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OBJECTIVE—We investigated the association of fasting serum glycerol and fatty acids (FAs)
as predictors for worsening of hyperglycemia and incident type 2 diabetes.

RESEARCH DESIGN AND METHODS —Cross-sectional and longitudinal analyses of
the population-based METabolic Syndrome in Men (METSIM) Study included 9,398 Finnish men
(mean age 57 = 7 years). At baseline, levels of serum glycerol, free FAs (FFAs), and serum FA profile,
relative to total FAs, were measured with proton nuclear magnetic resonance spectroscopy.

RESULTS —At baseline, levels of glycerol, FFAs, monounsaturated FAs, saturated FAs, and
monounsaturated n-7 and -9 FAs, relative to total FAs, were increased in categories of fasting and
2-h hyperglycemia, whereas the levels of n-3 and n-6 FAs, relative to total FAs, decreased (N =
9,398). Among 4,335 men with 4.5-year follow-up data available, 276 developed type 2 diabetes.
Elevated levels of glycerol, FFAs, monounsaturated FAs, and saturated and monounsaturated
n-7 and -9 FAs, relative to total FAs, predicted worsening of hyperglycemia and development of
incident type 2 diabetes after adjustment for confounding factors. n-6 FAs, mainly linoleic acid
(LA), relative to total FAs, were associated with reduced risk for the worsening of hyperglycemia
and conversion to type 2 diabetes.

CONCLUSIONS —Our large population-based study shows that fasting serum levels of glyc-
erol, FFAs, monounsaturated FAs, saturated FAs, and n-7 and -9 FAs are biomarkers for an
increased risk of development of hyperglycemia and type 2 diabetes, whereas high levels of serum
n-6 FAs, reflecting dietary intake of LA, were associated with reduced risk for hyperglycemia and
type 2 diabetes.
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ncreasing incidence and prevalence of
type 2 diabetes worldwide is a global
health burden for all societies. There-
fore, the identification of early biomarkers,

which, in high-risk individuals, predict
progression to type 2 diabetes, is of great
interest. Especially unique in this respect
are biomarkers related to fatty acid (FA)
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metabolism. FAs have profound effects on
insulin sensitivity and insulin secretion, the
two major mechanisms leading to type 2
diabetes (1). Identification of serum FAs as
biomarkers for the development of type 2
diabetes would be particularly important
because their modification is possible by
diet.

Insulin regulates the levels of glycerol
and free FAs (FFAs) in serum by inhibit-
ing lipolysis. In insulin-resistant states, in-
creased lipolysis leads to the overproduction
of glycerol and FFAs from triglycerides
(1,2). Glycerol is a gluconeogenic sub-
strate and stimulates gluconeogenesis
(3), but its role as a predictor of type 2
diabetes has not been previously investi-
gated. In contrast, fasting FFA levels (4-7)
and total triglycerides (8) have been
shown to predict type 2 diabetes in pro-
spective studies.

In humans, essential FAs, linoleic
acid (LA) and alfa-LA, are derived from
diet only. A major monounsaturated FA,
oleic acid (n-9), is derived from diet or by
desaturation from stearic acid. A major
monounsaturated n-7 FA, palmitoleic
acid, is derived from palmitic acid by
desaturation. Thus, serum FA profile is
determined both by diet and endogenous
FA metabolism (9). Previous studies have
shown that the intake of saturated FAs
increases the risk of type 2 diabetes (10),
but the role of monounsaturated and
polyunsaturated FAs has remained less
clear (11-23). Many of the intervention
studies have been small in size and the
mechanisms by which n-7 and to a lesser
extent even n-9 FAs may lead to an in-
creased risk of diabetes have remained
unclear. Reasons to divergent findings
may be related to differences in the back-
ground diet and genetic variance, which
modify the FA composition of serum lip-
ids (24). Thus, the evidence that serum
FAs modify the development of hypergly-
cemia and type 2 diabetes is still limited
and inconclusive.

The aims of our study were 1) to in-
vestigate the association of the levels of
glycerol and FFAs and serum FA profile
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with fasting and 2-h hyperglycemia in a
large population-based cross-sectional
METabolic Syndrome in Men (METSIM)
Study; 2) to investigate glycerol, FFAs,
and FAs as predictors for the worsening
of hyperglycemia and incident type 2 di-
abetes in a 5-year follow-up study of the
METSIM cohort; and 3) to investigate the
role of insulin sensitivity and insulin se-
cretion as mediators for the associations
of glycerol and FAs with the deterioration
of glycemia.

RESEARCH DESIGN AND
METHODS

Study population

The cross-sectional analysis included
9,398 Finnish men from a population-
based METSIM Study performed from
2005-2010 (age 57 £ 7 years; BMI
27.0 = 4.0 kg/m? [mean = SD]) (25).
Characteristics of participants relevant to
the current study are given in Table 1.
Glucose tolerance was classified accord-
ing to the American Diabetes Association
criteria (26) (32.3% had normal glucose
tolerance [NGT], 46.2% had isolated im-
paired fasting glucose [IFGI, 3.3% had iso-
lated impaired glucose tolerance [IGT],
11.3% had both IFG and IGT, and 6.9%
had newly diagnosed type 2 diabetes). In-
dividuals with previously diagnosed type 1
or type 2 diabetes were excluded from
all statistical analyses. A total of 4,335
nondiabetic men from the METSIM co-
hort have been so far reexamined in

2010-2013 (mean follow-up of 4.5 years),
and 276 of them had developed newly
diagnosed type 2 diabetes. The diagno-
sis of new diabetes was based either on
an oral glucose tolerance test (OGTT) at
our follow-up study or drug treatment
for diabetes started between the base-
line and follow-up studies.

The study was approved by the Ethics
Committee of the University of Eastern
Finland and Kuopio University Hospital
and was conducted in accordance with
the principles of the Helsinki Declaration.
All study participants gave written in-
formed consent.

Anthropometric measurements
Height and weight were measured as
previously described (25), and BMI was
calculated as weight (kilograms) divided
by height (meters) squared.

OGTT

A 2-h OGTT (75 g of glucose) was
performed after a 12-h fasting, and sam-
ples for plasma glucose and insulin were
drawn at 0, 30, and 120 min.

Laboratory measurements

Plasma glucose was measured by enzy-
matic hexokinase photometric assay
(Konelab Systems reagents; Thermo Fischer
Scientific, Vantaa, Finland). Plasma in-
sulin was determined by immunoassay
(ADVIA Centaur Insulin IRI no.
02230141; Siemens Medical Solutions
Diagnostics, Tarrytown, NY). Serum total

Table 1—Clinical and laboratory characteristics of the cross-sectional METSIM cohort

(N = 9,398)

Variable Mean (SD) Range
Age (years) 57.3(7.1) 45-74
BMI (kg/m®) 27.0 (4.0) 16.2-55.4
Fasting glucose (mmol/L) 5.8 (0.7) 3.5-20.0
2hPG (mmol/L) 6.4 (2.4 1.4-38.2
Fasting insulin (pmol/L) 52.3(39.3) 6.0-611.4
2-h insulin (pmol/L) 334.9 (345.8) 10.8-5,191.2
Matsuda ISI (mg/dL, mU/L) 6.7 (4.2) 0.5-42.5
Insulin AUCy_30/glucose AUC,_30 (pmol/mmol) 30.7 21.3) 1.95-313.3
Glycerol X 100 (mmol/L) 6.1 (2.6) 0.0-27.3
Fasting FFAs X 10 (mmol/L) 3.7 (1.5) 0.6-17.8
Total triglycerides (mmol/L) 1.4 (1.0) 0.3-37.6
n-3 FAs (% of total FAs) 45(1.4) 1.5-16.3
DHA (% of total FAs) 1.9(0.7) 0.00-6.1
Omega-6 FAs (% of total FAs) 32.94.3) 12.8-47.7
LA (% of total FAs) 279 4.4 8.9-42.3
Monounsaturated FAs (% of total FAs) 30.3 (4.1 11.0-53.2
Saturated FAs and n-7 and -9 FAs (% of total FAs) 62.6 (4.5) 49.5-85.3
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triglyceride levels (Konelab Systems Re-
agents; Thermo Fischer Scientific) and
FFAs (Wako Chemicals, Neuss, Germany)
were measured by enzymatic colorimetric
methods. Proton nuclear magnetic reso-
nance (NMR) spectroscopy was used to
measure fasting glycerol, FFAs, and serum
FA profile (n-3 FAs, n-6 FAs, n-7 and -9
FAs, saturated FAs, total FAs, LA, other
polyunsaturated FAs, docosahexaenoic
acid [DHA], and monounsaturated FAs,
relative to total FAs) (27). Briefly, the fast-
ing serum samples collected at the base-
line study were stored at —80°C. For the
glycerol assay, aliquots of each sample
(300 pl) were mixed with 300 wl sodium
phosphate buffer, and the samples were
measured with a Bruker AVANCE III
NMR spectrometer (Bruker Biospin,
Rheinstetten, Germany) operating at
500.36 MHz using a Bruker 1D CPMG
pulse sequence (Bruker Biospin) with
water peak suppression. For lipid anal-
ysis, the above samples were ex-
tracted with a modified Folch protocol
(28). The extracted lipids were dissolved
to deuterochloroform, and standard
one-dimensional "H NMR spectra were
measured. The quantification of glycerol
and all of the above-mentioned FAs was
performed using an automated regression-
based quantification protocol (29). The
results for FAs are expressed relative to total
FAs and given as percentages in all tables
and figures.

Calculations

The trapezoidal method was used to
calculate the glucose and insulin areas
under the curve (AUC) inan OGTT based
on samples collected at 0, 30, and 120
min. Calculation of insulin sensitivity
(Matsuda Insulin Sensitivity Index [ISI])
and insulin secretion (insulin AUCq_3¢/
glucose AUC_3p) indices have been pre-
viously described (25,30). Disposition
index (DI) was calculated as follows:
DI = Matsuda ISI X insulin AUCq_3¢/
glucose AUCq_5p.

Statistical analysis

Statistical analyses were conducted using
SPSS version 19 (SPSS, Chicago, IL). All
traits except for age were log transformed
to correct for their skewed distributions.
Glycerol, FFAs, n-3 FAs (including DHA),
n-6 FAs (including LA), monounsatu-
rated FAs, saturated FAs, and n-7 and -9
FAs were compared across the fasting
plasma glucose (FPG) and 2-h plasma
glucose (2hPG) categories using general
linear model adjusted for age and BMI.
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Glycerol, fatty acids, and type 2 diabetes

The associations among glycerol, FFAs,
and aforementioned FAs with various
traits were evaluated by Pearson and
partial correlations. Linear regression
model was used to evaluate fasting levels
of glycerol, FFAs, and FAs measured at
baseline as predictors for changes in
glucose AUC in an OGTT at the 5-year
follow-up study (4,205 men were in-
cluded in this analysis after the exclusion
of participants diagnosed with type 2
diabetes and started on antidiabetes med-
ication between baseline and follow-up).
Unstandardized effect sizes (B [SE]) were
estimated by linear regression analysis
using untransformed dependent vari-
ables. Logistic regression analysis was
used to assess the association of levels of
glycerol, FFAs, and FAs with incident
type 2 diabetes during the follow-up. In
all models, adjustment was done for age,
BMI, current smoking (yes vs. no), and
physical activity (physically active, regu-
lar exercise at least 30 min a week vs.
physically less active, occasional exercise,
or no exercise). The threshold of statisti-
cal significance in linear and logistic
models was P < 5.5 X 10> given the
nine traits tested.

RESULTS

Fasting levels of glycerol, FFAs, and
FAs in serum in the categories of
glucose tolerance

Glucose categories of FPG <5.0 mmol/L
and 2hPG <5.0 mmol/L were set as the ref-
erence categories. Fasting levels of glycerol
increased significantly across the FPG (P =
45 X 107%) and 2hPG (P = 1.2 X 10~ )
categories. Glycerol levels increased in the
FPG categories up to 23% in IFG and up
to 95% in newly diagnosed diabetes and in
the 2hPG categories up to 23, 45, and 56%
in normoglycemia, IGT, and in newly diag-
nosed diabetes, respectively (Fig. 1). Simi-
larly, fasting FFAs increased significantly
across the entire range of FPG (P = 4.3 X
107°" and 2hPG (P = 2.2 X 10~ *'") cat-
egories. FFAs increased up to 17% in IFG
and further to 75% in newly diagnosed di-
abetes, to 28% in NGT, to 48% in IGT,
and to 67% in newly diagnosed diabetes
in 2hPG categories (Fig. 1).

n-3 FAs significantly decreased across
the FPG (P = 1.0 X 10™°) and 2hPG (P =
1.9 X 10~ categories (Fig. 2). They in-
creased <5% in NGT and IFG, but de-
creased to —9% in newly diagnosed
diabetes in the FPG categories and de-
creased to —7% in the newly diagnosed
diabetes in the 2hPG categories. n-6 FAs
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Figure 1—Mean values and their 95% CIs of fasting levels of glycerol (A and B) and FFAs (C and
D) across the entire range of fasting and 2-h glucose categories in the cross-sectional METSIM
Study cohort. P values (from ANOVA post hoc tests) indicating statistical significance with re-
spect to the reference category (fasting or 2-h plasma glucose <5.0 mmol/L) are coded as
follows: **P < 0.01. Pvaluesjor trends, adjusted for dge and BMI, were as follows: 4.5 X 1025 (A),

1.2 X 107%° (B), 4.3 X 10

also decreased across the FPG (P = 4.3 X
107 and 2hPG (P =12 X 10~ '*) cat-
egories, especially in participants with
newly diagnosed diabetes (—20 and
—16% in the FPG and 2hPG categories,
respectively).

Fasting levels of monounsaturated FAs
significantly increased across the FPG (P =
3.9 X 107" and 2hPG (P=2.0 X 107 7®)
categories (Fig. 2). In the FPG categories,
the levels of monounsaturated FAs in-
creased up to 8 and 17% in IFG and
newly diagnosed diabetes, respectively.
In the 2hPG categories, the levels of
monounsaturated FAs increased 11%
in IGT and 13% in newly diagnosed
diabetes.

Fasting levels of saturated FAs and n-7
and -9 FAs significantly increased across
the FPG (P=5.1 X 10 %) and 2hPG (P =
6.1 X 10~ "% categories (Fig. 2). In the
FPG categories, the levels of saturated
and n-7 and -9 FAs increased up to 5
and 12% in IFG and newly diagnosed di-
abetes, respectively. In the 2hPG catego-
ries, the levels of saturated FAs and n-7
and -9 FAs increased up to 7 and 9%
in IGT and newly diagnosed diabetes,
respectively.

1), and 2.2 X 10727 (D).

Pearson correlations of fasting levels
of glycerol, FFAs, and serum FAs with
various traits of glucose metabolism
Fasting levels of glycerol, FFAs, monoun-
saturated FAs, saturated FAs, and n-7 and
n-9 FAs all correlated positively with fast-
ing and 2hPG levels (correlations between
0.121 and 0.313) and negatively with
Matsuda ISI (correlations of —0.307,
—0.154, —0.315, and —0.397, respec-
tively), whereas n-3 and n-6 FAs correlated
positively with Matsuda ISI (r = 0.053 and
r = 0.386, respectively) (Supplementary
Table 1). Glycerol and saturated and n-7
and -9 FAs correlated positively (r =
0.164 and r = 0.254, respectively) and
n-6 FAs negatively (r = —0.235) with in-
sulin secretion (insulin AUCy_5¢/glucose
AUC, 30). Adjustment for age and BMI at-
tenuated the correlations, but most of the
correlations remained statistically signifi-
cant (Supplementary Table 2).

Glycerol, FFAs, and serum FAs as
predictors for the worsening of
hyperglycemia and incident diabetes
During a mean 4.5-year follow-up (range
2.5-6.2 years),atotal of 276 0f 4,335 men
developed incident type 2 diabetes.
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Figure 2—Mean values and their 95% Cls of fasting levels of n-3 FAs (A and B), n-6 FAs (C and
D), monounsaturated FAs (E and F), and saturated FAs and n-7 and -9 FAs (G and H) across the
entire range of fasting and 2-h glucose categories in the cross-sectional METSIM Study cohort.
P values (from ANOVA post hoc tests) indicating statistical significance with respect to the ref-
erence category (fasting or 2hPG <5.0 mmol/L) are coded as follows: *P < 0.05, **P < 0.01.
P values for trends, adjusted for age and BMI, were as follows: 1.0 X 1073 (A), 1.9 X 107* (B),
43 X107 (C), 1.2 x 107 (D), 3.9 x 10~ (E), 2.0 X 10”7 (F), 5.1 X 10~>* (G), and

6.1 X 107132 (H).

Fasting levels of glycerol (P = 9.1 X
107°%), FFAs (P=4.6 X 10~ "), total tri-
glycerides (P=3.4 X 1021, monounsat-
urated FAs (P = 6.4 X 10~ !9 saturated

FAs, n-7 FAs, and n-9 FAs (P = 3.3 X
10729, adjusted for age, BMI, smoking,
and physical activity, predicted an in-
crease in the glucose AUC (Table 2). In

Mahendran and Associates

contrast, n-6 FAs (including LA) signifi-
cantly reduced glucose AUC at follow-up
(P=1.8X10 %% In logistic regression
analysis, fasting levels of glycerol (odds
ratio [OR] 1.18 [95% CI 1.12-1.24]),
FFAs (OR 1.19 [95% CI 1.10-1.29]), to-
tal triglycerides (OR 1.26, [95% CI 1.11-
1.44]), monounsaturated FAs (OR 1.09
[95% CI 1.06-1.12]), and saturated
FAs, n-7 FAs, and n-9 FAs (OR 1.09
[95% CI1.06-1.12]) significantly predicted
an increase in the risk of incident type 2
diabetes. In contrast, fasting levels of n-6
FAs significantly predicted a decrease in in-
cident type 2 diabetes (OR 0.92 [95% CI
0.89-0.95]). n-3 FAs (including DHA) did
not predict changes in glucose AUC or in-
cident type 2 diabetes.

Adjustment for Matsuda ISI, in addi-
tion to age, BMI, smoking, and physical
activity, substantially weakened most of
the associations of glycerol, FFAs, total
triglycerides, n-6 FAs, monounsaturated
FAs, and saturated, n-7, and n-9 FAs with
glucose AUC and incident diabetes (Table
2). In contrast, adjustment for insulin se-
cretion did not have any major effect on
these associations. Adjustment for DI,
which takes into account both insulin
sensitivity and insulin secretion, resulted
in quite similar P values as adjustment for
Matsuda ISI alone.

CONCLUSIONS —Our cross-sectional
analysis of the METSIM Study of 9,398
men showed that fasting levels of glycerol,
FFAs, monounsaturated FAs, saturated
FAs, and monounsaturated n-7 and n-9
FAs significantly increased with fasting and
2-h glycemia, whereas the levels of n-3 and
n-6 FAs decreased in the diabetic range.
Our 4.5-year follow-up study of 4,335 men
showed that fasting levels of glycerol, FFAs,
total triglycerides, monounsaturated FAs,
and saturated, n-7, and -9 FAs predicted
the deterioration of hyperglycemia and
incident type 2 diabetes, whereas n-6 FAs
(mainly LA) were preventive of hypergly-
cemia and type 2 diabetes.

Glycerol and FFAs

We demonstrated that fasting levels of
glycerol and FFAs were increased not
only in newly diagnosed diabetes but
also in IFG and IGT in a cross-sectional
analysis of the METSIM Study. More
important, we demonstrated that fasting
levels of glycerol, total triglycerides, and
FFAs predicted an increase in glucose
AUC and the development of new-onset
type 2 diabetes in our prospective 5-year
follow-up of the METSIM cohort.
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The levels of n-6 FAs correlated pos-
itively with insulin sensitivity. In contrast,
monounsaturated FAs, saturated, and n-7
and -9 FAs showed negative correlations
with insulin sensitivity, which is in agree-
ment with previous findings of an inverse
association of n-7 FAs with insulin sensi-
tivity (33,34).The adjustment for Matsuda
ISI, but not for insulin secretion, attenuated
the associations of n-6 FAs (including LA),
monounsaturated FAs, saturated FAs, and
n-7 and -9 FAs with glucose AUC and in-
cident type 2 diabetes. However, causal di-
rections are not possible to conclude from
our study given the fact that diet and other
factors modify insulin sensitivity and that
we did not have dietary assessment in the
METSIM study.

Strengths and limitations

Strengths of our study are a large population-
based cohort including a careful clinical
and laboratory characterization of partic-
ipants and the measurements of insulin
sensitivity and insulin secretion using
validated markers (25). The diagnosis of
new type 2 diabetes was based on an
OGTT or drug treatment for diabetes.
Limitations of our study are that only
middle-aged and elderly Finnish men
were included in the study, and therefore,
it is unclear whether our results are appli-
cable to women and other ethnic and racial
groups. The study did not include dietary
data, and therefore, we were unable to ad-
just for dietary intake in statistical analyses,
which limits making conclusions from the
associations reported. Additionally, we could
not investigate all individual FAs in detail be-
cause of the limitations of the proton NMR
technique. However, results for DHA and
LA, the main dietary n-3 and n-6 FAs, were
similar to those of total n-3 and n-6 FAs.

Clinical implications

Given the constant increase in the in-
cidence and prevalence of type 2 diabetes
worldwide, there is an increasing interest
in the prevention of this disease. Poly-
unsaturated FAs have been of particular
interest given their role in pathophysio-
logical processes related to cardiovascular
disease. However, recent meta-analyses
and systematic reviews (35-38) and the
Outcome Reduction with Initial Glargine
Intervention (ORIGIN) trial (38) have not
provided evidence that n-3 supplementa-
tion is associated with lower mortality
and morbidity of cardiovascular causes.
In our study, based on the measurement
of n-FAs in the serum, we did not observe
any association of n-3 FAs with insulin

sensitivity and with decreased risk of
type 2 diabetes. In contrast, high levels
of n-6 FAs (mainly LA) were associated
with high insulin sensitivity and preven-
tion of type 2 diabetes. However, conclu-
sive trial evidence on the effects of n-6 FA
supplementation on the prevention of
type 2 diabetes is still missing, and there-
fore, the clinical significance of our results
remains to be proven. Major dietary satu-
rated FAs and their unsaturated metabo-
lites seem to increase the risk of type 2
diabetes. Therefore, our results suggest
that replacing saturated FAs by (poly)un-
saturated FAs may be beneficial both in
the prevention of type 2 diabetes and car-
diovascular diseases.
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