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ABSTRACT

Background: Current evidence on associations between intakes
of linoleic acid (LA), the predominant n—-6 (w-6) fatty acid,
and mortality is inconsistent and has not been summarized by a
systematic review and meta-analysis.

Objective: The aim was to perform a systematic review and
meta-analysis of prospective cohort studies to examine associations
between LA intake and mortality.

Methods: We conducted a comprehensive search of MEDLINE and
EMBASE databases through 31 July 2019 for prospective cohort
studies reporting associations of LA (assessed by dietary surveys
and/or LA concentrations in adipose tissue or blood compartments)
with mortality from all causes, cardiovascular disease (CVD), and
cancer. Multivariable-adjusted RRs were pooled using random-
effects meta-analysis.

Results: Thirty-eight studies reporting 44 prospective cohorts were
identified; these included 811,069 participants with dietary intake
assessment (170,076 all-cause, 50,786 CVD, and 59,684 cancer
deaths) and 65,411 participants with biomarker measurements
(9758 all-cause, 6492 CVD, and 1719 cancer deaths). Pooled RRs
comparing extreme categories of dietary LA intake (high vs low)
were 0.87 (95% CI: 0.81, 0.94; P = 67.9%) for total mortality,
0.87 (95% CI: 0.82, 0.92; P = 3.7%) for CVD mortality, and 0.89
(95% CI: 0.85, 0.93; > = 0%) for cancer mortality. Pooled RRs
for each SD increment in LA concentrations in adipose tissue/blood
compartments were 0.91 (95% CI: 0.87, 0.95; I = 64.1%) for total
mortality, 0.89 (95% CI: 0.85, 0.94; I> = 28.9%) for CVD mortality,
and 0.91 (95% CI: 0.84, 0.98; I> = 26.3%) for cancer mortality. Meta-
regressions suggested baseline age and dietary assessment methods
as potential sources of heterogeneity for the association between LA
and total mortality.

Conclusions: In prospective cohort studies, higher LA intake,
assessed by dietary surveys or biomarkers, was associated with a
modestly lower risk of mortality from all causes, CVD, and cancer.
These data support the potential long-term benefits of PUFA intake

in lowering the risk of CVD and premature death. Am J Clin Nutr
2020;00:1-18.
Keywords: linoleic acid, dietary polyunsaturated fatty acid,

biomarkers, mortality, cardiovascular disease

Introduction

The current US dietary guidelines recommend higher intakes
of PUFAs in place of SFAs for the prevention of cardiovascular
disease (CVD) (1). The health impact of linoleic acid (LA; 18:2n—
6), an n—6 PUFA constituting >85-90% of dietary PUFA intake
in the United States (2), is of critical public health importance
but still contentious. Scientific evidence behind the dietary
recommendations on PUFA intake has been largely based on
studies of CVD endpoints. Meta-analyses of prospective cohort
studies and randomized controlled trials (RCTs) suggest that
higher LA intake, in replacement of SFAs or carbohydrate, has
moderate benefits for the prevention of coronary artery disease
(CAD) (3-5). Pooling studies of prospective cohorts reported
inverse associations between LA concentrations in biological
tissues and risk of type 2 diabetes and CVD (6, 7). In contrast,
other meta-analyses (8) and some RCTs (9, 10) yielded null or
positive associations between LA intake and CVD outcomes.
However, some of the n—-6 RCTs need to be interpreted with
caution due to substantial dropouts, intermittent treatment, short
duration of trials, and potential confounding of LA interventions
by the atherogenic trans fat (11). Furthermore, concerns have also
been raised on the theoretical proinflammatory and thrombogenic
properties of LA (12). However, current RCTs do not support that
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LA intake increases concentrations of inflammatory biomarkers
(13, 14).

In contrast to the many studies on CVD, the impact of LA
on long-term mortality risk is less studied. Low-quality evidence
from a few RCTs suggested little effect of dietary n—-6 PUFAs
on mortality (5, 15); however, such evidence is not generalizable
to contemporary settings and the general population as most
trials were conducted decades ago in participants with chronic
diseases. Prospective cohort studies are, therefore, of high
importance in examining associations between n—-6 PUFAs and
mortality risk. However, the evidence from prospective cohort
studies on LA intake and mortality has been inconsistent. In
addition, nutritional findings from observational studies are often
questioned due to their common reliance on self-reported dietary
assessments, which are subject to measurement errors. Because
LA cannot be produced endogenously, its concentrations in the
circulation/adipose tissues depend largely on dietary intakes from
vegetable oils, nuts, seeds, and other foods (16), making these
biomarkers useful tools for objective assessment of LA intake
(17, 18).

To address the current controversy surrounding the relation
between LA intake and mortality risk, we performed a systematic
review and meta-analysis of prospective cohort studies to
examine the associations between dietary intakes and biomarkers
of LA with mortality from all causes, CVD, and cancer.

Methods

Literature search

The present review was conducted following standard guide-
lines of Meta-analysis of Observational Studies in Epidemiology
(19) and Preferred Reporting Items for Systematic Reviews
and Meta-analysis (20). We performed a systematic literature
review search in PUBMED and EMBASE through 31 July
2019 to identify studies reporting associations between LA
intake, assessed either by self-reported dietary surveys or LA
concentrations in biological tissues (i.e., LA biomarkers) and
mortality from all causes, CVD, and cancer (i.e., primary
outcomes of the study). A computer-based search combined
search terms related to the exposure (i.e., “fatty acids” or “linoleic
acids” or “a-linolenic acids”) and outcomes (‘“‘mortality” or
“death”), with restrictions to “human’ and language restriction to
English. The search was supplemented by scans of the reference
list of relevant articles, a hand-search of relevant/key journals,
and correspondence with authors. A flow chart of the literature
search and article selection is shown in Figure 1.

Selection of articles

The titles and abstracts of the identified articles were
screened by one investigator (JL). Potentially relevant articles
were selected and reviewed in full text independently by
two investigators (JL and MG-F) to determine eligibility, and
discrepancies were resolved by consultation with FBH. The
articles were considered for inclusion if they met the following
criteria: /) were original investigations; 2) were prospective
cohort studies or nested case-control/case-cohort studies of
adults (aged >18 y); and 3) reported multivariable-adjusted
risk estimates for associations between LA (dietary intakes or

biomarker concentrations) and >1 mortality outcome, including
all-cause mortality, CVD mortality (i.e., fatal CAD, myocardial
infarction, ischemic heart disease, or stroke; death from CAD,
stroke, or other CVD causes; and CVD mortality), and cancer
mortality (i.e., fatal/lethal cancer of different types, death from
cancer, and cancer mortality). We additionally excluded studies in
which the number of cases was <10. If multiple articles reported
data on the same cohort, the record with the most up-to-date
follow-up, the largest number of cases, maximum adjustment
for covariates, and/or maximum amount of study information
(depending on the comparison between records) was used.

Data extraction

JL and MG-F independently extracted data on study char-
acteristics, participant characteristics, follow-up duration, ex-
posure assessments (e.g., methods and frequencies of self-
reported dietary surveys, and tissue types and LA measurement
assays), mortality (i.e., follow-up rate, case number, specific
endpoints, and ascertainment methods), analysis strategies,
and multivariable-adjusted risk estimates and precision. When
multiple regression models were used in an article, risk estimates
from the most-adjusted model were extracted. When several
endpoints of cardiovascular or cancer mortality were reported,
the endpoints with the most coverage were used (hierarchy:
CVD mortality, mortality from specific CVD endpoints, and fatal
CVD endpoints; cancer mortality, mortality from specific types
of cancer, and fatal cancer of specific types). Study quality was
assessed using the Newcastle-Ottawa Scale (NOS; scores ranged
from 0 to 9) (Supplemental Table 1) (21).

Data synthesis

The included studies reported RRs or HRs for prospective
cohort analyses or ORs for nested case-control studies; HRs and
ORs were assumed to approximate RRs when events are rare.
For studies of dietary LA intake, we pooled RRs comparing the
highest with the lowest categories, because most studies reported
risk estimates based on LA intake categories. For 1 study, data
were collected from 2 articles (22, 23) that did not report 95%
ClIs; we calculated the SEs based on LA intake amounts, log
RRs, or regression coefficients, and P values according to a
previously reported method (4, 24). Because most biomarker
studies evaluated mortality risk by continuous LA concentrations
(which differed across studies due to differences in biological
tissues and the number of total assayed fatty acids), we pooled
RRs for each SD increment in LA concentrations. One study
reported RRs stratified by the genotypes of a variant (25); we
pooled RRs from all genotypes using a random-effects meta-
analysis. For studies reporting RRs by categories of biomarker
concentrations, we assumed that the association was linear and
estimated RRs for each SD increment in biomarkers by dividing
the log RRs comparing extreme tertiles, quartiles, or quintiles
by 1.94, 2.30, or 2.56, respectively. For studies reporting RRs
per interquintile range of biomarkers, we calculated RRs per
SD increment in biomarkers by dividing the interquintile log
RRs by 1.68. The conversion factors are equal to the numbers
of SD between the medians of extreme categories or within
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2,194 From PubMed
9,540 From EMBASE

11,356 Citations identified from literature search

329 Overlapping and 49 Duplicates

233 Citations identified from
reference lists

Y

11,145 Citations excluded based on screening of
titles or abstracts using general criteria
1,921 Conference abstracts
4,388 Reviews, commentaries, letters, etc.
4,335 Not relevant to this topic
120 Animal/in vitro studies
214 Case reports
168 Other FAs, outcomes, or designs

444 Potentially relevant citations identified for
further review (including a pooled biomarker
study with data of multiple cohorts)

401 Citations excluded based on full-text
screening by inclusion criteria
102 Exposure is essential FA but outcome
is not CVD/cancer/total mortality

2 In HIV patients or no RR presented

35 Exposure is not FA (e.g. dietary
pattern or FA genetic markers)

125 Exposure is other FAs
(not specifically LA)

69 Other study deigns (intervention trial,
retrospective, animal, cross-sectional,
etiology, or in vitro studies)

68 Reviews, commentaries, letters, or
irrelevant meta-analyses

Y

Y

5 Citations meeting the selection criteria were
not used in meta-analyses, because data of the
same cohorts were updated in later publications

mortality in 21 cohorts

38 Citations covering a total of 44 cohorts met the
selection criteria and were included in meta-analyses
18 Reported association of dietary LA with

22 Reported association of biomarkers of
LA with mortality in 28 cohorts
(2 reported both diet and biomarkers)

FIGURE 1 Flow diagram of study screening. CVD, cardiovascular disease; FA, fatty acid; LA, linoleic acid.
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the interquintile range, assuming that the exposure is normally
distributed.

Forest plots were used to evaluate RRs and 95% CIs across
studies. Potential heterogeneity among studies was assessed
using the P statistics, and 2 <25%, 25-50%, 50-75%, and
>75% were considered to represent none, low, medium, and high
heterogeneity. Summary RRs and 95% ClIs were calculated us-
ing an inverse-variance-weighted random-effects meta-analysis
(26), allowing for heterogeneity between studies. The possibility
of publication bias was evaluated using the Begg’s test and funnel
plots. Potential sources of heterogeneity, including study designs,
geographic locations, sex, baseline age, population health status,
exposure assessments, study quality, and follow-up duration,
were examined by stratified meta-analysis and univariate meta-
regressions.

We examined the dose—response relation between dietary LA
intake and mortality using a dose-response random-effects meta-
analysis [2-stage generalized least-square for trend in Stata (27)]
and restricted cubic spline models using data from studies that
provided doses and risk estimates for >3 LA intake categories.
If numbers of participants and/or cases in a category were not
provided, we used the average number across categories. When
the median intake for a category was missing, we approximated
it using the midpoint of higher and lower bounds; when the
lowest/highest category was open-ended, we used the cutoff
threshold for the lowest/highest category. The units of LA
intake in each category were unified to the percentage of total
calories. All analyses were performed using Stata version 15.0
(StataCorp), with a 2-tailed « of 0.05.

Results

The search strategy retrieved 11,356 unique records. After
screening titles and abstracts, and an additional scan of the
reference list and hand-search of key journals, 444 records were
evaluated by full text. We identified 43 articles meeting the
selection criteria but further excluded 5 because data in the
same cohorts were updated in later publications. The final meta-
analysis included 38 articles reporting prospective associations
between LA intake (18 assessed diet and 22 assessed biomarkers;
note that 2 articles assessed both diet and biomarkers) and
mortality outcomes (Figure 1).

Dietary LA intake and mortality

Eighteen articles reported associations between dietary LA
intake and mortality outcomes in 21 prospective cohorts,
including 811,069 participants, 170,076 total deaths (11 studies),
50,786 CVD deaths (14 studies), and 59,684 cancer deaths (9
studies). Median follow-up durations ranged from 4.9 to 30.2
y. Most studies used food-frequency questionnaires (FFQs) to
assess dietary intake (13 at baseline and 2 repeated), 3 studies
used 24-h dietary recall (2 at baseline and 1 repeated), 2 used diet
history, and the other used food records. Analyses in 9 cohorts
specified the comparison macronutrient (i.e., carbohydrates)
(Table 1). NOS scores ranged from 5 to 9, with data for 12 cohorts
scoring >8 (Supplemental Table 1).

Comparing the highest with the lowest category of dietary LA
intake, the pooled multivariable-adjusted RRs in random-effects

meta-analysis were 0.87 (95% CI: 0.81, 0.94; P = 67.9%) for
all-cause mortality, 0.87 (95% CI: 0.82, 0.92; P = 3.7%) for
CVD mortality, and 0.89 (95% CI: 0.85, 0.93; I’ = 0%) for
cancer mortality (Figure 2). For all-cause mortality, a sensitivity
analysis excluding 1 study at a time suggested that no study
contributed substantially to the heterogeneity (Supplemental
Figure 1). In stratified meta-analyses, the inverse associations
between dietary LA and total mortality, and between LA and
CVD mortality, were stronger in studies with higher NOS scores
(=8), studies that assessed diet repeatedly, or studies with
younger participants (baseline age <60 y), longer follow-up
(=10 y), or higher proportions of men (>50%) (Supplemental
Table 2). Univariate meta-regressions suggested that baseline
age and whether diet was assessed repeatedly during follow-up
may be potential sources of heterogeneity for the associations
between LA intake and CVD mortality (P < 0.05). We did not
identify a significant source of heterogeneity for the associations
between LA intake and total or cancer mortality, after examining
baseline health status, geographic location, NOS scores, dietary
assessment, baseline mean age, sex, and follow-up duration
(Supplemental Table 2).

The estimated median intake across LA categories ranged from
1.1% to 11.6% of energy among studies that provided adequate
data for dose-response analysis. We observed a nonlinear
association between dietary LA and total mortality and between
LA and cancer mortality (P < 0.05 for the overall shape of curve
and nonlinearity). Compared with the lowest LA intake, the RRs
of total mortality were 0.97 (95% CI: 0.89, 1.06) for 5% of
energy and 0.88 (95% CI: 0.74, 1.05) for 10% of energy intake
from dietary LA (Figure 3A); the RRs of cancer mortality were
0.96 (95% CI: 0.94, 0.98) for 5% of energy and 0.83 (95% CI:
0.78, 0.89) for 10% of energy intake from LA (Figure 3D). In
a sensitivity analysis excluding 2 studies in which participants
had cancer at baseline, the RRs of total mortality were 0.94 (95%
CI: 0.86, 1.02) for 5% of energy and 0.81 (95% CI: 0.69, 0.96)
for 10% of energy intake from LA, with the lowest LA intake
as reference (Figure 3B). There was a linear association between
dietary LA intake and CVD mortality (P < 0.001); the RR for
each 5% increment of energy intake from LA was 0.93 (95% CI:
0.91, 0.95) (Figure 3C).

Biomarkers of LA and mortality

Twenty-two articles reported associations between biomarkers
of LA and mortality outcomes in 28 prospective cohorts,
including 65,411 participants, 9758 total deaths (16 studies),
6492 CVD deaths (20 studies), and 1719 cancer deaths (7
studies). Median follow-up durations ranged from 2 to 31 y. GC
or GLC were used to measure LA concentrations in adipose
tissue (2 cohorts) or different blood compartments (plasma
phospholipids, 10 cohorts; erythrocyte phospholipids, 4 cohorts;
cholesteryl esters, 7 cohorts; total plasma/serum, 5 cohorts;
and whole blood, 1 cohort; 1 cohort measured fatty acids in
both plasma phospholipids and cholesteryl esters). The mean
proportion of LA relative to the total assayed fatty acids ranged
from 9.2% to 54.4%, based on the use of different tissue types
(Table 2). NOS scores ranged from 5 to 9, with data for 15 cohorts
scoring >8 (Supplemental Table 1).
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Linoleic acids and mortality 9

A All-cause mortality

Reference Cohort Name TotalN Case N RR (95%Cl) % Weight
Fortes 2000 (33) Italian elderly 162 53 —— 0.49(0.24,1.00) 1.08
Laaksonen 2005 (35) KIHD 1,551 220 —4—:L 0.66 (0.48,0.91) 4.41
Wang 2016 (29) HPFS 42,884 12,990 - 0.80(0.74,0.86) 19.16
Zhuang 2019b (41) NHANES 36,032 4,826 s 0.83(0.69,1.00) 9.75
Wang 2016 (29) NHS 83,349 20,314 . 0.84(0.79,0.89) 20.6
Dolecek 1991; 1992 (22-23) MRFIT 6,258 439 L 0.84(0.65,1.09) 6.27
Zhuang 2019a (39) AARP-DHS 521,120 129,328 . 0.88(0.86,0.91) 22.86
Lelli 2019 (42) INCHIANTI 927 318 —— 0.90(0.62,1.30)  3.56
Zhuang 2019b (41) CHNS 14,117 1,007 i — 1.16(0.91,1.48) 6.75
Khankari 2015 (36) LIBCSP 1,463 485 —— 1.30(0.94,1.79) 4.49
McEligot 2006 (34) CSPOC-BC 516 96 {| ——————>2.39(1.17,4.89) 1.07
Total: Cohorts = 11 708,379 170,076 :

Overall (P = 67.9%, P = 0.001) Random effect <> 0.87 (0.81, 0.94) P < 0.001
B CVD mortality 00 05 10 15 20 25

Reference Cohort Name TotalN CaseN RR (95%Cl) % Weight
Farvid 2014 (4) ARIC-Men 5,240 51 - 0.42(0.08,2.20) 0.11
Laaksonen 2005 (35) KIHD 1,551 78  ——t 0.46(0.23,0.91) 0.65
Farvid 2014 (4) FMC-Men 2,712 147 i 0.63(0.20,1.98)  0.24
Wang 2016 (29) HPFS 42,884 3,878 - 0.75(0.66, 0.86)  15.76
Wang 2016 (29) NHS 83,349 4,000 - 0.81(0.71,0.93) 15.22
Dolecek 1991; 1992 (22-23) MRFIT 6,258 232 —— 0.85(0.60,1.21) 2.44
Farvid 2014 (4) MDC 20,674 1,060 — 0.88(0.69,1.12) 5.11
Zhuang 2019b (41) NHANES 36,032 1,299 e 0.88(0.58,1.33) 1.78
Pietinen 1997 (28) ATBC 21,930 635 — 0.92(0.56,1.50)  1.27
Zhuang 2019a (39) AARP-DHS 521,120 38,747 = 0.92(0.87,0.98) 54.18
Farvid 2014 (4) IWHS 30,180 294 — 0.94(0.57,1.54) 1.25
Farvid 2014 (4) IIHD 8,272 165 —_— 0.97(0.56,1.67) 1.03
Lelli 2019 (42) INCHIANTI 927 114 —fe— 1.07(0.56,2.05) 0.73
Farvid 2014 (4) FMC-Women 2,481 48 . > 1.10(0.19,6.41) 0.1
Farvid 2014 (4) VIP-Men 9,521 38 . > 1.28(0.25,6.52) 0.12
Total: Cohorts = 14 793,131 50,786 :

Overall (P =3.7%, P=0.41) Random effect ¢ 0.87 (0.82, 0.92) P < 0.001
C Cancer mortality 60 05 10 15 20 25

Reference Cohort Name Total N Case N RR (95%Cl) % Weight
Goodwin 2003 (37) Canada-BC 477 51 —0—1—7 0.77(0.30,2.00) 0.19
Zhuang 2019b (41) NHANES 36,032 1,099 —e 0.86(0.62,1.19) 1.65
Zhuang 2019a (39) AARP-DHS 521,120 45,783 < 0.87(0.83,0.92) 64.86
Jain 1994 (38) NBSS 678 76 —— 0.87(0.53,1.44)  0.69
Wang 2016 (29) NHS 83,349 7,919 + 0.89(0.81,0.98) 19.38
Epstein 2012 (40) Orebro-PC 525 222 —:-— 0.91(0.63,1.32) 1.26
Wang 2016 (29) HPFS 42,884 4,192 - 0.96 (0.84,1.09) 10.36
Dolecek 1991; 1992 (22-23) MRFIT 6,258 132 e 1.06 (0.69, 1.64)  0.94
Khankari 2015 (36) LIBCSP 1,463 210 - 136(0.81,2.29) 0.65
Total: Cohorts = 9 692,786 59,684 :

Overall (* = 0%, P = 0.72) Random effect o 0.89 (0.85, 0.93) P < 0.001

00 05 10 15 20 25

RR (95% Cl)

FIGURE 2 Meta-analysis of the associations between dietary linoleic acid intake and mortality from all causes (A), CVD (B), and cancer (C) in prospective
cohort studies. For each study, RR corresponds to the comparison of extreme quantiles of dietary linoleic acid intake; the area of the grey square is proportional to
the weight of the study, which is the inverse of the variance of the log RR; dots and horizontal lines represent RRs and 95% CIs. Diamonds depict pooled estimates
from random-effects inverse-variance-weighted meta-analyses. AARP-DHS, NIH-American Association of Retired Persons Diet and Health Study; ARIC-
Men, male participants from the Atherosclerosis Risk in Communities Study; ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study; Canada-
BC, Canada Breast Cancer Study, CHNS, China Health and Nutrition Survey; CSPOC-BC, Cancer Surveillance Program of Orange County—Breast Cancer;
CVD, cardiovascular disease; FMC, Finnish Mobile Clinic Health Study; HPFS, Health Professionals Follow-Up Study; ITHD, Ischemic Heart Disease Study;
InCHIANTI, the InCHIANTI (Invecchiare in Chianti, aging in the Chianti area) study; Italian elderly, a cohort of old people recruited in Italy; IWHS, Iowa
Women’s Health Study; KIHD, Kuopio Ischemic Heart Disease Risk Factor Study; LIBCSP, Long Island Breast Cancer Study Project; MDC, Malmo Diet
and Cancer Cohort Study; MRFIT, Multiple Risk Factor Intervention Trial; NBSS, National Breast Screening Study; NHS, Nurses’ Health Study; Orebro-PC,
Orebro Prostate Cancer Study; VIP-Men, male participants from the Visterbotten Intervention Program.
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FIGURE 3 Dose-response meta-analysis for associations between dietary LA intake and mortality from all causes in all studies (A) and excluding 2 studies
in which participants had cancer at baseline (B), and between LA intake and mortality from CVD (C) and cancer (D), in prospective cohort studies. The pooled
RR trend by LA intake dosage (solid line) and its 95% ClIs (dashed lines) were obtained by a random-effects dose-response meta-analysis. Circles represent
RRs according to LA categories from each study, inversely proportional to the variance of log RRs. CVD, cardiovascular disease; LA, linoleic acid.

Combining findings from all tissue types, for each SD incre-
ment in LA concentrations, the pooled multivariable-adjusted
RRs in random-effects meta-analysis were 0.91 (95% CI: 0.87,
0.95; P = 64.1%) for all-cause mortality, 0.89 (95% CI: 0.85,
0.94; P = 28.9%) for CVD mortality, and 0.91 (95% CI: 0.84,
0.98; I> = 26.3%) for cancer mortality (Figure 4; Supplemental
Figure 2). The pooled estimates varied by tissue types, but, in
general, suggested an inverse association between LA biomarkers
and mortality outcomes (Figure 4; Supplemental Table 3).
Univariate meta-regressions suggested that the heterogeneity
was not explained by the use of different tissue types, baseline
health conditions, NOS scores, study design, or follow-up length.
However, there was evidence of heterogeneity between studies
of total mortality according to geographic location (P = 0.02)
and sex (P = 0.008) and between studies of CVD mortality

according to the average age at baseline (P = 0.02). Consistent
with studies of dietary intake, the inverse associations between
LA biomarkers and mortality outcomes were stronger in studies
with a younger baseline age, a higher proportion of men, or a
longer follow-up length (Supplemental Table 3; Supplemental
Figure 3).

Assessment of publication bias

Funnel plots and the Egger’s tests suggested no evidence
for publication bias for prospective cohort studies examining
associations between LA intake (dietary studies, P > 0.16;
biomarker studies, P > 0.49) and mortality from all causes, CVD,
and cancer (Supplemental Figure 4).
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Linoleic acids and mortality 15

Mortality Outcome

[Tissue types Studies Participants Events

RR (95% Cl) Heterogeneity

All-cause mortality

Adipose Tissue 1 853 605
Phospholipids 4 4,276 2,390
Cholesteryl esters 3 6,078 1,503
Erythrocytes 4 13,404 3,311
Total Serum or Plasma 3 4,813 1,712
Whole blood 1 956 237
All Tissue types combined 16 30,380 9,758
CVD mortality
Adipose Tissue 2 5,244 559
Phospholipids 6 23,854 2,724
Cholesteryl esters 5 7,115 827
Erythrocytes 3 12,260 1,289
Total Serum or Plasma 4 8,348 1,093
All Tissue types combined 20 56,821 6,492
Cancer mortality
Phospholipids 2 3,115 519
Cholesteryl esters 3 5,590 383
Erythrocytes 2 9,001 608
Total Serum or Plasma 1 2,480 317
All Tissue types combined 71 19,863 1,719

0.90 (0.82, 0.98) i -

0.93 (0.84, 1.04) - 1?=40.6%; P=0.15
0.84 (0.75, 0.95) il 12=60.2%; P=0.06
0.96 (0.92, 1.00) - 1%=22.7%; P=0.28
0.86 (0.76, 0.97) i 1%=42.4%; P=0.18
1.28 (0.79, 2.07) — . -

0.91 (0.87, 0.95) - 1?=64.1%, P<0.001
0.83 (0.67, 1.04) —8— 12 =65.6%; P=0.09
0.94 (0.87, 1.01) HiH 12 =0%; P=0.72
0.86 (0.80, 0.94) HE 12 =0%; P=0.41
0.94 (0.89, 1.00) HiH 12 =0%; P=0.87
0.78 (0.67, 0.91) — 1%=34.5%; P=0.21
0.89 (0.85, 0.94) - 12 =28.9%, P=0.11
0.96 (0.85, 1.08) b 12 =0%; P=0.44
0.82(0.60,1.13) +——m—f— 12=70.7%; P=0.03
0.94 (0.84, 1.05) — 12 =0%; P=0.97
0.90 (0.78, 1.03) b -
0.91(0.84,0.98) . | | 1%=26.3%, P=0.23

05 08 1.0 13 15
RR (95% CI)

FIGURE 4 Meta-analysis of the association between LA biomarkers and mortality from all causes, CVD, and cancer. Squares represent pooled RRs from
random-effects inverse-variance—weighted meta-analyses, and horizontal lines represent 95% Cls. We present summary RRs and 95% Cls for each tissue and
all tissue combined. ' The total study number is not the sum of study numbers for each of the tissues. This is because the MRFIT study (59) provided data on
LA in phospholipid and cholesteryl ester for the same population; we used both data in the meta-analysis by tissue types but chose to use LA in phospholipid
in the overall meta-analysis. Detailed forest plots presenting association estimates from each study and meta-analyses are provided in Supplemental Figure 2.
CVD, cardiovascular disease; LA, linoleic acid; MRFIT, Multiple Risk Factor Intervention Trial.

Discussion

In this systematic review and meta-analysis of prospective
cohort studies, we found that higher LA intake, assessed by either
dietary surveys or biomarkers, was associated with a modestly
lower risk of mortality from all causes, CVD, and cancer. These
findings support potential long-term health benefits of LA in
the prevention of premature death and are in line with current
recommendations on PUFA consumption for CVD prevention.

Previous prospective cohort studies examining the health
effects of n—-6 PUFAs mostly focused on CVD endpoints. Meta-
analysis and pooling studies suggest that higher intakes of PUFAs
or LA, in replacement of SFAs or carbohydrates, are associated
with lower CAD incidence (4, 60); higher concentrations of
LA biomarkers have also been associated with a lower risk
of type 2 diabetes, CVD, and CVD mortality (6, 7). A null
association between LA and CAD risk was reported in a meta-
analysis examining dietary intake and biomarkers of various
types of fats (8); however, this study was debated due to

methodological problems and misleading interpretations (61),
such as the omission of a pooling study and potentially erroneous
data input (35, 60, 61).

Our study is the first meta-analysis examining the associations
between LA intake and mortality risk. We found that higher LA
intake, assessed by dietary surveys or biomarkers, is associated
with a modestly lower risk of mortality from all causes, CVD,
and cancer. Our work is in line with evidence on CVD, but
considerably expands prior meta-analysis and pooling studies
by emphasizing long-term mortality risk, combining dietary and
biomarker data, and including the most recent publications (data
on >60% of the cohorts were published in the last 5 y).

With respect to RCTs, although several meta-analyses came
to divergent conclusions (5, 9, 35, 62), recent well-performed
meta-analyses suggested that substituting n—6 PUFAs for SFAs or
monounsaturated fat modestly reduced CAD risk (5, 62). How-
ever, there was little effect of LA intake on mortality (5). Several
reasons may explain the lack of strong experimental evidence
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on LA intake and mortality. First, most RCTs on n—6 PUFAs
and hard clinical endpoints were conducted decades ago, with
limited sample sizes and intervention periods, in participants with
chronic diseases. These studies are, therefore, not sufficiently
powered to examine the effect on mortality or generalizable
to contemporary settings and the general population. Second,
some RCTs, especially those showing adverse effects of LA
on CAD risk, need to be interpreted with caution (9). For
example, the Sydney Diet Heart Study had a limited sample size
(intervention group, n = 221) and follow-up length (39 mo), and
the intervention was potentially confounded by trans fat (11).
The Minnesota Coronary Survey had a high drop-out rate, short
follow-up, intermittent intervention, and potential confounding
by trans fat (9, 11). A meta-analysis excluding these 2 RCTs
yielded a protective effect of n—-6 PUFAs on CAD risk (11).
Considering the practical challenges of conducting large RCTs
on mortality endpoints, prospective cohort studies are still of high
importance to examine long-term mortality risk in the general
population.

Self-reported dietary intakes and nutrient biomarkers each
have strengths and limitations. On the one hand, self-reported
dietary intakes are subject to reporting errors and errors in
the nutrient composition database. In our stratified analyses,
studies that assessed diet repeatedly showed a more robust
inverse association with total/CVD mortality, probably because
repeated measurements can reduce random errors and are more
representative of long-term diet. In addition, dietary LA comes
from different food sources, including vegetable oils, nuts,
seeds, and plant-based spreads (63). Prior studies (64) revealed
that the same fat from different food sources showed different
associations with mortality, which may be, in part, due to
differences in other nutrients in the foods. Therefore, differences
in the food sources of LA and in dietary patterns across different
populations may contribute to the cross-population heterogeneity.
On the other hand, LA concentrations in biological tissues have
been shown to be reliable biomarkers (7, 65-67). However, LA
measured in different types of tissues reflects intakes across
different time windows (e.g., serum LA, short-term; phospholipid
LA, 1-3 y; adipose tissue LA, long-term for years) (65, 67).
In addition, tissue LA concentrations can be influenced by
metabolism and variations in sample storage and laboratory
assays (67), which may introduce between-study heterogeneity.
In our meta-analysis, the consistent findings from dietary and
biomarker studies are reassuring.

Our analysis suggested a potential nonlinear dose-response
relation between dietary LA and total mortality, and between
LA and cancer mortality, but no clear threshold effect was
observed. Because heterogeneity among studies of CVD and
cancer mortality is low, the moderate heterogeneity among
studies of total mortality may be partially due to differences in the
causes of mortality in different populations. Moreover, previous
studies suggested that the conversion rate of LA to arachidonic
acid (AA; 20:4n—06) is lower in men than in women (68), which
may partially explain the stronger inverse association in men. The
association between LA and mortality was stronger in younger
populations, possibly due to the chronological decline in tissue
LA concentrations (69). It is worth noting that, although we
observed an inverse association between LA and cancer mortality,
the association between LA and total mortality among cancer
patients was nonsignificantly positive. More studies are required

to elucidate the effects of LA on mortality in patients with chronic
diseases.

Although the current US guidelines recommend >5-10% of
energy from LA, other recommendations suggested limiting LA
intake to <4% of energy (70, 71). One concern over the health
benefit of LA is the lack of strong RCT evidence as discussed
above. Another concern over the potentially deleterious effects of
LA is the putative risk related to the conversion of LA to AA (a
precursor for proinflammatory eicosanoids) and the competition
between LA and n—3 PUFAs for the same metabolizing enzymes
(16). However, conversion of LA to AA is suggested to be
limited in humans (13). RCTs indicate that dietary LA and AA
had no appreciable effects on inflammation, immune activation,
and platelet function (14, 72, 73). Large prospective cohort
studies also do not support an adverse association between AA
biomarkers and risk of CVD and CVD mortality (7). On the
contrary, RCTs and observational studies support that higher LA
intakes reduce LDL cholesterol, increase insulin sensitivity, and
are associated with lower concentrations of C-reactive protein,
IL-6, and IL-18 (16).

Strengths of our study include the large number of participants
in original studies and the examination of dose-response
relations. The assessments of both dietary intakes and biomarkers
of LA complemented each other, providing consistent findings.
We included only prospective cohort studies, minimizing the
influence of reverse causation and selection bias that is often
present in cross-sectional or case-control studies.

Some limitations are worth noting. First, we observed a
large variation in the study design, exposure assessment, study
populations, and covariate adjustment across studies. Although
we identified a few potential sources of heterogeneity, we
were unable to identify other sources due to limited numbers
of studies. Second, our analyses were based on observa-
tional studies and residual confounding cannot be completely
ruled out. Finally, only 9 dietary studies prespecified the
comparison macronutrients. However, because most studies
were conducted in Western countries and the default com-
parison in a typical Western diet is largely refined carbohy-
drates and SFAs, our combined results are still comparable
to previous studies substituting PUFAs for carbohydrates or
SFAs.

In conclusion, in prospective cohort studies, higher LA
intake, assessed by either dietary surveys or biomarkers, was
significantly associated with a modestly lower risk of mortality
from all causes, CVD, and cancer. These data support the current
recommendations of replacing foods high in saturated fats or
carbohydrates with foods rich in PUFAs for the prevention of
CVD, and the potential long-term health benefits of LA intake
in the prevention of premature death.
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