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OPEN

ORIGINAL ARTICLE

Fatty acid intake and its dietary sources in relation with
markers of type 2 diabetes risk: The NEO study
AJ Wanders1, M Alssema1,2, EJP de Koning3,4, S le Cessie5,6, JH de Vries7, PL Zock1, FR Rosendaal5,8, M den Heijer6,9 and R de Mutsert6

OBJECTIVE: The aim of this study was to examine the relations between intakes of total, saturated, mono-unsaturated, poly-unsaturated
and trans fatty acids (SFA, MUFA, PUFA and TFA), and their dietary sources (dairy, meat and plant) with markers of type 2 diabetes risk.
SUBJECTS/METHODS: This was a cross-sectional analysis of baseline data of 5675 non-diabetic, middle-aged participants of the
Netherlands Epidemiology of Obesity (NEO) study. Associations between habitual dietary intake and fasting and postprandial blood
glucose and insulin, Homeostatic Model Assessment of Insulin Resistance (HOMA-IR), HOMA of β-cell function (HOMA-B) and Disposition
Index were assessed through multivariable linear regression models with adjustments for demographic, lifestyle and dietary factors.
RESULTS: Mean (s.d.) intakes in percent of energy (En%) were 34.4 (5.8) for total fatty acids, 12.4 (2.9) for SFA, 12.2 (2.4) for MUFA,
6.9 (1.9) for PUFA and 0.6 (0.2) for TFA. As compared with carbohydrates, only SFA was weakly inversely associated with fasting
insulin, HOMA-IR and HOMA-B. When stratified by dietary source, all fatty acids from meat were positively associated with fasting
insulin — total fatty acidsmeat (per 5 En%: 10.0%; 95% confidence interval: 4.0, 16.3), SFAmeat (per 1 En%: 3.7%; 0.4, 7.2), MUFAmeat

(per 1 En%: 5.0%; 2.0, 8.1), PUFAmeat (per 1 En%: 17.3%; 6.0, 29.7) and TFAmeat (per 0.1 En%: 10.5%; 3.2, 18.3). Similarly, all fatty acids
from meat were positively associated with HOMA-IR and HOMA-B and inversely with Disposition Index.
CONCLUSIONS: Our study suggests that the relations between fatty acid intakes and markers of type 2 diabetes risk may depend
on the dietary sources of the fatty acids. More epidemiological studies on diet and cardiometabolic disease are needed, addressing
possible interactions between nutrients and their dietary sources.
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INTRODUCTION
The worldwide prevalence of type 2 diabetes mellitus (diabetes)
continues to grow.1 Risk factors for developing diabetes include
overweight, physical inactivity and an unhealthy diet. Evidence-
based lifestyle modification programmes involve diet; yet limited
evidence is available on the role of individual dietary factors in the
development of diabetes.2 With respect to dietary fat, an expert
consultation of the Food and Agriculture Organization of the
United Nations concluded in 2010, that the strength of the
evidence for high intake of saturated fatty acids (SFAs) as a
risk factor for diabetes is ‘possible’, and for trans fatty acid (TFA)
intake is ‘probable’. Furthermore, it was concluded that the
strength of the evidence for the intake of poly-unsaturated fatty
acids (PUFA) as a beneficial factor is ‘probable’, and insufficient
evidence was available for mono-unsaturated fatty acids (MUFA).3

Suggested underlying mechanisms for the relation between
increased PUFA and diabetes include increased insulin sensitivity
by altering phospholipid composition of cell membranes, which in
turn may alter the function of insulin receptors,4 and increased
insulin sensitivity through short-term alterations of gene expres-
sion and enzyme activities.5

In intervention studies replacing dietary SFA with MUFA, one
reported an improved insulin sensitivity,6 whereas others reported
no effect on fasting insulin or insulin sensitivity.7–9 In intervention
studies that replaced dietary SFA with omega-6 PUFA, liver

fat accumulation was reduced10,11 and insulin sensitivity
improved.10,12 In prospective cohort studies, dietary intakes of
total fat, SFA and MUFA were not associated with the incidence of
diabetes.13–19 Higher intakes of PUFA were associated with a
lower15,16 or with no14,17–19 risk of diabetes, but were associated
with a lower risk among the studies that investigated the
replacement of SFA by PUFA.14–16 In totality, the scientific
evidence on the relations between dietary fatty acids and risk of
diabetes and its underlying features is limited and inconclusive. In
addition, some recent studies indicate that the food from which
fatty acids originate, such as dairy and meat, may explain the
inconsistency in reported relations between dietary fat and risk of
coronary heart disease20 and diabetes.21

The primary objective of the present analysis was to examine
the relations between the dietary intakes of total fatty acids, SFA,
MUFA, PUFA and TFA with blood markers of diabetes risk. The
secondary objective was to examine the possible influence of the
major dietary sources of fatty acids, that is, dairy, meat and plant
sources on these associations.

SUBJECTS AND METHODS
Design and study population
The Netherlands Epidemiology of Obesity (NEO) study is a population-
based prospective cohort study in 6673 individuals, included between
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2008 and 2012. Details of the study design and population are described
elsewhere.22 Men and women aged between 45 and 65 years with a self-
reported body mass index (BMI) of 27 kg/m2 or higher living in the greater
area of Leiden were eligible to participate in the NEO study. In addition, all
inhabitants aged between 45 and 65 years from one municipality
(Leiderdorp) were invited irrespective of their BMI, allowing for a reference
distribution of BMI in the general population. The study was approved by
the medical ethics committee of the Leiden University Medical Center
(LUMC), and all participants gave written informed consent.
The present study is a cross-sectional analysis of baseline data. We

excluded participants who reported to have diabetes, used diabetes
medication, had undiagnosed diabetes (fasting glucose of 7.0 mmol/l or
higher) (n=749), as well as participants with missing data for glucose
or insulin (n=225), or not fasting at baseline (n=20). Furthermore, we
excluded participants with missing dietary intake data (n= 4).

Dietary assessment
Habitual diet was assessed using a validated semiquantitative self-
administered 125-item food frequency questionnaire.23,24 Dietary intakes were
calculated from the 2011 version of the Dutch food composition table.25

Intakes of fatty acids from major dietary sources were categorized into dairy,
meat, plant and other food groups (see Supplementary Table S1 for a detailed
list of dietary sources and Supplementary Information S1 for details on dietary
assessment). In a random subsample of 110 men and 119 women, the relative
validity of the FFQ against two 24-h dietary recalls was assessed. Correlation
coefficients corrected for within-person variation for total fatty acids, SFA,
MUFA and PUFA were around 0.5 and increased to 0.6 after energy-
adjustment, except for the correlation coefficient for PUFA which remained 0.5.

Markers of diabetes risk
Participants were invited for a baseline visit after an overnight fast of at
least 10 h. Within 5 min after drawing a fasting blood sample, all
participants consumed a liquid mixed meal (400 ml) that contained 2.5MJ,
of which 16 percent of energy (En%) was derived from protein, 50 En%
from carbohydrates and 34 En% from fat. Subsequently, blood samples
were drawn after 30 and 150 min.22 From these, fasting and postprandial
blood glucose and insulin, HbA1c, Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR), HOMA of β-cell function (HOMA-B) and
Disposition index were determined. In Supplementary Information S1, a
detailed overview of laboratory methods and calculations is given.

Non-dietary factors
Participants completed questionnaires on demography, lifestyle and medical
history, and underwent an extensive physical examination by trained research
nurses.22 Use of diabetes medication or statins was categorized into yes or no
(reference), and family history of diabetes was reported as having any parent
or sibling with diabetes or no (reference). Ethnicity was grouped into white
(reference) or other. Tobacco smoking was reported as never smoker
(reference), former smoker or current smoker. The level of education was
grouped into low (reference), middle and high education, and usual physical
activity was expressed in metabolic equivalents of task (MET)—hours per
week.26 Height (m) and waist circumference (cm) were measured by tape
measures. Body weight (kg) and body fat (%) were measured by a
bioelectrical impedance balance (TBF-310; Tanita Europe BV, Amsterdam,
The Netherlands). BMI was calculated as weight (kg)/height (m)2.

Statistical analysis
Details of statistical procedures are given in Supplementary Information S1.
All results are based on weighted analyses to represent a population-based
study with a normal BMI distribution, that is, adjusted for the oversampling
of persons with a BMI⩾ 27 kg/m2.
Potential energy under-reporters27,28 were identified on the basis of

disparities between reported energy intakes and predicted energy
requirements, using the ratio of Goldberg’s cutoff point for energy
intake (EI) to basal metabolic rate (BMR).29,30 Participants with EI:BMR
under the cutoff point (o1.09) were considered energy under-reporters
(Supplementary Information S1).
Participants’ characteristics were presented by quartiles of SFA intake

(%En). We performed linear regression to examine the associations
between dietary intake of total fatty acids, SFA, MUFA, PUFA and TFA
and the markers of type 2 diabetes risk. In model 1 we adjusted for age
and sex. In model 2, we additionally adjusted for total energy intake,

alcohol consumption and dietary fiber intake. In model 3 we included
additional adjustments for total body fat, tobacco smoking, educational
level, physical activity, family history of diabetes, use of statins, energy
underreporting,31 intake of coffee, sugar-sweetened beverages and dietary
cholesterol. Finally, in model 4 we adjusted for protein intake, and in the
models for SFA, MUFA, PUFA and TFA we also adjusted each for intakes of
the other fatty acids. The coefficients in model 1 can be interpreted as the
difference in markers of diabetes risk when a specific fatty acid is
consumed on top of the diet. The coefficients in models 2 and 3 can be
interpreted as the difference in outcome when isocalorically substituting
an unspecified part of the diet (average rest of the diet) by a specific fatty
acid (energy substitution), and the coefficients from model 4 can be
interpreted as the difference in outcome when isocalorically substituting
carbohydrates by a specific fatty acid (carbohydrate substitution).32 In
secondary analyses, dietary fatty acid intake was stratified according to
dairy, meat and plant sources. The regression models were additionally
adjusted for the intake of fatty acids from the other dietary sources.
Because data on markers of diabetes risk were not normally distributed,

we transformed these to the natural logarithm (ln). For interpretation of
the results, regression coefficients were back transformed and expressed
as the percentage change with 95% confidence intervals (CI)
(Supplementary Information S1).
In sensitivity analyses, we repeated all analyses with fatty acid intakes in

equally sized quartiles, after exclusion of 403 participants with extreme
energy intakes (o500 or 43500 kCal for women and o800 or
44000 kCal for men), with protein as substitution nutrient, and without
weighting toward the normal BMI distribution. Lastly, we repeated all
analyses with further specification of fatty acids from dairy (cheese, milk
and milk products, butter), plant-based foods (fruit/vegetables/cereal, nuts,
oils/fats/condiments) and other dietary sources (candy bars, fish). All
analyses were performed with the STATA Statistical Software (Statacorp,
College Station, TX, USA), version 12.1.

RESULTS
The present analyses included 5675 participants, with a mean (s.d.)
age of 56 years6 and a mean BMI of 26.1 (4.2) kg/m2, and 44%
were men (Table 1). Median (25th, 75th percentile) baseline
concentrations of fasting glucose, fasting insulin and HbA1c of all
participants were 5.3 (5.0, 5.6) mmol/l, 7.5 (5.2, 11.3) mU/l and 5.3
(5.1, 5.4)%, respectively (Supplementary Table S2 presents base-
line levels of all markers of diabetes risk). Mean habitual intake of
total fatty acids was 34.4 (5.8) En%, of which 39% was SFA, 38%
was MUFA, 21% was PUFA and 2% was TFA (Table 2).
After adjusting for age and sex (model 1), the intakes of total

fatty acids, MUFA, PUFA and TFA, but not SFA, were weakly
positively associated with HbA1c, fasting insulin, insulinAUC,
HOMA-IR and HOMA-B (Table 3). The energy substitution model
adjusted for demographic and lifestyle factors (model 3)
attenuated the observed estimates for total fatty acids, MUFA
and TFA. As compared with the average rest of the diet, PUFA
intake was weakly positively associated with glucoseAUC, fasting
insulin, insulinAUC, HOMA-IR, HOMA-B and weakly inversely
associated with the Disposition Index. The intake of TFA was
weakly inversely associated with glucoseAUC. In the carbohydrate
substitution model (model 4), the observed estimates for PUFA
and TFA were attenuated. Also, SFA intake was, as compared with
carbohydrates, weakly inversely associated with fasting insulin,
HOMA-IR and HOMA-B. Per 1 En% SFA intake, fasting insulin was
1.4% lower (95% CI: − 2.7, − 0.1), HOMA-IR was 1.4% lower
(−2.8, 0.0) and HOMA-B was 1.5% lower (−2.9, − 0.2).
In the full models stratified by dietary source, as compared with

carbohydrates, all fatty acids from meat were positively associated
with fasting insulin; per 5 En% of total fatty acidsmeat 10.0% higher
(95% CI: 4.0, 16.3), per 1 En% SFAmeat 3.7% higher (0.4, 7.2), per 1
En% MUFAmeat 5.0% higher (2.0, 8.1), per 1 En% PUFAmeat 17.3%
higher (6.0, 29.7) and per 0.1 En% TFAmeat 10.5% higher (3.2, 18.3).
Similarly, as compared with carbohydrates, all fatty acids from
meat were positively associated with HOMA-IR and HOMA-B and
inversely associated with the Disposition Index (Figure 1). For SFA
from dairy and plant sources, weak associations were observed.
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SFAdairy was inversely associated with fasting insulin (per 1 En%:
− 1.5%; − 3.0, − 0.1) and HOMA-B (per 1 En%: − 1.6%; − 3.1, − 0.1);
and SFAplant was inversely associated with HOMA-IR (per 1 En%:
− 2.5%; − 5.0, 0.0). Results were essentially the same when fatty
acids were compared with the average rest of the diet in the
energy substitution model (Supplementary Figure S1). Further
specification of fatty acids from different dietary sources only
showed inverse associations between all fatty acids derived from
fruit/vegetables/cereal products and insulinAUC (Supplementary
Table S3).
Results were essentially the same after repeating the analyses

with fatty acid intakes in quartiles, after exclusion of participants

with extreme energy intakes, and with protein instead of
carbohydrates as the substitution nutrient. In sensitivity analyses
without weighting the analysis toward the normal BMI distribu-
tion, associations were similar, but with smaller confidence
intervals (Supplementary Figure S2).

DISCUSSION
In this cross-sectional analysis in a non-diabetic middle-aged
Dutch population, we observed that dietary SFA intake, when
isocalorically compared with carbohydrate intake, was weakly
inversely associated with fasting insulin, HOMA-IR and HOMA-B.
Total fatty acids, PUFA, MUFA and TFA intake were not associated
with any marker of type 2 diabetes risk. In contrast, stratification
by the major dietary sources of fatty acids revealed that all fatty
acids from meat were adversely associated with markers of insulin
resistance and secretion, whereas fatty acids from dairy and plant
sources were not.
To our knowledge, this is the first observational study that

systematically studied both the intake of all fatty acids and their
dietary sources in relation to blood markers of diabetes risk.
Insulin resistance and insulin secretion are key underlying features
of abnormal glucose metabolism and seem to occur early in the
pathogenesis of diabetes.33,34 Our primary findings are not in line
with conclusions from an FAO/WHO expert panel that total SFA
intake is a ‘possible’ risk factor for diabetes, and that the strength
of the evidence for high total PUFA intake as a beneficial factor is
‘probable’.3 Our stratified findings, however, are supported by
recent research suggesting that the type of food that delivers
dietary fat may be relevant for the relationship with

Table 1. Baseline characteristics of 5675 participants in the NEO study, 45–65 years without type 2 diabetes, by quartiles of SFA intake

Quartiles of SFA intake, %En (range)

Q1 (2.4–10.4) Q2 (10.4–12.0) Q3 (12.0–14.0) Q4 (14.0–27.5)

Sex (% men) 44a 46 44 40
Age (years) 56.0± 5.9 55.6± 6.0 55.3± 6.0 55.7± 6.1
Ethnicity (% white) 92 96 98 96
Education level (% low) 33 32 35 37
Body mass index (kg/m2) 26.1± 4.1 26.0± 3.8 26.2± 4.4 26.2± 4.6
Total body fat (%) 31.3± 8.5 31.1± 8.1 31.4± 8.9 32.0± 8.7
Waist circumference (cm) 91.2± 12.8 91.3± 12.1 91.7± 13.3 91.8± 13.6
Physical activity (MET hours/week) 125± 59 118± 56 121± 59 121± 62
Smoking (% never) 34 41 41 39
Family history of diabetes (%) 27 27 29 31
Statin use (%) 11 8 7 6

Mean daily dietary intakes
Total energy (MJ/day) 8.7± 2.6 9.2± 2.6 9.7± 3.0 10.5± 3.6
Total energy/BMR 1.4± 0.4 1.5± 0.4 1.5± 0.4 1.7± 0.6
Energy under-reporter (%) 21 15 12 10
Total fatty acids (%En) 28.5± 4.3 33.2± 3.5 35.7± 3.8 39.3± 4.2
SFA (%En) 9.1± 1.1 11.2± 0.4 12.9± 0.6 16.1± 2.1
MUFA (%En) 10.5± 2.1 12.0± 2.0 12.6± 2.0 13.3± 2.0
PUFA (%En) 6.5± 1.7 7.1± 1.7 7.2± 2.0 6.6± 1.9
TFA (%En) 0.4± 0.1 0.5± 0.1 0.6± 0.1 0.7± 0.2
Protein (%En) 14.6± 2.3 14.5± 2.0 14.3± 2.2 14.2± 2.5
Carbohydrate (%En) 47.9± 6.1 45.4± 5.1 43.8± 5.0 41.1± 5.5
Alcohol (%En) 4.7 (1.4–9.2) 3.4 (1.3–6.9) 3.0 (1.0–5.6) 2.1 (0.6–5.1)
Dietary fiber (%En) 2.2± 0.4 2.0± 0.3 1.8± 0.3 1.7± 0.3
Dietary cholesterol (mg/day)b 182± 58 194± 50 209± 58 237± 76
Coffee (g/day)b 406 (174–638) 406 (406–638) 406 (406–638) 406 (200–638)
Sugar-sweetened beverages (g/day)b 7 (0–53) 13 (0–53) 18 (0–95) 13 (0–53)

Abbreviations: BMR, basal metabolic rate; %En, percentage of energy; MET, metabolic equivalents of task; MUFA, mono-unsaturated fatty acids; NEO,
Netherlands Epidemiology of Obesity study; PUFA, poly-unsaturated fatty acids; SFA, saturated fatty acids; TFA, trans fatty acids. aIndividual data were
weighted to the BMI distribution of the general Dutch population. Mean± s.d.; %; Median (25th-75th percentile). bValues were adjusted for total energy intake.

Table 2. Habitual intake of types of dietary fatty acids from total diet
and stratified by dairy, meat and plant sources in 5675 participants in
the NEO study, 45–65 years without type 2 diabetes

Total diet Dairy Meat Plant

Total fatty acids (%En) 34.2± 5.6a 6.4± 3.9 4.0± 2.3 14.5± 5.2
SFA (%En) 12.3± 2.9 4.2± 2.6 1.4± 0.8 3.0± 1.3
MUFA (%En) 12.1± 2.3 1.4± 0.9 1.6± 0.9 5.6± 2.2
PUFA (%En) 6.8± 1.8 0.2± 0.1 0.5± 0.3 4.8± 1.9
TFA (%En) 0.54± 0.16 0.17± 0.13 0.06± 0.04 0.09± 0.06

Abbreviations: %En, percentage of energy; SFA, saturated fatty acids;
MUFA, mono-unsaturated fatty acids; NEO, Netherlands Epidemiology of
Obesity Study; PUFA, poly-unsaturated fatty acids; TFA, trans fatty acids.
aIndividual data were weighted to the BMI distribution of the general
Dutch population. Mean± s.d.
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Table 3. Associations of the intake of types of dietary fatty acids with markers of type 2 diabetes risk in 5675 participants in the NEO study, 45–65
years without type 2 diabetes

Expressed per Percentage (95% CI)a

Model 1b Model 2 Model 3 Model 4

Fasting glucose
Total FA 5 En% 0.0 (−0.4, 0.4) 0.0 (−0.4, 0.5) 0.1 (−0.4, 0.5) 0.1 (−0.4, 0.5)
SFA 1 En% 0.0 (−0.2, 0.1) − 0.1 (−0.3, 0.1) 0.0 (−0.2, 0.1) 0.0 (−0.2, 0.2)
MUFA 1 En% 0.1 (−0.1, 0.3) 0.0 (−0.2, 0.2) 0.0 (−0.2, 0.2) 0.1 (−0.1, 0.4)
PUFA 1 En% 0.0 (−0.2, 0.2) 0.1 (−0.1, 0.3) 0.2 (0.0, 0.4) − 0.1 (−0.3, 0.2)
TFA 0.1 En% 0.0 (−0.2, 0.3) 0.0 (−0.3, 0.3) − 0.2 (−0.5, 0.1) − 0.2 (−0.6, 0.1)

GlucoseAUC
Total FA 5 En% 0.4 (−0.3, 1.0) 0.2 (−0.6, 1.0) 0.4 (−0.5, 1.3) 0.5 (−0.4, 1.4)
SFA 1 En% 0.0 (−0.3, 0.2) − 0.3 (−0.6, 0.0) − 0.1 (−0.5, 0.2) 0.1 (−0.3, 0.6)
MUFA 1 En% 0.3 (0.0, 0.6) 0.1 (−0.3, 0.4) 0.1 (−0.2, 0.5) 0.1 (−0.4, 0.5)
PUFA 1 En% 0.3 (−0.1, 0.7) 0.6 (0.2, 1.0) 0.7 (0.2, 1.1) 0.3 (−0.2, 0.8)
TFA 0.1 En% − 0.1 (−0.5, 0.4) − 0.5 (−1.0, 0.0) − 0.6 (−1.2, − 0.1) − 0.6 (−1.3, 0.1)

HbA1c
Total FA 5 En% 0.23 (0.07, 0.40) − 0.13 (−0.32, 0.05) − 0.08 (−0.27, 0.11) − 0.11 (−0.30, 0.09)
SFA 1 En% 0.08 (0.02, 0.14) − 0.07 (−0.14, 0.00) − 0.04 (−0.12, 0.03) 0.00 (−0.10, 0.09)
MUFA 1 En% 0.07 (−0.01, 0.15) − 0.06 (−0.15, 0.03) − 0.04 (−0.13, 0.05) − 0.05 (−0.17, 0.07)
PUFA 1 En% 0.10 (0.00, 0.19) 0.04 (−0.05, 0.13) 0.06 (−0.04, 0.16) 0.03 (−0.10, 0.16)
TFA 0.1 En% 0.14 (0.03, 0.25) − 0.05 (−0.17, 0.07) − 0.09 (−0.22, 0.04) − 0.12 (−0.27, 0.03)

Fasting insulin
Total FA 5 En% 2.8 (0.0, 5.6) − 0.9 (−3.9, 2.2) 0.4 (−1.9, 2.6) 0.3 (−2.0, 2.5)
SFA 1 En% 0.1 (−1.1, 1.3) − 2.1 (−3.5, − 0.8) − 0.9 (−2.1, 0.2) − 1.4 (−2.7, − 0.1)
MUFA 1 En% 1.4 (0.0, 2.8) 0.0 (−1.5, 1.4) 0.4 (−0.7, 1.5) 0.8 (−0.6, 2.2)
PUFA 1 En% 1.9 (0.7, 3.2) 1.9 (0.6, 3.3) 2.3 (0.9, 3.6) 0.2 (−1.4, 1.8)
TFA 0.1 En% 2.9 (1.2, 4.6) 0.9 (−1.4, 3.1) − 0.1 (−2.0, 1.7) 0.9 (−1.2, 2.9)

InsulinAUC
Total FA 5 En% 1.8 (0.2, 3.5) − 0.5 (−2.4, 1.5) 0.0 (−2.1, 2.0) 0.1 (−2.0, 2.1)
SFA 1 En% 0.0 (−0.7, 0.7) − 1.4 (−2.3, − 0.6) − 0.6 (−1.5, 0.3) − 0.4 (−1.6, 0.8)
MUFA 1 En% 0.8 (0.0, 1.6) 0.1 (−0.8, 0.9) − 0.1 (−1.0, 0.9) − 0.3 (−1.4, 0.9)
PUFA 1 En% 1.5 (0.5, 2.5) 1.5 (0.4, 2.6) 1.5 (0.4, 2.7) 0.9 (−0.4, 2.2)
TFA 0.1 En% 1.2 (0.0, 2.4) − 0.3 (−1.7, 1.0) − 0.6 (−1.9, 0.6) − 0.1 (−1.8, 1.5)

HOMA-IR
Total FA 5 En% 2.8 (−0.2, 5.9) − 0.8 (−4.1, 2.4) 0.4 (−2.0, 2.9) 0.3 (−2.1, 2.8)
SFA 1 En% 0.0 (−1.3, 1.3) − 2.2 (−3.7, − 0.8) − 0.9 (−2.1, 0.3) − 1.4 (−2.8, 0.0)
MUFA 1 En% 1.5 (0.0, 3.0) 0.0 (−1.6, 1.5) 0.4 (−0.7, 1.6) 0.9 (−0.6, 2.4)
PUFA 1 En% 1.9 (0.6, 3.2) 2.0 (0.6, 3.5) 2.4 (1.0, 3.9) 0.2 (−1.5, 1.8)
TFA 0.1 En% 2.9 (1.1, 4.7) 0.8 (−1.6, 3.3) − 0.4 (−2.3, 1.6) 0.6 (−1.5, 2.8)

HOMA-B
Total FA 5 En% 3.4 (1.5, 5.3) − 0.4 (−2.7, 1.9) 0.0 (−2.4, 2.4) − 0.1 (−2.5, 2.3)
SFA 1 En% 0.5 (−0.4, 1.4) − 1.5 (−2.7, − 0.4) − 0.8 (−2.0, 0.4) − 1.5 (−2.9, − 0.2)
MUFA 1 En% 1.5 (0.6, 2.5) 0.3 (−0.7, 1.3) 0.2 (−0.8, 1.3) 0.5 (−0.9, 2.0)
PUFA 1 En% 1.8 (0.6, 3.1) 1.3 (0.1, 2.6) 1.6 (0.3, 2.8) 0.3 (−1.3, 1.9)
TFA 0.1 En% 2.7 (1.1, 4.3) 0.6 (−1.3, 2.5) 0.4 (−1.5, 2.4) 1.5 (−0.6, 3.7)

Disposition Index
Total FA 5 En% − 1.1 (−2.8, 0.6) − 0.1 (−2.1, 1.8) − 0.8 (−2.5, 0.9) − 0.9 (−2.6, 0.9)
SFA 1 En% 0.1 (−0.6, 0.7) 0.9 (0.1, 1.7) 0.3 (−0.4, 1.1) 0.3 (−0.6, 1.2)
MUFA 1 En% − 0.8 (−1.6, 0.1) − 0.1 (−1.0, 0.8) − 0.5 (−1.3, 0.3) − 0.7 (−1.7, 0.2)
PUFA 1 En% − 0.6 (−1.4, 0.3) − 1.1 (−2.0, − 0.2) − 1.5 (−2.4, − 0.5) − 0.1 (−1.2, 1.0)
TFA 0.1 En% − 0.7 (−1.7, 0.3) 0.2 (−1.1, 1.5) 0.8 (−0.4, 2.0) 0.5 (−0.9, 1.9)

Abbreviations: AUC, area under the curve; B, β-cell function; CI, confidence interval; %En, percentage of energy; FA, fatty acids; HbA1c, glycated hemoglobin;
HOMA, Homeostatic Model Assessment; IR, insulin resistance; MUFA, mono-unsaturated fatty acids; NEO, Netherlands Epidemiology of Obesity study; PUFA,
poly-unsaturated fatty acids; SFA, saturated fatty acids; TFA, trans fatty acids. aLinear regression coefficients of the ln-transformed markers of type 2 diabetes
risk were back transformed and expressed as percentage with 95% CI. Individual data were weighted to the BMI distribution of the general Dutch population.
bModel 1 adjusted for: age (years), sex (M/F); model 2 (energy substitution): additionally adjusted for total energy intake (kJ/day), alcohol (En%), dietary fiber
(En%); model 3: additionally adjusted for total body fat (%), smoking (never/former/current smoker), education level (low/middle/high), physical activity (MET
hours/week), family history of diabetes (no/yes), statin use (no/yes), energy under-reporter (no/yes), coffee (g/day), sugar-sweetened beverages (g/day), dietary
cholesterol (mg/day); model 4 (carbohydrate substitution): additionally adjusted for protein (En%), and all other fatty acids (En%).
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Figure 1. Associations (percentage (95% CI)) of the intake of types of dietary fatty acids and their dietary sources (dairy, meat and plant) with
markers of type 2 diabetes risk in 5675 participants in the NEO study, 45–65 years without type 2 diabetes. AUC, area under the curve; B, β-cell
function; CI, confidence interval; %En, percentage of energy; FA, fatty acids; HbA1c, glycated hemoglobin; HOMA, Homeostatic Model
Assessment; IR, insulin resistance; MUFA, mono-unsaturated fatty acids; NEO, Netherlands Epidemiology of Obesity Study; PUFA, poly-
unsaturated fatty acids; SFA, saturated fatty acids; TFA, trans fatty acids. Regression coefficients of the ln-transformed markers of type 2
diabetes risk were back transformed and expressed as percentage with 95% CI. Individual data were weighted to the BMI distribution of the
general Dutch population. Linear regression models were adjusted for age (years), sex (M/F), total energy intake (kJ/day), alcohol (En%),
dietary fiber (En%), total body fat (%), smoking (never/former/current smoker), education level (low/middle/high), physical activity (MET hours/
week), family history of diabetes (no/yes), statin use (no/yes), energy under-reporter (no/yes), coffee (g/day), sugar-sweetened beverages
(g/day), dietary cholesterol (mg/day), protein (En%) and all other fatty acids (En%).
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diabetes.21,35,36 Stratifying our analyses revealed that higher
intakes of all fatty acids from meat were adversely associated
with markers of insulin resistance and secretion, whereas the fatty
acids from dairy and plant sources were not. Sensitivity analyses
showed that these associations were robust. Our data suggest that
the dietary source of fat is a more important determinant than the
type of fatty acid in the relation between dietary fat intake and
markers of diabetes risk.
There are several possible explanations for the associations

between intakes of fatty acids from meat and markers of insulin
resistance and secretion. First, it is conceivable that intake of fatty
acids from meat reflects the intake of other active compounds in
meat. High correlations between nutrients from the same dietary
source preclude attributing observed associations to the specific
nutrient under study, or to other compounds from the same
dietary source. For example, associations between meat intake
and risk of diabetes have been explained by components such as
dietary cholesterol, protein, heme-iron, advanced glycation end
products and preservatives such as sodium and nitrites/
nitrates.17,36,37 In our analysis, it was not possible to further
explore this, because the food frequency questionnaire did not
specify for types of meat consumed (red/white or processed/
unprocessed).38 Another explanation is that intake of fat from
meat reflects other dietary or lifestyle habits related to diabetes
risk, which may confound the observed associations. A higher
consumption of meat is generally associated with higher BMI and
waist circumference, lower physical activity and a lower education
level.39 Despite our extensive adjustment for a range of diet and
lifestyle factors, we cannot fully exclude the presence of residual
confounding by unmeasured or incompletely measured factors.
Our study adds evidence to the possible interactions between

specific fatty acids and their dietary sources in their association
with cardiometabolic disease. Earlier research showed that
associations between SFA and incident cardiovascular disease
depended on the dietary source.20 It was observed that the
consumption of SFA from dairy was inversely associated with
cardiovascular disease risk, whereas the consumption of SFA from
meat was associated with increased cardiovascular disease risk.20

This study did, however, not address other types of dietary fat.
Another recent prospective analysis observed that high-fat but not
low-fat dairy products were associated with lower diabetes risk,
and that both high- and low-fat meat products increased diabetes
risk.21 The authors suggested that fat in dairy could partly
contribute to previously observed associations between dairy
intake and reduced diabetes risk, and that meat intake was
associated with increased risk, independently of the fat content.21

Moreover, a meta-analysis indicated that sources of MUFA should
be taken into account when evaluating cardiovascular risk.40

When stratifying for dietary source, MUFA from olive oil resulted in
significant inverse associations with all-cause mortality and
cardiovascular disease events, whereas MUFA from mixed animal
and vegetable sources did not.40 Studies across populations are
needed to better assess the interaction between fatty acids and
their dietary sources.
In the present study, we used energy substitution models in

which specific fatty acids were isocalorically compared with
carbohydrates and with each other. An advantage of substitution
models is that they mimic effects of exchanging nutrients against
each other, as is the case in dietary intervention studies.32,41 In
addition, substitution models make the results less dependent on
the composition of the average rest of the diet;32 therefore, results
can be compared with other observational studies that used
substitution models. However, a limitation is that results from our
substitution models can be difficult to translate into practice. For
example, in real life it is impossible to replace SFA from meat with
total carbohydrate, while keeping other fatty acids from meat
constant. Therefore, we repeated all analyses with protein as
comparison nutrient and we repeated all analyses without

specifying the carbohydrate substitution model. The results
showed little differences and confirmed the robustness of the
observed associations between fatty acids from meat and risk
markers of diabetes.
Strengths of our study are the large population size and the

detailed information on diet, markers of diabetes risk and
potential confounding factors. Studying blood markers of type 2
diabetes risk (including glucose and HbA1c status) rather than
studying clinically diagnosed type 2 diabetes offers the benefits of
continuous over discrete data and avoids diagnostic misclassifica-
tion. A limitation is that we could not measure insulin sensitivity
by the hyperinsulinemic–euglycemic clamp technique, which is
considered the gold-standard. Instead, we measured fasting
insulin, HOMA-IR, HOMA-B and postprandial Disposition Index to
assess hepatic insulin sensitivity, insulin secretion and β-cell
function accounting for variations in whole-body insulin sensitiv-
ity. These markers, in particular measured after a mixed meal
challenge, have been confirmed as an adequate substitute for the
clamp technique in large population studies.42–44 Another
limitation is the cross-sectional and observational nature of our
study, leaving room for reverse causation and residual
confounding.
In conclusion, in this non-diabetic population, when isocalori-

cally compared with carbohydrates, total dietary SFA intake was
weakly inversely associated with markers of insulin resistance and
secretion, whereas other fatty acids were not. Our results suggest
that the relations between the intake of fatty acids and markers of
insulin resistance and secretion may depend on the dietary source
of fatty acids. More epidemiological studies on diet and
cardiometabolic disease are needed addressing possible interac-
tions between nutrients and their dietary sources.
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