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Abstract
Aims/hypothesis Our aim was to investigate the fasting pro-
portions of fatty acids and estimated desaturase and elongase
activities in three different lipid fractions in plasma, phospho-
lipids (PLs), cholesteryl esters (CEs) and triacylglycerols
(TGs), as predictors for the worsening of glycaemia (area un-
der the glucose curve in an OGTT [glucose AUC]) and inci-
dent type 2 diabetes in a 5.9 year follow-up of the Metabolic
Syndrome in Men population-based cohort.
Methods Fatty acid proportions were measured in plasma PL,
CE and TG fractions in 1,364 Finnish men aged 45–68 years
at baseline. The prospective follow-up study included only
men who were non-diabetic at baseline and had data available
at follow-up (n=1,302). A total of 71 participants developed
new type 2 diabetes during follow-up.

Results After adjusting for confounding factors, total saturat-
ed fatty acids, palmitoleic acid (16:1n-7), dihomo-γ-linolenic
acid (20:3n-6) and estimated stearoyl-CoA desaturase 1 and
Δ6-desaturase (D6D) enzyme activities significantly predict-
ed the worsening of glycaemia whereas total polyunsaturated
fatty acid, linoleic acid (18:2n-6) and elongase activity pre-
dicted a decrease in the glucose AUC. Estimated D6D activity
and dihomo-γ-linolenic acid (20:3n-6) were associated with
an increased risk of incident type 2 diabetes. Results were
consistent across the three different lipid fractions. However,
fatty acid proportions in the PL and CE fractions were stronger
predictors for glycaemia and incident type 2 diabetes com-
pared with fatty acid proportions in the TG fraction.
Conclusions/interpretation Selected fatty acid proportions of
plasma lipid fractions and their ratios, which reflect desaturase
and elongase enzyme activities, may be good biomarkers for
the worsening of glycaemia and incident type 2 diabetes.
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SCD-1 Stearoyl-CoA desaturase 1
SFA Saturated fatty acid
TG Triacylglycerol

Introduction

Fatty acid composition of tissues and blood lipids is predom-
inantly determined by dietary intake and endogenous synthe-
sis of fatty acids [1]. Fatty acid composition has been mea-
sured in a wide variety of biological samples, of which sub-
cutaneous adipose tissue, plasma total phospholipids (PLs),
cholesteryl esters (CEs), triacylglycerols (TGs), total plasma
lipids and erythrocyte membranes are the lipid pools most
often investigated. Adipose tissue has been considered as the
best tissue for measuring fatty acids because it reflects long-
term dietary intake (0.5–1.5 years), but it is rarely available for
large epidemiological studies [1–3]. Erythrocyte membrane
fatty acids (EMFAs) represent the fatty acid composition of
the diet over the past 3–4 months [4]. However, in addition to
diet, EMFAs are also controlled by genetic factors [5, 6]. PL
and CE fatty acid compositions reflect the dietary intake of
fatty acids during the preceding weeks [1, 7–11]. The TG fatty
acid composition represents dietary intake from only the few
preceding days and provides an opportunity to evaluate hepat-
ic enzyme activities [1, 12, 13].

Evidence for an association between different types of fatty
acid and the risk of type 2 diabetes mellitus is inconsistent, with
the exception of key enzymes in the metabolism of polyunsat-
urated fatty acids (PUFAs), Δ5-desaturase (D5D) and Δ6-
desaturase (D6D), which have been consistently associated
with incident diabetes [14]. A recent systematic review con-
cluded that the intake of total PUFAs and linoleic acid (18:2n-
6) are inversely associated with the risk of type 2 diabetes [15].

There are limitations in previous studies evaluating the
association of fatty acids with the risk of type 2 diabetes.
First, the diagnosis of type 2 diabetes has often been self-
reported or based only on fasting glucose measurement [7,
16], or diagnostic criteria have not been reported [17].
Second, none of previously published studies evaluated in-
cident diabetes based on an OGTT or on HbA1c levels.
Third, insulin sensitivity and secretion, which are important
mechanisms that contribute to the risk of type 2 diabetes or
the worsening of glycaemia, have not been evaluated in
previous studies. Finally, earlier studies have not reported
associations for all three lipid fractions. Therefore, we in-
vestigated the fasting proportions of fatty acids and evalu-
ated desaturase activities in the PL, CE and TG lipid frac-
tions as predictors for the worsening of glycaemia and for
incident type 2 diabetes in a 5.9 year follow-up study of the
population-based Metabolic Syndrome in Men (METSIM)
cohort. We also evaluated the role of insulin sensitivity and
insulin secretion in these associations.

Methods

Subjects

The population-based METSIM study includes 10,197
Finnish men aged 45–73 years at the study baseline who were
living in Kuopio or the surrounding communities and were
willing to participate in our study [18]. Plasma fatty acids were
measured in a random sample of 1,364 men out of the entire
cohort (mean±SD: age, 55±5.6 years; BMI, 26.5±3.5 kg/m2;
fasting glucose, 5.8±0.6 mmol/l). Glucose tolerance was clas-
sified according to ADA criteria [19] as follows: 456 (33.4%)
had normal glucose tolerance, 700 (51.3%) had isolated im-
paired fasting glucose, 30 (2.2%) had isolated impaired glu-
cose tolerance, 116 (8.5%) had both impaired fasting glucose
and impaired glucose tolerance, and 62 (4.5%) had previously
undiagnosed type 2 diabetes. Individuals with type 1 or type 2
diabetes at baseline were excluded from this study. Baseline
clinical and laboratory characteristics, including fatty acid pro-
portions in PLs, are presented as means±SD in Table 1.
Proportions of fatty acids in the CE and TG fractions are given
in electronic supplementary material (ESM) Table 1.

A 5.9 year follow-up study included 1,302 men who had
fatty acids measurements and were non-diabetic at baseline. A
total of 831 of these participated in a follow-up visit and had
an OGTT. These men were included in statistical analyses
assessing the role of fatty acids as predictors of the glucose
AUC, insulin sensitivity and insulin secretion. Out of 1,302
men, a total of 71 developed new type 2 diabetes based on an
OGTT (n=30) or on HbA1c measurements (n=15) at the
follow-up visit or on National Drug Reimbursement registry
data (drug treatment started for diabetes during the follow-up;
n=26 participants who did not have an OGTT). Only one
person had GAD autoantibodies (>10 U/ml). The study was
approved by the Ethics Committee of the University of
Eastern Finland and Kuopio University Hospital and was con-
ducted in accordance with the Helsinki Declaration. All study
participants gave written informed consent.

Anthropometric and laboratory measurements

Height and weight were measured as previously described
[18], and BMI was calculated as weight (in kg) divided by
height (in m) squared. A 2 h OGTT (75 g glucose) was
performed, and samples for plasma glucose and insulin
were collected after 0, 30 and 120 min to assess glucose
tolerance and insulin response to an oral glucose load.
Plasma glucose was measured using an enzymatic hexo-
kinase photometric assay (Konelab Systems reagents;
Thermo Fischer Scientific, Vantaa, Finland). Plasma insu-
lin was measured by immunoassay (ADVIA Centaur
Insulin IRI no. 02230141; Siemens Medical Solutions
Diagnostics, Tarrytown, NY, USA)
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Fatty acid analysis

Plasma fatty acids (expressed as mol % of total fatty acids)
were analysed as previously described [20]. Briefly, lipids
were extracted from plasma sample with chloroform–metha-
nol (2:1) and lipid fractions were separated using an

aminopropyl column. Fatty acids in lipid fractions were
transmethylated with 14% boron trifluoride in methanol.
Finally, fatty acid methyl esters were analysed using a
7890A gas chromatograph (Agilent Technologies,
Wilmington, DE, USA) equipped with a 25 m NEFA phase
column (Agilent Technologies). Cholesteryl nonadecanoate

Table 1 Baseline clinical and
laboratory characteristics, and PL
fatty acid composition of partici-
pants of the METSIM study

Clinical and laboratory characteristics Mean SD Min Max

Age, years 55.0 5.6 45.0 68.0

BMI, kg/m2 26.5 3.5 17.4 48.1

Fasting glucose, mmol/l 5.8 0.6 4.1 13.7

2 h glucose, mmol/l 6.0 2.1 2.2 21.1

Fasting insulin, pmol/l 45.4 31.1 6.6 370.8

2 h insulin, pmol/l 267.9 269.3 19.2 2,111.4

Matsuda ISI 7.5 4.4 0.5 27.7

InsAUC0–30/GluAUC0–30, pmol/mmol 28.0 18.0 2.4 166.6

DI30b 164.2 72.6 16.0 588.3

14:0 (myristic acid), % 0.4 0.1 0.1 1.1

15:0 (pentadecanoic acid), % 0.2 0.1 0.1 0.6

16:0 (palmitic acid), % 29.9 1.3 23.8 34.6

17:0 (margaric acid), % 0.4 0.1 0.1 0.7

18:0 (stearic acid), % 12.6 1.0 8.8 15.9

20:0 (arachidic acid), % 0.4 0.1 0.2 0.6

22:0 (behenic acid), % 0.7 0.2 0.3 1.3

24:0 (lignoceric acid), % 0.6 0.1 0.2 1.1

Total SFAs, % 45.2 0.9 41.8 48.5

16:1n-7 (palmitoleic acid), % 0.7 0.3 0.2 2.9

18:1n-9 (oleic acid), % 10.2 1.4 7.0 20.2

18:1n-7 (cis-vaccenic acid), % 1.6 0.2 1.0 3.7

20:1n-9+11 (gondoic+gadoleic acids), % 0.3 0.1 0.1 0.8

24:1n-9 (nervonic acid), % 1.5 0.3 0.5 2.6

Total MUFAs, % 14.2 1.5 10.5 28.0

18:2n-6 (linoleic acid), % 18.6 2.7 9.6 28.5

18:3n-3 (α-linolenic acid), % 0.3 0.1 0.0 0.9

20:3n-6 (dihomo-γ-linolenic acid), % 2.8 0.6 1.0 5.3

20:4n-6 (arachidonic acid), % 9.0 1.6 4.7 16.8

20:5n-3 (EPA), % 2.3 1.1 0.5 10.3

22:4n-6 (adrenic acid), % 0.3 0.1 0.1 0.7

22:5n-6 (osbond acid, DPA), % 0.2 0.1 0.1 0.5

22:5n-3 (DPA), % 1.4 0.2 0.8 3.2

22:6n-3 (DHA), % 5.7 1.4 1.7 10.4

Total PUFAs, % 40.6 1.8 28.4 45.0

Ratio of 16:1n-7 to 16:0 (SCD1) 0.02 0.01 0.01 0.09

Ratio of 20:3n-6 to 18:2n-6 (D6D) 0.15 0.04 0.05 0.35

Ratio of 20:4n-6 to 20:3n-6 (D5D) 3.40 0.91 1.28 7.60

Ratio of 18:1n-7 to 16:1n-7 (elongase) 2.38 0.78 0.58 7.62

Ratio of 22:6n-3 to 22:5n-6 (DHA sufficiency index) 35.40 16.20 8.28 113.39

n=1,364 participants in METSIM study
bMatsuda insulin sensitivity index×insulin AUC0–30/glucose AUC0–30

DPA, docosapentaenoic acid; GluAUC, glucose AUC; InsAUC, insulin AUC; max, maximum; min, minimum
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(Nu-Chek Prep, Elysian, MA, USA), trinonadecanoin and
dinonadecanoyl phosphatidylcholine (Larodan Fine
Chemicals, Malmo, Sweden) served as internal standards.

Calculations

Desaturase and elongase enzyme activities were evaluated as
ratios of the fatty acid product to the precursor, as follows: as a
marker of stearoyl-CoA desaturase 1 (SCD1) activity, ratio of
palmitoleic acid (16:1n-7) to palmitic acid (16:0); marker of
D6D activity, ratio of dihomo-γ-linolenic acid (20:3n-6) to
linoleic acid (18:2n-6) in PLs and ratio of γ-linolenic acid
(18:3n-6) to linoleic acid (18:2n-6) in the CE and TG frac-
tions; marker of D5D activity, ratio of arachidonic acid
(20:4n-6) to dihomo-γ-linolenic acid; and marker of elongase
activity, ratio of cis-vaccenic acid (18:1n-7) to palmitoleic acid
(16:1n-7) [21, 22]. The ratio of docosahexaenoic acid
(DHA; 22:6n-3) to osbond acid (22:5n-6) was used as a mark-
er of DHA sufficiency [23].

The trapezoidal method was used to calculate the glucose
AUC in an OGTT based on glucose and insulin samples
collected after 0, 30 and 120 min. The Matsuda insulin
sensitivity index (ISI) and the index of early phase (first
30 min) insulin secretion (insulin AUC0–30/glucose
AUC0–30) were calculated as described previously [18, 24].
The early phase disposition index (DI30), reflecting insulin
secretion adjusted for insulin sensitivity, was calculated as
the product of the insulin AUC0–30/glucose AUC0–30 ratio
and the Matsuda ISI.

Statistical analysis

Statistical analyseswere performed using IBMSPSS Statistics
for Windows software (version 19, Armonk, NY, USA). In all
analyses (except for Cox regression), log10-transformed vari-
ables (except for age) were used to correct for skewed distri-
butions. Fatty acid proportions and ratios were compared
across the different glucose tolerance categories by ANOVA
and ANCOVA adjusted for age and BMI. Linear regression
was used to evaluate baseline fatty acid proportions and ratios
as predictors of insulin sensitivity, insulin secretion and the
glucose AUC. The results of linear regression analyses
(β coefficient) are given as standardised values. Adjustments
were made for the length of follow-up time and age, BMI,
smoking (yes or no) and physical activity (physically active,
regular exercise ≥30 min week; physically less active, occa-
sional exercise or no exercise) at baseline. Cox regression
analyses were used to assess the association of fatty acid pro-
portions and ratios with incident type 2 diabetes. Adjustments
were made for age, BMI, smoking and physical activity at
baseline. In addition, to investigate whether associations of
different fatty acid proportions and their ratios with the glu-
cose AUC or incident type 2 diabetes were dependent on

fasting glucose, insulin sensitivity or insulin secretion, the
models were also adjusted for baseline fasting glucose,
Matsuda ISI or DI30. Bonferroni correction for multiple com-
parisons was applied for each lipid fraction analysed
(p value 0.05 divided by the number of comparisons). After
Bonferroni correction, the threshold for statistical significance
was 0.0017 in PLs, 0.0025 in CEs and 0.0023 in TGs.

Results

Baseline proportions of fatty acids in different glucose
tolerance categories

Baseline proportions of fatty acids in serum PLs and their
ratios in different glucose tolerance categories in non-
diabetic individuals and in individuals with newly diag-
nosed type 2 diabetes are shown in Table 2. In the PL
fraction, saturated fatty acids (SFAs) pentadecanoic acid
(15:0), margaric acid (17:0), behenic acid (22:0) and
lignoceric acid (24:0) were decreased across glucose tol-
erance categories compared with the normal glucose tol-
erance category. Of the monounsaturated fatty acids
(MUFAs), palmitoleic acid (16:1n-7) was increased, and
of the PUFAs, linoleic acid (18:2n-6) was decreased and
arachidonic acid (20:4n-6) was increased across the glu-
cose tolerance categories compared with the normal glu-
cose tolerance reference. Of the estimated desaturase ac-
tivities, SCD1 and D6D activities were increased across
the glucose tolerance categories. Corresponding propor-
tions in the CE and TG fractions are shown in ESM
Tables 2 and 3. In CEs, the results were similar to the
PL results regarding MUFAs, PUFAs and estimated
desaturase activities. Total SFAs and total MUFAs were
significantly increased and total PUFAs were significantly
decreased across all glucose tolerance categories (ESM
Table 2). Small quantity SFAs (15:0, 17:0, 22:0 and
24:0) were not measured in the CE and TG fractions. In
the TG fraction, only cis-vaccenic acid (18:1n-7), linoleic
acid (18:2n-6) and total PUFAs were significantly differ-
ent across glucose tolerance categories when adjusted for
age and BMI (ESM Table 3).

Pentadecanoic acid (15:0) and margaric acid (17:0) correlat-
ed positively with DHA (22:6n-3; Spearman rank correlation:
r=0.121, p<0.001 and r=0.276, p<0.001, respectively).

Fatty acids as predictors for the worsening of glycaemia

Altogether, 831 participants had OGTT data during the fol-
low-up. Total SFAs, palmitoleic acid (16:1n-7), SCD1 and
D6D activities were the main predictors for increased glucose
AUC at follow-up for all three lipid fractions (Fig. 1).
Dihomo-γ-linolenic acid (20:3n-6) predicted increased
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glucose AUC in the PL and CE fractions, but not in the TG
fraction. Total PUFAs, linoleic acid (18:2n-6) and elongase
activity were the main predictors of decreased glucose AUC
at follow-up for all three lipid fractions. In the PL and CE
fractions, cis-vaccenic acid (18:1n-7) was also associated with
decreased glucose AUC. For PLs, these results remained sta-
tistically significant even after further adjustment for fasting

glucose, insulin sensitivity or insulin secretion at baseline. In
the PL fraction, margaric acid (17:0) and nervonic acid
(24:1n-9) were also associated with decreased glucose AUC,
whereas adrenic acid (22:4n-6) was associated with increased
glucose AUC at follow-up (Table 3). All associations of base-
line fatty acids with glucose AUC in the CE and TG fractions
are shown in ESM Tables 4 and 5.

Table 2 Proportion of fatty acids in the PL fractions in different categories of glucose tolerance in 1,364 participants without diabetes or with newly
diagnosed type 2 diabetes at the baseline METSIM study

Fatty acid NGT (n=456) IIFG (n=700) IIGT (n=30) IFG+IGT
(n=116)

Previously
undiagnosed
T2DM (n=62)

ANOVA
(p value)

ANCOVAa

(p value)

Mean SD Mean SD Mean SD Mean SD Mean SD

14:0 (myristic acid), % 0.45 0.12 0.43 0.11 0.44 0.09 0.46 0.13 0.42 0.14 0.042* 0.023*

15:0 (pentadecanoic acid), % 0.21 0.05 0.20 0.05 0.21 0.06 0.20 0.06 0.18 0.06 4.9×10−8† 6.0×10−7†

16:0 (palmitic acid), % 29.78 1.29 29.88 1.28 29.82 1.43 29.94 1.33 30.05 1.59 0.494 0.71

17:0 (margaric acid), % 0.37 0.07 0.36 0.08 0.34 0.09 0.35 0.08 0.32 0.09 4.3×10−8† 1.5×10−5†

18:0 (stearic acid), % 12.49 0.95 12.60 0.93 12.72 1.03 12.84 1.09 12.50 1.36 0.012* 0.17

20:0 (arachidic acid), % 0.38 0.07 0.38 0.08 0.39 0.08 0.37 0.06 0.35 0.08 0.008* 0.03*

22:0 (behenic acid), % 0.77 0.17 0.73 0.16 0.74 0.16 0.70 0.13 0.67 0.18 2.8×10−7† 2.7×10−6†

24:0 (lignoceric acid), % 0.65 0.15 0.61 0.14 0.61 0.14 0.57 0.12 0.56 0.14 2.0×10−8† 3.9×10−5†

Total SFAs, % 45.11 0.94 45.19 0.92 45.26 1.07 45.42 0.86 45.06 0.74 0.016* 0.18

16:1n-7 (palmitoleic acid), % 0.69 0.24 0.73 0.27 0.76 0.23 0.81 0.25 0.90 0.47 4.7×10−8† 0.001†

18:1n-9 (oleic acid), % 10.15 1.34 10.11 1.35 10.08 1.34 10.15 1.17 10.67 1.86 0.065 0.031*

18:1n-7 (cis-vaccenic acid), % 1.59 0.21 1.57 0.22 1.56 0.18 1.52 0.22 1.64 0.35 0.016* 0.030*

20:1n-9+11 (gondoic+gadoleic acids), % 0.28 0.06 0.28 0.06 0.30 0.09 0.28 0.06 0.28 0.05 0.935 0.652

24:1n-9 (nervonic acid), % 1.54 0.32 1.50 0.34 1.52 0.40 1.44 0.32 1.40 0.32 0.001† 0.023*

Total MUFAs, % 14.26 1.42 14.19 1.53 14.21 1.60 14.21 1.35 14.89 2.51 0.046* 0.017*

18:2n-6 (linoleic acid), % 19.22 2.61 18.56 2.59 17.80 2.85 17.45 2.56 17.52 2.69 7.3×10−13† 6.9×10−7†

18:3n-3 (α-linolenic acid), % 0.33 0.12 0.32 0.12 0.33 0.13 0.30 0.12 0.31 0.11 0.058 0.363

20:3n-6 (dihomo-γ-linolenic acid), % 2.70 0.62 2.76 0.60 3.03 0.83 3.02 0.63 2.91 0.61 4.0×10−6† 0.036*

20:4n-6 (arachidonic acid), % 8.72 1.45 9.09 1.64 9.26 1.40 9.33 1.65 9.80 2.13 1.64×10−6† 1.5×10−4†

20:5n-3 (EPA), % 2.19 1.07 2.32 1.16 2.54 1.35 2.48 1.28 2.18 0.98 0.053 0.173

22:4n-6 (adrenic acid), % 0.30 0.08 0.30 0.08 0.33 0.08 0.31 0.08 0.32 0.09 0.028* 0.065

22:5n-6 (osbond acid, DPA), % 0.17 0.05 0.18 0.05 0.19 0.06 0.19 0.06 0.20 0.07 2.2×10−4† 0.047*

22:5n-3 (DPA), % 1.40 0.22 1.40 0.21 1.44 0.18 1.41 0.23 1.37 0.19 0.646 0.569

22:6n-3 (DHA), % 5.58 1.44 5.69 1.43 5.60 1.77 5.87 1.53 5.45 1.16 0.368 0.594

Total PUFAs, % 40.64 1.78 40.62 1.79 40.52 1.71 40.37 1.61 40.06 2.58 0.09 0.205

Ratio of 16:1n-7 to 16:0 (SCD1) 0.023 0.007 0.024 0.008 0.025 0.007 0.027 0.008 0.030 0.014 9.7×10−9† 0.001†

Ratio of 20:3n-6 to 18:2n-6 (D6D) 0.14 0.04 0.15 0.04 0.17 0.05 0.18 0.04 0.17 0.04 5.7×10−15† 3.5×10−6†

Ratio of 20:4n-6 to 20:3n-6 (D5D) 3.37 0.85 3.43 0.92 3.26 0.91 3.23 0.93 3.53 1.15 0.110 0.130

Ratio of 18:1n-7 to 16:1n-7 (elongase) 2.52 0.81 2.37 0.76 2.27 0.82 2.03 0.60 2.14 0.79 1.7×10−8† 0.009*

Ratio of 22:6n-3 to 22:5n-6
(DHA sufficiency)

35.81 15.84 35.81 16.51 35.04 20.54 34.07 15.39 30.43 13.69 0.066 0.215

*Nominally significant (p<0.05), † statistically significant (p<0.0017)
a Adjusted for age and BMI

DPA, docosapentaenoic acid; IIFG, isolated impaired fasting glucose; IIGT, isolated impaired glucose tolerance; T2DM, type 2 diabetes; NGT, normal
glucose tolerance
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Fatty acids as predictors for incident type 2 diabetes

A total of 71 participants developed new type 2 diabetes dur-
ing a 5.9 year follow-up. In the PL fraction, dihomo-γ-
linolenic acid (20:3n-6) and estimated D6D activity increased
the risk of incident type 2 diabetes after adjustment for con-
founding factors (Table 4). After additional adjustment for
insulin sensitivity or insulin secretion, the associations
remained nominally significant. The results were essentially
similar for CEs, except for estimated D6D activity, which only
nominally increased the risk of type 2 diabetes (ESMTable 6).
There were no significant associations between fatty acids and
incident type 2 diabetes in TGs (ESM Table 7).

Fatty acids as predictors for insulin sensitivity and insulin
secretion

Insulin sensitivity In the PL fraction, total SFAs, myristic acid
(14:0), stearic acid (18:0) and long-chain n-6 fatty acids
dihomo-γ-linolenic acid (20:3n-6), adrenic acid (22:4n-6)
and osbond acid (22:5n-6) measured at baseline were associ-
ated with decreased insulin sensitivity at follow-up (Table 5).
Instead, cis-vaccenic acid (18:1n-7), gondoic and gadoleic
acids (20:1n-9 and 20:1n-11) and nervonic acid (24:1n-9)
were associated with increased insulin sensitivity. Of the esti-
mated desaturase activities, estimated D6D activity was asso-
ciated with decreased insulin sensitivity, whereas estimated
D5D and elongase activities were associated with increased
insulin sensitivity. Furthermore, the DHA sufficiency index
was associated with increased insulin sensitivity.
Corresponding results in the CE and TG fractions are shown
in ESM Tables 8 and 9. Of the SFAs measured in the CE
fraction, only myristic acid (14:0) was associated with de-
creased insulin sensitivity (ESM Table 8). Of the MUFAs,
palmitoleic acid (16:1n-7) was associated with decreased in-
sulin sensitivity and cis-vaccenic acid (18:1n-7) was associat-
ed with increased insulin sensitivity. γ-Linolenic-acid
(18:3n-6) and dihomo-γ-linolenic acid (20:3n-6) were associ-
ated with decreased insulin sensitivity. Association of estimat-
ed desaturase activities with insulin sensitivity were similar
for all three lipid fractions, except for TGs, where estimated
D6D and SCD activities were not associated with theMatsuda
ISI. In the TG fraction, all SFAs were associated strongly with
decreased insulin sensitivity, whereas linoleic acid (18:2n-6),
arachidonic acid (20:4n-6), eicosapentaenoic acid
(EPA; 20:5n-3), docosapentaenoic acid (22:5n-3) and DHA
(22:6n-3) were associated with increased insulin sensitivity
(ESM Table 9).

Insulin secretion In the PL fraction, total SFAs and palmitoleic
acid (16:1n-7) were associated with decreased insulin secretion
at follow-up, whereas cis-vaccenic acid (18:1n-7) and linoleic
acid (18:2n-6) were associated with increased insulin secretion
at follow-up (Table 5). Of the estimated desaturase activities,
SCD1 and D6D activities were associated with decreased insu-
lin secretion and elongase activity, with increased insulin secre-
tion in all three lipid fractions, except for the TG fraction, where
the association between SCD1 and DI30 was NS, and the as-
sociation between D6D and DI30 was only nominally signifi-
cant (Table 5, ESMTables 8 and 9). In the CE fraction, myristic
acid (14:0), palmitic acid (16:0), total SFAs, palmitoleic acid
(16:1n-7), total MUFAs, γ-linolenic acid (18:3n-6) and
dihomo-γ-linolenic acid (20:3n-6) were associated with de-
creased insulin secretion, whereas linoleic acid (18:2n-6) and
total PUFAs were associated with increased insulin secretion
(ESM Table 8). In the TG fraction, palmitic acid (16:0), total
SFAs and palmitoleic acid (16:1n-7) were associated with

a
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Dihomo-γ-linolenic acid (20:3n-6)
Linoleic acid (18:2n-6)
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Dihomo-γ-linolenic acid (20:3n-6)

Linoleic acid (18:2n-6)
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Fig. 1 Association (β coefficient and SEM) of the proportions of fatty
acids in the PL (a), CE (b) and TG (c) fractions with the glucose AUC at
follow-up in the METSIM study (n=831). *Nominally significant
(p<0.05) and †statistically significant (p<0.0017 in PLs, p<0.0025 in
CEs and p<0.0023 in TGs) correlations in a linear regression model
adjusted for age, BMI, smoking, physical activity and follow-up time
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decreased insulin secretion and linoleic acid (18:2n-6) and total
PUFAs were associated with increased insulin secretion (ESM
Table 9).

Discussion

In a 5.9 year follow-up study of a random sample of the
METSIM cohort, we investigated fasting proportions of fatty
acids and estimated desaturase activities as predictors for the

worsening of glycaemia and incident type 2 diabetes in three
different plasma lipid fractions. We demonstrated for the first
time that the most significant associations of fatty acids and
estimated desaturase activities with the risk of glycaemia and
type 2 diabetes were consistently observed across all lipid
fractions. We also demonstrated that these associations were
largely independent of insulin sensitivity and insulin
secretion.

The strength of our study is that it is population based and
has a relatively long follow-up period. Furthermore, we were

Table 3 Association of the proportions of fatty acids in the PL fraction with the glucose AUC at the follow-up of the METSIM study

Fatty acid β SEM p pa pb pc

14:0 (myristic acid), % 0.068 0.030 0.024* 0.012* 0.087 0.023*

15:0 (pentadecanoic acid), % −0.070 0.031 0.023* 0.087 0.018* 0.071

16:0 (palmitic acid), % 0.084 0.031 0.007* 0.018* 0.008* 0.029*

17:0 (margaric acid), % −0.113 0.032 4.4×10−4† 0.003* 0.001† 0.006*

18:0 (stearic acid), % 0.037 0.032 0.246 0.358 0.827 0.343

20:0 (arachidic acid), % −0.058 0.030 0.052 0.047* 0.034* 0.085

22:0 (behenic acid), % −0.052 0.030 0.090 0.459 0.038* 0.284

24:0 (lignoceric acid), % −0.043 0.029 0.147 0.565 0.298 0.460

Total SFAs, % 0.124 0.029 2.7×10−5† 9.1×10−5† 0.006* 2.3×10−4†

16:1n–7 (palmitoleic acid), % 0.172 0.033 2.1×10−7† 1.5×10−7† 1.1×10−6† 2.3×10−5†

18:1n–9 (oleic acid), % 0.086 0.032 0.007* 4.1×10−4† 0.002* 0.006*

18:1n–7 (cis–vaccenic acid), % −0.124 0.030 3.6×10−5† 1.4×10−4† 0.005* 1.1×10−4†

20:1n–9+11 (gondoic+gadoleic acids), % −0.061 0.029 0.033* 0.023* 0.206 0.035

24:1n–9 (nervonic acid), % −0.101 0.029 4.8×10−4† 0.003* 0.010* 0.008*

Total MUFAs, % 0.056 0.033 0.084 0.008* 0.010* 0.058

18:2n–6 (linoleic acid), % −0.137 0.031 1.2×10−5† 1.4×10−4† 7.5×10−5† 0.001†

18:3n–3 (α-linolenic acid), % 0.024 0.029 0.414 0.295 0.199 0.068

20:3n–6 (dihomo-γ-linolenic acid), % 0.143 0.030 1.6×10−6† 2.5×10−7† 0.001† 1.6×10−5†

20:4n–6 (arachidonic acid), % 0.061 0.031 0.048 0.218 0.179 0.364

20:5n–3 (EPA), % 0.013 0.030 0.669 0.829 0.303 0.901

22:4n–6 (adrenic acid), % 0.103 0.030 0.001† 6.0×10−5† 0.014* 0.004*

22:5n–6 (osbond acid, DPA), % 0.084 0.030 0.005* 0.004* 0.069 0.021*

22:5n–3 (DPA), % 0.001 0.030 0.975 0.844 0.653 0.666

22:6n–3 (DHA), % −0.046 0.031 0.132 0.046 0.269 0.131

Total PUFAs, % −0.130 0.033 1.1×10−4† 9.5×10−6† 2.3×10−4† 2.2×10−4†

Ratio of 16:1n–7 to 16:0 (SCD1) 0.171 0.033 2.1×10−7† 1.1×10−7† 1.3×10−6† 2.3×10−5†

Ratio of 20:3n–6 to 18:2n–6 (D6D) 0.192 0.030 3.4×10−10† 3.3×10−10† 1.8×10−6† 9.2×10−8†

Ratio of 20:4n–6 to 20:3n–6 (D5D) −0.082 0.029 0.005* 3.6×10−4† 0.073 0.002*

Ratio of 18:1n–7 to 16:1n–7 (elongase) −0.207 0.032 8.3×10−11† 1.4×10−10† 1.7×10−8† 3.3×10−8†

Ratio of 22:6n–3 to 22:5n–6 (DHA sufficiency) −0.085 0.031 0.006* 0.002* 0.060 0.014*

n=831; data show linear regression adjusted for age, BMI, smoking, physical activity and follow-up time. Participants without diabetes at both baseline
and follow-up examination were included. Standardised effect sizes (β coefficient, SEM) are shown

*Nominally significant (p<0.05), † statistically significant (p<0.0017)
a Also adjusted for fasting glucose at baseline
bAlso adjusted for Matsuda ISI at baseline
c Also adjusted for DI30 at baseline

DPA, docosapentaenoic acid
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able to examine glucose burden using the glucose AUC based
on a 2 h OGTTas a continuous variable, in addition to incident
type 2 diabetes. Moreover, the fatty acids were measured in
three lipid fractions, which enabled us to compare results be-
tween different fractions and with EMFAs, as reported earlier
[25]. One limitation of the study is that the METSIM cohort

includes only Finnish men; therefore, our findings may be
generalised only to men in Nordic countries who have a sim-
ilar diet and ethnic background to Finnish men [26]. Another
limitation is that OGTT data for the follow-up visit were avail-
able for only 831 of the 1,302 men who participated in the
baseline study. A third limitation is that we do not have data on

Table 4 Association of the proportions of fatty acids in the PL fraction with incident type 2 diabetes in a 5.9 year follow-up of the METSIM study

Fatty acid Unadjusted Adjusteda Adjustedb pc pd

HR 95% CI p HR 95% CI p HR 95% CI p

14:0 (myristic acid), % 0.93 0.73, 1.19 0.568 0.95 0.74, 1.22 0.694 0.97 0.76, 1.25 0.833 0.360 0.519

15:0 (pentadecanoic acid), % 0.73 0.56, 0.95 0.019* 0.79 0.61, 1.04 0.090 0.85 0.66, 1.09 0.198 0.072 0.183

16:0 (palmitic acid), % 0.97 0.76, 1.23 0.812 0.93 0.74, 1.18 0.559 0.88 0.69, 1.13 0.329 0.386 0.316

17:0 (margaric acid), % 0.70 0.55, 0.89 0.003* 0.80 0.62, 1.01 0.065 0.83 0.65, 1.06 0.135 0.094 0.175

18:0 (stearic acid), % 1.53 1.19, 1.95 0.001† 1.40 1.10, 1.79 0.007* 1.34 1.06, 1.71 0.017* 0.052 0.017*

20:0 (arachidic acid), % 1.04 0.82, 1.31 0.757 1.14 0.91, 1.44 0.257 1.12 0.89, 1.40 0.327 0.243 0.166

22:0 (behenic acid), % 0.87 0.68, 1.11 0.266 0.99 0.77, 1.27 0.934 1.05 0.83, 1.34 0.674 0.831 0.780

24:0 (lignoceric acid), % 0.75 0.59, 0.96 0.023* 0.87 0.67, 1.12 0.269 0.95 0.74, 1.22 0.697 0.449 0.598

Total SFAs, % 1.31 1.03, 1.66 0.028* 1.23 0.97, 1.57 0.092 1.17 0.90, 1.53 0.228 0.670 0.287

16:1n-7 (palmitoleic acid), % 1.30 1.07, 1.58 0.008* 1.14 0.93, 1.40 0.221 1.08 0.87, 1.33 0.494 0.402 0.720

18:1n-9 (oleic acid), % 1.02 0.80, 1.29 0.896 0.97 0.76, 1.25 0.821 1.02 0.80, 1.30 0.877 0.950 0.901

18:1n-7 (cis-vaccenic acid), % 0.86 0.67, 1.11 0.258 0.90 0.70, 1.16 0.422 0.94 0.74, 1.20 0.618 0.804 0.793

20:1n-9+11 (gondoic acid
+gadoleic acids), %

0.99 0.79, 1.25 0.952 1.00 0.78, 1.26 0.968 0.98 0.77, 1.26 0.889 0.490 0.783

24:1n-9 (nervonic acid), % 0.72 0.56, 0.92 0.008* 0.77 0.60, 0.98 0.035* 0.85 0.67, 1.08 0.182 0.174 0.184

Total MUFAs, % 0.98 0.76, 1.25 0.845 0.93 0.72, 1.20 0.562 0.99 0.77, 1.26 0.905 0.960 0.711

18:2n-6 (linoleic acid), % 0.69 0.54, 0.89 0.003* 0.78 0.61, 1.00 0.046* 0.86 0.67, 1.10 0.231 0.156 0.272

18:3n-3 (α-linolenic acid), % 0.93 0.73, 1.18 0.553 0.98 0.77, 1.24 0.843 1.08 0.85, 1.37 0.511 0.754 0.624

20:3n-6 (dihomo-γ-linolenic acid), % 1.53 1.24, 1.87 5.1×10−5† 1.46 1.18, 1.81 0.001† 1.46 1.16, 1.84 0.001† 0.029* 0.008*

20:4n-6 (arachidonic acid), % 1.30 1.04, 1.64 0.024* 1.24 0.98, 1.56 0.079 1.11 0.87, 1.42 0.391 0.224 0.362

20:5n-3 (EPA), % 1.06 0.86, 1.32 0.586 1.04 0.82, 1.31 0.771 0.99 0.78, 1.25 0.909 0.632 0.958

22:4n-6 (adrenic acid), % 1.20 0.95, 1.50 0.123 1.18 0.92, 1.50 0.189 1.22 0.96, 1.55 0.111 0.514 0.364

22:5n-6 (osbond acid, DPA), % 1.25 1.01, 1.56 0.041* 1.22 0.98, 1.54 0.080 1.22 0.97, 1.54 0.083 0.313 0.135

22:5n-3 (DPA), % 0.78 0.61, 1.00 0.046* 0.84 0.65, 1.07 0.157 0.82 0.64, 1.06 0.129 0.218 0.189

22:6n-3 (DHA), % 0.96 0.76, 1.21 0.708 0.95 0.75, 1.22 0.697 0.93 0.73, 1.19 0.563 0.826 0.782

Total PUFAs, % 0.89 0.70, 1.12 0.321 0.95 0.74, 1.22 0.690 0.94 0.73, 1.21 0.617 0.861 0.824

Ratio of 16:1n-7 to 16:0 (SCD1) 1.33 1.10, 1.61 0.003* 1.17 0.95, 1.43 0.148 1.10 0.89, 1.36 0.374 0.297 0.599

Ratio of 20:3n-6 to 18:2n-6 (D6D) 1.69 1.38, 2.07 3.1×10−7† 1.60 1.29, 1.99 2.3×10−5† 1.52 1.21, 1.92 3.3×10−4† 0.003* 0.002*

Ratio of 20:4n-6 to 20:3n-6 (D5D) 0.76 0.59, 0.99 0.039* 0.80 0.61, 1.03 0.081 0.77 0.59, 1.00 0.049* 0.286 0.096

Ratio of 18:1n-7 to 16:1n-7 (elongase) 0.67 0.51, 0.86 0.002* 0.77 0.59, 1.00 0.050 0.83 0.63, 1.09 0.177 0.289 0.395

Ratio of 22:6n-3 to
22:5n-6 (DHA sufficiency)

0.79 0.61, 1.02 0.071 0.80 0.61, 1.06 0.120 0.80 0.61, 1.06 0.120 0.323 0.196

Data show Cox regression analysis

*Nominally significant (p<0.05), † statistically significant (p<0.0017)
a Adjusted for age, BMI, smoking and physical activity
b Adjusted for age, BMI, smoking, physical activity and fasting glucose at baseline
c Adjusted for age, BMI, smoking, physical activity and Matsuda ISI at baseline
dAdjusted for age, BMI, smoking, physical activity, and DI30 at baseline

DPA, docosapentaenoic acid
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food consumption or the use of dietary supplements at base-
line. Finally, desaturase enzyme activities were based on prod-
uct to precursor fatty acid ratios, and were not measured
directly.

In this study, total SFAs, palmitoleic acid (16:1n-7), and
estimated SCD1 and D6D activities were the most important
predictors of increased glucose AUC for all three lipid frac-
tions. In the PL and CE fractions, dihomo-γ-linolenic acid
(20:3n-6) predicted the worsening of glycaemia; in the PL
fraction only, adrenic acid (22:4n-6) predicted the worsening
of glycaemia and dihomo-γ-linolenic acid (20:3n-6) predicted

incident type 2 diabetes in the PL and CE fractions. Overall,
the estimated D6D and SCD1 activities were strongly associ-
ated and the estimated D5D activity was inversely associated
with the development of type 2 diabetes, as previously report-
ed [14, 27]. We also showed that the most abundant SFAs
were associatedwith an elevated risk of diabetes, in agreement
with two recent studies showing associations with type 2 dia-
betes [17, 28]. Total SFAs were associated with impaired in-
sulin sensitivity and insulin secretion in our study, offering a
mechanistic explanation for how SFAs may impair glucose
tolerance and lead to type 2 diabetes.

Table 5 Association of the proportions of fatty acids in the PL fraction with insulin sensitivity and insulin secretion at the follow-up of the METSIM
study

Fatty acid Matsuda ISI DI30

β SEM p β SEM p

14:0 (myristic acid) (%) −0.110 0,030 3,3×10−4† −0.056 0,031 0,076

15:0 (pentadecanoic acid) (%) −0.010 0.031 0.745 0.064 0.032 0.045

16:0 (palmitic acid) (%) −0.045 0.032 0.157 −0.092 0.032 0.005

17:0 (margaric acid) (%) 0.026 0.033 0.417 0.101 0.033 0.002*

18:0 (stearic acid) (%) −0.142 0.032 8.1×10−6† −0.020 0.033 0.537

20:0 (arachidic acid) (%) 0.004 0.030 0.885 0.058 0.031 0.061

22:0 (behenic acid) (%) −0.057 0.031 0.063 0.039 0.032 0.221

24:0 (lignoceric acid) (%) 0.023 0.030 0.444 0.053 0.031 0.086

Total SFAs (%) −0.209 0.029 1.6×10−12† −0.115 0.031 1.9×10−4†

16:1n-7 (palmitoleic acid) (%) −0.093 0.033 0.005* −0.147 0.034 1.9×10−5†

18:1n-9 (oleic acid) (%) −0.007 0.032 0.819 −0.066 0.033 0.045*

18:1n-7 (cis-vaccenic acid) (%) 0.190 0.030 2.8×10−10† 0.105 0.031 0.001†

20:1n-9+11 (gondoic+gadoleic acids) (%) 0.136 0.029 2.4×10−6† 0.053 0.030 0.077

24:1n-9 (nervonic acid) (%) 0.105 0.029 3.1×10−4† 0.069 0.030 0.022*

Total MUFAs (%) 0.050 0.033 0.126 −0.046 0.034 0.179

18:2n-6 (linoleic acid) (%) 0.044 0.032 0.169 0.126 0.032 1.1×10−4†

18:3n-3 (α-linolenic acid) (%) −0.036 0.029 0.223 0.006 0.030 0.845

20:3n-6 (dihomo-γ-linolenic acid) (%) −0.234 0.029 5.0×10−15† −0.096 0.031 0.002*

20:4n-6 (arachidonic acid) (%) −0.023 0.031 0.464 −0.057 0.032 0.078

20:5n-3 (EPA) (%) 0.072 0.030 0.016* −0.026 0.031 0.395

22:4n-6 (adrenic acid) (%) −0.120 0.030 7.9×10−5† −0.068 0.031 0.032*

22:5n-6 (osbond acid, DPA) (%) −0.121 0.030 7.4×10−5† −0.029 0.032 0.353

22:5n-3 (DPA) (%) 0.065 0.030 0.032* 0.001 0.031 0.979

22:6n-3 (DHA) (%) 0.087 0.031 0.005* 0.017 0.032 0.599

Total PUFAs (%) 0.086 0.034 0.012* 0.112 0.035 0.001*

Ratio of 16:1n-7 to 16:0 (SCD1) −0.093 0.033 0.005* −0.144 0.034 2.9×10−5†

Ratio of 20:3n-6 to 18:2n-6 (D6D) −0.223 0.030 4.3×10−13† −0.146 0.032 5.1×10−6†

Ratio of 20:4n-6 to 20:3n-6 (D5D) 0.180 0.029 1.0×10−9† 0.045 0.031 0.141

Ratio of 18:1n-7 to 16:1n-7 (elongase) 0.169 0.032 1.9×10−7† 0.177 0.033 1.0×10−7†

Ratio of 22:6n-3 to 22:5n-6 (DHA sufficiency) 0.134 0.031 1.4×10−5† 0.030 0.032 0.349

n=827; data show linear regression adjusted for age, BMI, smoking, physical activity and follow-up time; standardised effect sizes (β coefficient, SEM).
Participants without diabetes at both baseline and follow-up examination were included

*Nominally significant (p<0.05), † statistically significant (p<0.0017)

DPA, docosapentaenoic acid
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Total PUFAs, linoleic acid (18:2n-6) levels and elongase
activity were the main predictors of decreased glucose AUC
for all three lipid fractions. The protective effect of linoleic
acid against glycaemia has been consistently reported in pre-
vious studies [15]. Our results are in agreement with a limited
number of intervention studies suggesting that beneficial
changes in glucose tolerance and insulin sensitivity were ob-
served when saturated fats are replaced by unsaturated fats in
the diet [29–31]. As far as we know, our study is the first to
demonstrate that estimated elongase activity predicts a de-
crease in the glucose AUC and better insulin sensitivity and
secretion for all three fractions, consistent with our EMFA
results [25] and offering possible mechanisms for improving
glycaemia.

Margaric acid (17:0) was associated and pentadecanoic ac-
id (15:0) was nominally associated with decreased glucose
AUC. Odd chain fatty acids (15:0 and 17:0) were not associ-
ated with impaired insulin sensitivity or insulin secretion.
Evidence in earlier studies also suggests an inverse association
of pentadecanoic acid 15:0 and margaric acid 17:0 with the
risk of type 2 diabetes [15, 28, 32]. Odd chain fatty acids are
found in milk fat and fish [33–36]. There was positive corre-
lation between odd chain fatty acids with DHA (22:6n-3) in
this study.

In agreement with previous studies, n-3 fatty acids were not
associated with the worsening of glycaemia or the risk of
incident type 2 diabetes [15, 25, 37]. The DHA sufficiency
index (ratio of 22:6n-3 to 22:5n-6) was associated with im-
proved insulin sensitivity. In infants, this index was suggested
to be a more important marker of the fatty acid status than the
absolute amounts of fatty acids [23, 38]. In some [39–41], but
not all [42, 43] observational studies, fish consumption has
been associated with a lower risk of diabetes. Whether the
possible beneficial effects of fish consumption are attributable
to long-chain n-3 fatty acids or to other components of fish
remains unclear. In the prevention of type 2 diabetes, the con-
sumption of lean fish may be even more beneficial than the
consumption of fatty fish [41]. Instead, fish oil supplementa-
tion might have adverse effects on glucose metabolism, in-
cluding increased gluconeogenesis and impaired insulin secre-
tion and insulin sensitivity [44–47]. In a recent small
(n=187) nested case–control study, plasma EPA and DHA
were associated with an increased risk of diabetes [48].

We previously reported an association of EMFAs with the
worsening of glycaemia and incident diabetes in a METSIM
population sample [25]. All significant associations found be-
tween EMFAs and glycaemia were also found in the PL and
CE fractions in our current study. Compared with fatty acids
measured in erythrocyte membranes, the associations we
found between plasma fatty acids and glycaemia were more
significant, consistent with a previous study reporting associ-
ations of fatty acids measured in plasma PLs and erythrocyte
membrane PLs with incident diabetes [49]. In the present

study, the results in different lipid fractions were reasonably
consistent. In particular, results in the PL and CE fractions
were very similar with regard to the fatty acid composition
measured in both fractions. However, less significant associ-
ations were found in the TG fraction than in the PL and CE
fractions.

The mechanisms by which fat ty acids predict
hyperglycaemia and incident diabetes are not completely un-
derstood. We adjusted our data for baseline insulin sensitivity
and insulin secretion, which only slightly weakened the sta-
tistical significance. In line with our previous EMFA findings
[25], our results suggest that fatty acids (except for SFAs) may
affect the risk of type 2 diabetes in a manner largely indepen-
dent of insulin sensitivity and insulin secretion. Accumulation
of liver fat and dyslipidemia could be other possible mecha-
nisms to explain the associations of estimated SCD, D6D and
D5D activities with type 2 diabetes risk [50].

In conclusion, our study shows that total SFAs, palmitoleic
acid (16:1n-7), dihomo-γ-linolenic acid (20:3n-6) and both
SCD1 and D6D activities predicted the worsening of
glycaemia and that estimated D6D activity and dihomo-γ-
linolenic acid (20:3n-6) increased the risk of incident type 2
diabetes. The associations of fatty acids with the worsening of
glycaemia and risk of incident type 2 diabetes were largely
independent of insulin sensitivity and insulin secretion.
Therefore, further studies are needed to investigate genetic
and other mechanisms to explain how plasma fatty acids reg-
ulate glucose metabolism and affect the risk of type 2 diabetes.
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