Plasma and Dietary Linoleic Acid and 3-Year Risk of Type 2 Diabetes After
Myocardial Infarction: A Prospective Analysis in the Alpha Omega Cohort
Diabetes Care
Pertiwi, Kamalita; Wanders, Anne J.; Harbers, Marjolein C.; Küpers, Leanne K.; Soedamah-Muthu, Sabita S.
et al
https://doi.org/10.2337/dc19-1483
This article is made publicly available in the institutional repository of Wageningen University and Research, under the
terms of article 25fa of the Dutch Copyright Act, also known as the Amendment Taverne. This has been done with explicit
consent by the author.
Article 25fa states that the author of a short scientific work funded either wholly or partially by Dutch public funds is
entitled to make that work publicly available for no consideration following a reasonable period of time after the work was
first published, provided that clear reference is made to the source of the first publication of the work.
This publication is distributed under The Association of Universities in the Netherlands (VSNU) 'Article 25fa
implementation' project. In this project research outputs of researchers employed by Dutch Universities that comply with the
legal requirements of Article 25fa of the Dutch Copyright Act are distributed online and free of cost or other barriers in
institutional repositories. Research outputs are distributed six months after their first online publication in the original
published version and with proper attribution to the source of the original publication.
You are permitted to download and use the publication for personal purposes. All rights remain with the author(s) and / or
copyright owner(s) of this work. Any use of the publication or parts of it other than authorised under article 25fa of the
Dutch Copyright act is prohibited. Wageningen University & Research and the author(s) of this publication shall not be
held responsible or liable for any damages resulting from your (re)use of this publication.
For questions regarding the public availability of this article please contact openscience.library@wur.nl

358

Diabetes Care Volume 43, February 2020

Plasma and Dietary Linoleic Acid
and 3-Year Risk of Type 2 Diabetes
After Myocardial Infarction: A
Prospective Analysis in the Alpha
Omega Cohort

Kamalita Pertiwi,1 Anne J. Wanders,2
Marjolein C. Harbers,1 Leanne K. Küpers,1
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OBJECTIVE

To study plasma and dietary linoleic acid (LA) in relation to type 2 diabetes risk in
post–myocardial infarction (MI) patients.
RESEARCH DESIGN AND METHODS

We included 3,257 patients aged 60–80 years (80% male) with a median time since
MI of 3.5 years from the Alpha Omega Cohort and who were initially free of type 2
diabetes. At baseline (2002–2006), plasma LA was measured in cholesteryl esters,
and dietary LA was estimated with a 203-item food-frequency questionnaire.
Incident type 2 diabetes was ascertained through self-reported physician diagnosis
and medication use. Hazard ratios (with 95% CIs) were calculated by Cox regressions,
in which dietary LA isocalorically replaced the sum of saturated (SFA) and trans fatty
acids (TFA).
RESULTS

Mean 6 SD circulating and dietary LA was 50.1 6 4.9% and 5.9 6 2.1% energy,
respectively. Plasma and dietary LA were weakly correlated (Spearman r 5 0.13,
P < 0.001). During a median follow-up of 41 months, 171 patients developed type
2 diabetes. Plasma LA was inversely associated with type 2 diabetes risk (quintile
[Q]5 vs. Q1: 0.44 [0.26, 0.75]; per 5%: 0.73 [0.62, 0.86]). Substitution of dietary
LA for SFA1TFA showed no association with type 2 diabetes risk (Q5 vs. Q1: 0.78
[0.36, 1.72]; per 5% energy: 1.18 [0.59, 2.35]). Adjustment for markers of de
novo lipogenesis attenuated plasma LA associations.
CONCLUSIONS

In our cohort of post-MI patients, plasma LA was inversely related to type 2 diabetes risk, whereas dietary LA was not related. Further research is needed to assess
whether plasma LA indicates metabolic state rather than dietary LA in these
patients.
Dietary guidelines for the prevention of coronary heart disease promote the
replacement of trans fatty acids (TFAs) and saturated fatty acids (SFAs) by cis unsaturated fat, especially polyunsaturated fatty acids (PUFAs) (1). Linoleic acid (LA;
18:2n-6) is the predominant type of dietary PUFA, with a contribution of 4–6% to total
energy intake (% energy) in Western diets (2).
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The importance of PUFAs for the prevention of type 2 diabetes is not yet clear.
Results from population-based studies
showed inconsistent associations between type 2 diabetes risk and dietary
LA (3–8), and also when studied as total
n-6 fatty acid (FA) (9,10) or as total PUFA
(11,12). Inverse associations were found
when SFA was theoretically replaced by
PUFA (11,12) and not when PUFA replaced total carbohydrates (4,9). However,
a recent analysis using data from three
cohorts in the U.S. observed that isocaloric replacement by LA for SFA, TFA, or
carbohydrates was associated with lower
type 2 diabetes risk (8). Inconsistencies
might also be due to incomplete adjustment for relevant confounders such as
total energy intake (3,5) or dietary ﬁber
(7,10).
Plasma LA has been investigated as a
biomarker of dietary LA (13). Moderate
correlations (0.2–0.3) between dietary,
assessed by food-frequency questionnaire, and plasma LA have been reported
in nonpatient populations, but correlations up to 0.7 were also reported when
dietary history or multiple-day food records were used (13). Plasma LA has been
used to investigate associations of LA
with type 2 diabetes risk in mostly general populations (14,15). A pooling study
of 8 European population-based cohorts
with ;27,000 individuals showed a relative risk (RR) of 0.54 for incident type 2
diabetes in the upper versus lower quintile of plasma phospholipids LA (14). This
was conﬁrmed in a larger pooling study
including 20 prospective cohort studies
of ;40,000 individuals, which showed an
RR of 0.57 when comparing extreme
quintiles of circulating LA in various lipid
compartments (15).
Plasma LA is inﬂuenced not only by
dietary LA but also by endogenous metabolic processes. Liver fat accumulation
has been associated with lower plasma
LA and higher plasma palmitic acid in an
elderly population without diabetes (16).
Higher d-6-desaturase (D6D) activity, estimated by the ratio of 18:3n-6 to LA in
blood fractions, predicted worsening of
glycemia (17).
Patients with diabetes who have had a
myocardial infarction (MI) had a higher
risk for recurrent cardiovascular events
and mortality compared with patients
who did not have diabetes (18,19). In the
Alpha Omega Cohort, we showed that a
better dietary fat quality, studied by

Pertiwi and Associates

using theoretical replacement of SFA
plus TFA by PUFA (predominantly LA),
was related to a 34% lower risk of cardiovascular disease mortality, on top of
advanced drug treatment (20). Whether
having better dietary fat quality or plasma
FA composition could also lower type 2
diabetes risk in these patients is still unknown. We therefore examined the associations of both plasma LA, measured in
cholesteryl esters, and dietary LA (replacing SFA plus TFA) and the incidence of
type 2 diabetes during ;3 years of follow-up in our cohort of post-MI patients.
RESEARCH DESIGN AND METHODS
Patients and Study Design

The Alpha Omega Cohort is a prospective observational study of 4,837 drugtreated Dutch patients aged 60–80 years
with a veriﬁed clinically diagnosed MI up
to 10 years before study enrollment. The
Alpha Omega Cohort is registered with
ClinicalTrials.gov, NCT03192410. Baseline measurements took place between
2002 and 2006, as described in detail
elsewhere (21,22). These patients were
free living, mostly men (78%), and some
also reported a history of stroke (7%)
or type 2 diabetes (17%). Most of the
patients were treated with statins
(86%) and antihypertensive medications
(89%) (22). During the ﬁrst 40 months of
follow-up, patients took part in an intervention study (Alpha Omega Trial)
with low doses of n-3 PUFA (treatment
groups: a-linolenic acid, eicosapentaenoic
acid 1 docosahexaenoic acid, a-linolenic
acid1 eicosapentaenoic acid 1 docosahexaenoic acid, and placebo), which had no
effect on major cardiovascular events (21).
Patients were monitored for type 2 diabetes
incidence (outcome for the current study)
for the duration of the intervention study.
The current analysis excluded patients
with prevalent type 2 diabetes at baseline (n 5 1,014). Prevalent type 2 diabetes at baseline was deﬁned when a
patient reported having received the
diagnosis from a physician, was taking
antidiabetic drugs, or had an elevated
plasma glucose level ($7.0 mmol/L if
fasted for $4 h or $11.1 mmol/L if not
fasted) (21). We further excluded patients with missing data on plasma cholesteryl esters or patients with .5% of
unknown FA (n 5 61) and missing dietary
data or extreme energy intake (,800
or .8,000 kcal/day for men, ,600
or .6,000 kcal/day for women; n 5

334). Additionally, we excluded 171 patients with extreme unsaturated FA intakes (,2.5th or .97.5th percentile) to
obtain reliable risk estimates when analyzing FA intake on a continuous scale,
as reported previously (20). A total of
3,257 patients remained for analysis
(Supplementary Fig. 1).
Dietary Data Collection

Dietary intake data were collected at
baseline by a 203-item food-frequency
questionnaire (FFQ). The FFQ was an
extended version of a reproducible, validated 104-item questionnaire that was
speciﬁcally designed for estimating FAs
and cholesterol intake (23,24). The original FFQ showed good relative validity for
LA intake compared with dietary history
interviews (Pearson r 5 0.65) (23). Patients were instructed to report their
usual food intake over the past month,
including the type of food, frequency,
amount, and preparation methods, if
applicable. For example, when patients
indicated that they consumed baked
potatoes, they were also asked to indicate which type and brand of fat was
used for preparation. A trained dietitian
checked the returned FFQs and obtained
additional information by telephone for
items that were unclear or missing. Double data entry was performed, and inconsistencies were solved. Total energy
and nutrient intakes were calculated
from food consumption data using the
2006 Dutch Food Consumption Database (Nederlands Voedingsstoffenbestand [NEVO]) (25). Dietary intake of
LA and other macronutrients was expressed as percentages of energy (%
energy), excluding calories from alcohol.
Assessment of Plasma FAs

Samples of 30 mL venous blood, either
fasting or nonfasting, were drawn at the
patients’ home or at the hospital. Blood
was collected in EDTA-containing Vacutainers, packed in a sealed envelope, and
sent by postal mail to a central laboratory
(26). FAs were measured in plasma cholesteryl esters. Detailed procedures of FA
measurement have been described previously (27). In short, lipids from EDTA
plasma were separated by solid-phase
extraction silica columns to obtain the
cholesteryl esters fraction (Chrompack,
Middelburg, the Netherlands). Cholesteryl esters FAs were identiﬁed by gas
chromatography through comparison with
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known standards (Nu-Chek Prep, Elysian,
MN). Individual FAs were expressed as
the percentage of total FAs. For LA, the
within-run and between-run coefﬁcient
of variation was #0.6% and #1.2%,
respectively.
Ascertainment of Incident Type 2
Diabetes

Type 2 diabetes was ascertained based
on a self-reported physician’s diagnosis
and/or the initiation of antidiabetic medication. Type 2 diabetes was assessed
after 12 months, 24 months, at midterm
examination (20 months), and at the
end of the Alpha Omega Trial phase,
with a median (interquartile range [IQR])
follow-up of 40.7 (36.8–41.5) months,
through telephone calls and questionnaires. The date of diagnosis or start of
medication use was reported by the
patients. If this information was missing,
the midpoint between two interview
dates was used (10% of cases). Diagnosis of incident type 2 diabetes was not
based on plasma glucose concentrations
because blood samples were only collected for part of the cohort during the
follow-up.
Other Measurements

BMI was calculated as measured weight
(kg) divided by the squared height (m2).
Educational level was assessed in four
categories as primary education, lower
secondary education, higher secondary
or lower tertiary education, and higher
tertiary education. Smoking status was
reported in three categories as never,
former, or current. Alcohol intake, estimated from the FFQ, was categorized as
no (ethanol intake of 0 g/day), low (.0–
10 g/day), moderate (.10–20 g/day for
women or .10–30 g/day for men), or
high (.20 g/day for women or .30 g/day
for men). Physical activity was assessed
by using the validated Physical Activity
Scale for the Elderly (28) and categorized
as low (no activity or only light activity,
#3 METs), intermediate (.0 to ,5 days/
week of moderate or vigorous activity,
.3 METs), or high ($5 days/week of
moderate or vigorous activity, .3 METs).
Medication use was coded according to
the Anatomical Therapeutic Chemical
Classiﬁcation System. Codes were A10
for antidiabetic drugs, C02, C03, C07,
C08, and C09 for antihypertensive drugs,
C10AA and C10B for statins, and B01 for
antithrombotic drugs (29). Blood lipids
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and glucose were analyzed by standard
kits using a Hitachi 912 Autoanalyzer
(Roche Diagnostics, Basel, Switzerland)
(22). Blood was collected in fasting state
in 44.5% of the cohort (4 to ,12 h for
414 patients and $12 h for 1,035 patients). Prediabetes was deﬁned as plasma
glucose between 6.1 and 6.9 mmol/L after $4 h of fasting. Family history of
type 2 diabetes was considered present
when patients reported at least one parent with type 2 diabetes. To describe
overall diet quality of these patients,
we computed a healthy nutrient and
food score using information from the
FFQ, as reported previously (30).
Statistical Analysis

Baseline characteristics are presented as
mean and SD for normally distributed
variables, median and IQR for skewed
variables, or percentage for categorical
variables. Spearman correlation was computed between dietary and plasma LA.
Survival time in years was computed from
the date of study enrollment until 1) onset of type 2 diabetes, 2) death, or 3) end
of follow-up. Associations of dietary and
plasma LA with incident type 2 diabetes
were analyzed using Cox proportional
hazard analysis. Proportional hazards assumption was tested by log-log plots and
by including time-dependent covariates
in the Cox models; all assumptions were
met. Hazard ratios (HRs) and 95% CIs were
calculated in quintiles of dietary or plasma
LA, and the lowest quintile was set as the
reference category. The P value for trend
across quintiles was obtained by assigning each patient median dietary or plasma
LA values for the category, and we modeled this value as continuous in the Cox
models. Analyses were repeated with LA
on a continuous scale (per 5% energy
increase in dietary LA; per 5% increase
in plasma LA). Per 5% increase for continuous analysis was chosen mainly because it approximated the range between
the extreme quintiles of dietary or plasma
LA in the present analysis or was also used
by other studies (6,12). Missing values for
covariables (n 5 1 for smoking, n 5 2 for
BMI, n 5 13 for education level, and n 5
16 for physical activity) were imputed
with sex-speciﬁc median (continuous
variable) or mode (categorical variable)
to retain all patients in the analyses.
The following models were used:
model 1 adjusted for age (years), sex
and Alpha Omega Trial treatment code

(four categories); model 2 additionally
adjusted for physical activity (three categories), smoking status (three categories), educational level (four categories),
BMI (kg/m2), family history of type 2
diabetes (yes/no), total energy intake
excluding calories from alcohol (kcal/
day), alcohol intake (four categories),
dietary ﬁber (g/day), and dietary cholesterol (mg/day). For dietary LA, we additionally investigated a replacement of
sum of SFA and TFA by LA in an isocaloric
substitution model (model 3). In model 3,
we simultaneously included the percentages of energy from LA, carbohydrates,
protein, and the remaining FA types: n-3
PUFA and cis-MUFA in the model, and
left SFA and TFA out of the model. Coefﬁcients for dietary LA from this Cox
model may be interpreted as the estimated effect of replacing a certain percentage of energy contributed by SFA1
TFA for equivalent energy from LA, holding constant the total energy intake and
other macronutrients. Restricted cubic
spline analyses were performed to evaluate the linearity of the associations in
the fully adjusted models. Knots were
positioned at the 5th, 50th, and 95th
percentile, and the value at the 5th percentile of dietary or plasma LA was considered as the reference value (31).
Subgroup analyses were performed by
sex, age (,65 or $65 years), and obesity
(BMI ,30 or $30 kg/m2), as previously
examined in other studies (4,6,12,15),
and time since MI (#5 or .5 years).
Additionally, we investigated alcohol intake (no, low, moderate, or high) and
statin use (yes or no) since in this cohort
we observed a lower plasma LA level in
statin users and patients with high alcohol intake compared with patients without these characteristics (27). Potential
effect modiﬁcation by these variables
was statistically tested by including interaction terms with plasma LA in model
2. Sensitivity analyses for dietary and
plasma LA were performed by excluding
patients with prediabetes at baseline.
In order to explore additional confounding or mediating effects of metabolic factors on the association between
plasma LA and type 2 diabetes incidence,
we added the following covariables to
the fully adjusted model (one at a time)
in post hoc analyses: triacylglycerols
(mmol/L); palmitic acid (16:0, %) and
the palmitoleic acid–to–palmitic acid ratio (16:1n-7/16:0) as markers for de novo
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Table 1—Baseline characteristics of 3,257 post-MI patients from the Alpha Omega Cohort by quintiles of dietary and plasma LA
Quintiles of dietary LA (% energy)

Quintiles of plasma LA (%)

Q1 (n 5 651)

Q3 (n 5 651)

Q5 (n 5 651)

Q1 (n 5 652)

Q3 (n 5 651)

Q5 (n 5 651)

3.5 (1.2–4.1)

5.6 (5.1–6.2)

8.8 (7.6–13.9)

Age, years

69.4 6 5.7

68.8 6 5.5

68.6 6 5.4

43.9 (28.5–
46.1)
68.2 6 5.7

50.1 (48.9–
51.4)
68.7 6 5.4

56.3 (54.3–
67.6)
69.8 6 5.5

Men

471 (72.4)

536 (82.3)

569 (87.4)

504 (77.3)

511 (78.5)

553 (85.0)

BMI, kg/m2

27.6 6 3.7

27.4 6 3.5

27.1 6 3.2

27.6 6 3.8

27.4 6 3.2

26.7 6 3.3

Median (range)

3.6 (1.5–6.3)

3.6 (1.7–6.1)

3.1 (1.4–6.3)

3.1 (1.4–5.9)

3.4 (1.5–6.2)

4.0 (1.8–6.6)

Smoking
Never
Former
Current

Time since MI, years

136 (20.9)
414 (63.6)
101 (15.5)

102 (15.7)
452 (69.4)
97 (14.9)

86 (13.2)
432 (66.4)
133 (20.4)

92 (14.1)
417 (64.0)
143 (21.9)

109 (16.7)
440 (67.6)
102 (15.7)

112 (17.2)
435 (66.9)
103 (15.8)

Physical activity*
Low
Middle
High

260 (40.2)
228 (35.3)
158 (24.5)

256 (39.4)
247 (38.0)
147 (22.6)

259 (40.0)
262 (40.5)
126 (19.5)

257 (39.5)
266 (40.9)
127 (19.5)

263 (40.4)
250 (38.4)
138 (21.2)

269 (41.3)
243 (37.3)
139 (21.4)

Highest level of education
Primary
Lower secondary
Higher secondary or lower tertiary
Higher tertiary

124 (19.2)
233 (36.0)
209 (32.3)
81 (12.5)

133 (20.5)
228 (35.1)
203 (31.2)
86 (13.2)

128
268
189
62

(19.8)
(41.4)
(29.2)
(9.6)

120 (18.5)
223 (34.4)
208 (32.0)
98 (15.1)

125 (19.2)
249 (38.2)
202 (31.0)
75 (11.5)

137 (21.1)
229 (35.2)
203 (31.2)
81 (12.5)

Alcohol intake*
No
Low
Moderate
High

32
337
172
110

18
344
179
110

35
306
202
108

(5.4)
(47.0)
(31.0)
(16.6)

27
262
170
193

17
347
182
105

36
378
183
54

Medication use
Statins
Antithrombotic drugs
Antihypertensive drugs

560 (86.0)
633 (97.2)
581 (89.2)

564 (86.6)
640 (98.3)
580 (89.1)

563 (86.5)
641 (98.5)
590 (90.6)

602 (92.3)
637 (97.7)
586 (89.9)

587 (90.2)
631 (96.9)
576 (88.5)

464 (71.3)
637 (97.8)
572 (87.9)

4.81 6 0.95
2.67 6 0.81
1.34 6 0.36
1.58 (1.18–
2.11)

4.73 6 0.93
2.60 6 0.76
1.30 6 0.32
1.58 (1.18–
2.21)

4.70 6 0.98
2.59 6 0.85
1.30 6 0.35
1.59 (1.16–
2.19)

4.71 6 0.98
2.49 6 0.81
1.32 6 0.37
1.76 (1.28–
2.48)

4.66 6 0.88
2.54 6 0.75
1.31 6 0.35
1.56 (1.17–
2.17)

4.83 6 0.95
2.80 6 0.84
1.29 6 0.33
1.46 (1.11–
1.97)

5.40 (4.96–
5.98)

5.44 (4.96–
6.10)

5.38 (4.90–
6.00)

5.57 (5.04–
6.28)

5.45 (5.00–
6.00)

5.33 (4.90–
5.84)

Serum lipids, mmol/L†‡§
Total cholesterol
LDL cholesterol
HDL cholesterol
Triacylglycerols
Plasma glucose, mmol/L‡§
Prediabetes*

(4.9)
(51.8)
(26.4)
(16.9)

(2.8)
(52.8)
(27.5)
(16.9)

(4.1)
(40.2)
(26.1)
(29.6)

(2.6)
(53.3)
(28.0)
(16.1)

(5.5)
(58.1)
(28.1)
(8.3)

39 (6.1)

39 (6.1)

36 (5.6)

53 (8.2)

34 (5.3)

36 (5.6)

104 (16.0)

104 (16.0)

104 (16.0)

108 (16.6)

101 (15.5)

108 (16.6)

Dietary factors
Energy, kcal/day
Protein, % energy
Total fat, % energy
SFA, % energy
cis-MUFA, % energy
PUFA, % energy
TFA, % energy
Carbohydrates, % energy
Fiber, g/day
Cholesterol, mg/day
Healthy nutrient and food score

1,750 6 485
16.4 6 3.0
31.5 6 5.9
12.7 6 3.3
8.4 6 2.0
5.6 6 1.9
0.73 6 0.22
52.1 6 6.2
21.3 6 7.0
181 6 68
22.1 6 6.2

1,856 6 502
15.6 6 2.7
32.6 6 4.6
13.1 6 2.8
9.9 6 1.9
7.1 6 0.9
0.76 6 0.18
49.7 6 5.6
21.7 6 6.7
189 6 70
22.7 6 6.1

1,938 6 502
14.6 6 2.5
38.6 6 4.9
13.5 6 3.2
11.4 6 1.8
10.8 6 1.6
0.78 6 0.16
44.6 6 5.4
21.1 6 6.2
181 6 68
22.6 6 6.1

1,775 6 501
15.8 6 2.8
35.0 6 6.2
13.2 6 3.2
10.1 6 2.4
7.1 6 2.2
0.76 6 0.20
49.2 6 6.4
20.4 6 6.7
187 6 72
21.6 6 6.3

1,858 6 516
15.5 6 3.0
35.0 6 5.9
12.9 6 2.9
9.9 6 2.1
7.6 6 2.2
0.75 6 0.18
49.4 6 6.1
21.6 6 6.6
185 6 66
22.6 6 5.9

1,938 6 490
15.2 6 2.6
36.0 6 6.2
13.0 6 3.0
9.9 6 2.2
8.2 6 2.3
0.75 6 0.18
48.8 6 6.4
23.2 6 6.9
183 6 68
23.6 6 5.8

Plasma FA composition
SFA, % total FA
MUFA, % total FA
PUFA, % total FA
n-3 PUFA, % total FA
n-6 PUFA, % total FA
Arachidonic acid (20:4n-6), % total FA
Palmitic acid (16:0), % total FA
Palmitoleic acid (16:1n-7), % total FA

13.2 6 1.2
22.9 6 3.2
62.4 6 4.0
2.4 (2.0–3.2)
59.5 6 4.3
8.2 6 2.0
11.4 6 0.8
2.9 6 1.2

13.1 6 1.0
22.4 6 3.1
63.1 6 3.9
2.4 (2.0–3.0)
60.3 6 4.2
8.3 6 2.1
11.3 6 0.8
2.6 6 1.1

12.9 6 1.0
21.6 6 3.1
64.1 6 3.7
2.3 (1.9–2.8)
61.5 6 4.1
8.4 6 2.1
11.2 6 0.8
2.4 6 1.0

14.1 6 1.1
26.3 6 3.0
58.0 6 3.3
2.8 (2.2–3.6)
54.7 6 3.4
9.4 6 2.2
12.1 6 0.8
3.9 6 1.4

13.1 6 0.7
22.2 6 1.7
63.4 6 1.8
2.4 (2.0–3.0)
60.6 6 1.9
8.6 6 1.8
11.3 6 0.6
2.5 6 0.7

12.1 6 0.7
19.1 6 1.8
67.6 6 2.1
2.0 (1.6–2.4)
65.4 6 2.2
6.9 6 1.5
10.5 6 0.6
1.9 6 0.6

Family history of type 2 diabetes

Continued on p. 362
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Table 1—Continued
Quintiles of dietary LA (% energy)

Oleic acid (18:1n-9), % total FA
Liver fat proxy (16:0/18:2n-6)
Estimated D6D activity
(18:3n-6/18:2n-6)

Quintiles of plasma LA (%)

Q1 (n 5 651)

Q3 (n 5 651)

Q5 (n 5 651)

Q1 (n 5 652)

Q3 (n 5 651)

Q5 (n 5 651)

18.0 6 2.2
0.23 6 0.04

17.8 6 2.2
0.23 6 0.04

17.3 6 2.2
0.22 6 0.03

20.3 6 2.0
0.28 6 0.03

17.7 6 1.4
0.22 6 0.01

15.6 6 1.5
0.18 6 0.01

0.021 6 0.008

0.020 6 0.008

0.020 6 0.008

0.029 6 0.009

0.020 6 0.006

0.013 6 0.004

Values are shown as mean 6 SD, median (IQR), or n (%) unless otherwise indicated. % energy, percentage of total energy intake, excluding energy from
alcohol. *Classiﬁcation described in text (RESEARCH DESIGN AND METHODS). †To convert to mg/dL, divide by 0.02586 for total, LDL, and HDL cholesterol and by
0.01129 for triacylglycerols. ‡Fasting ,4 h (n 5 1,676), fasting 4 to ,8 h (n 5 314), fasting 8 to ,12 h (n 5 100), fasting $12 h (n 5 1,035), fasting status
unknown (n 5 132). §Missing values for 61 patients for total cholesterol, HDL cholesterol, and triacylglycerols, 253 patients for LDL cholesterol,
31 patients for plasma glucose, and 1 patient for healthy nutrient and food score.

lipogenesis; and oleic acid (18:1n-9) percentage, as the other major FA present in
cholesteryl esters and may be derived
from de novo lipogenesis.
Finally, to explore associations between FA metabolism and incident type
2 diabetes, we examined associations of
selected markers of FA metabolism with
incident type 2 diabetes by using these
markers as an exposure variable in model
2. We selected plasma 16:0, 18:1n-9, and
the ratio of palmitic acid to LA (16:0/
18:2n-6) as markers for liver fat content
(16,32), the ratio of arachidonic acid to
dihomo-g-linolenic acid (20:4n-6/20:3n-6)
as an estimation of delta-5 desaturase
activity, and the ratio g-linolenic acid to
LA (18:3n-6/18:2n-6) as estimated delta-6
desaturase (D6D) activity.
All analyses were performed using SAS
9.4 statistical software (SAS Institute,
Cary, NC). Two-sided P values ,0.05
were considered statistically signiﬁcant.
RESULTS

Patients were on average 68.9 6 5.5 years
old, had a BMI of 27.4 6 3.5 kg/m2 (75%
overweight or obese), and 80.5% were men.
Median (IQR) time since MI for these
patients was 3.5 (1.6–6.3) years. Most of
the patients used antithrombotic drugs
(97.7%), antihypertensive drugs (89.0%),
or statins (86.4%). Dietary and plasma LA
were weakly correlated (r 5 0.13, P ,
0.001). Median dietary LA increased from
3.5 to 8.8% energy across dietary quintiles,
with a smaller range (5.6–6.3% energy)
across plasma quintiles (Table 1). Median
proportions of plasma LA increased from
49.3 to 51.2% of total FA across quintiles of
dietary LA, whereas this range was larger
(43.9%–56.3% of total FA) across quintiles of
plasma LA. During a median follow-up of
41 months (10,277 person-years), 171 cases
of type 2 diabetes occurred. No patients
were lost during follow-up.

Dietary LA

Patients with higher dietary LA had a
lower BMI and were more likely to be
men and to be current smokers. The
proportion of patients with high alcohol
intake, using statins, and the concentrations of plasma glucose and serum triacylglycerols did not vary across quintiles
of dietary LA. Those in the higher quintiles of dietary LA had higher intake of
total energy, proportion of energy from
total fat, SFA, and cis-MUFA, and lower
protein and carbohydrates. Fiber intake
was similar across quintiles (Table 1).
Dietary LA was not associated with
type 2 diabetes risk after adjusting for
demographic, lifestyle characteristics, dietary ﬁber, and dietary cholesterol (model
2) across quintiles (Q) (HRQ5vs.Q1 0.88;
95% CI 0.54, 1.44; P-trend 5 0.97) (Table
2). When SFA and TFA were theoretically replaced by LA, dietary LA was not
associated with type 2 diabetes risk across
quintiles (HRQ5vs.Q1 0.78; 95% CI 0.36,
1.72; P-trend 5 0.84) and continuously
(HRper 5% 1.18; 95% CI 0.59, 2.35; P 5 0.64).
Exclusion of patients with prediabetes
yielded similar results as in the total sample.
Plasma LA

Patients with higher plasma LA had lower
BMI, plasma glucose, and serum triacylglycerol concentrations. They were less
likely to be current smokers, to have high
alcohol intake, and to be statin users
compared with those in the lower quintiles. Patients with higher plasma LA also
had higher total energy intake, percentage of energy from PUFA, and dietary
ﬁber intake (Table 1).
After multivariable adjustments, there
was a strong inverse association between
plasma LA across quintiles (HRQ5vs.Q1
0.44; 95% CI 0.26, 0.75; P-trend 5
0.001) (Table 3). In continuous analyses,
each 5% higher plasma LA was associated

with 27% lower risk of type 2 diabetes
(HR 0.73; 95% CI 0.62, 0.86; P , 0.001).
Results from restricted cubic splines
analysis indicated a possible linear relation (P nonlinearity 5 0.36) (Fig. 1).
Association between plasma LA and incident type 2 diabetes was modiﬁed by
sex (P interaction 5 0.009), with an
inverse association being more pronounced in women (SupplementaryTable1).
In this cohort, women had a lower
median (IQR) alcohol intake (2.7 [0.0–
9.6] g/day) than men (9.8 [3.0–22.1]
g/day). Age, BMI, alcohol intake, and
statin use did not modify the associations.
In sensitivity analyses including only
patients without prediabetes at baseline
(n 5 3,073), the associations were similar
to the main analysis, as shown in results
across quintiles (HRQ5vs.Q1 0.50; 95% CI
0.28, 0.88; P for trend 5 0.014) and on
a continuous scale (HRper 5% 0.76; 95% CI
0.63, 0.91; P 5 0.003) (Supplementary
Table 2).
Post Hoc Analyses for Plasma LA

The associations between plasma LA and
incident type 2 diabetes were attenuated
when the model included plasma 18:1n9, 16:0, or 16:1n-7/16:0. Inclusion of
triacylglycerols did not change the observed associations (Supplementary Table
3). Further examination of the markers
of FA metabolism showed that most of
these markers were associated with higher type 2 diabetes risk, with HRs ranging
from 1.74 for estimated D6D activity to
2.65 for 18:1n-9, when comparing extreme quintiles within each FA marker
(Supplementary Table 4). Estimated delta6 desaturase activity was not associated
with type 2 diabetes risk.
CONCLUSIONS

In the current study, a 5% increase in
plasma LA in cholesteryl esters was
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Table 2—HRs and 95% CI for dietary LA in quintiles and per 5% energy and incident type 2 diabetes in 3,257 post-MI patients
from the Alpha Omega Cohort
Quintiles of dietary LA
Q1 (n 5 651)

Q2 (n 5 652)

Q3 (n 5 651)

Q4 (n 5 652)

Q5 (n 5 651)

Median dietary LA,
% energy

3.5

4.6

5.6

6.8

8.8

Cases

37

30

34

39

31

P-trend*

Per 5% energy

P value

Model 1†

1.00

0.79 (0.49, 1.28) 0.90 (0.56, 1.43) 1.04 (0.66, 1.64) 0.81 (0.50, 1.31)

0.72

1.01 (0.70, 1.44)

0.96

Model 2‡

1.00

0.80 (0.49, 1.29) 0.95 (0.59, 1.51) 1.12 (0.71, 1.76) 0.88 (0.54, 1.44)

0.97

1.09 (0.76, 1.58)

0.64

Model 3§

1.00

0.72 (0.44, 1.19) 0.86 (0.51, 1.45) 1.01 (0.56, 1.81) 0.78 (0.36, 1.72)

0.84

1.18 (0.59, 2.35)

0.64

% energy, percentage of total energy intake, excluding energy from alcohol. *P values for trend were obtained by assigning each patient median dietary
LA for the category and this value was modeled as continuous. †Model 1 was adjusted for age (continuous; years), sex (men/women), and Alpha Omega
Trial treatment code (four categories). ‡Model 2: model 1 plus physical activity (three categories), smoking status (three categories), educational level
(four categories), BMI (continuous; kg/m2), family history of type 2 diabetes (yes/no), total energy intake (excluding calories from alcohol, continuous;
kcal/day), alcohol consumption (four categories), dietary ﬁber (g/day; continuous), and dietary cholesterol (mg/day; continuous). §Model
3 (substitution of SFA and TFA for LA): model 2 plus dietary protein (% energy; continuous), carbohydrates (% energy; continuous), n-3 PUFAs (% energy;
continuous), and cis-MUFAs (% energy; continuous).

linearly associated with a 27% lower risk
of type 2 diabetes in a high-risk population of post-MI patients, independent
of age, sex, BMI, family history, and
lifestyle characteristics. Dietary LA was
not associated with type 2 diabetes risk.
Our ﬁndings for dietary LA are not in
line with previous observational studies
replacing SFA with PUFA in a theoretical
substitution that found inverse associations with incident type 2 diabetes in
cohorts of women (11,12). A recent
analysis using data from three U.S. cohorts showed that substitution of 5%
energy from dietary LA for SFA and
2% energy for TFA was associated
with 14% and 17% lower risk of type 2
diabetes, respectively, and that these
associations were consistently observed
in men and in women (8). A meta-analysis
of 13 randomized controlled feeding
trials showed that isocaloric replacement of PUFA for SFA or carbohydrates, where primarily n-6 FA was used as
the intervention arm, decreased insulin

resistance but did not affect glucose
concentrations (33). Total PUFA also includes n-3 FA, the inﬂuence of which may
be limited but cannot be excluded (34).
Our ﬁndings for plasma LA are in line
with previous studies in mostly general
populations. Two recent large prospective studies, including a comparative
meta-analysis (14) and a pooled analysis
(15), consistently showed that increasing
proportions of LA in different blood
fractions, including cholesteryl esters,
are associated with a lower risk of
type 2 diabetes. A possible explanation for the association between higher
plasma LA and lower type 2 diabetes
risk is through the increase of the unsaturation degree of the membrane lipids. A higher degree of unsaturation may
increase membrane ﬂuidity and the number of insulin receptors and decrease
receptor afﬁnity, which could result in
higher insulin sensitivity (35,36). We also
observed that the inverse association
between plasma LA and type 2 diabetes

risk was more pronounced in women.
However, this effect measure modiﬁcation by sex was not observed in other
studies (4,14,15). We suspected that the
stronger inverse association in women
could be because the alcohol intake of
male patients in this cohort was higher
than the intake of the female patients.
Furthermore, when the association between plasma LA and type 2 diabetes risk
was examined in patients with different
alcohol intake categories, patients with
no alcohol intake were shown to have the
lowest type 2 diabetes risk, although the
interaction term did not reach signiﬁcance. The possible inﬂuence of other
factors related to metabolic condition in
these patients on the association of LA
and type 2 diabetes risk will be further
discussed below.
In earlier population-based studies
that examined both plasma and dietary
LA within the same cohort, generally
inverse associations with type 2 diabetes
were found for plasma LA, while the

Table 3—HRs and 95% CI for plasma LA in quintiles and per 5% and incident type 2 diabetes in 3,257 post-MI patients from the
Alpha Omega Cohort
Quintiles of plasma LA
Q1 (n 5 652)

Q2 (n 5 650)

Q3 (n 5 651)

Q4 (n 5 653)

Q5 (n 5 651)

Median plasma LA, %

43.9

47.6

50.1

52.8

56.3

Cases
Model 1†

49
1.00

38
31
31
22
0.76 (0.50, 1.16) 0.63 (0.40, 0.98) 0.61 (0.39, 0.96) 0.42 (0.26, 0.70)

,0.001

0.73 (0.63, 0.85) ,0.001

Model 2‡

1.00

0.74 (0.48, 1.14) 0.64 (0.40, 1.00) 0.60 (0.38, 0.94) 0.44 (0.26, 0.75)

0.001

0.73 (0.62, 0.86) ,0.001

P-trend*

Per 5%

P value

*P values for trend were obtained by assigning each patient median plasma LA for the category and this value was modeled as continuous. †Model 1 was
adjusted for age (continuous; years), sex (men/women), and Alpha Omega Trial treatment code (four categories). ‡Model 2: model 1 plus physical
activity (three categories), smoking status (three categories), educational level (four categories), BMI (continuous; kg/m2), family history of type 2
diabetes (yes/no), total energy intake (excluding calories from alcohol, continuous; kcal/day), alcohol intake (four categories), dietary ﬁber (g/day;
continuous), and dietary cholesterol (mg/day; continuous).
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Figure 1—Associations of dietary LA (replacing
SFA 1 TFA) (A) and plasma LA (B) with incident
type 2 diabetes in 3,257 post-MI patients. Solid
lines are risk estimates evaluated by restricted
cubic splines from Cox models showing the
shape of associations on a continuous scale
with three knots located at the 5th, 50th, and
95th percentiles. The y-axis shows the multivariable HRs for type 2 diabetes incidence
for any dietary or plasma LA value compared
with the reference values set at the 5th percentile of dietary LA (3.0% energy) or 5th
percentile of plasma LA (41.9%). Gray areas
indicate 95% CIs. Results are presented for the
fully adjusted models for dietary LA (model 3;
adjusted for variables in model 2 [age, sex,
Alpha Omega Trial treatment code, physical
activity, smoking status, educational level, BMI,
family history of type 2 diabetes, total energy
intake excluding alcohol, alcohol consumption,
dietary ﬁber, dietary cholesterol] plus dietary
protein, carbohydrates, n-3 PUFA, and cisMUFA) and plasma LA (model 2). Distribution
of values of dietary or plasma LA are displayed in
a histogram under each spline; % energy,
percentage of total energy intake, excluding
energy from alcohol.

associations for dietary LA varied (3–5).
To explain the inconsistent observations
between plasma and dietary LA, the
authors of the earlier studies attributed
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the null association for dietary LA to the
subjective nature of the dietary assessment method, which is suggested to
provide a lower ability to detect true
associations than objective LA biomarkers
(4,5). Another possible explanation was
the existence of metabolic differences
between individuals who later did and
did not develop type 2 diabetes (3,4).
In relation to the dietary assessment
method, dietary intake data used in the
present analyses were collected by a
validated FFQ speciﬁcally designed for
the assessment of FA intake. We also
recently showed that replacing dietary
SFA and TFA by unsaturated FA was
associated with a lower risk of mortality
from coronary heart disease in the same
cohort (20). This further supported the
qualitative validity of our FFQ to rank
patients adequately according to their
FAs intake. Explanation for the inconsistent observations for plasma and dietary
LA in the current study may therefore be
related not solely to the dietary assessment method but also to other factors,
such as metabolic conditions inﬂuencing
the plasma composition of FA.
Populations at higher risk for type 2
diabetes may already have altered plasma
FA composition, including a decrease in
the plasma LA proportion. In our population of post-MI patients, those with low
plasma LA had a more adverse metabolic
risk proﬁle, with higher BMI, plasma glucose, and serum triacylglycerol concentrations. They also consumed more alcohol
and often were statin users. Previously, we
reported a generally weak correlation
between dietary and circulating LA (Spearman correlation ,0.20) and that this weak
correlation might be partly due to alcohol
and/or statins use (27). The more adverse
metabolic proﬁle observed in patients
with low plasma LA was not observed for
dietary LA.
It is possible that the patients with a
more adverse metabolic risk proﬁle had
an impaired liver function, such as in
nonalcoholic fatty liver disease, and this
may explain why we observed an increased risk of type 2 diabetes in patients
with a low plasma LA. Nonalcoholic fatty
liver disease has been strongly associated
with an increased risk of type 2 diabetes
(37). In nonalcoholic fatty liver disease,
de novo lipogenesis is upregulated and/
or FA oxidation is downregulated (38).
These processes may promote a larger
proportion of plasma SFA and MUFA,

leading to a smaller plasma LA proportion
(13). In addition, insulin resistance has been
associated with high D6D activity and low
plasma LA proportion (4). Indeed, in the
post hoc analyses of the present cohort, we
found that higher proportion of the FA in
the de novo lipogenesis pathway, oleic acid
and palmitic acid, and higher estimated
D6D activity were associated with increased
type 2 diabetes risk. Furthermore, adjustments for markers of de novo lipogenesis
(palmitic acid, oleic acid, and ratio of palmitoleic acid to palmitic acid) also attenuated associations of plasma LA. These
changes in FA composition due to the
impaired metabolism may additionally explain the weak correlation between plasma
and dietary LA in our population.
This study has some limitations. The
Alpha Omega Cohort is a rather homogenous population of predominantly male
post-MI patients; therefore, the range of
dietary LA and plasma LA proportion
might not be comparable to other studies
in healthy populations. Nevertheless, the
range of dietary and plasma LA in this
patient population was quite similar to
studies in generally healthy populations
(3–6,8,15). Other limitations are the relatively short follow-up time (median of
41 months) and the self-reported diagnosis of incident type 2 diabetes, which
might have led to an underestimation of
the number of cases and attenuation of
associations.
To conclude, in this cohort of post-MI
patients, plasma LA, but not dietary LA,
was associated with lower type 2 diabetes
risk. Our results suggest that metabolic
conditions affecting plasma LA, rather
than dietary LA intake, may be responsible
for this association. Further research on
the factors affecting plasma LA and its
utility as a biomarker of LA intake in
patient populations is warranted.
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