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Association between erythrocyte membrane fatty acids and
biomarkers of dyslipidemia in the EPIC-Potsdam study

S Jacobs', K Schiller', E Jansen?, A Fritsche®*, C Weikert®, R di Giuseppe®, H Boeing®, MB Schulze' and J Kréger'

BACKGROUND/OBJECTIVE: Blood proportions of fatty acids (FAs) and FA-ratios reflecting desaturase activity are associated with
the risk of chronic diseases like type 2 diabetes mellitus or cardiovascular diseases. Biomarkers of dyslipidemia are considered as
potential mediators of this association. We evaluated associations of erythrocyte membrane proportions of individual disease-
related polyunsaturated fatty acids (PUFAs), trans-FAs, dairy-derived saturated FAs (SFAs) (15:0, 17:0) and FA-ratios with biomarkers
of dyslipidemia (high-density lipoprotein (HDL)-cholesterol, low-density lipoprotein (LDL)-cholesterol, non-HDL-cholesterol,

triglycerides).

SUBJECTS/METHODS: We conducted a cross-sectional analysis of a subsample (n=1759) of the European Prospective
Investigation into Cancer and Nutrition (EPIC)-Potsdam study. Associations of individual FAs and FA-ratios with plasma biomarkers

of dyslipidemia were evaluated by linear multivariable regression.

RESULTS: Most notably, FA-ratios reflecting activity of A6-desaturase (D6D) and stearoyl-coenzyme A-desaturase (SCD) were
positively associated with triglyceride and LDL-cholesterol concentrations (adjusted means (95% confidence interval (Cl)) of
triglycerides (mg/dl) across D6D tertiles: men—102 (94.7-110), 111 (104-120), 144 (134-156) and women—73.5 (70.0-77.2), 82.9
(79.0-86.9), 94.2 (89.7-98.9)); across SCD tertiles: men—99.0 (91.8-107), 115 (107-124), 144 (134-156) and women—72.4
(69.0-76.0), 81.5 (77.8-85.5), 97.2 (92.6-102)), whereas inverse associations with triglycerides were observed for the estimated
A5-desaturase (D5D) activity (adjusted means (95% Cl) of triglycerides (mg/dl) across D5D tertiles: men—128 (119-138), 121
(113-131), 106 (97.9-114) and women—92.0 (87.6-96.6), 82.8 (78.9-86.9), 75.3 (71.6-79.1), P-values for trend at least 0.0006).
Furthermore, we observed generally weaker and less consistent associations of dairy-derived SFAs (mainly 17:0) with triglycerides
and HDL-cholesterol. Individual PUFAs and trans-FAs were, if at all, only weakly associated with dyslipidemia markers.
CONCLUSIONS: Our findings suggest that triglyceride and LDL-cholesterol concentrations may be mediators that link intake

and metabolism of FAs to metabolic risk.
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INTRODUCTION

The dietary intake and metabolism of fatty acids (FAs) is believed
to have an important role in the etiology of chronic diseases such
as type 2 diabetes mellitus (T2DM)' and cardiovascular diseases
(CVDs).? Within this context, biomarker FAs may be more valid
measures of dietary intake compared with self-reported data,
because they are determined in an objective way resulting in
reduced information bias as well as a relatively high precision.?
The FA profile also reflects metabolic processes and therefore
integrates the complex interplay between dietary FA intake and
endogenous FA metabolism.

The biological mechanisms that link FA profiles with chronic
diseases like T2DM and CVD are not completely understood yet.
An involvement of dyslipidemia appears plausible in this context
because FAs influence transcription factors like peroxisome
proliferator-activated receptor-y (PPARG) or sterol regulatory
element-binding protein, which have a pivotal role in regulating
genes involved in the control of uptake, transport, storage and

disposal of lipids.*> Indeed, intervention studies showed that
intake of the CVD-related® long-chain n-3 polyunsaturated
fatty acids (PUFAs), docosahexaenoic acid (DHA) and eicosapen-
taenoic acid (EPA), lowers triglycerides7 and that diets rich in the
CVD-? and T2DM-related®'" n-6 PUFA linoleic acid (LA) markedly
lower low-density lipoprotein (LDL)-cholesterol."> However, few
studies have examined the relations of blood contents of
these individual disease-relevant PUFAs to biomarkers of
dyslipidemia.'>"*

Furthermore, recent studies suggest an important role of the
activity of desaturase enzymes (as reflected by certain FA product-
to-precursor ratios) for the development of T2DM.'>'® Data from
genome-wide association studies (GWAS) suggest dyslipidemia as
a potential mechanistic link in this context, because genetic
variation in the FADST-FADS2 gene cluster, which encode the
A5-desaturase (D5D) and A-6 desaturase (D6D), showed an
association with plasma high-density lipoprotein (HDL)-cholesterol
and triglyceride concentrations.'” To the best of our knowledge,
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the association between FA-based desaturase activities and
markers of dyslipidemia has not been studied previously.

Blood concentrations of the odd-numbered saturated FAs
(SFAs), pentadecanoic (15:0) and heptadecanoic acid (17:0), have
attracted high interest lately because recent studies revealed
inverse relations to risk of T2DM®>'" and CVD."® Blood or adipose
tissue concentrations of these FA are regarded as biomarkers of
dairy fat intake.'® Despite the growing interest, the underlying
biological mechanisms explaining the inverse risk relations are
largely unexplored.

Trans-FAs are regarded as established risk factor for CV
However, the source of trans-FAs is assumed to have a role in the
association of TFA with cardiovascular risk. Whereas trans-FAs
from partially hydrogenated oils unfavorably affect cardiovascular
risk,%? trans-FAs derived from naturally occurring foods containing
ruminant trans-FAs have not been associated with higher
cardiovascular risk.?? Little is known about the relation of blood
contents of individual trans-FAs with biomarkers of dyslipidemia
so far.>%

Therefore, we aimed to study the association between specific
disease-relevant individual PUFAs, trans-FAs and dairy-derived
SFAs, as well as estimated desaturase activity and biomarkers of
dyslipidemia.

20-22
D.2°

SUBJECTS AND METHODS

Study population

The European Prospective Investigation into Cancer and Nutrition (EPIC)-
Potsdam study is part of the multicenter prospective cohort study EPIC.?
EPIC-Potsdam includes 16 644 women mainly aged 35-64 years and 10 904
men mainly aged 40-64 years recruited from the general population of the
city of Potsdam, Germany, and surrounding municipalities from 1994 to
1998. Information on education, smoking and physical activity were assessed
at baseline with a self-administered questionnaire and a personal PC-guided
interview.”® The baseline assessment included the collection of blood
samples. Anthropometric measurement procedures followed a standardized
protocol.®® Follow-up questionnaires were sent out every 2-3 years to
identify incident cases of T2D (response rates 93-97%).2° The verification of
self-reports was performed via questionnaires mailed to physicians.

For biochemical measurements, a random sample of 2500 subjects was
drawn from all participants of EPIC-Potsdam who provided a blood sample
(26 444). We excluded subjects with missing or implausible values for
erythrocyte FAs (n=651) or biomarkers of dyslipidemia (n=1) and
participants with lipid-lowering medication (n=89). After exclusion, 1759
participants were considered for the cross-sectional analysis. Informed
consent was obtained from all participants, and approval was given by the
Ethics Committee of the state of Brandenburg, Germany.

Measurement of FA composition of erythrocytes and estimation of
desaturase activities

Thirty milliliters of blood were obtained from each participant during
baseline examination, mostly in the non-fasting status. Plasma, serum, red
blood cells and buffy coat were stored at -80°C. The erythrocyte
membrane FAs were analyzed between February and June 2008. Thirty-
two FAs were determined by gas chromatography and expressed as the
percentage of total FAs present in the chromatogram.'’ Detailed
information with respect to the storage conditions of samples, sample
preparation and analytical procedures was provided elsewhere.'! In brief,
FA methyl ester were separated on a GC-3900 gas chromatograph (Varian
Inc., Middelburg, The Netherlands) equipped with a 100 m x 0.25 mm 1D
WCOT-fused silica capillary column and flame ionization detector with
separation of FA methyl ester peaks based on mixed FA methyl ester
standards (Sigma Aldrich, St Louis, MO, USA). The Galaxie software version
1.9.3.2 (Varian Inc.) was used for quantification and identification of peaks.

The desaturase activities were estimated as product-to-precursor ratios
of individual FAs in erythrocyte membranes as follows: 16:1n-7/16:0 to
reflect stearoyl-coenzyme A-desaturase (SCD) activity, 18:3n-6/18:2n-6 to
reflect D6D activity and 20:4n-6/20:3n-6 to reflect D5D activity."" Intra-
assay coefficients of variation calculated from a total number of 40 FA
measurements in a subset of 20 samples were < 10% for most FAs, with
the exception of 18:3n-6 (18.7%).
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Measurement of biomarkers of dyslipidemia

Plasma concentrations of HDL-cholesterol and triglycerides were deter-
mined using the automatic ADVIA 1650 analyzer (Siemens Medical
Solutions, Erlangen, Germany).”” Non-HDL-cholesterol was calculated as
total cholesterol minus HDL-cholesterol. LDL-cholesterol was calculated
using the Friedewald formula.?®

Genotyping

For genetic analyses, DNA was extracted from buffy coat samples.
Participants were genotyped for the Pro12Ala polymorphism in PPARG2
using the TagMan technology (Applied Biosystems, Foster City, CA, USA)
on 384-well plates. The reproducibility of the genotyping method was
>99.5%. The allele frequency in the present sample was in Hardy-
Weinberg equilibrium (x = 0.7546).

Statistical analysis

We performed multivariable linear regression analysis to investigate the
relations of erythrocyte FAs to HDL-, LDL-, non-HDL-cholesterol and
triglycerides. Categorical variables were entered as binary indicator
variables into the models. We tested for interaction with sex by evaluating
statistical significance of cross-product terms of the respective FAs/FA-
ratios (as a quantitative variable) and sex included in the multivariable-
adjusted models.

We used the log, transformation of triglycerides to normalize the right
skewed distribution. We modeled the individual FA proportions as tertiles
to account for nonlinear relations with the outcomes. We estimated
geometric means and 95% confidence intervals (Cls) in case of triglycerides
and arithmetric means and 95% Cls in case of HDL-cholesterol, LDL-
cholesterol and non-HDL-cholesterol by FA tertiles and tested for statistical
significance of linear trends across tertiles by modeling the median value
of the FA within each tertile as a quantitative variable. We calculated a
model adjusted for age at recruitment only and furthermore a
multivariable-adjusted model additionally adjusted for smoking status
(never; past; current <20U per day; current >20U per day), education
(in training, no certificate, part skilled worker; skilled worker; professional
school; college of higher education, university), alcohol intake (>0-6;
>6-12; >12-24; >24-60; >60-96; >96 g per day), leisure time sports activity
(no sports, <4 h per week, >4 h per week), biking (no biking, <2.5h per
week, 2.5-<5h per week, >5h per week), hormone use (none, oral
contraceptive, hormone replacement therapy, in women only), body mass
index (BMI) and waist circumference.

In addition, we performed sensitivity analyses to assess the robustness
of our results: in a first sensitivity analysis, we examined only fasted
participants (n=248). Fasting status was defined as time of the last meal
>8 h. After exclusion of non-fasted participants, 148 women and 100 men
remained. In a second sensitivity analysis, we excluded participants with a
history of cancer, diabetes or CVDs, leaving 1535 participants, 571 men and
964 women, for analyses.

We conducted stratified analyses to explore whether the associations of
erythrocyte FAs with biomarkers of dyslipidemia varied by PPARy2
(PPARG2) genotype. We compared homozygous carriers of the Pro12
allele to carriers of the Ala12 allele (dominant model) because the
frequency of the homozygous Ala12 allele carriers was low (men: 2.35%;
women: 2.65%). We a priori restricted exposures to the PPARG ligands
long-chain n-3 PUFAs and LA. We tested for interaction by evaluating
statistical significance of cross-product terms of the respective PUFA (as a
guantitative variable) and genotype included in the multivariable models.

The presence of colinearity among independent variables was tested
measuring the variance inflation factor in linear regression analysis.

The type | error for each FA model was set to 5%. All statistical tests were
two-tailed and 95% Cls were estimated. A P-value for trend of 0.005 and
below would satisfy a correction for multiple testing according to
Bonferroni (0.05/10 comparisons), if one would consider our analysis as
completely exploratory. We performed the statistical analysis with the SAS
software, release 9.2 (SAS Institute Inc., Cary, NC, USA).

RESULTS

Median subcohort proportions of individual erythrocyte
membrane FAs as well as FA-ratios reflecting desaturase activity
are presented in Table 1, stratified by sex. Compared with
men, women had significantly higher median proportions of
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dairy-derived SFAs, trans-FAs, docosahexaenoic acid and LA,
whereas median proportions of EPA and estimated D6D activity
were lower.

The characteristics of the study population by tertiles of HDL-
cholesterol, LDL-cholesterol, non-HDL-cholesterol and triglycer-
ides, stratified by sex, are shown in Table 2 and 3. Men with high
plasma triglycerides, LDL-cholesterol and non-HDL-cholesterol
concentrations were significantly more obese. Men with high
non-HDL-cholesterol level were significantly less engaged in leisure
time sports activity. On the contrary, men with high plasma HDL-
cholesterol concentration were significantly less obese, drank more
alcohol and had a lower carbohydrate intake compared with men
with low HDL-cholesterol concentrations. As expected, women with
high plasma HDL-cholesterol concentration were significantly less
obese, and more engaged in leisure time sports activity, whereas
women with high plasma LDL-cholesterol, non-HDL-cholesterol and
triglyceride concentrations were significantly older, more obese and
less engaged in leisure time sports activity.

Associations between erythrocyte FAs and biomarkers of
dyslipidemia
Table 4 shows multivariable-adjusted means and 95% Cls of
HDL-cholesterol, LDL-cholesterol, non-HDL-cholesterol and trigly-
cerides according to tertiles of erythrocyte FAs, stratified by sex.
Age-adjusted means are displayed in Supplementary Table 1.
Compared with the age-adjusted model, effect estimates of the
multivariable-adjusted model usually indicated the same direction
of association; however, the strength of association was weaker.

Regarding dairy-derived SFAs, only weak associations were
observed in the multivariable-adjusted model. The proportion of
15:0 in erythrocyte membranes was positively associated with
concentrations of HDL-cholesterol in women. An inverse associa-
tion of the proportion of 17:0 in erythrocyte membranes with
plasma concentrations of triglycerides was observed in women
only. In men, proportions of 17:0 in erythrocyte membranes were
inversely associated with plasma concentrations of HDL-chole-
sterol. Trans-FAs did not show a clear association with biomarkers
of dyslipidemia in the multivariable-adjusted model.

The FA-ratio 20:4n-6/20:3n-6, reflecting D5D activity, was
inversely associated with triglycerides in both sexes. In contrast,
higher FA-ratios reflecting higher SCD and D6D activities were

Table 1. Proportions of erythrocyte membrane fatty acids and derived
ratios in a subcohort of the EPIC-Potsdam study

Erythrocyte fatty acids Men Women P-value
(% of total fatty acids) (n=655) (n=1104)

15:0 0.19 (0.10) 0.22 (0.09) < 0.0001
17:0 0.31 (0.07) 0.33 (0.06) < 0.0001
Trans-16:1n-7 0.16 (0.06) 0.17 (0.06) < 0.0001
Trans-18:1n-9+trans-18:1n-7 0.48 (0.13) 0.53 (0.15) < 0.0001
20:5n-3 0.79 (0.35)  0.76 (0.34) 0.0195
22:6n-3 4.62 (1.41) 4.90 (1.40) < 0.0001
18:2n-6 10.6 (1.69) 10.8 (1.68) 0.0356
20:4n-6/20:3n-6 ratio 8.62 (2.59) 8.80 (2.57) 0.0878
(estimated D5D activity)

18:3n-6/18:2n-6 ratio 0.005 (0.004) 0.004 (0.003) < 0.0001
(estimated D6D activity)

16:1n-7/16:0 ratio 0.02 (0.010) 0.02 (0.009) 0.9461

(estimated SCD activity)

Abbreviations: EPIC, European Prospective Investigation into Cancer and
Nutrition; SCD, stearoyl-coenzyme A-desaturase. All values are medians;
interquartile ranges are within parentheses. P-value reflects whether the
medians of the erythrocyte fatty acids significantly differ between women
and men (two-sample median test).
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associated with higher triglyceride and LDL-cholesterol concen-
trations in both sexes. The difference in triglyceride concentration
across SCD and D6D tertiles appeared to be more prominent in
men compared with women.

The proportion of LA in erythrocytes was not clearly associated
with any lipid biomarker in our study. With respect to long-chain
n-3 PUFAs, the proportion of EPA was inversely associated
with triglyceride concentrations in women. There was no clear
association of DHA with any biomarker of dyslipidemia in men
or women.

These following results satisfy P-values for trend according to
correction for multiple testing: associations of D6D and SCD with
LDL-cholesterol and triglycerides and associations between D5D
and triglycerides in both sexes. We considered these associations
as our main findings.

Stratification by PPARG2 genotype

Thirty percent of women and twenty-six percent of men carried
the PPARG2 Ala12 allele. We repeated our analyses on the
association of EPA, DHA and LA with triglycerides stratified by
PPARG2 genotype. The interaction test among proportions of
these PUFAs and PPARG2 Pro12Ala genotype was not significant,
although considerable differences after stratification were obser-
ved: in men and women with Pro12Pro genotype, triglycerides
were significantly lower across EPA tertiles (Supplementary Figure 1).
In contrast, no clear association of EPA with triglycerides was
observable among male and female Ala12 carriers. LA and DHA
were not significantly associated with triglyceride concentrations
in both sexes regardless of PPARG genotype (Supplementary
Figure 1).

Sensitivity analyses

We performed sensitivity analyses excluding participants who had
not fasted before blood draw or with prior chronic diseases.
In general, after restricting analyses to fasted participants (women:
n=148; men: n=100), associations were qualitatively comparable;
however, only few reached statistical significance owing to the
loss of power (Supplementary Table 2). Exclusion of prevalent
cases of diabetes, CVD and cancer had no major influence on the
results (data not shown).

DISCUSSION

In this cross-sectional study of middle-aged men and women, D6D
and SCD activities calculated from erythrocyte FA-ratios were
positively associated with triglyceride and LDL-cholesterol con-
centrations. Higher estimated D5D activity was inversely asso-
ciated with triglyceride concentrations.

Estimated activities of D6D and SCD were positively and D5D
activity was inversely associated with T2DM risk in the EPIC-
Potsdam study'' and other prospective studies®'%?° The bio-
logical mechanisms linking desaturase activity with T2DM risk
have not been well understood yet. Regarding estimated activity
of D6D and SCD, the triglyceride concentration was markedly
increased in the higher tertiles compared with the lower tertiles
(more than 40% in men, about 30% in women). With respect to
D5D, the triglyceride concentration was more than 20% lower in
the highest compared with the lowest tertile in both sexes. With
respect to clinical relevance of our findings, the magnitude of
variation in triglyceride levels between the lower and the upper
tertile of estimated D6D, SCD and D5D activities observed in our
study was found to be relevant for predicting the risk of T2DM*°
and the coronary heart disease.®' Our results of strong associa-
tions of estimated desaturase activity with triglycerides and LDL-
cholesterol do suggest an involvement of an unfavorable lipid
profile in this context. However, the cross-sectional design of our
study does not allow us to draw conclusions about causality,
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but should rather be considered as hypothesis-generating. Still,
our hypothesis is supported by results from genome-wide
association studies, which identified variants in the FADS gene
region to be associated with triglyceride concentrations.!”

Intake of long-chain n-3 PUFAs had clear triglyceride-lowering
effects in intervention studies.” Similarly, cross-sectional studies on
blood long-chain n-3 PUFA levels found inverse associations with
plasma triglycerides.' In our study, we found an overall weak
inverse association of the proportion of EPA in erythrocytes and
triglyceride concentrations in women. Stratification for PPARG2
Pro12Ala genotype revealed an inverse association in Prol12Pro
carriers, but no apparent association among Alal2 carriers,
although this interaction did not reach statistical significance.
In contrast, in a controlled intervention study, Ala12 carriers
presented a greater decrease in serum triglycerides in response to
n-3 PUFA supplementation than Pro12Pro carriers when the intake
of SFA was below 10% of energy.3? In a randomized controlled
trial with obese patients, the Pro12Ala polymorphism was not
associated with the n-3 long-chain PUFA treatment response on
triglycerides.®® The results from both studies are in contrast to
each other and to our findings. The heterogeneity of these studies
complicates the comparison of their results. Of note, measure-
ment error may also have influenced our observations for EPA.
While the intra-assay coefficient of variation, calculated from 40
measurements in a subset of 20 samples, was only 3.1% for EPA,
there is some indication of poor long-term reproducibility of
measured EPA proportions in our study. In a sample of 250
participants, we measured the FA concentration of the same
samples repeatedly in 2008 and 2012. In general, an acceptable
reproducibility was obtained with a correlation coefficient >0.7 for
dihomo-y-linolenic acid, DHA and LA and > 0.3 for the other FAs,
despite EPA. Differences in FA profile between the two measure-
ments may be owing to changes in analytical procedures and, to a
lesser extent, also to changes in FA composition over time (e.g.
due to FA oxidation®¥). As the measurement error is expected to
be random and unrelated to the outcome, an attenuation of the
observed associations would be the consequence.

Serum esterified LA proportions have been inversely associated
with the risk of CVD? and T2DM.2"" In our study, the proportion of
LA in erythrocytes was not clearly associated with lipid markers.
In contrast, intervention studies showed that LA-rich diets lower
LDL-cholesterol with marginal effects on HDL-cholesterol.?
However, blood FAs reflect both dietary intake of FAs and
endogenous FA metabolism, such as the activity of D6D that
converts LA to higher unsaturated PUFAs. In a cross-sectional
study, the LA proportion in total serum was inversely associated
with triglycerides in US whites, Japanese and Japanese-
Americans.' The discrepancies to our results might be owing to
different study characteristics of study participants, for example,
with respect to ethnicity. Furthermore, LA levels in erythrocytes
differ from those in plasma lipids. In addition, lower LA
concentrations in total plasma at higher triglyceride concentra-
tions may also reflect the fact that the LA content of the plasma
triglyceride fraction is generally lower than the LA content of
plasma phospholipids or cholesterol esters.

SFA intake has been widely shown to be positively associated
with CVD risk factors such as elevated LDL-cholesterol, blood
pressure, insulin resistance and inflammation.3>~38 However,
individual SFAs differ in their physiologic effects,*® for example,
blood 15:0 and 17:0, that have been verified as relative and
objective estimates of dietary ruminant fat intake in a Western
population,'® and that have been associated with lower risk of
T2DME'" and myocardial infarction®® Consistent with these
findings, we found an inverse association of erythrocyte mem-
brane 17:0 with triglycerides in women. Our results support those
of two previous studies that found inverse correlations of blood
15:0 and 17:0 with triglycerides.'®*° However, these correlation
coefficients were only adjusted for BMI and smoking, while our

P-value for trend
0.0005
0.0008
0.31

< 0.0001
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122 (119-125)
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2 (
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20 (117-124)
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Tertile of fatty acid

5
1
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119 (116-123)
72.4 (69.0-76.0)
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1
50.2 (49.0-51.4)

P-value for trend
0.16
0.0004
0.19

< 0.0001

165-177)

Men
3
44.4 (42.9-45.9)
171 (
137 (132-142)
144 (134-156)

156-168)

(

(
135 (131-140)
115 (107-124)

Tertile of fatty acid
2
162

42.8 (41.3-44.2)

149-161)

(
(
(

132 (127-137)
99.0 (91.8-107)

155

429 (41.4-44.3)

(Continued)
Non-HDL-cholesterol (mg/dl)

LDL-cholesterol (mg/dl)
Triglycerides (mg/dl)

HDL-cholesterol (mg/dl)

16:1n-7/16:0 ratio (estimated SCD activity)
alcohol intake (>0-6; >6-12; >12-24; >24-60; >60-96; >96 g per day), leisure time sports activity (h per week), biking (h per week), education status (in training, no certificate, part skilled worker; skilled worker;

professional school; college of higher education, university), total carbohydrate intake (g per day), BMI (kg/m?) and waist circumference (cm). We estimated geometric means and 95% Cls in case of triglycerides

and arithmetic means and 95% Cls in case of HDL-cholesterol, LDL-cholesterol and non-HDL-cholesterol by fatty acid tertiles and tested for statistical significance of linear trends across tertiles by modeling the

LDL, low-density lipoprotein; SCD, stearoyl-coenzyme A-desaturase. The model was adjusted for age at recruitment, smoking status (never, past, current smoker < 20 U per day, current smoker > 20 U per day),
median value of the fatty acid within each tertile as a quantitative variable. P-value for trend reflects whether the mean of the biomarker significantly decreases or increases across the FA tertiles.

Abbreviations: BMI, body mass index; Cl, confidence interval; D5D, A5-desaturase; D6D, A6-desaturase; EPIC, European Prospective Investigation into Cancer and Nutrition; HDL, high-density lipoprotein;

Table 4.
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study suggests that these associations are largely independent of
various other demographic, anthropometric and lifestyle factors.

We found no clear associations of erythrocyte trans-FAs with
lipid markers. Intervention studies demonstrated adverse effects
of increased trans-FA consumption on blood lipid profiles with
increased LDL- and decreased HDL-cholesterol.?° Similar observa-
tions were made in studies investigating the blood content of
total trans-FAs.**~** However, three studies on blood contents of
trans-FAs revealed important differences between individual trans-
FAs. 272> These differences seem to depend on the source of
trans-FAs, for example, whether they are derived from ruminant
fats or industrially hardened vegetable oil. Circulating trans-16:1n-7,
mainly derived from consumption of ruminant fats,>*> and total
trans-18:1 FAs, in the middle-aged Chinese study population
presumably mainly derived from consumption of dairy products,®*
showed overall beneficial associations with lipid markers
(e.g. positively associated with HDL-cholesterol and inversely with
triglycerides). On the contrary, erythrocyte total trans-18:2 FAs
mainly derived from partially hydrogenated vegetable oils or
transformed LA during frying* were adversely associated
with lipid markers (e.g. positively with triglycerides and LDL-
cholesterol).* In our study, trans-18:1n-9, mainly derived from
industrially hardened vegetable oil,** and trans-18:1n-7, mostly
reflecting consumption of ruminant fat,*® were detected in the
analytical method as a sum. Therefore, beneficial and adverse
effects of the two trans-FA isomers might have neutralized each
other. However, we found no association of trans-16:1n-7 with
lipid markers.

A limitation of our study lies in the fact that many of our
participants had not fasted before blood drawal. It is well known
that the plasma triglyceride level depends on food intake.
However, on the population level, triglyceride levels increased
only modestly in response to normal food intake®” and non-
fasting triglycerides and non-fasting calculated LDL-cholesterol
predicted risk of cardiovascular events.*” Because the fasting
status should not affect the erythrocyte FA profile, we expect—if
anything—an attenuation of the effect estimates. In our sensitivity
analysis restricted to fasted participants, associations were
generally qualitatively comparable, although only few reached
statistical significance owing to the loss of power. A further
limitation of this study is that our results may not be generalizable
to other ethnicities. Owing to the cross-sectional design, it cannot
be determined whether the erythrocyte FAs were the cause or
the result of a change in biomarkers of dyslipidemia (reverse
causation). Still, in genome-wide association studies, genetic
variants in FADS genes, which encode D5D and D6D, were
associated with triglyceride concentrations'” and experimental
studies have proposed plausible biological mechanisms.** Ery-
throcyte FAs were expressed as percentages of total FAs. Thus, it is
difficult to interpret results for individual FAs independent of the
other FAs. Random measurement error in erythrocyte FAs might
have led to an attenuation of the effect estimates. This is
especially relevant for FAs with a high coefficient of variation, such
as 18:3n-6, and consequently the calculated FA-ratio reflecting
D6D activity. LDL-cholesterol was calculated with the Friedewald
formula. The reliability of the LDL-cholesterol estimation decreases
with increasing triglyceride concentrations.*® Desaturase activities
were measured indirectly as FA-ratios. However, direct measures
are difficult to obtain in large epidemiological studies. In a recent
intervention study of isotope-labeled a-linolenic acid, acceptable
correlations of labeled ALA and EPA as direct indicators of D5D
and D6D activity with the conventionally used plasma FA-ratios
were observed.* Two studies indicate an acceptable correlation
between gene expression and calculated FA-ratio for SCD derived
from plasma very low-density lipoprotein triglyceride composition
and adipose tissue FA composition, whereas the correlations for
D5D and D6D were moderate to low.>>>" However, it remains
unclear to which extent these findings are transferable to FA-ratios
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derived from erythrocyte membranes. Still, we have previously
reported that variation in FADST and FADS2 genes was associated
with the estimated desaturase activities from erythrocyte
membranes.>® Regarding stratification for PPARG genotype, our
study may be underpowered for a statistical test on interaction.
In conclusion, we observed unfavorable lipid profiles with
higher estimated D6D and SCD activity, whereas higher estimated
D5D activity was related to more favorable lipid profiles. Our
results are supported by results from genome-wide association
studies'” and findings from experimental studies that propose
plausible biological mechanisms for the association between FAs
and biomarkers of dyslipidemia.*> Our findings suggest that
triglyceride and LDL-cholesterol concentrations may be mediators
linking the intake and metabolism of FAs to metabolic risk.
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