of 1.25
[95% CI1.01-1.55]) for women and 1.17
[0.90-1.53] for men). Relations between
each potential mediator and type 2 diabetes
when added individually to the full model
are shown in Supplementary Table 2.
There was no statistically significant in-
teraction between FABP4 and NEFA (P =
0.16), and results were similar with the
addition of NEFA to these models (data
not shown). In a sensitivity analysis, ex-
clusion of individuals with reported
unintentional weight loss, prevalent car-
diovascular disease, and cancer tended to
strengthen the association (HR per SD in-
crease in log FABP4 from 1.39 [95% CI
1.19-1.62] before exclusion to 2.42
[1.56-3.73] after exclusion for men and
women combined).

NEFA and type 2 diabetes risk

Participants with higher concentrations
of NEFA were older, were more likely to be
female, had higher measures of adiposity,
and had higher levels of total cholesterol,
triglycerides, HDL, and C-reactive protein
levels (Supplementary Table 3). In a mul-
tivariable model adjusted for age, sex,
ethnicity, education, BMI, leisure-time
physical activity (kilocalories), smoking,
alcohol use, health status, estrogen use
(in women), and serum albumin, the HR
associated with each SD of NEFA (0.20
mEq/L) was 1.08 (95% CI 0.96-1.23)
(Table 4). Results were similar with the
addition of FABP4 to these models (data
not shown). When stratified by BMI
(<25, 25-29.9, and =30 kg/m?), the re-
sults did not change materially and the
P value for BMI-by-NEFA interaction was
0.13. In a secondary analysis restricted to
the first 5 years of follow up, each SD of
higher NEFA was associated with an HR

Djoussé and Associates

of 1.15 (0.97-1.36) in a fully adjusted model,
and there was evidence for increased risk of
diabetes at higher levels of NEFA when ana-
lyzed by tertiles of NEFA (1.0 [ref], 1.68
[95% CI 1.12-2.53], and 1.63 [1.07-
2.50]) (Table 4). There was no evidence for
sex-by-NEFA interaction (P = 0.97).

CONCLUSIONS—In this prospective
study of 3,740 people, we demonstrate a
positive association between plasma
FABP4 and incident type 2 diabetes in
older adults and such association was
modified by BMI in a way that a statisti-
cally significant higher risk of diabetes with
FABP4 was observed in lean men only.
Additional adjustment for NEFA did not
alter the results. We also observed a signi-
ficant positive association between plas-
ma NEFA and incident type 2 diabetes
during the first 5 years that was attenu-
ated and not statistically significant when
the total follow-up period was considered.
This association was not materially altered
with adjustments for FABP4, and there was
no interaction between FABP4 and NEFA
with incident type 2 diabetes.

To the best of our knowledge, this is
the first large prospective study to evalu-
ate associations between plasma FABP4
and incident type 2 diabetes among older
men and women in a community setting.
While several animal studies have exam-
ined the effects of FABP4 expression on
adiposity, insulin resistance, and type 2
diabetes risk (7,10,11,32), there are only
limited data available in humans. In a
cross-sectional study of 98 patients with
coronary artery disease, serum levels of
FABP4 were positively correlated with
the prevalence of metabolic syndrome
(MetS) (P = 0.037) and the number of
MetS components (P = 0.035) (33). In an-
other cross-sectional study of 806 middle-
aged men and women, each SD of higher
log FABP4 was associated with a 1.85-
fold increased odds of MetS (95% CI
1.53-2.23) controlling for age, sex, and
race (5). Two other small and cross-
sectional studies by Xu et al. (8) (n = 229)
and Stejskal and Karpisek (6) (n = 138)
have reported positive associations be-
tween serum concentrations of FABP4
and MetS. Baseline FABP4 was also
shown to be associated with incident
MetS after 5 years of follow-up in 356
Chinese individuals (9).

Only one study has evaluated the as-
sociation of FABP4 levels with incident
type 2 diabetes. In a 10-year prospective
study of 544 Chinese participants with
a mean age of 50 years, FABP4 levels
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Table 1—Characteristics of 3,740 participants by sex-specific tertiles of FABP4 in the CHS

Tertiles of FABP4

Men Women
Tertile 1 (low) Tertile 2 Tertile 3 (high) Pt Tertile 1 (low) Tertile 2 Tertile 3 (high) Pt

N 494 494 493 753 753 753
Range =19.7 19.8-26.9 >26.9 <294 29.4-40.5 >40.5
FABP4 (ng/mL) 16.0 2.7 23.0*+22 37.0 123 <0.001 23.7*41 345+ 3.1 56.0 = 19.5 <0.001
NEFA (mEq/L) 0.39 = 0.16 043 = 0.16 046 = 0.19 <0.001 0.52 =0.21 0.53 = 0.19 0.54 = 0.19 0.004
Age (years) 744+ 46 755 * 55 75.7 £ 6.0 <0.001 744 *48 746 = 5.1 748 53 0.129
BMI (kg/mz) 246 =29 263 *+ 34 27.8 =39 <0.001 239*38 264 *+39 294 *+56 <0.001
Waist circumference

(cm) 93.0 =83 98.4 £ 9.0 1029 =104 <0.001 883 =x11.7 944 +119 101.7 %153 <0.001
Physical activity (kcal) 2,033 = 2,056 1,882 * 1,985 1,595 *= 1,988 0.001 1,381 = 1,723 1,310 * 1,552 1,097 = 1,409 <0.001
Cystatin C (mg/L) 1.00 = 0.18 1.11 +0.22 133 £038 <0.001 095=*0.16 1.04 = 0.20 1.23 £ 0.38 <0.001
Systolic blood pressure

(mmHg) 133.7 £20.0 1362 208 1362 =214 0.053 134.6 =208 1358 219 1376 *219 0.006
HOMA-IR 2.17 = 1.28 274+ 211 338212 <0.001 224 *4.09 257 151 334 +222 <0.001
CRP (mg/L) 3.80 = 8.19 3.77 £ 6.44 571 £887 <0.001 4.05=%7.29 455 * 8.62 7.18 = 11.11 <0.001
HDL (mg/dL) 50.3 = 12.0 476 £ 11.7 455+ 109 <0.001 63.1=* 144 58.7 = 14 .4 55.1 = 13.7 <0.001
LDL (mg/dL) 1222 =£30.1 123.0*30.2 1245 *33.1 0.235 128.0 =33.7 133.0*x326 1332 %350 0.003
Triglyceride (mg/dL) 1094 =520 139.1 £925 1535 =*757 <0001 1187 =570 1415x751 161.2=*834 <0.001
African American 58 (11.7) 64 (13.0) 68 (13.8) 0.335 97 (12.9) 112 (14.9) 143 (19.0) 0.001
Less than high school

education 103 (20.9) 114 23.1) 135 27.4) 0.016 174 (23.1) 186 (24.7) 207 27.5) 0.05
Current estrogen use N/A N/A N/A N/A 143 (19.0) 118 (15.7) 78 (10.4) <0.001
SRH fair/poor versus

better 71 (14.4) 60 (12.1) 96 (19.5) 0.026 124 (16.5) 113 (15.0) 184 24.4)  <0.001
Lipid-lowering drug 30 (6.1) 21 4.3) 36 (7.3) 0.412 49 (6.5) 61 (8.1) 77 (10.2) 0.009
Hypertension drug 173 (35.0) 216 (43.7) 202 (59.2) <0.001 281 (37.3) 358 (47.5) 450 (59.8)  <0.001
Hypertension 224 (45.3) 261 (52.9) 289 (58.7) <0.001 369 (49.1) 409 (54.4) 484 (64.4)  <0.001
Never smoked 155 (31.4) 153 (31.0) 132 (26.8) 408 (54.2) 445 (59.1) 433 (57.5)
Former smoker 296 (59.9) 292 (59.1) 311 (63.1) 242 (32.1) 239 (31.7) 259 (34.4)
Current smoker 43 (8.7) 49 (9.9) 50 (10.1) 0.48 103 (13.7) 69 (9.2) 61 (8.1) 0.004
Nondrinkers 205 (41.5) 218 (44.1) 221 (44.8) 386 (51.3) 449 (59.6) 475 (63.1)
Low drinkers 184 (37.2) 170 (34.4) 193 (39.1) 260 (34.5) 219 (29.1) 227 (30.1)
Medium drinkers 62 (12.6) 60 (12.1) 35(7.1) 25(3.3) 27 (3.6) 20 2.7)
High drinkers 43 (8.7) 46 (9.3) 44 (8.9) 0.091 82 (10.9) 58 (7.7) 31 (4.1) <0.001

Data are means *+ SD or n (%) unless otherwise indicated. Alcohol categories are as follows: low drinkers, <0.5 drink/day for women, <1 drink/day for men; medium
drinkers, 0.5-1 drinks/day for women, 1-2 drinks/day for men; and high drinkers, >1 drink/day for women, >2 drinks/day for men. CRP, C-reactive protein; SRH,
self-reported health status. TP value is test for trend for continuous and dichotomous variables, x2 for categorical variables.

above the population median (15.3 ng/mL
for men and 20.4 ng/ml for women) were
associated with a twofold increased risk of
type 2 diabetes after controlling for BMI
and other confounding factors (RR 2.25
[95% CI 1.40-3.65]) (16). We found that
the association of FABP4 with type 2 di-
abetes risk was most pronounced in
persons with BMI <25 kg/m?. In light of
this finding, it is notable that the above
Chinese study has a lower BMI (mean *
SD 24.3 + 3.7 kg/m?) than the CHS study
(26.4 + 4.6 kg/m®) (16). The interaction
between BMI and FABP4 is consistent
with the positive association seen in the
leaner Chinese cohort. Our working hy-
pothesis is that expression of FABP4 may
be directly associated with the size of

adipocytes; furthermore, we are hypoth-
esizing that overweight/obese subjects
have larger adipocyte size than lean peo-
ple. Further studies are needed to eluci-
date this conjecture.

Our findings of no overall significant
association between NEFA and type 2 di-
abetes in older adults are contrary to other
reports. Pankow et al. (19) reported a
63% higher risk of type 2 diabetes in the
fourth relative to the first quartile of
NEFA (RR 1.63 [1.04 —2.57]) in middle-
aged adults. Similar results were noted
in the Pima study (18) with a 2.3-fold
greater risk of type 2 diabetes comparing
the highest with the lowest decile of
plasma NEFA. The mean duration of
follow-up in our study (9.5 years) was at

least twice as long as that reported in the
Pima study (18) and nearly five times lon-
ger than the 2 years reported in the Paris
Prospective Study (34). Furthermore,
subjects in our study were much older
(mean age 74.8 years) compared with a
mean age of 26 years in the Pima study
(18), 48.9 years for the Paris study (34),
and 52.8 years for Atherosclerosis Risk
in Communities (ARIC) study (19). The
longer follow-up duration and older age
of participants in our cohort might explain
the lack of an association in our data. In
particular, it is possible that a single NEFA
concentration may be less strongly associ-
ated with type 2 diabetes risk over long-
term follow-up compared with in the
short term. NEFA may better predict
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Table 2—Incidence rate and HRs of type 2 diabetes according to FABP#4 tertiles or SD
of log FABP4 (0.46) in the CHS

HR (95% CI)

FABP#4 tertile Cases/N  Incidence rate* Model 17 Model 2%*
Men and women

Tertile 1 (low) 77/1,247 62 1 1

Tertile 2 94/1,247 76 1.23(091-1.66) 1.20 (0.89-1.63)

Tertile 3 (high) 134/1,246 124 1.99 (1.50-2.63) 1.89 (1.38-2.59)

P for linear trend <0.001 <0.001

Per SD of log FABP4 1.40 (1.23-1.59) 1.39(1.19-1.62)
‘Women

Tertile 1 (low) 51/753 66 1 1

Tertile 2 51/753 65 0.97 (0.66-1.43) 0.99 (0.67-1.48)

Tertile 3 (high) 82/753 116 1.70 (1.20-2.41) 1.81 (1.22-2.70)

P for linear trend 0.002 0.003

Per SD of log FABP4 1.29 (1.09-1.52) 1.35(1.10-1.65)
Men

Tertile 1 (low) 26/494 55 1 1

Tertile 2 43/494 95 1.72 (1.06-2.81) 1.57 (0.96-2.57)

Tertile 3 (high) 52/493 138 2.54 (1.58-4.06) 2.02 (1.21-3.40)

P for linear trend
Per SD of log FABP4

<0.001
1.61 (1.30-1.99)

0.008
1.45(1.13-1.85)

*Crude incidence rate per 10,000 person-years. TAdjusted for age, ethnicity, and sex. **Additional ad-
justment for education (less than high school versus high school or more), cystatin C (log transformed),
kilocalories of physical activity (log transformed), alcohol categories (none and <0.5, 0.5-1, and >1 drinks/
day for women; none and <1, 1-2, and >2 drinks/day for men), smoking status (never, former, or current

smoker), self-reported health status (fair/poor versus better), and estrogen for women.

diabetes risk within a shorter period of
follow-up as observed in the Paris and
Pima studies (18,34). This hypothesis is
consistent with the larger effect size (HR
1.63 [95% CI 1.07-2.50] comparing the
3rd to the 1st tertile of NEFA) observed in
our analysis when follow-up time was re-
stricted to the first 5 years of follow-up. If
this hypothesis is correct, it suggests that it
might be necessary to update NEFA mea-
surements over time to fully characterize
NEFA exposure. Nonetheless, our find-
ings also differ from the 53% lower risk
of type 2 diabetes (95% CI 19-73) per unit

of log NEFA observed in the Insulin Re-
sistance Atherosclerosis Study (IRAS)
(20). IRAS showed that 2-h glucose was a
major confounder; unfortunately, we did
not conduct an oral glucose tolerance test
in our cohort at the time of FABP4 and
NEFA measurement (20). Further, IRAS
was multiethnic with younger average age
(~55 vs. 75 years in the CHS). These dif-
ferences in model adjustment and subject
characteristics may partially explain diverg-
ing results.

What potential biologic mechanisms
could causally relate FABP4 and NEFA

Table 3—HR of diabetes per SD increase in log FABP4 stratified by BMI in the CHS*

BMI categories (kg/mz)

=249 25.0-29.9 =30.0
N 1,498 1,583 659
All subjects 1.30 (0.99-1.71) 1.10 (0.87-1.39) 1.07 (0.84-1.36)
Women 1.29 (0.85-1.94) 1.17 (0.82-1.68) 0.90 (0.67-1.21)
Men 1.78 (1.13-2.81) 1.03 (0.71-1.49) 1.43 (0.90-2.28)

Data are HR (95% CI). There were 551, 731, and 199 men in BMI categories of <25, 25-29.9, and =30 kg/mz;
corresponding numbers for women were 947, 852, and 460. *Adjusted for age, ethnicity, sex, education
(less than high school versus high school or more), cystatin C (log transformed), physical activity (log
transformed, kilocalories), alcohol categories (none or <0.5, 0.5-1, or >1 drinks/day for women; none or
<1, 1-2, or >2 drinks/day for men), smoking status (never, former, or current smoker), self-reported health
status (fair/poor versus better), and estrogen for women. P for interaction between log FABP4 and BMI 0.009
overall, 0.02 women, and 0.135 men. P for sex and FABP4 = 0.10.

Djoussé and Associates

to type 2 diabetes? As a lipid chaperone,
FABP4 is expressed in adipocytes and
macrophages and plays an important role
in lipid metabolism and perhaps glucose
utilization (35). As such, it is possible that
FABP4 is a mediator of the obesity—type 2
diabetes association. Such a hypothesis
would be consistent with the fact that
compared with wild-type mice, FABP4
knockout mice do not develop insulin re-
sistance despite extreme adiposity when
fed a high-fat diet (10). On the other hand,
FABP4 might influence the size of fat
cells through de novo lipogenesis and
lead to obesity. At this point, it appears
that FABP4 is a consequence of obesity.
Additional studies with repeated mea-
sures of BMI and FABP4 are warranted
for clarification.

FABP4 also inhibits stearoyl-CoA
desaturase-1, an enzyme that plays a key
role in de novo lipogenesis (36) and could
influence plasma NEFA. During de novo
lipogenesis, plasma glucose is metabo-
lized to saturated fatty acids (myristic
acid [c14] and palmitic acid [c16]) (37).
Stearoyl-CoA desaturase-1 catalyzes the
conversion of palmitic to palmitoleic
acid and stearic (c18) to oleic acid (c18),
a glucose-requiring process (36). In
FABP4-deficient mice, there is an in-
creased ratio of short-chain fatty acids
(C14) to longer chain (C18) in muscle
and adipose tissues; a more favorable ratio
leads to enhanced insulin receptor signal-
ing, AMP-activated kinase activity, and
insulin-stimulated glucose uptake (38).
In addition, FABP4 attenuates the inhibi-
tion of hepatic sensitive lipase through its
binding of fatty acids (17). Hepatic sensi-
tive lipase activity can lead to lipolysis
with elevated triglycerides and release
of free fatty acids, thus leading to insulin
resistance.

Higher NEFA concentrations can in-
crease insulin resistance (21,22), exert
toxic effects on pancreatic B-cells (23,24),
and increase glucose production (25).
In addition, treatment with pioglitazone
(which reduces insulin resistance) has
been associated with reduced NEFA and
lipotoxicity (39). Additional adjustment
for FABP4 did not alter the point estimate
for NEFA in this study, suggesting that the
contribution of FABP4 to NEFA concen-
tration may be negligible.

Our study has some limitations. We
measured plasma FABP4 and NEFA only
once in this cohort. Hence, we were un-
able to account for change in these bio-
markers resulting from change in weight
or other factors over time. Weight loss is
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FABP4, NEFA, and diabetes

Table 4—HR (95% CI) of diabetes by category of and per SD (0.20 mEq/L) increase in

NEFAs in the CHS

HR (95% CI)

NEFA tertile Cases/N  Incidence rate* Model 17 Model 2%*
Total follow-up period
Tertile 1 (low) 92/1,257 92 1.00 1.00
Tertile 2 110/1,241 110 1.40 (1.06-1.86) 1.32 (0.99-1.75)
Tertile 3 (high) 103/1,242 103 1.38 (1.03-1.86) 1.21 (0.90-1.64)
P for linear trend 0.03 0.21
Per SD of NEFA 1.13 (1.00-1.26) 1.08 (0.96-1.23)
First 5 years of follow-up
Tertile 1 (low) 40/1,257 68 1.00 1.00
Tertile 2 62/1,241 111 1.85(1.24-2.77) 1.68(1.12-2.53)
Tertile 3 (high) 60/1,242 108 1.92 (1.27-2.92) 1.63 (1.07-2.50)

P for linear trend
Per SD of NEFA

0.002
1.20 (1.03-1.40)

0.03
1.15 (0.97-1.36)

*Crude incidence rate per 10,000 person-years; ranges for NEFA were =<0.39, 0.40-0.54, and >0.54 mEq/L
from the lowest to the highest tertile. Adjusted for age, sex, and ethnicity. **Additional adjustment for BMI,
education (less than high school versus high school or more), kilocalories physical activity (log transformed),
alcohol categories (none or <0.5,0.5-1, or >1 drinks/day for women; none or <1, 1-2, or >2 drinks/day for
men), smoking status (never, former, or current smoker), self-reported health status (fair/poor versus better),

estrogen for women, and serum albumin.

associated with a reduction in serum
FABP4 in humans (40), and in our study,
subjects in the highest tertile of FABP4
were more likely to report unintentional
weight loss. The fact that we observed a
stronger association between FABP4 and
diabetes risk after exclusion of subjects
who reported unintentional weight loss,
cancer, or CVD suggests that repeated
measures of FABP4 might lead to even
stronger relationships. As an observa-
tional study, we cannot exclude residual
or unmeasured confounding as an al-
ternative explanation of observed as-
sociations. Our sample consisted of
Caucasian and, to a lesser degree, African
American adults, all of whom were aged
=65 years; results may not generalize
to younger individuals or other race/
ethnicities. We did not have measures of
fasting glucose in all years, and, hence, we
likely missed type 2 diabetes cases in in-
tervening years. We did not have 2-h glu-
cose at the time of FABP4 and NEFA
measurement for further adjustment.
We cannot exclude the possibility that
obese people were less likely to attend
clinic and have their blood glucose mea-
sured; missing data on glucose that was
differential based on obesity may have led
to an underestimate of type 2 diabetes
events. However, the fact that a similar
proportion of obese subjects attended
the baseline (17.6%) and 1996-1997
(18.1%) examination is reassuring. De-
spite these limitations, our study has
numerous strengths including a large

sample size, a representative sample of
older adults, inclusion of both men and
women, the use of a valid and reproduc-
ible method to assess FABP4 and NEFA,
availability of data on numerous potential
confounders, and long-term and nearly
complete follow-up.

In summary, we observed a positive
association between plasma FABP4 and
incident type 2 diabetes that was statisti-
cally significant only among lean men.
The interaction observed between BMI
and FABP4 merits further evaluation.
Lastly, our data support a statistically si-
gnificant association between a single
measure of NEFA and incident type 2 di-
abetes in older adults during a shorter but
not a longer follow-up period.
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