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Abstract

Abdominal obesity is a key contributor of metabolic disease. Recent trials suggest that die-
tary fat quality affects abdominal fat content, where palmitic acid and linoleic acid influence
abdominal obesity differently, while effects of n-3 polyunsaturated fatty acids are less stud-
ied. Also, fatty acid desaturation may be altered in abdominal obesity. We aimed to investi-
gate cross-sectional associations of serum fatty acids and desaturases with abdominal
obesity prevalence in a population-based cohort study. Serum cholesteryl ester fatty acids
composition was measured by gas chromatography in 60-year old men (n = 1883) and
women (n = 2015). Cross-sectional associations of fatty acids with abdominal obesity preva-
lence and anthropometric measures (e.qg., sagittal abdominal diameter) were evaluated in
multivariable-adjusted logistic and linear regression models, respectively. Similar models
were employed to investigate relations between desaturase activities (estimated by fatty
acid ratios) and abdominal obesity. In logistic regression analyses, palmitic acid, stearoyl-
CoA-desaturase and A6-desaturase indices were associated with abdominal obesity; multi-
variable-adjusted odds ratios (95% confidence intervals) for highest versus lowest quartiles
were 1.45 (1.19-1.76), 4.06 (3.27-5.05), and 3.07 (2.51-3.75), respectively. Linoleic acid,
a-linolenic acid, docohexaenoic acid, and A5-desaturase were inversely associated with
abdominal obesity; multivariable-adjusted odds ratios (95% confidence intervals): 0.39
(0.32-0.48), 0.74 (0.61-0.89), 0.76 (0.62—0.93), and 0.40 (0.33-0.49), respectively. Eicosa-
pentaenoic acid was not associated with abdominal obesity. Similar results were obtained
from linear regression models evaluating associations with different anthropometric mea-
sures. Sex-specific and linear associations were mainly observed for n3-polyunsaturated
fatty acids, while associations of the other exposures were generally non-linear and similar
across sexes. In accordance with findings from short-term trials, abdominal obesity was
more common among individuals with relatively high proportions of palmitic acid, whilst the
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contrary was true for linoleic acid. Further trials should examine the potential role of linoleic
acid and its main dietary source, vegetable oils, in abdominal obesity prevention.

Introduction

Abdominal obesity (AO) is a strong predictor of cardiometabolic disease [1] and some cancer
types[2, 3]. In particular, visceral obesity is a potential driver of insulin resistance and meta-
bolic disorders[4]. The prevalence of AO is increasing [5, 6] and although genetic factors are
influential, AO is largely determined by lifestyle [7]. Thus, lifestyle factors including diet might
be key modifiable risk factors of AO[8, 9]. High intake of dietary fats has long been considered
to promote AQ, while recent studies suggest that the fatty acid (FA) compositing may be more
important for modulating fat deposition and fat distribution [9, 10]. Diets high in saturated
fatty acids (SFA) may promote the development of AO and metabolic syndrome [9-11],
whereas high intake of polyunsaturated fatty acids (PUFA) may counteract body fat accumula-
tion [9, 10]. In particular, linoleic acid (LA, 18:2n-6) and palmitic acid (PA, 16:0) have been
reported to be associated with the degree of fat accumulation in both visceral and subcutane-
ous adipose tissue [9]. Apart from the potential role of dietary FA in AO, enzymes metaboliz-
ing FA may influence body fat storage, body weight[12], waist circumference, and obesity [13].
Stearoyl-CoA desaturase (SCD), A5-desaturase (D5D), and A6-desaturase (D6D) are together
with elongases the main enzymes responsible for endogenous synthesis of monounsaturated
FA and PUFA [14]. While SCD synthesizes monounsaturated FA from SFA, D5D and D6D
catalyze the synthesis of long-chain PUFA, e.g., eicosapentaenoic acid (EPA) and docohexae-
noic acid (DHA), from the two essential fatty acids, LA and o-linolenic acid (ALA).

Observational studies investigating relationships between fat intake and AO or related out-
comes have mostly relied on self-estimated food intake, which may be limited by e.g. reporting
bias and inaccuracy of food databases [15]. FA compositions in diverse physiological compart-
ments, e.g., serum cholesteryl esters (CE), partly reflect FA composition of the diet [13], and
are thus useful biomarkers of dietary fat quality [15]. Essential fatty acids (LA and ALA) and
long-chain n-3 PUFA (EPA and DHA) are among the more reliable biomarkers of fat intake
while many endogenously synthesized FA are often considered to reflect intake less correctly.
However, intake of PA is at least partly reflected in serum CE. As men and women differ in
abdominal fat accumulation as well as FA compositions in diet and tissues, it is possible that
associations of serum FA and desaturase activities with measures of AO are sex-specific. In
addition, altered desaturase activities (e.g. SCD) may be involved in pathophysiology of AO,
but such mechanisms require further investigation [12, 13].

We hypothesized that serum FA composition, partly reflecting dietary fat quality, and desa-
turase activities are related to abdominal fat distribution, in a possible sex-dependent manner.
We aimed to investigate cross-sectional associations of serum FA composition in CE and esti-
mated desaturase activities with AO and anthropometric measures of abdominal adiposity in a
large population-based cohort of 60-year-old Swedish men and women.

Methods
Study population

The cross-sectional study was conducted in a population-based cohort of 60-year-old men and
women [16]. Data from baseline investigations were collected between August 1997 and
March 1999. Every third man and woman living in the Stockholm County, Sweden, and born
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between July 1, 1937 and June 30, 1938 was invited to participate, i.e., a total of 5460 subjects
(2779 men and 2681 women), of which 78% (n = 4232; 2039 men and 2193 women) agreed to
take part [17, 18].

All subjects underwent a physical examination that included anthropometric measurements
and blood sampling [16]. Blood samples were drawn in the morning after overnight fasting and
serum glucose, insulin, cholesterol, and triglycerides were analyzed as previously described [16,
17]. A comprehensive questionnaire regarding dietary habits, lifestyle factors, and medical history
was completed by all participants. Smoking, education and physical activity were categorized as
described previously [18], while alcohol intake was estimated in g/day based on responses to five
questions concerning intake of beer, wine, and spirits[19]. The study was approved by the Ethical
Committee at Karolinska Institutet and all participants gave their informed verbal consent as pre-
viously described in detail [20]. Forms for written consent were not in current use and thus writ-
ten consent was not collected. After having received written information about the study, those
who decided to participate were asked to contact a booking central in order to make an appoint-
ment to attend a physical examination. The procedure for collecting verbal consent was approved
by the Ethical Committee at Karolinska Institutet.

Anthropometric measures

As previously described [17], body weight, height, sagittal abdominal diameter (SAD), waist
circumference (WC), and hip circumference were recorded and utilized to calculate body
mass index (BMI), sagittal abdominal diameter-to-height ratio (SADHR), waist-hip ratio
(WHR), waist circumference-to-height ratio (WCHR), and waist-hip-height ratio (WHHR).
The definition of the National Cholesterol Education Program (NCEP) Expert Panel on Detec-
tion, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel
III) was used for defining AO: WC>102 cm for men and WC>88 cm for women|[21].

Assessment of fatty acid composition

As previously described [18], FA composition in serum cholesteryl esters (CE) was measured
by gas chromatography[22]. Proportions of individual FA were expressed as percentages of all
measured FA. Desaturase activities were estimated as FA ratios and were calculated as follows:
SCD = 16:1/16:0, D6D = 18:3n-6/18:2n-6, and D5D = 20:4n6/20:3n-6 [14].

Statistical methods

Participants with missing data regarding exposures (FA and desaturase activities), AO mea-
sures (BMI, SAD, WC, WHR, SADHR, WCHR, WHHR), or covariates (physical activity, edu-
cation, smoking and alcohol intake) were excluded before analyses (S1 Fig). Shapiro-Wilk’s
test was performed to examine the normality of distribution for continuous variables. Sex dif-
ferences of continuous variables were evaluated by Student’s t-test or Wilcoxon-Mann-Whit-
ney test for normally and non-normally distributed variables, respectively. Differences
between men and women in binary and ordinal variables were assessed by y’-test.

Spearman’s rank correlation coefficients were calculated between FA (as well as desaturases)
and anthropometric measurements. Crude and multivariable-adjusted logistic regression mod-
els were utilized to calculate odds ratio (OR) and 95% CI for prevalence of AO. Similarly, crude
and multivariable-adjusted linear regression models were employed to investigate associations
of FAs and estimated desaturase activities with abdominal anthropometric measures. All analy-
ses were performed in the total study population and in sex-specific strata. Serum FA (EPA,
DHA, LA, and ALA) were investigated as categorical (quartiles) variables and overall trends
were evaluated with quartile medians as exposure. Restricted cubic splines were utilized for
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evaluation of potential nonlinear associations[18]. Physical activity, alcohol intake, education,
and smoking were included as covariates in the adjusted models. In analyses on the total study
population, sex was also included as a covariate and sex-differences in overall trends were evalu-
ated by including an interaction term of sex and exposure (sex-specific quartile median) in the
models. Statistical analyses were carried out with STATA version 13.0 (STATA Corporation,
TX, USA). P-values < 0.05 were considered significant.

Results
General characteristics

After excluding participants with no data regarding serum FA, anthropometric measures, edu-
cation, physical activity, alcohol intake and smoking habits, 3926 individuals (1899 men and
2027 women) of the cohort’s 4232 participants were included in the present study (S1 Fig).
The proportion of individuals with abdominal obesity was greater (P<0.0001) among women
(39%) compared to men (29%) (Table 1). Additional sex differences were found for all meta-
bolic variables, degree of physical activity and smoking habits, where women were more sed-
entary and less likely to have been smokers than men. The correlation coefficients between the
different anthropometric measures were between 0.50 and 0.96 (S1 Table).

Proportions of ALA and DHA in serum CE as well as estimated activities of SCD and D6D
were higher in women compared to men, who instead had greater proportion of serum PA
(Table 1). PA correlated with the strongly intercorrelated EPA and DHA, while LA was
inversely correlated with PA, EPA, and DHA (S1 Table). Serum ALA, correlated weakly with
LA and EPA, and was inversely correlated with PA and DHA.

Palmitic acid and abdominal obesity

Serum PA was associated with AO (Table 2 and Fig 1A) with no significant (P = 0.11) difference
between men and women (S2 Table). Comparing extreme quartiles of serum PA, the multivari-
able-adjusted odds of prevalent abdominal obesitywere 46% higher in the highest PA quartile
(Table 2). Serum PA correlated with all anthropometric measures in men, but only to WHR in
women (S1 Table). After adjustment for potential confounders, PA was in general associated
with anthropometric measures (Table 3 and S3 Table). All associations of PA with AO and
anthropometric measures were generally non-linear (Fig 1A, Table 2 and S2 and S3 Tables).

Linoleic acid and abdominal obesity

The prevalence of AO was significantly lower with higher LA levels (Table 2 and Fig 1B), with
no difference between men and women (P = 0.53) (S2 Table). The multivariable-adjusted odds
of prevalent abdominal obesity were 60% lower in the highest compared to lowest LA quartile
(Table 2). Serum LA was negatively correlated to all anthropometric measures in both sexes
(S1 Table) and the inverse associations between LA and anthropometric measures remained
after adjusting for potential confounders in men and women, separately (S3 Table) as well as
combined (Table 3). Associations of LA with AO and anthropometric measures did not differ
between men and women and were generally non-linear (Fig 1B, Table 2 and S2 Table).

n-3 PUFA and abdominal obesity

The prevalence of AO was lower with higher levels of serum ALA (Table 2). However, there was
a significant sex-difference (P = 0.0017), where an inverse association between ALA and AO was
only observed in men when sexes were evaluated separately (S2 Table). Serum ALA was also
negatively correlated with all anthropometric measures in men, but generally not in women
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Table 1. Anthropometrics, clinical measurements, lifestyle factors, serum cholesteryl ester FA, and estimated desaturase activity in the 60-year

old men and women.

Total (n = 3926) Men (n = 1899) Women (n = 2027) P-value'
Abdominal obesity (%) 34 29 39 <0.0001
BMI (kg/m?) 26.3 (23.9-29.1) 26.6 (24.4-29.1) 25.9 (23.4-28.9) <0.0001
SAD (cm) 20.6+2.9 21.5+2.7 19.8+2.8 <0.0001
Waist circumference (cm) 91.9+12.6 97.8£10.4 86.4+11.9 <0.0001
Waist-hip ratio 0.89+0.09 0.95+0.06 0.83+0.07 <0.0001
SADHR (%) 0.12+0.02 0.12+0.02 0.12+0.02 0.19
WCHR (%) 0.54+0.07 0.55+0.06 0.53+0.07 <0.0001
WHHR (m™) 0.52+0.05 0.54+0.04 0.51+0.05 <0.0001
Total Cholesterol (mmol/L) 5.9 (5.3-6.6) 5.8 (5.1-6.4) 6.1(5.4-6.8) <0.0001
LDL Cholesterol® (mmol/L) 3.940.9 3.840.9 3.9+1.0 0.019
HDL Cholesterol (mmol/L) 1.5+0.4 1.3+0.3 1.6+0.4 <0.0001
Triglycerides (mmol/L) 1.1(0.8-1.6) 1.2(0.9-1.7) 1.1(0.8-1.5) <0.0001
Fasting insulin (mU/L) 8.8 (6.6-12.3) 9.2 (6.8-13.4) 8.5(6.4-11.5) <0.0001
Fasting glucose® (mmol/L) 5.2(4.9-5.7) 5.4 (5.0-5.9) 5.1 (4.7-5.5) <0.0001
Alcohol intake (g/day) 8.7 (2.7-17.6) 14.0 (6.7-26.5) 5.1 (1.3-11.6) <0.0001
Physical activity (%) <0.0001
Sedentary 11 11 12
Light intensity 58 55 61
Medium intensity 23 25 21
High intensity 7 9 6
Smoking (%) <0.0001
Never 40 34 46
Current 21 20 22
Former 39 46 32
Education (%) 0.11
<9y 28 27 30
9-12y 44 45 43
>12y 28 28 27
Serum fatty acid, % of total FA
Palmitic acid (PA, 16:0) 11.4(10.9-11.9) 11.6 (11.1-12.0) 11.2(10.8-11.6) <0.0001
Linoleic acid (LA, 18:2n6) 48.414.2 48.414.2 48.414 1 0.97
Alpha-linolenic acid (ALA, 18:3n3) 0.88+0.20 0.87+0.20 0.90+0.20 <0.0001
Eicosapentaenoic acid (EPA, 20:5n3) 1.88 (1.46-2.47) 1.87 (1.44-2.46) 1.89 (1.47-2.49) 0.33
Docohexaenoic acid (DHA, 22:6n3) 0.92+0.25 0.91+0.25 0.93+0.24 0.0065
Desaturase activity, FA ratio
SCD (16:1/16:0) 0.30 (0.24-0.38) 0.27 (0.22—-0.35) 0.32 (0.27-0.40) <0.0001
D5D (20:4n6/20:3n6) 9.0+2.2 9.0+2.2 9.0+2.2 0.41
D6D (18:3n6/18:2n6) 0.018 (0.013-0.023) 0.017 (0.013-0.023) 0.018 (0.014-0.024) 0.0059

Values are meanSD, median (IQR), or %. D5D, A5-desaturase; D6D, A6-desaturase; FA, fatty acid; SAD, sagittal abdominal diameter; SADHR, sagittal
abdominal diameter-to-height ratio; SCD, stearoyl-CoA desaturase; WCHR, waist circumference-to-height ratio; WHR, waist-hip ratio; WHHR, waist-hip-
height ratio.

'Sex differences of continuous variables were assessed by Student’s t-test (normally distributed variables) or Wilcoxon-Mann-Whitney test (skewed
variables), while sex difference in categorical variables were evaluated by x? test.

doi:10.1371/journal.pone.0170684.t001

(S1 Table). Results were similar after adjusting for potential confounders (S3 Table). In the total
study population, ALA was inversely associated with SAD and WC but not with WHR (Table 3).
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Table 2. Associations of serum fatty acids with abdominal obesity"'.

Quartile of serum fatty acid
1 2 3 4 Ptrend2 |:.non-lineﬂra
Palmitic acid
Median (% of 10.6 11.2 11.6 12.2
total FA)
AO 293 (30) 313(32) 364 (37) 370 (38)
prevalence®, n
(%)
OR (95% Cl)®
Sex-adjusted 1.00 (reference) 1.10(0.91-1.34) 1.39 (1.15-1.68) 1.43(1.19-1.73) <0.0001 0.0097
Mutivariable- 1.00 (reference) 1.10 (0.90-1.33) 1.40 (1.15-1.70) 1.46 (1.20-1.77) <0.0001 0.0037
B 6
adjusted
Linoleic acid
Median (% of 43.8 47.4 49.9 52.9
total FA)
AO 446 (45) 358 (36) 291 (30) 245 (25)
prevalence®, n
(%)
OR (95% Cl)
Sex-adjusted 1.00 (reference) 0.69 (0.57-0.82) 0.50 (0.42-0.61) 0.40 (0.33-0.48) <0.0001 <0.0001
Mutivariable- 1.00 (reference) 0.69 (0.57-0.83) 0.50 (0.41-0.61) 0.40 (0.32-0.49) <0.0001 <0.0001
adjusted
Alpha-linoleic acid
Median (% of 0.67 0.81 0.93 1.10
total FA)
AO 376 (38) 333 (34) 324 (33) 307 (31)
prevalence®, n
(%)
OR (95% Cl)
Sex-adjusted 1.00 (reference) 0.83 (0.69-0.99) 0.79 (0.66-0.95) 0.73(0.61-0.88) 0.0013 0.07
Mutivariable- 1.00 (reference) 0.87 (0.72-1.05) 0.80 (0.67-0.97) 0.74 (0.61-0.89) 0.0014 0.10
adjusted
Eicosapentaenoic acid
Median (% of 1.20 1.66 2.13 3.08
total FA)
AO 322 (33) 361 (37) 340 (35) 317 (32)
prevalence®, n
(%)
OR (95% Cl)
Sex-adjusted 1.00 (reference) 1.19 (0.99-1.44) 1.09 (0.90-1.31) 0.98 (0.81-1.18) 0.39 0.32
Mutivariable- 1.00 (reference) 1.24 (1.02-1.50) 1.19 (0.98-1.44) 1.09 (0.90-1.33) 0.75 0.13
adjusted
Docohexaenoic acid
Median (% of 0.65 0.82 0.97 1.19
total FA)
AO 374 (38) 345 (35) 343 (35) 278 (28)
prevalence®, n
(%)
OR (95% Cl)
Sex-adjusted 1.00 (reference) 0.88 (0.73-1.06) 0.87 (0.72-1.05) 0.64 (0.53-0.77) <0.0001 0.34
Mutivariable- 1.00 (reference) 0.94 (0.78-1.14) 0.97 (0.80-1.17) 0.75 (0.62-0.92) 0.0088 0.18
adjusted

TFA, fatty acid; OR, odds ratio; SAD, sagittal abdominal diameter; WC, waist circumference; WHR, waist-hip ratio.

2P for overall trend (Pyeng) Was evaluated using logistic regression models with sex-specific quartile median as exposure.
3P for nonlinearity (Pnon-inear) Was evaluated using restricted cubic splines.
“Abdominal obesity was defined as WC>88 cm in women and WC>102 c¢m in men.

5OR and 95% Cl were evaluated using logistic regression models.

6Adjusted for sex, physical activity, alcohol intake, education and smoking.

doi:10.1371/journal.pone.0170684.t1002
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Fig 1. Associations of serum palmitic acid (A) and linoleic acid (B) with abdominal obesity evaluated
using restricted cubic spline. Associations were adjusted for sex, smoking, physical activity, education, and
alcohol intake. Full and dashed lines represent odds ratios and their 95% CI, respectively, while dotted vertical
lines correspond to 25", 50", and 75™ percentiles of fatty acid proportions.

doi:10.1371/journal.pone.0170684.9001

Serum EPA was not associated with AO and did not associate with any anthropometric
measures in the total study population (Tables 2 and 3). However, there was a borderline sig-
nificant sex-difference (P = 0.05) in the association between EPA and AO; and EPA was associ-
ated with AO (P = 0.03), SAD (P = 0.03), and WC (P = 0.02) in women, when evaluated in sex-
specific analyses using multivariable-adjusted models (S2 and S3 Tables).
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Table 3. Associations of serum fatty acids with abdominal obesity'-2.

1 2 3 4 Pirend’ Pron-linear
Palmitic acid
SAD, cm Observed 20.3 (20.2-20.5) 20.5 (20.3-20.6) 20.7 (20.5-20.9) 20.9 (20.7-21.0) <0.0001 0.005
Adjusted® 20.3 (20.2-20.5) 20.5 (20.3-20.6) 20.7 (20.5-20.9) 20.9 (20.7-21.0) <0.0001 0.002
WC, cm Observed 90.6 (89.8-91.4) 91.3 (90.6-92.1) 92.5(91.7-93.3) 93.2 (92.4-94.0) <0.0001 0.0031
Adjusted 90.6 (89.9-91.3) 91.3 (90.6-92.0) 92.5(91.8-93.2) 93.2 (92.6-93.9) <0.0001 0.0010
WHR, cm Observed 0.88 (0.87-0.88) 0.88 (0.88-0.89) 0.89 (0.89-0.90) 0.90 (0.89-0.90) <0.0001 0.0023
Adjusted 0.88 (0.88-0.88) 0.88 (0.88-0.89) 0.89 (0.89-0.89) 0.90 (0.89-0.90) <0.0001 0.0008
Linoleic acid
SAD, cm Observed 21.3(21.1-21.5) 20.9 (20.7-21.1) 20.3 (20.1-20.5) 19.9 (19.7-20.0) <0.0001 <0.0001
Adjusted 21.3(21.1-21.5) 20.9 (20.7-21.0) 20.3 (20.2—20.5) 19.9 (19.7-20.0) <0.0001 <0.0001
WC, cm Observed 94.9 (94.1-95.7) 93.0 (92.2-93.8) 90.8 (90.1-91.6) 88.9 (88.2-89.7) <0.0001 <0.0001
Adjusted 94.9 (94.2-95.6) 93.0 (92.3-93.6) 90.8 (90.1-91.5) 88.9 (88.2-89.6) <0.0001 <0.0001
WHR, cm Observed 0.91 (0.90-0.91) 0.89 (0.89-0.90) 0.88 (0.88-0.89) 0.87 (0.87-0.88) <0.0001 0.0007
Adjusted 0.91 (0.90-0.91) 0.89 (0.89-0.89) 0.88 (0.88-0.89) 0.87 (0.87-0.88) <0.0001 0.0011
Alpha-linoleic acid
SAD, cm Observed 20.8 (20.6—21.0) 20.6 (20.4-20.8) 20.5(20.3-20.7) 20.4 (20.3-20.6) 0.0011 0.21
Adjusted 20.8 (20.6-21.0) 20.6 (20.5-20.8) 20.5(20.3-20.7) 20.4 (20.2-20.6) 0.0012 0.42
WC, cm Observed 92.9 (92.1-93.7) 91.8 (91.0-92.6) 91.5(90.7-92.3) 91.4 (90.7-92.1) 0.0032 0.08
Adjusted 92.8 (92.1-93.4) 92.0(91.3-92.7) 91.5(90.8-92.2) 91.4 (90.7-92.1) 0.004 0.17
WHR, cm Observed 0.89 (0.89-0.90) 0.89 (0.88-0.89) 0.89 (0.88-0.89) 0.89 (0.88-0.89) 0.51 0.0062
Adjusted 0.89 (0.89-0.89) 0.89 (0.88-0.89) 0.89 (0.88-0.89) 0.89 (0.88-0.89) 0.50 0.019
Eicosapentaenoic acid
SAD, cm Observed 20.4 (20.2—20.6) 20.7 (20.5-20.9) 20.7 (20.5-20.8) 20.6 (20.4-20.7) 0.62 0.0354
Adjusted 20.4 (20.2—20.5) 20.7 (20.5-20.8) 20.7 (20.5-20.9) 20.6 (20.4-20.8) 0.13 0.0076
WC, cm Observed 91.4 (90.6-92.2) 92.3 (91.5-93.0) 92.2 (91.4-93.0) 91.8 (91.0-92.6) 0.71 0.11
Adjusted 91.1 (90.4-91.8) 92.1 (91.4-92.8) 92.3 (91.7-93.0) 92.1 (91.4-92.8) 0.11 0.0203
WHR, cm Observed 0.89 (0.88-0.89) 0.89 (0.89-0.90) 0.89 (0.88-0.89) 0.88 (0.88-0.89) 0.10 0.42
Adjusted 0.89 (0.88-0.89) 0.89 (0.89-0.89) 0.89 (0.88-0.89) 0.89 (0.88-0.89) 0.61 0.57
Docohexaenoic acid
SAD, cm Observed 20.8 (20.6-21.0) 20.6 (20.4-20.8) 20.6 (20.4-20.8) 20.4 (20.2-20.6) 0.0016 0.31
Adjusted 20.7 (20.5-20.8) 20.6 (20.4-20.8) 20.6 (20.4-20.8) 20.5(20.3-20.7) 0.18 0.17
WC, cm Observed 92.5(91.8-93.3) 92.1(91.3-92.9) 91.8(91.0-92.7) 91.2(90.4-91.9) 0.0080 0.30
Adjusted 92.1 (91.4-92.8) 92.0(91.3-92.7) 91.9 (91.3-92.6) 91.6 (90.9-92.3) 0.45 0.14
WHR, cm Observed 0.89 (0.89-0.90) 0.89 (0.88-0.89) 0.89 (0.88-0.89) 0.88 (0.88-0.89) <0.0001 0.61
Adjusted 0.89 (0.89-0.90) 0.89 (0.88-0.89) 0.89 (0.88-0.89) 0.88 (0.88-0.89) 0.0144 0.91

Quartile of serum fatty acid

FA, fatty acid; SAD, sagittal abdominal diameter; WC, waist circumference; WHR, waist-hip ratio.

2Values are quartile means (95% Cl).

3P for overall trend (Pyena) Was evaluated using linear regression models with sex-specific quartile median as exposure; for observed values sex was the
only additional covariate, while for multivariable-adjusted trend sex, physical activity, alcohol intake, education and smoking were included as covariates.
4P for nonlinearity (Pnon-iinear) Was evaluated using restricted cubic splines

SAdjusted for physical activity, alcohol intake, education and smoking.

doi:10.1371/journal.pone.0170684.t003
Serum DHA was inversely associated with AO prevalence (Table 2), with no significant

sex-differences (P = 0.23). When stratified by sex, however, an inverse association between
DHA and AO was only observed in women (S2 Table). In addition, all anthropometric
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measures were inversely correlated with DHA among women (S1 Table), but after adjustment
for potential confounders, DHA was inversely associated only with WHR, in the total study

population (Table 3) and in women (S3 Table).

The associations between n-3 PUFA and AO and anthropometric measures, respectively,

generally appeared to be linear (Tables 2 and 3).

Desaturase activities and abdominal obesity

The estimated activities of SCD and D6D were associated with AO (Table 4), with no signifi-
cant (P>0.09) sex-differences (S4 Table). Both SCD and D6D activities were correlated (S1
Table) and associated with all anthropometric measures (Table 5), regardless of sex (S5 Table).
The estimated activity of D5D was inversely associated with AO (Table 4) and the associa-
tion did not differ (P = 0.61) between men and women (54 Table). Similarly, D5D was nega-
tively correlated (S1 Table) and inversely associated with all anthropometric measures (Table 5
and S5 Table). The inverse association of D5D with WHR was somewhat stronger in women
(P<0.05). Associations between desaturase activities and AO and anthropometric measures
were generally non-linear (Tables 4 and 5).
In general, associations of fatty acids and desaturase activities with the novel anthropomet-
ric measures (SADHR, WCHR, and WHHR) were similar to the associations with the more
traditional measures SAD, WC, and WHHR (data not shown).

Table 4. Associations of estimated desaturase activities with abdominal obesity'.

SCD

D5D

D6D

Median 16:1/16:0 ratio
AO prevalence®, n (%)
OR (95% Cl)®
Sex-adjusted
Multivariable-adjusted®

Median 20:4n6/20:3n6 ratio
AO prevalence, n (%)

OR (95% Cl)

Sex-adjusted
Multivariable-adjusted

Median 18:2n6/18:3n6 ratio
AO prevalence, n (%)

OR (95% Cl)

Sex-adjusted
Multivariable-adjusted

0.21
190 (19)

1.00 (reference)
1.00 (reference)

6.71
431 (44)

1.00 (reference)
1.00 (reference)

0.011
231 (24)

1.00 (reference)
1.00 (reference)

2

0.27
269 (27)

1.58 (1.28—1.95)
1.61 (1.29-1.99)

8.11
385 (39)

0.82 (0.69-0.99)
0.84 (0.70-1.01)

0.016
271 (28)

1.24 (1.01-1.52)
1.19 (0.97-1.47)

Quartile of estimated desaturase activity

3

0.33
405 (41)

2.96 (2.42-3.63)
3.01 (2.44-3.72)

9.49
289 (29)

0.53 (0.44-0.64)
0.53 (0.44-0.64)

0.020
356 (36)

1.86 (1.53-2.27)
1.78 (1.45-2.17)

0.45
476 (49)

4.00 (3.27-4.91)
4.14(3.33-5.15)

11.46
235 (24)

0.40 (0.33-0.48)
0.40 (0.33-0.49)

0.028
482 (49)

3.19 (2.63-3.89)
3.00 (2.45-3.66)

2
Ptrend

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

Pnon-linear

<0.0001
<0.0001

0.0004
0.0005

0.0021
0.0038

'D5D, A5-desaturase; DBD, A6-desaturase; SAD, sagittal abdominal diameter; SCD, stearoyl-CoA desaturase WC, waist circumference; WHR, waist-hip

ratio.

2P for overall trend (Pyeng) Was evaluated using logistic regression models with sex-specific quartile median as exposure.
3P for nonlinearity (Pnon-iinear) Was evaluated using restricted cubic splines.

“Abdominal obesity was defined as WC>88 cm in women and WC>102 cm in men.

SOR and 95% Cl were evaluated using logistic regression models.
8Adjusted for sex, physical activity, alcohol intake, education and smoking.

doi:10.1371/journal.pone.0170684.1004
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Table 5. Associations of estimated desaturase activities with anthropometric measures.'-2.

SCD
SAD, cm

WC, cm

WHR, cm

D5D
SAD, cm

WC, cm

WHR, cm

D6D
SAD, cm

WC, cm

WHR, cm

Observed
Adjusted®
Observed
Adjusted
Observed
Adjusted

Observed
Adjusted
Observed
Adjusted
Observed
Adjusted

Observed
Adjusted
Observed
Adjusted
Observed
Adjusted

19.5(19.4-19.7)
19.5(19.4-19.7)
87.4 (86.7-88.2)
87.4 (86.7-88.1)
0.87 (0.86-0.87)
0.87 (0.86-0.87)

21.4 (21.2-21.6)
21.4 (21.2-21.6)
95.2 (94.5-96.0)
95.1 (94.4-95.8)
0.90 (0.90-0.91)
0.90 (0.90-0.91)

19.7 (19.6-19.9)
19.8 (19.6-20.0)
88.4 (87.6-89.1)
88.6 (88.0-89.3)
0.87 (0.86-0.87)
0.87 (0.87-0.88)

Quartile of estimated desaturase activity

2 3 4 Pirend’ Phon-inear”
20.2(20.0-20.3) | 21.0(20.9-21.2) | 21.6(21.4-21.8) | <0.0001 <0.0001
20.2(20.0-20.3) | 21.0(20.9-21.2) | 21.6(21.5-21.8) | <0.0001 <0.0001
90.5(89.8-91.2)  |93.9(93.1-94.7) | 95.8(95.0-96.6) | <0.0001 <0.0001
90.5(89.8-91.2) | 93.9(93.2-94.5) | 95.9(95.2-96.6) | <0.0001 <0.0001
0.88(0.88-0.89) | 0.89(0.89-0.90) | 0.91(0.90-0.91) | <0.0001 <0.0001
0.88(0.88-0.88) | 0.89(0.89-0.90) | 0.91(0.90-0.91) | <0.0001 <0.0001
20.9 (20.7-21.0) | 20.3(20.1-20.5) | 19.8(19.6-20.0) | <0.0001 <0.0001
20.9 (20.7-21.0) | 20.3(20.1-20.5) | 19.8(19.6-20.0) | <0.0001 <0.0001
92.9(92.1-93.7) | 90.7(89.9-91.5) | 88.8(88.0-89.5) | <0.0001 <0.0001
92.9(92.3-93.6) | 90.7(90.1-91.4) | 88.8(88.2-89.5) | <0.0001 <0.0001
0.89 (0.89-0.90) | 0.88(0.88-0.89) | 0.87(0.87-0.88) | <0.0001 0.0005
0.89(0.89-0.90) | 0.88(0.88-0.89) | 0.87(0.87-0.88) | <0.0001 0.0005
20.2(20.1-20.4) | 20.8(20.6-21.0) | 21.6(21.4-21.8) | <0.0001 <0.0001
20.2(20.1-20.4) | 20.8(20.6-21.0) | 21.5(21.4-21.7) | <0.0001 0.0001
90.5(89.7-91.3) | 93.0(92.2-93.7) | 95.8(95.0-96.5) | <0.0001 <0.0001
90.5(89.9-91.2)  |92.9(92.2-93.6) | 95.5(94.9-96.2) | <0.0001 <0.0001
0.88(0.87-0.89) | 0.89(0.89-0.90) | 0.91(0.90-0.91) | <0.0001 <0.0001
0.88(0.88-0.88) | 0.89(0.89-0.90) | 0.90(0.90-0.91) | <0.0001 <0.0001

'D5D, A5-desaturase; D6D, A6-desaturase; SAD, sagittal abdominal diameter; SCD, stearoyl-CoA desaturase; WC, waist circumference; WHR, waist-hip

ratio.

2Values are quartile means (95% Cl).
3P for overall trend (Pyeng) Was evaluated linear regression models with sex-specific quartile median as exposure; for observed values sex was the only
additional covariate, while for multivariable-adjusted trend sex,physical activity, alcohol intake, education and smoking were included as covariates.
P for nonlinearity (Pnon-inear) Was evaluated using restricted cubic splines.
SValues were adjusted for sex, physical activity, alcohol intake, education and smoking.

doi:10.1371/journal.pone.0170684.t005

Discussion

The present study represents the largest cross-sectional study to date investigating the relation-
ships between serum FA as biomarkers of dietary fat quality and AO in men and women. In
line with current dietary guidelines, the results suggest that higher intake of PUFA, n-6 in par-
ticular, is associated with lower AO. A higher proportion of PA in serum was associated with
higher prevalence of AO, whilst the contrary was found for serum LA. Associations between
n-3 PUFA and AO were in general weaker and partly sex-specific.

The positive and inverse associations with AO of PA and LA, respectively, are supported by
previous findings in observational studies and clinical trials. Serum PA has been correlated to
measures of AO [13, 23] and in addition, PA in other compartments (i.e., plasma, erythrocytes,
and skeletal muscle phospholipids) has been associated with increased liver fat [24], body fat
percentage [25], and BMI [25]. In line with the present findings, high serum proportions of LA
have been associated with lower SAD [13], WC [13], WHR [23], and BMI [13, 23]. When rela-
tions of serum PUFA with all-cause mortality and incident CVD were evaluated in the present
study population, LA was inversely associated with all-cause mortality but not with CVD risk
[18]. A recent meta-analysis reported lower LA in plasma phospholipids among overweight
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compared to normal weight participants [26] and LA concentration in LDL phosphatidylcho-
line has been associated with lower BMI and WC [27]. Findings from observational studies are
supported by randomized controlled trials reporting greater accumulation of liver fat [9, 10],
visceral fat [9], and total body fat [9] after consumption of SFA (high in PA) compared to
PUFA (high in LA). The different effects on body composition by PUFA and SFA consumption
may be partly due to PUFA-induced inhibition of de novo lipogenesis [9, 10]. Serum PA propor-
tions are however not exclusively determined by PA intake, but also by endogenous FA metabo-
lism (e.g., PA can be synthesized from especially sugars and other refined carbohydrates through
de novo lipogenesis, and PA may undergo elongation or desaturation). However, the participants
in the present study likely consumed a rather non-lipogenic diet with limited consumption of
sugar-sweetened beverages and generally high (>30%) fat intake [28]. Other mechanisms behind
the current associations may include greater oxidation of dietary PUFA versus SFA [29] or a
potential obesogenic effect of SFA per se by up-regulation of 113-hydroxysteroid-dehydrogenase
type 1, promoting cortisol induced visceral fat accumulation [30].

In line with previous findings [23], serum ALA was inversely associated with measures of
AO in the present study. When stratified by sex, associations were only observed in men,
maybe due to a weaker relationship between ALA intake and serum levels in women as we
speculated earlier [18, 31].

In the present study population, long-chain n3 PUFA in serum were associated with lower
risk of incident CVD and all-cause mortality in a partly sex-dependent manner [18]. Here,
serum DHA was inversely associated with AO in the total study population and in women but
not in men. A recent meta-analysis reported lower plasma DHA in overweight compared to
normal weight participants [26]. Effects on fat distribution by DHA per se may be limited and
sex-specific associations of serum n3-PUFA and AO could partly reflect different dietary and
lifestyle patterns in men and women. However, adjustments for lifestyle factors did not
completely attenuate the associations between DHA and AO in the present study. Further-
more, dissimilarities in associations between men and women could be due to general differ-
ences in fat accumulation [32] or by hormone-dependent sex differences in lipid metabolism
as suggested by human tracer trials [33], animal studies [34], and in vitro experiments [34].

Similar to the present study, activities of SCD and D6D have been associated with AO [13]
and subcutaneous adipose tissue [35]. Higher SCD activity has also been observed in individu-
als with increased liver fat content [24]. On the contrary, D5D activity estimated in plasma
compartments has been inversely associated with AO [13] and subcutaneous adipose tissue
[35]. In a recent meta-analysis, overweight individuals had higher D6D, but lower D5D activity
estimates than those with normal weight [26]. Whether estimated desaturase activity affects
body composition or rather is a marker of lifestyle and diet quality remains to be determined
[36]. However, evidence of relationships between desaturases and body composition are sup-
ported by studies reporting associations between genetic variation of SCD and waist circum-
ference [37] as well as genome-wide associations between D5D- and D6D-encoding genes and
appendicular lean mass [38]. Considering the markedly elevated risk of OA in subjects with
high estimated SCD activity, this finding warrants further research to examine if SCD activity
is an important interventional target to reduce or prevent AO in humans.

Some limitations of the present study should be highlighted. Results from this cross-sectional
study support findings from randomized clinical trials and previous observational studies, but
no inference of causation can be made from the current results due to the cross-sectional study
design. The present cohort is restricted to 60-year-olds in Stockholm County and thus the results
may not be representative for other populations. Assessments of serum FA and measures of AO
were only performed once, which may lead to misclassifications due to intra-individual varia-
tion. However, the seemingly good reproducibility of serum PUFA [39] and anthropometry [40]

PLOS ONE | DOI:10.1371/journal.pone.0170684 January 26, 2017 11/15



@° PLOS | ONE

Serum Fatty Acids and Abdominal Obesity

as well as the consistency of results for different anthropometric measures suggest that these are
not chance findings. Estimated desaturase activities may imperfectly reflect the in vivo desaturase
activities although good agreement between FA ratios and more directly measured activity has
been reported previously [41]. As FA proportions were utilized in the present study, it cannot be
concluded that associations of single FA were independent of other FA (e.g., whether AO is asso-
ciated with low LA consumption or high intake of PA and/or PA precursors). However, findings
from trials suggest that dietary LA more effectively prevents abdominal fat accumulation com-
pared to PA [9, 10]. In the present study, fatty acid composition was assessed in cholesterol esters
and it cannot be excluded that the results would have been slightly different if we used compart-
ment, e.g. phospholipids. Although fatty acid proportions in cholesterol esters and phospholipids
generally correlate strongly [42], phospholipids comprise a larger fatty acid pool and proportions
of palmitic acid in particular do differ between these two circulating compartments. Further-
more, it can be argued to what degree the anthropometric measures utilized distinguish between
different types of abdominal fat (e.g., subcutaneous and visceral). Finally, residual confounding
cannot be excluded.

A major strength of the study is the use of a large population-based cohort with high partic-
ipation rate assessing serum FA composition. Biomarkers can provide a more objective esti-
mate of dietary fat composition compared to traditional assessment methods based on self-
reports. Associations of serum FA and desaturases with AO were evaluated by calculating odds
ratios of AO defined by common thresholds as well as by assessing linear and nonlinear rela-
tionships with several anthropometric measures of AO. Finally, the inclusion of both men and
women allowed investigations of sex-specific relationships.

Conclusion

Serum proportions of fatty acids, partly reflecting dietary fat intake, were associated with
abdominal obesity in this large-scale population-based study and the associations were to
some extent sex-specific. The most abundant serum fatty acid, linoleic acid, was strongly and
inversely associated with abdominal obesity in both men and women. Contrary, a high serum
proportion of palmitic acid, a major saturated fatty acid, was linked to higher odds of abdomi-
nal obesity and greater levels of all anthropometric measures. Docohexaenoic acid and a-lino-
leic acid were inversely associated with AO, in a partly sex-specific manner. Overall, these
findings support those of recent interventional and experimental studies suggesting that a
higher relative intake of polyunsaturated fatty acids (especially linoleic acid) from vegetable
oils, associates with decreased abdominal adiposity. These findings are therefore coherent with
current dietary guidelines regarding partial replacement of saturated fats with polyunsaturated
fatty acids, especially in the light of the high and increasing prevalence of abdominal obesity
and related diseases (e.g., diabetes and cardiovascular disease). In accordance with previous
studies, fatty acid desaturase activities were altered in people with abdominal obesity.

Supporting Information

S1 Fig. Participant flow chart. Participants with no missing data regarding exposures (serum
fatty acid and desaturase activities), outcomes (abdominal obesity measures), or covariates
(physical activity, education, smoking and alcohol intake) were included for statistical analysis.
(PDF)

S1 Table. Spearman’s rank correlation coefficients between anthropometric measure-
ments, serum fatty acids, and estimated desaturase activities.
(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0170684 January 26, 2017 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170684.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170684.s002

@° PLOS | ONE

Serum Fatty Acids and Abdominal Obesity

S2 Table. Associations of serum fatty acids with abdominal obesity in men and women.
(PDF)

§3 Table. Associations of serum fatty acids with anthropometric measures in men and
women.

(PDF)

S4 Table. Associations of estimated desaturase activities with abdominal obesity.
(PDF)

S5 Table. Associations of estimated desaturase activities with anthropometric measures in
men and women.
(PDF)

Acknowledgments

The authors thank Siv Tengblad for the analysis of serum FA composition, and all the partici-
pants in the cohort for their contribution.

Author Contributions
Conceptualization: ZDA UR PS TC M-LH MM.
Data curation: KL MV.

Formal analysis: ZDA MM.

Funding acquisition: UDF M-LH UR TC.
Investigation: UDF M-LH UR TC.
Methodology: ZDA UR PS MV TC MM.
Project administration: ZDA UR MM.
Resources: UDF M-LH UR TC.

Supervision: UR PS TC MM.

Visualization: MM.

Writing - original draft: ZDA UR MM.
Writing - review & editing: ZDA UR KL PS ACC MV FL BG TC UDF M-LH MM.

References

1.  Song X, Jousilahti P, Stehouwer CDA, Séderberg S, Onat A, Laatikainen T, et al. Cardiovascular and
all-cause mortality in relation to various anthropometric measures of obesity in Europeans. Nutr Metab
Cardiovasc Dis. 2015; 25(3):295-304. doi: 10.1016/j.numecd.2014.09.004 PMID: 25315666

2. Aune D, Greenwood DC, Chan DSM, Vieira R, Vieira AR, Navarro Rosenblatt DA, et al. Body mass
index, abdominal fatness and pancreatic cancer risk: a systematic review and non-linear dose—
response meta-analysis of prospective studies. Annals of Oncology. 2012; 23(4):843-52. doi: 10.1093/
annonc/mdr398 PMID: 21890910

3. SongM, Hu FB, Spiegelman D, Chan AT, Wu K, Ogino S, et al. Long-term status and change of body
fat distribution, and risk of colorectal cancer: a prospective cohort study. Int J Epidemiol. 2015.

4. Lee JJ, Beretvas SN, Freeland-Graves JH. Abdominal Adiposity Distribution in Diabetic/Prediabetic
and Nondiabetic Populations: A Meta-Analysis: J Obes. 2014; 2014:697264. Epub 2014 Nov 26.; 2014.
doi: 10.1155/2014/697264 PMID: 25525511

PLOS ONE | DOI:10.1371/journal.pone.0170684 January 26, 2017 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170684.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170684.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170684.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170684.s006
http://dx.doi.org/10.1016/j.numecd.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25315666
http://dx.doi.org/10.1093/annonc/mdr398
http://dx.doi.org/10.1093/annonc/mdr398
http://www.ncbi.nlm.nih.gov/pubmed/21890910
http://dx.doi.org/10.1155/2014/697264
http://www.ncbi.nlm.nih.gov/pubmed/25525511

@° PLOS | ONE

Serum Fatty Acids and Abdominal Obesity

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Freedman DS, Ford ES. Are the recent secular increases in the waist circumference of adults indepen-
dent of changes in BMI? Am J Clin Nutr. 2015; 101(3):425-31. doi: 10.3945/ajcn.114.094672 PMID:
25733625

Ford ES, Maynard LM, Li C. Trends in mean waist circumference and abdominal obesity among US
adults, 1999-2012. JAMA. 2014; 312(11):1151-3. doi: 10.1001/jama.2014.8362 PMID: 25226482

Despres JP, Lemieux . Abdominal obesity and metabolic syndrome. Nature. 2006; 444(7121):881-7.
Epub 2006/12/15. doi: 10.1038/nature05488 PMID: 17167477

Bouchard C, Tremblay A, Despres JP, Nadeau A, Lupien PJ, Theriault G, et al. The response to long-
term overfeeding in identical twins. N Engl J Med. 1990; 322(21):1477-82. doi: 10.1056/
NEJM199005243222101 PMID: 2336074

Rosqvist F, Iggman D, Kullberg J, Cedernaes J, Johansson H-E, Larsson A, et al. Overfeeding Polyun-
saturated and Saturated Fat Causes Distinct Effects on Liver and Visceral Fat Accumulation in Humans.
Diabetes. 2014; 63(7):2356—68. doi: 10.2337/db13-1622 PMID: 24550191

Bjermo H, Iggman D, Kullberg J, Dahlman |, Johansson L, Persson L, et al. Effects of n-6 PUFAs com-
pared with SFAs on liver fat, lipoproteins, and inflammation in abdominal obesity: a randomized con-
trolled trial. Am J Clin Nutr. 2012; 95(5):1003—12. Epub 2012/04/12. doi: 10.3945/ajcn.111.030114
PMID: 22492369

Summers L, Fielding B, Bradshaw H, llic V, Beysen C, Clark M, et al. Substituting dietary saturated fat
with polyunsaturated fat changes abdominal fat distribution and improves insulin sensitivity. Diabetolo-
gia. 2002; 45(3):369-77. doi: 10.1007/s00125-001-0768-3 PMID: 11914742

Vinknes KJ, Elshorbagy AK, Nurk E, Drevon CA, Gjesdal CG, Tell GS, et al. Plasma stearoyl-CoA desa-
turase indices: association with lifestyle, diet, and body composition. Obesity. 2013; 21(3):20011.

Warensjé E, Ohrvall M, Vessby B. Fatty acid composition and estimated desaturase activities are asso-
ciated with obesity and lifestyle variables in men and women. Nutrition, Metabolism and Cardiovascular
Diseases. 2006; 16(2):128-36. doi: 10.1016/j.numecd.2005.06.001 PMID: 16487913

Vessby B, Gustafsson IB, Tengblad S, Boberg M, Andersson A. Desaturation and elongation of Fatty
acids and insulin action. Ann N 'Y Acad Sci. 2002; 967:183-95. Epub 2002/06/25. PMID: 12079847

Hodson L, Skeaff CM, Fielding BA. Fatty acid composition of adipose tissue and blood in humans and
its use as a biomarker of dietary intake. Progress in lipid research. 2008; 47(5):348-80. doi: 10.1016/j.
plipres.2008.03.003 PMID: 18435934

Carlsson AC, Wandell PE, de Faire U, Hellenius ML. Risk factors associated with newly diagnosed high
blood pressure in men and women. American journal of hypertension. 2008; 21(7):771-7. Epub 2008/
04/26. doi: 10.1038/ajh.2008.167 PMID: 18437125

Carlsson AC, Riserus U, Engstrom G, Arnlov J, Melander O, Leander K, et al. Novel and established
anthropometric measures and the prediction of incident cardiovascular disease: a cohort study. Int J
Obes (Lond). 2013; 37(12):1579-85. Epub 2013/04/24.

Marklund M, Leander K, Vikstrom M, Laguzzi F, Gigante B, Sjogren P, et al. Polyunsaturated Fat Intake
Estimated by Circulating Biomarkers and Risk of Cardiovascular Disease and All-Cause Mortality in a
Population-Based Cohort of 60-Year-Old Men and Women. Circulation. 2015. Epub 2015/06/19.

Wandell PE, Carlsson AC, de Faire U, Hellénius ML. Prevalence of blood lipid disturbances in Swedish
and foreign-born 60-year-old men and women in Stockholm, Sweden. Nutrition, Metabolism and Car-
diovascular Diseases. 2011; 21(3):173-81. doi: 10.1016/j.numecd.2009.09.007 PMID: 19939652

Wikner C, Gigante B, Hellénius M-L, de Faire U, Leander K. The Risk of Type 2 Diabetes in Men Is Syn-
ergistically Affected by Parental History of Diabetes and Overweight. PLoS One. 2013; 8(4):e61763.
doi: 10.1371/journal.pone.0061763 PMID: 23630613

Executive Summary of The Third Report of The National Cholesterol Education Program (NCEP)
Expert Panel on Detection, Evaluation, And Treatment of High Blood Cholesterol In Adults (Adult Treat-
ment Panel lll). JAMA. 2001; 285(19):2486-97. Epub 2001/05/23. PMID: 11368702

Boberg M, Croon LB, Gustafsson IB, Vessby B. Platelet fatty acid composition in relation to fatty acid
composition in plasma and to serum lipoprotein lipids in healthy subjects with special reference to the
linoleic acid pathway. Clin Sci. 1985; 68(5):581—7. PMID: 3919990

Zheng Z-J, Folsom AR, Ma J, Arnett DK, McGovern PG, Eckfeldt JH, et al. Plasma Fatty Acid Composi-
tion and 6-Year Incidence of Hypertension in Middle-aged Adults: The Atherosclerosis Risk in Commu-
nities (ARIC) Study. Am J Epidemiol. 1999; 150(5):492-500. PMID: 10472949

Petit JM, Guiu B, Duvillard L, Jooste V, Brindisi MC, Athias A, et al. Increased erythrocytes n-3 and n-6
polyunsaturated fatty acids is significantly associated with a lower prevalence of steatosis in patients
with type 2 diabetes. Clin Nutr. 2012; 31(4):520-5. Epub 2012/01/03. doi: 10.1016/j.cInu.2011.12.007
PMID: 22209679

PLOS ONE | DOI:10.1371/journal.pone.0170684 January 26, 2017 14/15


http://dx.doi.org/10.3945/ajcn.114.094672
http://www.ncbi.nlm.nih.gov/pubmed/25733625
http://dx.doi.org/10.1001/jama.2014.8362
http://www.ncbi.nlm.nih.gov/pubmed/25226482
http://dx.doi.org/10.1038/nature05488
http://www.ncbi.nlm.nih.gov/pubmed/17167477
http://dx.doi.org/10.1056/NEJM199005243222101
http://dx.doi.org/10.1056/NEJM199005243222101
http://www.ncbi.nlm.nih.gov/pubmed/2336074
http://dx.doi.org/10.2337/db13-1622
http://www.ncbi.nlm.nih.gov/pubmed/24550191
http://dx.doi.org/10.3945/ajcn.111.030114
http://www.ncbi.nlm.nih.gov/pubmed/22492369
http://dx.doi.org/10.1007/s00125-001-0768-3
http://www.ncbi.nlm.nih.gov/pubmed/11914742
http://dx.doi.org/10.1016/j.numecd.2005.06.001
http://www.ncbi.nlm.nih.gov/pubmed/16487913
http://www.ncbi.nlm.nih.gov/pubmed/12079847
http://dx.doi.org/10.1016/j.plipres.2008.03.003
http://dx.doi.org/10.1016/j.plipres.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18435934
http://dx.doi.org/10.1038/ajh.2008.167
http://www.ncbi.nlm.nih.gov/pubmed/18437125
http://dx.doi.org/10.1016/j.numecd.2009.09.007
http://www.ncbi.nlm.nih.gov/pubmed/19939652
http://dx.doi.org/10.1371/journal.pone.0061763
http://www.ncbi.nlm.nih.gov/pubmed/23630613
http://www.ncbi.nlm.nih.gov/pubmed/11368702
http://www.ncbi.nlm.nih.gov/pubmed/3919990
http://www.ncbi.nlm.nih.gov/pubmed/10472949
http://dx.doi.org/10.1016/j.clnu.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22209679

@° PLOS | ONE

Serum Fatty Acids and Abdominal Obesity

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Pan DA, Lillioja S, Milner MR, Kriketos AD, Baur LA, Bogardus C, et al. Skeletal muscle membrane lipid
composition is related to adiposity and insulin action. The Journal of clinical investigation. 1995; 96
(6):2802—-8. Epub 1995/12/01. PubMed Central PMCID: PMC185990. doi: 10.1172/JCI118350 PMID:
8675650

Fekete K, Gyorei E, Lohner S, Verduci E, Agostoni C, Decsi T. Long-chain polyunsaturated fatty acid
status in obesity: a systematic review and meta-analysis. Obesity Reviews. 2015; 16(6):488-97. doi:
10.1111/0br.12280 PMID: 25828602

Zak A, Tvrzicka E, Vecka M, Romaniv S, Zeman M, Konarkova M. Effects of selected anthropometric
parameters on plasma lipoproteins, fatty acid composition, and lipoperoxidation. Ann N 'Y Acad Sci.
2002; 967:522—7. Epub 2002/06/25. PMID: 12079883

Becker W, Pearson M. Riksmaten 1997-98: kostvanor och naringsintag i Sverige: metod- och resultata-
nalys. Uppsala: Livsmedelsverket; 2002.

DelLany JP, Windhauser MM, Champagne CM, Bray GA. Differential oxidation of individual dietary fatty
acids in humans. Am J Clin Nutr. 2000; 72(4):905-11. PMID: 11010930

Petrus P, Rosqvist F, Edholm D, Mejhert N, Arner P, Dahiman |, et al. Saturated fatty acids in human
visceral adipose tissue are associated with increased 11- beta-hydroxysteroid-dehydrogenase type 1
expression. Lipids in health and disease. 2015; 14:42. Epub 2015/05/03. PubMed Central PMCID:
PMC4424543. doi: 10.1186/s12944-015-0042-1 PMID: 25934644

Laguzzi F, Alsharari Z, Risérus U, Vikstrdom M, Sjogren P, Gigante B, et al. Cross-sectional relationships
between dietary fat intake and serum cholesterol fatty acids in a Swedish cohort of 60-year-old men and
women. Journal of Human Nutrition and Dietetics. 2015:n/a-n/a.

Williams CM. Lipid metabolism in women. The Proceedings of the Nutrition Society. 2004; 63(1):153—
60. Epub 2004/04/09. doi: 10.1079/PNS2003314 PMID: 15070445

Tran C, Jacot-Descombes D, Lecoultre V, Fielding BA, Carrel G, Le KA, et al. Sex differences in lipid
and glucose kinetics after ingestion of an acute oral fructose load. Br J Nutr. 2010; 104(8):1139-47.
Epub 2010/06/15. doi: 10.1017/S000711451000190X PMID: 20540820

Marks KA, Kitson AP, Stark KD. Hepatic and plasma sex differences in saturated and monounsaturated
fatty acids are associated with differences in expression of elongase 6, but not stearoyl-CoA desaturase
in Sprague—Dawley rats. Genes & Nutrition. 2013; 8(3):317-27.

Petersson H, Arnlov J, Zethelius B, Riserus U. Serum fatty acid composition and insulin resistance are
independently associated with liver fat markers in elderly men. Diabetes research and clinical practice.
2010; 87(3):379-84. Epub 2009/12/22. doi: 10.1016/j.diabres.2009.11.019 PMID: 20022128

Bjermo H, Riserus U. Role of hepatic desaturases in obesity-related metabolic disorders. Curr Opin Clin
Nutr Metab Care. 2010; 13(6):703-8. Epub 2010/09/09. doi: 10.1097/MC0.0b013e32833ec41b PMID:
20823776

Warensjo E, Ingelsson E, Lundmark P, Lannfelt L, Syvanen AC, Vessby B, et al. Polymorphisms in the
SCD1 gene: Associations with body fat distribution and insulin sensitivity. Obesity. 2007; 15(7):1732—
40. doi: 10.1038/0by.2007.206 PMID: 17636091

HanY, PeiY, LiuY, Zhang L, Wu S, Tian Q, et al. Bivariate genome-wide association study suggests
fatty acid desaturase genes and cadherin DCHS2 for variation of both compressive strength index and
appendicular lean mass in males. Bone. 2012; 51(6):1000-7. Epub 2012/09/11. doi: 10.1016/j.bone.
2012.08.127 PMID: 22960237

Ohrvall M, Tengblad S, Gref CG, Salminen |, Aro A, Vessby B. Serum alpha tocopherol concentrations
and cholesterol ester fatty acid composition in 70-year-old men reflect those 20 years earlier. Eur J Clin
Nutr. 1996; 50(6):381-5. Epub 1996/06/01. PMID: 8793419

Ohrvall M, Berglund L, Vessby B. Sagittal abdominal diameter compared with other anthropometric
measurements in relation to cardiovascular risk. International journal of obesity and related metabolic
disorders: journal of the International Association for the Study of Obesity. 2000; 24(4):497-501. Epub
2000/05/11.

Gillingham LG, Harding SV, Rideout TC, Yurkova N, Cunnane SC, Eck PK, et al. Dietary oils and
FADS1-FADS2 genetic variants modulate [13C]alpha-linolenic acid metabolism and plasma fatty acid
composition. Am J Clin Nutr. 2013; 97(1):195-207. Epub 2012/12/12. doi: 10.3945/ajcn.112.043117
PMID: 23221573

Marklund M, Lind L, Risérus U. Abstract P012: Associations Between Plasma Phospholipid and Choles-
terol Ester Fatty Acids and Reproducibility During 10-year Follow-up of Elderly Individuals: A Population
Based Study. Circulation. 2016; 133(Suppl 1):AP012.

PLOS ONE | DOI:10.1371/journal.pone.0170684 January 26, 2017 15/15


http://dx.doi.org/10.1172/JCI118350
http://www.ncbi.nlm.nih.gov/pubmed/8675650
http://dx.doi.org/10.1111/obr.12280
http://www.ncbi.nlm.nih.gov/pubmed/25828602
http://www.ncbi.nlm.nih.gov/pubmed/12079883
http://www.ncbi.nlm.nih.gov/pubmed/11010930
http://dx.doi.org/10.1186/s12944-015-0042-1
http://www.ncbi.nlm.nih.gov/pubmed/25934644
http://dx.doi.org/10.1079/PNS2003314
http://www.ncbi.nlm.nih.gov/pubmed/15070445
http://dx.doi.org/10.1017/S000711451000190X
http://www.ncbi.nlm.nih.gov/pubmed/20540820
http://dx.doi.org/10.1016/j.diabres.2009.11.019
http://www.ncbi.nlm.nih.gov/pubmed/20022128
http://dx.doi.org/10.1097/MCO.0b013e32833ec41b
http://www.ncbi.nlm.nih.gov/pubmed/20823776
http://dx.doi.org/10.1038/oby.2007.206
http://www.ncbi.nlm.nih.gov/pubmed/17636091
http://dx.doi.org/10.1016/j.bone.2012.08.127
http://dx.doi.org/10.1016/j.bone.2012.08.127
http://www.ncbi.nlm.nih.gov/pubmed/22960237
http://www.ncbi.nlm.nih.gov/pubmed/8793419
http://dx.doi.org/10.3945/ajcn.112.043117
http://www.ncbi.nlm.nih.gov/pubmed/23221573

