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ABSTRACT

Although type 2 diabetes is determined primarily by lifestyle and genes, dietary composition may affect
both its development and complications. Dietary fat is of particular interest because fatty acids influence
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glucose metabolism by altering cell membrane function, enzyme activity, insulin signaling, and gene
expression. This paper focuses on the prevention of type 2 diabetes and summarizes the epidemiologic
literature on associations between types of dietary fat and diabetes risk. It also summarizes controlled
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feeding studies on the effects of dietary fats on metabolic mediators, such as insulin resistance. Taken
together, the evidence suggests that replacing saturated fats and trans fatty acids with unsaturated (poly-
unsaturated and/or monounsaturated) fats has beneficial effects on insulin sensitivity and is likely to
reduce risk of type 2 diabetes. Among polyunsaturated fats, linoleic acid from the n-6 series improves
insulin sensitivity. On the other hand, long-chain n-3 fatty acids do not appear to improve insulin sensi-
tivity or glucose metabolism. In dietary practice, foods rich in vegetable oils, including non-hydrogenated
margarines, nuts, and seeds, should replace foods rich in saturated fats from meats and fat-rich dairy
products. Consumption of partially hydrogenated fats should be minimized. Additional controlled,
long-term studies are needed to improve our knowledge on the optimal proportion of different types
of fats to prevent diabetes.

Nutrition © 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Dietary composition could play a significant role in improving
insulin sensitivity and reducing risk of diabetes and its complica-
tions [1]. The role of dietary fat in type 2 diabetes has been of clin-
ical interest for many decades. Kinsell et al. were probably the first
to report that type of fat consumed could influence insulin action
in humans [2]. In a case report, a patient with type 1 diabetes re-
quired less exogenous insulin after substituting safflower oil rich
in n-6 FA for triglycerides rich in saturated fatty acids (SFA) and
oleic acid. Through our daily dietary intake, we ingest a variety
of fatty acids (FAs) with different chain-length and numbers of
double bonds. The most abundant dietary FAs are oleic acid, lino-
leic acid, palmitic acid, and stearic acid. These are reflected in plas-
ma and tissue lipids. Thus, dietary fatty acid composition, to a large
extent, determines the relative availability and storage of FAs in
tissues [3].

The aim of this paper is to review the role of different types of
dietary fat on insulin sensitivity and diabetes risk, and to update
previous reviews on this topic [4-6]. Since there are no long-
term randomized trials on the effect of dietary fat quality on dia-
betes risk, this review will focus on the effect of dietary FAs on
surrogate endpoints, e.g., insulin sensitivity in randomized con-
trolled interventions, and the relation of dietary fats to diabetes
incidence in epidemiologic studies. In controlled feeding studies,
test diets are typically isocaloric and differ only in dietary fat
quality. However, such studies are usually small and of short
duration, and thus, can only evaluate intermediate endpoints,
e.g., insulin sensitivity.

Epidemiologic studies, on the other hand, are typically large,
with long follow-up periods. Some of these studies have used
objective methodology to assess dietary fat quality with biomark-
ers of FA intake, e.g., serum FA composition. Other studies have as-
sessed dietary fat quality using food records or questionnaires.
Both types of studies will be discussed, but the latter have previ-
ously been reviewed in detail [5], and therefore, will only be briefly
updated here.

2. Epidemiological studies
2.1. Assessment of dietary FA intake

In that the composition of several FAs in serum lipids or tissues
reflects the composition of dietary FAs, they can be used as objec-
tive and reliable biomarkers of the relative FA content of the
diet [7-10]. FAs that cannot be synthesized endogenously from
carbohydrates are the best biomarkers of FA intake. These include
polyunsaturated fatty acids (PUFA), such as linoleic acid (n-6) and
a-linolenic acid (n-3), trans fatty acids (TFA), and odd numbered
FAs, e.g., 15:0 and 17:0 [11]. Excellent biomarkers are also avail-
able for long-chain n-3 FAs found in oily fish. Conversely, SFA
(except SFAs with an odd number of carbon atoms) and monoun-
saturated fatty acids (MUFA) are usually considered weaker
biomarkers since they reflect not only dietary intake, but also, to
some extent, de novo lipogenesis.

The ability to assess the source of FAs and food patterns is an
advantage offered by food records or food frequency question-
naires. For example, increased MUFA intake (i.e., oleic acid) could
be due to either high consumption of meats and dairy products,
or non-hydrogenated vegetable oils (e.g., rapeseed oil and olive
oil). This may explain why observational studies found a positive
association between monounsaturated fat and insulin concentra-
tions, [5] while a large controlled intervention showed that replac-
ing SFA with MUFA led to improved insulin sensitivity [12].

The lipid fraction or tissue in which FAs are measured should be
considered when interpreting biomarkers of FA intake. Depending
on which FAs are being studied, the activity of enzymes responsi-
ble for desaturating and elongating FAs can also influence FA com-
position [13]. In addition, the FA composition in tissues can be
affected by genetic, hormonal and lifestyle factors [13].

FA ratios, i.e., product-to-precursor ratios, have been used in sev-
eral epidemiological studies as markers for desaturase enzyme
activities, and recently, as indirect markers of saturated fat intake,
e.g.,the16:1n-7/16:0ratio [14,15]. This ratio may be a better marker
of saturated fat intake than serum palmitic acid proportions alone
[14], but further research is needed on the potential use of ratios
as markers of dietary intake. It should be noted that biomarkers of
FAs provide data as percentages of total FAs, not absolute amounts.

2.2. Cross-sectional studies of dietary fat and diabetes

Many cross-sectional or case-control studies have compared
dietary fat intake of diabetic patients and healthy subjects. In the
multinational, multicentre study of the Mediterranean Group for
the Study of Diabetes, dietary surveys were conducted in six coun-
tries. The results showed that recently-diagnosed diabetics had
both higher relative intake of total fat and SFA from animal fat
sources compared with healthy controls. Furthermore, subjects
with undiagnosed type 2 diabetes had significantly higher intake
of saturated fat compared with controls [16]. The latter is relevant
because these subjects did not have the chance to change their diet
due to diagnosis of type 2 diabetes or dietary treatment [16].

The problem of confounding still remains. Nonetheless, these
data are in line with a Dutch study on patients with newly-diag-
nosed diabetes; subjects who had a higher intake of total fat
(40% energy, E), and in particular, saturated fat (15% E) [17]. It
should be noted that cross-sectional observational studies investi-
gating links between dietary fat quality and prediabetes/diabetes
require cautious interpretation due to several sources of bias,
e.g., change of diet due to obesity or prediabetes, or failure to make
detailed adjustments for adiposity or physical activity.

2.3. FA biomarkers, insulin resistance, and diabetes risk

2.3.1. FA biomarkers and insulin sensitivity: cross-sectional studies
Cross-sectional studies that use the clamp technique to mea-
sure insulin sensitivity and FA composition in skeletal muscle
show a direct relation between the proportion of long-chain PUFA
and insulin action [18]. In contrast, the more saturated the muscle
membrane, the more insulin resistant the individual [18]. A
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cross-sectional study in Pima Indians reported similar outcomes
[19], i.e., an inverse association between the amount of n-3 FAs
and insulin resistance.

The Uppsala Longitudinal Study of Adult Men (ULSAM) in-
cluded 2,322 50-year-old men at baseline who have been fol-
lowed for 35 years, with detailed metabolic measurements
approximately every 10 years. Cross-sectional data at age 70 sug-
gest that there is no link between n-3 FA composition (in skeletal
muscle phospholipids and serum cholesterol esters) and insulin
sensitivity. Rather, they demonstrate a FA composition in serum
cholesterol esters and skeletal muscle phospholipids; a composi-
tion associated with insulin resistance and characterized by high
proportions of palmitic (16:0), palmitoleic (16:1n-7) and dihomo-
v-linolenic (20:3n-6) acids and a low proportion of linoleic acid
(18:2n-6) [13,20]. A smaller cross-sectional study also found a
negative correlation between SFA in serum phospholipids and
insulin sensitivity in healthy subjects. Conversely, there was a
positive relation between linoleic and arachidonic acid and insu-
lin action [21]. In a Finnish population-based study, a FA pattern
with high palmitic and palmitoleic acid, and low linoleic acid in
cholesterol esters, has been associated with glucose intolerance
and type 2 diabetes [22].

2.3.2. FA biomarkers and diabetes: prospective studies

Several prospective studies suggest that a FA pattern that re-
flects high intake of saturated fat and low relative intake of lin-
oleic acid predicts type 2 diabetes. A prospective study of the
ULSAM cohort, in which 50-year-old men were followed for 10
years, showed that diabetes incidence during follow-up was re-
lated to the FA composition of serum cholesterol esters at base-
line [23]. The differences in serum FA composition were highly
significant in subjects who remained normoglycemic (n=1753)
compared with those who later developed type 2 diabetes
(n=75). The men who developed diabetes had higher propor-
tions of SFA and palmitoleic acid, a low proportion of linoleic
acid, and a relatively high content of gamma-linolenic (18:3n-
6) and dihomo-gamma-linolenic (20:3n-6) acids in the serum
cholesterol esters. The outcome was also similar after adjustment
for differences in body mass index (BMI) [23]. In line with the
cross-sectional analyses of ULSAM, there were no associations
between n-3 fatty acids in serum and diabetes incidence during
follow-up.

In a Finnish prospective cohort study, middle-aged normogly-
cemic men (n=3895) were followed for 4 years [24]. Those who
developed impaired fasting glucose (IFG) (n=56) or type 2 diabe-
tes (n = 34) during follow-up had higher proportions of esterified
and non-esterified saturated FAs and decreased proportions of
polyunsaturated FAs at baseline. Logistic regression analyses ad-
justed for age, obesity, and fasting lipid, glucose, and insulin con-
centrations showed that men with proportions of non-esterified
and esterified linoleate in the upper third had nearly half the risk
for developing IFG or diabetes compared with those in the lower
third [24]. A prospective study (9-year follow-up) in 2909 Amer-
ican subjects 45-64 years of age also showed that those who
developed diabetes during follow-up (n=252) had a higher pro-
portion of SFA in serum cholesterol esters and phospholipids
[25]. These results were consistent with the studies by Vessby
et al. and Laaksonen et al. [23,24]. The association remained after
adjustments for age, sex, BMI, waist-to-hip ratio, alcohol intake,
cigarette smoking, physical activity, education, and parental his-
tory of diabetes. Diabetes incidence was positively associated
with the proportions of palmitic (16:0), palmitoleic (16:1n-7),
and dihomo-gamma-linolenic (20:3n-6) acids, and inversely asso-
ciated with the proportion of linoleic acid in cholesterol esters. In
phospholipids, there was a positive association between SFA (pal-
mitic and stearic acid) and diabetes risk [25].

The potential role of SFA intake in the development of diabetes
is also in line with recent data from the ULSAM cohort. These sug-
gest that saturated fat intake among 50-year-old men indepen-
dently predicts insulin resistance 20 years later, a finding
reflected by an elevated 16:1n-7/16:0 ratio in cholesterol esters
[15]. In prospective studies, most of the associations remained
after adjusting for several lifestyle factors, including physical activ-
ity, smoking, and obesity.

A recent prospective study with nested case-cohort analyses
(Melbourne Collaborative Cohort Study) investigated both dietary
FA intake reported by food frequency questionnaire as well as FA
composition of plasma phospholipids in relation to type 2 diabetes
in 3737 adults [26]. Total SFA in phospholipids and reported die-
tary intake were positively related to diabetes incidence. Plasma
linoleic acid was inversely associated with diabetes incidence,
but dietary intake of linoleic acid showed a positive association
[26]. This contradictory result could reflect measurement error in
self-reported dietary intake. However, lack of adjustment for total
energy intake may also lead to biased estimates. Further study is
needed to determine the extent to which reduced plasma linoleic
acid proportions might reflect metabolic dysfunction (i.e., reduced
delta-6 desaturase activity).

2.4. Self-reported dietary intakes and diabetes risk: prospective studies

Several prospective studies using food records or question-
naires to assess dietary fat intake have been summarized in prior
reviews by Hu et al. [5] and Lichtenstein and Schwab [6].
Although not entirely consistent, prospective data from self-re-
ported dietary intake generally support those from studies that
use biomarkers, i.e., those that suggest an inverse association be-
tween n-6 PUFA intake and diabetes risk [5,6]. For example, the
Nurses’ Health Study—with 84,204 women aged 34-59 prospec-
tively followed for 14 years (2507 diabetes cases during follow-
up)—showed that PUFA intake assessed by a validated food fre-
quency questionnaire was inversely and significantly associated
with incidence of type 2 diabetes, whiles MUFA or SFA intake
was not related to diabetes risk after adjusting for (BMI) and
other covariates [27]. Risk reduction related to PUFA was maxi-
mized when PUFA replaced trans fatty acid (TFA) intake. In the
same cohort, a low polyunsaturated to saturated fat (P/S) ratio
was independently related to an increased risk of cardiovascular
disease in women with type 2 diabetes [28].

In this study, a 5% replacement of SFA with MUFA or carbohy-
drates is associated with respective risk reduction of cardiovascu-
lar disease in diabetics of 37% and 22%. Nuts, an important food
source of PUFA and MUFA in this population, have been associ-
ated with lower risk of diabetes in women even after adjusting
for fibre intake and various lifestyle factors [29]. Twelve-year
data from the Health Professionals Follow-up Study—with
42,504 men aged 40-74 years (1321 diabetes cases during fol-
low-up)—showed that SFA intake was associated with increased
risk of diabetes independent of cereal fibre intake and estab-
lished risk factors, but not BMI [30]. In addition, multivariate
analyses showed that regular processed meat consumption was
related to increased diabetes risk. PUFA intake was not signifi-
cantly associated with diabetes risk in the whole population,
but there was an inverse relation between the intake of linoleic
acid and diabetes incidence among men under the age of 65
and in normal-weight subjects. In the Iowa Women’s Health
Study, incidence of type 2 diabetes during 11 years of follow-
up was independently and inversely associated with vegetable
fat intake reported by a food frequency questionnaire [31]. There
was also an inverse relation between diabetes incidence and sub-
stitution of PUFA for SFA. These associations remained significant
after adjusting for obesity and fat distribution, physical activity,
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and smoking. In addition, there was a significant positive associ-
ation between animal fat intake and diabetes incidence, which
was also independent of obesity and lifestyle factors [31].

In the European prospective investigation of the Cancer Norfolk
Study, diet was assessed by semiquantitative food frequency ques-
tionnaire [32]. Of the 23,631 men and women who were followed,
414 subjects developed diabetes during 3-7 years. An increased
dietary P/S ratio was associated with a reduced risk of diabetes
independent of various lifestyle factors, but not of obesity and cen-
tral fat distribution [32]—a finding similar to the results from the
Health Professionals Follow-up Study [30]. It should be noted that
studies measuring serum FA composition or other prospective data
using reported dietary fat intake found similar relations with dia-
betes, but obesity did not mediate the associations [23,24,31]. It
could also be argued that obesity lies in the causal pathway be-
tween fat intake and diabetes, and thus, it would not be appropri-
ate to routinely adjust for BMI when examining relations between
dietary fat quality and diabetes.

Epidemiological data on n-3 FA intake and diabetes risk and
insulin sensitivity have been somewhat inconsistent [5], but pro-
spective cohort studies that have examined the association be-
tween long chain n-3 FA and type 2 diabetes generally show no
appreciable association.

2.5. Trans fatty acids (TFA) and diabetes

The adverse effects of trans fatty acids (TFA) on cardiovascular
disease are well-established [33,34], but their role in the develop-
ment of type 2 diabetes has not been as widely investigated. The
Nurses’ Health Study is the largest and most detailed epidemiol-
ogic study because of the many repeated assessments of diet
[27]. It showed a positive association between TFA intake and risk
of diabetes, with a clear dose-response relation. Small epidemiol-
ogic studies or those that did not include repeated measures of
diet, did not indicate a positive association [31]. Although it is
not proven that inflammation is a causative factor in diabetes
development, mounting evidence suggests that TFA increases
inflammatory cytokines that are related to risk of diabetes [35].

2.6. Dairy fat, insulin resistance, and diabetes

Dairy fat contains high amounts of SFA (~70% of milk fat is SFA).
In addition to lauric acid (12:0), cow’s milk is also abundant in
short-chain and medium chain FA with 4-10 carbons as well as
odd numbered FAs, e.g., 15:0 and 17:0. In a cross-sectional study
of elderly Swedish men, dairy fat intake was inversely associated
with several metabolic anomalies, including elevated fasting plas-
ma glucose concentrations [36]. It was also significantly correlated
with 15:0 and 17:0 in serum lipids, which can be considered bio-
markers of dairy fat intake. In contrast, plasma phospholipid con-
centrations of 15:0 were inversely related to incidence of type 2
diabetes in a case-cohort study with 4 years of follow-up [26].
Pereira et al. found that among young adults who were overweight
at baseline (but not among leaner individuals), dairy consumption
was also inversely related to the incidence of metabolic factors
associated with insulin resistance [37].

In the Health Professionals Follow-up Study, a dietary pattern
characterized by higher dairy intake, especially low-fat dairy in-
take, was related to a reduced risk of type 2 diabetes in men
[38]. A dietary pattern rich in low-fat dairy products has also been
associated with lower risk of type 2 diabetes in middle-aged or old-
er women [39]. It is not clear which components of dairy products
contribute to the observed benefit. A stronger association with
low-fat or fat-free dairy suggests that dairy fat is unlikely to have
independent protective effects against diabetes.

3. Controlled dietary interventions
3.1. Overview

No long-term randomized controlled studies on the relation be-
tween the quality of dietary fat and diabetes risk exist. Thus, we
have to rely on short-term studies on the effects of dietary FAs
on surrogate endpoints, e.g., insulin sensitivity, insulin secretion,
or glycemic control. FAs may not only act through alterations of
cell-membrane FA composition and function, but also through
short-term alterations of gene expression and enzyme activities.
Vessby reviewed several randomized controlled short-term studies
conducted in the 1990s, mainly in healthy subjects [4]. These
lasted up to 4 weeks [40-43], except for one study in hypertensive
subjects, which had a duration of 16 weeks [44]. All of these stud-
ies directly measured insulin sensitivity by euglycemic clamp or
minimal modelling, and had isocaloric test diets that differed only
in dietary fat quality. Limitations included short duration and small
sample size. Overall results from these studies showed no signifi-
cant effect of SFA, MUFA, or PUFA on insulin sensitivity [4].

Two other studies compared PUFA with MUFA in subjects with
either impaired glucose tolerance (IGT) [45] or type 2 diabetes [46].
Outcomes showed no significant differences in insulin sensitivity
despite significant changes in plasma FA composition. Notably,
the study on patients with diabetes lasted only 24 days, with the
proportion of total fat in the test diets increased from a baseline
of 34% E to ~40% [46]. The other study lasted for 8 weeks, but dif-
fered in the proportion of total dietary fat and carbohydrates, com-
plicating a direct comparison between the two test diets [45].
Several additional studies have been conducted in the past few
years. These tend to show somewhat more positive results, possi-
bly because of their greater statistical power. Still, minor variations
in population demographics and type of fat source can contribute
to differences in outcomes. Below, we describe some of the latest
studies in more detail.

3.2. Role of monounsaturated fats

In a randomized controlled crossover study in 25 healthy sub-
jects, isocaloric diets were consumed for 4 weeks, with all diets
prepared in a metabolic kitchen [47]. There were no differences
in insulin sensitivity between diets rich in SFA, MUFA, or trans
fat (9% E either as palmitic acid, oleic acid and 18:1 trans, respec-
tively, with total fat ~28% E). However, in the subgroup of over-
weight subjects, SFA reduced insulin sensitivity (by 24%)
compared with MUFA. This decrease, however, was not statistically
significant, possibly due to a small number of subjects in the sub-
group (n = 7). This finding indicates that type of fat might be more
important in subjects with an “insulin resistant phenotype,” but
the premise needs further investigation in larger studies.

The KANWU study is the largest randomized controlled clinical
trial to date [12]. This multicentre trial included 162 healthy par-
ticipants recruited from five different countries. Subjects received
isocaloric diets that differed only in fat quality; both the SFA diet
(17% E from SFA, 14% E from MUFA, 6% E from PUFA) and the MUFA
diet (23% E from MUFA, 8% E from SFA, 6% E from PUFA) had a total
fat intake of 37% E. All subjects were supplied with edible fats to be
used as spreads on bread, for cocking, and as dressings. Core foods,
such as margarines, oils and a range of other staple items, were
provided. Subjects did not know which diet they were on.

The main finding was that substitution of MUFA for SFA im-
proved insulin sensitivity, which was impaired on the SFA diet
(—10%, P=0.03) but did not change on the MUFA diet (+2%, NS)
(P =0.05 for difference between diets). A second important finding
was that subjects with higher total fat intake (i.e., >37%E) did not
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obtain a beneficial effect from MUFA. This outcome is consistent
with results from a controlled lifestyle intervention where changes
in estimated desaturase activities (derived from plasma FA compo-
sition) were related to changes in insulin sensitivity only in sub-
jects with a total fat intake below 35.5% E [48]. This potential
interaction between fat quality and quantity needs further investi-
gation, especially since overall evidence does not suggest that total
fat intake alone plays an important role in determining insulin
sensitivity.

In line with the KANWU study, a controlled short-term trial in
healthy subjects (n=59) reported impaired insulin sensitivity in
those who consumed a SFA-enriched diet compared with those
who consumed a MUFA-rich diet [49]. The total fat content of
the test diets was 38% E. The same group recently conducted an-
other controlled crossover study in insulin resistant (n=11) off-
spring of obese diabetic patients. Again, the results indicated that
a diet rich in MUFA improved insulin sensitivity compared with a
diet rich in SFA [50]. These effects were observed despite the short
intervention period (28 days) and the relatively high intake of total
fat.

3.3. Role of polyunsaturated fats

Linoleic acid is the most abundant PUFA in the diet. In a ran-
domized trial by Summers et al., a diet rich in PUFA n-6 (e.g., lino-
leic acid) improved insulin sensitivity when compared with a SFA-
rich diet after only 5 weeks [51]. It should be noted that more than
half of the participants were obese or had type 2 diabetes. Another
significant finding was a reduction of visceral fat when SFA was re-
placed by PUFA, but it is unclear whether the reduction mediated
the improved insulin sensitivity.

This study indicates that it may be possible to influence insulin
sensitivity within 4-5 weeks by changing fat quality alone [47,49-
51]. It also suggests that FAs could affect insulin sensitivity by
other mechanisms (e.g., gene expression) rather than by changes
in cell-membrane FA composition, which entails a longer process.
Despite the important long-term effects of FAs on insulin action,
there are few data from randomized clinical trials. Therefore, large
prospective epidemiological studies with extended follow-up may
have a particularly important role in the evaluation of long-term
effects of FA on the risk of diabetes.

Data from controlled feeding studies in patients with diabetes
are also very limited. Heine and colleagues conducted a random-
ized crossover study in subjects with type 2 diabetes almost 2
decades ago [52]. Diets were isocaloric and total fat content was
approximately 38% E. Two 30-week periods with different dietary
P/S-ratios (0.3 vs. 1.0) were compared in 14 patients (completers).
The differences in diets were achieved by substitution of linoleic-
acid-enriched oils and margarines with SFA; other nutrients were
kept constant. Insulin sensitivity was assessed by calculating met-
abolic clearance rate (MCR) from insulin dose response curves
[53].

During the high P/S diet, insulin-mediated glucose disposal at
physiologic insulinemia increased significantly (32%) compared
with the low P/S diet. However, at higher insulin infusion rates,
the MCRs of glucose were not significantly different between diets
[52]. Since the total fat content was high (38%), it is possible that a
beneficial effect of the high P/S-diet was underestimated [12,48].
Nevertheless, this study is important since it suggests a potential
long-term benefit from the substitution of SFA with n-6 PUFA. This
outcome is in line with recently-reported short-term findings [51].

3.4. Role of n-3 FA from fish

Animal experiments indicate that intake of fatty acids from the
n-3 family, from fish oils in particular, have a beneficial effect on

insulin sensitivity in rats [54], but not in healthy humans [12] or
in subjects with type 2 diabetes as shown in several controlled
studies [4,55]. These results are consistent with those from a re-
cent study in which n-3 supplementation (3.5% E) for 14 weeks
had no effect on high-molecular weight adiponectin concentra-
tions in moderately obese subjects [56]. Insulin sensitivity, how-
ever, was not measured in that study. Moreover, a recent report
indicated that high doses of n-3 FA (fish oil) may even impair insu-
lin action in subjects with type 2 diabetes [57].

3.5. The n-6/n-3 ratio and insulin resistance

The few available studies on the n-6/n-3 FA ratio suggest that it
does not play a major role in the development of insulin resistance
and type 2 diabetes [58]. In particular, controlled intervention stud-
ies show that n-6/n-3 ratio has no impact on insulin action [59,60].
In contrast (as discussed above and as previously pointed out by oth-
ers [61]), lowering the intake of linoleic acid may actually increase
both diabetes and cardiovascular risk [33,61]. Although it is believed
that n-6 FAs are proinflammatory compared with n-3 FAs, this
hypothesis is not supported by clinical or epidemiologic data in hu-
mans. Rather, some data show that linoleic acid is inversely related
to plasma C-reactive protein concentrations [62,63], and might have
anti-inflammatory effects by down-regulating NF-xB [61].

3.6. Trans fatty acids and insulin resistance

Data from controlled feeding studies on the effects of TFA on
insulin sensitivity in humans have been inconsistent [64], but the
duration of these studies is relatively short. In monkeys, a 5-year
controlled study found that TFA feeding (vs. oleic acid) caused
insulin resistance and impaired glucose metabolism [65].

Conjugated linoleic acid (CLA)—a group of 18:2n-6 conjugated
trans FAs found in dairy fat and partially hydrogenated vegetable
oils—may have diabetogenic effects in humans. Data demonstrate
that the trans10cis12-CLA isomer, in doses of 1% E, impairs insulin
sensitivity in abdominally obese men with the metabolic syn-
drome [66]. In fact, trans10cis12-CLA is the most potent FA known
with regard to impaired insulin sensitivity, at least in prediabetic
subjects with the metabolic syndrome [64].

Impaired insulin action has been closely linked to CLA-induced
lipid peroxidation and inflammation [67], but other mechanisms,
such as ectopic fat accumulation and downregulation of peroxi-
some proliferator activating receptors (PPARs) may also be in-
volved. Although the potential diabetogenic effect of CLA is
mainly ascribed to trans10cis12-CLA, a commercial CLA isomer
mixture caused impaired insulin sensitivity in subjects with type
2 diabetes [68]. In addition, data show that the cis9trans11-CLA
isomer found in dairy fat may cause modest impairment of insulin
sensitivity in abdominally obese individuals [69].

4. Dietary fats and diabetes: potential mechanisms

Mechanisms underlying the relation between dietary FAs and
incidence of diabetes are still unclear, but the traditional view
has been that dietary fat quality mainly affects cell-membrane
FA composition and, consequently, cell membrane function [70].
The FA composition of cell membranes is thought to alter several
cellular functions, including membrane fluidity, ion permeability,
and insulin receptor binding/affinity; functions affected by translo-
cation of glucose transporters interacting with second messengers
[71]. Such alterations could, in turn, affect tissue and whole body
insulin sensitivity.

More recent experimental data also point toward other mecha-
nisms that involve direct regulatory effects on gene expression and
enzyme activity [72]. SFA and MUFA, for example, have minimal
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effects on lipogenic gene expression, while PUFA (arachidonic
acid > eicosapentaenoic  acid > docosahexaenoic  acid > linoleic
acid) suppresses lipogenic expression in vitro [73], partly by bind-
ing to and activating nuclear receptors, such as PPAR [74]. SFA also
affects enzyme activities, inflammatory gene expression, and tran-
scription factors that may contribute to its effects on glucose
metabolism [75]. As discussed above, the potential benefit of lino-
leic acid in preventing diabetes may also be related to its potential
anti-inflammatory effects [61,62]. This hypothesis requires further
investigation in controlled clinical studies. Finally, a diet high in
unsaturated long-chain n-6 and n-3 FA may inhibit hepatic lipo-
genesis and stimulate hepatic FA oxidation, which may improve
hepatic insulin sensitivity [72].

In vitro studies and animal experiments suggest that FAs could
act directly on insulin-sensitive tissues [58]. In several experi-
ments, PUFAs (e.g., linoleic acid and n-3 FAs) have suppressed lip-
ogenic gene expression and enhanced oxidative metabolism.
Conversely, SFAs—palmitic acid, in particular—have had an oppo-
site effect [72,76]. Recently, non-esterified or free fatty acids
(FFA) have been identified as ligands for orphan G-protein coupled
receptors (GPCRs) that may also mediate some effects of dietary
FAs on insulin action and secretion.

It has been suggested that FFA play a critical role in physiolog-
ical glucose homeostasis [77]. GPR40 and GPR120 are activated by
medium and long-chain FFAs. While the former, in particular, may
mediate effects of FAs on insulin secretion [78,79], GPR41 and
GPR43 can be activated by short-chain FFA [80]. Both groups of
FAs are abundant in fat from dairy sources. GPCRs are, therefore,
potentially interesting as novel targets for diabetes prevention
and treatment.

Another interesting receptor family in this context is the Toll-
Like Receptors (TLR). TLRs could be a mediating link between
FAs, inflammation and insulin resistance [81]. In vitro studies have
shown especially that the saturated FA lauric acid (12:0) initiates
TLR4 signaling in macrophages [82-84], but has also been shown
that other SFA (14:0, 16:0 and 18:0) could activate TLR4 which
in turn trigger inflammatory responses by activating IKK/NF-kB
pathway and stimulate macrophage production of cytokines [85].
The TLR4 signaling pathway has been identified as a key mediator
of deleterious effects of palmitic acid including inflammation, im-
paired endothelial NO signaling and insulin signal transduction
[86]. These experimental studies thus suggest that TLRs are influ-
enced differently depending on the type of FA.

5. Conclusions

Available data from controlled intervention studies suggest
beneficial effects on insulin sensitivity when SFA and TFA are re-
placed with MUFA or PUFA. Outcomes from observational studies
using serum biomarkers of dietary fat intake or dietary question-
naires are consistent with those from controlled studies of insulin
sensitivity; both suggest that replacing SFA and TFA with PUFA will
lower the risk of type 2 diabetes. More controlled long-term stud-
ies with sufficient power are needed to identify the optimal dietary
FA composition to reduce risk of type 2 diabetes.

Improving fat quality should be considered part of a dietary life-
style strategy to prevent or manage type 2 diabetes. In practice,
replacing fats from red meats and butter with non-hydrogenated
vegetable oils and margarines rich in MUFA and/or PUFA should
be encouraged to improve insulin sensitivity and reduce diabetes
risk. Such dietary fat composition also lowers cardiovascular risk
by reducing the serum LDL/HDL ratio and triacylglycerols [33,34].

Besides plant-based oils, nuts and seeds are also excellent
sources of both MUFA and PUFA. There is stronger evidence for a
potential protective effect from n-6 fatty acids (i.e., those rich in
linoleic acid) than for n-3 fatty acids, but more research is needed.

Few data are available on the effects of dietary fat quality in indi-
viduals with diabetes, and the optimal proportion of SFA, MUFA,
and PUFA remains uncertain. Future studies are needed to investi-
gate the interaction between dietary fat quantity and quality with
regard to insulin action and metabolic control.
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