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SFA intakes have decreased in recent years, both in Ireland and across other European
countries; however a large proportion of the population are still not meeting the SFA rec-
ommendation of <10 % of total energy (TE). High SFA intakes have been associated
with increased CVD and type-2 diabetes (T2D) risk, due to alterations in cholesterol hom-
oeostasis and adipose tissue inflammation. PUFA, in particular EPA and DHA, have been
associated with health benefits, including anti-inflammatory effects. It is well established that
dietary fat composition plays an important role in biological processes. A recent review of
evidence suggests that replacement of SFA with PUFA has potential to reduce risk of CVD
and T2D. The public health and molecular impact of EPA and DHA have been well-
characterised, while less is known of effects of α-linolenic acid (ALA). The current dietary
guideline for ALA is 0·5 % TE; however evidence from supplementation trials suggests
that benefit is observed at levels greater than 2 g/d (0·6–1 % TE). This review highlights
the gap in the evidence base relating to effects of the replacement of SFA with ALA, iden-
tifying the need for randomised controlled trials to determine the optimal dose of ALA sub-
stitution to define the efficacy of dietary fat modification with ALA.

Dietary fat intakes: SFA: PUFA: α-Linolenic acid: Public health strategy

The UK Scientific Advisory Committee on Nutrition
(SACN) recently released their draft report on the impact
of SFA on health. This important qualitative review
included forty-six studies of randomised controlled trials
(RCT) and prospective cohort studies. In brief, the work-
ing group identified adequate evidence from RCT to sup-
port both a reduction of SFA intakes and replacement of
SFA with PUFA, to reduce CVD event risk and improve
glycaemic control(1). This is in consensus with the WHO
and the 2015–2020 Dietary Guidelines for Americans
which recommended replacement of SFA with unsatur-
ated fatty acids(2,3). The timing of this report is pertinent,
due to mixed public health messages following a number

of controversial studies that contradicted the role of SFA
in disease(4,5).

Furthermore, the current obesity epidemic is a global
issue. The prevalence of obesity has risen in recent
years, and the WHO estimate that 39 % of adults are
overweight, of which 13 % are obese(6). These figures
are estimated to rise substantially by 2030(7). CVD and
type-2 diabetes (T2D) are two common obesity related
comorbidities. CVD is the leading cause of global mor-
tality and is responsible for 17·3 million deaths annually,
a rate that is expected to increase to 23·6 million by
2030(8). Similarly, T2D incidence has increased dramatic-
ally, it is estimated that 415 million individuals are

*Corresponding author: Helen Roche, helen.roche@ucd.ie

Abbreviations: ALA, α-linolenic acid; HFD, high-fat diet; HOMA-IR, homoeostatic model assessment-insulin resistance; HR, hazard ratio; LA, lino-
leic acid; LC, long chain; RCT, randomised controlled trials; RR, relative risk; SACN, UK Scientific Advisory Committee on Nutrition; TLR4, Toll-
like receptor 4; TC, total cholesterol; TE, total energy; T2D, type-2 diabetes.

Proceedings of the Nutrition Society (2019), 78, 234–245 doi:10.1017/S0029665118002793
© The Authors 2019 First published online 11 January 2019

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665118002793 Published online by Cambridge University Press

mailto:helen.roche@ucd.ie
https://doi.org/10.1017/S0029665118002793


currently living with diabetes, in comparison with 30 mil-
lion in 1964, and an estimated 642 million by 2040(9).
Thus, obesity is associated with a significant economic
burden, with global costs estimated to exceed 2 trillion
US dollars annually(10). Thus, effective public health
strategies are required to reduce disease risk, therefore
replacement of SFA with PUFA is a promising initiative
to improve dietary quality without affecting habitual
dietary patterns.

SFA intakes have been associated with increased risk
of CVD, due to their LDL-cholesterol raising proper-
ties(11). SFA probably have also been associated with
adverse effects upon key biological processes including
insulin sensitivity, inflammation and lipid metabol-
ism(12). However, a large proportion of the population
are exceeding the WHO recommendation of ≤10 % of
total energy (TE) from SFA(13). One such strategy to
reduce SFA intakes is replacement with PUFA(1,2). The
evidence to date typically includes total PUFA, therefore
further research is required to decipher if there is a differ-
ence between the PUFA subtypes. The health benefits of
EPA and DHA are widely reported(14); however the
effects of α-linolenic acid (ALA) are not as well-
characterised. Therefore, the aim of this review is to dis-
cuss the public health and physiological impact of
replacing SFA with PUFA, with an emphasis on ALA.
We provide an overview of current dietary fat intakes,
the evidence from RCT and cohort studies relating to
replacement of SFA with PUFA and the associated
mechanism of action.

Dietary fatty acids

Nomenclature and health impacts

Fat consists of fatty acids and glycerol or other lipids on
a carbon skeleton, connected by either single or double
bonds. SFA contain solely single bonds, with chain
lengths ranging from one to thirty carbon atoms. These
SFA can be further characterised into short-chain (<6 :
0), medium-chain (6 : 0–12 : 0) and long-chain (LC)
(12 : 0–30 : 0)(15). Dietary guidelines typically recommend
reducing SFA intakes. However, not all SFA exhibit the
same biological effects due to their divergent impact on
serum lipids, with lauric (12 : 0), myristic (14 : 0) and pal-
mitic (16 : 0) acids typically associated with adverse
effects. A RCT by Dreon et al. identified an association
between high SFA intake (46 % TE) and increased con-
centrations of LDL-cholesterol, which is a known risk
factor for CVD. More specifically, myristic acid (14 : 0)
and palmitic acid (16 : 0) intakes correlated with
increased LDL particle size, with no significant associ-
ation observed with stearic acid (18 : 0) and LDL(16).
Cohort studies have reported similar observations. A
meta-analysis of RCT and prospective cohort studies
by Micha et al. suggested that lauric acid (12 : 0), myristic
acid (14 : 0) and palmitic acid (16 : 0) were associated
with adverse effects on total cholesterol (TC) and
LDL-cholesterol concentrations, with no observed
impact of stearic acid. In addition, the TC:HDL ratio
was decreased significantly by lauric acid (12 : 0), but

not by myristic (14 : 0) and palmitic acid (16 : 0)(17).
This is in agreement with previous findings from the
Nurses’ Health Study that identified increased risk of
CHD with LC SFA (12 : 0–18 : 0) but not with the
shorter-chain SFA (4 : 0–10 : 0)(18). It is difficult to fully
elucidate the impact of individual fatty acids on disease
risk, as we don’t consume individual fatty acids but rather
we consume foods that contain a variety of different SFA
in combination. Moreover, the majority of studies have
examined SFA as a collective group rather than investigat-
ing the effects of individual fatty acids. However, based on
the existing evidence, instead of classifying SFA as an
entire entity, reformulation strategies, in line with the
recent SACN and WHO guidelines(1,2), should consider
replacement of individual fatty acids, in particular myristic
(14 : 0) and palmitic acid (16 : 0), with PUFA.

PUFAare intricate fatty acids containing aminimumof
two double bonds with the configuration of the fatty acid
contributing to its role in metabolic processes. PUFA are
further characterised as an n-3 or n-6 PUFA by the loca-
tion of first double bond, which is either on the third or
sixth carbon atom, respectively(15). As with SFA, PUFA
can be further characterised based on their carbon chain
length, wherein PUFA with greater than twenty carbon
atoms are referred to as LCPUFA.There is conflicting evi-
dence relating to the inflammatory status of n-6 PUFA(19),
nevertheless evidence suggests that intakes of linoleic acid
(LA) are associated with reduced adiposity(20), CHD(21)

and mortality(22) and improved glycaemic control(23).
The anti-inflammatory effects of the LC n-3 PUFA, EPA
and DHA are well recognised(14,24,25). In brief, mechan-
isms include attenuation of the pro-inflammatory NF-κB
pathway, activation of pro-inflammatory PPARγ and pro-
duction of the anti-inflammatory mediators, resolvins,
protectins and eicosanoids. However, the impact of the
n-3 PUFA, ALA is not as well recognised and will be
detailed in the current review.

Sources of dietary fatty acids

When evaluating the impact of SFA on markers of
health, it is important to consider fat quality as not all
dietary SFA exert the same effects. Primary dietary
sources of SFA include dairy, meat and vegetable
oils(26). Data from eleven European countries have iden-
tified that 17–30 % of dietary SFA intake comes from
dairy products and 15–30 % from meat products(27).
This is similar to reported intakes in the USA, wherein
dairy contributes to 13 % and meat to 15 % of SFA
intakes(28). Palmitic acid (16 : 0) is the most abundant
dietary SFA as it is derived from animal lipids and
plant seed oils. Stearic acid (18 : 0) is the next most
abundant and is found in animal and vegetable lipids,
while dairy fats typically comprise the odd-chain SFA,
including pentadecanoic acid (15 : 0) and heptadecanoic
acid (17 : 0)(26). Data from the US Health Professionals
Follow-Up Study and the Nurses’ Health Study (n 222 234)
reported that dairy fat intake was not significantly asso-
ciated with risk of stroke (relative risk (RR) 0·99; 95%
CI 0·93, 1·05), CHD (RR: 1·03; 95% CI 0·98, 1·09) or
CVD (RR: 1·02; 95% CI 0·98, 10·5) in males
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and females(29). Furthermore, evidence from the
Multi-Ethnic Study of Atherosclerosis prospective cohort
study reported that SFA of dairy origin are cardio-
protective (hazard ratio (HR): 0·79; 95 % CI 0·68, 0·92)
compared with meat-derived SFA (i.e. palmitic acid
(16 : 0) and stearic acid (18 : 0)) which were associated
with increased CVD risk (HR: 1·26; 95 % CI 1·02, 1·54;
P < 0·05)(26). A similar effect was observed in the EPIC
cohort, whereby high dairy derived SFA intakes were
associated with reduced risk of IHD, however no adverse
association between meat-derived SFA was observed in
this Dutch cohort(30). This was previously reported by
Sjogren et al. who identified that milk-derived fatty acids
were favourably associated with reduced LDL particles,
and consequently CHD risk(31). The food matrix in which
the lipids are contained has been shown to have a central
role in their health effects. For example, dairy fat within a
cheesematrix was associated with significant improvements
in total and LDL-cholesterol (P< 0·05) in overweight
adults, compared with alternate dairy matrices, including
butter(32). This is in agreement with previous evidence
wherein butter increased total and LDL-cholesterol(33).
The differences in SFA composition may partly explain
this association as cheese contains lower levels of lauric
acid (12 : 0) andhigher levels of palmitic acid (16 : 0) and ste-
aric acid (18 : 0) than butter(34). Lauric acid (12 : 0) has been
associated with increased LDL-cholesterol, therefore the
reduced levels in cheese may be beneficial for health(35).
However, further research is required as cheese also contains
higher levels of protein and calcium, which may be contrib-
uting to the positive effects on lipid profiles(32). The primary
dietary sources of the LC n-3 PUFA, EPA and DHA are
oily fish, additionally they can be synthesised endogenously
from ALA(36). ALA, however, is an essential fatty acid,
wherein it cannot be synthesised endogenously and needs
to be obtained from dietary sources. Sources of ALA
include green leafy vegetables, certain nuts e.g. walnuts,
flaxseed, rapeseed and the respective oil counterparts(37).

Typical fatty acid intakes

The SACN(1) and the WHO(2) recommend that SFA
intakes are 10 % less of TE intake, while the European
Food Safety Authority recommends that SFA intakes
should be as low as possible(38). Nevertheless, population
intakes typically exceed these recommendations. Mean
SFA intakes are between 8·9 and 15·5 % in Europe(27),
11 % in the USA(39), and 13·3 % in Ireland(40) and 12·7 %
in the UK(41). It is estimated that reduction of SFA
intakes to 10 % TE, by replacing 3 % with PUFA
would infer a 10 % reduction in CVD risk(42). The
WHO recommends that total PUFA intakes are greater
than 6 % TE(13). In a global review of dietary intakes,
twenty out of the forty studies included met the afore-
mentioned PUFA recommendation, with intakes ranging
from 2·8 to 11·3 %(43), with over half of EU countries
adhering to the >6 % TE recommendation(27). Many
studies report PUFA intakes cumulatively, however the
FAO/WHO and European Food Safety Authority rec-
ommend that intakes of ALA are >0·5 % TE(13,38).
Alas, population ALA intakes are not always reported,

however, data from the latest Irish food survey suggest
100 % adherence to the ALA recommendation, at the
population level, with a mean daily intake of 0·65 % TE
(1·4 g)(40), which is similar to other EU counties for
which an intake of 0·4–0·8 % TE (0·7–2·3 g) is reported(38)

and the USA (1·5 g)(44). Of note, a recent review of the evi-
dence relating to ALA and CVD risk suggests that this
recommendation should be reviewed as evidence suggests
that intakes of greater than 2 g/d (0·6–1·1 % TE) would be
more beneficial for reducing CVD risk(45), in agreement
with a previous recommendation(46).

Health impact of dietary fatty acids

SFA have been associated with increased risk of heart
disease since the seven countries study by Ancel Keys
in 1958 up to the current draft SACN report on saturated
fats and health, which identified improved total and
LDL-cholesterol, and reduced CHD risk following
reduction in SFA intakes(1). Due to the complex nature
of the hypothesis and the complexity of dietary intakes
it is difficult to extend the direct impact of SFA intakes
on CVD risk.

The robust SACN report included a Cochrane review
of fifteen RCT, which included long-term trials (min-
imum of 24 months). This analysis demonstrated that a
reduction in SFA intake was associated with a 17 %
reduced risk of CVD events (RR: 0·83; 95% CI 0·72,
0·96), following sensitivity analyses(47). This review also
identified a 27 % reduction in CVD risk (RR: 0·73;
95% CI 0·58, 0·92) following substitution of 10 % SFA
with PUFA(47). This is in agreement with previous
meta-analyses. For example, a meta-analysis including
eight RCT (n 13 614) demonstrated that a 5 % replace-
ment of SFA with PUFA resulted in a 10 % decrease
in CHD risk (RR: 0·90; 95% CI 0·83, 0·97)(48).
Similarly, Mensink et al. identified a reduction in TC
and HDL-cholesterol, and an improvement in the TC:
HDL-cholesterol ratio with the substitution of 1 %
SFA with PUFA(35). Thus, even slight replacement of
SFA is capable of exerting health benefits. Recent evi-
dence from a large prospective cohort study of men
and women (n 126 233) from the Health Professionals
Follow-up Study and the Nurses’ Health study reported
an 8 % increased risk (95 % CI 1·03, 1·14, P < 0·001) of
total mortality with the highest SFA consumption
(17·9 % TE) after a follow-up period of approximately
30 years(49). However, the SACN report concludes that
the length of follow-up in studies was not sufficient to
derive a relationship between a reduction in SFA or the
replacement of SFA with PUFA on overall mortality(1).

It is well established that SFA exert their adverse effects
on CVD risk by increasing serum LDL-cholesterol, which
directly correlates to increased CVD risk(11). Despite this,
a number of meta-analyses of observational studies have
recently challenged this concept by reporting that dietary
SFA was not associated with increased risk of CVD or
total mortality(4,50). Chowdhury and colleagues con-
cluded that their findings did not support altering the
public health guidelines to reduce SFA and increase
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PUFA for CVD prevention. Similarly, De Souza et al.
concluded that SFA are not associated with increased
risk of mortality, heart disease or diabetes. However,
the results of these studies need to be interpreted with cau-
tion due to study limitations. First, it is important to note
that cause and effect of disease cannot be derived from
observational studies. Moreover, these studies presented
study selection bias, heterogeneity and residual confound-
ing which are factors that may have influenced CVD risk,
while carbon chain length and replacement SFA macro-
nutrient also varied between studies(51).

Whilst recent results from the controversial PURE
study, an observational study encompassing eighteen
countries, reported that total fat and SFA were inversely
associated with reduced total mortality risk(5). It is
important to note that there are a number of study lim-
itations that also must be acknowledged, including the
undefined carbohydrate sources, as similar to fat, differ-
ent carbohydrates have been associated with divergent
health effects(52). Furthermore, a number of countries
were of low socio-economic status, hence the unusually
high carbohydrate (>60 %) intakes, furthermore, the
main source of SFA was meat and dairy, which may
have been corrected for micronutrients deficiencies in
countries with poor dietary quality. Conversely, findings
from the same cohort also identified an association
between intakes of SFA and increased total and
LDL-cholesterol(53). Nonetheless, it is important to
consider the macronutrient of replacement for SFA, as
PUFA, and to a lesser extent MUFA, have been

associated with beneficial effects, while there is
inconsistent evidence relating to carbohydrate
substitution(1).

Replacement of SFA with PUFA

The replacement of SFA with an alternate macronutrient
to reduce risk of disease has been a controversial topic
in recent years. Prospective cohort studies and RCT
have presented inconsistent results, which can be partly
explained by differing populations, intervention dura-
tions, doses and the nominated replacement macronutri-
ent. One of the most important confounding factors is
body weight, wherein reducing SFA may occur in con-
junction with weight loss, and concomitant weight
changes would also affect physiological outcomes(54).
Nevertheless the SACN concluded that there was
adequate evidence from RCT to suggest that replacement
of SFA with PUFA reduces total and LDL-
cholesterol, decreases CHD and CVD event risk and
improves glycaemic control. They also identified a benefi-
cial effect of MUFA replacement on blood lipids and
T2D risk(1) (Fig. 1).

Perspectives from cohort studies

A limitation of cohort studies that have investigated the
replacement of SFA with PUFA is that they typically
do not differentiate between n-3 and n-6 PUFA.
Nevertheless, the SACN committee concluded that
there was adequate evidence from prospective cohort

Fig. 1. (Colour online) Replacement of SFA with PUFA reduces the risk of CVD events, improves
the blood lipoprotein profile to reduce LDL-cholesterol and increases glycaemic control. This figure
was prepared using the SMART Servier Medical Art website (https://smart.servier.com).
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studies to support a reduced risk of CHD events and
mortality with replacement of SFA with PUFA but
insufficient evidence to derive an association with
improved blood lipids(1).

A modelling approach using data from the US Nurses’
Health Study (n 73 147) and the Health Professionals
Follow-up Study (n 426 354) suggested that isoenergetic
replacement of 1 % SFA with PUFA could reduce
CHD risk by 8 % (HR: 0·92; 95% CI 0·89, 0·96)(55).
This complements previous results from Li et al. that
identified a 25 % reduction in CHD risk (HR: 0·75;
95% CI 0·67, 0·84) when 5 % of dietary SFA was
replaced with PUFA after a minimum of 24 years of
follow-up in this US cohort(56). Similarly, Chen et al.
also modelled the impact of replacing dairy fat with
PUFA, and reported that 5 % substitution would reduce
CVD risk by 24 % (RR: 0·76; 95% CI 0·71, 0·81)(29).
Furthermore, outcomes from the PREDIMED study
showed that isoenergetic replacement of SFA with
PUFA was associated with reduced CVD risk(57). In add-
ition to the cardio-protective impact, complementary
results from the US Nurses’ Health Study (n 83 349)
and the Health Professionals Follow-up Study (n 42 884)
found that replacing 5 % of SFA with PUFA resulted
in a 27 % reduced risk of total mortality (HR: 0·73;
95% CI 0·70, 0·77)(49). These studies are in agreement
with previous analyses using data from prospective
cohort studies that reported improvements in CVD risk
following substitution of SFA with PUFA(35,58–60).
Whilst evidence relating to the direct substitution of
SFA with ALA is limited, a continuous (1-SD increase)
analysis of nineteen cohort studies reported that plasma
ALA was associated with a 9 % reduced risk of fatal
CHD (RR: 0·91; 95% CI 0·84, 0·98)(61). Equivalently,
Chowdhury et al. reported decrease in CHD risk follow-
ing supplementation with ALA (<2 g/d) in a meta-
analysis of observational studies(50). In agreement with a
previous analysis which reported that dietary ALA intake
was associated with reduced CVD risk (RR: 0·90; 95% CI
0·81, 0·99), results from the pooled dietary analysis sug-
gesting that each 1 g increment of ALA was associated
with a 10 % reduced risk of CHD mortality(62). It has
been established that replacement of PUFA is a promising
future health strategy, however, as with SFA, the types of
PUFA should be also considered. The health benefits of
EPA and DHA are well recognised, however, evidence
from prospective studies suggest that ALA is also a plaus-
ible replacement for SFA. Substantial research, including
RCT, is required to elucidate the optimal dose of ALA
required to attain a health benefit.

Perspectives from randomised controlled trials

Prospective cohort studies provide a platform to derive
associations between dietary fat intakes and disease.
However, cohort studies are seriously challenged by virtue
of the inherent limitations of dietary assessment method-
ologies, wherein fatty acid, macronutrient and energy
intake is often significantly under-reported. Therefore
RCT are required in order to determine the causal effect
of replacing SFA with PUFA on health parameters. In

terms of insulin sensitivity, a recent systematic review
and meta-analysis of 102 RCT investigated the impact
of PUFA replacement on glucose-insulin homoeostasis
using findings. In agreement with the beneficial effects
on CVD risk, 5 % substitution with PUFA significantly
improved fasting glucose concentrations (−0·04 mmol/l),
fasting insulin (−1·6 pmol), haemoglobin A1c (−0·15
%), C-peptide (+0·03 nmol/l), homoeostatic model
assessment-insulin resistance (HOMA-IR; −4·1 %) and
insulin secretion capacity(63). Although many studies fail
to differentiate between the types of PUFA, a recent
review of the evidence suggests that replacement of SFA
with n-6 PUFA is a feasible public health initiative to
reduce CVD risk(64). In terms of the impact of substituting
SFA with n-3 PUFA, Ramsden et al. demonstrated a
21 % reduced risk of CVD mortality (RR: 0·79; 95% CI
0·63, 0·99) with a combination of n-3 and n-6 PUFA,
compared with a null effect following sole replacement
with n-6, suggesting that n-3 PUFA is eliciting a greater
cardio-protective effect(65). Similarly, a RCT (n 79
males) that replaced SFA with 4 % fish oil for 8 weeks
reported a decrease in plasma TAG and arterial blood
pressure(66). Hence, current evidence suggests that
replacement of SFA with n-3 PUFA may have more
potent beneficial effects than replacement with n-6 PUFA.

To the best of the authors’ knowledge, no studies have
investigated the impact of replacing SFA with ALA.
However, a number of RCT have investigated the impact
of ALA supplementation including the Alpha Omega
trial in participants who had experienced previous myo-
cardial infarction. They reported a 27 % reduction in
CVD events in women following daily supplementation
with 2 g ALA for 40 months, with a non-significant
9 % reduction in CVD incidence in the overall popula-
tion(67). This is similar to previous results from the
Lyon Heart Study which suggested that a diet rich in
ALA, obtained from consumption of margarine contain-
ing 5 % ALA, was an effective strategy for the secondary
prevention of CHD, wherein there was a significantly
lower rate of cardiac deaths in the intervention group
(n 3) compared with the control (n 17)(68). Evidence
from a RCT suggested that diet in which two-thirds of
the fat was derived from rapeseed oil (ALA) reduced
TC by 12 % and LDL-cholesterol by 16 %, a similar
magnitude to what was observed with the maize oil
(LA)(69). Taken together this suggests that replacement
of SFA with ALA would infer a cardio-protective effect.
Nonetheless, the earlier benefits were observed at intakes
significantly greater than the current dietary guidelines
(0·5 % TE)(38). Therefore, further RCT are required to
determine the optimal ALA dose and whether the benefi-
cial effects of ALA are more pronounced in women.
Moreover, increased ALA intakes may also improve
LC n-3 PUFA status, which would consequently infer
cardiovascular health benefits(70).

Whilst evidence suggests that replacement of SFA with
PUFA has the potential to reduce CVD and T2D risk in
a number of populations; the impact of inter-individual
variation should also be considered. It has been estab-
lished that individuals respond differently to dietary
interventions depending on their baseline dietary and
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metabolic health status, as well as other parameters
which may include genetic background and ethnicity.
An example of this was observed in the LIPGENE
study; a randomised dietary intervention trial intended
to determine the most effective dietary approach to
reduce dietary SFA in individuals with the metabolic
syndrome (n 417) encompassing eight European coun-
tries. The participants were randomly assigned to one
of four isoenergetic diets for 12 weeks: a high-fat,
SFA-rich, high-fat MUFA enriched, low-fat with high-
complex carbohydrate, or low-fat with high-complex
carbohydrate with 1·2 g/LC n-3 PUFA(71). In this study,
reducing SFA intakes in a weight-stable context in obese
individuals had no effect on insulin sensitivity, cholesterol,
blood pressure or inflammatory status(71). Of note,
replacement of SFAwith the low-fat, high-complex carbo-
hydrate LC n-3 PUFA diet did significantly improve
plasma TAG and NEFA concentrations in males(71).
Further analysis of this cohort stratified participants by
insulin sensitivity (HOMA-IR). Participants with the
greatest HOMA-IR, higher BMI and the most adverse
metabolic phenotype, responded better to dietary replace-
ment of SFA with MUFA and PUFA. In this adverse
phenotype group, fasting insulin and HOMA-IR were
significantly reduced, following the dietary replacement
of SFA within the dietary intervention(72). In contrast,
individuals with the lowest HOMA-IR status, increased
HOMA-IR in response to the SFA diet, wherein fasting
insulin and HOMA-IR concentrations were significantly
increased(72). Thus, incorporation of personalised nutri-
tion into future public health strategies may improve
population health by providing a tool to predict which
dietary interventions are most likely to improve health.
However, a recent review by Ordovas et al. on persona-
lised nutrition and health concluded that a large body of
the current evidence supporting personalised nutrition is
derived from observational studies, not RCT, therefore
substantial research and regulation will be required before
personalised nutrition can be implemented(73).

Insights into the mechanism of action of altering dietary
fat composition

This review seeks to present a synopsis of the biological
mechanism as to how fatty acid modification affects
health. A plethora of studies have investigated the in
vivo effects of PUFA; however, it is important to con-
sider the differences in doses of PUFA between studies,
as some studies apply total replacement whereas others
replace a proportion of the diet with PUFA, which is
more physiologically relevant, furthermore a variety of
different mouse models are used, all of which could
lead to discrepancies between studies. Furthermore,
while it is possible to achieve efficacy in animal studies,
this does not always translate to human subjects.

Mechanism of action of SFA beyond cholesterol
homoeostasis and CVD risk

The impact of SFA onmetabolic health have been recently
reviewed(12,74). In brief, SFA have been associated with

negatively altered insulin sensitivity, adipose tissue and
pancreatic β-cell inflammation, hepatic steatosis and mito-
chondrial dysfunction(12). A high-SFA diet negatively
impacts in vivo signalling pathways, including impaired
insulin signalling via downregulation of insulin receptor
substrate-1 mRNA expression, which contributes to the
progression of insulin resistance, and subsequently T2D.
This often occurs in tandem with modulation of adipose
tissue inflammation, wherein pro-inflammatory cytokine
production is increased. Thus, promoting a hypertrophic
adipose phenotype(75) with increased pro-inflammatory
M1 macrophage polarisation and the formation of crown-
like structures, whereby macrophages surround necrotic
adipocytes and secrete pro-inflammatory mediators(76).
However, the majority of this mechanistic evidence is
derived from cell culture and animal studies; therefore,
it is difficult to elucidate the biological impact of SFA
substitution in human subjects, as 100 % replacement is
not a feasible dietary fat modification.

The activation of the Toll-like receptor 4 (TLR4) path-
way and subsequently the NF-κB pathway has been one
of the fundamental pathways thought to be involved in
SFA-induced inflammation and insulin resistance(74,77).
Quite recently, this theory was challenged in a pertinent
and refined publication which provided novel evidence
that palmitate does not activate TLR4 but promotes
inflammation by reprogramming macrophage metabol-
ism(78). The authors of this study suggest that SFA are
not TLR4 agonists per se rather that TLR4-dependent
priming is required and that the palmitate provides the
‘second hit’ to induce inflammation, coupled with altera-
tions to macrophage metabolism and the lipidome(78).
This theory is in agreement with previous evidence dem-
onstrating that SFA does not induce a rapid activation of
c-Jun N-terminal and NF-κB compared with lipopoly-
saccharide(79,80) and neoseptin-3(81). Moreover, it is
within reason that circulating SFA which are in constant
flux could not solely activate such a potent inflammatory
response. It is important to note that this study only used
palmitic acid, which had been previously associated with
TLR4 activation, however, it is currently unknown if
other types of SFA also induce inflammation in a
TLR4-independent manner. Lancaster and colleagues
also provided evidence to support SFA-induced meta-
bolic endotoxaemia(82,83), wherein the gut microbiota is
altered and promotes lipopolysaccharide secretion,
which subsequently induces TLR4 activation, adipose
inflammation and pro-inflammatory adipose tissue
macrophage activation(78). This new evidence changes
the classical paradigm of SFA activation via the TLR4
pathway; therefore, further research is required to fully
elucidate the mechanism by which SFA contribute to
inflammatory effects.

Modulation of fatty acid composition: putative health
impacts of α-linolenic acid

As SFA mediate a number of adverse effects, substitution
with other fatty acids has been the focus of much
research. MUFA and PUFA have been associated with
beneficial effects, hence supporting the proposed
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replacement of SFA to modulate disease risk. The role of
MUFA in ameliorating adipose tissue inflammation has
been recently reviewed(12). Briefly, oleic acid has poten-
tial to modulate the NLRP3 inflammasome to reduce
IL-1β cytokine production and improve insulin sensitiv-
ity in vivo(75). Moreover, oleic acid(75) and palmitoleic
acid(84) activate an important metabolic hub
5′-AMP-activated protein kinase. This subsequently
impedes inflammatory signalling, improves glucose
metabolism, promotes mitochondrial biogenesis and
fatty acid oxidation(85). This review will focus on the in
vivo evidence relating to ALA and metabolic health.

Evidence from in vitro studies suggests that ALA
exerts beneficial effects through activation of PPARγ
and subsequent inhibition of the NF-κB pathway(86),
inactivation of the NLRP3 inflammasome(87) and
ameliorating the pro-inflammatory effects of M1 macro-
phages(88). Yu et al. recently illustrated attenuated high-
fat diet (HFD)-induced insulin resistance in C57BL/6J
mice by amelioration of metabolic activation of adipose
tissue macrophages(89). Mice were allocated to one of
five groups; low fat diet (10 % energy fat), HFD (60 %
energy fat) or HFD with 10, 20 or 30 % of fat replaced
by flaxseed oil for 16 weeks. All three flaxseed groups
demonstrated significant improvements in insulin
sensitivity and a stepwise improvement in HOMA-IR
was observed with increasing ALA replacement (P <
0·05)(89). Furthermore, adipose tissue inflammation was
attenuated following substitution with flaxseed oil, with

reduced secretion of TNFα, IL-6, IL-1β and monocyte
chemoattractant protein-1 and increased adiponectin in
adipose tissue(89). In agreement with these findings, a pre-
vious study reported improvements in insulin sensitivity
and attenuation of hepatic, adipose and skeletal muscle
inflammation following replacement of 10 % of energies
in a HFD with ALA, for 16 weeks, through induction
of G protein-coupled receptor-120(90). In addition, recent
evidence suggests an alternate mechanism of action
whereby ALA attenuates the NLRP3 inflammasome
through activation of the PPARγ pathway(87). Similar
beneficial effects on HFD-induced hepatic steatosis,
inflammation and lipid homoeostasis were observed
following substituting of 10 % of HFD with ALA for
12 weeks(91–94). Furthermore, ALA has been associated
with improvements in CVD risk factors. A recent study
showed that ALA supplementation increased peripheral
vasodilation in Zucker rats(95). These findings comple-
ment previous evidence demonstrating that a high ALA
diet (7·3 % w/w) reduced plaque area by 50 % in apolipo-
protein E−/− mice and significantly decreased plaque
T-cell accumulation, vascular cell adhesion protein-1
and TNFα(96). Therefore, there is consistent in vivo evi-
dence to suggest that partial replacement of SFA with
ALA improves insulin sensitivity, inflammation, hepatic
steatosis and CVD risk factors (Fig. 2). Nevertheless, the
dose of ALA administered in the aforementioned animal
studies is physiologically greater than typical intakes, as
a proportion of dietary fat composition. Thus, further

Fig. 2. (Colour online) A diet high in SFA has been associated with reduced insulin sensitivity and
increased adipose tissue inflammation, including a pro-inflammatory (M1) resident macrophage
population. Replacement of SFA with α-linolenic acid (ALA) ameliorates insulin sensitivity and
attenuates adipose tissue inflammation. This figure was prepared using the SMART Servier Medical
Art website (https://smart.servier.com).
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research is required to investigate the translation of these
findings to human subjects, and to whether efficacy can
be achieved using a physiologically relevant dose of ALA.

Furthermore, ALA is a precursor of the LC n-3
PUFA, whereby it is biosynthesised to EPA, and subse-
quently DHA by elongases and desaturases, with
delta-6 desaturase being the rate limiting enzyme(14).
Therefore, the beneficial effects of ALA have typically
been attributed to provision of a precursor for LC n-3
PUFA. However, in man this endogenous biosynthesis
is poor, with 8–12 % converted to EPA, a mere 1 % of
which is converted to DHA in males, with better rates
observed in females(36). Interestingly, a study identified
a protective effect of ALA against hepatic steatosis in
the delta-6 desaturase knockout mouse model, whereby
the ALA group presented lower hepatic lipid accumula-
tion and inflammation than the comparative lard
group, highlighting the ability of ALA to ameliorate
steatosis independent of EPA and DHA(97). However,
LA, an n-6 PUFA is converted to arachidonic acid by
the same elongase and desaturase enzymes as ALA,
therefore there is competition for the rate-limiting
delta-6 desaturase between the essential PUFA(14).
However, LA is much more abundant than ALA in the
Western diet, with an estimated ratio of 20 : 1, therefore
conversion of LA to arachidonic acid is more promin-
ent(98). Therefore, it is evident that dietary ALA intakes
need to be increased to modulate the LA:ALA ratio
and increase the availability for LC n-3 fatty acid synthe-
sis. Thus, modulation of fatty acid composition to reduce
SFA and increase ALA has the potential to increase diet-
ary ALA, and consequently ALA abundance for conver-
sion to EPA and DHA. These LC n-3 PUFA mediate a
range of potential anti-inflammatory mechanisms, we
will not elaborate on this here as this evidence has been
reviewed in detail(14,24,25).

Food reformulation as a public health initiative to
improve dietary quality

A substantial body of evidence supports replacement of
SFA with PUFA which would reduce population SFA
intakes and ultimately reduce disease risk. There are a
number of strategies that could be implemented to
achieve this. For example, the reformulation of dairy
products to reduce fat content has proved successful in
reducing population SFA intakes. A 6 % reduction in
contributions of whole milk and butter to SFA intakes
was observed over a 10-year period in younger Irish
adults, which is potentially attributable to adherence to
low-fat dairy product public health messages(40).
Consistent with this, data from the latest UK food con-
sumption survey reported a 9 % reduction in whole
milk consumption; however the overall percentage
contribution of milk and milk products to dietary fat
remained unchanged(41). Future evidence from prospect-
ive cohort studies will further elucidate the benefit of
low-fat dairy consumption. Interestingly, recent evidence
from the UK National Diet and Nutrition Survey
highlighted the efficacy of product reformulation in

reducing trans-fat intakes, wherein following product
reformulation, only 2·5 % of adults exceeded the WHO
recommendation of <1 % TE, compared with 57 % pre-
reformulation(99). Therefore, this highlights the potential
of improving the profile of commonly consumed foods in
reducing disease risk.

Red meat is one of the primary sources of dietary
SFA, along with providing many essential vitamins and
minerals. Red meat, in particular processed red meat,
has been associated with increased risk of CHD(100)

and diabetes(101). However, the associations were derived
from observational studies; therefore it is not plausible to
infer causality. No association was observed between a
high processed red meat dietary pattern and markers of
CVD and T2D risk, including cholesterol, in the latest
adult Irish food consumption survey(102). Nonetheless,
due to the ingredient profile of processed red meat, recent
modelling studies have demonstrated product reformula-
tion as a potential strategy to reduce SFA and sodium
intake and infer a health benefit(103,104).

Animal feeding practices to alter food composition

An additional reformulation strategy is modification of
the fatty acid composition of beef and dairy products
through ruminant grass-based feeding practices. This
results in a reduction of SFA and an increase in PUFA
concentrations, in particular ALA and conjugated lino-
leic acid(105). A limited number of studies have investi-
gated the health impact of consumption of grass-fed
red meat or dairy products. A RCT by McAfee et al.
identified a significant increase in plasma, platelet and
dietary intakes of LC n-3 PUFA after replacement of
habitual red meat consumption (<500 g/week) with
grass-fed beef or lamb for 4 weeks(106). The impact of
modifying the ruminant diet to improve milk fat was
recently reviewed and concluded that it was an effective
strategy to reduce population SFA intakes but that fur-
ther research is required to optimise the palatability for
consumers(107). In 2018, Benbrook and colleagues
applied a dietary modelling approach to investigate the
impact of grass-fed milk consumption on dietary fat
intakes. Consumption of grass-fed milk was estimated
to decrease LA intakes and the LA:ALA ratio, and
increase intakes of ALA, which consequently improves
LC n-3 PUFA precursor bioavailability(108). It is evident
that further research is required to fully elucidate the
impact of grass-fed meat/dairy consumption on markers
of health, and also to investigate if the fatty acid profile
of grass-fed beef could be further enhanced with flaxseed
or alternate ALA supplementation. However, the evi-
dence to date suggests that habitual consumption of
unprocessed red meat and dairy products following refor-
mulation with grass-based feeding practices has the
potential to improve dietary fat quality, within current
dietary red meat guidelines of <500 g per week(109).

Health v. food sustainability issues

Whilst grass-fed beef consumption provides a potential
strategy to reduce SFA and increase PUFA intakes with-
out altering habitual dietary consumption it is important
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to consider the sustainability of beef. Ruminant animals
currently produce one-third of the global protein, and
demand is set to increase based on the growing popula-
tion. A recent review by Layman et al. recommended
implementation of strategies to optimise land use and
minimise environmental impact for production of high
quality protein(110). Grass-fed beef had previously been
associated with a large environmental footprint due to
methane production and land use. However, a recent
report suggested that both grass-fed and concentrate-fed
beef elicit a similar environmental impact(111). Therefore,
consumption of lower quantities of high-quality beef pro-
tein, as part of a healthy diet, is a potential strategy to
meet global protein requirements and reduce the environ-
mental impact. Moreover, oily fish is the primary dietary
source of LC n-3 PUFA, however due to the depletion of
fish stocks and the estimated population growth, it is pre-
dicted that the fish stocks alone will not be adequate to
provide sufficient LC n-3 PUFA intakes(37). Hence, to sus-
tain intakes a complementary LC n-3 PUFA source will
be required. Alternate strategies include algal oil, GM
oil seeds and biosynthesis from plant-based ALA(112).

Conclusions

Whilst modification of foods to reduce SFA and replace
it with PUFA is an attainable public health strategy to
reduce SFA intakes and subsequently disease risk, there
are still gaps in the knowledge base as to the adequate
dose of PUFA replacement. Research needs to be com-
pleted and validated in a number of populations to estab-
lish if the replacement PUFA dose varies by age, sex and
habitual dietary intakes. Furthermore, the interplay from
confounding dietary and non-dietary factors needs to be
considered. The food industry and nutrition researchers
are faced with the challenge of implementing long-term
RCT, with controlled diet and lifestyle parameters, to
answer this pertinent research question in order to
improve overall dietary quality and optimise health out-
comes. Moreover, it is apparent that not all SFA and
PUFA exert the same effects, thus replacement strategies
need to consider fat quality, as well as consumer palat-
ability to ensure adherence to the public health initiative.
The global obesity epidemic is greater than fat quality
alone, therefore simultaneous, effective public health
strategies are required to achieve a healthy diet and life-
style, and collectively reduce disease risk.

Acknowledgements

Y. M. L. was funded by the Irish Department of
Agriculture, Food and the Marine ‘Healthy Beef’ pro-
gramme (grant number 13/F/514). B. A. M. was sup-
ported by the Irish Department of Agriculture, Food
and the Marine National Teen’s Food Consumption
Survey II (NTFS II; 17 F 231) and the National
Children’s Food Consumption Survey II (NCFS II; 15
F 673). H. M. R. was supported by Science Foundation
Ireland (SFI) principal investigator award (11/PI/1119);

Joint Programming Healthy Life for a Healthy Diet
(JPI HDHL) funded EU Food Biomarkers Alliance
‘FOODBALL’ (14/JP-HDHL/B3076); the Irish
Department of Agriculture, Food and the Marine,
‘Healthy Beef’ (13/F/514) and ‘ImmunoMet - dietary
manipulation of microbiota diversity for controlling
immune function’ (14/F/828) programmes.

Financial Support

The present work was supported by funding from the
Irish Department of Agriculture, Food and the Marine
under the National Development Plan (2007–2013)
(grant number 13/F/514). The Irish Department of
Agriculture, Food and the Marine had no role in the
design, analysis or writing of the present paper.

Conflict of Interest

None.

Authorship

Y. M. L. completed the review. B. A. M. and H. M. R.
advised in relation to content, and critically evaluated the
manuscript. All authors have read and approved the final
manuscript.

References

1. Scientific Advisory Committee on Nutrition (2018) Draft
report: Saturated fats and health. Public Health England
and UK Health Departments. Available at https://assets.
publishing.service.gov.uk/government/uploads/system/uploads/
attachment_data/file/704522/Draft_report_-_SACN_Saturated_
Fats_and_Health.pdf

2. World Health Organisation (2018) Draft report Saturated
fatty acid and trans-fatty acid intake for adults and children.
[Internet] Available at https://extranet.who.int/dataform/
upload/surveys/666752/files/DraftWHOSFA-TFAguidelines_
04052018PublicConsultation(1).pdf

3. U.S. Department of Health and Human Services and U.S.
Department of Agriculture (2015) Dietary Guidelines for
Americans, 2015–2020, 8th Ed. 18. Available at https://
health.gov/dietaryguidelines/2015/resources/2015-2020_Dietary_
Guidelines.pdf

4. de Souza RJ, Mente A, Maroleanu A et al. (2015) Intake of
saturated and trans unsaturated fatty acids and risk of all
cause mortality, cardiovascular disease, and type 2 dia-
betes: systematic review and meta-analysis of observational
studies. Br Med J 351, h3978.

5. Dehghan M, Mente A, Zhang X et al. (2017) Associations
of fats and carbohydrate intake with cardiovascular disease
and mortality in 18 countries from five continents (PURE):
a prospective cohort study. Lancet 390, 2050–2062.

6. World Health Organisation (2018) Obesity and Overweight.
Available at http://www.who.int/news-room/fact-sheets/
detail/obesity-and-overweight (accessed 5 June 2018).

Y. M. Lenighan et al.242

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665118002793 Published online by Cambridge University Press

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/704522/Draft_report_-_SACN_Saturated_Fats_and_Health.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/704522/Draft_report_-_SACN_Saturated_Fats_and_Health.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/704522/Draft_report_-_SACN_Saturated_Fats_and_Health.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/704522/Draft_report_-_SACN_Saturated_Fats_and_Health.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/704522/Draft_report_-_SACN_Saturated_Fats_and_Health.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/704522/Draft_report_-_SACN_Saturated_Fats_and_Health.pdf
https://extranet.who.int/dataform/upload/surveys/666752/files/DraftWHOSFA-TFAguidelines_04052018PublicConsultation(1).pdf
https://extranet.who.int/dataform/upload/surveys/666752/files/DraftWHOSFA-TFAguidelines_04052018PublicConsultation(1).pdf
https://extranet.who.int/dataform/upload/surveys/666752/files/DraftWHOSFA-TFAguidelines_04052018PublicConsultation(1).pdf
https://extranet.who.int/dataform/upload/surveys/666752/files/DraftWHOSFA-TFAguidelines_04052018PublicConsultation(1).pdf
https://extranet.who.int/dataform/upload/surveys/666752/files/DraftWHOSFA-TFAguidelines_04052018PublicConsultation(1).pdf
https://health.gov/dietaryguidelines/2015/resources/2015-2020_Dietary_Guidelines.pdf
https://health.gov/dietaryguidelines/2015/resources/2015-2020_Dietary_Guidelines.pdf
https://health.gov/dietaryguidelines/2015/resources/2015-2020_Dietary_Guidelines.pdf
https://health.gov/dietaryguidelines/2015/resources/2015-2020_Dietary_Guidelines.pdf
https://health.gov/dietaryguidelines/2015/resources/2015-2020_Dietary_Guidelines.pdf
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
http://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1017/S0029665118002793


7. Kelly T, Yang W, Chen CS et al. (2008) Global burden of
obesity in 2005 and projections to 2030. Int J Obes 32,
1431–1437.

8. World Health Organisation (2011) Cardiovascular Disease.
Available at http://www.wpro.who.int/mediacentre/factsheets/
cardiovascular_disease/en/ (accessed 9 August 2018).

9. Ogurtsova K, da Rocha Fernandes JD, Huang Y et al.
(2017) IDF diabetes atlas: global estimates for the preva-
lence of diabetes for 2015 and 2040. Diabetes Res Clin
Pract 128, 40–50.

10. Dobbs R, Sawers C, Thompson F et al. (2014) Overcoming
obesity : an initial economic analysis. McKinsey Glob Inst
120. Available at https://www.mckinsey.com/∼/media/
McKinsey/Business%20Functions/Economic%20Studies%
20TEMP/Our%20Insights/How%20the%20world%20could
%20better%20fight%20obesity/MGI_Overcoming_obesity_
Full_report.ashx

11. Griffin BA (2017) Serum low-density lipoprotein as a diet-
ary responsive biomarker of cardiovascular disease risk:
Consensus and confusion. Nutr Bull 42, 266–273.

12. Ralston JC, Lyons CL, Kennedy EB et al. (2017) Fatty
acids and NLRP3 inflammasome–mediated inflammation
in metabolic tissues. Annu Rev Nutr 37, 77–102.

13. Food and Agricultre Organization of the United Nations
(2010) Fats and fatty acids in human nutrition: reports
of an expert consultation. FAO Food and Nutrition
Paper 91. Rome. Available at http://www.who.int/nutrition/
publications/nutrientrequirements/fatsandfattyacids_human
nutrition/en/

14. Calder PC (2017) Omega-3 fatty acids and inflammatory
processes: from molecules to man. Biochem Soc Trans 45,
1105–1115.

15. Calder PC (2005) Polyunsaturated fatty acids and inflam-
mation. Biochem Soc Trans 33, 423–427.

16. Dreon DM, Fernstrom HA, Campos H et al. (1998)
Change in dietary saturated fat intake is correlated with
change in mass of large low-density-lipoprotein particles
in men. Am J Clin Nutr 67, 828–836.

17. Micha R &Mozaffarian D (2010) Saturated fat and cardio-
metabolic risk factors, coronary heart disease, stroke, and
diabetes: a fresh look at the evidence. Lipids 45, 893–905.

18. Hu FB, Stampfer MJ, Manson JE et al. (1999) Dietary
saturated fats and their food sources in relation to the
risk of coronary heart disease in women Am J Clin Nutr
70, 1001–1008.

19. Innes JK & Calder PC. (2018) Omega-6 fatty acids and
inflammation. Prostaglandins Leukot Essent Fat Acids
132, 41–48.

20. Li K, Brennan L, Bloomfield JF et al. (2018) Adiposity
associated plasma linoleic acid is related to demographic,
metabolic health and haplotypes of FADS1/2 genes in
Irish adults. Mol Nutr Food Res 62, 1–10.

21. Farvid MS (2015) Dietary linoleic acid and risk of coron-
ary heart disease: a systematic review and meta-analysis
of prospective cohort studies. Circulation 130, 1568–1578.

22. Wu JH, Lemaitre RN, King IB et al. (2014) Circulating
omega-6 polyunsaturated fatty acids and total and cause-
specific mortality: the cardiovascular health study.
Circulation 130, 1245–1253.

23. BeluryMA, Cole RM, Snoke DB et al. (2018) Linoleic acid,
glycemic control and type 2 diabetes. Prostaglandins,
Leukot Essent Fat Acids 132, 30–33.

24. Oliver E, McGillicuddy F, Phillips C et al. (2010) The role
of inflammation and macrophage accumulation in the
development of obesity-induced type 2 diabetes mellitus
and the possible therapeutic effects of long-chain n-3
PUFA. Proc Nutr Soc 69, 232–243.

25. Serhan CN & Levy BD (2018) Resolvins in inflammation:
Emergence of the pro-resolving superfamily of mediators.
J Clin Invest 128, 2657–2669.

26. De Oliveira Otto MC, Mozaffarian D, Kromhout D et al.
(2012) Dietary intake of saturated fat by food source and
incident cardiovascular disease: the Multi-Ethnic Study of
Atherosclerosis Am J Clin Nutr 7, 397–404.

27. Eilander A, Harika RK & Zock PL (2015) Intake and
sources of dietary fatty acids in Europe: Are current popu-
lation intakes of fats aligned with dietary recommenda-
tions? Eur J Lipid Sci Technol 117, 1370–1377.

28. United States Department of Agriculture (2015). Scientific
Report of the 2015 Dietary Guidelines Advisory
Committee: Advisory Report to the Secretary of Health
and Human Services and the Secretary of Agriculture.
571. Available from: http://health.gov/dietaryguidelines/
2015-scientific-report/PDFs/Scientific-Report-of-the-2015-
Dietary-Guidelines-Advisory-Committee.pdf

29. Chen M, Li Y, Sun Q et al. (2016) Dairy fat and risk of car-
diovascular disease in 3 cohorts of US adults. Am J Clin
Nutr 104, 1209–1217.

30. Praagman J, Beulens JWJ, Alssema M et al. (2016) The
association between dietary saturated fatty acids and ische-
mic heart disease depends on the type and source of fatty
acid in the European Prospective Investigation into
Cancer and. Am J Clin Nutr 103, 356–365.

31. Sjogren P, Rosell M, Skoglund-Andersson C et al. (2004)
Milk-derived fatty acids are associated with a more favor-
able LDL particle size distribution in healthy men. J
Nutr 134, 1729–1735.

32. Feeney EL, Barron R, Dible V et al. (2018) Dairy matrix
effects: response to consumption of dairy fat differs when
eaten within the cheese matrix – a randomized controlled
trial. Am J Clin Nutr Available at https://doi.org/10·1093/
ajcn/nqy146

33. Hjerpsted J, Leedo E, Tholstrup T et al. (2011) Cheese
intake in large amounts lowers LDL-cholesterol concentra-
tions compared with butter intake of equal fat content. Am
J Clin Nutr 94, 1479–1484.

34. de Goede J, Geleijnse JM, Ding EL et al. (2015) Effect of
cheese consumption on blood lipids: a systematic review
and meta-analysis of randomized controlled trials. Nutr
Rev 73, 259–275.

35. Mensink RP, Zock PL, Kester AD et al. (2003) Effects of
dietary fatty acids and carbohydrates on the ratio of serum
total to HDL cholesterol and on serum lipids and apolipo-
proteins: a meta-analysis of 60 controlled trials. Am J Clin
Nutr 77, 1146–1155.

36. Calder PC (2016) Docosahexaenoic acid. Ann Nutr Metab
69, 8–21.

37. Baker EJ, Miles EA, Burdge GC et al. (2016) Metabolism
and functional effects of plant-derived omega-3 fatty acids
in humans. Prog Lipid Res 64, 30–56.

38. NHANES (2010) What we eat in America. Available at:
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/
beltsville-human-nutrition-research-center/food-surveys-research-
group/docs/wweianhanes-overview/

39. Hugh PJ, Fulgoni III VL, Keast DR et al. (2013) Major
food sources of calories, added sugars, and saturated fat
and their contribution to essential nutrient intakes in the
US diet: data from the national health and nutrition exam-
ination survey (2003–2006). Nutr J 12, 116.

40. Li K, McNulty BA, Tiernery AM et al. (2016) Dietary fat
intakes in Irish adults in 2011: how much has changed in 10
years? Br J Nutr 115, 1798–1809.

41. Bates B, Lennox A, Prentice A et al. (2014) National diet
and nutrition survey: results from years 1–4 (combined) of

Dietary fat modulation and health 243

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665118002793 Published online by Cambridge University Press

http://www.wpro.who.int/mediacentre/factsheets/cardiovascular_disease/en/
http://www.wpro.who.int/mediacentre/factsheets/cardiovascular_disease/en/
http://www.wpro.who.int/mediacentre/factsheets/cardiovascular_disease/en/
9 August 2018
https://www.mckinsey.com/&sim;/media/McKinsey/Business%20Functions/Economic%20Studies%20TEMP/Our%20Insights/How%20the%20world%20could%20better%20fight%20obesity/MGI_Overcoming_obesity_Full_report.ashx
https://www.mckinsey.com/&sim;/media/McKinsey/Business%20Functions/Economic%20Studies%20TEMP/Our%20Insights/How%20the%20world%20could%20better%20fight%20obesity/MGI_Overcoming_obesity_Full_report.ashx
https://www.mckinsey.com/&sim;/media/McKinsey/Business%20Functions/Economic%20Studies%20TEMP/Our%20Insights/How%20the%20world%20could%20better%20fight%20obesity/MGI_Overcoming_obesity_Full_report.ashx
https://www.mckinsey.com/&sim;/media/McKinsey/Business%20Functions/Economic%20Studies%20TEMP/Our%20Insights/How%20the%20world%20could%20better%20fight%20obesity/MGI_Overcoming_obesity_Full_report.ashx
https://www.mckinsey.com/&sim;/media/McKinsey/Business%20Functions/Economic%20Studies%20TEMP/Our%20Insights/How%20the%20world%20could%20better%20fight%20obesity/MGI_Overcoming_obesity_Full_report.ashx
https://www.mckinsey.com/&sim;/media/McKinsey/Business%20Functions/Economic%20Studies%20TEMP/Our%20Insights/How%20the%20world%20could%20better%20fight%20obesity/MGI_Overcoming_obesity_Full_report.ashx
http://www.who.int/nutrition/publications/nutrientrequirements/fatsandfattyacids_humannutrition/en/
http://www.who.int/nutrition/publications/nutrientrequirements/fatsandfattyacids_humannutrition/en/
http://www.who.int/nutrition/publications/nutrientrequirements/fatsandfattyacids_humannutrition/en/
http://www.who.int/nutrition/publications/nutrientrequirements/fatsandfattyacids_humannutrition/en/
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
http://health.gov/dietaryguidelines/2015-scientific-report/PDFs/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf
https://doi.org/10&middot;1093/ajcn/nqy146
https://doi.org/10&middot;1093/ajcn/nqy146
https://doi.org/10&middot;1093/ajcn/nqy146
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://www.ars.usda.gov/northeast-area/beltsville-md-bhnrc/beltsville-human-nutrition-research-center/food-surveys-research-group/docs/wweianhanes-overview/
https://doi.org/10.1017/S0029665118002793


the rolling programme. Executive summary. Public Heal
Engl 4:1–24. Available at https://www.gov.uk/government/
uploads/system/uploads/attachment_data/file/310997/NDNS_
Y1_to_4_UK_report_Executive_summary.pdf

42. Minihane AM (2018) The big fat debate. Nutr Bull 43, 2–6.
43. Harika RK, Eilander A, Alssema M et al. (2013) Intake of

fatty acids in general populations worldwide does not meet
dietary recommendations to prevent coronary heart dis-
ease: a systematic review of data from 40 countries. Ann
Nutr Metab 63, 229–238.

44. PapanikolaouY, Brooks J, Reider C et al. (2014) U.S. adults
are not meeting recommended levels for fish and omega-3
fatty acid intake: Results of an analysis using observational
data from NHANES 2003–2008. Nutr J 13, 1–6.

45. Fleming JA & Kris-Etherton PM (2014) The evidence for
α-linolenic acid and cardiovascular disease benefits: com-
parisons with eicosapentaenoic acid and docosahexaenoic
acid. Adv Nutr 5, 863S–876S.

46. Mozaffarian D (2005) Does alpha-linolenic acid intake
reduce the risk of coronary heart disease? A review of the
evidence. Altern Ther Heal Med 11, 24–30.

47. Hooper L, Martin N, Abdelhamid A et al. (2015)
Reduction in saturated fat intake for cardiovascular disease
(review). Cochrane Database Syst Rev 6, 1–150.

48. Mozaffarian D, Micha R & Wallace S (2010) Effects on
coronary heart disease of increasing polyunsaturated fat
in place of saturated fat: a systematic review and
meta-analysis of randomized controlled trials. PLoS Med
7, e1000252.

49. Wang DD, Li Y, Chiuve SE et al. (2016) Association of
specific dietary fats with total and cause-specific mortality.
JAMA Intern Med 176, 1134–1145.

50. Chowdhury R, Warnakula S, Kunutsor S et al. (2014)
Association of dietary, circulating, and supplement fatty
acids with coronary risk: a systematic review and meta-
analysis. Ann Intern Med 160, 398–406.

51. Houston M (2018) The relationship of saturated fats and
coronary heart disease: fa(c)t or fiction? A commentary.
Ther Adv Cardiovasc Dis 12, 33–37.

52. Zong G, Gao A, Hu FB et al. (2016) Whole grain intake
and mortality from all causes, cardiovascular disease and
cancer: a meta-analysis of prospective cohort studies.
Circulation 133, 2370–2380.

53. Mente A, Dehghan M, Rangarajan S et al. (2017)
Association of dietary nutrients with blood lipids and blood
pressure in 18 countries: a cross-sectional analysis from the
PURE study. Lancet Diabetes Endocrinol 5, 774–787.

54. Lefevre M, Champagne C & Tulley R (2005) Individual
variability in cardiovascular disease risk factor responses
to low-fat and low-saturated-fat diets in men: body mass
index, adiposity, and insulin resistance. Am J Clin Nutr
82, 957–963.

55. Zong G, Li Y, Wanders AJ et al. (2016) Intake of individ-
ual saturated fatty acids and risk of coronary heart disease
in US men and women: two prospective longitudinal
cohort studies. Br Med J 355, i5796. Available at http://
www.bmj.com/lookup/doi/10·1136/bmj.i5796

56. Li Y, Hruby A, Bernstein AM et al. (2015) Saturated fats
compared with unsaturated fats and sources of carbohy-
drates in relation to risk of coronary heart disease a pro-
spective cohort study. J Am Coll Cardiol 66, 1538–1548.

57. Guasch-Ferré M, Babio N, Mart MA et al. (2015) Dietary
fat intake and risk of cardiovascular disease and all-cause
mortality in a population at high risk of cardiovascular dis-
ease. Am J Clin Nutr 102, 1563–1573.

58. Skeaff CM & Miller J (2009) Dietary fat and coronary
heart disease: summary of evidence from prospective

cohort and randomised controlled trials. Ann Nutr Metab
55, 173–201.

59. Jakobsen MU, Reilly EJO, Heitmann BL et al. (2009)
Major types of dietary fat and risk of coronary heart dis-
ease : a pooled analysis of 11 cohort studies. Am J Clin
Nutr 89, 1425–1432.

60. Siri-Tarino PW, Sun Q, Hu FB et al. (2010) Saturated fatty
acids and risk of coronary heart disease: modulation by
replacement nutrients. Curr Atheroscler Rep 12, 384–390.

61. Del Gobbo LC, Imamura F, Aslibekyan S et al. (2016)
ω−3 Polyunsaturated fatty acid biomarkers and coronary
heart disease: pooling project of 19 cohort studies. JAMA
Intern Med 176, 1155–1166.

62. Pan A, Chen M, Chowdhury R et al. (2012) Alpha-
linolenic acid and risk of cardiovascular disease: a systematic
review and meta-analysis. Am J Clin Nutr 96, 1262–1273.

63. Imamura F, Micha R, Wu JHY et al. (2016) Effects of
saturated fat, polyunsaturated fat, monounsaturated fat,
and carbohydrate on glucose-insulin homeostasis: a system-
atic review and meta-analysis of randomised controlled
feeding trials. PLoS Med 13, 1–18.

64. Wang DD & Hu FB (2017) Dietary fat and risk of cardio-
vascular disease: recent controversies and advances. Annu
Rev Nutr 37, 423–446.

65. Ramsden CE, Zamora D, Leelarthaepin B et al. (2013) Use
of dietary linoleic acid for secondary prevention of coron-
ary heart disease and death: evaluation of recovered data
from the Sydney Diet Heart Study and updated meta-
analysis. Br Med J 346, 1–18.

66. Dyerberg J, Eskesen DC, Andersen PW et al. (2004) Effects
of trans- and n-3 unsaturated fatty acids on cardiovascular
risk markers in healthy males. An 8 weeks dietary interven-
tion study. Eur J Clin Nutr 58, 1062–1070.

67. Kromhout D, Giltay EJ & Geleijnse JM (2010) n-3 fatty
acids and cardiovascular events after myocardial infarc-
tion. N Engl J Med 363, 2015–2026.

68. de Lorgeril M, Renaud S, Mamelle N et al. (1994)
Mediterranean alpha-linolenic acid-rich diet in secondary
prevention of coronary heart disease.Lancet 343, 1454–1459.

69. Lichtenstein AH, Ausman LM, Carrasco W et al. (1993)
Effects of canola, corn, and olive oils on fasting and post-
prandial plasma lipoproteins in humans 13, 1533–1543.

70. Calder PC (2018). Very long-chain n-3 fatty acids and
human health: Fact, fiction and the future. Proc Nutr Soc
77, 52–72.

71. Tierney AC, McMonagle J, Shaw DI et al. (2011) Effects of
dietary fat modification on insulin sensitivity and on other
risk factors of the metabolic syndrome – LIPGENE: a
European randomized dietary intervention study. Int J
Obes 35, 800–809.

72. Yubero-Serrano EM, Delgado-Lista J, Tierney AC et al.
(2015) Insulin resistance determines a differential response
to changes in dietary fat modification on metabolic syn-
drome risk factors: The LIPGENE study. Am J Clin Nutr
102, 1509–1517.

73. Ordovas JM, Ferguson LR, Tai ES et al. Personalised
nutrition and health. Br Med J 361. Available at https://
doi.org/10.1136/bmj.k2173

74. Hotamisligil GS (2017) Inflammation, metaflammation
and immunometabolic disorders. Nature 542, 177–185.

75. Finucane OM, Lyons CL, Murphy AM et al. (2015)
Monounsaturated fatty acid-enriched high-fat diets impede
adipose NLRP3 inflammasome-mediated IL-1β secretion
and insulin resistance despite obesity. Diabetes 64, 2116–
2128.

76. Murphy AM, Thomas A, Crinion SJ et al. (2017)
Intermittent hypoxia in obstructive sleep apnoea mediates

Y. M. Lenighan et al.244

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665118002793 Published online by Cambridge University Press

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/310997/NDNS_Y1_to_4_UK_report_Executive_summary.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/310997/NDNS_Y1_to_4_UK_report_Executive_summary.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/310997/NDNS_Y1_to_4_UK_report_Executive_summary.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/310997/NDNS_Y1_to_4_UK_report_Executive_summary.pdf
http://www.bmj.com/lookup/doi/10&middot;1136/bmj.i5796
http://www.bmj.com/lookup/doi/10&middot;1136/bmj.i5796
http://www.bmj.com/lookup/doi/10&middot;1136/bmj.i5796
https://doi.org/10.1136/bmj.k2173
https://doi.org/10.1136/bmj.k2173
https://doi.org/10.1136/bmj.k2173
https://doi.org/10.1017/S0029665118002793


insulin resistance through adipose tissue inflammation. Eur
Respir J 49, 1601731.

77. McNelis JC & Olefsky JM (2014) Macrophages, immunity,
and metabolic disease. Immunity 41, 36–48.

78. Lancaster GI, Langley KG, Berglund NA et al. (2018)
Evidence that TLR4 is not a receptor for saturated fatty
acids but mediates lipid-induced inflammation by repro-
gramming macrophage metabolism article evidence that
TLR4 is not a receptor for saturated fatty acids but
mediates lipid-induced inflammation by. Cell Metab 27,
1096–1110.e5.

79. Galic S, Fullerton M, Schertzer J et al. (2011)
Hematopoietic AMPK β1 reduces mouse adipose tissue
macrophage inflammation and insulin resistance in obesity.
J Clin Invest 121, 4903–4915.

80. HernandezED, JunLee S,YoungKim et al. (2014)Amacro-
phage NBR1-MEKK3 complex triggers JNK-mediated
adipose-tissue inflammation in obesity. Cell Metab 20,
499–511.

81. Wang Y, Su L, Morin MD et al. (2016) TLR4/MD-2 acti-
vation by a synthetic agonist with no similarity to LPS.
Proc Natl Acad Sci 113, E884–E893.

82. Cani PD, Amar J, Iglesias MA et al. (2007) Metabolic
endotoxemia initiates obesity and insulin resistance.
Diabetes 56, 1761–1772.

83. Sonnenburg J & Backhed F (2016) Diet-microbiota inter-
actions as moderators of human metabolism. Nature 535,
56–64.

84. Chan KL, Pillon NJ, Sivaloganathan DM et al. (2015)
Palmitoleate reverses high fat-induced proinflammatory
macrophage polarization via AMP-activated protein kinase
(AMPK). J Biol Chem 290, 16979–16988.

85. Herzig S & Shaw RJ (2018) AMPK: guardian of metabol-
ism and mitochondrial homeostasis. Nat Rev Mol Cell Biol
19, 121–135.

86. Zhao G, Etherton TD, Martin KR et al. (2005) Anti-
inflammatory effects of polyunsaturated fatty acids in
THP-1 cells. Biochem Biophys Res Commun 336, 909–917.

87. Kumar N, Gupta G, Anilkumar K et al. (2016)
15-Lipoxygenase metabolites of α-linolenic acid, [13-(S)-
HPOTrE and 13-(S)-HOTrE], mediate anti-inflammatory
effects by inactivating NLRP3 inflammasome. Sci Rep 6,
1–14.

88. Pauls SD, Rodway LA, Winter T et al. (2018) Anti-
inflammatory effects of α-linolenic acid in M1-like
macrophages are associated with enhanced production of
oxylipins from α-linolenic and linoleic acid. J Nutr
Biochem 57, 121–129.

89. Yu X, Tang Y, Liu P et al. (2017) Flaxseed oil alleviates
chronic HFD-induced insulin resistance through remodel-
ing lipid homeostasis in obese adipose tissue. J Agric
Food Chem 65, 9635–9646.

90. Oliveira V, Marinho R, Vitorino D et al. (2015) Diets con-
taining α-linolenic (ω3) or oleic (ω9) fatty acids rescues obese
mice from insulin resistance. Endocrinology 156, 4033–4046.

91. Han H, Qiu F, Zhao H et al. (2017) Dietary flaxseed oil
prevents western-type diet-induced nonalcoholic fatty
liver disease in apolipoprotein-E knockout mice. Oxid
Med Cell Longev 2017, 3256241.

92. Miotto PM, Horbatuk M, Proudfoot R et al. (2017)
α-Linolenic acid supplementation and exercise training
reveal independent and additive responses on hepatic
lipid accumulation in obese rats. Am J Physiol Endocrinol
Metab 312, E461–E470.

93. Zhang X, Wang H, Yin P et al. (2017) Flaxseed oil amelio-
rates alcoholic liver disease via anti-inflammation andmodu-
lating gut microbiota in mice. Lipids Health Dis 16, 1–10.

94. Wang M, Zhang XJ, Feng K et al. (2016) Dietary
α-linolenic acid-rich flaxseed oil prevents against alcoholic
hepatic steatosis via ameliorating lipid homeostasis at
adipose tissue-liver axis in mice. Sci Rep 6, 1–11.

95. Barbeau PA, Holloway TM, Whitfield J et al. (2017)
α-Linolenic acid and exercise training independently, and
additively, decrease blood pressure and prevent diastolic
dysfunction in obese Zucker rats. J Physiol 595, 4351–4364.

96. Winnik S, Lohmann C, Richter EK et al. (2011) Dietary
α-linolenic acid diminishes experimental atherogenesis
and restricts T cell-driven inflammation. Eur Heart J 32,
2573–2584.

97. Monteiro J, Askarian F, Nakamura MT et al. (2015) Oils
rich in α-linolenic acid independently protect against char-
acteristics of fatty liver disease in the Delta 6-Desaturase
Null Mouse. Can J Physiol Pharmacol 91, 469–479.

98. Simopoulos AP (2016) An increase in the omega-6/
omega-3 fatty acid ratio increases the risk for obesity.
Nutrients 8, 1–17.

99. Hutchinson J, Rippin HL, Jewell J et al. (2018) Comparison
of high and low trans-fatty acid consumers: Analyses of UK
National Diet and Nutrition Surveys before and after prod-
uct reformulation. Public Health Nutr 21, 465–479.

100. Micha R, Wallace SK & Mozaffarian D (2010) Red and
processed meat consumption and risk of incident coronary
heart disease, stroke, and diabetes mellitus: a systematic
review and meta-analysis. Circulation 121, 2271–2283.

101. Pan A, Sun Q, Bernstein AM et al. (2011) Red meat
consumption and risk of type 2 diabetes: 3 cohorts of US
adults and an updated meta-analysis. Am J Clin Nutr 94,
1088–1096.

102. Lenighan YM, Nugent AP, Li KF et al. (2017) Processed
red meat contribution to dietary patterns and the associated
cardio-metabolic outcomes. Br J Nutr 118, 222–228.

103. Masset G, Mathias KC, Vlassopoulos A et al. (2016)
Modeled dietary impact of pizza reformulations in US
children and adolescents. PLoS One 11, 1–13.

104. Gressier M, Privet L, Mathias KC et al. (2017) Modeled
dietary impact of industry-wide food and beverage refor-
mulations in the United States and France. Am J Clin
Nutr 106, 225–232.

105. Daley CA, Abbott A, Doyle PS et al. (2010) A review of
fatty acid profiles and antioxidant content in grass-fed and
grain-fed beef. Nutr J 9, 10.

106. McAfee AJ, McSorley EM, Cuskelly GJ et al. (2011) Red
meat from animals offered a grass diet increases plasma
and platelet n-3 PUFA in healthy consumers. Br J Nutr
105, 80–89.

107. Givens DI (2017) Saturated fats, dairy foods and health: a
curious paradox? Nutr Bull 42, 274–282.

108. Benbrook CM, Davis DR, Heins BJ et al. (2018)
Enhancing the fatty acid profile of milk through forage-
based rations, with nutrition modeling of diet outcomes.
Food Sci Nutr 6, 681–700.

109. WorldCancerResearchFund/American Institute forCancer
Research (2018) Continuous Update Project Expert Report.
Recommendations and public health and policy implica-
tions. [Internet] Available at https://www.wcrf.org/sites/
default/files/Cancer-Prevention-Recommendations-2018.pdf

110. Layman DK (2018) Assessing the role of cattle in sustain-
able food systems. Nutr Today 53, 160–165.

111. Garnett T, Godde C, Muller A et al. (2017) Food Climate
Research Network. Grazed and confused? Available at
https://www.fcrn.org.uk/sites/default/files/project-files/fcrn_
gnc_report.pdf

112. Sanders TAB (2010) The role of fat in the diet – quantity,
quality and sustainability. Nutr Bull 35, 138–146.

Dietary fat modulation and health 245

P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

https://doi.org/10.1017/S0029665118002793 Published online by Cambridge University Press

https://www.wcrf.org/sites/default/files/Cancer-Prevention-Recommendations-2018.pdf
https://www.wcrf.org/sites/default/files/Cancer-Prevention-Recommendations-2018.pdf
https://www.wcrf.org/sites/default/files/Cancer-Prevention-Recommendations-2018.pdf
https://www.wcrf.org/sites/default/files/Cancer-Prevention-Recommendations-2018.pdf
https://www.wcrf.org/sites/default/files/Cancer-Prevention-Recommendations-2018.pdf
https://www.fcrn.org.uk/sites/default/files/project-files/fcrn_gnc_report.pdf
https://www.fcrn.org.uk/sites/default/files/project-files/fcrn_gnc_report.pdf
https://www.fcrn.org.uk/sites/default/files/project-files/fcrn_gnc_report.pdf
https://www.fcrn.org.uk/sites/default/files/project-files/fcrn_gnc_report.pdf
https://doi.org/10.1017/S0029665118002793

