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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.
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Results After adjusting for confounding factors, total saturat-
ed fatty acids, palmitoleic acid (16:1n-7), dihomo-y-linolenic
acid (20:3n-6) and estimated stearoyl-CoA desaturase 1 and
A°-desaturase (D6D) enzyme activities significantly predict-
ed the worsening of glycaemia whereas total polyunsaturated
fatty acid, linoleic acid (18:2rn-6) and elongase activity pre-
dicted a decrease in the glucose AUC. Estimated D6D activity
and dihomo-y-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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Abbreviations

CE Cholesteryl ester

D5D A’-Desaturase

Dé6D A°-Desaturase

DHA Docosahexaenoic acid

DI30 Early phase disposition index
EPA Eicosapentaenoic

EMFA Erythrocyte membrane fatty acid
IST Insulin sensitivity index
METSIM  Metabolic Syndrome in Men
MUFA Monounsaturated fatty acid

PL Phospholipid
PUFA Polyunsaturated fatty acid
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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), A’-desaturase (D5D) and A°-
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 HbA,. 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.
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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/m?;
fasting glucose, 5.84+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 HbA . 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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Table 1 Baseline clinical and

laboratory characteristics, and PL Clinical and laboratory characteristics Mean SD Min Max

fatty acid composition of partici-

pants of the METSIM study Age, years 55.0 5.6 45.0 68.0
BMI, kg/m? 26.5 35 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 22 21.1
Fasting insulin, pmol/l 454 31.1 6.6 370.8
2 h insulin, pmol/l 2679 269.3 19.2 2,111.4
Matsuda ISI 7.5 44 0.5 27.7
InsAUC 30/GluAUC 39, pmol/mmol 28.0 18.0 2.4 166.6
DI30P 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, % 452 0.9 41.8 485
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 (-linolenic acid), % 0.3 0.1 0.0 0.9
20:3n-6 (dihomo-y-linolenic acid), % 2.8 0.6 1.0 53
20:4n-6 (arachidonic acid), % 9.0 1.6 4.7 16.8
20:5n-3 (EPA), % 23 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 32
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) 3.40 091 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 22:51-6 (DHA sufficiency index) 35.40 16.20 8.28 113.39

Fatty acid analysis

n=1,364 participants in METSIM study

® Matsuda insulin sensitivity index xinsulin AUC, 3¢/glucose AUC, 3¢

DPA, docosapentaenoic acid; GluAUC, glucose AUC; InsAUC, insulin AUC; max, maximum; min, minimum

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
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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 (16:1xn-7) to palmitic acid (16:0); marker of
D6D activity, ratio of dihomo-y-linolenic acid (20:37n-6) to
linoleic acid (18:2n-6) in PLs and ratio of y-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-y-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 (22:51-6) 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 AUC,_j3¢/glucose
AUC,_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 AUC_3¢/glucose AUC, 3, ratio
and the Matsuda ISI.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
for Windows software (version 19, Armonk, NY, USA). In all
analyses (except for Cox regression), log-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
(3 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
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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 =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), SCDI1 and
D6D activities were the main predictors for increased glucose
AUC at follow-up for all three lipid fractions (Fig. 1).
Dihomo-y-linolenic acid (20:3n-6) predicted increased
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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 Previously ANOVA ANCOVA?*
(n=116) undiagnosed  (p value) (p value)
T2DM (n=62)
Mean SD Mean SD Mean SD Mean SD Mean SD
14:0 (myristic acid), % 045 0.2 043 0.1 044 009 046 013 042 0.14 0.042* 0.023*
15:0 (pentadecanoic acid), % 021 005 020 005 021 006 020 006 018 006 49x10°%" 6.0x107"
16:0 (palmitic acid), % 2078 129 29.88 128 2982 143 2994 133 3005 159 0494 0.71
17:0 (margaric acid), % 037 007 036 008 034 009 035 008 032 009 43x10°% 15%x10°7
18:0 (stearic acid), % 1249 095 1260 093 1272 103 1284 1.09 1250 136 0.012% 0.17
20:0 (arachidic acid), % 038 007 038 008 039 008 037 006 035 008 0.008* 0.03*
22:0 (behenic acid), % 077 017 073 016 074 016 070 0.13 067 018 28x107" 2.7x107°f
24:0 (lignoceric acid), % 065 0.5 061 014 061 014 057 012 056 014 20x10°%" 3.9x1077
Total SFAs, % 4511 094 4519 092 4526 1.07 4542 086 4506 0.74 0.016* 0.18
16:1n-7 (palmitoleic acid), % 0.69 024 073 027 076 023 081 025 090 047 47x10°%  0.001"
18:11-9 (oleic acid), % 10.15 134 1011 135 1008 134 10.15 1.17 1067 186 0.065 0.031%
18:1n-7 (cis-vaccenic acid), % 159 021 157 022 156 018 152 022 164 035 0016* 0.030%
20:11-9+11 (gondoic+gadoleic acids), % 0.28  0.06 028 0.06 030 0.09 028 006 028 005 0.935 0.652
24:1n-9 (nervonic acid), % 154 032 150 034 152 040 144 032 140 032 0.001° 0.023*
Total MUFAs, % 1426 142 1419 153 1421 1.60 1421 135 1489 251  0.046* 0.017*
18:2n-6 (linoleic acid), % 1922 261 1856 259 1780 2.85 1745 256 1752 269 73x107°7 69x107"
18:3n-3 (a-linolenic acid), % 033 012 032 012 033 013 030 012 031 011 0058 0.363
20:3n-6 (dihomo-y-linolenic acid), % 270 062 276 060 303 083 302 063 291 061 40x10°  0.036*
20:4n-6 (arachidonic acid), % 872 145 9.09 164 926 140 933 165 980 213 1.64x10° 1.5x107*
20:5n-3 (EPA), % 219 107 232 116 254 135 248 128 218 098 0053 0.173
22:4n-6 (adrenic acid), % 030 0.08 030 008 033 008 031 008 032 009 0.028* 0.065
22:5n-6 (osbond acid, DPA), % 0.17 005 0.18 005 019 006 019 006 020 007 22x10°*" 0.047*
22:5n-3 (DPA), % 140 022 140 021 144 018 141 023 137 019 0.646 0.569
22:6n-3 (DHA), % 558 144 569 143 560 177 587 153 545 116 0368 0.594
Total PUFAs, % 4064 178 40.62 179 4052 1.71 4037 1.61 40.06 258 0.09 0.205
Ratio of 16:11-7 to 16:0 (SCD1) 0.023  0.007 0.024 0.008 0.025 0.007 0.027 0.008 0.030 0.014 9.7x10°" 0.001"
Ratio of 20:31-6 to 18:2n-6 (D6D) 0.14 004 0.15 004 017 005 018 004 017 004 57x10 "7 35%x10°°F
Ratio of 20:4n-6 to 20:3n-6 (D5D) 337 085 343 092 326 091 323 093 353 115 0.110 0.130
Ratio of 18:1n-7 to 16:1n-7 (elongase) ~ 2.52 081 237 076 227 082 203 060 214 079 1.7x10°%"  0.009*
Ratio of 22:6n-3 to 22:51-6 3581 15.84 3581 1651 35.04 20.54 34.07 1539 3043 13.69 0.066 0215

(DHA sufficiency)

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

glucose AUC in the PL and CE fractions, but not in the TG
fraction. Total PUFAsS, 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.
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Fig. 1 Association (3 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 Tstatistically 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

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-y-
linolenic acid (20:31-6) 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 (ESM Table 6).
There were no significant associations between fatty acids and
incident type 2 diabetes in TGs (ESM Table 7).
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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-y-linolenic acid (20:3x-6), adrenic acid (22:4n-6)
and osbond acid (22:5r-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. y-Linolenic-acid
(18:3n-6) and dihomo-y-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 the Matsuda
ISI. In the TG fraction, all SFAs were associated strongly with
decreased insulin sensitivity, whereas linoleic acid (18:2n-6),
arachidonic acid (20:4r-6), eicosapentaenoic acid
(EPA; 20:5n-3), docosapentaenoic acid (22:5r-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 (18:1x-7) and linoleic
acid (18:2n-6) were associated with increased insulin secretion
at follow-up (Table 5). Of the estimated desaturase activities,
SCDI1 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, ESM Tables 8 and 9). In the CE fraction, myristic
acid (14:0), palmitic acid (16:0), total SFAs, palmitoleic acid
(16:1n-7), total MUFAs, y-linolenic acid (18:3n-6) and
dihomo-y-linolenic acid (20:3n-6) were associated with de-
creased insulin secretion, whereas linoleic acid (18:2r-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
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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 15 SEM p p° P’ P°

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 441074 0.003* 0.0017 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 2.7x107°% 9.1x107%° 0.006* 23x1074
16:17-7 (palmitoleic acid), % 0.172 0.033 2.1x10777 1.5x1077F 1.1x107%F 23x107°7
18:12-9 (oleic acid), % 0.086 0.032 0.007* 4.1x1074 0.002* 0.006*
18:1n—7 (cis—vaccenic acid), % -0.124 0.030 3.6x107°F 14x107* 0.005* 1.1x107%F
20:1n-9+11 (gondoic+gadoleic acids), % —0.061 0.029 0.033* 0.023* 0.206 0.035
24:17-9 (nervonic acid), % -0.101 0.029 4.8x1074 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 12x107% 1.4x107* 7.5%1077 0.0017
18:37-3 (or-linolenic acid), % 0.024 0.029 0.414 0.295 0.199 0.068
20:3n—6 (dihomo-y-linolenic acid), % 0.143 0.030 1.6x10°¢" 25%x107% 0.0017 1.6x107°7
20:4n—6 (arachidonic acid), % 0.061 0.031 0.048 0218 0.179 0.364
20:5n-3 (EPA), % 0.013 0.030 0.669 0.829 0.303 0.901
22:4n6 (adrenic acid), % 0.103 0.030 0.0017 6.0x107" 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 1.1x107* 9.5x10°° 2.3x1074 22x1074
Ratio of 16:1n—7 to 16:0 (SCD1) 0.171 0.033 2.1x107% L1x1077" 1.3x107°" 2.3x107°F
Ratio of 20:31n—6 to 18:2n—6 (D6D) 0.192 0.030 3.4x107107 3.3x107107 1.8x107°7 9.2x10 %
Ratio of 20:41—6 to 20:3n-6 (D5D) —0.082 0.029 0.005%* 3.6x10°4 0.073 0.002*
Ratio of 18:1#—7 to 16:1n—7 (elongase) -0.207 0.032 8.3x107 7 1.4x107107 1.7x10°%° 33x10°%
Ratio of 22:61-3 to 22:51-6 (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 (3 coefficient, SEM) are shown

*Nominally significant (p<0.05), T statistically significant (p<0.0017)
# Also adjusted for fasting glucose at baseline

® Also adjusted for Matsuda ISI at baseline

¢ Also adjusted for DI30 at baseline

DPA, docosapentaenoic acid

decreased insulin secretion and linoleic acid (18:21-6) 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

@ Springer
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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 Adjusted” Adjusted” P° e
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 0316
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" 140 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 1.14 091, 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 0934 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* 1.14 093,1.40 0.221 1.08 0.87,1.33 0.494 0402 0.720
18:1n-9 (oleic acid), % 1.02 0.80,1.29 0.896 097 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 0.422 094 0.74,120 0.618 0.804 0.793
20:1n-9+11 (gondoic acid 0.99 0.79,1.25 0952 1.00 0.78,1.26 0.968 0.98 0.77,1.26 0.889 0.490 0.783
+gadoleic acids), %

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 0272
18:3n-3 (x-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-y-linolenic acid), % 1.53 1.24,1.87 5.1x 10°7 146 1.18,1.81 0.0017 146 1.16,1.84 0.0017 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 0362
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 0364
22:5n-6 (osbond acid, DPA), % 1.25 1.01,1.56 0.041%* 1.22 098, 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 0.708 095 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* 1.17 095,143 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 3.1x1077 1.60 129,1.99 23x107" 152 1.21,1.92 33x107* 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 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

22:5n-6 (DHA sufficiency)

Data show Cox regression analysis

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

# Adjusted for age, BMI, smoking and physical activity

® Adjusted for age, BMI, smoking, physical activity and fasting glucose at baseline
¢ Adjusted for age, BMI, smoking, physical activity and Matsuda ISI at baseline

9 Adjusted for age, BMI, smoking, physical activity, and DI30 at baseline

DPA, docosapentaenoic acid

able to examine glucose burden using the glucose AUC based
on a2 h OGTT as 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

@ Springer

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



Diabetologia (2015) 58:2533-2544

2541

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

8 SEM P 8 SEM p
14:0 (myristic acid) (%) -0.110 0,030 33x104 -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 8.1x10°°F -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 1.6x10712 -0.115 0.031 1.9%1074
16:11-7 (palmitoleic acid) (%) -0.093 0.033 0.005* —0.147 0.034 1.9x107°%
18:11-9 (oleic acid) (%) -0.007 0.032 0.819 —0.066 0.033 0.045%
18:1n-7 (cis-vaccenic acid) (%) 0.190 0.030 281071 0.105 0.031 0.0017%
20:1n-9+11 (gondoic+gadoleic acids) (%) 0.136 0.029 2.4x10°" 0.053 0.030 0.077
24:1-9 (nervonic acid) (%) 0.105 0.029 3.1x1074F 0.069 0.030 0.022%
Total MUFAs (%) 0.050 0.033 0.126 —0.046 0.034 0.179
18:21-6 (linoleic acid) (%) 0.044 0.032 0.169 0.126 0.032 1.1x107%f
18:3n-3 («x-linolenic acid) (%) -0.036 0.029 0.223 0.006 0.030 0.845
20:3n-6 (dihomo-y-linolenic acid) (%) —0.234 0.029 5.0x1071°7 -0.096 0.031 0.002*
20:4n-6 (arachidonic acid) (%) -0.023 0.031 0.464 —0.057 0.032 0.078
20:51-3 (EPA) (%) 0.072 0.030 0.016* -0.026 0.031 0.395
22:4n-6 (adrenic acid) (%) -0.120 0.030 7.9x107°% -0.068 0.031 0.032%
22:51-6 (osbond acid, DPA) (%) -0.121 0.030 74x107°° -0.029 0.032 0.353
22:51-3 (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 16:11-7 to 16:0 (SCD1) -0.093 0.033 0.005* —0.144 0.034 29x107°7
Ratio of 20:31-6 to 18:2n-6 (D6D) -0.223 0.030 43107137 —0.146 0.032 5.1x10°f
Ratio of 20:4n-6 to 20:3n-6 (D5D) 0.180 0.029 1.0x10°° 0.045 0.031 0.141
Ratio of 18:11-7 to 16:1n-7 (elongase) 0.169 0.032 1.9x10777 0.177 0.033 1.0x1077F
Ratio of 22:61-3 to 22:5n-6 (DHA sufficiency) 0.134 0.031 1.4x107% 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 (3 coefficient, SEM).
Participants without diabetes at both baseline and follow-up examination were included

*Nominally significant (p<0.05), T statistically significant (p<0.0017)
DPA, docosapentaenoic acid

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 (16:1x-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-y-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-y-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 associated with 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.
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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 22:51n-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
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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 fatty 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-y-linolenic acid (20:37-6) and both
SCD1 and D6D activities predicted the worsening of
glycaemia and that estimated D6D activity and dihomo-y-
linolenic acid (20:31-6) 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.

Funding The study was supported by the grants from the Academy of
Finland (nos 137,544 and 272,741), the Finnish Diabetes Research
Foundation, the Finnish Cardiovascular Research Foundation, the
Strategic Research Funding from the University of Eastern Finland,
Kuopio, Finland, and EVO Grant no. 5,263 from the Kuopio University
Hospital to ML and a grant from the Juho Vainio Foundation to MAL.

Duality of interest The authors declare that there is no duality of inter-
est associated with this manuscript.

Contribution statement ML, JK, JP and MU designed the study;
MAL and AS were responsible for the statistical analysis; JA, MU and
US were responsible for fatty acid measurements; MAL and ML wrote
the manuscript; MAL, AS, MU, JP, JA, JK, US and ML reviewed and
commented on the manuscript; and ML is responsible for the final con-
tent. All authors approved the final draft of the manuscript.

References

1. Hodson L, Skeaff CM, Fielding BA (2008) Fatty acid composition
of adipose tissue and blood in humans and its use as a biomarker of
dietary intake. Prog Lipid Res 47:348-380

2. Beynen AC, Hermus RJ, Hautvast JG (1980) A mathematical rela-
tionship between the fatty acid composition of the diet and that of
the adipose tissue in man. Am J Clin Nutr 33:81-85



Diabetologia (2015) 58:2533-2544

2543

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

Strawford A, Antelo F, Christiansen M, Hellerstein MK (2004)
Adipose tissue triglyceride turnover, de novo lipogenesis, and cell
proliferation in humans measured with 2H20. Am J Physiol
Endocrinol Metab 286:E577-E588

Sun Q, Ma J, Campos H, Hankinson SE, Hu FB (2007)
Comparison between plasma and erythrocyte fatty acid content as
biomarkers of fatty acid intake in US women. Am J Clin Nutr 86:
74-81

Rzehak P, Heinrich J, Klopp N et al (2009) Evidence for an asso-
ciation between genetic variants of the fatty acid desaturase 1 fatty
acid desaturase 2 (FADS1 FADS2) gene cluster and the fatty acid
composition of erythrocyte membranes. Br J Nutr 101:20-26
Zietemann V, Kroger J, Enzenbach C et al (2010) Genetic variation
of the FADS1 FADS2 gene cluster and n-6 PUFA composition in
erythrocyte membranes in the European Prospective Investigation
into Cancer and Nutrition-Potsdam study. BrJ Nutr 104:1748-1759
Hodge AM, Simpson JA, Gibson RA et al (2007) Plasma phospho-
lipid fatty acid composition as a biomarker of habitual dietary fat
intake in an ethnically diverse cohort. Nutr Metab Cardiovasc Dis
17:415-426

Lopes SM, Trimbo SL, Mascioli EA, Blackburn GL (1991) Human
plasma fatty acid variations and how they are related to dietary
intake. Am J Clin Nutr 53:628-637

Ma J, Folsom AR, Shahar E, Eckfeldt JH (1995) Plasma fatty acid
composition as an indicator of habitual dietary fat intake in middle-
aged adults. The Atherosclerosis Risk in Communities (ARIC)
Study Investigators. Am J Clin Nutr 62:564-571

Andersen LF, Solvoll K, Drevon CA (1996) Very-long-chain n-3
fatty acids as biomarkers for intake of fish and n-3 fatty acid con-
centrates. Am J Clin Nutr 64:305-311

Sarkkinen ES, Agren JJ, Ahola I, Ovaskainen ML, Uusitupa MI
(1994) Fatty acid composition of serum cholesterol esters, and
erythrocyte and platelet membranes as indicators of long-term ad-
herence to fat-modified diets. Am J Clin Nutr 59:364-370
Kotronen A, Seppanen-Laakso T, Westerbacka J et al (2010)
Comparison of lipid and fatty acid composition of the liver, subcu-
taneous and intra-abdominal adipose tissue, and serum. Obesity
(Silver Spring) 18:937-944

Bjermo H, Riserus U (2010) Role of hepatic desaturases in obesity-
related metabolic disorders. Curr Opin Clin Nutr Metab Care 13:
703-708

Kroger J, Schulze MB (2012) Recent insights into the relation of
Delta5 desaturase and Delta6 desaturase activity to the development
of type 2 diabetes. Curr Opin Lipidol 23:4-10

Schwab U, Lauritzen L, Tholstrup T et al (2014) Effect of the
amount and type of dietary fat on cardiometabolic risk factors and
risk of developing type 2 diabetes, cardiovascular diseases, and
cancer: a systematic review. Food Nutr Res 58:10.3402/fnr.v58.
25145. eCollection 2014

Wang L, Folsom AR, Zheng ZJ, Pankow JS, Eckfeldt JH, ARIC
Study Investigators (2003) Plasma fatty acid composition and inci-
dence of diabetes in middle-aged adults: the Atherosclerosis Risk in
Communities (ARIC) Study. Am J Clin Nutr 78:91-98

Ma W, Wu JH, Wang Q et al (2015) Prospective association of fatty
acids in the de novo lipogenesis pathway with risk of type 2 diabe-
tes: the Cardiovascular Health Study. Am J Clin Nutr 101:153-163
Stancakova A, Javorsky M, Kuulasmaa T, Haffner SM, Kuusisto J,
Laakso M (2009) Changes in insulin sensitivity and insulin release
in relation to glycemia and glucose tolerance in 6,414 Finnish men.
Diabetes 58:1212-1221

American Diabetes Association (2004) Standards of medical care in
diabetes. Diabetes Care 27(Suppl 1):S15-S35

Agren JJ, Julkunen A, Penttila I (1992) Rapid separation of serum
lipids for fatty acid analysis by a single aminopropyl column. J
Lipid Res 33:1871-1876

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sjogren P, Sierra-Johnson J, Gertow K et al (2008) Fatty acid
desaturases in human adipose tissue: relationships between gene
expression, desaturation indexes and insulin resistance.
Diabetologia 51:328-335

Warensjo E, Rosell M, Hellenius ML, Vessby B, De Faire U,
Riserus U (2009) Associations between estimated fatty acid
desaturase activities in serum lipids and adipose tissue in humans:
links to obesity and insulin resistance. Lipids Health Dis 8:37
Niinivirta K, Isolauri E, Laakso P, Linderborg K, Laitinen K (2011)
Dietary counseling to improve fat quality during pregnancy alters
maternal fat intake and infant essential fatty acid status. J Nutr 141:
1281-1285

Matsuda M, DeFronzo RA (1999) Insulin sensitivity indices obtain-
ed from oral glucose tolerance testing: comparison with the
euglycemic insulin clamp. Diabetes Care 22:1462-1470
Mahendran Y, Agren J, Uusitupa M et al (2014) Association of
erythrocyte membrane fatty acids with changes in glycemia and
risk of type 2 diabetes. Am J Clin Nutr 99:79-85

Jonsdottir SE, Brader L, Gunnarsdottir I et al (2013) Adherence to
the Nordic Nutrition Recommendations in a Nordic population with
metabolic syndrome: high salt consumption and low dietary fibre
intake (The SYSDIET study). Food Nutr Res 57:10.3402/fnr.v57i0.
21391. eCollection 2013

Kroger J, Zietemann V, Enzenbach C et al (2011) Erythrocyte mem-
brane phospholipid fatty acids, desaturase activity, and dietary fatty
acids in relation to risk of type 2 diabetes in the European
Prospective Investigation into Cancer and Nutrition (EPIC)-
Potsdam Study. Am J Clin Nutr 93:127-142

Forouhi NG, Koulman A, Sharp SJ et al (2014) Differences in the
prospective association between individual plasma phospholipid
saturated fatty acids and incident type 2 diabetes: the EPIC-
InterAct case-cohort study. Lancet Diabetes Endocrinol 2:810-818
Summers LK, Fielding BA, Bradshaw HA et al (2002) Substituting
dietary saturated fat with polyunsaturated fat changes abdominal fat
distribution and improves insulin sensitivity. Diabetologia 45:369—
377

Due A, Larsen TM, Hermansen K et al (2008) Comparison of the
effects on insulin resistance and glucose tolerance of 6-mo high-
monounsaturated-fat, low-fat, and control diets. Am J Clin Nutr 87:
855-862

Vessby B, Uusitupa M, Hermansen K et al (2001) Substituting
dietary saturated for monounsaturated fat impairs insulin sensitivity
in healthy men and women: The KANWU Study. Diabetologia 44:
312-319

Santaren ID, Watkins SM, Liese AD et al (2014) Serum
pentadecanoic acid (15:0), a short-term marker of dairy food intake,
is inversely associated with incident type 2 diabetes and its under-
lying disorders. Am J Clin Nutr 100:1532-1540

Ozogul Y, Ozogul F, Cicek E, Polat A, Kuley E (2008) Fat content
and fatty acid compositions of 34 marine water fish species from the
Mediterranean Sea. Int J Food Sci Nutr 60:464-475

Aggelousis G, Lazos ES (1991) Fatty acid composition of the lipids
from eight freshwater fish species from Greece. J Food Compos
Anal 4:68-76

Saadatian-Elahi M, Slimani N, Chajes V et al (2009) Plasma phos-
pholipid fatty acid profiles and their association with food intakes:
results from a cross-sectional study within the European
Prospective Investigation into Cancer and Nutrition. Am J Clin
Nutr 89:331-346

Wolk A, Furuheim M, Vessby B (2001) Fatty acid composition of
adipose tissue and serum lipids are valid biological markers of dairy
fat intake in men. J Nutr 131:828-833

Wu JH, Micha R, Imamura F et al (2012) Omega-3 fatty acids and
incident type 2 diabetes: a systematic review and meta-analysis. Br
J Nutr 107(Suppl 2):S214-S227

@ Springer


http://dx.doi.org/10.3402/fnr.v58.25145
http://dx.doi.org/10.3402/fnr.v58.25145
http://dx.doi.org/10.3402/fnr.v57i0.21391
http://dx.doi.org/10.3402/fnr.v57i0.21391

2544

Diabetologia (2015) 58:2533-2544

38.

39.

40.

41.

42.

43.

44

Fokkema MR, Smit EN, Martini 1A, Woltil HA, Boersma ER,
Muskiet FA (2002) Assessment of essential fatty acid and 3-fatty
acid status by measurement of erythrocyte 20:3 9 (Mead acid), 22:
56/20:4 6 and 22:5 6/22:6 3. Prostaglandins Leukot Essent Fat
Acids 67:345-356

Nkondjock A, Receveur O (2003) Fish-seafood consumption, obe-
sity, and risk of type 2 diabetes: an ecological study. Diabetes Metab
29:635-642

Patel PS, Sharp SJ, Luben RN et al (2009) Association between
type of dietary fish and seafood intake and the risk of incident type 2
diabetes: the European prospective investigation of cancer (EPIC)-
Norfolk cohort study. Diabetes Care 32:1857-1863

Rylander C, Sandanger TM, Engeset D, Lund E (2014)
Consumption of lean fish reduces the risk of type 2 diabetes
mellitus: a prospective population based cohort study of
Norwegian women. PLoS One 9:e89845

Kaushik M, Mozaffarian D, Spiegelman D, Manson JE, Willett
WC, Hu FB (2009) Long-chain omega-3 fatty acids, fish intake,
and the risk of type 2 diabetes mellitus. Am J Clin Nutr 90:613—
620

van Woudenbergh GJ, van Ballegooijen AJ, Kuijsten A et al (2009)
Eating fish and risk of type 2 diabetes: a population-based, prospec-
tive follow-up study. Diabetes Care 32:2021-2026

Woodman RJ, Mori TA, Burke V, Puddey IB, Watts GF, Beilin LJ
(2002) Effects of purified eicosapentaenoic and docosahexaenoic
acids on glycemic control, blood pressure, and serum lipids in type
2 diabetic patients with treated hypertension. Am J Clin Nutr 76:
1007-1015

@ Springer

45.

46.

47.

48.

49.

50.

Puhakainen I, Ahola I, Yki-Jarvinen H (1995) Dietary supplemen-
tation with n-3 fatty acids increases gluconeogenesis from glycerol
but not hepatic glucose production in patients with non-insulin-
dependent diabetes mellitus. Am J Clin Nutr 61:121-126

Zambon S, Friday KE, Childs MT, Fujimoto WY, Bierman EL,
Ensinck JW (1992) Effect of glyburide and omega 3 fatty acid
dietary supplements on glucose and lipid metabolism in patients
with non-insulin-dependent diabetes mellitus. Am J Clin Nutr 56:
447-454

Crochemore IC, Souza AF, de Souza AC, Rosado EL (2012) -3
Polyunsaturated fatty acid supplementation does not influence body
composition, insulin resistance, and lipemia in women with type 2
diabetes and obesity. Nutr Clin Pract 27:553-560

Alhazmi A, Stojanovski E, Garg ML, McEvoy M (2014) Fasting
whole blood fatty acid profile and risk of type 2 diabetes in adults: a
nested case control study. PLoS One 9:¢97001

Patel PS, Sharp SJ, Jansen E et al (2010) Fatty acids measured in
plasma and erythrocyte-membrane phospholipids and derived by
food-frequency questionnaire and the risk of new-onset type 2 dia-
betes: a pilot study in the European Prospective Investigation into
Cancer and Nutrition (EPIC)-Norfolk cohort. Am J Clin Nutr 92:
1214-1222

Jacobs S, Schiller K, Jansen EH, Boeing H, Schulze MB, Kroger J
(2015) Evaluation of various biomarkers as potential mediators of
the association between Delta5 desaturase, Delta6 desaturase, and
stearoyl-CoA desaturase activity and incident type 2 diabetes in the
European Prospective Investigation into Cancer and Nutrition-
Potsdam Study. Am J Clin Nutr 102:155-164



	Plasma fatty acids as predictors of glycaemia and type 2 diabetes
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Subjects
	Anthropometric and laboratory measurements
	Fatty acid analysis
	Calculations
	Statistical analysis

	Results
	Baseline proportions of fatty acids in different glucose tolerance categories
	Fatty acids as predictors for the worsening of glycaemia
	Fatty acids as predictors for incident type 2 diabetes
	Fatty acids as predictors for insulin sensitivity and insulin secretion

	Discussion
	References


