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ABSTRACT
Background: Although long-chain omega-3 fatty acid (n23 FA)
consumption estimated via food-frequency questionnaires has been
associated with a higher incidence of diabetes, limited prospective
data on diabetes risk are available that use objective biomarkers of
n23 FAs.
Objective:We sought to examine the relation between plasma phos-
pholipid n23 FAs and incident diabetes.
Design:We prospectively analyzed data in 3088 older men and women
(mean age: 75 y) from the Cardiovascular Health Study (1992–2007).
Plasma phospholipid n23 FAs were measured by using gas chroma-
tography, and incident diabetes was ascertained by using information
on hypoglycemic agents and serum glucose. We used Cox proportional
hazards models to estimate multivariable-adjusted relative risks.
Results: During a median follow-up of 10.6 y, 204 new cases of
diabetes occurred. In a multivariable model that controlled for age,
sex, race, clinic site, body mass index, alcohol intake, smoking,
physical activity, LDL cholesterol, and linoleic acid, relative risks
(95% CIs) for diabetes were 1.0 (reference), 0.96 (0.65, 1.43), 1.03
(0.69, 1.54), and 0.64 (0.41, 1.01) across consecutive quartiles of
phospholipid eicosapentaenoic acid and docosahexaenoic acid (P
for trend = 0.05). Corresponding relative risks (95% CIs) for phos-
pholipid a-linolenic acid (ALA) were 1.0 (reference), 0.93 (0.65,
1.34), 0.99 (0.68, 1.44), and 0.57 (0.36, 0.90) (P for trend = 0.03).
Conclusions:With the use of objective biomarkers, long-chain n23
FAs and ALA were not associated with a higher incidence of di-
abetes. Individuals with the highest concentrations of both types of
FAs had lower risk of diabetes. Am J Clin Nutr 2011;94:527–
33.

INTRODUCTION

Type 2 diabetes is a highly prevalent disease with a lifetime
risk ranging from 27% to 53% at birth in the United States (1).
Modifiable lifestyle factors, including diet, have been recognized
to play an important role (2–5) in the development of diabetes and
its cardiovascular consequences. Among dietary components,
long-chain n23 fatty acids (FAs) eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) and, to a lesser extent, the
plant-derived n23 FA a-linolenic acid (ALA) have been shown
to confer some cardiac benefits (6–11), including beneficial ef-
fects of n23 FAs on the incidence of cardiovascular diseases in
older adults (12–15). Although a recent n23 FA trial in post-
myocardial infarction patients reported no association between
n23 FAs on cardiovascular events in general, a post hoc analysis
revealed strong reduction in cardiovascular events in diabetic
patients (16). In contrast, limited and inconsistent data have been

reported on the effects of n23 FAs on risk of diabetes. Several
prospective cohorts have reported significant, positive associations
between estimated dietary n23 FA consumption and incidence of
diabetes (17–19), whereas others have shown no significant as-
sociations (20–23). Some of these studies have relied on dietary
questionnaires (17–19) to estimate the consumption of n23 FAs,
which may be prone to a measurement error of n23 FAs con-
sumed. In contrast to estimates from dietary questionnaires, the
measurement of circulating fatty acids provides an objective mea-
sure of exposure and also allows for the assessment of individual
n23 FAs such as ALA, EPA, and DHA. Two previous studies that
used objective biomarker measurements showed no significant as-
sociation between plasma concentrations of marine n23 FAs and
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incident diabetes (20, 21). Because the 2 studies (20, 21) were
limited to mostly younger adults and had relatively short follow-
ups, it is unclear whether n23 FAs influenced risk of diabetes in
older adults.

Because of the inconsistency of reports that focused on the as-
sociation between n23 FAs and incident diabetes and the impor-
tance of understanding this relation, we prospectively investigated
the association between plasma phospholipid n23 FA concen-
trations, which are objective biomarkers of exposure, and new-
onset diabetes in 3088 older US adults. We hypothesized that the
long-chain n23 FAs EPA+DHA would be associated with
higher risk of diabetes, whereas the plant-derived n23 FA ALA
would not be associated with higher risk of diabetes.

SUBJECTS AND METHODS

Study population

The Cardiovascular Health Study (CHS) is a prospective,
population-based cohort study of cardiovascular disease in older
adults. In 1989–1990, 5201 men and women aged �65 y were
recruited from a random sample of Medicare-eligible residents
in the following 4 US communities: Forsyth County, NC; Sac-
ramento County, CA; Washington County, MD; and Allegheny
County, PA. A supplemental cohort of 687 predominantly Af-
rican American men and women was recruited in 1992–1993
from 3 of the same communities (excepting Washington County)
by using the same sampling and recruitment methods. The in-
stitutional review board of each center approved the study, and all
participants gave informed written consent to participate in the
study. Details of the study design, sampling, and recruitment have
been published (24).

Measurements of n23 FAs in plasma specimens taken at the
1992–1993 examination (the baseline for the current analysis)
were available for 3941 participants. We excluded from this
analysis participants who had prevalent diabetes (n = 594) or for
whom the prevalent diabetes status could not be determined (n =
64). We also excluded participants who had no diabetes ascer-
tainment beyond baseline (n = 94) or were missing covariate
data (n = 100). One participant was excluded because of an EPA
value outside 10 SDs. The final analysis sample included 3088
participants.

Assessment of n23 and n26 FAs

Plasma samples collected at the 1992–1993 examination
were stored at 270�C until analyzed at the Fred Hutchinson
Cancer Research Center (Seattle, WA). Total lipids were ex-
tracted from plasma by using the method of Folch et al (25).
Phospholipids were separated from neutral lipids by one-
dimensional thin-layer chromatography with 250-m Silica Gel G
plates (Analtech Inc, Newark, DE) and a 67.5:15:0.75 hexane:
ether:acetic acid development solvent with 0.005% butylated
hydroxytoluene. Phospholipid fractions were directly trans-
esterified to prepare fatty acid methyl esters by using the method
of Lepage and Roy (26). We separated fatty acid methyl esters
of each individual fatty acid by using gas chromatography as
previously described (14). n23 FAs were expressed as percen-
tages of total fatty acids by weight. Interassay CVs were 1.6%,
2.1%, 3.1%, and 0.6% for DHA, EPA, ALA, and linoleic acid,
respectively.

Ascertainment of type 2 diabetes in the CHS

In this cohort, we assessed medication use at baseline and
annually by using a medication inventory (27) through 2007. In
addition, fasting glucose was measured during examinations in
years 1992–1993, 1996–1997, and 2005–2006. Incident diabetes
was ascertained if any of the following conditions were present:
1) the new use of insulin or oral hypoglycemic agents, 2) a
fasting glucose concentration �7 mmol/L (126 mg/dL), or 3) a
nonfasting glucose concentration �11.1 mmol/L (200 mg/dL).
A detailed description of the diabetes definition in the CHS has
been published elsewhere (2).

Other variables

Comprehensive information on health-related factors was col-
lected at baseline and annually thereafter in a standardized fashion.
Age, sex, race, years of education, physical activity, smoking status,
alcohol consumption, and dietary habits were based on self-reports.
The leisure-time activity (kcal/wk) was assessed by using a mod-
ified Minnesota Leisure-Time Activities questionnaire (28). The
usual diet was assessed by using a picture-sort food-frequency
questionnaire (29) in 1989–1990 and a food-frequency question-
naire (1995–1996 examination). Weight, height, and waist cir-
cumference were measured by using standardized protocols. Body
mass index (BMI; calculated as weight in kilograms divided by
height in meters squared. Glucose, insulin, and lipids were mea-
sured in fasting blood specimens (30). A homeostasis model as-
sessment of insulin resistance was calculated as follows:

Fasting glucose ðmmol=LÞ3 fasting insulin ðmU=LÞ4 22:5

ð1Þ

Statistical analysis

We categorized participants by quartiles of EPA, DHA, EPA
+DHA, and ALA, and used Cox proportional hazards regression
to estimate the relative risk (RR) of incident diabetes associated
with these categories by using lowest quartiles as reference
groups. The time at risk was calculated as the interval in days
from the date of the 1992–1993 examination to the earliest of the
date of the follow-up contact at which diabetes was ascertained,
date of the last informative contact, or date of the 2007–2008
contact.

In preliminary analyses, models were fit in men and women
separately to evaluate the potential for effect modification by sex.
For each analyte, there was no significant sex-by-analyte in-
teraction, and hazard ratio estimates were in the same direction
and of a similar magnitude in the separate models; therefore, men
and women were pooled for all subsequent analyses. Multivar-
iable models were adjusted for age, race (black or non-black),
sex, clinic site, BMI, alcohol consumption (0, ,7–13, and �14
drinks/wk), physical activity (categories were based on quin-
tiles), current smoking, linoleic acid, and LDL cholesterol. Tests
for trends across quartiles were performed by fitting a continu-
ous variable with assigned values equal to the median amount of
the analyte within each category.

In secondary analyses performed in participants enrolled in
1989–1990 and included in the analyses of fatty acids and di-
abetes (n = 2831), we calculated the RR of incident diabetes
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associated with estimated dietary EPA, DHA, ALA, and fish
consumption calculated by using the cumulative average of the 2
food-frequency questionnaires. Total fish consumption was cal-
culated by summing the intake of tuna fish and other broiled or
baked fish, as previously described (31). Last, we conducted a
sensitivity analysis by excluding people who reported the use of
fish-oil supplements (n = 117). We evaluated the validity of the
proportional hazards assumption by using Schoenfeld residuals
and showed no meaningful departures. Statistical analysis was
performed with Stata software 10.1 (StataCorp, College Station,
TX).

RESULTS

Of the 3088 participants, 38.9% of subjects were men and
10.8% of subjects were African-Americans. The mean age was
75.6 6 5.5 y (range: 65–98 y) for men and 74.7 65.0 y (range:
65–98 y) for women. Baseline characteristics according to
plasma phospholipid marine n23 FAs and ALA are shown in
Table 1. Higher concentrations of EPA+DHA were associated
with female sex, lower levels of physical activity, a higher ed-
ucational attainment, a lower prevalence of smoking, lower con-
centrations of triglycerides, and higher prevalences of moderate
drinking, fish consumption, and use of fish oil supplements. Higher
concentrations of ALA were related to female sex, education, non-
smoking, lower BMI and waist circumference, lower triglycerides,
and higher fish consumption.

During an average follow up of 9.6 y, 204 incident cases of
diabetes occurred. Crude incidence rates of diabetes were 68.4,
74.7, 79.9, and 52.0 cases per 10,000 person-years from the
lowest to highest quartiles of EPA+DHA. Corresponding values
for ALAwere 87.1, 78.1, 72.6, and 37.7 cases per 10,000 person-
years, respectively. In a multivariable adjusted model, the con-
centration of plasma phospholipid EPA+DHAwas not associated
with an increased risk of diabetes (Table 2). Individuals with
the highest concentrations of EPA+DHA had lower risk of di-
abetes [RR (95% CI): 0.64 (0.41, 1.01); Table 2]. When ana-
lyzed separately, neither DHA nor EPA was associated with an
increased risk of diabetes [fully adjusted RR (95% CI) for
comparison of highest to lowest quartiles of EPA: 1.17 (0.71,
1.92) and DHA: 0.70 (0.44, 1.11)]. The exclusion of participants
who were taking fish oil supplements did not materially alter the
association between plasma phospholipid EPA+DHA and in-
cident diabetes [RR: 1.0 (reference), 0.95 (0.64, 1.42), 1.05 (0.70,
1.57), and 0.66 (0.41, 1.05) from the lowest to highest quartiles of
EPA+DHA; P for trend = 0.07]. A similar association was ob-
served between plasma phospholipid ALAwith a 43% lower risk
of diabetes when the highest to lowest quartiles of ALA were
compared (95% CI: 10%, 64%; Table 2). The exclusion of people
who were using fish-oil supplements did not alter these findings
[adjusted RR (95% CI): 1.0 (reference), 0.94 (0.65, 1.36), 0.96
(0.66, 1.40), and 0.57 (0.36, 0.90) (P for trend = 0.03) across
consecutive quartiles of ALA].

In a secondary analysis, self-reported fish intake was not as-
sociated with an increased risk of diabetes (Table 3). We showed
no association between dietary EPA+DHA and incident diabetes
(Table 4). For dietary ALA, only the highest quartile was as-
sociated with a nonsignificant 50% lower risk of diabetes com-
pared with that of the first quartile (Table 4).T
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DISCUSSION

In this large prospective study of older adults, plasma phos-
pholipid EPA+DHA andALAwere not associated with an increased
risk of diabetes. Individuals with the highest concentrations of EPA
+DHA or ALA had lower risk of diabetes. The exclusion of the use
of fish-oil supplements did not materially alter these associations.
In contrast, dietary EPA+DHA and fatty fish consumption were not
associated with diabetes, whereas higher concentrations of dietary
ALA were suggestive of lower risk of diabetes.

EPA+DHA and risk of diabetes

The lack of an increased risk of diabetes with phospholipid
marine n23 FAs (EPA+DHA) in the current study was consis-
tent with reports from the Atherosclerosis Risk in Communities
study (20). In addition, Vessby et al (22) did not find a signifi-
cant association between serum n23 FAs (cholesteryl esters)
and incident diabetes in men after 10 y of follow-up. In the
Melbourne Collaborative Study (23) of nearly 4000 men and
women, plasma phospholipids EPA+DHA were not associated
with incident diabetes. In a case-control study (32) of 383 sub-
jects, plasma phospholipids EPA+DHAwere not associated with
the odds of diabetes, which were findings that were consistent
with our report.

Among studies that used food-frequency questionnaires to
estimate marine n23 FAs, findings on the association between
EPA+DHA and diabetes risk have been inconsistent. The Iowa
Women’s Study reported no association between dietary long-
chain n23 FAs and diabetes (17). In addition, Hodge et al (23)
reported no relation between dietary long-chain n23 FAs and
risk of diabetes. Those data were consistent with our findings of
no association between dietary EPA+DHA and incident diabetes.
In contrast, a pooled analysis of 3 large cohorts reported a 24%
increased risk of diabetes in the highest quintile of dietary long-
chain n23 FAs compared with the lowest quintile (18). In addi-
tion, data from the Women’s Health Study showed a positive and
graded association between dietary long-chain n23 FAs and in-
cident diabetes [RR (95% CI): 1.44 (1.25, 1.65) for comparison of
highest compared with lowest quintiles] (19).

Our findings of no increased risk of diabetes with dietary or
plasma phospholipid EPA+DHA suggested that marine n23 FAs
may not play a major role in the development of diabetes in older

adults. The observed borderline significant lower risk of diabetes
in the highest quartile of EPA+DHA suggested that long-chain
n23 FAs may even exert beneficial effects on diabetes risk.
Plasma phospholipid n23 FAs may not reflect the long-term in-
take of n23 FAs. Hence, it is possible that a single measure of
plasma phospholipid n23 FAs might not capture the long-term
intake of dietary n23 FAs. In addition, plasma n23 FAs con-
centrations may reflect metabolic processes in addition to dietary
intakes such as the exchange between plasma and red blood cell
membranes, which make it difficult to correlate dietary intake
(measured via biomarkers) to diabetes risk. Alternatively, we could
not exclude unmeasured or residual confounding as a partial ex-
planation of the findings.

ALA and incident diabetes

Our observation of lower risk of diabetes with higher plasma
phospholipid ALA was consistent with findings from the ARIC
study (20) in which there was’30% lower risk of diabetes in the
highest quintile of plasma phospholipid ALA compared with the
lowest group (P for linear trend = 0.026). In a European case-
control study (32), adjusted odds ratios (95% CIs) for diabetes
were 1.0, 0.88 (0.50, 1.54) and 0.81 (0.46, 1.43) from the first to
the third tertiles of plasma phospholipid ALA. The association
between plasma phospholipid ALA and incident diabetes was
consistent with the observed borderline significant association
between dietary ALA and incident diabetes. In contrast, other
investigators showed no association between phospholipid (23),
total plasma (21), or dietary (18, 19) ALA and incident diabetes.
Although these studies did not provide ALA concentrations for
individual exposure categories for comparison, plasma phospho-
lipid ALA in the studies (0.13–0.20% for diabetes cases and
0.1520.22% for noncases) were comparable with values obtained
in the current study (mean: 0.14% for diabetes cases and 0.15%
for noncases).

n23 Fatty acids and diabetes-related traits

Limited and inconsistent data are available on potential mech-
anisms by which n23 FAs may influence risk of diabetes. A 6-wk
intervention with 4 g EPA or DHA led to a 1.40 mmol/L (P =
0.002) or 0.98 mmol/L (P = 0.002) increase in the fasting glucose
concentration, respectively, compared with that of olive oil in

TABLE 3

Relative risk of incident diabetes according to consumption of fish for participants enrolled in 1989–1990 (n = 2831)

Frequency of fish consumption1

,1/mo (n = 168) 1–3/mo (n = 768) 1–2/wk (n = 1500) 3–4/wk (n = 308) �5/wk (n = 87) P for trend

No. of cases of incident diabetes 9 52 94 17 5 —

Person-years of follow-up 1434 6763 15235 2936 839 —

Model2

1 1.00 (reference) 1.27 (0.63, 2.59) 1.05 (0.53, 2.08) 1.05 (0.46, 2.37) 1.08 (0.36, 3.26) 0.59

2 1.00 (reference) 1.23 (0.60, 2.53) 0.98 (0.49, 1.96) 0.90 (0.39, 2.07) 1.03 (0.34, 3.19) 0.46

3 1.00 (reference) 1.21 (0.59, 2.48) 1.00 (0.50, 2.01) 0.93 (0.40, 2.14) 1.07 (0.35, 3.30) 0.59

1 Cumulative average from food-frequency questionnaires administered in 1989–1990 and 1995–1996.
2 Values are relative risks; 95% CIs in parentheses (calculated by using Cox proportional hazards). Model 1 adjusted for age, race (black or nonblack),

sex, and clinic site. Model 2 adjusted for age, race (black or nonblack), sex, clinic site, BMI, alcohol consumption, physical activity, current smoking, and total

energy intake. Model 3 adjusted for age, race (black or nonblack), sex, clinic site, BMI, alcohol consumption, physical activity, current smoking, total energy

intake, and LDL cholesterol.
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patients with diabetes (33); in contrast, neither EPA nor DHA
had any effect on fasting insulin, insulin sensitivity, C-peptide,
or glycated hemoglobin (33). In a meta-analysis of 26 trials,
each gram per day of DHA was associated with a 0.74-mmol/L
(95% CI: 0.16, 1.32) increase in the fasting glucose concen-
tration (34); in addition, there was a 0.38% (95% CI: 0.00%,
0.76%) increase in glycated hemoglobin for each gram per day
increase in EPA; the corresponding increase for DHAwas 0.6%
(95% CI: 0.06%, 1.15%) (34). Other trials have reported in-
creased fasting glucose or insulin with EPA or DHA compared
with placebo (35, 36). However, other investigators reported no
effects of fish oil or EPA+DHA on fasting glucose, glycated
hemoglobin, or insulin sensitivity (37–39). There are limited
trial data on the effects of ALA on glucose metabolism. In 2
small clinical trials, the intervention with ALA was associated
with a reduced plasma glucose concentrations [pooled effect
size: 20.20 mmol/L (95% CI: 20.30, 20.10 mmol/L)] (40).
This benefit was consistent with the observed lower risk of
diabetes in the higher category of plasma phospholipid or di-
etary ALA in our study. Additional studies that examine bi-
ologic mechanisms by which n23 FAs might affect glucose
metabolism are warranted.

Limitations and strengths

We had only one measurement of plasma phospholipids in this
cohort. Hence, we were unable to account for the change in
plasma n23 FAs that resulted from the change in n23 FA
consumption over time. Plasma concentrations of n23 FAs only
reflect dietary intake across several weeks, whereas the adipo-
cyte content of n23 FAs reflects intakes over �3 mo. Fur-
thermore, phospholipid n23 FAs measured in this study
reflected the dietary intake and the metabolism of fatty acids,
including the exchange between red blood cell membranes and
plasma. As an observational study, we could not exclude residual
or unmeasured confounding as an alternative explanation of the
observed associations. Our sample consisted of mostly whites and
older adults, which thereby limits the generalizability of our
findings. We had only 204 cases of incident diabetes in our study;
hence, our statistical power to detect a modest effect of EPA
+DHA on diabetes was limited. Strengths of the current study
included the large sample size, availability of data on men and
women, the use of biomarkers to measure n23 FAs (more re-
producible than a food questionnaire), and the long-term and
nearly complete follow-up.

Conclusions

In conclusion, higher concentrations of plasma phospholipid
ALA and EPA+DHAwere associated with lower risk of diabetes
in older adults. The absence of increased diabetes risk with
higher concentrations of plasma phospholipid or dietary EPA
+DHA did not support the hypothesis that long-chain n23 FA
consumption increases the risk of diabetes, which suggested
that relations observed in previous studies may have been due to
confounding or to other ingredients contained in fish.

We are indebted to the participants and staff of the CHS. A full list of

participating CHS investigators and institutions is available at http://www.

chs-nhlbi.org.T
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