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Abstract

Background—While omega-6 polyunsaturated fatty acids(n-6 PUFA) have been recommended

to reduce CHD, controversy remains about benefits vs. harms, including concerns over theorized

pro-inflammatory effects of n-6 PUFA. We investigated associations of circulating n-6 PUFA

including linoleic acid(LA, the major dietary PUFA), γ-linolenic acid(GLA), dihomo-γ-linolenic

acid(DGLA), and arachidonic acid(AA),with total and cause-specific mortality in the

Cardiovascular Health Study, a community-based US cohort.

Methods and Results—Among 2,792 participants(age≥65y) free of CVD at baseline, plasma

phospholipid n-6 PUFAwere measured at baseline using standardized methods. All-cause and
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cause-specific mortality, and total incident CHD and stroke, were assessed and adjudicated

centrally. Associations of PUFA with risk were assessed by Cox regression. During 34,291

person-years of follow-up(1992–2010), 1,994 deaths occurred(678 cardiovascular deaths), with

427 fatal and 418 nonfatal CHD, and 154 fatal and 399 nonfatal strokes. In multivariable models,

higher LA was associated with lower total mortality, with extreme-quintile HR=0.87(P-

trend=0.005). Lower death was largely attributable to CVD causes, especially nonarrhythmic

CHD mortality(HR=0.51, 95%CI=0.32–0.82, P-trend=0.001). Circulating GLA, DGLA, and AA

were not significantly associated with total or cause-specific mortality; e.g., for AA and CHD

death, the extreme-quintile HR was 0.97 (95%CI=0.70–1.34, P-trend=0.87). Evaluated semi-

parametrically, LA showed graded inverse associations with total mortality(P=0.005). There was

little evidence that associations of n-6 PUFA with total mortality varied by age, sex, race, or

plasma n-3 PUFA. Evaluating both n-6 and n-3 PUFA, lowest risk was evident with highest levels

of both.

Conclusions—High circulating LA, but not other n-6 PUFA, was inversely associated with total

and CHD mortality in older adults.
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Current US dietary guidelines recommend higher intake of omega-6 polyunsaturated fatty

acids (n-6 PUFA) to reduce the risk of coronary heart disease (CHD).1, 2 However, the

influence and potential dose-response relationship of n-6 PUFA on health remain

contentious. Whereas clinical studies support blood cholesterol benefits of linoleic acid

(LA), the predominant dietary n-6 PUFA;3 and higher dietary PUFA (predominantly LA) is

associated with lower CHD risk in prospective cohort studies;4 not all cohort studies

observed benefits,5 and older, randomized trials utilizing LA-rich vegetable oils did not

consistently reduce risk of CHD.5, 6 As LA is endogenously converted to arachidonic acid

(AA, Supplement Figure 1), concern has also been raised over theoretical pro-inflammatory

and pro-thrombotic effects of AA metabolites.7, 8 Due to their shared metabolic pathways,

another hypothesized potential for harm is competition of LA with n-3 PUFA, and therefore

interference with potential cardiovascular benefits of n-3 PUFA.8 Thus, while in 2009 the

American Heart Association released a scientific advisory recommending health benefits of

dietary LA,2 other academic papers, books, and media reports have recommended that LA

consumption be substantially lowered for maximum health benefits.8–12 Because LA is the

major dietary PUFA from vegetable oils, its impact on health is of public health importance,

and additional studies are needed to improve the scientific basis for dietary

recommendations. In addition, the impact of other n-6 PUFA on health, including γ-

linolenic acid (GLA), dihomo-γ-linoleinc acid (DGLA), and AA, remains poorly

established.

Most prior studies have evaluated potential cardiovascular effects of n-6 PUFA, and much

less is known on potential noncardiovascular outcomes such as cancer.13 Meta-analysis of

older, largely single-blind randomized trials of LA-rich vegetable oils did not detect an

effect on total mortality,14 raising concern for potentially opposing effects on different

endpoints. However, most of these trials were conducted in subjects with a history of CHD,
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and the findings may not be generalizable to primary prevention. Very few prospective

cohort studies have assessed the association of n-6 PUFA with total mortality in more

general populations. Data are lacking in older individuals, in whom risk is greatest and few

interventions can effectively reduce total mortality. In addition, most prior studies have

investigated self-reported n-6 PUFA consumption, which may be limited by recall bias and

measurement error and also poorly estimates potential effects of GLA, DGLA, and AA,

which may differ in their biologic functions.15

To address these gaps in knowledge, we prospectively designed and assessed the association

of circulating n-6 PUFA biomarkers with total and cause-specific mortality in the

Cardiovascular Health Study (CHS), a community-based cohort of older US adults.

Circulating LA are objective biomarkers of LA intake.16 Conversely, circulating level of the

other n-6 PUFA tend to show weaker associations with their dietary intake, which suggest

endogenous metabolism may play more dominant roles in determining exposure to these

fatty acids.16 Because the predominant hypothesized pathway of harm for n-6 PUFA is

competition with n-3 PUFA,8 we also assessed whether associations of n-6 PUFA varied in

relation to n-3 PUFA levels, and assessed their separate and joint relationships with

mortality.

Methods

Design and Population

The Cardiovascular Health Study (CHS) is a multicenter, community-based prospective

cohort of older US adults.17 In 1989–1990, 5201 noninstitutionalized older adults (≥65

years) from 4 communities were randomly recruited and enrolled from Medicare eligibility

lists. An additional 687 African American participants were similarly selected and enrolled

in 1992–1993. Participants attended annual in-clinic evaluations carried out by trained

personnel using standardized protocols.17–20 The institutional review committee from each

center approved the study, and all participants gave written informed consent.

Study Measures

Plasma phospholipid fatty acids were measured in 3941 study participants with available

blood samples collected and stored from the 1992–1993 study visit, which we considered

the baseline for this analysis. After exclusion of 1149 participants with prevalent CVD at the

time of blood sampling, 2792 participants were included in the present analysis. Additional

details of cohort sampling and fatty acid measurements have been published,21 and are

described in the Online Data Supplements. Our primary exposures were the individual n-6

PUFA levels, including LA, GLA, DGLA, and AA. We also measured plasma phospholipid

long chain n-3 PUFA including eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA),

and docosahexaenoic acid (DHA). Other demographic and clinical risk factors were

assessed using standardized protocols at baseline (Online Data Supplements).

Ascertainment of End Points

CHS participants were followed up by means of annual study clinic visits with interim 6-

month telephone contact through to 2000, and biannual telephone contacts thereafter. Vital

Wu et al. Page 3

Circulation. Author manuscript; available in PMC 2015 October 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



status follow-up was 100% complete; less than 1% of all person-time was otherwise missing

and censored early. Based on available data from interviews; next of kin; death certificates;

and medical records (including diagnostic tests and consultations), a centralized events

committee assessed and adjudicated all-cause and cause-specific mortality, fatal or nonfatal

CHD and stroke, and arrhythmic CHD deaths. Methods for follow-up; confirmation; and

classification of deaths, CHD, and stroke have been described.22–24 Cardiovascular disease

mortality was defined as deaths due to CHD, stroke, other atherosclerotic disease, and other

CVD. Non-CVD mortality included deaths due to cancer, infection, dementia, pulmonary

diseases, fractures or trauma, and other causes.

Statistical Analysis

Fatty acid levels, expressed as percent of total fatty acids were evaluated in quintiles as

indicator variables, and also continuously according to each unit of measurement. To assess

linear trends, quintiles were assessed as continuous variables after assigning the participants

the median value in each quintile. Potential non-linear associations were assessed semi-

parametrically using restricted cubic splines.

Cox proportional-hazards model were used to estimate hazard ratios (HRs), with time-at-risk

until first event, other deaths in cause-specific mortality analyses, or the latest adjudicated

date of follow-up. Covariates were selected on biologic interest, well-established relations

with mortality risk in older adults, or associations with exposures in the final dataset. Further

adjustments were also made for fasting HDL-cholesterol, LDL-cholesterol, triglycerides,

fibrinogen and C-reactive protein to investigate if n-6 PUFA could be associated with

mortality risk via these potential confounders or mediators. The proportional hazards

assumption was not violated on the basis of Schoenfeld residuals. Missing covariates were

imputed (<2% for most factors, up to 9.7% for dietary factors) by best-subset-regression

using demographic/risk variables. Results were similar when subjects with missing values

were excluded.

We evaluated the separate and joint effects of LA and n-3 PUFA using jointly stratified

analyses. In exploratory analyses, we also assessed effect modification of n-6 PUFA with

total mortality using stratified analyses for several subgroups including age (<median,

≥median), gender (men, women), race (white, African Americans), and plasma n-3 PUFA

(<median, ≥median), The significance of potential effect modification was tested using the

Wald test for a multiplicative interaction term (cross product of the fatty acid exposure and

the stratification variable), with a Bonferroni-corrected α-level of 0.003 (4 fatty acids×4

interactions = 16 exploratory comparisons). Given potential for exposure misclassification

of fatty acid levels with increasing duration of follow-up, we also performed sensitivity

analyses with censoring at the mid-point(9 years) of follow-up, and excluding deaths within

the first 2 years to minimize effects of unrecognized subclinical disease on n-6 PUFA levels.

All analyses were conducted using Stata (release 12.0, Stata Corp, College Station, Texas),

and significance defined as two-tailed-alpha=0.05.
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Results

At baseline, the mean age of study participants was 74 years, the majority of whom were

women (64%). LA was the most abundant n-6 PUFA (mean±SD, 19.7±2.5% of total plasma

phospholipid fatty acid), followed by AA (11.1±2.0%), DGLA (3.1±0.7%), and GLA

(0.09±0.05%). Correlations between the individual n-6 PUFA and are shown in Supplement

Table 1. LA was inversely correlated with all other n-6 PUFA, in particular with AA (r=

−0.65). Intercorrelations between AA, DGLA, and GLA were more modest (r=−0.33 to

0.36). In unadjusted cross-sectional analysis, the individual n-6 PUFA showed different

patterns of associations with demographic, clinical, and dietary factors (Supplement Table

2). For example, LA was associated with older age, male gender and Caucasian ethnicity,

and lower prevalence of type 2 diabetes; while AA showed opposite directions of

association with these factors.

To investigate how dietary n-6 PUFA consumption might be associated with their plasma

phospholipid levels, we used semiparametric restricted cubic spline analysis to assess the

association of estimated dietary LA and AA intake with their circulating concentrations

(Figure 1). The association between dietary circulating LA concentration was nonlinear

(P<0.001). Circulating LA showed the greatest dose-response association with intake of LA

up to ~8% of total daily energy; with relatively smaller increases at intakes>8%. In contrast,

as previously reported by others,16, 25 dietary consumption of AA did not appear to be

associated with its circulating levels across the range of intake observed in this study

(P=0.24), with little evidence for non-linearity (P=0.40). Estimated dietary consumption

data for GLA and DGLA were not available to evaluate potential dose-responses with

circulating levels. Estimated dietary LA showed statistically significant but very weak

inverse associations with circulating DGLA (per 1SD higher LA; β=−0.04, 95%CI=−0.04,

−0.01, p=0.003) and AA (per 1SD higher LA; β=−0.1, 95%CI= −0.17, −0.04, p=0.003), and

was not associated with GLA.

During 34,291 years of follow-up, 1,994 deaths occurred (incidence rate:5.8 per 100 person-

years). After adjustment for demographic, lifestyle, cardiovascular, and dietary risk factors,

circulating LA was inversely associated with total mortality, with 13% lower risk (HR=0.87;

95% CI=0.74–1.02; P for trend=0.005) among participants in the highest compared to the

lowest quintile (Table 1). None of the other n-6 PUFA were significantly associated with

total mortality. For example, participants in the highest compared to the lowest quintile of

AA had a HR (95% CI)=0.87(0.75–1.01) for death (P for trend=0.25). Evaluated

continuously, each 1SD higher LA was associated with 7% lower total mortality (HR=0.93;

95% CI,0.88–0.98); none of the other n-6 PUFA were significantly associated with total

mortality (P >0.17 for each). Further adjustment for potential confounders or intermediate

risk factors including LDL-C, HDL-C, triglycerides, C-reactive protein, and fibrinogen

slightly attenuated the inverse associations of LA with total mortality (HR for top vs. bottom

quintile=0.89; 95% CI, 0.76–1.04; P for trend=0.01). Additional adjustment for use of lipid

medication, aspirin use, and consumption of fruits, vegetables, dietary fiber, and red meat

did not materially alter the results (data not shown). Restricted cubic spline analysis

suggested relatively linear inverse associations of LA with total mortality (P for overall
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association=0.005, Figure 2). There was similarly little evidence for non-linear associations

of AA, GLA, or DGLA with total mortality (P non-linearity≥0.21 each).

When cause-specific mortality was evaluated, LA was associated with lower CVD mortality

(Table 2), with 22% lower risk in the top vs. bottom quintile (HR=0.78; 95% CI, 0.60, 1.01;

P for trend=0.02). Among CVD subtypes, LA most strongly associated with non-arrhythmic

CHD mortality, with 49% lower risk across quintiles (P for trend=0.001). Conversely, LA

was not associated with arrhythmic CHD mortality (top vs. bottom quintile, HR=1.22; 95%

CI, 0.76, 1.95; P for trend=0.44). There was no evidence that circulating GLA, DGLA or

AA were associated with CVD mortality.

n-6 PUFA levels were generally unassociated with non-CVD causes of death, except for

inverse associations of LA with respiratory death (top vs. bottom quintile, HR=0.42; 95%

CI, 0.20, 0.87; P for trend=0.008), and of AA with death due to dementia (top vs. bottom

quintile, HR=0.66; 95% CI, 0.45, 0.95; P for trend=0.05) (Supplement Table 3).

The associations of plasma phospholipid n-6 PUFA with mortality were similar with

censoring at the mid-point of follow-up post-blood draw, or excluding deaths within the first

2 years after study baseline (data not shown). The association of each n-6 PUFA biomarker

with total mortality was not significantly different by age, gender, race or plasma n-3 PUFA

(Bonferroni corrected P > 0.003 for each). When subjects were stratified based on their joint

LA and n-3 PUFA concentrations, those with the highest circulating levels of both LA and

n-3 PUFA had 54% lower risk of total mortality (HR=0.46; 95% CI, 0.30–0.69) relative to

those with lowest levels of both (Figure 3). Similarly, LA and n-3 PUFA biomarkers were

each independently associated with lower risk of CVD death (Supplement Figure 2), and

those with the highest circulating concentrations of both LA and n-3 PUFA had 64% lower

risk of CVD mortality (HR=0.36; 95% CI, 0.17–0.74).

Discussion

In this prospective cohort study of older US adults, higher circulating LA was associated

with lower total mortality. The inverse association appeared relatively linear, with each 1SD

increase in LA associated with ~7% lower risk. Among causes of mortality, LA

demonstrated stronger inverse association with CVD death, in particular non-arrhythmic

CHD death and CHF death, with ~50% lower risk across quintiles. Other n-6 PUFA

including GLA, DGLA, and AA, were not significantly associated with total or CVD-

specific mortality.

Health effects of LA remain strongly debated, resulting in uncertainties for setting dietary

recommendations, and even concerns that current levels of intake could lead to harm. For

example, while US guideline target at least 5–10% of energy from LA, the French Food

Safety Agency in 2010 recommended limiting LA to <4% of total energy to avoid potential

harm.26 Our results utilizing objective circulating biomarkers suggest that higher plasma

phospholipid LA are associated with lower risk of total and CVD mortality in generally

healthy older adults, without evidence for increased risk. These findings are supported by

metabolic studies and animal experiments demonstrating physiologic benefits of LA,
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including lowering of LDL-C; raising of HDL-C; reductions in triglycerides, post-prandial

lipemia, systemic inflammation, and liver fat accumulation; and improved glucose

homeostasis.,27–29 In the present analysis, the inverse association of circulating LA with

total mortality was slightly attenuated following adjustment for lipid and inflammatory

biomarkers, suggesting these factors may partly mediate the association. The strong inverse

association of LA with non-arrhythmic CHD mortality, including CHF death, is another

novel and striking finding. In animal models of congestive heart failure, higher dietary LA

protects against development of cardiac hypertrophy and systolic dysfunction, and improves

total mortality.30, 31 Interestingly, whereas circulating n-3 PUFA was strongly associated

with lower risk of arrhythmic CHD mortality in the CHS,21 LA was not associated with this

outcome. In animal-experimental and in vitro studies, n-3 PUFA directly reduce myocyte

excitability and susceptibility to triggered arrhythmia, possibly via altered function of

membrane ion channels.32 In such experimental systems LA has been observed to possess

much less potent effects than n-3 PUFA,33, 34 which may partly account for the lack of

association with arrhythmic CHD death. Overall, our results are consistent with cardiac

benefits of LA, support present dietary recommendations for intake of LA-rich vegetable

oils, and provide little evidence for theorized harms. Our findings also highlight the need for

additional mechanistic studies to elucidate physiologic actions of LA including potential

benefits for heart failure and respiratory conditions.

The clear association between estimated dietary and plasma phospholipid LA confirms the

role of the latter as a biomarker of consumption. However, our data indicated a non-linear

relationship, with greatest dose-response up to ~8% energy from LA, with relatively smaller

increases in circulating LA thereafter. Nonlinear associations between dietary consumption

and circulating biomarker concentrations have also been observed for n-3 PUFA21 and

micronutrients35, 36, consistent with relative saturation of carrying capacity or endogenous

regulation to prevent excess accumulation. Overall, our findings suggest that targeting at

least ~8–10% of energy from LA – rather than up to 10% of energy from LA as currently

recommended by the US dietary guidelines1, 2 – may be associated with a lower risk of

mortality.

Concern for harm of n-6 PUFA most often relates to theorized competition with n-3 PUFA,

which may have important health benefits.37 n-3 and n-6 PUFA do share common

enzymatic pathways that regulate their conversion to downstream bioactive metabolites,

raising concerns for displacement of beneficial n-3 PUFA metabolites by LA.8, 9, 12

However, our findings provide no evidence for interaction between LA and n-3 PUFA for

risk of mortality in older adults; and indeed support independent benefits of each for total

and CVD mortality, with lowest mortality risk among people having highest biomarker

levels of each. These findings utilizing objective biomarkers and evaluating total mortality

are consistent with prior studies evaluating estimated dietary intakes and risk of CHD and

inflammatory biomarkers.38, 39

Potential pro-inflammatory effects of dietary n-6 PUFA, and of AA in particular, are an

additional putative danger for health.7, 8 Our results do not support harmful associations of

circulating AA with total or cause-specific mortality in older adults. These findings are

consistent with short-term randomized trials in which dietary supplementation with LA and
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AA had no appreciable effects on inflammatory markers, platelet function, and immune

activation.40–43. Importantly, consistent with prior reports,16, 25 our findings also

demonstrate lack of relationship between dietary consumption and phospolipid levels of AA.

This indicates that tissue levels of AA is highly regulated endogenously. In animal

experiments, GLA and DGLA modulate lipid metabolism, vasodilation, and inflammation.44

AA is also converted to a range of active metabolites, including potent resolvers of

inflammation such as lipoxins and epoxy fatty acids (EETs).45, 46 However, our findings do

not support substantial influence of circulating AA, GLA, or DGLA on total mortality in

older adults. The inverse association of AA and death from dementia deserves further

investigation as prior observational studies provide mixed evidence for associations of AA

with dementia and cognitive function.47–49

In two prior prospective cohorts in Finland and Sweden, circulating LA was inversely

associated with total mortality among middle-aged males, with reported relative risks of

0.66 (top vs. bottom tertile, 95% CI: 0.43–0.97),50 and 0.87 (per 1SD higher LA, 95% CI,

0.81, 0.93).51 One of these studies also reported no significant associations of serum GLA,

DGLA, or AA with total mortality.51 Our findings build upon and substantially extend these

prior results by including both men and women, evaluating phospholipids which are more

closely correlated with membrane and tissue levels, assessing older adults in whom the risk

of mortality is greatest, and evaluating cause-specific deaths and incident total (fatal

+nonfatal) CVD events in addition to total mortality. Our investigation also had

substantially larger number of deaths (1,994 vs. 1,237 in both prior studies combined),

increasing statistical power. We additionally evaluated joint associations of circulating n-3

and n-6 PUFA levels, providing evidence for independent benefits of each. The consistency

of beneficial associations for LA and mortality across these distinct populations with

different ages, dietary habits, medical history, and lifestyle practices suggest that residual

confounding is unlikely to entirely explain our observations.

Our study has several strengths. Measurement of objective biomarkers allowed investigation

of individual n-6 PUFA while also avoiding potential errors and biases associated with self-

reported dietary consumption. The investigation focused on older adults, for whom mortality

risk is greatest. The prospective cohort design minimized selection and recall bias. Low loss

to follow-up and central application of validated methods to determine mortality and

incident CVD events reduced the possibility of missed or misclassified outcomes. Large

number of incident events provided statistical power. Detailed and standardized assessment

of demographic, clinical, and lifestyle variables reduced the influence of confounding.

Recruitment of men and women from multiple communities across the US increased

generalizability.

Potential limitations should be considered. n-6 PUFA biomarkers were measured once at

baseline, and expected variation in circulating levels over time would cause

misclassification over follow-up, causing underestimation of true associations. The 13-year

within person correlation for circulating n-6 PUFAs were comparable to such correlations

for other major CVD risk factors such as blood pressure.52 These data suggest the single

baseline fatty acid measurement provides an adequate, but not perfect approach to estimate

long term n-6 PUFA concentrations. Residual confounding due to imprecisely measured or
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unmeasured factors cannot be excluded. The association with specific CVD outcomes

should be regarded as descriptive because a competing risk model was not used. Our cohort

consisted of older men and women, and results may not be generalizable to younger

populations.

In summary, our findings suggest that circulating levels of LA, the major dietary n-6 PUFA,

is related to lower total mortality and especially subtypes of CVD mortality in older adults.

Other circulating n-6 PUFA, including AA, were not significantly associated with total or

CVD mortality.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Relationship between estimated dietary consumption of linoleic acid and arachidonic acid

and their circulating concentrations in plasma phospholipids, evaluated using restricted

cubic splines and adjusted for age, gender, race, BMI, and use of lipid lowering medications.

The solid lines and shaded areas represent the central risk estimates and 95% CIs,

respectively. Median intakes of linoleic acid and arachidonic acid were 6% of total energy

(14.1g/day) and 0.08% of total energy (0.17g/day), respectively. Strong evidence was seen

for both overall positive association (P < 0.001) and nonlinearity (P < 0.001) of the
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relationship between dietary and circulating linoleic acid. In contrast, little evidence of

either an overall relationship (P = 0.24) or nonlinearity (P = 0.40) was evident for dietary

and circulating arachidonic acid.
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Figure 2.
Multivariable hazard ratios of plasma phospholipid linoleic acid with risk of total mortality,

evaluated by restricted cubic splines from Cox models adjusted for age, gender, race,

enrollment site, education, smoking status, prevalent diabetes, atrial fibrillation, and

hypertension, leisure-time physical activity, body mass index, waist circumference, alcohol

use, and plasma phospholipid long-chain n-3 PUFA levels. The solid lines and shaded areas

represent the central risk estimates and 95% CIs, respectively, relative to the reference level

(12.5th percentile). The dotted vertical lines correspond to the 10th, 25th, 50th, 75th, and

90th percentiles of linoleic acid levels. A significant inverse association was evident

(P=0.005), with little evidence for nonlinearity (P nonlinearity=0.16).
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Figure 3.
Multivariable hazard ratios for total mortality by joint levels of plasma phospholipid linoleic

acid and long-chain n-3 PUFA, adjusted for age, gender, race, enrollment site, education,

smoking status, prevalent diabetes, atrial fibrillation, and hypertension, leisure-time physical

activity, body mass index, waist circumference, and alcohol use, *P<0.05 compared with the

referent category. Associations appeared independent, with little evidence for significant

interaction between linoleic acid and long-chain n-3 PUFA (Wald test for multiplicative

interaction: P=0.54).
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