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ABSTRACT

Background: The increased use of high-oleic oils to replace trans fat has led to concern about declining intake of PUFA and the potential for
essential fatty acid insufficiency or even deficiency.

Objectives: The aim of this study was to examine circulating concentrations of essential and poorly biosynthesized fatty acids, as biomarkers of
dietary intake, in the NHANES data sets prior to (2003-2004 cycle) and following (2011-2012 cycle) legislation to reduce trans fat in the food
supply and also to explore the associations between these fatty acids and markers of cardiometabolic health.

Methods: Fasting circulating concentrations of fatty acids from adults (aged >20 y) in the 2003-2004 and 2011-2012 NHANES cycles were used
for analysis. Dietary data from one day of both the 2003-2004 and 2011-2012 cycles were used to examine differences in dietary fatty acid intake
between these cycles. Regression analyses were used to assess relations between circulating concentrations of fatty acids and cardiometabolic
health.

Results: Between the 2003-2004 and 2011-2012 NHANES cycles, LA dietary intake increased (1.38 g, P = 0.002); no difference in circulating
concentrations was observed. ALA, measured by dietary intake (0.23 g, P < 0.01) and circulating concentrations (0.14%, P < 0.001), increased from
2003-2004 to 2011-2012. Circulating LA was inversely associated with BMI (in kg/m?; regression coefficient per percentage point change in

LA =+ SE: -0.22 + 0.04), waist circumference (-0.62 + 0.09 cm), systolic blood pressure (-0.38 + 0.09 mm Hg), triglycerides (-9.92 +

0.63 mg/dL), glucose (-3.34 £ 0.13 mg/dL), insulin (-0.18 &+ 0.05 pwU/mL), and HOMA-IR (-0.29 + 0.05).

Conclusions: In a nationally representative sample of US adults, no declines in circulating concentrations of essential fatty acids, LA and ALA, were
observed between 2003-2004 and 2011-2012, a time when high-oleic oils were increasingly used in the food supply. Higher amounts of circulating
LA were correlated with lower risk of cardiometabolic dysfunction, which underscores the importance of monitoring consumption in the United
States.  Curr Dev Nutr 2020;4:nzaa149.
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Introduction the United States, LA and ALA comprise 6.8% and 0.7% of total energy

intake, respectively, based on NHANES data from 2007-2014, which is
In the United States, the use of plant oils (e.g., soybean, canola,and corn) ~ approximately consistent with Adequate Intake recommendations (1).
in the production of processed foods contributes substantially to avail- ~ However, modifications to the US food supply to remove partially hy-
ability and intake of linoleic acid (LA) and a-linolenic acid (ALA). In  drogenated oils, containing trans fatty acids, are expected to reduce the
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availability and intake of the essential PUFAs, LA and ALA (1). This is
because partially hydrogenated oils are often replaced with oils that are
lower in PUFAs and higher in MUFAs (2). Replacement of saturated
fatty acids (SFAs) with unsaturated fatty acids, particularly PUFAs, is a
cornerstone of cardiovascular disease (CVD) prevention (3). A decline
in the availability of LA and ALA may result in a decrease in PUFA in-
take, which may make it more challenging to implement dietary recom-
mendations to replace SFAs with PUFAs.

In 2003, the FDA mandated that if a product contained >0.5 g/
serving of trans fatty acids, trans fat must be listed on the Nutrition
Facts label; the compliance date was January 1, 2006 (4). This was fol-
lowed by removal of the “generally recognized as safe” status from par-
tially hydrogenated oils in June 2015, with a compliance date of June
2018 (5). One response to this was the development of high-oleic oils
as a replacement for partially hydrogenated oils (6), leading to con-
cerns about declining intake of PUFAs and the potential for essential
fatty acid insufficiency or even deficiency (1). It is currently unclear
how much high-oleic oil is being used in the food supply and whether
use has reached a level that affects intake of essential fatty acids in US
adults.

Accumulating evidence indicates that higher intake of LA and ALA
is associated with lower risk of cardiometabolic diseases. In a pooled
analysis of individual-level data from 20 prospective cohort studies, a
higher proportion of circulating and adipose tissue LA, as a biomarker
for LA intake, was associated with lower risk of type 2 diabetes (RR: 0.65;
95% CI: 0.60, 0.72) (7). In a similar analysis of 30 prospective cohort
studies, circulating and adipose tissue LA were associated with lower
risk of total CVD (HR: 0.93; 95% CI: 0.88, 0.99), cardiovascular mortal-
ity (HR: 0.78; 95% CI: 0.70, 0.85), and ischemic stroke (HR: 0.88; 95%
CI: 0.79, 0.98) (8). Higher circulating and adipose tissue ALA concen-
trations have been associated with lower risk of CVD, particularly fatal
coronary heart disease (9, 10). Evidence for the relation between ALA
and type 2 diabetes is inconsistent (11). Thus, further investigation of
the relation between essential fatty acids and risk of cardiometabolic
diseases is warranted.

LA and ALA cannot be synthesized by humans, so circulating con-
centrations of these essential fatty acids are considered biomarkers of
intake (12, 13) and are not subject to the complexities associated with
measuring dietary intake. Conversely, circulating concentrations of sat-
urated fats and MUFAs do not reflect intake because these fatty acids
can be endogenously synthesized from carbohydrates (13-15). Few pre-
vious studies have examined the relation between objective markers
of essential fatty acid intake and risk factors for cardiometabolic dis-
ease in a cohort representative of the US population. Furthermore, be-
cause changes in the availability of essential fatty acids in the food sup-
ply are expected, in response to reformulation efforts to remove trans
fatty acids, examination of how circulating concentrations of essen-
tial fatty acids have changed prior to and in the time following leg-
islation to lower trans fatty acids is needed. Therefore, we aimed to
examine circulating concentrations of fatty acids as biomarkers of di-
etary intake with an emphasis on essential and poorly biosynthesized
fatty acids in the 2003-2004 and 2011-2012 cycles of NHANES and de-
scribe the changes observed between the 2 time points. In addition, the
association between circulating concentrations of essential and poorly
biosynthesized fatty acids and markers of cardiometabolic health was
evaluated.

Methods

Data from NHANES were used for these analyses. NHANES is a na-
tionally representative cross-sectional survey conducted by the National
Center for Health Statistics, CDC (16). The study protocol was approved
by the National Center for Health Statistics research ethics review board.
Written informed consent was obtained for all participants.

Assessment of circulating fatty acids

For these analyses, the 2003-2004 and 2011-2012 cycles were used be-
cause plasma/serum fatty acids were only available for these cycles. In
2003-2004, fasting plasma fatty acids were measured in participants
aged >20y, and in 2011-2012 serum fatty acids were measured in par-
ticipants aged >1y. Briefly, a modified version of the method described
by Lagerstedt et al. (17) was used to measure total fatty acid concentra-
tions in plasma/serum (18, 19). For the purposes of this article, we used
data for the 15 fatty acids for which NHANES provided both dietary in-
take and plasma/serum concentrations. Circulating concentrations of
essential (LA and ALA) and poorly biosynthesized fatty acids [eicos-
apentaenoic acid (EPA), DHA, and docosapentaenoic acid (DPA)] were
of greatest interest because these are considered biomarkers of intake.
Arachidonic acid (AA) was also examined because LA is a precursor to
AA. The fatty acids were expressed as a percentage of total measured
fatty acids.

Assessment of dietary intake

Dietary intake of fatty acids was determined as part of the What We Eat
in America (the dietary intake interview component of the NHANES)
survey (20, 21). For these analyses, the 24-h dietary recall obtained dur-
ing the in-person health examination was used. The 24-h recall was
collected using the USDA Automated Multiple-Pass Method (22). The
Food and Nutrient Database for Dietary Studies 2011-2012 and the
Food and Nutrient Database for Dietary Studies 2.0 were used to de-
rive nutrient values from reported intakes in 2011-2012 and 2003-2004,
respectively.

Assessment of cardiometabolic health

For assessment of cardiometabolic health, the following outcomes that
are publicly available from NHANES were used for analysis: BMI (in
kg/m?), waist circumference, systolic blood pressure, diastolic blood
pressure, fasting plasma glucose, plasma insulin, HOMA-IR, triglyc-
erides, total cholesterol, LDL cholesterol, and HDL cholesterol. These
assessments were done according to NHANES standard protocols (23).
For reasons detailed further in NHANES documentation for each data
set (24), not all individuals had values for all assessments.

Statistical analyses

Data analyzed were the fasting subsample from 2003-2004 and 2011-
2012 for those aged >20y (n = 4489) after exclusions for dietary records
not deemed reliable (n = 251), pregnant or lactating women (n = 147),
and subjects missing serum/plasma fatty acid data (n = 317). An ana-
lytical sample of 3809 was used.

Differences in demographics between the 2003-2004 and 2011-
2012 samples were determined by ¢ tests. Regression analyses were used
to assess the relation between dietary intake of fatty acids and circu-
lating plasma/serum concentrations. These analyses were conducted to
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check that the relation between dietary intake of individual fatty acids
and circulating concentrations aligns with published data on circulating
biomarkers of fatty acid intake (i.e., essential and poorly biosynthesized
PUFAs are biomarkers of intake, whereas circulating concentrations of
MUFAs and SFAs do not correlate with intake) (13-15). Quartiles of
plasma/serum essential and poorly biosynthesized fatty acid concen-
trations were established, and the relation with physiological measures
was assessed by regression analyses after adjustment for potential con-
founders; for these analyses, data from 2003-2004 and 2011-2012 were
pooled. These regression analyses employed 3 sets of covariates: model
1 adjusted for age, agez, BM]I, gender, ethnicity, total calorie intake, an-
tihypertensive medication, antidiabetic medication, and antihyperlipi-
demic medication; model 2 adjusted for variables in model 1 4 adjusted
Healthy Eating Index (HEI)-2015 (adjusted by subtracting components
9 and 12 related to fatty acids from the total HEI score); and model
3 adjusted for model 2 + physical activity level (sedentary, moderate,
or vigorous based on responses to the physical activity questionnaire),
poverty—-income ratio (PIR; <1.35, 1.35-1.85, and >1.85), and smok-
ing status (yes/no). BMI was not included in models related to body
weight, antihypertensive medication was not included in models evalu-
ating blood pressure variables, antidiabetic medication was not included
in models evaluating glucose- or insulin-related variables, and antihy-
perlipidemic medication was not included in models evaluating lipid
variables.

Logistic regression was used to assess the OR of risk factors across
quartiles of circulating concentrations of fatty acids, with the lowest
quartile set as the reference group (OR = 1.0). The risk factors assessed
were as follows: overweight or obesity: BMI >25; obesity: BMI >30; ele-
vated waist circumference: >102 cm in men and >88 cm in women; el-
evated systolic blood pressure: >130 mm Hg or taking antihypertensive
medications; elevated diastolic blood pressure: >80 mm Hg or taking
antihypertensive medications; elevated total cholesterol: >200 mg/dL
or taking antihyperlipidemic medications; elevated LDL cholesterol:
>100 mg/dL or taking antihyperlipidemic medications; low HDL
cholesterol: <40 mg/dL in men and <50 mg/dL in women or tak-
ing antihyperlipidemic medications; elevated triglycerides: >150 mg/dL
or taking antihyperlipidemic medications; elevated fasting glucose,
>100 mg/dL or taking insulin or other hypoglycemic agents; elevated
fasting insulin: >15 pU/mL; and HOMA [plasma insulin (WU/mL) x
plasma glucose (mg/dL)/405]: >4.0 (25). Metabolic syndrome was de-
fined as the presence of >3 of the following criteria: elevated blood pres-
sure, elevated waist circumference, elevated glucose, elevated triglyc-
erides, and low HDL cholesterol as defined previously.

All statistical analyses used SAS 9.4 (SAS Institute) with survey pa-
rameters including primary sampling units, strata, and fasting subsam-
ple weights to provide nationally representative results (26). Statistical
significance was set at P < 0.01.

Results

Cohort characteristics

Data were available for 1639 individuals in the 2003-2004 NHANES cy-
cle and 2170 individuals in the 2011-2012 NHANES cycle (Table 1).
No differences were observed between 2003-2004 and 2011-2012
with regard to sex, age, BMI, ethnicity, and use of antihypertensive
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medication. Compared with the 2003-2004 sample, a higher proportion
of the 2011-2012 sample had a PIR <1.35, were taking lipid-lowering
medication and hypoglycemic medication, reported moderate and vig-
orous physical activity levels, and never smoked.

Dietary intake of fatty acids and circulating concentrations
in 2003-2004 and 2011-2012

Table 2 shows the correlation between dietary intake of essential and
poorly biosynthesized fatty acids and circulating blood concentrations
of these fatty acids. In 2003-2004 and 2011-2012, dietary intakes of
ALA, EPA, DHA, and LA were weakly correlated with circulating con-
centrations of the respective fatty acids. In addition, weak correlations
were observed between dietary intake of nonessential fatty acids myris-
tic acid, stearic acid, and cis-vaccenic acid (Supplemental Table 1). In-
take of AA was correlated with circulating concentrations in 2003-2004
only.

Between the 2003-2004 and 2011-2012 NHANES cycles, LA di-
etary intake increased (1.38 g, P = 0.002); no difference in circulating
concentrations was observed. ALA, measured by dietary intake (0.23
g, P < 0.01) and circulating concentrations (0.14%, P < 0.001), in-
creased from 2003-2004 to 2011-2012. Intake and circulating concen-
trations of y-linolenic acid were higher in 2011-2012 compared with
2003-2004 (Supplemental Table 1). The quartile distribution of circu-
lating LA and ALA and dietary intake was comparable in 2003-2004
and 2011-2012 (Supplemental Table 2). In contrast, intake and circu-
lating concentrations of stearic acid, cis-vaccenic acid, and oleic acid
were lower in 2011-2012 compared with 2003-2004 (Supplemental
Table 1).

Because both ALA and LA compete for desaturation by A-6 desat-
urase in the biosynthesis of longer chain PUFAs, we examined the quar-
tile ranking of ALA and LA (Supplemental Tables 3 and 4). For circu-
lating LA and ALA, 51% of men and 48% of women were ranked in
the same quartile. Furthermore, 37% of men and 40% of women were
ranked within 1 quartile; in total, 88% of individuals were ranked in the
same ALA/LA quartile or within 1 quartile.

Relation between circulating concentrations of essential
and poorly biosynthesized fatty acids and risk factors for
cardiometabolic disease
Higher concentrations of circulating LA were associated with lower
BMI (regression coeflicient per 1 percentage point increase: 0.22 kg/m?,
P < 0.001), waist circumference (0.62 cm, P < 0.001), systolic
blood pressure (0.38 mm Hg, P < 0.001), triglycerides (9.92 mg/dL,
P < 0.001), glucose (3.34 mg/dL, P = 0.01), insulin (0.18 ©U/mL,
P < 0.001), and HOMA-IR (0.07, P < 0.001) after multivariate adjust-
ment when data from 2003-2004 and 2011-2012 were pooled (Table 3).
Higher circulating concentrations of ALA were associated with
lower HDL cholesterol and higher triglycerides, glucose, insulin, and
HOMA-IR; no other associations were detected for ALA. Circulating
concentrations of EPA, DHA, and DPA were inversely associated with
BMI, waist circumference, triglycerides, and glucose (Supplemental
Table 5). Circulating concentrations of EPA and DHA were not related
to systolic or diastolic blood pressure or insulin concentrations. Circu-
lating EPA was positively associated with total cholesterol, LDL choles-
terol, and HDL cholesterol; it was negatively associated with HOMA-
IR. Circulating concentrations of DHA and DPA were not associated
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TABLE 1 Characteristics of the sample

Total population 2003-2004 2011-2012

n 3809 1639 2170
Sex, %

Men 49 49 49

Women 51 51 51
Age,y 47 + 05 47 + 0.6 47 +£ 0.8
BMI,! kg/m? 28.6 £ 0.2 285 + 0.2 28.8 +£ 0.3
Ethnicity, %

Non-Hispanic white 70 73 68

Non-Hispanic black 11 11 11

Mexican American 8 8 8

Other Hispanic 5 3 6

Other race 6 5 7
Poverty—-income ratio,? %

<1.35 24 20 27

1.35-1.85 10 10 10

>1.85 66 70 63
Antihypertensive medication, %

Yes 28 26 31

No 72 74 69
Lipid-lowering medication, %

Yes 17 14 193

No 83 86 81
Hypoglycemic medication, %

Yes 7 6 8

No 93 94 92
Physical activity, %

Sedentary 27 34 213

Moderate 37 35 403

Vigorous 36 31 393
Smoking, %

Current 20 22 19

Former 28 30 26

Never 52 48 553

Total population, n = 3762; 2003-2004, n = 1616; 2011-2012, n = 2146.
2Total population, n = 3554; 2003-2004, n = 1554; 2011-2012, n = 2000.

3Compared with 2003-2004, P < 0.01.

with total cholesterol or LDL cholesterol. Higher DHA concentrations
were associated with higher HDL cholesterol. Circulating DPA concen-
trations were positively associated with systolic blood pressure and in-
versely related to insulin and HOMA-IR.

Circulating concentrations of essential and poorly
biosynthesized fatty acids and odds of risk factors for
cardiometabolic disease

A higher circulating concentration of LA was associated with lower
odds of overweight and obesity (linear trend OR: 0.93; 99% CI: 0.89,
0.96), obesity (OR: 0.94; 99% CI: 0.91, 0.97), enlarged waist circumfer-
ence (OR:0.92; 99% CI: 0.90, 0.95), metabolic syndrome (OR: 0.85; 99%
CI: 0.81, 0.89), elevated total cholesterol (OR: 0.94; 99% CI: 0.91, 0.98),
triglycerides (OR: 0.78; 99% CI: 0.76, 0.81), insulin (OR: 0.95; 99% CI:
0.92, 0.99) and HOMA-IR (OR: 0.95; 99% CI: 0.91, 0.99), and low HDL
cholesterol (OR: 0.91; 99% CI: 0.88, 0.95) after adjustment for potential
confounders (Table 4).

Higher blood concentrations of ALA were related to greater odds of
metabolic syndrome (OR: 3.80;99% CI: 1.99, 7.25), low HDL cholesterol
(OR:2.63;99% CI: 1.60, 4.31), elevated triglycerides (OR: 6.94; 99% CI:
3.70, 13.03), glucose (OR: 2.01; 99% CI: 1.09, 3.72), insulin (OR: 5.32;

99% CI: 2.62, 10.79), and HOMA-IR (OR: 5.44; 99% CI: 2.81, 10.54)
after multivariate adjustment.

Circulating concentrations of EPA were not associated with car-
diometabolic disease risk factors (Supplemental Table 6). Higher circu-
lating concentrations of DHA were related to lower odds of overweight
and obesity (OR: 0.53; 99% CI: 0.41, 0.68), obesity (OR: 0.53; 99% CI:
0.39, 0.70), enlarged waist circumference (OR: 0.53; 99% CI: 0.38, 0.74),
metabolic syndrome (OR: 0.68; 99% CI: 0.49, 0.95), and elevated triglyc-
erides (OR: 0.74; 99% CI: 0.57, 0.96) after full adjustment for poten-
tial confounders. Higher blood concentrations of DPA were associated
with lower odds of overweight and obesity (OR: 0.20; 99% CI: 0.06,
0.69), obesity (OR: 0.16; 99% CI: 0.04, 0.65), enlarged waist circumfer-
ence (OR: 0.15; 99% CI: 0.04, 0.61), metabolic syndrome (OR: 0.16; 99%
CI: 0.04, 0.66), elevated insulin concentrations (OR: 0.09; 99% CI: 0.02,
0.43),and HOMA-IR (OR: 0.10; 99% CI: 0.02, 0.46) after adjustment for
potential confounders.

Discussion

In this representative sample of US adults in 2003-2004 and 2011-2012,
circulating concentrations of essential (i.e., LA and ALA) and poorly
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<0.001 -0.02 + 0.01 0.03 0.11 + 0.06 0.06

1.33 £ 0.05 1.04 £ 0.15

<0.001  0.06 + 0.004

1.22 £ 0.04 0.90 + 0.20

0.08 + 0.01

Docosahexaenoic acid (22:6n-3)

"Values are means + SEs unless otherwise stated.

Essential fatty acid intake in 2003-2004 and 2011-2012 5

biosynthesized fatty acids (i.e., EPA, DPA, and DHA) were correlated
with dietary intake. In addition, relative to the 2003-2004 NHANES
cycle, no difference in circulating LA was observed in 2011-2012, sug-
gesting no change in intake. Both circulating ALA and dietary intake
were higher in 2011-2012 versus 2003-2004. Furthermore, circulating
LA was inversely associated with BMI, waist circumference, systolic
blood pressure, triglycerides, glucose, insulin, and HOMA-IR when
data from both time points were pooled. In alignment, odds of over-
weight and obesity, enlarged waist circumference, metabolic syndrome,
and markers of dysglycemia were lower with increasing concentra-
tions of circulating LA. Higher circulating concentrations of ALA were
unfavorably correlated with a number of cardiometabolic risk factors.
However, higher circulating concentrations of EPA, DPA, and DHA
were favorably associated with many of the cardiometabolic risk fac-
tors examined. Therefore, the ALA findings should be interpreted with
caution because they may reflect physiological differences, particularly
in the bioconversion to longer chain omega-3 (n-3) fatty acids. These
analyses suggest that intake of essential fatty acids has not declined with
reformulation efforts to remove trans fatty acids during the time period
studied. Furthermore, higher circulating LA is correlated with lower
risk of cardiometabolic dysfunction.

Historically, the cardiovascular effects of LA have been controversial.
This stemmed from hypotheses about the pro-inflammatory potential
of AA, a metabolic product of LA. However, there is now widespread
agreement that LA is not adversely associated with CVD, and replace-
ment of saturated fat with PUFA confers CVD benefit (3, 27). Our find-
ings that higher circulating LA concentrations are associated with less
adiposity and lower triglycerides, glucose, insulin, and HOMA-IR are
consistent with previous evidence. In clinical trials (28, 29) and epi-
demiologic studies (30, 31), higher intake of LA has been favorably re-
lated to adiposity and glycemic control. In the Multi-Ethnic Study of
Atherosclerosis (MESA) cohort, an inverse relation was observed be-
tween phospholipid LA concentrations and BMI such that those with
the highest phospholipid LA concentrations had a 1.10 kg/m? (95% CI:
-1.50, -0.71) lower BMI compared with those with the lowest LA con-
centrations in a cross-sectional analysis at baseline; no relation was ob-
served between 10-y BMI change and baseline LA concentrations (31).
Furthermore, in a cross-sectional analysis of US adults, erythrocyte LA
concentrations were inversely associated with trunk adipose measured
by DXA (30). In addition to favorable associations with adiposity, higher
circulating concentrations of LA have been associated with lower risk
of type 2 diabetes in prospective analyses (8). Similarly, in random-
ized controlled trials, isocaloric replacement of carbohydrate or satu-
rated fat with PUFAs (predominately LA) lowered glycated hemoglobin
(HbAlc) and improved insulin sensitivity (28). In randomized con-
trolled trials, diets enriched in n—-6 PUFA have also been shown to re-
duce liver fat (29) and abdominal subcutaneous fat (32) compared with
diets higher in saturated fat.

In our analyses, we observed a positive relation between circulat-
ing LA concentrations and LDL cholesterol, which does not align with
the well-established lipid lowering observed when saturated fat is re-
placed with PUFA (33) or the lipid-lowering effects of LA-rich food
sources. In a double-blind, randomized, crossover study, Maki et al.
(34) showed that consumption of 4 tablespoons of corn oil (54 g/d;
~30 g of LA) lowered LDL cholesterol (-7.4%), non-HDL choles-
terol (-7.7%), and total cholesterol (-6.4%) to a greater extent than
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Essential fatty acid intake in 2003-2004 and 2011-2012 7

TABLE 4 Circulating concentrations of essential fatty acids and odds of risk factors for cardiometabolic disease: NHANES

2003-2004 and 2011-2012 combined'

Plasma fatty acid quartiles

1 2 3 4 Quartile trend Linear trend
LA

Overweight or obesity

Model 12 Ref 0.81(0.56, 1.16) 0.58(0.42,0.79) 0.46 (0.29,0.72) 0.76 (0.66, 0.88) 0.93(0.90, 0.97)

Model 2 Ref 0.81(0.56, 1.17) 0.58 (0.43, 0.80) 0.46 (0.29,0.72) 0.77 (0.67,0.88) 0.93(0.90, 0.97)

Model 3 Ref 0.82(0.57,1.19) 0.59 (0.42, 0.84) 0.44 (0.27,0.69) 0.75 (0.65, 0.87) 0.93(0.89, 0.96)
Obesity

Model 12 Ref 0.87 (0.62,1.21) 0.67 (0.46, 0.97) 0.46 (0.31, 0.69) 0.78 (0.69, 0.87) 0.94 (0.92, 0.97)

Model 2 Ref 0.86 (0.61, 1.21) 0.67 (0.46, 0.98) 0.47 (0.31, 0.70) 0.78 (0.69, 0.88) 0.95 (0.92, 0.97)

Model 3 Ref 0.88(0.59, 1.30) 0.67 (0.44,1.02) 0.46 (0.29,0.73) 0.77 (0.67,0.89) 0.94 (0.91, 0.97)
Enlarged waist circumference

Model 12 Ref 0.68 (0.50, 0.94) 0.53(0.39,0.72) 0.40 (0.27,0.59) 0.74 (0.65, 0.84) 0.93(0.90, 0.96)

Model 2 Ref 0.68 (0.49, 0.94) 0.53(0.39,0.72) 0.40 (0.27, 0.60) 0.74 (0.65, 0.84) 0.93 (0.90, 0.9¢)

Model 3 Ref 0.68 (0.49, 0.95) 0.54 (0.39,0.75) 0.38(0.25, 0.59) 0.73(0.64, 0.84) 0.92 (0.90, 0.95)
Metabolic syndrome

Model 12:3:4:5 Ref 0.44(0.32,0.59) 0.27 (0.18,0.39) 0.16 (0.10, 0.26) 0.55(0.47, 0.65) 0.85(0.81, 0.89)

Model 2 Ref 0.43(0.32,0.59) 0.27 (0.18, 0.40) 0.16 (0.10, 0.26) 0.55(0.47, 0.65) 0.85(0.82, 0.89)

Model 3 Ref 0.46 (0.33, 0.64) 0.27 (0.18,0.42) 0.17 (0.10, 0.27) 0.55(0.46, 0.66) 0.85(0.81, 0.89)
Elevated systolic blood pressure

Model 13 Ref 0.77 (0.46, 1.29) 0.67 (0.42, 1.08) 0.69 (0.46, 1.05) 0.88 (0.78, 1.00) 0.96 (0.93, 1.00)

Model 2 Ref 0.76 (0.45,1.29) 0.68(0.42, 1.10) 0.70 (0.46, 1.08) 0.89(0.78, 1.01) 0.97 (0.93, 1.00)

Model 3 Ref 0.74 (0.43, 1.26) 0.66 (0.40, 1.08) 0.70 (0.44, 1.09) 0.89(0.77,1.02) 0.97 (0.93, 1.00)
Elevated diastolic blood pressure

Model 13 Ref 0.84 (0.55, 1.28) 0.65 (0.40, 1.04) 0.66 (0.43, 1.03) 0.86 (0.75, 0.99) 0.96 (0.93, 0.99)

Model 2 Ref 0.83(0.54, 1.27) 0.65 (0.40, 1.05) 0.67 (0.43, 1.04) 0.86 (0.75, 0.99) 0.96 (0.93, 1.00)

Model 3 Ref 0.84 (0.55, 1.29) 0.67 (0.41, 1.10) 0.66 (0.41, 1.08) 0.86 (0.74, 1.00) 0.96 (0.93, 1.00)
Elevated total cholesterol

Model 14 Ref 0.75(0.51, 1.10) 0.59 (0.38,0.91) 0.51(0.34,0.76) 0.80(0.70, 0.92) 0.95(0.91, 0.98)

Model 2 Ref 0.75(0.52, 1.10) 0.59 (0.38, 0.90) 0.51(0.34,0.75) 0.80(0.70, 0.91) 0.95(0.91, 0.98)

Model 3 Ref 0.77 (0.51, 1.14) 0.59 (0.37,0.93) 0.50(0.33,0.75) 0.79 (0.69, 0.90) 0.94 (0.91, 0.98)
Elevated LDL cholesterol

Model 14 Ref 1.36 (0.86, 2.16) 1.54 (0.92, 2.56) 1.43(0.86, 2.38) 1.12 (0.94, 1.34) 1.03 (0.98, 1.08)

Model 2 Ref 1.36 (0.86, 2.16) 1.54 (0.93, 2.56) 1.43(0.86, 2.37) 1.12(0.94, 1.34) 1.03 (0.98, 1.08)

Model 3 Ref 1.38(0.86, 2.21) 1.60 (0.96, 2.66) 1.44(0.88, 2.35) 1.12(0.95, 1.34) 1.03 (0.99, 1.08)
Low HDL cholesterol

Model 14 Ref 0.55(0.39,0.78) 0.43(0.28, 0.65) 0.40 (0.26, 0.61) 0.73(0.64, 0.84) 0.91(0.88, 0.94)

Model 2 Ref 0.54 (0.38, 0.77) 0.43(0.28, 0.65) 0.40 (0.26, 0.61) 0.74 (0.64, 0.85) 0.91(0.88, 0.94)

Model 3 Ref 0.57 (0.38, 0.84) 0.43(0.28, 0.67) 0.41(0.25, 0.65) 0.74 (0.63, 0.86) 0.91(0.88, 0.95)
Elevated triglycerides

Model 14 Ref 0.25(0.17,0.37) 0.16 (0.11, 0.23) 0.07 (0.05, 0.10) 0.43(0.39, 0.48) 0.78 (0.76, 0.81)

Model 2 Ref 0.25(0.17,0.37) 0.16 (0.11, 0.23) 0.07 (0.05, 0.10) 0.43(0.39,0.48) 0.78 (0.76, 0.81)

Model 3 Ref 0.24 (0.16, 0.38) 0.16 (0.11, 0.23) 0.07 (0.05, 0.11) 0.43(0.38, 0.49) 0.78 (0.76, 0.81)
Elevated glucose

Model 1° Ref 0.87 (0.58, 1.31) 0.81 (0.56, 1.16) 0.79 (0.54, 1.16) 0.92(0.82, 1.04) 0.98 (0.95, 1.00)

Model 2 Ref 0.87 (0.58, 1.31) 0.81(0.56, 1.16) 0.79 (0.54, 1.16) 0.92(0.82, 1.04) 0.98 (0.95, 1.00)

Model 3 Ref 0.92(0.62, 1.38) 0.83(0.57, 1.22) 0.82(0.57, 1.20) 0.93(0.84, 1.04) 0.98 (0.95, 1.01)
Elevated insulin

Model 1° Ref 0.76 (0.50, 1.14) 0.56 (0.43,0.72) 0.63(0.38, 1.02) 0.83(0.73, 0.96) 0.95 (0.92, 0.99)

Model 2 Ref 0.75(0.50, 1.14) 0.56 (0.43,0.72) 0.63(0.38, 1.02) 0.83(0.73, 0.96) 0.95(0.91, 0.99)

Model 3 Ref 0.80(0.54, 1.19) 0.55(0.43,0.72) 0.68 (0.41, 1.11) 0.85(0.74, 0.97) 0.95 (0.92, 0.99)
Elevated HOMA-IR

Model 1° Ref 0.71(0.45,1.13) 0.55(0.36, 0.82) 0.61(0.33, 1.10) 0.83(0.70, 0.98) 0.95 (0.90, 0.99)

Model 2 Ref 0.71(0.45, 1.13) 0.55(0.36, 0.83) 0.61(0.33, 1.10) 0.83(0.70, 0.98) 0.95 (0.90, 0.99)

Model 3 Ref 0.77 (0.49, 1.20) 0.57 (0.39, 0.85) 0.67 (0.36, 1.22) 0.85(0.72,1.01) 0.95(0.91, 0.99)

ALA

Overweight or obesity

Model 12 Ref 1.21(0.86, 1.69) 1.45(1.02, 2.05) 1.27 (0.91, 1.79) 1.10(0.98, 1.22) 1.57 (0.93, 2.64)

Model 2 Ref 1.20 (0.86, 1.68) 1.47 (1.03, 2.08) 1.31(0.94, 1.81) 1.11(1.00, 1.23) 1.67 (1.01, 2.77)

Model 3 Ref 1.11(0.79, 1.56) 1.35(0.96, 1.90) 1.26 (0.91, 1.73) 1.09 (0.99, 1.21) 1.56 (0.95, 2.55)
Obesity

Model 12 Ref 1.18 (0.84, 1.66) 1.37 (1.01, 1.87) 0.88 (0.64, 1.23) 0.98 (0.89, 1.09) 0.84(0.53,1.32)

(Continued)
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TABLE 4 (Continued)

Plasma fatty acid quartiles

1

2

3

4

Quartile trend

Linear trend

Model 2 Ref
Model 3 Ref
Enlarged waist circumference
Model 12 Ref
Model 2 Ref
Model 3 Ref
Metabolic syndrome
Model 12:3.4.5 Ref
Model 2 Ref
Model 3 Ref
Elevated systolic blood pressure
Model 13 Ref
Model 2 Ref
Model 3 Ref
Elevated diastolic blood pressure
Model 13 Ref
Model 2 Ref
Model 3 Ref
Elevated total cholesterol
Model 14 Ref
Model 2 Ref
Model 3 Ref
Elevated LDL cholesterol
Model 14 Ref
Model 2 Ref
Model 3 Ref
Low HDL cholesterol
Model 14 Ref
Model 2 Ref
Model 3 Ref
Elevated triglycerides
Model 14 Ref
Model 2 Ref
Model 3 Ref
Elevated glucose
Model 1° Ref
Model 2 Ref
Model 3 Ref
Elevated insulin
Model 1° Ref
Model 2 Ref
Model 3 Ref
Elevated HOMA-IR
Model 1° Ref
Model 2 Ref
Model 3 Ref

7 (0.83, 1.64)
1.15(0.82, 1.61)

1.18 (0.84, 1.65)
1.17 (0.83, 1.65)
1.11(0.77, 1.60)
1.00 (0.64, 1.56)

1.00 (0.64, 1.57)
1.00 (0.63, 1.59)

0.71(0.45,1.11)
0.70(0.45, 1.10)
0.66 (0.40, 1.10)

0.89 (0.54, 1.46)
0.89 (0.54, 1.45)
0.84 (0.51, 1.37)

1.00 (0.74, 1.36)
1.01(0.74, 1.37)
1.07 (0.78, 1.48)

0.91(0.70, 1.19)
0.91(0.70, 1.19)
0.93(0.72, 1.27)

5(0.81, 1.62)
1.14 (0.82, 1.60)
1.27 (0.87, 1.86)

6 (0.83, 1.60)
1.15(0.83, 1.60)
7(0.79,1.72)

1.04 (0.66, 1.64)
1.04 (0.66, 1.64)
1.09 (0.66, 1.78)

1.36 (0.84, 2.18)
1.35(0.85, 2.16)
1.34 (0.82, 2.17)

1.45(0.87, 2.43)
1.45(0.87, 2.40)
1.45(0.87, 2.43)

1.39 (1.01, 1.90)
1.42(1.01, 2.00)

1.27 (0.87, 1.86)
1.29 (0.87, 1.90)
1.22(0.82, 1.83)

21(0.79, 1.84)
1.23 (0.80, 1.90)
29(0.82, 2.04)

0.89 (0.61, 1.30)
0.91(0.61, 1.37)
0.86 (0.57, 1.28)

0.93(0.65, 1.33)
0.95 (0.66, 1.36)
0.94 (0.66, 1.34)

1.16 (0.75, 1.80)
6(0.75, 1.80)
1.20 (0.76, 1.91)

1.01 (0.66, 1.55)
1.01 (0.66, 1.54)
1.01 (0.66, 1.53)

0.96 (0.66, 1.38)
0.97 (0.68, 1.38)
1.07 (0.73, 1.55)

1.26 (0.82, 1.93)
1.27 (0.83, 1.94)
1.38 (0.85, 2.23)

1.39 (0.90, 2.15)
1.40(0.90, 2.1¢)
1.52(0.94, 2.43)

1.87 (1.31, 2.67)
1.90 (1.33, 2.71)
1.88(1.26, 2.81)

2.00(1.38, 2.91)
2.03 (1.40, 2.94)
2.04 (1.36, 3.05)

0.91 (0.66, 1.24)
0.90 (0.63, 1.29)

1.13(0.81, 1.57)
1.16 (0.83, 1.62)
1.11(0.78, 1.58)

1.83(1.18, 2.84)
1.91(1.23, 2.94)
2.00(1.30, 3.08)

1.13(0.73, 1.77)
1.17 (0.76, 1.82)
1.08 (0.68, 1.72)

1.24 (0.80, 1.91)
1.27 (0.82, 1.96)
1.26 (0.80, 1.97)

1.09 (0.78, 1.53)
1.08 (0.78, 1.52)
1.17 (0.83, 1.66)

0.92(0.59, 1.44)
0.92 (0.59, 1.43)
0.92(0.60, 1.43)

1.63(1.19, 2.24)
1.67 (1.23, 2.27)
1.77 (1.28, 2.43)

2.59 (1.69, 3.96)
2.65(1.74,4.02)
2.83(1.83, 4.40)

1.39(0.88, 2.22)
1.40(0.87, 2.24)
1.45(0.88, 2.38)

2.77 (1.74,4.39)
2.82(1.77,4.51)
2.90(1.81, 4.67)

2.94(1.87,4.62)
2.99 (1.90, 4.70)
3.19(1.99,5.11)

0.99 (0.90, 1.09)
0.99(0.88, 1.11)

1.04(0.93, 1.17)
1.06 (0.94, 1.19)
1.04 (0.92, 1.18)

1.05, 1.42)
1.24 (1.07, 1.44)
1.09, 1.47)
1.07 (0.92, 1.23)

1.08 (0.93, 1.25)
1.05 (0.90, 1.23)

1.07 (0.94, 1.23)
1.08 (0.94, 1.24)
1.09 (0.94, 1.25)

1.04 (0.93, 1.17)
1.04 (0.93, 1.16)
1.06 (0.94, 1.19)

0.99 (0.85, 1.14)
0.99(0.85, 1.14)
0.98 (0.85, 1.14)

8)
8)
1)

4(1.02, 1
5(1 .03, 1.
117(1 .05, 1

w NN

1

1.35(1.17,1.57)
1.36 (1.18, 1.58)
1.40 (1.21, 1.63)

4(0.99, 1.31)
1.14(0.99, 1.31)
5(0.99, 1.34)

1.40 (1.21, 1.63)
1.42 (1.21, 1.65)
1.43 (1.21, 1.69)

1.43(1.24, 1.64)
1.44 (1.25, 1.66)
1.47 (1.26, 1.71)

0.89 (0.57, 1.37)
0.89 (0.55, 1.4¢)

1.12(0.70, 1.80)
1.20(0.75, 1.90)
1.11(0.67, 1.84)

3.00 (1.58, 5.67)
3.29(1.74, 6.21)
3.80(1.99, 7.25)

1.40 (0.77, 2.55)
1.51(0.82, 2.80)
1.41(0.70, 2.84)

1.32(0.72, 2.44)
1.39(0.75, 2.59)
1.43(0.72, 2.83)

1.10(0.70, 1.73)
1.07 (0.67, 1.72)
1.16 (0.70, 1.91)

0.84 (0.42, 1.67)
0.84 (0.43, 1.65)
0.78 (0.38, 1.59)

2.35(1.45,3.82)
2.50 (1.56, 4.00)
2.63(1.60, 4.31)

5.61(2.96, 10.65)
5.94 (3.17, 11.15)
6.94 (3.70, 13.03)

1.80 (1.04, 3.13)
1.81(1.02, 3.20)
2.01(1.09,3.72)

4.69 (2.55, 8.63)
4.94 (2.57, 9.48)
5.32(2.62,10.79)

4.54 (2.58, 7.98)
4.76 (2.62, 8.64)
5.44 (2.81, 10.54)

"Values are OR (99% Cl). Model 1 adjusted for age, age?, BMI, gender, ethnicity, calorie intake, antihypertensive medication, antidiabetic medication, and antihyper-
lipidemic medication. Model 2 adjusted for variables in model 1 + adjusted HEI-2015 (adjusted by subtracting components 9 and 12 related to fatty acids from the
total HEI score). Model 3 adjusted for model 2 + physical activity level, PIR, and smoking status. ALA, a-linolenic acid; HEI, Healthy Eating Index; LA, linoleic acid; PIR,

poverty—income ratio.
2Model not adjusted for BMI.

3Model not adjusted for antihypertensive medication.
4Model not adjusted for antihyperlipidemic medication.
5Model not for antidiabetic medication.

4 tablespoons of extra virgin olive oil rich in MUFA after 3 wk in adults
with elevated LDL cholesterol. Further analyses showed that corn oil re-
duced atherogenic lipoprotein cholesterol and particle concentrations
to a greater extent than extra virgin olive oil (35). In a similar trial

by the same authors, consumption of 4 tablespoons/d of corn oil im-
proved lipids/lipoproteins relative to 4 tablespoons/d of coconut oil (36).
Soybean and canola oil also contain appreciable amounts of LA, and
in clinical trials lipid lowering has been observed with these oils (37).
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These oils are not only a source of LA but also contain other fatty acids
and phytosterols. The consistent evidence showing lipid lowering with
higher intake of these LA-rich oils suggests no adverse effects of LA
on lipids/lipoproteins (38). Thus, our finding that higher circulating
concentrations of LA are associated with higher LDL-cholesterol is not
likely to be causative. LDL is a major carrier of LA, and ~35% of the to-
tal fatty acid composition of LDL is LA (39); therefore, our finding may
reflect collinearity.

Our analyses show a positive association between circulating ALA
concentrations and triglycerides, glucose, insulin, and HOMA-IR, and
a negative association with HDL cholesterol. Similar to our results, in
MESA, higher phospholipid ALA was positively associated with triglyc-
erides in a cross-sectional analysis (40). This does not align with evi-
dence suggesting higher ALA consumption is associated with lower risk
of type 2 diabetes (9) and CVD (9, 10, 41), particularly fatal CHD (9, 10).
In addition, a meta-analysis of 8 randomized controlled trials showed
no effect of ALA on HbAlg, fasting glucose, or insulin (42). Thus, it is
likely that our findings reflect differences in metabolism of ALA at high
and low circulating concentrations. ALA and LA both undergo desat-
uration by A-6 desaturase in the biosynthesis of longer chain PUFAs,
and higher concentrations of LA decrease the conversion of ALA to EPA
and DHA (43). In our analyses, ~50% of individuals were ranked in the
same quartile for circulating ALA and LA concentrations, and a high
proportion of individuals with the highest concentrations of circulating
ALA also had the highest concentrations of circulating LA. Therefore,
higher ALA concentrations may reflect lower bioconversion, not higher
ALA intake. Bioconversion of ALA to EPA/DHA is typically low (<5%);
the majority of ALA is B-oxidized (43). It has been suggested that ALA
may be more strongly associated with cardioprotection when the diet
is completely devoid of EPA and DHA, although this requires further
investigation (3). Thus, because ALA has a very short half-life (1 h) in
plasma (44) and is utilized in many metabolic pathways, the biological
relevance of our findings is unclear, but the relations observed are un-
likely to be causal.

We observed that higher circulating concentrations of EPA and
DHA were inversely associated with BMI, waist circumference, triglyc-
erides, and glucose. It is well established that EPA and DHA supple-
mentation reduces triglycerides (45), which is consistent with our ob-
servation that higher circulating concentrations of EPA and DHA were
associated with lower triglyceride concentrations. Glucose-lowering ef-
fects of EPA and DHA have not been observed consistently in hu-
man trials; the most recent meta-analysis of randomized controlled tri-
als showed no effect of EPA and DHA supplementation on HbAlc,
HOMA-IR, fasting insulin, or fasting glucose (46). Similarly, previ-
ous studies have not shown associations between EPA and DHA and
measures of adiposity. Consequently, these findings should be inter-
preted cautiously and require further investigation using prospective
analyses.

Modeling analyses have suggested that increased use of high-oleic
oils in the food supply will result in an increase in the availabil-
ity and intake of MUFAs at the expense of PUFAs, especially LA
(1, 47). However, it is unclear how widespread the use of high-oleic
oil is in the food supply and the concomitant reduction in conven-
tional oil use; examination of this is needed. In our analyses, circu-
lating concentrations of LA did not change between 2003-2004 and
2011-2012, representing time points prior to widespread reformula-
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tion to remove trans fatty acids and 5-6 y following the mandate to
list trans fatty acids on the Nutrition Facts label, respectively. This sug-
gests high-oleic oil use did not reach a concentration that impacted
essential fatty acid intake of the US adult population between 2003-
2004 and 2011-2012. Our analyses showed a modest increase in di-
etary intake of LA between the 2 time points, but no change in cir-
culating concentrations of LA, which is considered a more objective
biomarker of intake. Our findings should be interpreted cautiously be-
cause the compliance date for removal of partially hydrogenated oils
from food products was June 2018, so reformulation has likely occurred
since 2011-2012. However, the FDA estimates that between 2003 and
2010, intake of trans fatty acids was reduced from 4.6 g/person/d to
1.3 g/person/d (72% decrease), with a further reduction to 1.0 g/
person/d in 2012 (48). Further investigation of changes in circulating
concentrations of LA since 2012 is warranted; these data are not cur-
rently available in NHANES.

To the authors’ knowledge, this is the first article to describe cir-
culating essential and poorly biosynthesized fatty acid concentrations
in a representative sample of US adults (i.e., NHANES) and relate
these to risk factors for cardiometabolic disease. However, these re-
sults should be interpreted in the context of several limitations. First,
these analyses are cross-sectional, and causation cannot be determined.
In addition, plasma/serum samples were used to measure fatty acid
concentrations, which only reflect intake within the past few weeks.
Erythrocyte or adipose tissue fatty acids are superior for characteriz-
ing usual intake because they are less sensitive to recent intake (13).
In addition, although circulating concentrations of essential or poorly
biosynthesized fatty acids are biomarkers of dietary intake, concen-
trations are affected by various processes, including intestinal absorp-
tion, metabolism and storage, and exchange among compartments, and
therefore results do not reflect only dietary intake. Outcomes assessed
were limited to those publicly available in the NHANES data sets used,
which limited our ability to examine how circulating concentrations of
essential fatty acids associated with site-specific related adiposity out-
comes (e.g., visceral and subcutaneous adipose tissue). Finally, dietary
intake was assessed using a single 24-h recall, which may not approx-
imate habitual intake, and the nutrient databases used to derive fatty
acid intake may not accurately reflect actual fatty acid intake because of
temporal changes in food product composition.

In conclusion, in a representative sample of US adults, no decline
in circulating concentrations of essential fatty acids, LA and ALA, was
observed between 2003-2004 and 2011-2012, suggesting intake has
not been affected by efforts to reduce trans fat in the food supply.
Higher circulating concentrations of LA were associated with lower
risk of metabolic dysfunction, suggesting higher intake of LA may con-
fer metabolic benefit; sources of LA include oils (corn, soybean, and
canola), nuts, and seeds. This is consistent with current guidelines for
CVD prevention and management that recommend replacement of sat-
urated fats with unsaturated fats, particularly PUFAs.
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