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ABSTRACT 
Background: The results of some epidemiologic studies con­
ducted by using questionnaires suggest that dietary fat composi­
tion influences diabetes risk. Confirmation of this finding with use 
of a biomarker is warranted. 
Objective: We prospectively investigated the relation of plasma 
cholesterol ester (CE) and phospholipid (PL) fatty acid composi­
tion with the incidence of diabetes mellitus. 
Design: In 2909 adults aged 45-64 y, plasma fatty acid composi­
tion was quantified by using gas-liquid chromatography and was 
expressed as a percentage of total fatty acids. Incident diabetes 
(n = 252) was identified during 9 y of follow-up. 
Results: After adjustment for age, sex, baseline body mass index, 
waist-to-hip ratio, alcohol intake, cigarette smoking, physical activ­
ity, education, and parental history of diabetes, diabetes incidence 
was significan'i:ly and positively associated with the proportions of 
total saturated fatty acids in plasma CE and PL. The rate ratios of 
incident diabetes across quintiles of saturated fatty acids were 1.00, 
1.36,1.16,1.60, and 2.08 (P = 0.0013) in CE and 1.00, 1.75, 1.87, 
2.40, and 3.37 (P < 0.0001) in PL. In CE, the incidence of diabetes 
was also positively associated with the proportions of palmitic 
(16:0), palmitoleic (16:1n-7), and dihomo-),-linolenic (20:3n-6) 
acids and inversely associated with the proportion of linoleic acid 
(18:2n-6). In PL, incident diabetes was positively associated with 
the proportions of 16:0 and stearic acid (18:0). 
Conclusions: The proportional saturated fatty acid composition of 
plasma is positively associated with the development of diabetes. Our 
findings with the use of this biomarker suggest indirectly that the 
dietary fat profile, particularly that of saturated fat, may contribute to 
the etiology of diabetes. Am J Clin Nutr 2003;78:91-8. 
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INTRODUCTION 

The results of both animal and human studies indicate that a 
high intake of total dietary fat is associated with impaired insulin 
sensitivity and an increased risk of developing type 2 diabetes, 
independent of obesity and body fat localization. The effect of 
dietary fatty acid composition on glucose metabolism and diabetes 
etiology is less well understood than the effects of total fat (1). In . 
experimental animals, chronic feeding of saturated fat, relative to 
that of monounsaturated and polyunsaturated fat, is more delete­
rious to insulin sensitivity, and some of the induced effects are 
reduced by feeding with n - 3 fatty acids (2, 3). Human in vitro 
metabolic studies suggest that the fatty acid profile of peripheral 

tissue membranes influences the sensitivity of the tissue to insulin 
(1). Epidemiologic data, based on dietary questionnaires, support 
a positive association between intake of saturated fatty acids 
(SFAs) and risk of impaired glucose tolerance, insulin resistance, 
and diabetes. The association for polyunsaturated fatty acids 
(PUFAs) is less clear: both positive and inverse associations have 
been reported (4) . In human feeding trials, substitution of unsat­
urated fat for saturated fat appears to improve glucose metabolism 
in patients with type 2 diabetes (1) . In healthy subjects, however, 
change of dietary fat quality does not affect insulin sensitivity (5) . 

The methods used to estimate dietary fat composition among 
free-living subjects are far from perfect (5). In the search for reli­
able biomarkers, the fatty acid composition of serum lipid esters 
or of adipose tissue triacylglycerols has been shown to mirror the 
fatty acid pattern of the diet over several preceding weeks (serum) 
or months (adipose tissue) (5). In the Atherosclerosis Risk in 
Communities (ARIC) Study, plasma fatty acid composition was 
shown to be a reasonably accurate biochemical marker of long­
term proportionate fatty acid intake, especially for PUFAs and 
essential fatty acids (6). The present study investigated the relation 
of plasma cholesterol ester (CE) and phospholipid (PL) fatty acid 
composition with the incidence of diabetes mellitus during 9 y of 
follow-up. We hypothesized that higher concentrations of SFAs 
and lower~concentrations of PUFAs in plasma would be associ­
ated with increased risk of developing type 2 diabetes. 

SUBJECTS AND METHODS · ' 

Study participants 

The ARIC Study is a population-based prospective cohort study 
of the etiology and natural history of atherosclerosis and athero­
sclerotic diseases in middle-aged adults (7). In brief, a probability 
sample of 45-64-y-old persons was recruited to the ARIC cohort 
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from Forsyth County, NC; the city of Jackson, MS; selected sub­
urbs of Minneapolis; and Washington County, MD. A total of 15792 
ARIC participants underwent a comprehensive baseline examina­
tion for cardiovascular disease risk factor assessment in 1987-1989. 
Participants were followed up annually by telephone. Reexamina­
tions were performed every 3 y, up to 9 y. In the Minneapolis field 
center only (n = 4009) , plasma was saved at baseline and was ana­
lyzed for fatty acids. The ARIC Study was approved by the institu­
tional review boards of each participating center. 

Plasma fatty acid measurement 

Fasting blood was collected into 10-mL vacuum tubes contain­
ing EDTA. The blood was centrifuged at 800 X g for 10 min at 
4 DC. Plasma was then separated and dispensed into two 1.5-mL 
aliquots and frozen at -70 DC for =2 y until analyzed for fatty 
acid content by a single technician. 

A detailed description of the methods used to analyze plasma 
fatty acids was published previously (6). Briefly, after thawing, 
0.5 mL plasma was extracted with 0.5 mL methanol followed by 
1.0 mL chloroform under a nitrogen atmosphere. The lipid 
extract was filtered to remove protein. The CE and PL fractions 
were separated by thin-layer chromatography with a silica gel 
plate (Silica Gel H; Analtech, Newark, DE) and 2-stage mobile 
phase development, which consisted of solvents of petroleum 
ether, diethyl ether, and glacial acetic acid in ratios of 80:20: 1 
(by vol) and 40:60: 1 (by vol), respectively. The plate was dried 
between development solvents and the second mobile phase was 
allowed to migrate for only one-half of the plate length. After 
re-drying, one Jane was sprayed with dichlorofluorescein to visu­
alize the CE: PL', triacylglycerol , and free fatty acid bands under 
ultraviolet light. The CE and PL bands were scraped into sepa­
rate test tubes, and the lipids were converted to methyl esters of 
fatty acids by boron trifluoride catalysis. The methyl esters were 
then separated and measured on a Hewlett-Packard 5890 gas 
chromatograph (Hewlett-Packard, Avondale, PA) equipped with 
a 50 m FFAP WCOT glass capillary column (J&W Scientific, 
Folsom, CA) and a flame ionization detector. The identity of 
each fatty acid peak was ascertained by comparison of the peak's 
retention time with the retention times of fatty acids in synthetic 
standards of known fatty acid composition . The relative amount 
of each fatty acid (% of total fatty acids) was quantified by inte­
grating the area under the peak and dividing the result by the 
total area for all fatty acids. 

Plasma SFAs, monounsaturated fatty acids (MUFAs), and 
PUFAs were calculated by summing the respective fatty acids 
with 12-24 carbon atoms. Test-retest reliability coefficients 
(individuals sampled 3 times, 2 wk apart) for various plasma 
fatty acids ranged from 0.50 to 0.93 for CE and from 0.31 to 
0.89 for PL (8). 

Other measurements 

Serum glucose was assessed by the hexokinase-glucose-6-
phosphate dehydrogenase method. Diabetes was defined at base­
line, for exclusion, by 1) self-reported history of physician-diag­
nosed diabetes, 2) current use of diabetes medications, 3) 8-h 
fasting serum glucose concentration ~ 126 mg/dL (9), or 4) non­
fasting serum glucose concentration ~ 200 mg/dL. Incident dia­
betes was identified in the 3 ARIC follow-up visits among those 
who were free of diabetes at baseline. Time of diabetes diagnosis 
was unknown and therefore imputed. For participants who 
reported diabetes diagnosed by a physician or who were taking 

diabetes medication, the diagnosis date was assigned to the mid­
point between the last visit without diabetes and the next visit 
with diabetes. For diabetes defined by serum glucose concentra­
tion, the diagnosis date was estimated as the point when the serum 
glucose concentration crossed the diabetes cutoffs (126 mg/dL 
fasting or 200 mg/dL nonfasting) on a regression line of glucose 
concentrations by visit date. For participants who did not develop 
diabetes , the censoring date for analysis was the last completed 
follow-up visit. 

Information about education level, sports activity, smoking 
status, alcohol intake, and family history were obtained through 
interview. Cigarette-years of smoking was defined as the aver­
age number of cigarettes smoked per day multiplied by the num­
ber of years of smoking. The sports index, derived from the sur­
vey of Baecke et al (10) , ranged from 1 (low) to 5 (high) for 
physical activity from sports during leisure time. Height , 
weight, and circumferences of the waist (at the umbilicus) and 
hips (maximum) were measured during the clinic visit. 
Quetelet's body mass index (BMI; in kg/m2) and waist-to-hip 
ratio (WHR) were calculated. 

Statistical analysis 

Participants were excluded from the analysis if they had preva­
lent diabetes at baseline (n = 301), had unknown prevalent or inci­
dent diabetes status (n = 104), were missing fatty acid measure­
ments (n = 74), were taking cholesterol-lowering medications (n = 
130), were consuming a special diet (n = 597), or had prevalent 
cardiovascular disease (n = 222). The exclusion for baseline clin­
ical cardiovascular disease was made because symptomatic 
patients may change their diets. Nonwhites were also excluded as 
a result of their small number (n = 37). After all the nonmutual 
exclusions, 2909 subjects remained. 

SAS 6.0 (SAS Institute Inc, Cary, NC) was used for the 
analysis. Proportionate plasma fatty acid composition was com­
pared between participants with and without incident diabetes 
by using a t test. The association of plasma fatty acid quintiles 
with other risk factors was analyzed by using analysis of covari­
ance. Age-adjusted mean values for baseline risk factors were 
compared across quintiles of plasma fatty acids, after the 
assumptions of normal distribution and constant variance were 
confirmed. To reduce problems related to conducting multipJe 
comparisons, P < 0.01 was set as the significance level. Cox 
proportional hazards regression models were used to estimate 
the rate ratios (RRs) and 95 % CIs for incident diabetes in rela­
tion to the quintiles of plasma fatty acid composition . Time at 
risk was calculated from baseline to the time of diabetes diag­
nosis or censoring. There was no multiplicative interaction 
between sex and plasma fatty acids in association with diabetes , 
so the data for men and women were combined. Baseline age 
(continuous) and sex (dichotomous) were adjusted for in model 
1. In model 2, additional adjustment was made for BMI (con­
tinuous), WHR (continuous) , cigarette-years of smoking (con­
tinuous), alcohol intake (continuous), sports index (continuous), .. 
education (::; high school, college or vocational school, or grad­
uate school), and parental family ' history of diabetes (yes, no, 
or unknown). The trend of RRs across quintiles of fatty acids 
was tested by using equal weight for each quintile. Analyses 
were conducted for grouped fatty acids and for the most com­
mon individual fatty acids, for CE and PL separately. 

Several supplemental analyses were performed. First, 
analyses were repeated with those participants having prevalent 
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TABLE 1 
Baseline characteristics of participants with or without incident diabetes 
mellitus, Atherosclerosis Risk in Communities Study, Minneapolis Field 
Center, 1987-1989 

Incident diabetes No diabetes 
Baseline characteristic (n = 252) (n = 2657) 

Men (%) 58.3 1 45.8 
::;High school education (%) 46.4 39.4 
Current smoking (%) 25.4 22.5 
Parental history of diabetes (%) 22.61 12.9 
Age (y) 54.0 ± 5.52 53.5 ± 5.5 
BMI (kg/m2) 30.6 ± 4.8 1 26.3 ± 4.2 
Waist-to-hip ratio 0.966 ± 0.0711 0.902 ± 0.084 
Fasting serum glucose (mmollL) 6.05 ± 0.511 5.46 ± 0.45 
Fasting serum insulin (pmollL) 106 ± 65 1 62 ± 43 
Alcohol intake (g/wk) 71.9 ± 137 60.0 ± 101 
Cigarette-years of smoking3 395 ± 449 1 305 ± 384 
Sports index4 2.50 ± 0.80 2.60 ± 0.81 

I Significantly different from participants without diabetes , P < 0.01. 
2X ± SD. 
3 Defined as the average number of cigarettes smoked per day multi­

plied by the number of years of smoking. 
4Derived from the survey of Baecke et al (10); values ranged from 

1 (low) to 5 (high). 

cardiovascular disease or consuming special diets at baseline 
included. Second, analyses were repeated with the time of inci­
dent diabetes assigned for everyone as the midpoint between vis­
its without and. with ·diabetes . Third, analyses were repeated with 
adjustment for oaseline fasting serum glucose and insulin con­
centrations. Fourth, analyses were repeated stratified on baseline 
fasting glucose concentrations « 110 compared with 110-125 mg/dL). 
Finally, analyses were repeated with adjustment for time­
dependent body weight at all 4 ARIC examinations. None of these 
supplemental analyses altered the conclusions; thus, for the most 
part, these are not presented. 

RESULTS 

Among the 2909 participants at risk, 252 developed incident 
diabetes over a mean of 8.1 y of follow-up. The remaining 2657 
participants stayed free of diabetes. 

Compared with those without diabetes, participants with inci­
dent diabetes had significantly (P < 0.01) higher mean baseline 
values for BMI, WHR, fasting serum glucose and insulin, and cig­
arette-years of smoking (Table 1). Diabetes incidence was greater 
in men and in those with at least one parent with diabetes. Base­
line age, alcohol intake, sports activity, education, and smoking 
status were not significantly different between participants who 
did or did not develop diabetes. 

For the CE fraction, Pearson correlations between baseline fatty 
acid concentrations were r = 0.51 for SFAs with MUFAs, r = 
- 0.68 for SFAs with PUFAs, and r = -0.96 for MUFAs with 
PUFAs. For the PL fraction, these respective correlations were r = 
0.00, r = -0.36, and r = -0.84. Compared with those who 
remained free of diabetes, persons who developed incident dia­
betes had significantly (P < 0.01) higher proportions of total SFAs 
in both the CE and PL fractions (Table 2) . The percentage of SFAs 
in total fatty acids was 12.0% in CE and 4l.3% in PL for those 
who developed incident diabetes compared with 11.6% in CE and 
40.5% in PL for those who did not. In CE only, total MUFAs were 

TABLE 2 
Unadjusted baseline plasma fatty acid composition by participants ' 
incident diabetes status, Atherosclerosis Risk in Communities Study, 
Minneapolis Field Center, 1987-19891 

Incident diabetes No diabetes 
Fatty acid composition (n = 252) (n = 2657) 

% of total fatty acids 

Cholesterol esters 
SFAs 12.0 ± 1.02 11.6 ± 1.0 

16:0 10.3 ± 0.82 9.95 ± 0.8 
18:0 0.93±0.192 0.90 ± 0.21 

MUFAs 19.1 ± 2Y 18.6 ± 3.0 
16:1n-7 2.90 ± 1.212 2.51 ± 1.21 
18:1n-9 16.2±1.8 16.0 ± 2.1 

PUFAs 64.8 ± 3.62 65.8 ± 3.9 
18:2n-6 52.9 ± 4.42 54.3 ± 4.8 
18:3n-3 0.40 ± 0.11 0.42 ± 0.11 
18:3n-6 1.11 ± 0.392 1.01 ± 0.37 
20:3n-6 0.83 ± 0.172 0.75 ± 0.16 
20:4n-6 8.42±1.71 8.16 ± 1.64 
20:5n-3 0.59 ± 0.36 0.54 ± 0.28 
22:6n-3 0.43 ± 0.15 0.43±0.15 

Phospholipids 
SFAs 41.3 ± 1.22 40.5 ± 1.4 

16:0 25 .7 ± 1.52 25.3 ± 1.6 
18:0 13.7 ± 1.22 13 .2 ± 1.1 

MUFAs 9.8 ± 1.22 10.0 ± 1.3 
16: ln-7 0.66 ± 0.18 0.63 ± 0.18 
18:1n - 9 8.44 ± 1.112 8.66 ± 1.17 

PUFAs 42.5 ± 1.7 42.7 ± 1.7 
18:2n- 6 21.4 ± 2.42 22.1 ± 2.7 
18:3n-3 0.13 ± 0.052 0.15 ± 0.05 
18:3n-6 0.11 ± 0.06 0.11 ± 0.06 
20:3n-6 3.62 ± 0.792 3.28 ± 0.75 
20:4n - 6 11.6 ± 2.0 11.4 ± 1.9 
20:5n-3 0.58 ± 0.33 0.56 ± 0.31 
22:6n-3 2.71 ± 0.83 2.76 ± 0.84 

IX ± SD. SFAs, saturated fatty acids; MUFAs, monounsaturated fatty 
acids; PUFAs, polyunsaturated fatty acids. 

2 Signifioantly different from participants without diabetes, P < 0.01. 

also significantly higher, whereas total PUFAs were significantJy 
lower, among persons with incident diabetes than among those 
who did not develop diabetes. In the PL fraction, total MUFAs 
were significantly lower among those who developed diabetes, 
whereas total PUFAs did not differ significantly by incident dia­
betes status. 

With respect to the individual fatty acids, the proportions of 
palmitic (16:0), stearic (18:0), and dihomo-)l-linolenic (20:3n-6) 
acids in CE and PL and the proportions of palmitoleic (16 : In -7) 
and )I-linolenic (18:3n-6) acids in CE were significantly higher 
in participants with incident diabetes than in those without. Pro­
portions of linoleic (18:2n-6) acid in CE and PL and of oleic 
(18: 1 n - 9) and linolenic (18: 3n - 3) acids in PL were significantly " 
lower in participants with incident diabetes than in those without. 
In neither fraction did the mea~ proportions of arachidonic 
(20:4n-6), eicosapentaenoic (20:5n-3), or docosahexaenoic 
(22:6n - 3) acids differ according to diabetes development. Con­
sidering the small proportions of 20:5n - 3 and 22:6n - 3 in the 
total fatty acids and their null association with diabetes incidence 
in most regression models, the results for these 2 fatty acid con­
stituents are not shown in the remaining tables and figures . 
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TABLE 3 
Mean (or percentage) age-adjusted baseline risk factors by extreme quintiles (Q) of plasma cholesterol ester fatty acids , Atherosclerosis Risk in 

Communities Study, Minneapolis Field Center, 1987-19891 

Fasting Fasting ::; High Parental 

Fatty acid Sports serum serum Alcohol Cigarette- school hi story of 

quintile2 Age Men index BMI WHR glucose insulin intake years education diabetes 

y % kglm2 mmo/IL pmo/IL glwk % % 

SFAs 
Ql 53.0 30.3 2.61 25.7 0.877 5.41 56.2 31.5 246 40.8 13.0 

Q5 53.9 63.13 2.58 27.43 0.93Y 5.6023 74.73 92.83 3833 37.8 15.4 

P for trend4 0.07 < 0.0001 0.86 <0.0001 <0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.16 0.53 

MUFAs 
Ql 53.1 38.8 2.68 25.7 0.884 5.42 58.0 28.5 192 35.9 13.1 

Q5 53.7 49,03 2.453 27.1 3 0.9273 5.563 68.43 118.53 4673 45.23 14.9 

P for trend4 0.2 1 < 0.0001 <0.0001 < 0.0001 < 0.0001 < 0.0001 0.0002 <0.0001 <0.0001 0.018 0.9 1 

PUFAs 
Ql 53.8 52.8 2.47 27.3 0.930 5.56 70.3 112.3 445 41.8 13 .8 

Q5 53.0 35.03 2.683 25.83 0.88 13 5.443 58.53 28.93 2043 37.3 12.9 

P for trend4 0.16 <0.0001 0.0004 < 0.0001 < 0.0001 0.0002 <0.0001 < 0.0001 < 0.0001 0.43 0.40 

IWHR, waist-to-hip ratio; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids. 
2Quintile cutoffs were as follow s: SFAs, 10.80%, 11.31 %, 11.79%, and 12.35%; MUFAs, 16.33%, 17.57%, 18.89%, and 20.58%; and PUFAs, 62.95 %, 

65 .11 %, 66 .93%, and 68 .82%. 
3 Significantly different from Ql , P < 0.01. 
4 P for trend across quintiles. 

As presented in Table 3, compared with those in the lowest 
quintile, persons in the highest quintile of CE SFAs and MUFAs 
were more likyly to· be male and engaged in less sports activity 
(MUFAs on'ly), 'whereas persons in the highest quintile of CE 
PUFAs were more likely to be female and to be more physically 
active. Baseline BMI, WHR, and fasting serum glucose and 
insulin were significantly (P < 0.01) higher in the highest than in 
the lowest quintile of total SFAs and total MUFAs but were signi­
ficantly lower in the highest than in the lowest quintile of total 
PUFAs. Alcohol intake and cigarette smoking were significantly 
greater in the highest than in the lowest quintile of SFAs and 
MUFAs but were significantly lower in the highest than in the 
lowest quintile of PUFAs. There were only small differences in 
education and no significant differences in parental history 
according to quintiles of the fatty acid constituents of CEo The 
relations for PL (data not shown) were basically consistent with 
those for CE, except for an inverse relation of total MUFAs in PL 
with baseline BMI, WHR, serum glucose, and insulin. Therefore, 
multivariate models included most of the variaQles in Table 3 as 
potential confounding factors . 

After adjustment for age and sex (model 1), the incidence of dia­
betes was significantly (P < 0.05 for the RR of the highest quintile 
compared with the lowest quintile and P < 0.05 for trend) and pos­
itively associated with total SFAs and MUFAs and significantly 
and inversely associated with total PUFAs in CE (Figure 1). After 
further adjustment for baseline BMI, WHR, alcohol intake, ciga­
rette-years of smoking, physical activity, education, and parental 
history (model 2), the associations were attenuated and the trend 
across quintiles remained significant only for total SFAs. In model 
2, the adjusted RRs of diabetes were 1.00, 1.36, 1.16, 1.60, and 
2.08 across total SFAs quintiles (P for trend: 0.0013) . Certain indi­
vidual fatty acids were also significantly associated with diabetes 
in model 2. Compared with the lowest quintile of individual fatty 
acids in CE, the RR of incident diabetes was 2.38 (95% CI: l.51 , 
3.73) for the highest quintile of 16:0, l.72 (95% CI: l.07 , 2.75) for 

the highest quintile of 16:1n-7, l.86 (95% CI: l.15 , 3.01) for the 
highest quintile of 20:3n-6, and 0.46 (95% CI: 0.28 , 0.74) for the 
highest quintile of 18:2n-6. 

In the PL fraction , the positive association between total SFAs 
and incident diabetes was even stronger than in the CE fraction 
(Figure 2). In model 2, the adjusted RRs of diabetes were 1.00, 
l.75 , l.87 , 2.40, and 3.37 across PL SFAs quintiles (P for trend: 
< 0.0001). Total MUFAs in PL were inversely associated with dia­
betes risk, with RRs across quintiles of l.00, 0.93 , 0.80, 0.58 , and 
0.80 (P = 0.045) after multivariable adjustment. PL PUFAs were 
not significantly associated with incident diabetes in any model. 
In model 2, significant relations of diabetes with individual fatty 
acids existed in PL for 16:0 (RRs across quintiles: l.00, 0.80, l.57, 
1.47, and l.65 ; P == 0.002) and 18:0 (RRs across quintiles: l.00, 
l.21 , l.50, l.37 , and l.80, P = 0.01). A tendency for decreased 
incidence of diabetes across quintiles was also observed for PL 
18: In -9, 18:2n -6, and 18:3n -3, although the RR corresponding 
to the highest quintile compared with the lowest quintile was not 
significant for any of these constituents. 

DISCUSSION 

The results of the present prospective study showed that a high 
proportion of SFAs in plasma CE and PL was associated with an 
increased incidence of type 2 diabetes. The association was mod­
erately strong, di splayed a dose-response pattern, and remained 
statistically significant after adjustment for several diabetes ri sk ,. 
factors . Total MUFAs and PUFAs ~id not show clear relations to 
diabetes incidence. With respect to the individual fatty acids, 16:0 
in plasma CE and PL, 16:1n-7 and 20:3n-6 in CE, and 18:0 in 
PL showed independent positive associations with incident dia­
betes. 18:2n-6 in CE was negatively related to incident diabetes. 

Previous studies showed that the fatty acid composition of 
plasma PL and CE reflects dietary intake weeks to months before 
the collection of the sample and can therefore be used as an objec-
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Modell Model 2 

Saturated Fatty Acids ~ P<O.OOOI 
P=Q.OOI3 

Palmitic acid (16:0) '--.- P<O.OOOl 
P<O.OOOl 

Stearic acid (18:0) P=O.0461 NS 

Monounsaturated Fatty Acids P=O.OOO6 NS 

Palmitoleic acid (16: In-7) •• 
P<O.OOOI P=O.0079 

Oleic acid (18:1n-9) NS NS 

Polyunsaturated Fatty Acids P=O.OOO2 NS 

Linoleic acid (18:2n-6) P<Q.OOOI 
• 

P=Q.0098 

Linolenic acid (18:3n-3) NS NS 

P<O.OOOI NS 
y-Linolenic acid (18:3n-6) 

Dihomo-y-linolenic acid (20:3n-6) P=O.0070 

Arachidonic acid (20:4n-6) P=O.0086 P=O.OI48 

0.1 1.0 10 0.1 1.0 10 

Rate ratio Rate ratio 

FIGURE 1. Rate ratios (and 95 % CIs) for incident diabetes across quintiles of proportionate cholesterol ester fatty acid composition among partici­
pants in the Atherosclerosis Risk in Communities Study, Minneapolis Field Center, 1987-1998. Grouped fatty acids and each individual fatty acid con­
stituent were examined separately in 2 multivariate models . Modell included adjustment for age (continuous) and sex. Model 2 included adjustment for 
the factors in model 1 plus body mass index (continuous) , waist-to-hip ratio (continuous) , cigarette-years of smoking (continuous) , alcohol intake (con­
tinuous) , sports index (continuous), education ($; high school , college or vocational school , or graduate school), and parental history of diabetes (yes, no , 
or unknown). Rate ratios for incident diabetes in relation to the quintiles of fatty acid composition were estimated by using the lowest quintile of each 
fatty acid constituent or grouped fatty acids as the reference. P values represent tests for linear trends across quintiles. 

tive estimate of the type of fats proportionately consumed by an 
individual (11). In the ARIC Study, the proportionate composition 
of SFAs and PUFAs in plasma CE and PL correlated fairly well 
with the dietary pattern (as a percentage of total fat) as assessed 
by a semiquantitative food-frequency questionnaire (6). The high­
est correlations between dietary and plasma fatty acid composi­
tion were found for long-chain PUFAs, which are derived pri­
marily from diet. Plasma MUFAs did not reflect dietary MUFAs 
(r:S; 0.05), as would be expected given their endogenous synthesis. 

Our results are consistent with those of most epidemiologic 
studies examining the association between dietary fat composi­
tion and risk of type 2 diabetes. Earlier ecologic studies pointed to 
a Western lifestyle (high intake of total and animal fat, obesity, 
and low intake of carbohydrate and fish) as the culprit for 
increased diabetes rates (12-15). Findings fi'om cross-sectional 

studies using dietary questionnaires have generally been compat­
ible with a deleterious effect of dietary saturated fat on fasting or 
postload serum glucose concentrations (16-20). Although 4 ear­
lier cohort studies reported no association between dietary factors 
and diabetes incidence (21-24), these null findings could be 
explained by underascertainment of clinically undiagnosed dia­
betes , invalid diet assessment, or other methodologic issues. With " 
the use of validated food-frequen~y questionnaires, the Nurses' 
Health Study (25) and the Iowa Women's Health Study (26) 
drew a consistent conclusion that vegetable fat intake is 
inversely associated with the incidence of type 2 diabetes, The 
Health Professionals Follow-up Study (27) reported that intakes 
of total and saturated fat are associated with a higher risk of 
type 2 diabetes, although the association was not independent 
of BMI. Among the cohort studies that have assessed incident 
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Modell Model 2 

Saturated Fatty Acids .. P<O.OOOI P<O.OOOJ • • 
Palmitic acid (16:0) P<O.OOOI P=O.OO18 

Stearic acid (18:0) P<O.OOOI P=O.01l4 

Monounsaturated Fatty Acids P=O.OJ8 P=O.0451 

Palmitoleic acid (16: In-7) P=O.OOO2 NS 

Oleic acid (18:1n-9) 
P=O.OOO5 P=O.OO94 

Polyunsaturated Fatty Acids NS NS 

Linoleic acid (18:2n-6) P<O.OOOJ P=O.0125 

Linolenic acid (18:3n-3) P=O.OO34 P=O.0263 

y-Linolenic acid (18:3n-6) NS NS 

Dihomo-y-linolenic acid (20:3n-6) P<O.OOOI NS 

------Arachidonic acid (20:4n-6) NS NS 

0.1 1.0 10 0.1 1.0 10 

Rate ratio Rate ratio 

FIGURE 2. Rate ratios (and 95 % CIs) for incident diabetes across quintiles of proportionate phospholipid fatty acid composition among participants 
in the Atherosclerosis Risk in Communities Study, Minneapolis Field Center, 1987-1998. Grouped fatty acids and each individual fatty acid constituent 
were examined separately in 2 multivariate models . Modell included adjustment for age (~ontinuous) and sex. Model 2 included adjustment for the fac­
tors in model 1 plus body mass index (continuous) , waist-to-hip ratio (continuous) , cigarette-years of smoking (continuous), alcohol intake (continuous) , 
sports index (continuous), education (:::; high school , college or vocational school , or graduate school) , and parental history of diabetes (yes , no , or 
unknown) . Rate ratios for incident diabetes in relation to the quintiies of fatty acid composition were estimated by using the lowest quintile of each fatty 
acid constituent or grouped fatty acids as the reference. P values represent tests for linear trends across quintiles . 

diabetes by oral-glucose-tolerance-test screening, the Zutphen 
Elderly Study found that the incidence of glucose intolerance is 
significantly lower among subjects who usually eat fish than 
among those who do not (28). The Dutch and Finnish cohorts of 
the Seven Countries Study reported that intakes of SFAs and 
MUFAs 20 y before diagnosis were significantly higher in men 
with incident diabetes than in men with normal or impaired glu­
cose tolerance (IGT) (29). Saturated fat was not a significant pre­
dictor of conversion of IGT to diabetes in the San Luis Valley Dia­
betes Study (30). However, in a study of Japanese Americans, 
intakes of animal fat and cholesterol were associated with an 
increased conversion ofIGT to diabetes (31). 

The results of several studies support a relation between bio­
markers of fat intake and type 2 diabetes or its indicators (32-35). 
One study examined subjects with IGT, subjects with type 2 dia­
betes, and subjects with normal glucose tolerance (32). The pro­
portions of 16:0, 16:1n - 7, 18:3n-6, 20:3n-6, and arachidonic 
acid (20:4n -6) in serum CE were progressively higher from the 

normal glucose tolerance group to the IGT group to the diabetes 
group . On the other hand, the proportion of 18:2n-6 was lower in 
diabetic subjects than in subjects with IGT or normal glucose tol­
erance. The other 2 cross-sectional studies (33, 34) also supported 
the hypothesis that serum fatty acid composition may modulate 
insulin action and that increased serum SFA concentrations are 
related to impaired glucose metabolism or diabetes. A lO-y 
prospective study (35) reported that subjects who developed dia­
betes had higher proportions of SFAs, 16:1n-7, 18:3n-6, and 
20:3n-6 in serum CE at baseline than did nondiabetic subjects, .. 
but a lower proportion of 18:2n - 6. These findings are largely con-
sistent with ours. ' 
. Although several mechanisms have been proposed to link a 

high-fat diet to the development of type 2 diabetes (4), potential 
mechanisms linking fatty acid composition with diabetes are less 
clear. An increase in the SFA content of cell membranes leads to 
decreased membrane fluidity, decreased insulin receptor affinity, 
and an increased number of low-affinity receptors (36). Feeding a 
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diet with a high ratio of PUFAs to SFAs increases the PUFA con­
tent of the major PLs of the adipocyte plasma membrane and 
improves the rates of insulin-stimulated glucose transport, oxida­
tion, and lipogenesis (37). Other postulated mechanisms involving 
fat composition include changes in the activities of enzymes 
related to glucose metabolism (1) and alterations in lipoprotein 
synthesis, hence, a switch in the fuel available for energy con­
sumption (38). Long-chain PUFAs inhibit the expression of the 
glucose-6-phosphate dehydrogenase gene, whereas MUFAs do not 
(39), and palmitate and myristate selectively mimic the effect of 
glucose and thereby augment insulin secretion under Ca2+ - free 
conditions (40). 

A few limitations of the present study deserve comment. First, 
the measurement of tissue fatty acid composition does not perfectly 
represent the proportion of fatty acids in the diet (6) because of vari­
ability between individuals in the cellular utilization and endoge­
nous synthesis of fatty acids. In our study, greater alcohol intake, 
more cigarette smoking, higher BMI, higher WHR, and less phys­
ical activity were related to a higher proportion of SFAs and MUFAs 
but a lower proportion of PUFAs in plasma. Although we controlled 
for these nondietary determinants of fatty acids in our analysis, the 
associations observed may still to some degree reflect the effect of 
varying metabolic responses to dietary fat. Second, in the present 
study, individual fatty acids were expressed as proportions of total 
fatty acids . Because endogenously synthesized fatty acids are 
included in the denominator, and the total fatty acid proportions 
must sum to 100 percent, proportional fatty acid measurements are 
inherently interdependent, both biologically and mathematically. 
That is, a high percentage of SFAs will automatically reflect a low 
percentage of un3aturated fatty acids. This makes it difficult to inter­
pret the effect of single fatty acid constituents, independent of other 
fatty acids. Third, in the ARIC Study, the short-term and long-term 
reliability of plasma fatty acid composition was better for the major 
fatty acids (reliability coefficients> 0.65) and lower for fatty acids 
that compose < 1 % of total fatty acids . 

The ARIC Study used fasting glucose concentrations to define 
diabetes according to standard criteria (9) . Not using an oral-glu­
cose-tolerance test would tend to lead to underascertainment of 
both prevalent diabetes and incident diabetes. Yet, there is no evi­
dence that the misclassification of diabetes would be differential 
by fatty acid composition and therefore lead to bias. On the con­
trary, the error in diabetes ascertainment is more likely to be inde­
pendently and uniformly distributed within the range of plasma 
fatty acid composition; thus, the current findings would be atten­
uated estimates of the true association. 

The associations observed between fatty acid biomarkers and 
diabetes need to be interpreted with caution. The prospective design 
is a strength of this study, verifying that plasma fatty acid compo­
sition predicts subsequent diabetes . However, because abnormali­
ties in insulin sensitivity and metabolism may precede overt dia­
betes by many years, plasma fatty acid composition may merely 
reflect metabolic changes secondary to hyperinsulinemia (41, 42) or 
"pre-diabetes." In the supplemental multivariable models, we there­
fore adjusted the RRs for baseline serum glucose and insulin con­
centrations and for other diabetic risk factors, and the results yielded 
were similar (data not shown). Furthermore, when the analyses 
were stratified on the basis of baseline glucose concentrations, sim­
ilar results were obtained for both glucose strata « 110 and 
110-125 mg/dL) , which suggests that reverse causation is unlikely. 

Confounding by obesity is another concern. Because obesity is 
the major risk factor for diabetes, we adjusted for baseline values 

of BMI and WHR. In a supplemental analysis, we also adjusted 
for the change in weight during follow-up, because of a concern 
that a high SFA intake may lead to an increase in weight and in the 
proportion of SFAs in plasma but not be causally related to dia­
betes. However, literature linking dietary fatty acid composition 
to obesity is limited (43), and obesity is likely to be intermediate 
step between dietary fat intake and diabetes. Therefore, adjust­
ment for BMI and WHR ratio could be an overadjustment. Finally, 
although we considered several known risk factors for diabetes to 
disentangle the independent association of fat composition with 
diabetes risk, we did not take into account other dietary factors 
that have been hypothesized to be related to diabetes development, 
such as the glycemic index, vitamin E, or cereal fiber. 

In summary, our data showed that plasma PL and CE concen­
trations of SFAs are positively associated with the development 
of diabetes. Our findings are generally consistent with previous 
research on fatty acid composition and diabetes incidence and sup­
port the hypothesis that the dietary fat profile may playa role in 
the etiology of diabetes. n 
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