\ &

2

R/

. UNIVERSITY
ates OF TURKU

This is a self-archived — parallel-published version of an original article. This

version may differ from the original in pagination and typographic details.
When using please cite the original.

AUTHOR

TITLE

YEAR

DOI

VERSION

CITATION

Jari E Kaikkonen, Antti Jula, Jorma S A Viikari, Markus Juonala,
Nina Hutri-Kdhonen, Mika Kdhonen, Terho Lehtimaki, Olli T
Raitakari

Associations of Serum Fatty Acid Proportions with Obesity,
Insulin Resistance, Blood Pressure, and Fatty Liver: The
Cardiovascular Risk in Young Finns Study

2021

10.1093/jn/nxaa409

Author’s accepted manuscript

Jari E Kaikkonen, Antti Jula, Jorma S A Viikari, Markus Juonala,
Nina Hutri-Kahonen, Mika Kahonen, Terho Lehtimaki, OIli T
Raitakari, Associations of Serum Fatty Acid Proportions with
Obesity, Insulin Resistance, Blood Pressure, and Fatty Liver:
The Cardiovascular Risk in Young Finns Study, The Journal of
Nutrition, 2021;, nxaa409,
https://doi.org/10.1093/jn/nxaa409



19.11.2020 Revision The Journal of Nutrition
Research Article

Nutritional Epidemiology

Associations of serum fatty acid proportions with obesity, insulin resistance, blood

pressure and fatty liver: The Cardiovascular Risk in Young Finns Study

Jari E. Kaikkonen,?2 Antti Jula,* Jorma S. A. Viikari,® Markus Juonala,® Nina Hutri-K&honen,® Mika K&honen,’

Terho Lehtiméaki,® Olli T. Raitakarit3°

'Research Centre of Applied and Preventive Cardiovascular Medicine, University of Turku, Turku, Finland
2Department of Clinical Physiology and Nuclear Medicine, Kuopio University Hospital, Kuopio, Finland
%Centre for Population Health Research, University of Turku and Turku University Hospital, Turku, Finland.
“National Institute for Health and Welfare, Turku, Finland

*Department of Medicine, University of Turku and Division of Medicine, Turku University Hospital, Finland
®Department of Pediatrics, Tampere University Hospital and Tampere University, Tampere, Finland
"Department of Clinical Physiology, Tampere University Hospital and Tampere University, Tampere, Finland

8Department of Clinical Chemistry, Fimlab laboratories and Faculty of Medicine and Health Technology,
Finnish Cardiovascular Research Center - Tampere, Tampere University, Tampere, Finland.

*Department of Clinical Physiology and Nuclear Medicine, Turku University Hospital, Turku, Finland

antti.jula@thl.fi; jorvii@utu.fi; mataju@utu.fi; nina.hutri-kahonen@uta.fi; mika.kahonen@uta.fi;

terho.lehtimaki@tuni.fi; olli.raitakari@utu.fi;

Sources of Support: The Young Finns Study has been financially supported by the Academy of Finland: grants
322098, 287285, 286284, 134309 (Eye), 126925, 121584, 124282, 129378 (Salve), 117787 (Gendi), and 41071
(Skidi); the Social Insurance Institution of Finland; Competitive State Research Financing of the Expert
Responsibility area of Kuopio, Tampere and Turku University Hospitals (grant X51001); Specified governments
transfers to Kuopio University Hospital (5031364); Juho Vainio Foundation; Paavo Nurmi Foundation; Finnish

Foundation for Cardiovascular Research ; Finnish Cultural Foundation; The Sigrid Juselius Foundation; Tampere


mailto:antti.jula@thl.fi
mailto:jorvii@utu.fi
mailto:mataju@utu.fi
mailto:nina.hutri-kahonen@uta.fi
mailto:mika.kahonen@uta.fi
mailto:terho.lehtimaki@tuni.fi
mailto:olli.raitakari@utu.fi

Tuberculosis Foundation; Emil Aaltonen Foundation; Yrj6 Jahnsson Foundation; Signe and Ane Gyllenberg
Foundation; Diabetes Research Foundation of Finnish Diabetes Association; EU Horizon 2020 (grant number
848146 for TO AITION and grant number 755320 for TAX-INOMISIS); European Research Council (grant
742927 for MULTIEPIGEN project); Tampere University Hospital Supporting Foundation; and The Paulo

Foundation.

Author disclosures: J. E. Kaikkonen, A. Jula, J. S. A. Viikari, M. Juonala, N. Hutri-Kahonen, M. Kahonen, T.

Lehtimaki, and O. T. Raitakari have no conflicts of interest

Correspondence: Jari Kaikkonen, Research Centre of Applied and Preventive Cardiovascular Medicine,
University of Turku, Kiinamyllynkatu 10, 20520 Turku, Finland; Phone: +358400897018;

E-mail: jari.kaikkonen@utu.fi

Number of words: 4262
Number of figures: 3;
Number of tables: 1;

Supplemental data: 5 tables, 1 figure.

Running title: Fatty acids and metabolic outcomes

Abbreviations: BMI, body mass index; BP, blood pressure; DBP, diastolic blood pressure; E%, energy %; FA,
fatty acid; HDL, high-density lipoprotein; HOMA, homeostatic model-based insulin resistance; MUFA,
monounsaturated fatty acid; n-3, omega-3; n-6, omega-6; PUFA, polyunsaturated fatty acid; RCT, randomized

clinical trial; SFA, saturated fatty acid; SBP, systolic blood pressure; T2D, type 2 diabetes


mailto:jari.kaikkonen@utu.fi

]

O 00 N O

10
11

12
13
14
15
16
17
18
19
20
21
22
23
24

25
26

27

28

29

30

ABSTRACT

Background: The links between fatty acids (FAs) and cardiometabolic outcomes are topics of debate.

Objective: Our aim was to investigate the associations between serum standardized FA percentages and

cardiometabolic outcomes.

Methods: We used cross-sectional (n=2187-2200, aged 24-39 years, women 54 %) and 10-year
prospective data (n=975-1414) from the Young Finns Study. Outcomes included prevalent and incident
obesity, insulin resistance (HOMA index in the upper quintile), elevated blood pressure (medication, or
diastolic or systolic blood pressure in the upper quintile), and incident non-alcoholic fatty liver. Logistic
regression models were used to calculate odds ratios per standard deviation increase in FAs. The models

were adjusted for age and sex, and additionally for other potential confounders.

Results: Several cross-sectional findings were statistically significant also in prospective models
(Bonferroni corrected P<0.003). In fully adjusted models for obesity, these consisted of saturated
(SFAs) (OR=1.28) and monounsaturated (MUFAs) FAs (OR=1.38), including palmitoleic (OR=1.39)
and oleic acids (OR=1.37). Furthermore, polyunsaturated FAs (PUFAs) (OR=0.70), including linoleic
(OR=0.67) and docosahexaenoic acids (OR=0.75), were inversely related with obesity, whereas y-
linolenic acid (OR=1.32) was positively associated with obesity. In age and sex adjusted models for
insulin resistance, MUFAs (OR=1.26) and oleic acid (OR=1.25) were positively, and PUFASs
(OR=0.81), particularly linoleic acid (OR=0.78), were inversely associated with HOMA. Similarly with
elevated blood pressure, palmitic acid (OR=1.22), MUFAs (OR=1.28) and oleic acid (OR=1.28) were
positively associated with elevated blood pressure, whereas PUFAs (OR=0.77), n-6 (omega-6) PUFAs
(OR=0.79) and linoleic acid (OR=0.77) were inversely associated. In fully adjusted models for incident
fatty liver, the most consistent predictors were high palmitic (OR=1.61) and low linoleic acid (OR=0.63)

percentages. The n-6/n-3 (omega-3) PUFA ratio was not linked with any adverse outcomes.

Conclusions: High serum percentages of total SFAs and MUFAs and low PUFAs, but also several

specific FAs, predict future unfavorable cardiometabolic outcomes in Finnish adults.

300/300 words

Keywords: metabolic disease, prospective analysis, saturation degree, serum fatty acid
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Introduction

Obesity, impaired insulin metabolism, elevated blood pressure (BP) and fatty liver are common
cardiometabolic outcomes, and risk factors for atherosclerosis (1). These outcomes have been linked
with an unhealthy diet, in particular with a high saturated fat intake. Therefore, the international dietary
guidelines recommend that individuals should consume fat 20-35 energy % (E%) and saturated fatty
acids (SFAs) less than 10 E% by replacing SFAs partly with both polyunsaturated fatty acids (PUFAS)
and monounsaturated fatty acids (MUFAS) to lower their cardiometabolic risk (2-5). These
recommendations are based on results from randomized clinical trials (RCTs) (6-9), supported by
epidemiological evidence, and confirmed in a series of meta-analyses and reviews (10-15). However,
one recent meta-analysis has questioned the findings of the old RCTs and related meta-analyses because
of inadequate randomization and controlling in some of these RCTs (16). In addition, some meta-
analyses have suggested that an increase in the n-6 (omega-6) PUFA intake without a simultaneous
increase in the n-3 (omega-3) PUFA intake could increase rather than decrease the risk of coronary heart
disease (17-19). In line with these findings, one recent meta-analysis indicated that a higher intake of n-
3 but not n-6 PUFAs, was associated with a lower risk of the metabolic syndrome (20). In addition, the
role of MUFAs is unclear (21) since their serum percentages have been linked in large cohort studies
with an increased risk of cardiometabolic outcomes, such as fatty liver, type 2 diabetes or cardiovascular
disease (22-24). These are only a few examples in the recent literature reporting conflicting findings.
For these reasons, the debate regarding the optimal dietary composition of fatty acids (FAS) is still far

from finished, and remains an important topic for further investigations.

Dietary recommendations have tended to focus on total SFAs, MUFAs or PUFAs, without
any particular emphasis on specific FAs. This may be a shortcoming since specific FAs may play
important physiologic roles in outcome associations and body functions. For example, long-chain SFAs,
such as 18:0 versus 12:0, have been suggested to increase the risk of obesity (25), and circulating SFAs
with an even number of carbon atoms, such as 14:0, have been linked with the risk of incident type 2

diabetes (T2D) (26). With regard to serum n-6 PUFAS, cholesterol ester dihomo-y-linolenic (20:3n-6)
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5
acid, %, has shown a positive association, whereas the linoleic acid (18:2n-6), %, displayed an inverse

association with the incidence of T2D (27). FA metabolism that leads to the production of longer and
more desaturated FA chains may explain these varying associations (28). Furthermore, most of the
published studies have investigated only individual cardiometabolic endpoints without any clear focus

on the metabolic state as a whole.

For these reasons, in the present study, our objective was to investigate in depth not only
the effects on health of circulating FAs, including total n-6 and n-3 PUFASs and their ratios, total
MUFASs and SFAs but also to examine the importance of specific FAs with their varying chain lengths
and saturation degrees. To clarify the links of serum FAs with the cardiometabolic state, both cross-
sectional and prospective associations of FAs with obesity, insulin resistance (high homeostatic model-
based insulin resistance, HOMA), fatty liver and elevated BP were investigated in young and middle-
aged adults. We also formed summed variables from different FAs and outcomes to examine the

association between the ratio of (SFAs+MUFA)/PUFAs and the metabolic state as a whole.

Methods

Study population (the Cardiovascular Risk in Young Finns Study)

In 1980, 4320 children and adolescents aged 3, 6,9, 12, 15, and 18 years, living in 5 university cities and
12 adjacent rural communities, were randomly chosen from the Finnish national population register. A
total of 3596 (83.1%) of those invited actually participated in the examination conducted in 1980 (29).
Follow-up examinations which included basic laboratory analyses were carried out in 2283 subjects in
2001 and 2046 subjects in 2011. When examining the cross-sectional associations between serum FAs
and cardiometabolic outcomes (with the year 2001 data), there were 2187-2200 participants, i.e., men
(46.2%) and non-pregnant women (53.8%) for whom the anthropometric data was available. With
regard to the prospective analyses (FAs analyzed in 2001 vs. incident outcomes in 2011), there were

975-1414 participants available, i.e., men (45.0%) and non-pregnant women (55.0%). One individual
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6
having a HOMA index>1000 (2011 data) was removed as an outlier. Dietary intake data was available

for 991 participants (the year 2001 data).

Clinical data assessment (2001 data)

Anthropometric data on waist circumference and body mass index (BMI) were measured during the
study visits. All laboratory analyses were carried out on overnight fasting samples. Serum levels of
glucose, lipids, activity of y-glutamy| transferase, alanine aminotransferase and insulin were measured
with standard clinical laboratory methods (see supplemental material for details). Data on daily cigarette
smoking, pregnancy, medication for hypertension (no vs. yes), education-based socioeconomic status
(comprehensive school vs. secondary education, not academic vs. academic, 1 to 3), the number of
monthly portions for vegetables and fruits, alcohol consumption (g/day), use of additional salt, i.e.,
sodium or potassium (never added vs. added following tasting vs. always added, 1 to 3), and a leisure-
time physical activity (an index score varying between 5 and 15) (30) were based on the participants’
responses to the questionnaires. The intake of PUFAs, SFAs and MUFAs (either % serum total FAs, or

E%) were calculated based on 48-hour dietary recall data (see supplemental material for details).

Serum fatty acids

Serum concentrations and percentages of total FAs (free + esterified) were analyzed in a gas
chromatography and flame ionization detector (31). Lipids were extracted from serum with chloroform-
methanol (2:1). The FA methyl esters were synthesized using 14% boron trifluoride in methanol. The
methyl esters were analyzed using a gas chromatograph (Varian CP-3800; Varian Inc, Walnut Creek,
Calif) equipped with a 30-m x 0.25-mm glass capillary column (stationary phase 50%
cyanopropylphenyl-methoxypolysiloxane; J & W Scientific, Folsom, Calif). The oven temperature
increased by 5°C/min from 140°C to 220°C during the analysis run. The peaks were identified on the

basis of retention times recorded for different standards. Heptadecanoic acid (C17:0) was used as an
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internal standard. The FAs were quantified by peak areas relative to heptadecanoic acid using Star

Chromatography Workstation software (Star Toolbar, version 5.50; Varian Inc).

Specific FAs were subdivided into (1) SFAs: myristic acid, 14:0; pentadecanoic acid, 15:0;
palmitic acid, 16:0 and stearic acid, 18:0; (2) MUFAs: palmitoleic acid, 16:1n-7; octadecenoic acid,
18:1n-7; oleic acid, 18:1n-9; eicosenoic acid, 20:1n-9 and docosenoic acid, 22:1n-9; (3) PUFAs: linoleic
acid, 18:2n-6; y-linolenic acid, 18:3n-6; eicosadienoic acid, 20:2n-6; dihomo- y-linolenic acid, 20:3n-6;
arachidonic acid, 20:4n-6; docosatetraenoic acid, 22:4n-6, a-linolenic acid, 18:3n-3; eicosatetraenoic
acid, 20:4n-3; eicosapentaenoic acid, 20:5n-3; docosapentaenoic acid, 22:5n-3 and docosahexaenoic

acid, 22:6n-3.

Obesity and HOMA index

A subject was defined as being obese if her/his BMI was higher than 30 kg/m?. The rest of the study
population formed a non-obese group. At baseline, none of the individuals had type 2 diabetes. Glucose
and insulin values were used to calculate the HOMA index (homeostatic model-based insulin
resistance). Since there was a wide age distribution among the subjects (from 24 to 39 years in 2001),
the HOMA index was categorized for logistic regression by forming age- and sex-specific percentiles,

with 80% being applied as a cutoff point: >80%=1 vs. <80%=0.

Elevated blood pressure: definition and measurement

In our young cohort, the rates of elevated blood pressure (BP) increased as the subjects grew older and
there were age-interactions in the associations between blood pressure and serum FAs, linoleic acid
being one example. For these reasons, a participant was defined to have elevated BP if she/he was being
prescribed medication for hypertension or her/his systolic (SBP) or diastolic (DBP) BP belonged to the
highest age and sex specific 80% percentile. In women, the mean cutoff for the 80% percentile (the year

2001 data) was 122 mmHg for SBP and 77 mmHg for DBP. In men (the year 2001 data), the
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corresponding values were 131 and 83 mmHg. Parallel analyses with common clinical criteria for
hypertension (medication for hypertension or DBP>90 or SBP>140 mmHg) are presented in
Supplemental Table 4. BP was measured in 2001 and 2011 by using a random-zero
sphygmomanometer (Hawksley & Sons Ltd, Lancin, UK) with the subject in the sitting position after 5
minutes of rest. Korotkoff’s fifth phase was used as the sign of DBP, and the first phase was read as

SBP. Readings were performed 3 times on each subject; the average of these values was calculated.

Imaging of the liver fat status (non-alcoholic fatty liver)

The liver fat was scanned using 4.0 MHz adult abdominal transducers with Acuson Sequoia 512
ultrasound mainframes (Acuson, Mountain View, CA, USA). A trained sonographer graded the liver fat
status from the ultrasonographic images using widely accepted criteria: 1) the liver-to-kidney contrast,
2) parenchymal brightness, 3) deep beam attenuation, 4) bright vessel walls, and 5) visibility of the neck

of the gallbladder.

Statistical analyses

Variables with a skewed distribution were log-transformed prior to their statistical evaluation. T-test for
independent samples was used to calculate baseline characteristics. Pearson correlation coefficients were
calculated to examine the associations between dietary intake of FAs (% or E%) and their serum
percentages. We also formed two summary variables: 1) the (SFAs+MUFAS)/PUFAs ratio and 2) the
number of cardiometabolic outcomes (including obesity, high insulin resistance and elevated BP, values
ranging from 0 to 3). Univariate general linear model was used to form a figure regarding age and sex-

adjusted FA status versus the number of outcomes.

The two-step logistic regression models were conducted as follows: First, the associations
of standardized FA variables with each cardiometabolic outcome were examined with models including

age and sex as covariates. Then, additional covariates were specifically selected for each outcome to
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9
construct fully-adjusted models. For prevalent and incident obesity, further adjustments were done for

physical activity, educational socioeconomic status, smoking habits and the monthly portions for fruits
and vegetables. For prevalent and incident HOMA, further covariates included BMI, leisure-time physical
activity, alanine aminotransferase, the triglyceride/high-density lipoprotein (HDL) cholesterol ratio and
smoking habits. For BP, further adjustments were made for BMI, leisure-time physical activity, HOMA
levels, the triglyceride/HDL cholesterol ratio, smoking and salt use. With regard to incident outcomes, the
follow-up time of 10 years was identical for all of the study participants. With regard to models for
incident outcomes, individuals with the corresponding prevalent outcomes were removed prior to the
analyses. For incident fatty liver, the same set of covariates was used as for BP, except that salt intake and
the triglyceride/HDL cholesterol ratio were replaced with alcohol use. An ultrasound examination was
not performed in 2001. Therefore, to exclude possible cases with prevalent fatty liver in 2001, we removed
participants with the Bedogni’s fatty liver index>30 (32) and those with a known risk level of alcohol use,
i.e., over 20 g/day in women and 30 g per day in men in 2001, from the incident fatty liver models. Age
and sex-interactions were characterized by the logistic regression models supplemented by age*FA or
sex*FA-variable interaction terms. On the basis of principal component analysis, we calculated that 17
components would explain >99% of the variation among 33 serum FA variables (Table 1). Following
Bonferroni-correction, a P value < 0.003 was defined as statistically significant and a P-value between
0.003 and 0.05 as borderline significant. IBM SPSS Statistics software (version 22) was used to perform

the statistical analyses.

Ethics
The study was carried out in accordance with the recommendations of the Declaration of Helsinki. All
participants provided written informed consent, and the study protocol was approved by the Ethics

Committee, Hospital District of Southwest Finland.
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Results

Characteristics

Baseline characteristics of the selected study variables are presented in Table 1. This includes clinical
data, serum total FA percentages (FA classes and specific FAs) and serum total FA concentrations
(summaries for desaturation degrees). In addition, outcome-specific characteristics have been presented
for the participants without any investigated cardiometabolic outcome in 2001 and for the participants
having prevalent obesity, high HOMA and/or elevated blood pressure in 2001 (Supplemental Table 1).
With regard to incident outcomes, baseline characteristics have been presented separately for the
participants without any investigated cardiometabolic outcome in 2001 or 2011, and for the participants
having incident obesity, high HOMA, non-alcoholic fatty liver and/or elevated BP in 2011

(Supplemental Table 2).

Links between dietary intake and serum total FA percentages

Pearson correlation coefficients between dietary (either % total FA intake or E%) and serum FAs (%
total FAS) are presented in Supplemental Table 3. The strongest associations were observed for n-3
PUFAs (r=0.3 to 0.4, P<0.003). With respect to the other FAs, the associations were weak, but
statistically significant for at least one of these two dietary variables. With respect to dietary MUFAs,
their E% exerted an inverse association with serum MUFAs. In addition, FA percentages have been
compared between diet and serum in Supplemental Figure 1. In serum, n-6 and n-3 PUFA percentages

were clearly higher than the corresponding percentages in dietary intake (visual assessment).

Cross-sectional logistic regression analyses for serum FA percentages versus outcomes

SFAs with an even number of carbon atoms, including myristic and palmitic acids, and MUFAs,

including palmitoleic and oleic acids, were positively associated with prevalent obesity, insulin
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11
resistance and elevated BP in the age and sex-adjusted models (P<0.003) (Figure 1). Stearic acid (18:0)

did not show any age and sex-adjusted links, and the association of pentadecanoic acid with elevated BP
was of an inverse nature. The percentages of PUFAs and n-6 PUFAs, linoleic acid in particular, were
inversely associated with the outcomes (P<0.003). Furthermore, the n-3 PUFAS, showed borderline
significant (P<0.05) inverse associations with obesity and elevated BP. The n-6/n-3 PUFA ratio
exhibited inverse associations with obesity and high HOMA (P<0.003). However, specific PUFAS, such
as y-linolenic, dihomo-vy-linolenic and/or eicosatetraenoic acids, displayed positive rather than inverse
associations with the outcomes (P<0.003). Docosatetraenoic acid, %, exhibited a statistically significant
positive association with elevated BP. With respect to the long-chain n-3 PUFAs, docosapentaenoic acid
and docosahexaenoic acid showed inverse links (some associations being only borderline significant)
with the outcomes. In general, the associations between FA percentages and clinically determined
hypertension (Supplemental Table 4) were similar, but somewhat stronger than the associations

between FA percentages and elevated BP (Figure 1).

Most of the above-mentioned associations were also statistically significant in the fully-
adjusted models reflecting their independence of common lifestyle cardiometabolic risk factors. The

high PUFA/SFA ratio exhibited the strongest inverse fully-adjusted association with the outcomes.

We also tested associations between the actual serum FA concentrations, mg/L, and the
outcomes. Regardless of FA class, specific FA concentrations were positively and nearly always
significantly (P<0.003) associated with obesity (Supplemental Table 5). The highest odds ratios were
seen for palmitoleic and dihomo-y-linolenic acids. Similar, consistently positive associations between

FA concentrations and outcomes were also evident for blood pressure and HOMA (data not shown).

Finally, we tested whether the serum (SFAs+MUFASs) per PUFAs ratio would be linked
with the number cardiometabolic outcomes. There was a strong overall positive association between
these two variables, 5=0.12, P<0.003 for the trend of increasing serum FA status across the number of

outcomes (Figure 2).
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Cross-sectional associations were confirmed with prospective data

The trend of associations between FA percentages at baseline and outcomes 10 years later (Figure 3)
was very similar to the cross-sectional data presented above. Similarly as with the cross-sectional data,
SFAs and MUFAs, particularly palmitoleic and oleic acids, were positively associated with obesity
(P<0.003 in age and sex-adjusted and in fully-adjusted models). An increase in the carbon chain length
in MUFAs was associated with a lower risk of obesity, since in contrast to palmitoleic and oleic acids
(P<0.003), two longer chain fatty acids, eicosenoic and docosenoic acids, were not linked with obesity.
PUFAs, including linoleic and docosahexaenoic acids, were inversely associated with obesity (P<0.003
in both models). In addition, y-linolenic acid exhibited positive associations (P<0.003, both models)
with obesity, whereas the associations of dihomo-y-linolenic acid and eicosatetraenoic acid with obesity
were only of borderline significant (both models).

With regard to FA associations with high HOMA, MUFAs and oleic acid had positive,
whereas PUFAs and linoleic acid exhibited inverse associations (P<0.003, age and sex-adjusted
models). With respect to elevated BP (and hypertension in Supplemental Table 4), palmitic acid, %,
percentages of MUFAs and oleic acid, %, displayed positive associations, with those of PUFASs, n-6
PUFAs and linoleic acid having inverse associations (P<0.003, age and sex-adjusted models). Fully-
adjusted models for incident HOMA or elevated BP did not reveal any statistically significant FA
associations (P>0.05).

In the prospective models, high percentages of palmitic and low linoleic acids consistently
predicted incident fatty liver (P<0.003, both models). In addition, palmitoleic acid, %, had a positive

association with the fatty liver in age and sex-adjusted models.
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Discussion

In this study, we have examined both cross-sectional and prospective associations of serum FAs with
cardiometabolic outcomes, including obesity, insulin resistance, elevated BP or hypertension and fatty

liver in young or middle-aged Finnish males and females.

Even though serum total FAs have been used commonly as a marker of dietary FA intake
(33), we have demonstrated here that their correlations with dietary intake are weak, although n-3

PUFAs represent something of an exception (Supplemental Table 3).

Several of the cross-sectional outcome findings were statistically significant also in the
prospective data. These consisted of circulating percentages of SFAs and MUFAs, including palmitoleic
and oleic acids which displayed positive associations with obesity. Some PUFAs, e.g. linoleic and
docosahexaenoic acids had inverse, whereas others, y-linolenic acid had positive associations with
obesity. With regard to insulin resistance, total MUFAs and oleic acid showed positive associations,
whereas there were inverse associations for total PUFAs and linoleic acid (age and sex-adjusted model).
With regard to elevated BP, palmitic acid, total MUFAS and oleic acid exhibited positive outcome
associations, whereas the links of total PUFAs, n-6 PUFASs and linoleic acid were of an inverse
character (age and sex-adjusted model). High palmitic acid and low linoleic acid percentages
consistently predicted the incidence of fatty liver. In contrast to earlier findings (17-20), we did not find

any evidence that a high n-6/n-3 PUFA ratio would associate with adverse cardiometabolic outcomes.

Regarding trends emerging from the cross-sectional data, an increase in the carbon chain
length of MUFASs, i.e., not SFASs (25), was most consistently linked to a declining risk of obesity. In line
with an earlier study for T2D (26), the percentages of myristic and palmitic acids, i.e. FAs with an even
number of carbon atoms in their chains, were positively associated with several outcomes. Finally, the
ratio of (SFA+MUFA)/PUFA, was positively and linearly associated with an increasing number of
cardiometabolic outcomes. This suggests that there is a consistent link between the serum FA profile

and the cardiometabolic state as a whole.
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Obesity

All FAs have similar energy contents i.e. 37 kJ per gram of fat. However, in animal models, an
increased consumption of long-chain n-3 PUFAS has been suggested to exert anti-obesity effects (34).
Based on human experiments with labelled FAs, an elevated dietary intake of long-chain SFAs may lead

to weight gain since long-chain SFAs are more poorly oxidized in the human body than other fats (25).

Recent meta-analyses and reviews have concluded that the intakes of long-chain SFAs and
trans-FAs should be reduced and substituted with PUFAs to reduce body weight (35, 36). In addition, an
increased intake of MUFAs from animal sources has been associated with a weight gain, whereas
MUFASs from plant sources do not exert such an influence (35). The role of increased n-3 PUFAs intake
is unclear, since human trials have found reductions in waist circumference but not in weight (37). With
regard to erythrocyte phospholipid FA percentages, PUFASs have been lower and SFAs higher in obese
children and adolescents, as compared to controls (38). When one considers the specific FAs, the
plasma dihomo-y-linolenic acid, %, was reported to be elevated in overweight or obese individuals in a
review of 21 case-control studies (39). In a Swedish study, the percentages of serum CE palmitic,
palmitoleic, stearic, y-linolenic, dihomo-y-linolenic, arachidonic and eicosapentaenoic acids displayed
positive associations, whereas there were inverse associations between the markers of obesity with the
linoleic acid percentage (40).

Our study confirms most of these findings (particularly SFAs vs. PUFAS). In Finland,
dietary MUFAs are mainly of an animal origin. Thus, our serum total MUFA findings seem to support
those earlier animal-source MUFA observations that these types of MUFAs are associated with weight
gain. On the other hand, MUFAs and SFAs are metabolically linked together via A9-desaturase activity.
With regard to n-3 PUFAS, only docosahexaenoic acid was inversely associated with weight in the

prospective models.
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Insulin resistance and type 2 diabetes

The strongest evidence of the beneficial health effects of unsaturated dietary fats has emerged not only
from RCTSs planned to study the association between dietary fats and insulin resistance (41) but also
from life-time dietary interventions, such as the Finnish STRIP study (42-44).

The literature confirms the beneficial effects of circulating n-6 PUFAs and linoleic acid, in
particular, in reducing the risk of T2D (45). An inverse association has been reported between T2D and
the circulating levels of plant-origin phospholipid n-3 PUFA (a-linolenic acid) whereas no convincing
associations have been detected between T2D and marine-derived n-3 PUFAs (46). With respect to
SFAs, the odd-numbered chain 15:0 and 17:0 SFAs (26, 47), or very long-chain 20:0, 22:0 and 24.0
SFAs have been inversely associated with incident T2D (48). In several studies, levels of palmitoleic
acid, y-linolenic acid and/or dihomo-y-linolenic acid have consistently exhibited positive links with
T2D, impaired glucose and/or insulin metabolism (27, 46, 49, 50).

Our study confirms most of these findings, such as the beneficial role of linoleic acid.
However, a-linolenic and eicosatetraenoic acids exerted or tended to exert positive baseline associations
with insulin resistance, whereas for some longer chain n-3 PUFAs, particularly for docosapentaenoic
acid, there were inverse associations. In addition, 15:0 was inert without any associations with insulin

resistance. We did not investigate the very long-chain SFAs.

Blood pressure
The strongest evidence with respect to the BP lowering capabilities of FAs has emerged from RCT
meta-analyses with long-chain n-3 PUFAs (51), instead for the other FAS, both the intake and biomarker
data are inconsistent. For example, large studies from the US, i.e. the Nurses’ Health Study (58 218
women) and the Health Professionals’ Follow-up Study (30 681 men), have not found any associations
between BP and the intakes of SFAs, MUFAs or PUFAs (52, 53).

In our study, the inverse associations of n-3 PUFAs with elevated BP were of borderline

significance both in the age and sex adjusted, as well as in the fully-adjusted models (cross-sectional
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data), supporting the literature. Overall, the FA associations of BP were very similar with those found

for both obesity and HOMA. In contrast to other outcomes, the 15:0, %, was inversely associated with

elevated BP in fully-adjusted models (cross-sectional data).

Fatty liver

According to a recent RCT meta-analysis (54), dietary n-3 PUFA supplementation may lower the liver
fat content in individuals suffering from fatty liver. In our study, a-linolenic acid showed only
borderline significant inverse associations with the incident fatty liver. In fact, our study highlighted the
role of palmitic and linoleic acids which may exert obesity and insulin resistance-independent effects on
future fatty liver. These findings support our earlier observations with the metabolomics data obtained
from nuclear magnetic resonance-based serum FA analyses in which the serum total SFAs, %,

increased, whereas those of total n-6 PUFAs lowered the risk of incident fatty liver (23).

Limitations

One shortcoming is that observational studies cannot establish causality. Due to the
relatively young study population, “hard” outcomes, such as T2D or cardiovascular diseases, are not yet
available in meaningful numbers. In addition, the generalizability of the observations is limited to white
European subjects. There were age-interactions in the outcome models tested. For this reason, we used
age and sex-specific categorized BP values (80% percentile as a cutoff point). Furthermore, although
ultrasound is generally used method for fatty liver, it has a somewhat limited performance, compared to
magnetic resonance imaging when the steatosis is <30% on liver biopsy (55). Smoking may increase the
circulating levels of MUFAs (33), and statins may elevate the levels of serum long-chain PUFASs by
increasing the enzymatic activities of elongase, A5-desaturase and A6-desaturase (31). Of these

confounders, only smoking was taken as a covariate into consideration in our statistical models.
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Conclusions

Serum FA percentages showed rather similar association profiles with obesity, insulin resistance, non-
alcoholic fatty liver and BP. The ratio of (SFAs+MUFASs)/PUFAs was linked with the number of
cardiometabolic outcomes. Our findings suggest that circulating FAs are associated with future
cardiometabolic outcomes in young and middle-aged Finnish adults. The percentages of PUFAS, n-6
PUFAs and linoleic acid in particular were associated with a lowered risk, and SFAs (with an even
number of carbon atoms) and MUFAs (with shorter carbon chains) with an increased risk of these
disease outcomes. The y-linolenic acid percentage displayed consistent positive outcome associations.
Overall, these serum-based findings support the current dietary recommendations to replace saturated fat
with PUFAs and with n-6 PUFASs in attempts to prevent cardiometabolic outcomes. However, the

correlations between FA intakes and serum total FA percentages do seem to be rather weak.
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TABLE 1 Baseline characteristics of the young and middle-aged Finnish adults in 2001 (n=2200)*

Characteristic Values Values
Sex, % females 54 PUFAs 399+44
Age, y (range 24 to 39 years) 31.7+5.0 n-6 PUFAs 35.0+4.2
Body mass index, kg/m2 25.1+44 Linoleic acid, 18:2n-6 27.5+£40
Waist circumference, cm 84.2+12.3 v-Linolenic acid, 18.3n-6 0.38+£0.15
Physical activity index, 1 to 15 9.9+24 Eicosadienoic acid, 20:2n-6 0.17+£0.04
Smoking, % 25 Dihomo-y-linolenic acid, 20:3n-6 1.4 +0.3
Systolic blood pressure, mm Hg 117 +13 Arachidonic acid, 20:4n-6 55+1.1
Diastolic blood pressure, mm Hg 71+11 Docosatetraenoic acid, 22:4n-6 0.13+0.03
Serum glucose, mmol/L 5.07+0.84 n-3 PUFAs 47+12
Serum insulin, mU/L 7.76 £5.77 a-Linolenic acid, 18:3n-3 0.92£0.26
Serum LDL cholesterol, mmol/L 3.27+0.84 Eicosatetraenoic acid, 20:4n-3 0.14 + 0.06
Serum HDL cholesterol, mmol/L 1.28 +0.31 Eicosapentaenoic acid, 20:5n-3 1.1+0.6
Serum triglycerides, mmol/L 1.33+£0.85 Docosapentaenoic acid, 22:5n-3  0.50+0.11
Serum alanine aminotransferase, U/L  11.4+8.5 Docosahexaenoic acid, 22:6n-3 20+0.7
Serum y-glutamyltransferase, U/L 26.3+27.0

PUFAS/SFAs 12+0.2
Serum fatty acids, % total fatty acids: n-6/n-3 PUFAS 78+2.0
SFAs? 324+23
Myristic acid, 14:0 1.18+0.44 Serum total fatty acid concentration, mg/L:
Pentadecanoic acid, 15:0 0.24 £ 0.05 SFAs 840 £ 290
Palmitic acid, 16:0 240121 MUFAs 730 +290
Stearic acid, 18:0 6.9+0.8 n-6 PUFAs 880+ 170
n-3 PUFAs 120 £ 50
MUFAs 27.7+3.1
Palmitoleic acid, 16:1n-7 2.3+£0.9
Oleic acid, 18:1n-9 235+26
Octadecenoic acid, 18:1n-7 1.7+£0.6
Eicosenoic acid, 20:1n-9 0.17 £ 0.05
Docosenoic acid, 22:1n-9 0.06 +0.04

1Values are mean + SD.

2MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.
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FIGURE 1 Cross-sectional associations (odd ratios) of fatty acid percentages with different
cardiometabolic outcomes among Finnish adults in 2001*

Values are odd ratios and their 95% confidence intervals per 1-SD increment in the fatty acid measures (logistic
regression). Outcome variables included prevalent obesity (BM1>30 kg/m?vs. <30 kg/m? n=271 obese out of 2200
participants), high HOMA-IR (age and sex specific percentiles >80% vs. <80%, n=444 high HOMA out of 2199
participants) and elevated blood pressure (age and sex specific diastolic or systolic blood pressure percentiles>80% or
medication for hypertension vs. <80% without medication, n=647 hypertensive out of 2187 participants). Each fatty acid
measure was tested separately in the logistic regression models adjusted for sex and age? (odds ratios above the bars) and
additionally for the outcome-specific cardiometabolic risk or preventive factors® (fully adjusted models, odds ratios below
the bars). BP, blood pressure; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty
acid.

FIGURE 2 Serum FAs (SFAs, %+MUFAS, %)/PUFAs, % versus the number of cardiometabolic
outcomes (the year 2001 cross-sectional data in Finnish adults, n=2200)!

!Bars denote estimated marginal means and their standard errors, adjusted for age and sex (8=0.12, P<0.003 for the trend in
FAs across the number of outcomes, Unianova). Liver fat was not included in the outcome score since it was not estimated
by ultrasound in 2001. Number of subjects per group is given next to the error bars. MUFA, monounsaturated FA; PUFA,
polyunsaturated FA; SFA, saturated FA.

FIGURE 3 Prospective associations (odd ratios) of fatty acid percentages in 2001 with incident
cardiometabolic outcomes among Finnish adults in 20111

Values are odd ratios and their 95% confidence intervals per 1-SD increment in the fatty acid measures (logistic
regression). Outcomes include incident obesity (BMI>30 kg/m?vs. <30 kg/m?, 163 obese out of 1414 participants), high
HOMA (age and sex specific percentiles>80% vs. <80%, n=255 high HOMA out of 1289 participants), fatty liver (n=70
fatty liver out of 975 individuals) and elevated blood pressure (age and sex specific diastolic and systolic blood pressure
percentiles>80% or medication for hypertension vs. <80% without medication, =342 hypertensive out of 1088
participants). Each fatty acid measure was tested separately in the logistic regression models adjusted for sex and age? (odds
ratios above the bars). Further adjustments were carried out for the outcome-specific cardiometabolic risk and preventive
factors® (fully-adjusted models, odds ratios below the bars). BP, blood pressure; MUFA, monounsaturated fatty acid;
PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.
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Serum fatty acid proportions: associations with obesity, insulin resistance, blood pressure and fatty
liver: The Cardiovascular Risk in Young Finns Study

Jari E. Kaikkonen

Supplemental Methods

Collection of dietary data

Dietary interviewers, all trained dietitians, collected information on foods and beverages consumed by
participants during the 2 days prior to the interview. The latest version of the National Food
Composition Database (FND2) was used to calculate the intakes of energy and nutrients (including
different oils) for each participant (www.fineli.fi).

Measurement of clinical data

Serum total cholesterol levels were measured by the enzymatic cholesterol esterase —cholesterol
oxidase method (Cholesterol reagent, Olympus, Ireland). The same reagent was used for estimating
HDL-cholesterol levels after precipitation of LDL and VLDL with dextran sulfate-Mg?*. LDL-
cholesterol was estimated by the Friedewald formula in subjects with triglyceride levels <4.0 mmol/L.
The serum concentration of triglycerides was assayed using the enzymatic glycerol kinase — glycerol
phosphate oxidase method (Triglyceride reagent, Olympus). Serum glucose concentration was
determined by the enzymatic hexokinase method (Glucose reagent, Olympus). Serum ALT and GGT
activities were measured enzymatically (ALT and GGT System Reagent, Olympus). A clinical
chemistry analyzer (AU400; Olympus Optical Ltd, Mishima, Japan) was used for all of the above-
mentioned measurements.

Serum insulin concentration was determined by a microparticle enzyme immunoassay (IMx insulin
reagent, Abbott Diagnostics, USA) with an IMx instrument (Abbott).

Analysis of serum total FA concentrations

Following blood drawing, the serum samples were immediately frozen and stored at —70°C until
assayed within a couple of years.

For the determination of serum total fatty acid composition, lipids were extracted from serum with
chloroform-methanol (2:1). The fatty acid methyl esters were synthesized using 14% boron trifluoride
in methanol. The methyl esters were analyzed using a gas chromatograph (Varian CP-3800; Varian
Inc, Walnut Creek, Calif) equipped with a 30-m x 0.25-mm glass capillary column (stationary phase
50% cyanopropylphenyl-methoxypolysiloxane; J & W Scientific, Folsom, Calif). The oven
temperature increased by 5°C/min from 140°C to 220°C during the analysis run. The peaks were
identified on the basis of retention times recorded for different standards. Heptadecanoic acid (C17:0)
was used as an internal standard. The fatty acids were quantified by peak areas relative to
heptadecanoic acid using Star Chromatography Workstation software (Star Toolbar, version 5.50;
Varian Inc).



Supplemental References

Jula A, Marniemi J, Rénnemaa T, Virtanen A, Huupponen R. Effects of diet and simvastatin on fatty
acid composition in hypercholesterolemic men: a randomized controlled trial. Arterioscler. Thromb.
Vasc. Biol. 2005;25:1952-9.

van Wijngaarden D. Modified rapid preparation of fatty acid esters from lipids for gas
chromatographic analysis. Anal Chem. 1967;39:848-9.



Supplemental data

SUPPLEMENTAL TABLE 1 Baseline characteristics of the participants without any metabolic
outcome in 2001 and in participants having prevalent obesity, high HOMA and/or elevated blood pressure
in 20011

No outcome Obesity High HOMA Elevated BP
n=1247 n=271 n=444 n=647
Values Values Values Values
Sex, % females 53.8 49.1 53.8 53.8
Age, y (range 24 to 39 years) 31.6+£5.0 329147 31.7+£5.0 31.7+£5.0
Body mass index, kg/m2 23.3+28 33.6+£3.7 29.0+£5.3 26.8+5.2
Waist circumference, cm 79.8+9.0 104.8 + 10.0 94.6 +13.9 88.4+13.9
Physical activity index, 1 to 15 100+24 92+23 92+23 10.0+2.3
Smokers, % 27.2 22.7 22.8 19.1
Systolic blood pressure, mm Hg 111+£9 125+ 14 122 £ 14 130£11
Diastolic blood pressure, mm Hg 66 + 7 79+12 76 +£12 82+10
Serum glucose, mmol/L 4.91+0.40 543+1.32 555+ 1.54 5.24+1.15
Serum insulin, mU/L 5.56 + 2.07 13.83+£9.34 15.63 £ 8.36 9.53+6.79
Serum LDL cholesterol, mmol/L 3.20+0.80 3.63+0.90 3.43+0.89 3.33+0.88
Serum HDL cholesterol, mmol/L 1.31+0.30 1.10+£0.27 1.16 £0.30 1.27£0.32
Serum triglycerides, mmol/L 1.12 +0.60 1.82+0.99 1.87+1.22 1.52+0.90
Serum alanine aminotransferase, U/L 9.8+6.5 17.6 £13.2 15.1+11.9 13.7+£10.5
Serum y-glutamyltransferase, U/L 21.4+£17.2 44.3+£38.4 36.0 £ 30.6 32.4+£36.5
SFAs? 31.9+20 33426 33.7+27 33.0+25
Myristic acid, 14:0 1.10+0.39 1.31+0.44 140+ 051 1.27 £ 0.45
Pentadecanoic acid, 15:0 0.24 £ 0.05 0.23+0.05 0.24 +0.05 0.23 +0.06
Palmitic acid, 16:0 236118 250122 25.1+23 246122
Stearic acid, 18:0 6.9+0.7 6.9+09 6.9+0.8 6.9+0.8
MUFAs 27.2+29 29.2+28 29.0+3.2 28.3+3.2



Palmitoleic acid, 16:1n-7
Oleic acid, 18:1n-9
Octadecenoic acid, 18:1n-7
Eicosenoic acid, 20:1n-9
Docosenoic acid, 22:1n-9

PUFAs

n-6 PUFAs
Linoleic acid, 18:2n-6
y-Linolenic acid, 18.3n-6
Eicosadienoic acid, 20:2n-6
Dihomo-y-linolenic acid, 20:3n-6
Arachidonic acid, 20:4n-6
Docosatetraenoic acid, 22:4n-6

n-3 PUFAs
a-Linolenic acid, 18:3n-3
Eicosatetraenoic acid, 20:4n-3
Eicosapentaenoic acid, 20:5n-3
Docosapentaenoic acid, 22:5n-3
Docosahexaenoic acid, 22:6n-3

PUFA/SFA ratio
n-6/n-3 PUFA ratio

Serum total fatty acid concentration, mg/L
SFAs
MUFAs
n-6 PUFAs
n-3 PUFAs

22+0.8
231+24
1.7+03
0.17+0.04
0.06 £ 0.04

40.9+3.9
36.0 +3.7
28.4+35
0.37+0.14
0.17+0.04
1.4+03
5.6+1.1
0.13+0.03

48+12
0.91+0.25
0.13+0.06
1.1+0.6
0.51+0.11
21+07

1.3+0.2
8.0%20

780 + 210
670 + 210
860 + 160
120 £ 40

27%0.8
24427
18+14
0.17+0.04
0.06 +0.04

375+44
32.7+43
25.2+38
042+0.14
0.16 £ 0.03
15+03
53+11
0.13+0.03

4612
0.93+0.26
0.16 + 0.07
1.1+05
0.49+0.11
19+0.6

1.1+£0.2
75+19

990 + 350
870 + 340
940 + 210
140 £ 60

26%09
24429
18+1.1
0.18 + 0.07
0.06 +0.04

37.3+48
325+45
252+41
0.40+0.15
0.17+0.04
15+03
52+11
0.13+0.03

4612
0.98 +0.30
0.17 +0.07
1.1+06
0.47+0.12
19+0.6

1.1+£0.2
74+19

1000 + 410
870 + 400
930 + 210
140 = 60

25%1.0
238+ 2.7
1.8+1.0
0.18 +0.05
0.06 +0.04

38.7+4.6
33.9+4.4
264+4.1
0.38+0.14
0.17+0.04
1.4+03
54+11
0.13+0.03

4612
0.92 +0.26
0.15+0.06
1.1+£05
0.48+0.11
20+0.7

1.2+0.2
7.7+19

910 + 310
790 + 310
900 + 180
130 £ 50

Values are mean + SD.

2MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.



SUPPLEMENTAL TABLE 2 Baseline characteristics of the participants without any metabolic outcome in
2001 or 2011, and in participants having incident obesity, high HOMA, non-alcoholic fatty liver and/or elevated
blood pressure in 20111

No outcome Obesity High HOMA Fatty liver Elevated BP
n=437 n=163 n=255 n=70 n=342
Values Value Values Values Value
Sex, % females 63.2 55.8 54.1 50.0 52.0
Age, y (range 24 to 39 years) 319+50 321+48 321+£49 33.3%£49 321+50
Body mass index, kg/m2 223+21 21716 258+3.9 23.9+22 25.3+45
Waist circumference, cm 76.4+7.0 90.3+8.0 85.8+10.9 825+6.2 84.9+12.3
Physical activity index, 1 to 15 10.2+2.3 99+23 98+24 93+23 9.7+24
Smokers, % 20.5 314 24.4 30.4 28.3
Systolic blood pressure, mm Hg 1089 119+£13 117 £13 119+12 115+9
Diastolic blood pressure, mm Hg 647 73+11 72+11 71+9 697
Serum glucose, mmol/L 4.85+0.39 5.09+0.70 5.00 + 0.69 5.12+0.40 5.05+0.73
Serum insulin, mU/L 5.06 £1.90 9.06 £5.26 6.82 £ 2.08 6.96 £ 3.17 7.85+4.31
Serum LDL cholesterol, mmol/L 3.12+0.74 3.32+0.83 3.31+£0.82 3.10+£0.87 3.34+£0.86
Serum HDL cholesterol, mmol/L 1.36 +0.28 1.23+0.29 1.25+0.32 1.34+0.31 1.27+0.31
Serum triglycerides, mmol/L 0.97£0.36 159+ 1.40 1.37 £ 0.87 1.03+041 1.41+1.06
Serum alanine aminotransferase, U/L 8.3+4.2 12.9+10.0 124+9.2 9.6 +5.0 109+7.4
Serum y-glutamyltransferase, U/L 17.0+95 27.4+18.2 26.7+21.2 21.2+9.7 26.0 +23.1
SFAs? 316+19 328+24 322+22 322+22 324+24
Myristic acid, 14:0 1.06 +0.39 1.23+0.45 1.16 £ 0.42 1.06 +0.43 1.18 + 0.47
Pentadecanoic acid, 15:0 0.24 £ 0.06 0.23+£0.05 0.23+£0.05 0.23 £ 0.07 0.24 £ 0.05
Palmitic acid, 16:0 234+18 243122 240+21 240+18 241122
Stearic acid, 18:0 7.0+£0.7 7.0+£09 6.9+0.8 6.9+0.7 6.9+0.8
MUFAs 265+26 28.4+3.7 279+3.0 27.3+28 28.0+3.1
Palmitoleic acid, 16:1n-7 2.1+0.7 25109 23109 22+0.8 2.3+0.8
Oleic acid, 18:1n-9 225+21 240+3.2 236125 23.1+24 23.7+26
Octadecenoic acid, 18:1n-7 1.7+0.3 1.7+0.3 1.7+0.3 1.7+£0.2 1.7+£0.2



Eicosenoic acid, 20:1n-9
Docosenoic acid, 22:1n-9

PUFAs

n-6 PUFAs
Linoleic acid, 18:2n-6
y-Linolenic acid, 18.3n-6
Eicosadienoic acid, 20:2n-6
Dihomo-y-linolenic acid, 20:3n-6
Arachidonic acid, 20:4n-6

Docosatetraenoic acid, 22:4n-6

n-3 PUFAs
a-Linolenic acid, 18:3n-3
Eicosatetraenoic acid, 20:4n-3
Eicosapentaenoic acid, 20:5n-3
Docosapentaenoic acid, 22:5n-3
Docosahexaenoic acid, 22:6n-3

PUFA/SFA ratio
n-6/n-3 PUFA ratio

Serum total fatty acid concentration, mg/L
SFAs
MUFAs
n-6 PUFAs
n-3 PUFAs

0.16 £ 0.04
0.06 +0.04

41.8+3.5
36.8+34
29.3+33
0.35+0.13
0.17+0.04
1.4+0.3
56+1.0

0.12 +0.03

49+14
0.91+0.24
0.13+0.06
1.2+0.6
0.51+0.11
22+0.7

1.3+0.2
8.0x21

740 + 160
620 + 150
850 + 140
110 +40

0.17 +0.09
0.07 £0.05

38.8+5.0
34147
26442
0.41+0.16
0.17 +0.03
15+04
55+13

0.13+0.03

46+12
0.90+0.28
0.15+0.07
1.1+05
0.49+0.11
1.9+0.7

1.2+0.2
79+21

910 + 440
810 £ 470
900 + 200
130+ 70

0.17+0.04
0.06 £ 0.04

39.9+43
35.1+4.2
274+39
0.38+0.15
0.17 +0.03
1.4+0.3

56 =%
1.2
0.13+0.03

47+11
0.92 +0.27
0.14 +0.06
1.1+05
0.50+0.11
21+0.6

1.3+0.2
78+2.0

850 + 280
740 + 290
900 + 180
120 + 40

0.17+0.05
0.07 £ 0.04

405+3.8
35.6+35
27.6+3.2
0.39+0.14
0.16 + 0.04
1.4+0.3
59+13

0.13+0.03

48+1.2
0.84 +0.23
0.13+0.06
1.2+0.6
0.50+0.10
21+0.7

1.3+0.2
79+20

750 =180
630 + 160
810 £ 150
110 +40

0.17 +0.07
0.06 £+ 0.04

39.6 +4.6
348+44
27.3+4.0
0.38+0.15
0.17+0.03
1.4+0.3
55+1.3

0.13+0.03

47+1.2
0.92+0.28
0.14 +0.07
1.1+0.6
0.50+0.11
20+0.7

1.2+0.2
79+20

860 + 330
760 + 350
890 £ 190
120 + 60

Values are mean + SD.

2MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.



SUPPLEMENTAL TABLE 3 Pearson correlations between dietary intake of fatty acids vs. serum total fatty
acids in Finnish adults (n=991)*

log Serum log Serum  Serum log Serum

SFAs, %  MUFAs, % n-6 PUFAs, n-3 PUFAs,
% %

SFAs/total FA intake r=0.14 r=-0.01 r=-0.02 r=-0.16
P<0.003 NS NS P<0.003
MUFAs/total FA intake r=-0.07 r=0.05 r=-0.01 r=0.02
P=0.03 NS NS NS
log n-6 PUFAs/total FA r=-0.14 r=0.00 r=0.04 r=0.14
intake P<0.003 NS NS P=0.004
log n-3 PUFAs/total FA r=-0.14 r=-0.11 r=0.03 r=0.40
intake P<0.003 P=<0.003 NS P<0.003
SFAs, E% r=-0.04 r=-0.12 r=0.15 r=-0.13
NS P<0.003 P<0.003 P<0.003
MUFAs, E% r=-0.15 r=-0.10 r=0.17 r=-0.04
P<0.003 P=<0.003 P< 0.003 NS
log n-6 PUFAS, E% r=-0.21 r=-0.09 r=0.16 r=0.09
P<0.003 P=0.005 P< 0.003 P=0.006
log n-3 PUFAS, E% r=-0.20 r=-0.17 r=0.14 r=0.31

P<0.003 P<0.003 P< 0.003 P<0.003

Shades of blue = levels of inverse association; shades of red = levels of direct association. MUFA, monounsaturated fatty acid; NS,
P>0.05; PUFA, polyunsaturated fatty acid; SFA=saturated fatty acid.






SUPPLEMENTAL TABLE 4 Odds ratios between serum total fatty acid percentages and hypertension in 199 hypertensive out of 2187 Finnish
participants at baseline (cross-sectional data) and for 113 hypertensive out of 1088 participants in prospective analyses (incidence data)®

Cross-sectional data (2001) Prospective incidence data (2001-2011)
Age and sex-adjusted Fully-adjusted Age and sex-adjusted Fully-adjusted
OR (95%Cl) P OR (95%Cl) P OR (95%Cl) P OR (95%Cl) P
Total SFAs. % 1.53(1.34,1.76) <0.003 1.09(0.92,1.29) 0.31 1.27(1.06,1.54) 0.011 1.09 (0.88,1.35) 0.44
Myristic acid, 14:0 1.38 (1.19,1.61) <0.003 0.97 (0.81,1.17) 0.75 1.08 (0.88,1.32) 0.45 0.86 (0.67,1.10) 0.22
Pentadecanoic acid, 15:0 0.83(0.71,0.96) 0.015 0.78 (0.66,0.92) 0.003 0.85(0.69,1.04) 0.11 0.83(0.67,1.03) 0.09
Palmitic acid, 16:0 1.59 (1.38,1.83) <0.003 1.14 (0.96,1.37) 0.14 1.40(1.15,1.69) <0.003 1.23(0.98,1.55) 0.07
Stearic acid, 18:0 0.91(0.79,1.06) 0.25 0.97(0.83,1.14) 0.75 0.84(0.68,1.03) 0.09 0.88(0.71,1.08) 0.22
Total MUFASs, % 1.58 (1.36, 1.83) <0.003 1.23(1.00,1.50) 0.048  1.45(1.19,1.77) <0.003 1.34(1.02,1.77) 0.036
Palmitoleic acid, 16:1n-7 1.57 (1.35,1.83) <0.003 1.19 (1.00, 1.42) 0.052 1.41(1.15,1.72) <0.003 1.25(0.99, 1.56) 0.06
Oleic acid, 18:1n-9 141 (1.22,1.64) <0.003 1.05(0.87,1.28) 0.59 1.40(1.15,1.70) <0.003 1.29(0.97,1.70) 0.08
Octadecenoic acid, 18:1n-7 1.19 (1.04,1.37) 0.013 1.21(1.02,1.43) 0.025 1.00(0.81,1.23) 0.99 1.02 (0.83,1.27) 0.83
Eicosenoic acid, 20:1n-9 1.25(1.09, 1.45) <0.003 1.17 (0.99,1.38) 0.07 1.18 (0.97, 1.44) 0.09 1.15(0.91,1.44) 0.23
Docosenoic acid, 22:1n-9 0.85(0.73,0.98) 0.030 0.89(0.76,1.05) 0.17 0.84(0.69,1.03) 0.10 0.88(0.71,1.09) 0.24
Total PUFASs, % 0.60 (0.52,0.68) <0.003 0.80 (0.66,0.98) 0.033 0.70(0.58,0.84) <0.003 0.76(0.58,1.00) 0.05
n-6 PUFAS, % 0.61 (0.53,0.70) <0.003 0.85(0.69,1.04) 0.11 0.71 (0.59,0.85) <0.003 0.77 (0.58,1.01) 0.06
Linoleic acid, 18:2n-6 0.60 (0.52,0.69) <0.003 0.86 (0.70,1.04) 0.12 0.67 (0.55,0.82) <0.003 0.74(0.57,0.96) 0.023
y-Linolenic acid, 18.3n-6 1.01(0.87,1.18) 0.87 0.87(0.74,1.03) 0.11 1.16 (0.94,1.43) 0.17 1.05(0.84,1.31) 0.65
Eicosadienoic acid, 20:2n-6 0.92 (0.79,1.08) 0.33 0.96 (0.81,1.14) 0.63 0.87 (0.70,1.08) 0.21 0.89 (0.71,1.11) 0.30
Dihomo-y-linolenic acid, 20:3n-6 1.00 (0.86, 1.17)  0.97 0.88(0.75,1.04) 0.13 1.04 (0.85,1.27) 0.72 0.97(0.78,1.21) 0.81
Arachidonic acid, 20:4n-6 0.84 (0.72,0.98) 0.023 1.05(0.88,1.25) 0.61 0.99 (0.81,1.20) 0.89 1.13(0.90, 1.41) 0.30
Docosatetraenoic acid, 22:4n-6  1.26 (1.10, 1.46)  <0.003 1.21(1.04,1.41) 0.013 1.18 (0.97,1.43) 0.09 1.17 (0.96, 1.43) 0.12
n-3 PUFASs, % 0.82 (0.70,0.95) 0.009 0.86 (0.73,1.02) 0.08 0.84 (0.68,1.03) 0.10 0.90 (0.73,1.11) 0.32
a-Linolenic acid, 18:3n-3 1.00(0.87,1.16) 0.95 0.92 (0.78,1.07) 0.29 0.93(0.77,1.13) 0.49 0.87(0.71,1.07) 0.20
Eicosatetraenoic acid, 20:4n-3 1.20 (1.03,1.39) 0.021 0.94 (0.80,1.11) 0.49 1.08 (0.88,1.33) 0.44 0.95(0.77,1.17) 0.63
Eicosapentaenoic acid, 20:5n-3 ~ 0.82(0.70, 0.95)  0.011 0.84 (0.71,1.00) 0.046 0.90(0.73,1.11) 0.32 0.94 (0.76,1.17) 0.59

Docosapentaenoic acid, 22:5n-3 0.83 (0.70, 0.97) 0.022 0.93 (0.79, 1.11) 0.43 0.84 (0.68, 1.05) 0.13 0.94 (0.75, 1.18) 0.62



Docosahexaenoic acid, 22:6n-3  0.82(0.71,0.95)  0.009 0.91(0.78,1.08) 0.29 0.80(0.66,0.98) 0.032  0.88(0.71,1.09) 0.24
PUFA/SFA ratio 0.59 (0.51,0.68) <0.003  0.84 (0.69,1.02) 0.08 0.71(0.59,0.86) <0.003 0.81(0.63,1.05) 0.11
n-6/n-3 PUFA ratio 0.90 (0.77, 1.05) 0.17 1.08 (0.91,1.28)  0.37 0.99 (0.81,1.22) 0.95 1.05(0.85, 1.31) 0.64

1n these models, participants were hypertensive if their systolic blood pressure was >140 mm Hg or diastolic blood pressure > 90 mmHg or they had
medication for hypertension. Fully-adjusted models were similar with the models used for blood pressure percentiles (Figures 1 and 3). MUFA,
monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA=saturated fatty acid.



SUPPLEMENTAL TABLE 5 Cross-sectional associations (odds ratios) of serum fatty
acid concentrations (mg/L) with obesity among Finnish adults in 2001!

Age and sex-adjusted

Fully-adjusted

OR (95%ClI) p OR (95%ClI) P
Total SFAS 1.71(151,1.94)  <0.003 1.16 (0.96, 1.40) 0.1
Myristic acid, 14:0 1.62(1.42,1.84)  <0.003 1.62(1.42,1.84)  <0.003
Pentadecanoic acid, 15:0 1.36 (1.20,1.55)  <0.003 1.35(1.19, 1.54)  <0.003
Palmitic acid, 16:0 1.71(151,1.94)  <0.003 172 (1.51,1.95)  <0.003
Stearic acid, 18:0 1.62(1.42,1.84)  <0.003 1.60(1.41,1.83)  <0.003
Total MUFASs 1.74 (1.53, 1.97) <0.003 1.74 (1.53,1.98)  <0.003
Palmitoleic acid, 16:1n-7 1.87 (1.64,2.13)  <0.003 1.89(1.66,2.16)  <0.003
Oleic acid, 18:1n-9 1.67 (1.47, 1.90) <0.003 1.67 (1.46,1.90)  <0.003
Octadecenoic acid, 18:1n-7 1.49(1.32,1.69)  <0.003 151(1.33,1.72)  <0.003
Eicosenoic acid, 20:1n-9 1.34 (1.18, 1.52) <0.003 1.35(1.19,1.53)  <0.003
Docosenoic acid, 22:1n-9 1.09 (0.96, 1.24) 0.20 1.08 (0.95,1.23)  0.23
Total PUEAS 1.34(1.19,152)  <0.003 1.34(1.18,151)  <0.003
n-6 PUFAs 1.33(1.17, 1.50) <0.003 1.31(1.16, 1.49) <0.003
Linoleic acid, 18:2n-6 1.19 (1.06, 1.35) 0.004 1.19 (1.05,1.34)  0.007
y-Linolenic acid, 18.3n-6 1.76 (1.53,2.03)  <0.003 1.74 (150, 2.01)  <0.003
Eicosadienoic acid, 20:2n-6 1.38 (1.22, 1.57) <0.003 1.39 (1.22,1.58)  <0.003
Dihomo-y-linolenic acid, 20:3n-6 ~ 1.99 (1.73, 2.29) <0.003 1.96 (1.70, 2.26) <0.003
Arachidonic acid, 20:4n-6 1.43(1.27,1.62) <0.003 1.40 (1.24, 1.58) <0.003
Docosatetraenoic acid, 22:4n-6 1.60(1.40,1.83)  <0.003 1.57(1.37,1.80)  <0.003
n-3 PUFAs 1.31 (1.16, 1.50) <0003 1.37 (1.20,1.56)  <0.003
o-Linolenic acid, 18:3n-3 1.38(1.21,1.56)  <0.003 1.38(1.21,1.57)  <0.003
Eicosatetraenoic acid, 20:4n-3 1.72 (1.50, 1.96) <0.003 1.72 (1.50,1.98)  <0.003
Eicosapentaenoic acid, 20:5n-3 1.29 (1.13,1.47)  <0.003 1.33(1.16,1.52)  <0.003
Docosapentaenoic acid, 22:5n-3 1.39(1.20,159)  <0.003 1.38(1.20,1.60)  <0.003
Docosahexaenoic acid, 22:6n-3  1.15(1.01,1.31)  0.039 1.21(1.06,1.39)  0.005
PUFAJ/SFA ratio 0.56 (0.49,0.63)  <0.003 0.55(0.49,0.63)  <0.003
n-6/n-3 PUFA ratio 0.85 (0.74, 0.97) 0.014 0.79 (0.69, 0.91)  <0.003




Values are odd ratios and their 95% confidence intervals per 1-SD increment in the fatty acid measures
(logistic regression). Outcome variables included prevalent obesity (BMI>30 kg/m? vs. <30 kg/m?, n=271
obese out of 2200 participants). Each fatty acid measure was tested separately in the logistic regression
models adjusted for sex and age, and additionally for the outcome-specific cardiometabolic risk or
preventive factors (fully adjusted models). MUFA, monounsaturated fatty acid; PUFA, polyunsaturated
fatty acid; SFA, saturated fatty acid.



SUPPLEMENTAL FIGURE 1 Fatty acid percentages in daily intake and in serum total concentration among Finnish adults,
the year 2001 data (n=991)*

A Proportions of the total B: Proportions of the serum total
fatty acid intake (freetesterified) fatty acid concentration
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!MUFA=monounsaturated fatty acid; PUFA=polyunsaturated fatty acid; SFA=saturated fatty acid.
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