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Abstract

No study examined and compared the association between intake of trans-fatty acids (TFAS)

and risk of metabolic syndrome before and after significant reduction of TFA intakes in the

US population. We hypothesized that the relationship might remain significant after substantial
reduction of TFA intakes in the population. We used data on 1442 and 2233 adults aged =20
years from the National Health and Nutrition Examination Survey 1999-2000 and 2009-2010,
respectively. Multivariable logistic regression analysis was used to assess the association between
plasma TFA concentrations and metabolic syndrome, including each of its 5 components. The
median plasma TFA concentrations were reduced from 79.8 gmol/L in 1999-2000 to 36.9 ymol/L
in 2009-2010. The fully adjusted prevalence ratios comparing the highest vs the lowest quintile
of plasma TFA concentrations in 1999-2000 were 3.43 (95% confidence interval, 2.39-4.92) for
metabolic syndrome, 1.72 (1.38-2.14) for large waistline, 8.25 (6.34-10.74) for high triglycerides,
1.96 (1.46-2.62) for low high-density lipoprotein cholesterol, 1.14 (0.85-1.55) for high blood
pressure, and 1.48 (1.19-1.85) for high fasting glucose, respectively. The corresponding prevalence
ratios in 2009-2010 were 2.93 (2.41-3.54), 1.62 (1.39-1.89), 14.93 (9.28-24.02), 3.09 (2.18-4.37),
1.27 (1.11-1.46), and 1.24 (1.06-1.46), respectively. The pattern of association between TFAs and
metabolic syndrome and its components did not differ by cycles. The observed associations were
consistent across the subgroups examined. Despite a 54% decline in plasma TFA concentrations
from 1999-2000 to 2009-2010, it was positively associated with risk of metabolic syndrome and
its individual components except for blood pressure in 1999-2000. Our findings support Food and
Drug Administration initiatives to remove TFAs from the industrially-produced foods.
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1. Introduction

Individuals with metabolic syndrome, which is characterized by a constellation of
hypertension, hyperglycemia, excess central body fat, high triglycerides, and low
high-density lipoprotein (HDL) cholesterol concentrations, are at an increased risk

for cardiovascular disease morbidity and mortality [1-3]. Metabolic syndrome affects
approximately 1 in 3 US adults and is associated with increased health care use and costs,
with each metabolic syndrome component resulting in an estimated 24% increase in health
care costs [4,5]. Metabolic syndrome is considered largely a disease of unhealthy lifestyle
factors [6], such as physical inactivity and unhealthy diet, including higher intakes of
trans-fatty acids (TFAS).

TFAs are unsaturated fatty acids that contain at least 1 carbon-carbon trans double bond [7].
Studies have shown that higher dietary TFA intakes have several implications in metabolic
syndrome, such as increased plasma triacylglycerols and cholesterol, and reduced HDL
cholesterol levels [8-10]. Although TFAs occur naturally in meat and dairy products from
ruminants, the major dietary sources of TFAs in the United States are partially hydrogenated
vegetable oils [11]. Because of the adverse effects of TFAs, some countries have restricted
the content of industrially produced TFAs in manufactured foods [12,13]. The US Food

and Drug Administration (FDA) mandated that the quantity of TFAs must be indicated on
the Nutrition Facts panels of all packaged food labels as of January 1, 2006 [14], and a
recent study reported a 58% reduction of plasma TFA concentrations between 2000 and
2009 among non-Hispanic white adults in the United States [15].

Previous studies have examined the association between dietary TFAs [8-10] or TFAs in
erythrocytes [16] and individual components of metabolic syndrome, but not simultaneously.
In addition, no study examined and compared the association between TFAs and risk of
metabolic syndrome before and after significant reduction of TFA intakes in population,

and it is unknown whether the association remains detectable after the significant reduction
in TFA intakes in the US population. We hypothesized that the association might remain
significant after the substantial reduction in TFA intakes in the population. The purpose of
this study was to examine and compare the association between plasma TFAs and metabolic
syndrome before and after the FDA’s regulation on TFAs using data from the 1999-2000 and
2009-2010 National Health and Nutrition Examination Survey (NHANES).

2. Methods and materials

2.1. Study participants

NHANES uses a complex, stratified, multistage probability cluster sampling, cross-sectional
design to collect health and nutritional data from a representative sample of the
noninstitutionalized US population. The design and operation of NHANES have been
described previously [17]. For the present study, we used data from 2 cycles of NHANES for
which plasma TFAs were measured: 1999-2000 and 2009-2010. For NHANES 1999-2000,
from the 1613 participants 20 years or older with morning fasting blood samples and
complete TFA data, we excluded 89 pregnant women, 61 participants with missing
metabolic syndrome components, and 21 participants with missing values on covariates.
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We recoded 47 participants with missing alcohol intake and 34 participants with missing
physical activity, yielding 1442 adults for analysis (Fig. 1). For NHANES 2009-2010, of

the 2462 fasting adult participants, we excluded 25 pregnant women, 154 participants with
missing metabolic syndrome components, and 50 with missing values on covariates. We
recoded 137 participants with missing alcohol intake, yielding 2233 adults for analysis (Fig.
1). Study protocols for NHANES were approved by the National Center for Health Statistics
Research Ethics Review Board. Signed informed consent was obtained from all participants.

Metabolic syndrome

Metabolic syndrome was defined based on the National Cholesterol Education Program
Adult Treatment Panel 111, which was updated by the American Heart Association [6], as
having 3 or more of the following: waist circumference >102 cm in men or >88 cm in
women; serum triglycerides =150 mg/dL; HDL cholesterol <40 mg/dL in men or <50 mg/dL
in women; mean systolic/diastolic blood pressure >130/85 mm Hg (based on the average of
up to 3 readings obtained under standard conditions during a single physical examination) or
self-reported use of antihypertensive medications; or fasting plasma glucose =100 mg/dL or
self-reported use of antidiabetic medications.

2.3. Measurements of plasma TFAs and lipids profile

TFAs and all lipids analyses were conducted on morning fasting (=8 to <24 hours) venous
samples collected and analyzed according to a standardized protocol [18]. Four TFAs
(elaidic acid [18:1n-9 t] OD9, vaccenic acid [18:1n-7 t] OD1, linoelaidic acid [18:2n-6

t,9 t] OTT, and palmitelaidic acid [16:1n-7 t] HDT) were measured in plasma stored at
—70°C and analyzed using gas chromatography coupled with mass spectrometry (GC/MSD;
Agilent Technologies, Santa Clara, CA, USA). TFA measurement details can be found in the
supplemental file. The present study focused primarily on total plasma TFA concentration,
which is the sum of the 4 major TFAs.

Triglyceride levels were measured using enzymatic reactions; HDL cholesterol was
measured by the direct immunoassay method in 2009-2010; and in 1999-2000, the heparin
manganese precipitation method was primarily used [19-21]. All lipid measurements were
standardized through the Lipid Standardization Program maintained by the Centers for
Disease Control and Prevention in collaboration with the National Heart, Lung, and Blood
Institute [22].

2.4. Covariates

Study covariates included age, sex, race-ethnicity (non-Hispanic white, non-Hispanic black,
Mexican American, or others); body mass index (BMI) (<25, 25-<30, and =30, calculated
as weight in kilograms divided by height in meters squared); educational attainment (<12,
12, or >12 years); self-reported smoking status (current smoker, former smoker, or never
smoked); alcohol consumption (0, <2, or =2 drinks per week or “missing” for men; 0,

<1, or =1 drink per week or “missing” for women); diabetes status (based on participants’
self-reported history of diabetes diagnosis, or use of insulin or other diabetic medications to
lower blood glucose, or fasting glucose =126 mg/dL); physical activity; statin use (identified
using the prescription medication data files Multum Lexicon therapeutic classification
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“HMA-COA Reductase Inhibitors”); Healthy Eating Index—2010 (HEI-2010); and intakes of
total energy, total saturated fatty acids, total polyunsaturated fatty acids, and total cholesterol
from the first-day 24-hour dietary recall.

Because of changes in physical activity questions, the 2008 Physical Activity Guidelines for
Americans recommendation for all adults to avoid inactivity was used as a basic assessment
of activity. Physical activity status was based on whether participants reported engaging in at
least 10 minutes of moderate-and/or vigorous-intensity activity per week (active, inactive, or
missing) [23]. HEI-2010 scores were based on a 12-component index: total fruit, whole fruit,
total vegetables, grains and beans, whole grains, dairy, total protein foods, seafood and plant
protein, fatty acid, refined grains, sodium, and empty energy, with total scores ranging from
0 to 100 and a higher score indicating a healthier diet [24]. HEI-2010 scores were calculated
based on the first-day 24-hour dietary recall.

2.5. Statistical analyses

Statistical analyses were performed using SUDDAN version 11 to take into account

the complex sampling design. We analyzed NHANES 1999-2000 and 2009-2010 data
separately. Data on characteristics were expressed as means and standard error for
continuous variables or as percentages for categorical variables. We used #test to compare
the differences in continuous variables between participants with and without metabolic
syndrome and used XZ test for the categorical variables. We used a series of multivariable
logistic regression analysis to estimate adjusted prevalence ratios (PRs) for the risk of
metabolic syndrome and each of its 5 individual components by comparing Q5, Q4, Q3, and
Q2 with the lowest quintile (Q1) of plasma TFA concentrations. The first model included
age, sex, race-ethnicity, and total energy. The second model added educational attainment,
smoking status, alcohol consumption, statin use, physical activity level, and HEI-2010.
The third model additionally adjusted for dietary intake of total saturated fatty acids, total
polyunsaturated fatty acids, and total cholesterol. We did not include BMI in the model
because it is highly correlated with waist circumference, which is 1 of the 5 components of
metabolic syndrome. The 95% confidence intervals (Cls) for PRs were computed using the
Wald method. The difference in PRs across the quintiles was tested based on Satterthwaite
adjusted F test. We also performed stratified analyses to explore whether the association
between plasma TFA concentrations and metabolic syndrome differed by age group (<60
vs =60 years), sex, race-ethnicity, educational attainment (<12 vs =12 years), physical
activity (inactive vs activities), HEI-2010 (top 50% [score =244.27 or 247.84 for NHANES
1999-2000 and 2009-2010, respectively] vs other), BMI (normal vs overweight/obese),
and statin use (yes/no). We tested collinearity among independent variables using the
variance inflation factor in multivariate linear regression analysis. There was no evidence
of collinearity, as the variance inflation factors were <5.0 for all independent variables [25].
We tested the interaction between plasma TFA concentrations and covariates by including
the interaction terms in the multivariable logistic models based on Satterthwaite adjusted F
test and used Bonferroni correction for multiple testing. We combined the 2 cycle together
and tested for an interaction between plasma TFAs and cycle years on PRs.
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We performed several sensitivity analyses: (1) We excluded participants with missing
alcohol (n = 47) and missing physical activity (n = 34) in NHANES 1999-2000 and
participants with missing alcohol (n = 137) in NHANES 2009-2010. (2) Although our
methods will not be able to separate the naturally occurring and industrially produced TFAs,
the vaccenic acid is the predominant trans isomer found in the fat of ruminants (naturally
occurring TFA). We examined the association after excluding vaccenic acid from total TFAs.
(3) We also examined the association between each of the 4 plasma TFAs (elaidic acid,
vaccenic acid, linoelaidic acid, and palmitelaidic acid) and metabolic syndrome. Assuming

a design effect of 1.6 (NHANES 1999-2000) and 2.0 (NHANES 2009-2010), the sample
size was sufficient to detect a relative difference of 9.0% and 7.2% with 80% power at a =
.05 level in NHANES 1999-2000 and 2009-2010, respectively. The power was estimated by
SAS Proc Power using the adjusted sample size by the average design effect for the complex
survey (release 9.3; SAS Institute Inc, Cary, NC, USA). All tests of statistical significance
were 2-tailed, and a probability value <.05 was considered significant.

3. Results

The median plasma TFA concentrations were reduced from 79.8 (95% Cl, 74.8-87.0)
4mol/L in 1999-2000 to 36.9 (35.4-38.4) pmol/L in 2009-2010. Participants with metabolic
syndrome were older and more likely to be overweight or obese, and had higher levels

of total cholesterol, low-density lipoprotein cholesterol, HDL cholesterol, triglycerides, and
TFAs in both 1999-2000 and 2009-2010 cycles (Table 1).

After adjustment for potential confounders, plasma TFAs were significantly associated
with metabolic syndrome and its individual components, except for high blood pressure

in the 1999-2000 cycle. The adjusted PRs comparing the highest vs the lowest quintile

of plasma TFA concentrations in 1999-2000 were 3.43 (95% ClI, 2.39-4.92) for metabolic
syndrome, 1.72 (95% CI, 1.38-2.14) for large waistline, 8.25 (95% CI, 6.34-10.74) for high
triglycerides level, 1.96 (95% Cl, 1.46-2.62) for low HDL cholesterol level, 1.14 (95% ClI,
0.85-1.55) for high blood pressure, and 1.48 (95% CI, 1.19-1.85) for high fasting glucose,
respectively (Table 2). The corresponding adjusted PRs in 2009-2010 were 2.93 (95% ClI,
2.41-3.54), 1.62 (95% CI, 1.39-1.89), 14.93 (95% Cl, 9.28-24.02), 3.09 (95% ClI, 2.18-4.37),
1.27 (95% Cl, 1.11-1.46), and 1.24 (95% CI, 1.06-1.46), respectively (Table 3). The pattern
of association between TFAs and metabolic syndrome and its components did not differ
between the 1999-2000 and 2009-2010 cycles.

The patterns of association were largely consistent across age (<60 vs =60 years), sex,
race-ethnicity, BMI (normal vs overweight/obese), education attainment, physical activity,
statin use, and HEI-2010 (=44.27 vs <44.27 in NHANES 1999-2000 and =247.84 vs <47.84
in NHANES 2009-2010) subgroups (Fig. 2 and Supplemental Table S1).

In a sensitivity analysis, we excluded participants with missing covariates and found that
compared with the results when the missing data were recoded, the adjusted PRs remained
consistent (Supplemental Tables S2-S3). When vaccenic acid was excluded from the total
TFAs, the pattern of association was consistent, but the magnitude of association appeared to
be stronger (Supplemental Tables S4-S5). The pattern of association between each of 4 TFA
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components and metabolic syndrome was largely consistent with that of the summarized
plasma TFAs, and linoelaidic acid had the strongest association with high triglycerides
(Supplemental Tables S6-S13). Analyses additionally adjusting for BMI slightly attenuated
the association between TFAs and metabolic syndrome and each of its 5 components (data
not shown).

4. Discussion

This analysis of a nationally representative sample of US adults suggested that plasma TFA
concentrations declined dramatically from 1990-2000 to 2009-2010, which is consistent
with the reduction of dietary intake of TFAs following the FDA’s food labeling regulations
for TFAs in 2006 [11] as well as a previous report [15]. Plasma TFA concentrations

were significantly associated with the prevalence of metabolic syndrome and its individual
components before and after the significant reduction of plasma TFA concentrations in
population, except for blood pressure in NHANES 1999-2000. The observed association
was consistent by the subgroups examined or by NHANES 1999-2000 and 2009-2010 cycle
years. It appeared that there is no threshold value of plasma TFA concentrations under
which the association between plasma TFAs and risk for metabolic syndrome might become
undetectable.

Studies have consistently shown that metabolic syndrome increased the risk of
cardiovascular disease and diabetes mellitus, as well as cardiovascular disease and all-
cause mortality [3,26]. It is estimated that 13%-44% of the excess cardiovascular disease
mortality in the United States might be attributed to metabolic syndrome or metabolic
syndrome-related cardiovascular disease [27]. The major underlying risk factors for
metabolic syndrome include obesity, physical inactivity, unhealthy diet, cigarette smoking,
and parental premature history of cardiovascular disease [28]. Identification, prevention,
and treatment of metabolic syndrome to prevent cardiovascular disease, the leading cause
of morbidity and mortality in United States, are imperative. However, public awareness of
metabolic syndrome is limited despite its prevalence [26]. Consumption of TFASs has been
identified as an important and modifiable risk factor for metabolic syndrome and the risk
for cardiovascular diseases [29]. Various policies aimed at restricting industrially produced
TFAs were associated with significant reductions of TFAs in foods. In addition to the 2006
food labeling regulations, FDA recently issued a regulation to further reduce TFAs in US
foods by eliminating the use of partially hydrogenated oils by 2018 [30]. The 2015-2020 US
Dietary Guidelines for Americans and the Institute of Medicine recommend that individuals
should limit TFA intakes as much as possible to eliminate the adverse effects on health
[31,32].

Although the exact mechanisms are not entirely or clearly understood, the association
between dietary TFA intakes and factors contributing to metabolic syndrome have been
studied and established [8-10]. Dietary TFA intakes have adverse effects on serum

lipid and lipoprotein concentrations, plasma markers of inflammation (C-reactive protein
and interleukin-6), weight gain, and visceral adiposity [29]. Our analyses demonstrates
that higher plasma TFA concentrations are associated with an increased risk of high
triglycerides, low HDL cholesterol, greater waist circumference, and high fasting glucose,
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results that are consistent with previous reports. Several studies showed that higher TFA
intakes increased blood levels of triglycerides and reduced HDL cholesterol when compared
with the intake of saturated fat and other unsaturated fats [8—10]. Two prospective cohort
studies assessed the long-term effects of TFAs on weight gain and suggested that TFA
might increase body weight and fat accumulation, with each 2% energy increase in TFA
consumption being associated with a 0.77-cm increase in waist circumference in a 9-year
follow-up study among 16 587 men [33] and a 1.6-kg weight gain in another 8-year
follow-up study among 41 518 women [34]. Studies have reported inconsistent findings

for the association between TFAs and insulin resistance. A meta-analysis of 7 randomized,
placebo-controlled trials and 2 shortterm trials in lean, healthy individuals did not find
enough evidence to support a potential benefit of reduced dietary TFA intakes on glucose
homeostasis [35-37]. Other studies have reported the adverse effects of TFAs on insulin
sensitivity among overweight individuals or patients with diabetes mellitus [38—40]; results
were consistent with our analysis, in which about two-thirds of the study population was
overweight. Mensink et al [41] measured the effect of dietary TFAs on blood pressure in 25
men and 34 women and reported that, after mixed natural diet for 3 weeks, dietary TFAs
did not influence blood pressure levels in normotensive subjects relative to oleic acid. In

a randomized, double-blind, and paralleled intervention trial, Dyerberg et al [42] randomly
assigned 87 healthy men to dietary TFAs, 3-n polyunsaturated fatty acids, or a control
group for 8 weeks. Compared with the control group, blood pressure decreased in the 3-n
polyunsaturated fatty acids group, but not the TFAs group, after 12 weeks of follow-up. Our
analyses indicated that higher plasma TFA concentrations were related to an increased risk
of hypertension in the 2009-2010 cycle.

Our study has major strengths. To our knowledge, this is the first study to assess

the association between plasma TFAs and both metabolic syndrome and its individual
components in a large nationally representative sample of US adults. In addition, we used
a new analytical method for measuring plasma TFA concentrations with a high analytical
specificity for the plasma TFAs investigated. Moreover, the examination of plasma TFAs
avoids the recall bias and measurement error resulting from dietary recalls, rendering
estimates of association more objective. Finally, we were able to adjust for a wide range
of potential confounding factors.

Our study has several limitations. First, the industrially produced and naturally occurring
TFAs could not be differentiated. Second, HEI-2010 and intakes of total energy, total
saturated fatty acids, total polyunsaturated fatty acids, and total cholesterol were from

the first-day 24-hour dietary recall, which might not reflect the individuals’ usual dietary
intakes. A previous validation study using 24-hour dietary recalls suggested that energy
intake may be underestimated by as much as 11%. Third, we were not able to examine the
correlation between dietary and plasma TFAs in our analysis because dietary TFAs were not
available in NHANES. However, previous studies showed a moderate correlation between
plasma and dietary TFAs assessed either by validated Food Frequency Questionnaire

or erythrocyte [43,44]. Fourth, questions regarding physical activity differed between

the NHANES 1999-2000 and 2009-2010 cycles. To minimize the influence of this
inconsistency, we defined physically inactive as participating in less than 10 minutes of
moderate and/or vigorous activity per week. Finally, our study was cross-sectional; thus, the
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associations between plasma TFAs and metabolic syndrome and its individual components
cannot be interpreted as directly causal.

Our results suggested that despite a 54% reduction of plasma TFA concentrations in the US
from 1990-2000 to 2009-2010, plasma TFA concentrations were significantly associated
with the prevalence of metabolic syndrome and most of its individual components. It
appeared that there is no threshold value of plasma TFA concentrations under which

the association between plasma TFAs and risk for metabolic syndrome might become
undetectable. Our findings support FDA initiatives to remove TFAs from industrially
produced foods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NHANES 1999-2000

Age = 20 years with complete
trans-fatty acids data

Page 12

NHANES 2009-2010

Age > 20 years with complete
trans-fatty acids data

n=1 613
Excluded,n= 171
s pregnant women 89
s missing metabolic syndrome 61
b * missing values on covariates 21

Recoded, n = 81
e missing alcohol intake 47
* missing physical activity 34

v
Study population
n=] 442

Fig. 1-.

n=2 462
Excluded, n =229
s pregnant women 25
s missing metabolic syndrome 154
e missing values on covariates 50
Recoded, n = 137
e missing alcohol intake 137
v
Study population
n=2 233

Selection of study population for NHANES 1999-2000 and 2009-2010.
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Subgroup NHANES Participant:

Age group

< 60 Years 1989-2000 885
2008-201C 1485

>= 60 Years 1699-200C 557
2009-201C 738

Sex

Male 1599-200C 732
2009-201C 1063

Female 1899-200C 710
2009-201C 1170

Race-ethnicity

Non-Hispanic white  1999-200C 693
2009-201C 1076

Non-Hispanic black  1989-200C 226
2009-201C 352

Mexican American  1999-200C 413
2009-201C 454

Education

<12 Years 1999-200C 548
2009-201C 639

>=12 Years 1999-200C 894
2009-201C 1594

Healthy Eating Index

>=top 50% 1599-200C 779
2009-201C 1085

<top 50% 1999-2000 663
2009-201C 1138

Physical activity

Some 1999-200C 745
2009-201C 1035

None 1699-200C 663
2009-201C 1188

Body Mass Index

BMI< 25 1999-2000 476
2009-201C 612

BMi>= 25 1699-200C 966
2009-201C 1621

Statin Use

Yes 1999-2000 110
2009-201C 410

No 1699-200C 1332
2009-201C 1823

Fig. 2 -.

-
=
-
-
-— .
-
_._
-

Page 13
Adjusted Prevalence Ratio (95% Cl)
50 29 89
40 31 53
1.7 1.1 25
16 1.2 21
34 23 50
30 23 38
32 18 54
26 18 8.7
31 21 45
3.1 22 42
38 22 6.6
22 1.4 33
39 15 101
27 1.7 41
22 13 37
18 13 24
4.1 25 6.6
34 26 4.4
32 21 4.8
28 20 39
36 20 66
30 22 4.1
39 25 59
37 28 48
29 16 5.2
24 19 30
6.6 0.7 60.9
48 2.3 10.0
25 22 29
22 18 o7
23 08 6.7
2.1 16 27
36 25 54
33 26 41

Adjusted PR of metabolic syndrome among participants aged =20 years comparing the
highest to lowest quintiles of plasma TFA concentration—NHANES 1999-2000 and

2009-2010.
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