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ABSTRACT

Historically, epidemiologic studies have reported a lower
prevalence of impaired glucose tolerance and type 2 dia-
betes in populations consuming large amounts of the n-3
long-chain polyunsaturated fatty acids (n-3 LC-PUFAs)
found mainly in fish. Controlled clinical studies have
shown that consumption of n-3 LC-PUFAs has cardiopro-
tective effects in persons with type 2 diabetes without
adverse effects on glucose control and insulin activity.
Benefits include lower risk of primary cardiac arrest;
reduced cardiovascular mortality, particularly sudden
cardiac death; reduced triglyceride levels; increased high-
density lipoprotein levels; improved endothelial function;
reduced platelet aggregability; and lower blood pressure.
These favorable effects outweigh the modest increase in
low-density lipoprotein levels that may result from in-
creased n-3 LC-PUFA intake. Preliminary evidence sug-
gests increased consumption of n-3 LC-PUFAs with re-
duced intake of saturated fat may reduce the risk of
conversion from impaired glucose tolerance to type 2 di-
abetes in overweight persons. Reported improvements in
hemostasis, slower progression of artery narrowing, al-
buminuria, subclinical inflammation, oxidative stress,
and obesity require additional confirmation. Expected
health benefits and public health implications of consum-
ing 1 to 2 g/day n-3 LC-PUFA as part of lifestyle modifi-
cation in insulin resistance and type 2 diabetes are
discussed.
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dependent diabetes mellitus worldwide and in US

adults and children poses an immense public health
and medical challenge for the implementation of success-
ful preventive and treatment strategies (1,2). The Cen-
ters for Disease Control and Prevention estimate that 17
million persons in the United States have diabetes,
nearly 6 million of whom are undiagnosed (3). The con-
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current rise in excess weight and obesity, which accom-
panies type 2 diabetes in 80% of cases, interferes with
diabetes treatment and exacerbates the likelihood of hy-
pertension, dyslipidemia, atherosclerosis, and polycystic
ovarian syndrome (4). Further, the increased incidence of
metabolic syndrome, a cluster of cardiovascular risk fac-
tors characterized by insulin resistance, visceral adipos-
ity, dyslipidemia, hypertension, and a systemic proin-
flammatory state, greatly increases the risk of
cardiovascular disease and type 2 diabetes (5). These
clinical conditions are multifactorial in origin and treat-
ment and all have a strong dietary component.

Type 2 diabetes and elevated blood glucose increase the
risk of cardiovascular mortality from 40% to 200%, de-
pending on the presence of other risk factors (6,7). Albert
and colleagues (8) reported that risk of sudden cardiac
death in US women was increased nearly threefold in the
presence of diabetes after multiple risk factors were
taken into consideration. Thus, control of diabetes and
blood sugar is critical to reducing the toll of type 2 dia-
betes on cardiovascular mortality.

Currently, the most promising approach to mitigate
and deter type 2 diabetes is lifestyle intervention—
weight reduction, decreased total and saturated fat con-
sumption, and increased physical activity—with appro-
priate pharmacotherapy as needed (9,10). From the
public health perspective, prevention, by curbing obesity,
increasing exercise, and improving diet, is the primary
long-term strategy to ease the enormous health and eco-
nomic burden of type 2 diabetes (11-13).

Healthful diets that avoid excess energy intake and
reduce saturated fat consumption are a key component of
lifestyle management in type 2 diabetes (14). The fatty
acid profile of healthful type 2 diabetes diets can be im-
proved by substituting monounsaturated and polyunsat-
urated fatty acids (PUFAs) for saturates and increasing
the consumption of n-3 long-chain (LC) (=20 carbon at-
oms) PUFAs (15-18). n-3 LC-PUFAs refer specifically to
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), which are found mainly in fatty fish. Although
there is some controversy about the relative merit of
monounsaturates over polyunsaturates in diets designed
for persons with type 2 diabetes, recent evidence has
favored increasing the proportion of monounsaturates
(15,19-21).

Increasing the consumption of n-3 LC-PUFAs improves
several cardiovascular risk factors in persons with diabe-
tes and may reduce the risk of conversion from impaired
glucose tolerance to type 2 diabetes (22-24). Earlier stud-
ies led to concern about potential adverse effects of in-
creased n-3 LC-PUFA intake on glucose control, insulin
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activity, and low-density lipoprotein (LDL) cholesterol
levels and restrained recommendations for persons with
type 2 diabetes to increase their intake of these fatty
acids. Now, mounting evidence that increased consump-
tion of n-3 LC-PUFAs benefits subjects with type 2 dia-
betes without adversely affecting glucose control has
prompted the American Diabetes Association (13) and the
American Heart Association (25) to recommend the con-
sumption of two to three servings of fish per week. We
review the literature on the effects of n-3 LC-PUFAs in
insulin resistance and type 2 diabetes in human subjects
and the potential of these fatty acids to enhance the
effectiveness of current interventions in the prevention
and treatment of type 2 diabetes.

EPIDEMIOLOGIC STUDIES

More than 30 years ago disease patterns among the
Greenland Inuit, Alaskan natives, and other Arctic and
subarctic natives showed far lower incidence of type 2
diabetes than in Danes, US residents, or others (26-29).
Type 2 diabetes was less prevalent among Japanese is-
landers compared to their mainland counterparts (30).
Lower prevalence of type 2 diabetes was attributed
mainly to diets rich in n-3 LC-PUFAs. During the past 15
years, the incidence of type 2 diabetes has increased
rapidly among native and migrant populations, as much
as 80% among Alaskan natives (31). The increase has
been associated with the greater consumption of nonin-
digenous foods, changes in lifestyle, and fatty acid imbal-
ance (32,33).

In the Finnish and Dutch cohorts of the Seven Coun-
tries Study, Feskens and colleagues (34) reported that
fish consumption was inversely related to 2-hour glucose
levels during a 20-year follow-up of male participants.
These investigators had previously reported that fish con-
sumption was associated with reduced risk of developing
impaired glucose tolerance in 175 men and women with
normoglycemia aged 64 to 87 years (35).

Siscovik (36) reported that consumption by persons
with diabetes over age 65 years of at least one or more
meals per week of fatty fish that was not fried was asso-
ciated with a significantly lower chance of primary car-
diac arrest compared to subjects who consumed similar
amounts of fried fish. These investigators had previously
reported that an average of one fish meal per week was
associated with a 50% reduction in risk of primary car-
diac arrest (37).

Hu and coworkers (38) reported that in 5,103 nurses
with type 2 diabetes followed for up to 16 years, those who
consumed fish at least one to three times a month had a
40% lower risk of developing coronary heart disease com-
pared to women with diabetes who ate fish less than once
a month. Those who ate fish five or more times a week
experienced a 64% reduction in coronary heart disease
compared to those who ate fish less than once a month.
Total mortality was also significantly reduced with fish
consumption, ranging from 23% to 37% fewer deaths as
fish consumption increased from one to three times a
month to more than five times a week.

In Iceland, the prevalence of type 2 diabetes and coro-
nary heart disease mortality are lower than in other
Nordic countries, despite the high prevalence of over-
weight and obesity (39). Thorsdottir and coworkers (40)

reported that the prevalence of type 2 diabetes in Icelan-
dic men was significantly and inversely associated with
both the n-3 PUFA and EPA content of milk, and posi-
tively associated with the ratio of n-6/n-3 fatty acids in
milk. Icelandic milk contains significantly more n-3 LC-
PUFAs than milk in other Nordic countries, from three to
eight times as much (0.22%+0.05% vs 0.06%+0.01% for
Norway and 0.03%=*0.01% for Denmark), mainly because
animal fodder contains fish meal. Icelandic milk is also
significantly lower in n-6 PUFAs. Mortality from coro-
nary heart disease in women exhibited a similar inverse
association with the EPA content of milk and positive
association with the n-6/n-3 ratio. Daily consumption of
500 mL Icelandic milk for a week provides about the same
amount of EPA as one 100-g serving of sea trout (176 vs
165 mg EPA). In this population, the unique composition
of dairy fat could be protective against type 2 diabetes
and cardiovascular disease.

By contrast, in a study of nearly 36,000 older Iowa
women who did not have type 2 diabetes at enrollment,
diabetes incidence after 11 years was positively associ-
ated with n-3 LC-PUFA consumption (41). After adjust-
ment for other dietary fat, only vegetable fat was related
to diabetes risk and appeared protective.

Van Dam and colleagues (42) reported that n-3 LC-
PUFA intake was not associated with the risk of diabetes
in more than 42,000 men in the US Health Professionals
Follow-Up Study, but total and saturated fat intake in-
creased risk. Linoleic acid consumption was associated
with lower risk of type 2 diabetes in men younger than
age 65 years who had body mass indexes less than 25
(calculated as kg/m?), but not in older men with obesity.

Promising preliminary evidence that development of
type 2 diabetes can be retarded or prevented by increased
consumption of n-3 LC-PUFAs and reduced consumption
of saturates was reported by Ebbesson (43). Forty-four
Alaskan Inuit with impaired glucose tolerance, excess
weight, or obesity were counseled to eat fewer foods high
in saturated fats, palmitic acid, and ¢rans fatty acids, and
more traditional foods, especially fish and marine ani-
mals, as part of a 4-year diabetes prevention program.
Prevention strategies emphasized increased physical ac-
tivity and weight reduction. After 4 years, no participants
developed type 2 diabetes, despite not losing weight (43).
The degree of improvement in glucose tolerance was sig-
nificantly correlated with the ratio of n-3 PUFAs to
palmitic acid. The authors attributed these results
largely to the altered pattern of fatty acid consumption
and the increased intake of n-3 LC-PUFAs.

CLINICAL STUDIES
Glucose Gontrol

In a review, Nettleton (44) noted that several clinical
studies in the 1980s and early 1990s reported adverse
effects on blood glucose control and insulin activity in
subjects with type 2 diabetes who consumed large
amounts of fish oil (45,46). It is now believed that these
deleterious effects were largely attributable to the high
doses used, like 10 g fish oil per day or more. Recent
studies using low doses of n-3 LC-PUFAs, ranging from 1
to 2 g/day, have reported no deterioration in glucose con-
trol (23,47-49). In one study, the increase in glycated
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hemoglobin associated with daily fish consumption pro-
viding 3.6 g n-3 PUFAs per day could be prevented by
moderate exercise (55% to 65% maximum oxygen con-
sumption/min) (50).

Two meta-analyses of trials with n-3 LC-PUFAs or fish
oil in subjects with diabetes have further allayed fears of
adverse effects on glucose control. Friedberg and col-
leagues (51) performed a meta-analysis of 26 trials in
both patients with type 1 and type 2 diabetes and con-
cluded that the use of fish oil had no adverse effect on
glycated hemoglobin, and it lowered triglyceride levels by
almost 30%. Montori and coworkers (52) conducted a
meta-analysis of 18 randomized, placebo-controlled trials
of a range of 3 to 18 g/day fish oil and concluded that fish
oil supplementation lowered triglyceride levels an aver-
age of 0.56 mmol/L*, raised LDL cholesterol (0.21 mmol/
L7), and had no statistically significant effect on glycemic
control. Modest amounts of n-3 LC-PUFAs in the range of
1 to 2 g/day appear to pose no significant risk to glucose
control in persons with type 2 diabetes.

Dyslipidemia in Type 2 Diabetes

It is now well established that n-3 LC-PUFAs lower tri-
glyceride levels in subjects with type 2 diabetes or hyper-
triglyceridemia and may increase high-density lipopro-
tein (HDL) cholesterol levels, as well. Sirtori and
colleagues (23) reported that 6 months’ therapy with 2 to
3 g/day n-3 ethyl esters in 935 patients with hypertriglyc-
eridemia, with and without type 2 diabetes, significantly
reduced triglyceride levels in the patients with diabetes
by 25.2% and increased HDL cholesterol levels by 7.4% on
average, without changing glycemic parameters. Kesa-
vulu and colleagues (24) reported that supplementation
of 1.8 g/day n-3 LC-PUFAs for 2 months in 34 type 2
diabetes patients being treated with antidiabetic drugs
significantly reduced triglyceride levels from 2.07+0.94
mmol/L. before treatment to 1.54+0.49 mmol/L after
treatment (P<.05, 25% reduction) and increased HDL
cholesterol levels from 0.93+0.99 mmol/L before treat-
ment to 1.04+0.098 mmol/L after (P<.01, 11% increase).
Parameters of lipid peroxidation and antioxidant en-
zymes were also improved with combined treatment. Pe-
tersen and colleagues (53) reported that in 42 subjects
with type 2 diabetes, 4 g/day fish oil compared with corn
oil supplementation significantly reduced triglyceride
levels (mean 0.54 mmol/L) and raised HDL-2b cholesterol
levels (mean 0.05 mmol/L) after 8 weeks. Rivellese and
colleagues (54) reported that the consumption of 2.7 g/day
EPA and DHA for 2 months followed by 1.7 g/day for 4
months was accompanied by a 25% reduction in plasma
triglyceride concentrations, with mean values diminish-
ing from 3.85+0.32 mmol/L to 2.92+0.23 mmol/L in sub-

*To convert mmol/L triglyceride to mg/dL, multiply
mmol/L by 88.6. To convert mg/dL triglyceride to
mmol/L, multiply mg/dL by 0.0113. Triglyceride of 1.80
mmol/L=159 mg/dL.

To convert mmol/L cholesterol to mg/dL, multiply
mmol/L by 38.7. To convert mg/dL cholesterol to
mmol/L, multiply mg/dL by 0.026. Cholesterol of 5.00
mmol/L=193 mg/dL.
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jects with type 2 diabetes and hypertriglyceridemia.
Woodman and colleagues (55) reported that there were no
significant changes in serum total, LDL, or HDL choles-
terol levels in 39 subjects with type 2 diabetes who con-
sumed 4 g EPA, DHA, or olive oil for 6 weeks, although
fasting glucose was significantly elevated. Connor and
colleagues (56) reported that 16 subjects with type 2
diabetes and hypertriglyceridemia who consumed 15
g/day olive oil or fish oil, containing 6.0 g/day n-3 LC-
PUFAs, experienced a 42% reduction in triglyceride level
(from 4.92+2.99 mmol/Li to 2.94+1.11 mmol/L.) and a
significant increase in LDL cholesterol level after 6
months.

Elevated LDL cholesterol levels have been associated
with the consumption of n-3 LC-PUFAs, but changes
have tended to be inconsistent and modest. In their meta-
analysis of 10 studies reporting LDL cholesterol levels,
Montori and colleagues (52) concluded that fish oil was
associated with a slight increase in LDL cholesterol level
(0.21 mmol/L, range 0.02 to 0.41 mmol/L). Friedberg and
colleagues (51) reported a slight but significant increase
in serum LDL cholesterol level (mean 0.18 mmol/L) in
their meta-analysis. A recent study of 259 adult Inuit in
Greenland who consumed a marine diet high in n-3 LC-
PUFASs reported inconsistent and insignificant effects on
LDL cholesterol level (57). Woodman and colleagues (55)
reported no significant effects of n-3 LC-PUFAs on LDL
cholesterol levels in 39 subjects with type 2 diabetes.
Most recent studies support the conclusion of the US
government’s evidence-based review of 13 randomized
trials of persons with type 2 diabetes that there is strong
evidence that n-3 LC-PUFAs reduce serum triglyceride
levels, but have no effect on total, LDL, or HDL choles-
terol levels (58).

n-3 LC-PUFAs have beneficial effects in reducing rem-
nant lipoprotein (RLP) levels in persons with obesity and
type 2 diabetes (59,60). RLPs are highly atherogenic li-
poproteins produced in the hydrolysis of chylomicrons
and very—low-density lipoproteins (VLDL). They are ele-
vated in persons with insulin resistance, impaired glu-
cose tolerance, type 2 diabetes, abdominal obesity, end-
stage renal disease, and heart disease (61-65).

As early as 1991, n-3 LC-PUFAs (6 g/day) from fish oil
were shown to reduce beta VLDL levels in nine patients
with Type III hyperlipidemia, findings compatible with a
reduction in RLP (66). Modest amounts of purified EPA,
0.9 to 1.8 g/day, reduced RLP levels significantly by 77%
in 10 subjects with type 2 diabetes treated for 3 months
(67). Purified EPA reduced RLP by 52% in 38 patients
receiving dialysis treated for 3 months with 1.8 g/day,
and had the additional benefit of lowering levels of oxi-
dized LDL cholesterol (59).

Statin medication, which inhibits hydroxy-methylglu-
taryl coenzyme A reductase activity, is widely prescribed
to patients with heart disease and type 2 diabetes to
lower lipid levels. Recently published findings from the
Collaborative Atorvastatin Diabetes Study (68) in which
patients with type 2 diabetes were studied, report 36%
fewer acute coronary heart disease events, a 31% reduc-
tion in coronary revascularizations, and a 48% reduction
in stroke with 10 mg atorvastatin after a median fol-
low-up time of 3.9 years. Fish oils or n-3 LC-PUFAs can
enhance the effectiveness of some statins, with indepen-



dent and additive effects (69,70). Nakamura and col-
leagues (71) reported that EPA provided with hydroxy-
methylglutaryl coenzyme A reductase inhibitors reduced
triglyceride levels by 10.8% and increased HDL choles-
terol levels by 8.9% in subjects with hyperlipidemia. Nor-
doy and colleagues (69) reported an additive effect of a
small amount of n-3 LC-PUFAs (1.7 g/day) combined with
10 mg/day atorvastatin in 42 patients with combined
hyperlipidemia. As expected, atorvastatin alone reduced
LDL cholesterol levels by 35% from baseline values (re-
duction 1.79+1.16 mmol/L, P<.001) with a further non-
significant decrease of 0.12+0.51 mmol/L. when n-3 LC-
PUFAs were consumed. With atorvastatin alone, serum
HDL cholesterol concentration increased significantly by
0.08+0.09 mmol/L (P<.001), about 8%, but increased an
additional 0.07+0.08 mmol/L (P<.001) when fish oil was
consumed. Triglyceride levels were also significantly re-
duced with atorvastatin by about 36% (P<.001), but fish
oil did not significantly enhance this effect.

Chan and colleagues (70) studied 52 men with obesity,
dyslipidemia, and insulin resistance, who consumed 4
g/day fish oil or 40 mg/day atorvastatin or both treat-
ments for 6 weeks. They compared their findings to 10
men with normolipidemia and baseline values. Subjects
consuming atorvastatin or atorvastatin plus fish oil had
significantly reduced LDL cholesterol concentrations at 6
weeks compared to baseline values (3.8+0.16 vs
1.8+0.12, mmol/L before and after atorvastatin, P<<.001)
and (4.0£0.28 vs 2.2+0.19 mmol/L before and after ator-
vastatin plus fish oil, P<.001). Only those consuming
both treatments had significantly increased HDL choles-
terol concentrations (1.00=0.05 vs 1.04+0.05 mmol/L be-
fore and after atorvastatin, not significant) and
(1.10x0.09 vs 1.25+0.09 mmol/L before and after atorva-
statin plus fish oil, P<<.01). Fish oil consumption alone
had no effect on LDL or HDL cholesterol concentrations.
These investigators have since shown that atorvastatin
increases hepatic clearance of apoliprotein B-containing
lipoproteins, whereas fish oils reduce the secretion of
VLDL apolipoprotein B, thereby providing a possible ex-
planation for the enhanced effects of the combined treat-
ment.

Hypertension

Kriketos and colleagues (72) studied the effect of different
types of fat in an energy-restricted diet consumed by 52
subjects with moderate obesity and hypertension for 10
weeks. Compared to the diets rich in n-6 or saturated
fatty acids, the diet rich in n-3 LC-PUFAs tended to
protect against the loss of fat-free tissue mass, but had no
additional effect on blood pressure, insulin sensitivity, or
lipid profile. Mori and colleagues (73) showed that when
fish providing 3.6 g n-3 LC-PUFAs was included daily as
part of a weight-loss diet, those consuming fish compared
to those not eating fish had greater improvements in
glucose and insulin metabolism and lipid profiles. Weight
loss was similar in the two groups. Likewise, in subjects
with overweight and hypertension consuming an energy-
restricted diet, daily fish (3.65 g/day n-3 LC-PUFAs), or
energy restriction plus daily fish, those consuming the
energy-restricted diet with fish had significantly greater
reductions in blood pressure (reduction in systolic/dia-
stolic pressure, 13.0/9.3 mm Hg) than those on the energy-

restricted diet (5.5/2.2 mm Hg) or just daily fish (6.0/3.0
mm Hg) (74). Even in those not losing weight, the con-
sumption of fish was accompanied by a reduction in blood
pressure that was absent in those not eating fish. Thus,
regular consumption of fish may improve blood pressure
in subjects with obesity and hypertension.

Yosefy and colleagues (75) examined the effect of mod-
erate doses of n-3 LC-PUFAs in subjects with hyperten-
sion and obesity with type 2 diabetes using a 13-day
period with 20-hour fasting on days 1, 5, 9, and 13 and the
provision of 4.5 g/day EPA and DHA as fish oil concen-
trate for the 13-day period. This intermittent fasting
technique rapidly exchanges n-3 LC-PUFAs for n-6 LC-
PUFAs in serum phospholipids. Following 13 days of n-3
LC-PUFA supplementation, the 19 subjects had signifi-
cant reductions in systolic and diastolic blood pressure
(from 157.6/83.2 to 141.9/75.6 mm Hg, P<.001) and tri-
glyceride level (from 2.36 to 1.73 mmol/L, P<.001).
Changes were similar to those observed in subjects with
obesity and hypertension without type 2 diabetes. Jain
and colleagues (76) also reported significant improve-
ments in blood pressure in 25 patients with type 2 dia-
betes consuming a diabetic diet plus 0.6 g n-3 LC-PUFAs
daily. However, Woodman and colleagues (55) reported
that the consumption of 4 g/day n-3 LC-PUFAs had no
significant effect on blood pressure in 39 subjects with
type 2 diabetes whose body mass index averaged less
than 35.

DHA, but not EPA, was shown to improve vascular
reactivity and blood flow in studies conducted on the
forearms of overweight men with mild hyperlipidemia by
Mori and colleagues (77). DHA enhanced vasodilator
mechanisms and reduced constrictor responses, which
could contribute to the blood pressure-lowering effects
associated with n-3 LC-PUFA intake.

Stroke

Several studies have shown a protective effect of n-3
LC-PUFA in ischemic or thrombotic stroke, the most
prevalent type of stroke in Western countries. In a 12-
year study of 43,671 male health professionals, He and
colleagues (78) reported that fish consumption had a sig-
nificant protective effect against risk of ischemic stroke.
Compared to men who consumed fish less than once a
month, those who ate fish one to three times per month
had a relative risk of 0.57 (95% confidence interval=0.35
to 0.95). Higher fish consumption did not confer addi-
tional reduction in risk. Fish consumption was not asso-
ciated with risk of hemorrhagic stroke. Iso and colleagues
(79) also reported a protective association between fish
consumption and thrombotic stroke in a study of 79,839
US nurses. Unlike findings in the study of male health
professionals, risks of all strokes and ischemic stroke in
these women were related to the amount of fish con-
sumed. In multivariate analysis, the relative risk of all
strokes with fish consumption one to three times per
month was 0.93 (confidence interval=0.65 to 1.34). For
fish intake once, two to four times, or five or more times
per week, relative risks were 0.78, 0.73, and 0.48, respec-
tively (P for trend=.06). Risk of hemorrhagic stroke also
declined with fish consumption, but the trend was not
statistically significant.

Consumption of very high levels of n-3 LC-PUFAs (>10
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g/day) has been associated with increased risk of hemor-
rhagic stroke. In the two studies just described, no sta-
tistically significant association between fish consump-
tion and risk of hemorrhagic stroke was observed with
modest fish and n-3 LC-PUFA intake. However, these
studies were not specific to subjects with type 2 diabetes.

It was first reported in the 1980s that the incidence of
hemorrhagic cerebrovascular disease and mortality was
greater in Greenland Inuit than in the white Danish
population (27,80,81). Hemorrhagic stroke was associ-
ated with high dietary and tissue levels of n-3 LC-PUFA
(27,82). Pedersen and colleagues (82) reported that
Greenlanders who experienced fatal hemorrhagic stroke
all had significantly higher levels of DHA in their perire-
nal adipose tissue compared to those with nonhemor-
rhagic cerebrovascular death. Conclusions are limited by
the small number of subjects (four hemorrhagic fatali-
ties). In these studies, consumption of n-3 LC-PUFAs was
in the range of 15 g/day, amounts greatly exceeding the
current n-3 LC-PUFA recommendations of 1 to 2 g/day.
The US Food and Drug Administration evaluated the
safety of n-3 LC-PUFA consumption and concluded that
intakes up to 3 g/day posed no health risk.

Endothelial Function

The vascular endothelium is actively involved in main-
taining blood circulation, fluidity, and various hemostatic
processes (83). It is involved in the development of ath-
erosclerosis and is associated with impaired function in
cardiovascular disease and type 2 diabetes (84). When the
endothelium becomes activated, as occurs in inflamma-
tion and cardiovascular disease, it increases its produc-
tion of soluble adhesion molecules and cytokines that
attract diverse cells and particles to its surface. The en-
dothelium is also critical for vasomotor function, synthe-
sizing several substances that affect vasoconstriction and
vasodilation.

n-3 LC-PUFAs have been reported to decrease markers
of endothelial cell activation or improve vasodilation sig-
nificantly in healthy subjects (85), those with hypercho-
lesterolemia (86,87), hypertriglyceridemia and type 2 di-
abetes (88), hypertriglyceridemia without type 2 diabetes
(89), and heart disease (90). McVeigh and colleagues (91)
reported significantly improved forearm blood flow re-
sponses in 23 patients with type 2 diabetes who con-
sumed fish oils for 6 weeks, compared to baseline values
or subjects consuming olive oil. Abe and colleagues (88)
noted that the reduction in soluble adhesion molecules
with n-3 LC-PUFA supplementation was greatest for sub-
jects with diabetes. In vitro studies are consistent with
reduced endothelial activation as a result of n-3 LC-
PUFA treatment. However, Johansen and colleagues (92)
and Seljeflot and colleagues (93) observed increased lev-
els of adhesion molecules in heart patients undergoing
angioplasty and smokers with hyperlipidemia, respec-
tively. At the same time, markers of endothelial hemo-
static function improved with n-3 fatty acid supplemen-
tation, suggesting both beneficial and detrimental effects.
In a study of 29 subjects with type 2 diabetes and 21
controls, Sampson and colleagues (94) reported that sup-
plementation with 2 g n-3 LC-PUFA for 21 days did not
influence the expression of soluble adhesion molecules.
Although the findings are inconsistent, too few studies of
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sufficient duration have been conducted in patients with
type 2 diabetes to permit firm conclusions about the ef-
fects of n-3 LC-PUFAs on endothelial activation and func-
tion.

Progression of Atherosclerosis

Recently, Erkkila and colleagues (95) reported that the
consumption of two or more fish servings a week over a
3-year period significantly reduced the narrowing of cor-
onary arteries in postmenopausal women with diabetes
and coronary artery disease compared to similar women
without diabetes. Change in percent stenosis, a measure
of artery narrowing, in women with diabetes who ate two
or more servings of fish per week was 2.36+0.71% com-
pared to 5.71+0.67% in those who ate less than two
servings per week (P<.001). Adjustment for serum lipids,
inflammatory markers, education, or strenuous physical
activity did not appreciably alter the relationship. When
the type of fish consumed was examined separately,
women with diabetes who consumed tuna or other dark
fish once or more per week had significantly less increase
in artery narrowing (2.84+0.61%) compared to women
who ate tuna or other dark fish less than once per week
(6.170.79%) (P=.007). Changes in artery narrowing
with tuna consumption were not statistically significant
in women without diabetes. Although the study did not
measure n-3 LC-PUFAs directly, the observation that
changes did not occur in women with diabetes who ate
fish other than tuna or dark fish suggests the results were
linked to n-3 LC-PUFA consumption. Further, the effects
of tuna or dark fish were observed with consumption once
or more per week, compared with two or more servings
per week for the category “all fish.”

Oxidative Stress

Oxidative stress refers to an abundance of free radicals or
highly reactive oxygen species that can result from lipid
peroxidation. In seeking stability, these highly reactive
oxygen species interact with and may damage other mol-
ecules such as lipids, proteins, and nucleic acids. Oxidized
lipids increase the risk of cardiovascular disease. In-
creased oxidative stress observed in type 2 diabetes may
be related to the increased risk of cardiovascular disease
in these patients (96). Because n-3 LC-PUFAs are highly
unsaturated, there has been concern that increased con-
sumption might increase oxidative stress.

Pedersen and colleagues (97) recently concluded that 4
g/day fish oil supplementation leads to increased oxida-
tion in vivo and in vitro in patients with type 2 diabetes.
Other studies have concluded that low doses of fish oil
(0.6 to 1.8 g EPA+DHA/day) consumed by patients with
type 2 diabetes have beneficial effects on measures of
oxidative stress (24,76). Recent assessment of oxidative
stress that measured the excretion of F,-isoprostanes, the
products of free radical peroxidation of arachidonic acid,
demonstrated that consumption of either EPA or DHA by
subjects with hypertension and type 2 diabetes reduced
in vivo oxidant stress (98). In a double-blind, randomized,
placebo-controlled study, 59 patients with type 2 diabetes
were randomized to consume 4 g/day EPA, DHA, or olive
oil for 6 weeks. Excretion of F,-isoprostanes was signifi-



cantly reduced by EPA (19%) and DHA (20%) compared
to olive oil, with no change in inflammatory markers.
These researchers had previously reported that the con-
sumption of a daily fish meal providing 3.6 g/day n-3
LC-PUFAs by 55 patients with dyslipidemia and type 2
diabetes significantly reduced lipid peroxidation (99). Al-
though additional studies are needed, it appears that
increased oxidative stress in type 2 diabetes may be im-
proved by the moderate consumption of n-3 LC-PUFAs.

Obesity and Metabolic Syndrome

Whereas obesity clearly increases the risk of developing
type 2 diabetes, the effect of total dietary fat and its
composition in the development of obesity and insulin
resistance remains controversial. High-fat diets com-
bined with physical inactivity are associated with obesity,
reduced insulin sensitivity, and increased prevalence of
type 2 diabetes (100). Diets low in fat and high in protein
and complex carbohydrates help maintain healthy weight
in normal-weight subjects and promote weight loss in
those with overweight. Reduced-fat diets (26% of energy
from fat) are associated with weight loss and improved
glucose tolerance (101), but whether high-fat diets actu-
ally promote obesity and type 2 diabetes is uncertain
(17,102). Diets high in saturated fat and low in polyun-
saturates and n-3 LC-PUFAs have generally been asso-
ciated with increased adiposity, greater risk of type 2
diabetes, reduced insulin sensitivity, and diminished in-
sulin action in skeletal muscle (42,103,104). For example,
in the Health Professionals Follow-Up Study (42), risk of
developing type 2 diabetes was determined in men aged
40 to 75 years who were followed for 12 years. Subjects
were divided according to percent energy intake from fat,
with quintiles of consumption ranging from a median low
of 24% of energy from fat to 39% of energy from fat.
Relative risk of developing type 2 diabetes ranged from
1.22 at 29% of energy from fat to 1.88 at 39% of energy
from fat (P<.0001). For quintiles of saturated fat intake,
relative risk ranged from 1.51 in the second quintile to
2.01 in the highest quintile (P<.0001). Intakes of linoleic,
a-linolenic, and n-3 LC-PUFAs were not associated with
risk.

A recent multinational study reported that 204 sub-
jects recently diagnosed with type 2 diabetes were signif-
icantly more likely than control subjects without diabetes
to consume more fat (30.2+0.5% of energy from fat vs
27.8+0.5%, P<.001) and more animal fat (12.2+0.3% of
energy from fat vs 10.8+0.3%, P<.01) (104). Similarly,
total fat and animal fat intake was significantly greater
in those with undiagnosed type 2 diabetes compared with
control subjects without diabetes.

Changing the fatty acid composition of the diet from
one rich in saturates to one rich in polyunsaturates im-
proved insulin sensitivity in 11 subjects with type 2 dia-
betes, with or without obesity, and in six lean subjects
(18). There was also a decrease in abdominal subcutane-
ous fat area, but weight remained unchanged. At base-
line, all subjects consumed on average 36.0+14.5 g/day
saturated fatty acids and 16.8+7.0 g/day polyunsatu-
rated fatty acids. After 5 weeks of dietary change with
dietary counseling, those randomized to consume either a
high saturated or polyunsaturated fatty acid diet con-
sumed on average 58.7+15.9 or 21.7+7.1 g/day saturated

or polyunsaturated fatty acids, respectively. These
changes represented a 63% and 29% increase in con-
sumption of saturated or polyunsaturated fatty acids,
respectively, and were made largely at the expense of
saturated fatty acid intake. At baseline, insulin sensitiv-
ity was 0.6+0.3 and 0.5+0.4 in the subjects without obe-
sity and in subjects with obesity or diabetes, respectively,
but after 5 weeks of dietary change insulin sensitivity in
those consuming more polyunsaturated fatty acids in-
creased to 0.64+0.43 pmol/L/mU~Y/kg™'/min~*', whereas
insulin sensitivity in those on the saturated fatty acid
diet remained at 0.51+0.35 umol/L/mU~Y/kg™ Y/min~1.
The difference between the two dietary groups was sta-
tistically significant (P=.02). Other studies have sug-
gested that polyunsaturated fatty acids, particularly n-3
LC-PUFAs, may be at least partly protective against
weight gain, perhaps because they are less readily depos-
ited in adipose tissue and more readily oxidized (34,103).

There is limited evidence that n-3 LC-PUFAs may be
associated with reduced incidence of obesity, ease of
weight loss, and maintenance of body weight (105). In a
study of 84 obese men and women in Spain, central obe-
sity was inversely associated with monounsaturated and
n-3 LC-PUFAs in subcutaneous and omental (peritoneal)
adipose tissue, respectively (105). These observations
suggest that n-3 LC-PUFAs may be protective against
abdominal obesity, the type of obesity most directly asso-
ciated with insulin resistance and type 2 diabetes.

The metabolic syndrome, of which abdominal obesity,
dyslipidemia, hypertension, and impaired glucose toler-
ance are characteristic, afflicts some 47 million US
adults. In a recent study of 5,974 men in western Scot-
land, having one of the metabolic characteristics of this
syndrome doubled risk of diabetes; having four charac-
teristics or more increased the risk 24-fold (5). Because
n-3 LC-PUFAs have beneficial effects in improving lipid
profiles, reducing blood pressure, reducing insulin resis-
tance, and reducing markers of systemic inflammation,
they have considerable potential to reduce the adverse
consequences of this syndrome.

Albuminuria and Renal Disease

One possible vascular complication of type 2 diabetes is
microalbuminuria, a condition that may foreshadow the
progression of diabetes to end-stage renal disease, and
strongly predicts end-stage renal disease (106). n-3 LC-
PUFAs have been shown in some studies to reduce albu-
minuria (107,108), but not in others (109,110). Patients
with diabetes with deteriorating kidney function may
require dialysis, a procedure with greater than 50% inci-
dence of vascular access thrombosis that necessitates ad-
ditional surgery (111). Administration of fish oil or puri-
fied n-3 LC-PUFAs was reported to improve dramatically
the duration of graft patency and survival of dialysis
patients (112). In a trial of 24 patients with polytetraflu-
orethylene grafts, subjects were randomized within 2
weeks of graft placement to consume either 4 g/day fish
oil or corn oil ethyl esters for 1 year. Primary graft pa-
tency rates for those consuming fish oil were dramatically
improved at the end of 1 year, 75.6% patency compared to
14.9% in the control oil group (P<.05). Mean venous
pressure at the end of the study was significantly lower in
fish oil-treated patients compared to controls (88+7 vs
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112+10 mm Hg), and systolic and diastolic blood pres-
sures were significantly reduced by an average of 30 and
15 mm Hg, respectively (P<.05), in fish oil-treated sub-
jects. Thus, moderate treatment with 4 g/day fish oil was
accompanied by striking improvements in graft patency
and blood pressure in these patients.

C-Reactive Protein (CRP)

C-reactive protein (CRP) is one of several acute phase
reactants present in inflammatory conditions. Its eleva-
tion in type 2 diabetes, heart disease, and other condi-
tions signals subclinical inflammation. Its presence is
unrelated to lipid profile. Elevated CRP has emerged as a
strong independent predictor of cardiovascular disease
and an important predictor of the likelihood of developing
type 2 diabetes. In several large prospective trials, those
with the highest CRP levels were two to four times more
likely to develop type 2 diabetes than those with the
lowest levels (113-116). Among persons with diabetes,
elevated CRP is associated with major coronary events,
duration of diabetes and retinopathy, and subsequent
development of microalbuminuria, a marker for impaired
kidney function.

In a study of patients undergoing coronary angiogra-
phy, CRP level was inversely associated with the DHA
content of granulocytes and directly associated with sig-
nificant coronary stenoses. Patients with no significant
angiographic changes had the highest levels of granulo-
cyte DHA, suggesting that patients with stable coronary
artery disease may have benefited from the anti-inflam-
matory properties of n-3 LC-PUFAs (117). In contrast,
Chan and colleagues (118) reported that in subjects with
dyslipidemia and obesity without type 2 diabetes, fish oil
had no effect on plasma CRP levels.

Studies with n-3 LC-PUFAs in critically ill patients
have reported reduced CRP levels following n-3 LC-
PUFA supplementation. In patients with pancreatic can-
cer and cachexia, 4 weeks of n-3 LC-PUFA consumption
was followed by a 93% decrease in serum CRP level (119).
Other studies have shown that in severely ill patients and
those undergoing major abdominal surgery, provision of
enteral formula containing arginine, n-3 LC-PUFAs, and
nucleotides was associated with significantly reduced
CRP levels and improved immunocompetence (119-121).
Although much more data are needed, it appears that n-3
LC-PUFAs have beneficial effects on CRP levels and im-
mune function.

IMPLICATIONS

Promising results from studies of patients with insulin
resistance and type 2 diabetes indicate that consumption
of n-3 LC-PUFAs improves lipid profiles, may retard dis-
ease progression, modestly reduces blood pressure, and
may deter the onset of more serious cardiovascular com-
plications, including mortality. However, proof that n-3
LC-PUFAs can prevent subjects with insulin resistance
or impaired glucose tolerance from developing type 2
diabetes remains to be established. Effects of n-3 LC-
PUFAs on insulin signaling pathways, expression and
activity of glucose metabolizing enzymes, decreased ex-
pression of lipogenesis enzymes, and increased fatty acid
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oxidation are all consistent with reduced insulin resis-
tance (122). Epidemiologic data on n-3 LC-PUFA con-
sumption and type 2 diabetes are relatively few and sub-
ject to the limitations of retrospective analysis. However,
where seafood or n-3 LC-PUFA consumption has been
robust, several studies have reported the association be-
tween fish consumption and reduced prevalence of type 2
diabetes or its cardiovascular consequences. Controlled
prospective studies and appropriately designed interven-
tion trials in subjects with insulin resistance or type 2
diabetes would contribute important information with
potentially huge influence on public health.

A summary of the expected physiologic effects of mod-
erate n-3 LC-PUFA consumption in subjects with type 2
diabetes is shown in the Figure. Clearly, as recognized by
the dietary recommendations of the American Diabetes
Association and American Heart Association, subjects
with type 2 diabetes can achieve the cardioprotective
effects of regular consumption of modest amounts of n-3
LC-PUFAs, without jeopardizing glucose or insulin con-
trol.

To date, the most effective intervention to mitigate type
2 diabetes, if not halt its progression, involves lifestyle
change (9,10,123). This includes weight reduction, in-
creased physical activity, and a healthful diet that avoids
excess fat and saturated fat. The value of diet and exer-
cise has been emphasized repeatedly (12). Dietary change
can be made more strategically effective, without ad-
versely affecting glucose control, by the regular inclusion
of modest amounts of n-3 LC-PUFAs in a low—saturated-
fat diet.

For dietetics professionals in clinical practice, appro-
priate dietary guidance for patients at risk of type 2
diabetes, including patients with overweight, obesity, in-
sulin resistance, and metabolic syndrome, should incor-
porate the recommendation to consume fatty fish, such as
salmon, rainbow trout, sardines, mackerel, and herring,
at least twice a week. Two to three 3-0z servings of fatty
fish per week, containing at least 1 g per serving of EPA
and DHA, would provide about 300 to 450 mg n-3 LC-
PUFAs per day. Slightly larger serving size (3.5 to 4 0z) of
certain fatty fish, such as king, sockeye, pink, and Atlan-
tic (farmed) salmon, consumed three times per week eas-
ily provides about 850 mg EPA and DHA per day.

Patients who have type 2 diabetes or documented car-
diovascular disease, or are at high risk of cardiovascular
disease, may be advised to consume 1 g/day n-3 LC-
PUFAs from fatty fish or n-3 LC-PUFA supplements,
with a physician’s concurrence (25). Patients with hyper-
triglyceridemia may benefit from 2 to 4 g/day n-3 LC-
PUFAs under a physician’s supervision (25). Patients
who cannot or will not consume fish may consider the
consumption of fish oil or n-3 LC-PUFA supplements to
provide the suggested doses of EPA and DHA. With ap-
propriate pharmacotherapy to control blood sugar, hyper-
tension, dyslipidemia, obesity/metabolic syndrome, and
other medical conditions that may be present, increased
n-3 LC-PUFA consumption has the potential to stem the
rising tide of type 2 diabetes and its cardiovascular se-
quelae. Additional cardiovascular benefit might be real-
ized from the synergistic effect of n-3 LC-PUFAs with
statin therapy on improved lipoprotein profiles, reduced
disease progression, and lower risk of mortality.



Markers and
conditions

Expected effect(s)

Comments

Glucose control

Risk of conversion from
insulin resistance to
type 2 diabetes

Insulin homeostasis

Triglycerides (TG)

High-density
lipoproteins (HDL)

Low-density
lipoproteins (LDL)

Remnant lipoproteins

C-reactive protein (CRP)

Endothelial function

Blood pressure

Hemostasis

Microalbuminuria

Type 2 diabetes

CvD

Stroke

Obesity

Metabolic syndrome

No significant effect

Delay or possibly prevent conversion

Small improvement or no change

Significant |, in circulating levels, up
to 30%; effects are related to dose
and are greater with higher TG
levels

Modest to moderate 1 in the range
of 0%-11%

Possible modest 7 ranging from 0%-
8%; LDL particle size may 7

| levels by 50% or more
| CRP

Docosahexaenoic acid 1 vasodilation,
improves microcirculation

May | up to 10% both systolic and
diastolic pressure independent of
weight loss

Possible improvement
May | risk

| disease progression, | risk of
CVD

| risk, | mortality, | risk of
sudden death

| risk of thrombotic stroke

May | insulin sensitivity

| dyslipidemia, progression to
diabetes, sudden cardiac death

1-2 g/day n-3 LC-PUFAs not associated with
adverse effects

Insulin resistance may improve; preliminary
evidence that conversion can be prevented by
dietary change with n-3 LC-PUFAs

Insulin resistance and hyperinsulinemia not
adversely affected by n-3 LC-PUFAs

Improved lipid profile and |, risk of
cardiovascular disease (CVD)

Improved lipid profile and | risk of CVD

Possible 1 risk of CVD outweighed by favorable
changes in TG and HDL; 1 particle size may
be less atherogenic

| risk of CVD

| CRP reduces risk of subclinical inflammation,
type 2 diabetes, and CVD

Improved function; | risk of CVD; may retard
progress of type 2 diabetes; effects may |
blood pressure

May | risk of stroke and CVD

May | risk of CVD and thrombosis by |,
platelet aggregability; T bleeding not
observed with doses <3 g/day

May significantly improve graft patency in
advanced kidney disease

| CVD mortality; may | conversion from
insulin resistance to type 2 diabetes and slow
progress of the disease; improved lipid
profiles, inflammatory responses, and
microcirculation

Improved lipid profiles, inflammatory responses,
endothelial function, cardiac electrical
stability, blood pressure, microcirculation; 1
effectiveness of statin medication in raising
HDL and lowering TG levels

Consumption of 1-3 g/day n-3 LC-PUFAs does
not 7 risk of hemorrhagic stroke

May | abdominal subcutaneous fat

Figure. Expected effects of 1 to 2 g/day intake of n-3 long-chain polyunsaturated fatty acids (n-3 LC-PUFAs)? on markers and diseases in subjects
with type 2 diabetes. ®Long-chain==20 carbon atoms; mainly eicosapentaenoic acid and docosahexaenoic acid.
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