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Background/Objectives: Growing evidence indicates that trans-fatty acids (TFA) adversely affect cardiovascular health. As part
of the World Health Organization (WHO) Scientific Update on TFA, we reviewed the evidence for effects of TFA consumption on
coronary heart disease (CHD).
Subjects/Methods: We searched Medline publications examining TFA consumption and CHD risk factors or outcomes,
emphasizing results of studies in humans. We evaluated and synthesized evidence from both controlled feeding trials evaluating
risk factors and long-term observational studies evaluating risk factors or clinical outcomes, each of which have complementary
strengths and limitations, to enable the most robust and reliable inferences of effects.
Results: The effects of TFA consumption on risk factors most consistently seen in both controlled trials and observational studies
included adverse lipid effects (for example mlow-density lipoprotein cholesterol, khigh-density lipoprotein cholesterol (HDL-C),
mtotal/HDL-C ratio), proinflammatory effects (for example mtumor necrosis factor-a activity, minterleukin-6, mC-reactive
protein) and endothelial dysfunction. These effects were most prominent in comparison with cis unsaturated fats; adverse effects
on total/HDL-C and endothelial function were also seen in comparison with saturated fatty acids (SFA). TFA may also worsen
insulin sensitivity, particularly among individuals predisposed to insulin resistance; possible effects on weight gain and diabetes
incidence require further confirmation. Five retrospective case–control studies and four prospective cohort studies demonstrated
positive associations between TFA consumption and CHD events. A meta-analysis of prospective studies indicated 24, 20, 27
and 32% higher risk of myocardial infarction (MI) or CHD death for every 2% energy of TFA consumption isocalorically replacing
carbohydrate, SFA, cis monounsaturated fatty acids and cis polyunsaturated fatty acids, respectively. The differential effects of
specific TFA isomers may be important but are less well established. The available evidence indicates that trans-18:1 and
particularly trans-18:2 isomers have stronger CHD effects than trans-16:1 isomers. The limited data suggest that the
experimental effects of ruminant and industrial TFA are similar when consumed in similar quantities, but very few persons
consume such high levels of ruminant TFA, and observational studies do not support adverse CHD effects of ruminant TFA in
amounts actually consumed.
Conclusions: Controlled trials and observational studies provide concordant evidence that consumption of TFA from partially
hydrogenated oils adversely affects multiple cardiovascular risk factors and contributes significantly to increased risk of CHD
events. The public health implications of ruminant TFA consumption appear much more limited. The effects of specific TFA
isomers require further investigation.
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Introduction

Trans-fatty acids (TFA) are unsaturated fatty acids with at

least one unsaturated, nonconjugated double bond in the

trans (rather than the typical cis) configuration. As part of

the World Health Organization Scientific Update on TFA,

we review herein the evidence for health effects of TFA

consumption in adults. The majority of evidence related to
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risk of coronary heart disease (CHD), for which we evaluated

and synthesized the findings of both controlled trials and

observational studies.

Methods

All authors searched Medline for publications through

January 2008 examining TFA consumption and changes in

risk factors or associations with clinical outcomes, supple-

mented by hand searching of reference lists of relevant

articles. The relevance of studies for inclusion and inter-

pretation of findings were assessed and potential differences

resolved by unanimous agreement. We emphasized the

results of studies in humans, supplemented by animal

experiments when insufficient evidence was available from

human studies. The preponderance of available data related

to cardiovascular risk and outcomes.

Nature of the evidence

We focused on evidence from both controlled trials and

observational studies. Randomized controlled dietary trials

minimize residual confounding (assuming randomization,

blinding, compliance and follow-up remain intact), but

often evaluate only limited dietary changes, shorter dura-

tions of exposure and generally healthier individuals. Also,

owing to considerations of cost, practicality, compliance and

ethics, controlled dietary trials often only assess effects on

intermediary risk factors (such as serum lipoprotein concen-

trations) rather than effects on disease outcomes. Observa-

tional studies can evaluate a wider range of actual and

habitual dietary exposures in more representative popula-

tions and can assess relationships of diet with disease

outcomes. However, observational studies can be limited

by errors (misclassification) in dietary assessment, which in

prospective studies typically attenuates the true impact of

diet, and by residual confounding due to unmeasured or

imprecisely measured factors. Thus, both controlled dietary

trials and observational studies have limitations, and neither

is ‘perfect’ for assessing the true effects of diet. Fortunately,

these different study designs provide highly complementary

strengths, and each design overcomes some of the inherent

limitations of the other design. Consequently, inferences

about the effects of diet are most reliable when they are

based on the totality of evidence from both controlled

experiments and long-term observational studies, and the

conclusions are most robust when both research paradigms

provide concordant findings.

Results

Effects of TFA on cardiovascular risk factors

Serum lipoproteins: experimental evidence. Mensink and Katan

(1990) compared the effects on blood lipids of TFA, 10.9% of

total calories consumed (10.9%E), with similar amounts of

cis monounsaturated fatty acids (MUFA) and saturated fatty

acids (SFA) in 59 healthy volunteers. Compared with the

MUFA diet, TFA increased serum low-density lipoprotein

cholesterol (LDL-C) and decreased high-density lipoprotein

cholesterol (HDL-C) levels. As concluded in a review of 10

studies by the European Food Safety Authority (2004), these

findings were confirmed by subsequent clinical trials. In

three trials (Mensink and Katan, 1990; Zock and Katan, 1992;

Aro et al. 1997), partially hydrogenated high-oleic-acid

sunflower oil (not often used in commercially available food

products) was the main source of TFA, in which 18:1 n�9

(D9) elaidic acid was the most common TFA isomer. Partially

hydrogenated soybean oil was used in three other trials

(Almendingen et al., 1995; Muller et al., 1998a; Lichtenstein

et al., 1999), and in four trials the source of TFA was not

specified (Judd et al., 1994, 1998, 2002; Lovejoy et al., 2002).

Because each of these individual trials included small

numbers of subjects, their statistical power and precision are

limited. In a meta-analysis of eight controlled trials of TFA

consumption (Mensink et al., 2003), it was estimated that

when TFA replaces 1%E of carbohydrates, serum LDL-C

increases by 0.04 mmol/l but HDL-C levels remain un-

changed. In this respect, TFA are unique among the fatty

acids, since all other fatty acid classes (including SFA, MUFA

and cis polyunsaturated fatty acids (PUFA)) increase serum

HDL-C in comparison with carbohydrates. In one trial

(Lichtenstein et al., 1999) comparing different levels of TFA

(from 0.6 to 6.7%E) from partially hydrogenated soybean oil

consumed for 5 weeks each, increasing TFA consumption

linearly increased LDL-C levels, but HDL-C levels remained

constant at lower TFA intakes (between 0.9 and 4.2%E),

being lowered by the highest level of TFA (6.7%E) only.

Conversely, lower levels of habitual TFA intake are associated

with differences in HDL-C levels (see section, Serum

lipoproteins: observational evidence). In the meta-analysis

of eight trials (Mensink et al., 2003), replacing 1%E of 18:1

TFA isoenergetically with a 1:1:1 mix of carbohydrates,

MUFA and PUFA was estimated to decrease the ratio of serum

total/HDL-C by 0.044, similar to the estimated effect of a

2%E reduction in SFA intake. Reducing TFA intake by 2%E,

corresponding to the estimated average intake of industrial

TFA in the USA in 1990, and replacing with a 1:1 mix of

MUFA and PUFA, would reduce the total/HDL-C ratio by

0.11. In a more recent meta-analysis including 12 controlled

trials of TFA consumption (Mozaffarian et al., 2006), the

consumption of 1%E from TFA in place of other fats was

estimated to increase the serum total/HDL-C ratio by 0.022

when replacing SFA, 0.051 when replacing MUFA and 0.057

when replacing PUFA. Similar to the prior meta-analysis, it

was estimated that replacing 2%E of TFA intake isoenerge-

tically with a 1:1 mix of MUFA and PUFA would reduce the

serum total/HDL-C ratio by 0.11.

A new meta-analysis evaluated the effects of TFA con-

sumption on serum lipids and lipoproteins in 13 randomized

controlled trials, adjusting for differences in age, gender,
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weight, duration of diets and consumption of other types of

fat, dietary cholesterol, protein intake and total energy

(Mozaffarian and Clarke, 2009) (Figure 1). Compared with

equivalent calories from other fats, TFA consumption

significantly increased the total/HDL-C ratio and apoprotein

(Apo)B levels, particularly versus MUFA or PUFA as well as

versus SFA; lowered HDL-C and ApoA-I levels; and raised

Lp(a) levels. The effects on ApoB and ApoA-I were only partly

attenuated (B50%) by adjustment for changes in the total/

HDL-C ratio, suggesting that TFA consumption indepen-

dently affects both blood lipid concentrations and apolipo-

protein levels (Mozaffarian and Clarke, 2009). These data do

not allow the estimation of possible different effects of

ruminant TFA (reviewed later).

TFA consumption adversely affects blood lipids and

lipoproteins beyond changes in LDL-C and HDL-C. Com-

pared with MUFA or PUFA, TFA raises fasting triglyceride

levels (Mozaffarian and Clarke, 2009). In one trial (Mauger

et al., 2003), the consumption of partially hydrogenated

soybean oil in the form of semiliquid margarines containing

0.6–26/100 g of TFA decreased LDL particle size, a possible

independent CHD risk factor, in a dose-dependent manner.

However, in another study, the consumption of corn oil-

based margarine providing 4.2%E from TFA did not signif-

icantly affect LDL particle size (Cuchel et al., 1996). Lp(a)

particles (consisting of LDL that includes a glycoprotein

called ApoA) are also associated with increased CHD risk.

TFA consumption increased Lp(a) levels in six studies

(Mensink et al., 1992; Almendingen et al., 1995; Aro et al.,

1997; Clevidence et al., 1997; Judd et al., 1998; Lichtenstein

et al., 2003) but not significantly in one study (Muller et al.,

1998a). A meta-analysis of these trials indicated that TFA

significantly raises Lp(a) in comparison to SFA, MUFA, or

PUFA (Mozaffarian and Clarke, 2009). Interestingly, other

dietary factors (including other dietary fats) are not well-

known to affect Lp(a) levels; nevertheless, the effect of TFA

of Lp(a) may be modest compared with estimated genetic

influences (Katan et al., 1995). In two studies (Mensink et al.,

1992; Clevidence et al., 1997), the increase in Lp(a) with TFA

consumption showed a positive correlation with initial Lp(a)

levels.

Most trials have evaluated 18:1 TFA, and the effects of

18:2, 18:3 or C20-22 trans-isomers on serum lipoproteins are

less well established. In one trial in Europe (Vermunt et al.,

2001), 88 healthy men were randomized to 1.4 g/day (0.5%E

on a 2500 kcal/day diet) of trans-isomers of a-linolenic acid

(18:3 n�3) versus a control diet for 6 weeks. The 18:3 TFA

diet increased LDL-C levels but did not significantly affect

HDL-C; the LDL:HDL-C ratio was increased by 8.1%,

suggesting that the effects on serum lipoproteins of 18:3

TFA may be similar to those of 18:1 TFA. The trans-isomers of

linoleic acid (18:2 n�6) have not been studied separately in
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Figure 1 Effects of TFA consumption on serum lipids and lipoproteins, as an isocaloric replacement for PUFA, MUFA or SFA, in a meta-analysis
of 13 randomized controlled trials (Po0.05 for each effect) (Mozaffarian and Clarke, 2009). (a) TC HDL-C ratio, (b) ApoB/ApoA-I ratio,
(c) lipoprotein(a). MUFA, cis-monounsaturated fatty acid; PUFA, cis-polyunsaturated fatty acid; SFA, saturated fatty acid; TFA, trans-fatty acid.
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controlled trials. The effects of partially hydrogenated fish

oil, which contain long-chain C20-22 trans-isomers, have

been assessed in two clinical trials in Norway. In one study

(Almendingen et al., 1995), TFA from partially hydrogenated

fish oil (8.0%E) were compared with TFA from partially

hydrogenated soybean oil (8.5%E) and with butter. In

comparison with both partially hydrogenated soybean oil

and butter, partially hydrogenated fish oil increased LDL-C

and reduced HDL-C levels, suggesting that the effects of

partial hydrogenation of C20-22 fatty acids on these blood

lipids were more harmful than those of the alternatives. In

another trial, the consumption of a margarine providing

7.8%E TFA from partially hydrogenated fish oil and 9.2% SFA

increased the LDL:HDL-C ratio compared with margarine

providing 1.1%E TFA and 13.3%E SFA (Muller et al., 1998b).

It is possible that the strong effects of partially hydrogenated

fish oil on lipoproteins depend on the long-chain C20-22

trans-isomers present in fish oil. However, like other sources

of TFA, partially hydrogenated fish oil also contains 18:1

trans-isomers, particularly elaidic acid, making it difficult to

assess the specific effects of the C20-22 trans-isomers from

these data. On the basis of findings of the Norwegian studies,

partially hydrogenated fish oils have been considered

particularly harmful, and the use of these TFA has been

rapidly reduced or abandoned by the food industry in

industrialized countries (Johansson et al., 2006), although

this may not be the case in other regions of the world

(Valenzuela and Uauy, 1999).

A review of potential molecular–cellular mechanisms of

effects of TFA consumption is beyond the scope of this paper

and is available elsewhere (Mozaffarian et al., 2006). Effects

on both production and metabolism of lipoproteins appear

to occur; an increase in the activity of cholesterol ester

transfer protein (Abbey et al., 1994; van Tol et al., 1995) may

also contribute to a rise in LDL-C and a reduction in HDL-C

with TFA consumption. Additional effects of TFA consump-

tion on adipocyte, liver, endothelial and monocyte–macro-

phage tissues have been demonstrated in both human and

animal experimental studies (Mozaffarian et al., 2006).

Potential differential mechanisms for effects of specific TFA

isomers have not been studied in any detail.

Serum lipoproteins: observational evidence. Given the robust

clinical trial evidence for adverse effects of TFA consumption

on serum lipoprotein concentrations, few observational

studies have formally evaluated the relationships between

TFA consumption and serum lipid concentrations. Never-

theless, because clinical trials often evaluate effects of higher

doses of TFA over shorter durations of intake and in generally

healthier individuals, the evidence for effects of habitual

TFA consumption on serum lipids in observational studies is

important. The relationships of erythrocyte TFA levels, a

biomarker of dietary intake, and serum lipids were evaluated

in 327 US women selected as controls in a nested prospective

study of CHD events (Sun et al., 2007). After adjustment for

age, smoking, body mass index (BMI), physical activity,

alcohol intake, family history of myocardial infarction (MI)

and fasting status at the time of blood draw, higher TFA

levels (corresponding to a range of habitual TFA intake from

2.5 to 3.6 g/day) were associated with significantly higher

LDL-C, lower HDL-C and a higher LDL-C:HDL-C ratio (each

Po0.01). Thus, the observed directions of effect were very

similar to those seen in randomized controlled trials.

Diabetes and insulin sensitivity: experimental evidence. The

effects of TFA on insulin sensitivity have been examined in

relatively few experimental studies in humans, each small

(n¼14–25) and of brief duration (ranging from a single meal

to up to 6 weeks). Among 16 obese subjects with type II

diabetes (Christiansen et al., 1997), diets with 30%E total

fat, including either 20%E from SFA, MUFA or TFA, were

provided for 6 weeks in a randomized crossover design.

Postprandial insulin levels were 59% higher and plasma

C-peptide concentrations 32% higher on the TFA compared

with the MUFA diet. No significant differences were seen

between the SFA and TFA diets. Vega-Lopez et al. (2006)

compared the effects of 20%E as palm, soybean, canola or

partially hydrogenated soybean oil (4.2%E TFA) for 5 weeks

each in 15 moderately hyperlipidemic subjects (mean BMI

26.0 kg/m2). Both fasting insulin and insulin resistance

assessed by homeostatic model assessment were significantly

higher on the palm oil and partially hydrogenated soybean

oil diets, compared with the canola or soybean oil diets;

homeostatic model assessment was highest, although not

significantly so, on the partially hydrogenated soybean oil

versus palm oil diet. Lefevre et al. (2005) evaluated the acute

effects of two single 50%E fat meals, including 10%E from

either TFA or MUFA, fed at 1-week intervals to 22 moderately

overweight men and women who carried at least one copy of

a fatty acid-binding protein-2 gene variant. Higher postpran-

dial insulin and C-peptide concentrations were observed

after the TFA meal, compared with the MUFA meal.

These results were not seen in two trials of healthy

volunteers. Lovejoy et al. (2002) compared 9%E from SFA,

MUFA or TFA, each over 4-week periods, in a randomized

crossover study of 25 volunteers. Overall, no significant

effects on insulin sensitivity were seen; in the seven

overweight subjects, insulin sensitivity was decreased 24%

on the SFA diet and 11% on the TFA diet, compared with

the MUFA diet, but these differences were not statistically

significant. Louheranta et al. (1999) studied 14 healthy

young women and compared a diet of 5.1% energy from TFA

versus 5.2% energy from MUFA, replacing SFA, for 4 weeks.

No statistically significant differences were observed in

fasting glucose levels or measures of insulin sensitivity

between the diets.

Together, these few clinical trials suggest that TFA worsens

insulin resistance in overweight or diabetic individuals (that

is, those predisposed to insulin sensitivity) but may have

smaller or little effect in young lean subjects. Because of the

relatively few numbers and small sizes of these trials, more
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investigation is needed, particularly in overweight or obese

subjects with impaired glucose tolerance, the metabolic

syndrome or diabetes. Additionally, each study was

relatively short term; a controlled trial in nonhuman

primates (reviewed below) suggests that longer durations of

consumption (months to years) may be important to assess

fully the effects of TFA on insulin resistance.

Experimental studies in animals also suggest that TFA

consumption induces insulin resistance. Axen et al. (2003)

fed rats a high-fat (60%E) diet with 17%E TFA or a low-fat

(12%E) diet with no TFA and found that the high-fat, high-

TFA diet increased visceral fat mass and liver lipid content

and impaired glucose tolerance and insulin sensitivity.

Ibrahim et al. (2005) demonstrated that rats fed a diet with

3%E TFA had increased fasting insulin levels compared with

control and that this increase was larger than for a diet with

10%E from SFA. Natarajan et al. (2005) found that rats

consuming 10%E TFA had decreased insulin-stimulated

glucose transport compared with a diet with 10%E from

SFA. Thus, each of these studies suggests that TFA induce

insulin resistance, even compared to SFA. Perhaps most

relevant to humans, a 6-year randomized controlled trial in

nonhuman primates evaluated diets containing 8%E from

either TFA or MUFA (Kavanagh et al., 2007). Monkeys

consuming the TFA diet exhibited significantly elevated

fructosamine (a circulating marker of hyperglycemia), mark-

edly reduced insulin sensitivity in muscle (as assessed by

insulin-induced phosphorylation of Akt), and trends toward

reduced insulin sensitivity in adipose tissue, not accounted

for by changes in weight.

Diabetes and insulin sensitivity: observational evidence. Obser-

vational studies have not evaluated associations between

TFA consumption and insulin resistance. However, three

prospective cohort studies have investigated the relationship

of TFA consumption with risk of incident diabetes. TFA

intake was not significantly associated with incidence of

diabetes in one US study of men (van Dam et al., 2002), but

the TFA consumption in this population of health profes-

sionals was low (median overall intake¼1.3%E, and median

intake in the highest quintile¼2.0%E). TFA intake was also

not significantly associated with diabetes risk in a cohort

of women in Iowa (Meyer et al., 2001). In this study, the

diagnosis of diabetes was based on self-report and was found

to be incorrect in more than one-third of cases in a

validation study (Meyer et al., 2001), and diet was assessed

only at baseline and may have changed over time; thus,

misclassification of both exposure and outcome may have

been substantial, each of which would attenuate any true

effect toward the null. In a US study of 84 941 women

followed for 16 years, in whom diabetes diagnoses were

validated and information on dietary habits was updated

over time, TFA consumption was significantly associated

with diabetes incidence (Hu et al., 2001b). After adjustment

for other risk factors, the risk of diabetes was 40% higher in

the top quintile of TFA intake, compared with the lowest

(Po0.001). The association of TFA consumption with higher

diabetes risk was most evident among individuals who were

overweight or obese or who had lower levels of physical

activity (Salmeron et al., 2001).

Thus, controlled trials have evaluated biomarkers of

insulin resistance, while observational studies have assessed

incidence of clinical diabetes. Although results are not as

consistent as for effects of TFA on serum lipoproteins, the

findings suggest that TFA consumption reduces insulin

sensitivity and increases diabetes risk. This effect appears to

be greatest among individuals who are more predisposed to

insulin resistance, such as those with preexisting insulin

resistance, greater adiposity or lower physical activity levels.

Further research is needed to confirm the magnitude and

dose–response of this effect and the populations that may be

at highest risk.

Systemic inflammation: experimental evidence. In a study of

hypercholesterolemic patients, the production of interleukin

(IL)-6 and tumor necrosis factor-a (TNF-a), but not IL-1b, by

cultured mononuclear cells was increased after 1 month of

TFA intake (6.7%E) from margarine containing partially

hydrogenated soybean oil, compared with nonhydrogenated

soybean oil (Han et al., 2002). Effects of the TFA margarine

on these inflammatory markers were not significantly

different from those of butter. Among 36 volunteers with

hypercholesterolemia, C-reactive protein (CRP) levels were

not significantly different following 5 weeks of different

diets providing 20%E from different fats and oils with

variable amounts of TFA (Lichtenstein et al., 2003). In

contrast, in a trial among 50 generally healthy men (Baer

et al., 2004), 5 weeks of a TFA diet (8%E) increased IL-6 levels

by 16%, compared with equivalent calories from MUFA (but

not stearic acid, shorter-chain SFA or carbohydrate). The TFA

diet also significantly increased CRP levels by 21, 19 and

21%, respectively, compared with equivalent calories from

MUFA, carbohydrate or a 1:1 combination (4%E each) of

TFAþ stearic acid, and tended to raise CRP levels (þ11–12%)

compared with equivalent calories from stearic acid or

shorter-chain (12:0–16:0) SFA, although these latter differ-

ences were not statistically significant. Overall, these trials

demonstrate that TFA are proinflammatory compared with

cis unsaturated fats or carbohydrate; comparisons with SFA

require further study.

Systemic inflammation: observational evidence. In a cross-

sectional study among 823 generally healthy women, greater

TFA consumption was associated with significantly higher

levels of soluble TNF-a receptors (circulating biomarkers of

TNF-a system activity) after adjustment for other risk factors

that might influence inflammation, including age, smoking,

physical activity, medication use, alcohol consumption and

other dietary habits (Mozaffarian et al., 2004a). Adjustment

for blood lipid concentrations only partly attenuated

(B25%) these associations, suggesting that they were not

predominantly mediated by the effects of TFA on lipids. In
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these healthy women, TFA consumption was not associated

with levels of IL-6 or CRP overall; however, a significant

interaction was seen with BMI in that TFA intake was

associated with higher IL-6 and CRP levels in women

with higher BMI (Mozaffarian et al., 2004a). In a cross-

sectional study of 730 mostly overweight women (mean

BMI¼26.3 kg/m2), greater TFA consumption was associated

with higher levels of soluble TNF-a receptors and also IL-6

and CRP (Lopez-Garcia et al., 2005). Compared to individuals

in the lowest quintile of TFA consumption (0.9% E), those in

the highest quintile (2.1%E) had 73% higher CRP levels

(absolute difference¼0.8 mg/l). Together, these two studies

suggest that TFA consumption increases TNF-a activity and,

among individuals with greater adiposity, IL-6 and CRP.

Given the strong link between systemic inflammation,

particularly as reflected by IL-6 and CRP levels, and insulin

resistance, the latter findings provide some support to the

possibility suggested by controlled trials that adverse effects

of TFA intake on insulin sensitivity may be greater in

individuals more predisposed to insulin resistance. This

further suggests that controlled trials testing the effects of

TFA consumption on inflammation or insulin resistance in

young or lean subjects may underestimate the effects, and

that future trials should target individuals with visceral

adiposity or other more direct measures of reduced insulin

sensitivity. Strong positive relationships between erythrocyte

TFA levels (a biomarker of dietary intake) and systemic

inflammatory markers were also seen among individuals

with established heart disease, including substantially higher

levels of IL-6, TNF-a, soluble TNF receptors and monocyte

chemoattractant protein (Mozaffarian et al., 2004b). Thus,

both observational studies and controlled trials indicate that

TFA consumption is proinflammatory.

Endothelial function: experimental evidence. TFA induce apop-

tosis in human endothelial cells in vitro (Zapolska-Downar

et al., 2005). In generally healthy men, five weeks of TFA

consumption (8%E) increased levels of E-selectin, a circulat-

ing biomarker of endothelial dysfunction, by 10, 14, 6 and

6% compared with equivalent calories from carbohydrate,

MUFA, stearic acid or shorter-chain (12:0–16:0) SFA, respec-

tively (Baer et al., 2004). Consumption of a single meal

enriched with TFA or SFA showed similar acute adverse

effects on postprandial flow-mediated vasodilatation of the

brachial artery, a functional measure of endothelial health

(de Roos et al., 2002). A longer duration (4 weeks) of TFA

intake (9.2%E) significantly lowered HDL-C (21% reduction)

and impaired brachial artery flow-mediated vasodilatation

(29% reduction) compared with equivalent calories from

SFA (de Roos et al., 2001). Thus, these trials indicate that

TFA impair endothelial function, even when TFA are

compared to SFA.

Endothelial function: observational evidence. In a cross-

sectional study among women, greater TFA consumption

was associated with higher levels of several circulating

markers of endothelial dysfunction, including soluble inter-

cellular adhesion molecule-1, soluble vascular cell adhesion

molecule-1 and E-selectin (Lopez-Garcia et al., 2005). After

adjustment for age, the levels of intercellular adhesion

molecule-1, vascular cell adhesion molecule-1 and E-selectin

were 10, 10 and 20% higher, respectively, across extreme

quintiles of TFA intake. Further adjustment for other risk

factors, including BMI, physical activity, smoking, alcohol

intake, hormone replacement therapy and intakes of total

MUFA, PUFA and SFA intake, had little effect on these

results. These results, including the magnitudes of the

observed differences in E-selectin levels, are consistent with

the experimental evidence that TFA consumption adversely

affects endothelial function.

Adiposity and weight gain: experimental evidence. The long-

term effects of TFA consumption on adiposity and weight

gain have not been evaluated in controlled trials in humans.

Because of the ethical limitations of assessing long-term

effects of TFA consumption in human trials, controlled trials

in nonhuman primates may be the best alternative to assess

the effects of TFA on weight gain in a clinical trial. As

described previously, a randomized controlled trial fed green

monkeys diets containing either TFA or MUFA (8%E) for 6

years (Kavanagh et al., 2007); body weight was monitored

every 8 weeks or less and calories were adjusted to meet

maintenance energy requirements without weight gain.

Nevertheless, primates on the TFA diet gained 7.2% of their

body weight during the trial, compared with 1.8% weight

gain on the MUFA diet. Body fat distribution, assessed by

computed tomography scan, demonstrated that the differ-

ential weight gain was due to increased visceral adiposity,

reflected by a significantly higher ratio of intra-abdominal

(visceral) to subcutaneous fat on the TFA diet.

Adiposity and weight gain: observational evidence. In a cohort

of more than 16 000 men who provided two measurements

of abdominal circumference over 9 years, each 2%E increase

in TFA consumption (versus equivalent calories from PUFA)

was associated with a 2.7 cm increase in abdominal circum-

ference (Po0.001) after adjustment for measurement error

and other risk factors (Koh-Banerjee et al., 2003). In a second

study among more than 41 000 women who provided two

measurements of weight over 8 years, increases in TFA

consumption were robustly associated with increases in body

weight in both cross-sectional and longitudinal analyses,

after adjustment for other risk factors (Field et al., 2007). In

both of these studies, changes in consumption of other

fats, including total fat, SFA, MUFA and PUFA, were much

less strongly associated with adiposity/weight gain, consis-

tent with prior findings that neither total dietary fat nor

most fat subtypes are major determinants of body fat or

weight gain (Willett and Leibel, 2002). Thus, findings in

a long-term controlled trial in nonhuman primates and

two long-term prospective observational studies suggest

that TFA consumption promotes weight gain, particularly

Health effects of trans-fatty acids
D Mozaffarian et al

S10

European Journal of Clinical Nutrition



accumulation of abdominal fat. Additional studies are

needed to confirm these findings, although the concordance

of these results, as well as their consistency with studies

indicating adverse effects of TFA intake on insulin resistance

and systemic inflammation, is notable.

Hemostatic and blood pressure: experimental evidence. Rando-

mized trials have not documented consistent evidence of an

effect of TFA on markers of hemostatic function. Almendin-

gen et al. (1996) found an unfavorable antifibrinolytic effect

of partially hydrogenated soybean oil compared with

partially hydrogenated fish oil, and butter increased fibrino-

gen levels compared with partially hydrogenated fish oil. In

contrast, Mutanen and Aro (1997) compared TFA with stearic

acid and found similar effects on markers of coagulation and

fibrinolysis, and Louheranta et al. (1999) reported similar

effects on coagulation factors of TFA versus MUFA.

Armstrong et al. (2000) found no effects on platelet

aggregation or blood coagulation by trans-isomers of

a-linolenic acid. No effect on hemostatic risk markers by

high vaccenic acid milk fat was observed by Tholstrup et al.

(2006). The effects of TFA on blood pressure have been

measured in few studies. In these studies in healthy

normotensive subjects, no significant effects of TFA were

found, compared with SFA, MUFA or PUFA (EFSA, 2004).

Hemostatic and blood pressure: observational evidence. The

independent effect, if any, of TFA consumption on coagula-

tion factors or blood pressure has not been evaluated in

observational studies.

Effects of TFA on clinical outcomes

Experimental evidence. The effects of TFA consumption on

CHD events or other disease outcomes have not been

evaluated in randomized controlled trials in humans. Such

trials are unlikely to be performed, given the considerations

of cost, practicality, compliance and, perhaps most impor-

tantly, the ethical limitations of randomizing individuals to

an intervention with strong evidence for significant harm.

Thus, much like evidence for other harmful exposure such as

smoking, lead paint, mercury or arsenic, the evidence for

effects of TFA consumption on clinical outcomes in humans

is derived from observational studies.

Observational evidence. Observational evidence for the

effects of TFA on disease outcomes can be derived from

descriptive (ecologic) studies of disease rates across popula-

tions and over time, retrospective case–control studies, and

prospective cohort studies. Both dietary estimates of TFA

intake and biomarkers of TFA intake have been used to assess

relationships with disease risk. Each of these approaches has

advantages and disadvantages. Ecologic studies allow evalua-

tion of broad geographic and temporal differences in dietary

habits and disease risk but have limited ability to adjust for

potential confounding from other factors. Case–control and

prospective cohort studies allow individual-level multivari-

able adjustment for other risk factors and lifestyle character-

istics that can substantially reduce the magnitude of

confounding, although some level of residual confounding

by unmeasured factors may remain. Retrospective case–

control studies often exclude fatal events and may be prone

to recall and selection bias, although the use of objective

biomarkers to assess TFA consumption (for example adipose

tissue concentrations) can reduce recall bias. Prospective

cohort studies minimize bias due to case selection, recall or

control selection, but typically utilize dietary estimates of

TFA consumption that may attenuate findings due to errors

in the dietary estimation and changes in dietary intake over

time. Given these differing strengths and weaknesses,

evidence for the causality and magnitude of an exposure–

disease relationship can be considered strongest when each

type of study demonstrates consistent results.

Descriptive studies. In the first half of the 20th century,

various forms of partially hydrogenated vegetable oils

replaced a substantial proportion of the lard and butter used

in homes and commercial applications in many industria-

lized nations. By the early 1990s, TFA consumption was

approximately 2.6%E in the US (about 7.4% of all dietary fat)

(Allison et al., 1999). Similar intakes during this time were

reported in the UK, Sweden and Germany (Akesson et al.,

1981).While this increase in TFA consumption correlated

with increased rates of MI (Neubauer et al., 2006), the many

other changes in diet and lifestyle that occurred during this

period preclude conclusions from these time-trends regarding

the specific effects of TFA.

In 1958 and 1964, several potential risk factors for CHD

were measured by Ancel Keys and co-workers in the Seven

Countries Study among 12 763 middle-aged men in 16

cohorts in seven countries. In 1987 and 1988, equivalent

food composites representing the average food intake of each

cohort at baseline were collected locally and analyzed in a

central laboratory (Kromhout et al., 1995). Deaths attributed

to CHD were documented during 25 years of follow-up, and

correlation coefficients were calculated between the esti-

mated intake of 18:1 TFA and the cohort mortality rates.

Positive correlations were observed between 25-year CHD

death rates and average intake of the four major SFA, lauric,

myristic, palmitic and stearic acid (r40.8, Po0.001); 18:1

TFA (r¼0.78, Po0.001) and dietary cholesterol (r¼0.55,

Po0.05). This ecological study provided support for a

relation between TFA intake and CHD, but the ability to

draw strong conclusions was limited by the measurement of

only 18:1 TFA (which represented both industrial elaidic acid

and the D10-isomer, and ruminant vaccenic acid) and by

difficulty in such ecologic analyses to control for confound-

ing variables.

Retrospective case–control studies. Retrospective case–control

studies of dietary and lifestyle factors can be limited by

potential biases due to the survival of the cases (often only
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nonfatal cases are included), selection of control subjects,

self-selection by participation and differential recall of

previous diet and other lifestyle habits. The latter limitation

can be addressed by the use of biomarkers of TFA intake,

such as adipose tissue concentrations that reflect long-term

diet and are unlikely to be affected by a recent cardiac event

or recent changes in diet. One retrospective case–control

study has evaluated the estimated dietary intake of TFA and

CHD risk, five have evaluated adipose measures of TFA and

CHD risk, and one has evaluated erythrocyte TFA levels and

risk of sudden death.

UK Study of Fatal CHD. This retrospective study measured

post-mortem adipose TFA levels in 136 persons who had died

from CHD and 95 persons who had died from other causes

(Thomas et al., 1983a, b). The cases had a higher concentra-

tion of total TFA and also trans-16:1 and trans-18:1 isomers.

No association was seen with 20- and 22-carbon trans-

isomers, which comprised approximately half of the total

TFA isomers, reflecting substantial use of partially hydro-

genated fish oils (as opposed to vegetable oils) in this

population. Owing to the small numbers of cases, the use of

autopsy controls (which were unlikely to represent the true

control population from which the cases arose), and lack of

adjustment for most other cardiac risk factors, only limited

conclusions can be drawn from these data.

Boston Area Health study. This case–control study of non-

fatal MI in six hospitals in the Boston area included 239 cases

and 282 population controls (Ascherio et al., 1994). TFA

consumption was estimated using a validated food frequency

questionnaire. After adjustment for age, sex and total energy

intake, the intake of TFA was directly related to the risk of MI

(extreme quintile relative risk (RR)¼2.44; 95% confidence

interval (CI)¼1.42–4.19; P for trend o0.001), and this

relationship remained significant after adjustment for other

established coronary risk factors, multivitamin use and other

dietary factors.

UK Study of Sudden Cardiac Death. Adipose TFA levels,

including levels of trans-18:1 and trans-18:2 (but not trans-

16:1), were measured in 66 cases of sudden cardiac death and

286 healthy controls (Roberts et al., 1995). In multivariable

analyses, neither trans-18:1 nor trans-18:2 isomers were

significantly associated with risk of sudden death. Comparing

the highest versus lowest quintiles, the RR for trans-18:1 was

0.59 (95% CI¼0.19–1.83; P for trend¼0.67) and that for

trans-18:2 was 0.99 (95% CI¼ 0.35–2.84; P for trend¼0.94).

The small size of this study, reflected in the wide CI, limits

strong conclusions.

The EURAMIC Study. In this international multicenter study

in eight European countries and Israel, trans-18:1 n�9 levels

(but not other TFA isomers or total TFA) were measured in

adipose tissue samples obtained from 671 men with acute

nonfatal MI in 1991–1992 and 717 men without a history of

MI (controls) (Aro et al., 1995). In overall analyses, adipose

trans-18:1 levels were not significantly associated with risk of

MI: the multivariable-adjusted odds ratio for the highest

versus lowest quartile was 0.97 (95% CI¼0.56–1.67). How-

ever, the investigators found major differences between

countries in average levels of adipose trans-18:1. This was

particularly evident in Spain in which mean TFA levels were

extremely low in both cases and controls (consistent with

the use of olive oil rather than partially hydrogenated oils as

a primary source of dietary fat), so that nearly all the Spanish

subjects (cases and controls) had values in the lowest quartile

of the northern European distribution. When the investiga-

tors excluded the Spanish centers from the analysis, the

multivariable-adjusted odds ratio for the highest versus

lowest quartile of trans-18:1 was 1.44 (95% CI¼0.94–2.20).

This trend was not statistically significant, but the magni-

tude of the higher risk was consistent with the findings of

subsequent studies.

Costa Rican case–control study. In a population-based case–

control study in Costa Rica (Baylin et al., 2003), 482 people

with first nonfatal MI were matched with the same number

of control participants. After adjustment for established risk

factors and other confounders, the RRs across increasing

quintiles of total TFA in adipose tissue were 1.00, 1.34, 2.05,

2.22 and 2.94 (P for trend o0.01). Although in most

populations, trans-18:1 isomers comprise the great majority

of total TFA consumed, in this study nearly half of the total

TFA were trans-18:2 isomers due to the high content of

trans-18:2 in the partially hydrogenated soybean oils con-

sumed in Costa Rica. Higher CHD risk was mainly attribu-

table to differences in trans-18:2 levels, which were

abundant in the partially hydrogenated soybean oil, margar-

ines and baked products consumed by this population.

Across increasing quintiles of trans-18:2, the RRs were

1.00, 0.96, 2.09, 3.51 and 5.05 (P for trend o0.001).

Adipose tissue trans-16:1 were also associated with MI,

with RRs across increasing quintiles of 1.00, 1.57, 1.39,

1.34 and 2.58 (P for trend o0.05) adjusted for other risk

factors, including saturated fat intake. Trans-18:1 isomers

were not significantly associated with risk (multivariate

OR across extreme quintiles¼0.75, 95% CI¼0.34–1.65).

Because 18:2 isomers can come from multiple sources, the

association with these isomers and CHD risk does not clearly

distinguish between industrial versus ruminant TFA intake,

but it is consistent with an overall harmful effect of these

specific 18:2 isomers.

In follow-up measurements conducted after TFA consump-

tion in Costa Rica were greatly reduced, adipose TFA levels were

lower, and no association was seen with risk of MI (Colon-

Ramos et al., 2006). The lack of association with TFA levels in

this follow-up evaluation could be due to a substantial

reduction of excess risk resulting from lower TFA intake, but

could also partly result from misclassification because the

recently reduced levels would no longer accurately reflect each

person’s habitual long-term (prior) TFA intake.
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Australian case–control study. In this Australian case–control

study of first nonfatal MI (Clifton et al., 2004), TFA were

measured in adipose tissue among 209 cases and 179

controls between 1995 and 1997. During the study period,

TFA were eliminated from margarines (the major TFA source

in the food supply) in Australia and the adipose TFA levels

dropped. Cases enrolled before mid-1996 had significantly

higher levels of trans-18:1 n�9 (32% higher, Po0.03) and

trans-18:1 n�11 (23% higher, Po0.001) compared with

corresponding controls. As seen in the Costa Rican study,

when TFA were eliminated from margarines after June 1996,

there were no longer significant differences between cases

and controls in any adipose tissue TFA measured. Similar to

that study, the lack of association between TFA levels and MI

risk following this relatively acute change in TFA in the food

supply could be due to a substantial reduction of excess risk

resulting from lower TFA intake or misclassification because

the recently reduced levels would no longer accurately

reflect each person’s habitual long-term (prior) TFA

consumption.

Cardiac Arrest Blood Study. In this population-based case–

control study (Lemaitre et al., 2002), 179 cases of out-of-

hospital cardiac arrest (sudden death) were matched to 285

community controls. TFA levels were measured in red blood

cells collected at the time of arrest. In multivariable-

adjusted analyses, total TFA levels were associated

with higher risk of sudden death (RR¼1.47 for the

interquintile range, 95% CI¼1.01–2.13). In multivariable

analyses, the higher risk seen with TFA levels was

entirely due to trans-18:2 isomers. After adjusting for other

cardiac risk factors and levels of omega-3 fatty acids, the RR

for the interquintile range was 1.19 (95% CI¼0.80–1.77) for

trans-18:1 isomers and 2.66 (95% CI¼1.58–4.46) for

trans-18:2 isomers. Trans-16:1 isomers were not associated

with risk.

Prospective cohort studies. In prospective cohort studies,

dietary intake is assessed before the diagnosis of cardio-

vascular disease; and both fatal and nonfatal disease events

can be included. These strengths greatly reduce method-

ologic biases due to differential recall, selection, and

survival. Although residual confounding by unmeasured

factors cannot be totally excluded, multivariable adjust-

ment can minimize confounding by other cardiovascular risk

factors and lifestyle habits. Dietary consumption of

TFA and other nutrients is typically estimated from

questionnaires, introducing random error (misclassification)

due to inaccuracies in the questionnaire as well as changes

in consumption over time. Misclassification errors tend to

diminish the magnitude of the associations, causing under-

estimation of the true effects. Misclassification may be mini-

mized by the use of biomarkers of TFA intake, although

inaccuracies due to changes in consumption over time

would persist and continue to attenuate the magnitude of

the associations to some degree.

The Nurses’ Health Study. The relation between TFA intake

and CHD has been evaluated several times during the follow-

up of this cohort. In the first report, TFA intake was

calculated from dietary questionnaires completed by 85 095

women without diagnosed CHD, stroke, diabetes or

hypercholesterolemia in 1980. During 8 years of follow-up,

431 cases of new CHD (nonfatal MI or CHD death) were

documented. In multivariable analysis, intake of TFA was

directly related to risk of CHD (extreme quintile RR¼1.50,

95% Cl¼1.12–2.00, P for trend¼0.001). The association was

stronger for the 69 181 women whose margarine consump-

tion over the previous 10 years had been stable (RR¼1.67,

95% CI¼1.05–2.66, P for trend¼0.002). Intakes of foods

that were major sources of trans-isomers (margarine, cookies,

cake and white bread) were each significantly associated

with higher risks of CHD (Willett et al., 1993). After 14 years

of follow-up, during which time TFA consumption was

updated using serial dietary questionnaires and a total of 939

cases of CHD had been diagnosed, TFA consumption was

again found to be associated with higher risk (Hu et al.,

1997). The most recent analysis was performed after 20 years

of follow-up, including 1766 incident cases of CHD;

comparing the highest to lowest quintiles of TFA consump-

tion (a difference of 1.5%E), the RR was 1.33 (95% CI¼1.07–

1.66) and was particularly strong among younger women

(Oh et al., 2005).

Also in the Nurses’ Health Study, a nested case–control

study was conducted using measurement of TFA levels in

plasma and red blood cells (Sun et al., 2007). The blood

samples were collected in 1989–1990 while the women were

generally healthy. During 6 years of follow-up, 166 incident

cases of CHD were ascertained and matched with 327

controls. In this study, estimated dietary TFA consumption

was more strongly correlated with erythrocyte TFA levels

than with plasma TFA levels. After multivariable adjustment,

higher total erythrocyte TFA content was associated with

higher CHD risk; compared to the lowest quartile, the

multivariate RRs (95% CI) of CHD in the second to fourth

quartiles of erythrocyte TFA levels were 1.6 (0.7–3.6), 1.6

(0.7–3.4) and 3.3 (1.5–7.2) (P for trend o0.01), respectively.

The corresponding RRs were 1.1, 1.3 and 3.1 (P for trend

o0.01) for trans-18:1 isomers and 1.5, 2.5 and 2.8 (P for

trend o0.01) for trans-18:2 isomers. In contrast, the levels of

trans-16:1 n�7 were not associated with higher CHD risk.

The stronger results using measured TFA levels (Sun et al.,

2007), compared with estimated TFA intake from dietary

questionnaires (Willett et al., 1993; Hu et al., 1997; Oh et al.,

2005) in the same cohort, suggest that inaccuracies (random

error) in dietary questionnaire estimation may significantly

attenuate the true association with CHD risk and/or that TFA

in cell membranes may be a more proximate measure of their

ultimate biologic effects than consumed TFA.

Health Professionals Follow-up Study. In the first report from

this study (Ascherio et al., 1996), 734 acute MI or CHD

deaths were documented during 6 years of follow-up among
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43 757 health professionals aged 40–75 years and free of

diagnosed cardiovascular disease or diabetes at baseline.

Estimated TFA consumption was associated with a moder-

ately higher risk of CHD, but this was not statistically

significant in multivariable analysis. In updated analyses

including 14 years of follow-up, 1702 acute MI or CHD

deaths were documented among 38 461 individuals; using

cumulative updating of dietary habits by means of serial

questionnaires and adjusting for age, time period of follow-

up, smoking, physical activity, BMI, aspirin use, history of

hypertension or hypercholesterolemia, alcohol use, and

consumption of dietary SFA, n�3 PUFA, n�6 PUFA, MUFA,

protein, fiber and total energy, the multivariable RR

associated with a 2%E increment in TFA intake was 1.26

(95% CI¼0.98–1.60) (Mozaffarian et al., 2006).

ATBC Study. The relation of intakes of specific dietary fats

and risk of CHD was examined in a cohort of 21 930 Finnish

men who were initially free of diagnosed cardiovascular

disease and participating in a trial of beta-carotene and

vitamin E (Pietinen et al., 1997). The participants completed

a validated dietary questionnaire at baseline, and during 6.1

years of follow-up 1399 CHD events (nonfatal MI or CHD

death) were documented. For men in the top quintile of TFA

intake (median 6.2 g/day), the multivariate RR of total CHD

events was 1.14 (95% CI¼0.96–1.35; P for trend¼0.16) and

that of CHD death was 1.39 (95% CI¼1.09–1.78; P for

trend¼0.004), compared with men in the lowest quintile of

intake (median 1.3 g/day).

Zutphen Heart Study. In this Dutch population (Oomen

et al., 2001), 667 men aged 64–84 years and free of CHD at

baseline were followed for up to 10 years, during which time

98 cases of fatal and nonfatal CHD were documented. After

adjustment for potential confounders, TFA intake at baseline

was positively associated with the 10-year risk of CHD. The

multivariate RR for a difference of 2%E in TFA consumption

was 1.28 (95% CI¼1.01–1.61).

Cardiovascular Health Study. This prospective nested case–

control study (Lemaitre et al., 2006) was performed in a

population-based study of older US adults. A total of 214

cases of fatal CHD were identified between 1992 and 1998

and matched to controls, and TFA exposure was assessed

using plasma phospholipid levels, a biomarker of TFA

consumption, in stored samples at baseline. After adjust-

ment for other risk factors, total TFA levels were not

significantly associated with risk (RR for interquintile

range¼ 0.94, 95% CI¼0.65–1.34). However, trans-18:2 levels

were positively associated with CHD risk (RR for interquin-

tile range¼1.31, 95% CI¼0.99–1.72), while trans-18:1

levels were inversely associated with CHD risk (RR for

interquintile range¼0.53, 95% CI¼0.31–0.90). Simulta-

neous adjustment for both trans-18:1 and trans-18:2 levels

further strengthened these associations. Trans-16:1 levels

were not associated with CHD risk (RR for interquintile

range¼0.95, 95% CI¼0.64–1.42).

Meta-analysis of prospective studies of TFA and CHD. On the

basis of a meta-analysis of prospective cohort studies

evaluating the habitual dietary consumption of TFA and

incidence of CHD (Mozaffarian et al., 2006), the pooled

multivariable-adjusted RR for 2%E of TFA, as an isocaloric

replacement for carbohydrate, was 1.23 (95% CI¼1.11–1.37)

(Figure 2). The inclusion of results for several retrospective

studies that utilized biomarkers of TFA consumption

strengthened this pooled estimate: RR¼1.29, 95%

CI¼1.11–1.49, Po0.001 (Mozaffarian et al., 2006). In

practice, TFA would be interchanged with other dietary

fats, not carbohydrate. Based on meta-analyses of prospec-

tive cohort studies (Mozaffarian and Clarke, 2009), the

pooled multivariable-adjusted RR of CHD for 2%E of TFA

replacing SFA was 1.20 (95% CI¼1.07–1.34); of TFA replac-

ing MUFA was 1.27 (95% CI¼1.14–1.42), and of TFA

replacing PUFA was 1.32 (95% CI¼1.17–1.49) (Mozaffarian

and Clarke, 2009).

TFA consumption and other clinical outcomes. The relation of

TFA intake to other disease outcomes has been examined less

extensively than for CHD. As described above, the Iowa

Women’s Health Study (Meyer et al., 2001) and Health

Professionals Follow-up Study (van Dam et al., 2002)

detected no significant associations of TFA consumption

with incidence of type II diabetes. However, in the Nurses’

Health Study, which included a longer follow-up, repeated

measures of intake, and a larger number of validated cases of

diabetes, a significant positive intake of TFA with incidence

of diabetes was seen (Salmeron et al., 2001; Hu et al., 2001a).

Few studies have evaluated relationships between TFA

consumption and cancer incidence, and significant associa-

tions have generally not been observed (World Cancer

Research Fund, 2007), although in the 20-year follow-up of

the Nurses’ Health Study, TFA intake during the premeno-

pausal years was associated with incidence of postmenopausal

breast cancer (Kim et al., 2006). TFA was associated with

higher risk of dementia in one prospective study (Doney

et al., 2004), suggestive of a potentially adverse effect on

cerebrovascular disease. However, in a prospective study of

male health professionals (He et al., 2003), TFA intake was

not significantly associated with incidence of clinical stroke.

Higher TFA intake has been associated with incidence of

cholelithiasis (Tsai et al., 2005) and anovulatory infertility

(Chavarro et al., 2007), both conditions associated with

insulin resistance. Additional investigation is required to

elucidate further the potential effects of TFA consumption

on each of these disease outcomes.

Specific TFA isomers

Experimental evidence. The specific trans-isomers present in

foods may vary considerably depending on the types of
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oils/fats used and the methods of processing, such as partial

hydrogenation, deodorization, and so on. In one meta-

analysis of controlled trials (Mensink et al., 2003), the esti-

mates of TFA effects on serum lipoproteins were based on

calculations of changes in 18:1 TFA intake, the predominant

isomer in partially hydrogenated vegetable oils. It is less well

established how other TFA isomers such as 16:1 or 18:2 TFA

may affect serum lipoproteins, other risk factors or clinical

outcomes. In one trial, TFA trienes (trans-18:3; 1.4 g/day)

increased the LDL:HDL-C ratio (Vermunt et al., 2001),

suggesting similar effects as trans-18:1 on serum lipoproteins.

As reviewed, one trial indicates that partially hydrogenated

fish oil containing C20-22 trans-isomers (but also other TFA

isomers) may increase the LDL:HDL-C ratio compared with

partially hydrogenated soybean oil (Almendingen et al.,

1995). Controlled feeding trials have not included informa-

tion on 16:1 or 18:2 TFA isomers, precluding separate

analysis of their specific effects. Performing experimental

studies on specific effects of 18:2 or 18:3 TFA isomers is

difficult because these isomers are usually present in

relatively small amounts (o5% of fatty acids) and, even

within each isomer class, several different positional isomers

are found.

Observational evidence. Insights on potentially different

effects of different TFA isomers on cardiovascular risk can

be gained from studies that have estimated dietary con-

sumption of different TFA isomers or, even better, measured

specific TFA isomers in blood or adipose tissue. Several

different TFA isomers can be measured as biomarkers of

consumption. Trans-18:1 n�7/D11 (vaccenic acid) is the

primary trans-isomer in ruminant fat, and trans-18:1 n�9/D9

(elaidic acid) is the primary trans-isomer in partially hydro-

genated vegetable oils. However, both of these isomers are

present in both sources, so their levels cannot unequivocably

distinguish between ruminant versus industrial sources. The

levels of trans-18:2 isomers tend to be higher in partially

hydrogenated oils than ruminant fats, but small amounts are

also present in ruminant TFA and in oils that have under-

gone deodorization. The 16-carbon trans-isomers (primarily

trans-16:1 n�7 [D9]) represent ruminant sources of TFA and

are not found in partially hydrogenated vegetable oils. The

levels of trans-16:1 isomers will typically be correlated with

the intake of saturated fat from these same foods, and thus

saturated fat intake should be adjusted for when evaluating

associations of trans-16:1 levels with CHD risk. Trans-isomers

of 20- and 22-carbon fatty acids can be used as a specific

biomarker of partially hydrogenated fish oils, but few studies

have been conducted where the intake of trans-isomers from

this source is common.

Observational studies have generally not evaluated the

effects of specific trans-isomers on serum lipoproteins.

Events/
Subjects

Degree of
adjustment

Prospective study

Nurses’ Health Study 1.33 (1.07 - 1.66)  1766/78778 ++++

Finnish ATBC Study 1.14 (0.96 - 1.35)  1399/21930 +++

Zutphen Elderly Study 1.28 (1.01 - 1.62)    98/667 ++++

Health Professionals Study 1.26 (0.99 - 1.61)  1702/38461 ++++

All 1.23 (1.11 - 1.37)  4965/139836

0.5 1 2

Multivariate relative risk (95% CI) of CHD
with higher trans fatty acid intake (2% energy)

Figure 2 Meta-analysis of prospective cohort studies of habitual TFA consumption and CHD risk, including 5215 incident CHD events among
140 542 participants. The black squares and horizontal lines indicate the RR and 95% CI in each study; the size of the black squares is
proportional to the inverse-variance weight in the meta-analysis. The unshaded diamond indicates the combined RR and 95% CI. The degree of
adjustment for confounders is denoted as þ þ þ (adjusted for age, smoking, education, BMI, blood pressure, physical activity, alcohol intake
and consumption of fiber and total energy) and þ þ þ þ (further adjusted for consumption of other dietary fats and protein). Reproduced with
permission from (Mozaffarian and Clarke, 2009). BMI, body mass index; CI, confidence interval; CHD, coronary heart disease; RR, relative risk;
TFA, trans-fatty acid. Adapted from Mozaffarian et al. (2006).
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However, the data from three cohort studies suggest that

18:1 and 18:2 TFA have stronger effects on both systemic

inflammation and endothelial dysfunction than 16:1 TFA. In

two studies among generally healthy women (Mozaffarian

et al., 2004a; Lopez-Garcia et al., 2005), the estimated dietary

consumption of both 18:1 and 18:2 TFA, but not 16:1 TFA,

was positively associated with inflammatory markers, in-

cluding soluble TNF receptors, IL-6 and CRP, and circulating

markers of endothelial dysfunction, including endothelin-1,

intercellular adhesion molecule-1 and vascular cell adhesion

molecule-1; in fact, the estimated dietary intake of trans-16:1

was associated with lower inflammatory and endothelial

dysfunction markers in one study (Lopez-Garcia et al., 2005).

The relationship between specific trans-isomers and inflam-

mation was evaluated in 86 patients with established heart

disease using erythrocyte TFA levels, an objective biomarker

of dietary consumption (Mozaffarian et al., 2004b). After

adjustment for other risk factors, both 18:1 and 18:2 TFA,

but not 16:1 TFA, were strongly positively associated with

markers of inflammation, including IL-6 and TNF-a.

Epidemiologic studies also provide some distinction

among isomers of TFA, directly measured in tissues, and risk

of clinical outcomes (Table 1). The details of each of these

individual studies were reviewed above (see section, Effects

on clinical outcomes). Only one study evaluated the long-

chain TFA isomers from partially hydrogenated fish oil

(C20-22), detecting no signification association. Two studies

found higher risk with 16:1 TFA, but three found no

significant association. Four studies found higher risk with

18:1 TFA, but three found no significant association, and one

found lower risk. Four studies found higher risk with 18:2

TFA (and in two studies the higher risk was notably greater

than that of other TFA isomers), and only one found

no significant association. These studies varied in design

(retrospective versus prospective), clinical outcome (nonfatal

MI versus CHD death versus SCD), statistical power (from 66

to 671 cases) and biomarker source for TFA measurement

(adipose versus erythrocyte versus phospholipids). Never-

theless, overall, these findings indicate that 18:2 TFA, which

are generally present in much smaller concentrations than

16:1 or 18:1 TFA isomers, are most consistently associated

with higher cardiovascular risk. Findings for 18:1 TFA are

more equivocal, possibly because both trans-18:1 n�7 (D11)

(vaccenic acid, the primary trans-isomer in ruminant fat) and

trans-18:1 n�9 (elaidic acid, the primary trans-isomer in

many partially hydrogenated vegetable oils) are captured,

and these positional isomers may have different effects on

risk. Higher risk with 16:1 TFA would suggest a contribution

of ruminant fat intake to risk of CHD, but three of five

studies observed no significant association, including the

two prospective studies that would be least limited by

potential selection bias.

Experimental evidence. Vaccenic acid is the most common

TFA isomer in ruminant fats, representing 30–50% of the trans-

isomers. In humans, vaccenic acid can be metabolized to 9c,

11t conjugated linoleic acid (CLA), a trans-fat with two double

bonds separated by only one single bond (that is conjugated).

Tricon et al. (2006) evaluated, in 32 healthy men, the effects of

6 weeks of dairy products enriched with vaccenic acid and CLA

(produced by feeding cows a mixture of fish oil and sunflower

oil), supplying 2.1%E trans-18:1, mostly (75%) in the form of

vaccenic acid, and 0.5%E CLA. An increase in LDL:HDL-C

ratio was found (0.11 increase versus 0.10 decrease on the

control diet), as well as trends toward higher triglycerides

(P¼0.09) and increased LDL density (P¼0.07); no significant

effects were seen on susceptibility to oxidation of LDL.

Tholstrup et al. (1998) compared control dairy fat to dairy fat

enriched (by changes in cow feed) with oleic acid, stearic acid

and TFA (4.3%E), mainly replacing C12-16 SFA, in 18 men in

two 4-week crossover periods. Total cholesterol and VLDL-C

were significantly higher on the TFA diet; the LDL:HDL ratio

also tended to be higher (þ0.09), although this difference was

not statistically significant. In a second study (Tholstrup et al.,

2006), 42 young healthy men were randomized to a 5-week

diet with either control butter or butter higher in vaccenic

acid (1.1%E) and oleic acid (14.9 versus 9.6%E). The interven-

tion butter lowered total cholesterol by 6% and lowered

HDL-C by 9%; the total/HDL-C ratio was not significantly

affected.

Table 1 Relationships between specific TFA isomers and cardiovascular outcomes

Study Design Outcome (no. of cases) Measure of TFA TFA isomer

16:1 18:1 18:2 C20-22

UK Study of Fatal CHD Retrospective case–control CHD death (n¼136) Post-mortem adipose mRisk mRisk 2
UK Study of SCD Retrospective case–control SCD (n¼66) Post-mortem adipose 2 2
EURAMIC Retrospective case–control Nonfatal MI (n¼671) Adipose mRiska

Costa Rica Study Retrospective case–control Nonfatal MI (n¼482) Adipose mRisk 2 mmRisk
Australia Study Retrospective case–control Nonfatal MI (n¼209) Adipose mRisk
Cardiac Arrest Blood Study Retrospective case–control SCD (n¼179) Erythrocytes 2 2 mRisk
Cardiovascular Health Study Prospective cohort CHD Death (n¼214) Phospholipids 2 Risk mRisk
Nurses Health Study Prospective cohort MI or CHD death (n¼166) Erythrocytes 2 mRisk mmRisk

Abbreviations: CHD, coronary heart disease; MI, myocardial infarction; NA, not assessed; SCD, sudden cardiac death.
aAfter exclusion of Spanish centers in which TFA levels were extremely low.
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Recently, TFA (5%E) from modified milk fat versus

partially hydrogenated vegetable oil were compared in a

crossover study of 46 healthy subjects (Chardigny et al.,

2008). The diets contained similar total SFA; the milk fat

contained more short-chain SFA, including lauric (12:0) and

myristic (14:0) acids, and the industrial fat more palmitic

(16:0) and stearic (18:0) acids. Compared with the partially

hydrogenated oil diet, the milk fat diet raised both HDL-C

and LDL-C levels in women but not in men. No difference

was found between the diets in the total/HDL-C ratio.

Moloney et al. (2004) found that a chemically produced

blend of CLA isomers increased serum HDL-C and reduced

the LDL:HDL-C ratio in 32 patients with type II diabetes, but

it also impaired blood glucose control and reduced insulin

sensitivity in accordance with other studies (Riserus et al.,

2002, 2004).

Each of these studies reflects the difficulty in separately

evaluating the effects of TFA versus vaccenic acid versus

other fats in ruminant products. Overall the findings do not

present strong evidence for different effects of ruminant

versus industrial TFA on serum lipoprotein lipids or other

risk factors. Performing studies on individual TFA isomers in

humans is difficult due to the lack of sufficient availability of

purified specific trans-isomers. In one study in hamsters

(Meijer et al., 2001), the effects of elaidic acid (33%E), the

main 18:1 trans-isomer in many partially hydrogenated

vegetable oils versus vaccenic acid (33%E), the main TFA

isomer in ruminant fat, were compared over 4 weeks.

Compared with elaidic acid, vaccenic acid increased the

serum LDL:HDL-C ratio. Thus, overall, these few small

studies provide insufficient evidence to conclude that the

experimental effects of ruminant TFA or CLA are either

similar or different from industrial TFA.

Observational evidence. The effects of estimated dietary

consumption of industrial versus ruminant TFA on CHD

outcomes has been examined in several observational

studies.

Boston Area Health Study. In this retrospective case–control

study of nonfatal MI (239 cases, 282 population controls)

conducted in the Boston area (Ascherio et al., 1994), the

estimated intake of TFA was partitioned into industrial and

ruminant sources. After adjustment for other risk factors, the

overall positive association for total TFA intake was

entirely accounted for by industrial TFA (RR for top versus

bottom quintile¼1.94, P for trend¼0.001), rather than

ruminant TFA (RR for top versus bottom quintile¼1.02,

P for trend¼ 0.57).

Nurses’ Health Study. In the first report on TFA from the

Nurses’ Health Study (Willett et al., 1993), when total intake

of TFA was partitioned into industrial and ruminant sources,

the positive association with CHD risk was entirely explained

by industrial TFA. For industrial TFA, the multivariable-

adjusted RRs for increasing quintiles were 1.0, 1.43, 1.11,

1.39 and 1.79 (P for trend¼0.009), whereas for ruminant fat

the corresponding multivariable-adjusted RRs were 1.0, 0.76,

0.69, 0.55 and 0.59 (P for trend¼0.23).

ATBC Study. In this prospective cohort study of 21 930

Finnish men (Pietinen et al., 1997), total TFA consumption

was strongly correlated with intake of margarine but not

with intake of butter. Estimated consumption of industrial

TFA was positively associated with risk of CHD (multivariate

RR for highest versus lowest quintile¼1.23, 95% CI¼0.97–

1.78; P for trend¼0.004). In contrast, estimated intake of

TFA from ruminant sources was inversely related to risk (RR

for highest versus lowest quintile¼0.83, 95% CI¼0.62–1.11,

P for trend¼0.04).

Zutphen Heart Study. In this prospective cohort study

among 667 Dutch men (Oomen et al., 2001), total TFA

intake was associated with higher CHD risk. The small

size and few numbers of cases in this population did not

allow reliable distinction of effects of different sources of

TFA. For an increment of 0.5% energy of TFA, the RR

was 1.17 (95% CI¼0.69–1.98) for ruminant TFA, 1.05

(0.94–1.17) for trans-18:1 isomers and 1.07 (95% CI¼0.99–

1.15) for all other TFA.

Danish Cohort Studies. In four prospective cohort studies in

Denmark (Jakobsen et al., 2007), dietary habits were assessed

in 3686 adults enrolled between 1974 and 1993 and followed

for a median of 18 years. After adjustment for other risk

factors, no significant associations were found between

ruminant TFA consumption and risk of CHD. These negative

findings are noteworthy given the relatively high consump-

tion of ruminant TFA from dairy products in Denmark, the

intake of ruminant TFA was relatively high (median 1.1%E in

the highest quintile of intake).

Overall, the evidence from observational studies suggests

that higher CHD risk is related to consumption of indust-

rially produced TFA rather than ruminant TFA. Because

ruminant fat contains low levels of TFA (usually o6% of

fatty acids), the quantities of ruminant TFA consumed were

low in most of the populations studied (generally o1.0%E).

Thus, even when total ruminant fat intake is relatively high,

the potential amount of TFA from this source is still quite

modest. These data do not discount the possibility that

much higher amounts of ruminant fat could have adverse

effects, but in the amounts consumed in actual diets

ruminant TFA do not appear to be major contributors to

CHD risk. Conversely, people consume a mix of TFA, and

moderate intake of some trans-isomers in ruminant fat (for

example trans-18:2) may be of importance when consumed

on top of amounts derived from industrial sources. This issue

has implications for policy, for example whether TFA

labeling and regulation should include only industrial TFA
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or total TFA. At amounts currently consumed, ruminant TFA

do not have detectable adverse relationships with disease

risk, but further investigation is warranted. At the present

time, both sources of TFA, and especially specific TFA

isomers, should be considered when assessing effects on

disease risk.

Conclusions

TFA consumption induces pleiotropic effects. For cardiovas-

cular risk factors, the effects of TFA consumption that are

most consistently seen in both controlled trials and obser-

vational studies include adverse lipid effects, including

increased LDL-C, reduced HDL-C and an increased total/

HDL-C ratio; proinflammatory effects, including higher

TNF-a system activity, IL-6 levels and CRP levels; and

endothelial dysfunction, as assessed by both circulating

markers and functional measures. Each of these effects are

most prominent in comparison with cis unsaturated fats

(MUFA or PUFA); the adverse effects on the total/HDL-C ratio

and endothelial function have also been documented in

comparison with SFA. Controlled studies and observational

studies also suggest that TFA worsen insulin resistance, par-

ticularly among predisposed individuals, such as those with

preexisting insulin resistance, visceral adiposity or lower

physical activity; further study is needed to confirm apparent

effects on weight gain and diabetes incidence in humans.

Together, these findings suggest that among dietary fats, TFA

consumption produces a unique cardiometabolic imprint

(Mozaffarian and Willett, 2007), aggravating multiple related

pathways linked to the insulin resistance/metabolic syn-

drome. Additional effects of TFA consumption to increase

triglycerides and possibly the prevalence of smaller, denser

LDL particles are also consistent with this imprint.

The long-term effects of habitual TFA consumption on

clinical outcomes have not been assessed in controlled trials

in humans; ethical limitations make it unlikely that such

trials could ever be performed. Among observational studies,

one small postmortem study and a European retrospective

case–control study did not observe significant associations

between TFA consumption and CHD risk (although in the

latter study consistent trends toward higher risk were evident

after excluding two centers with extremely low TFA intake).

Conversely, five other retrospective case–control studies and

four prospective cohort studies have demonstrated signifi-

cant positive associations between TFA consumption and

CHD events. A pooled meta-analysis of the prospective

studies indicates 24, 20, 27 and 32% higher risk of MI or

CHD death for every 2%E higher TFA consumption as an

isocaloric replacement for carbohydrate, SFA, cis MUFA and

cis PUFA, respectively.

The differential effects of specific TFA isomers are less well

established. Too few studies have evaluated partially hydro-

genated fish oils to draw strong conclusions about the

relation of 20- and 22-carbon TFA isomers with the risk of

CHD, although effects on blood lipids would suggest

significant harm. Performing controlled trials on 18:2 or

18:3 TFA isomers is limited by the relatively lower concen-

trations of these isomers in partially hydrogenated oils. In

observational studies using biomarkers of TFA consumption,

both 18:1 and 18:2 isomers appear to contribute to the risk of

CHD; most studies did not detect an effect of 16:1 TFA. The

available data also suggest that trans-18:2 isomers may be

more strongly associated with CHD risk than trans-18:1

isomers, but the current evidence is relatively limited and

precludes definitive conclusions that only one of these is

responsible for the association of partially hydrogenated oils

with risk. This distinction has potential implications because

some processes, such as light hydrogenation or deodoriza-

tion, may create proportionally more 18:2 trans-isomers and

thus could have greater effects than would be expected on

the basis of content of total TFA alone.

Experimental studies of ruminant fats are limited by the

difficulty in distinguishing the effects of changes in TFA

from changes in other fats in ruminant products; the few

small trials reported to date provide inconclusive evidence

that experimental effects of ruminant TFA or CLA are

different from industrial TFA at similar doses. Evidence from

observational studies, in which estimated TFA consumption

from industrial and ruminant sources of TFA have been

distinguished, and from studies in which specific TFA have

been measured using biomarkers generally do not support an

adverse effect of ruminant TFA (in contrast to industrial TFA)

on risk of CHD. Whether or not very high intakes of

ruminant TFA could affect CHD risk is unresolved, but very

few persons habitually consume such high levels. The

potential effects of specific TFA isomers in ruminant fat

(many of which are shared with partially hydrogenated oils)

require further investigation.

In summary, controlled trials and observational studies

provide concordant evidence that the consumption of TFA

from partially hydrogenated oils adversely affects several

cardiovascular risk factors and contributes significantly to

increased risk of CHD event. Ruminant TFA cannot be

removed entirely from the diet, but their intake is already

low in most populations and not significantly associated

with CHD risk in several studies. Because TFA produced by

partial hydrogenation are industrial additives to food with

no health benefits, their use should be avoided by restau-

rants and food manufacturers and their consumption

avoided by consumers. Indeed, as reviewed elsewhere in this

Supplement (L’Abbé et al., 2009), experiences in Denmark,

the Netherlands and New York City indicate that it is

possible to largely eliminate industrial TFA in foods.

Attention should also be given to possible health effects of

TFA created during other industrial processes, such as

deodorization and prolonged deep frying. On the basis of

effects on cardiovascular risk factors and associations with

disease outcomes, the removal of partially hydrogenated

vegetable oils from foods would result in substantial health

benefits, with greatest health benefits being obtained when
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replacement oils are rich in MUFA and PUFA (Mozaffarian

and Clarke, 2009).
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