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Abstract

Over the past two decades, there has been a marked shift in the fatty acid composition of the diets of
industrialized nations towards increased intake of the n-6 fatty acid linoleic acid (LA, 18:2n-6), largely as a result
of the replacement of saturated fats with plant-based polyunsaturated fatty acid (PUFA). While health agencies
internationally continue to advocate for high n-6 PUFA intake combined with increased intakes of preformed
n-3 long-chain PUFAs (LCPUFA) docosahexaenoic acid (DHA, 22:6n-3) and eicosapentaenoic acid (EPA,
20:5n-3) to reduce the incidence of cardiovascular disease (CVD), there are questions as to whether this is the
best approach. LA competes with alpha-linolenic acid (18:3n-3) for endogenous conversion to the LC derivatives
EPA and DHA, and LA also inhibits incorporation of DHA and EPA into tissues. Thus, high-LA levels in the
diet generally result in low n-3 LCPUFA status. Pregnancy and infancy are developmental periods during which
the fatty acid supply is particularly critical. The importance of an adequate supply of n-3 LCPUFA for ensuring
optimal development of infant brain and visual systems is well established, and there is now evidence that the
supply of n-3 LCPUFA also influences a range of growth, metabolic and immune outcomes in childhood. This
review will re-evaluate the health benefits of modern Western diets and pose the question of whether the
introduction of similar diets to nations with emerging economies is the most prudent public health strategy for
improving health in these populations.
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Introduction

Despite the large-scale availability of cheap foods, the
overall health of the populations in many industrial-
ized countries is on the decline. The incidence of dis-
eases of affluence including obesity, diabetes, allergy,
asthma and cardiovascular disease (CVD) are on the
rise in the USA and Australia (WHO, 2006). While
many of these diseases have a mixed aetiology
and include lifestyle factors, diet has been strongly

implicated. Dietary factors such as high-glycaemic
index foods and the low nutrient content of processed
foods are considered important (Barclay et al. 2008),
but dietary fats, including the polyunsaturated fats,
also undoubtedly play a role (Ailhaud et al. 2008).
This review attempts to interpret the available
evidence that may explain how dietary fats may
play a role in these diseases and discusses alterna-
tive fat supplies that may help chart a healthier
future.
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What is a Western diet?

The typical Western diet has undergone a marked
evolution over the past few decades, largely as a result
of recommendations from health agencies to reduce
the intake of saturated fats and to replace these with
plant-based polyunsaturated fatty acid (PUFA),
which are mostly high in linoleic acid (LA). These
recommendations have produced a notable shift in
the food industry, with lard and butter being replaced
with vegetable-based oils and spreads based initially
on sunflower oil but increasingly replaced with soy
and canola oils. Most commonly used vegetable oils
are rich in LA and lower in n-3 PUFA.This FA profile
contrasts markedly with that of their predecessors, as
both butter and other animal fats contained little n-6
PUFA and higher amounts of monounsaturated and
saturated FAs (Gibson et al. 2009).Tracked over time,
what emerges is a progressive and marked increase in
LA intake, coupled with a progressive (but more
modest) reduction in dietary intake of n-3 long-chain
PUFA (LCPUFA) (Ailhaud et al. 2006). This review
will discuss how this shift in dietary fat composition
has the potential to substantially reduce both the
extent to which dietary alpha-linolenic acid (ALA)
is converted to eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), as well as the extent to
which n-3 LCPUFA are incorporated into tissues. As
a result, the amount of n-3 LCPUFA that must be
consumed before the beneficial health effects of these
FAs are realized is likely to increase. Some scientists
are suggesting that Western diets have created a
conditional essentiality for n-3 LCPUFA, which is
unlikely to be sustainable in the context of the decline
in global fish stocks (Racine & Deckelbaum 2007).As
a result, it is pertinent to question whether modern
Western diets do in fact represent a gold standard to

which developing countries should aspire or whether
there are deficits in the dietary profile that should be
addressed and corrected before such diets are recom-
mended as ‘model’ diets.

Dietary fats

Most of the dietary fats can be broken into unavoid-
able fats that are chiefly phospholipids and are inte-
gral to the food, and avoidable fats that are either
visible on foods (such as the visible fats of
untrimmed meat) or fats used in cooking. These
latter fats are generally in the form of triglycerides.
Regardless of their form, most fats contain FAs that
can be either saturated (no double bonds), monoun-
saturated (one double bond per FA) or polyunsatu-
rated (two or more double bonds). The PUFAs are
further subdivided into omega 3 (n-3) or omega 6
(n-6) series.

FA pathways: what do they tell us?

The two 18-carbon essential FAs, LA (18:2n-6)
(parent of the n-6 series of FAs) and ALA (18:3n-3)
(parent of the n-3 series), rely for much of their bio-
logical activity on being converted to 20- and
22-carbon FAs (Sprecher et al. 1999). In the case of
the n-6 series, this primarily refers to the conversion
of LA to the 20-carbon arachidonic acid (AA, 20:4n-
6), while for the n-3 series,ALA must be converted to
a 20-carbon FA, EPA (20:5n-3), and a 22-carbon FA,
DHA (22:6n-3).The pathways were established in the
1950s by Ralph Holman (1986) and have since been
refined by Howard Sprecher et al. (1995). Some basic
understandings have come from the research that has
been done to date. First, there is only one set of

Key messages

• Diets low in n-6 polyunsaturated fatty acid (PUFA) allow better endogenous conversion of alpha-linolenic acid
to n-3 long-chain (LC) PUFA and permit better accumulation of n-3 LCPUFA into tissues.

• Consideration needs to be given to replacing the n-6 fatty acid level of vegetable oils and spreads with
monounsaturated fatty acids.

• While increasing the n-3 fatty acid status of individuals can be brought about by consuming fish or fish oils, this
strategy is unsustainable globally.
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enzymes, and all the FAs compete for the use of this
single set. Second, a FA from one series cannot be
converted to another, that is, a n-6 FA cannot be
converted to a n-3 FA.

The diagrammatic representation of the pathway
has undergone a number of iterations throughout the
years, and current understanding of the pathway is
depicted in Fig. 1. It should be noted that the delta 6
desaturase (D6D) is considered to be a key regulatory
enzyme in the pathway because it is used twice in the
conversion of ALA to DHA.

The diagram leads to the formation of testable
hypotheses.

• First, when diets contain only 18-carbon FAs (LA,
ALA), levels of the 20-carbon metabolites tend to be
regulated by the relative amounts of these FAs in the
diet. In other words, there is competition between the
two substrates for the three enzymes involved, and
the amount of 20-carbon FAs that are produced are a
result of simple zero-order kinetics. This means that
the more of any one essential FA in the diet, the more
of that family’s 20-carbon FA will be present in
tissues;
• Second, at the final use of the D6D for the conver-
sion of the 24-carbon FA (24:5n-3) through to
22-carbon FAs including DHA, there is competition
from both 18-carbon precursors and 24:5n-3 for D6D.
As a result, we can hypothesize that diets that contain
very high levels of PUFA can actually inhibit the con-
version of ALA to DHA by inhibiting the access of

24:5n-3 to the D6D enzyme. Importantly, the diagram
suggests that both LA and ALA have the capacity to
inhibit DHA synthesis when they are present at high
levels in the diet. It also infers that diets that are low
in both PUFA are likely to be able to enhance levels
of DHA provided that there is still sufficient ALA
present.

The balance of ALA and LA
determines the balance of 20 carbon
FAs (EPA and AA) in tissues

Many animal studies have confirmed that relative
conversion of LA to AA and ALA to EPA, and thus
the balance of EPA and AA in tissues, is determined
by the ratio of LA and ALA carbon substrates in
the diet (Lands et al. 1990). This is illustrated by the
results of a study in which chickens were fed a range
of diets varying in the LA : ALA ratio. At
LA : ALA ratios above 5, the FAs in the liver phos-
pholipids are rich in AA but poor in EPA. As the
LA : ALA ratio drops below 5, there is an exchange
of AA for EPA (Fig. 2; L.R. Kartikasari et al., unpub-
lished observations). It is easy to see that
LA-dominant diets result in AA as the major accu-
mulated 20-carbon PUFA in tissues and that EPA

Fig. 1. Diagrammatic representation of our current understanding of
the synthetic pathway for n-3 and n-6 fatty acids. AA, arachidonic acid;
ALA, alpha-linolenic acid; DHA, docosahexaenoic acid; EPA, eicosapen-
taenoic acid; LA, linoleic acid.
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Fig. 2. Results of an experiment illustrating the effect of feeding chick-
ens a range of diets varying in the LA : ALA ratio on the EPA (close
circles) and AA (closed squares) content of tissues as a % of total fatty
acids. AA, arachidonic acid; ALA, alpha-linolenic acid; EPA, eicosapen-
taenoic acid; LA, linoleic acid.
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can only accumulate when the LA : ALA ratios of
diets are low.

High-LA diets inhibit synthesis of
n-3 LCPUFA

Over two decades ago, Lands et al. undertook a series
of studies in which he measured the n-3 LCPUFA
content of red blood cells and tissues in rats consum-
ing different ratios of LA and ALA, and used these
measurements to develop equations that described
the relationships between dietary FA composition
and n-3 LCPUFA synthesis and their incorporation
into cell membranes (Lands et al. 1990). Although the
levels of LCPUFA in tissues were used to infer
endogenous synthesis rather than direct measure of
synthesis, what was formalized in this work was the
concept that diets that were high in LA would inhibit
the synthesis of n-3 LCPUFA by simple competitive
inhibition. In other words, less ALA would have
access to the D6D and other enzymes in the pathway
if ALA was diluted out by excessive amounts of LA.
As a result of this work, Lands has since proposed
that the LA : ALA ratio of US diets should be dras-
tically reduced (Lands 2008).

An example of the effect of dietary LA on the
conversion of ALA to DHA was reported in formula-
fed infants (Clark et al. 1992). Conducted at a time
before LCPUFA supplements were added to formu-
las, Clark and colleagues compared the FA profiles of
term infants fed for 10 weeks on a commercial infant
formula with a high ratio (19:1) of LA : ALA with
comparable groups fed experimental formulas in
which the LA : ALA ratio was reduced either by an
increase in ALA (4:1; LA, 13%; ALA, 3.3%) or a
decrease in LA (3:1; LA, 3.5%; ALA, 1.1%). In this
study, decreasing the ratio of LA : ALA was associ-
ated with an increased incorporation of the C20 and
C22 FAs in red cells compared with commercial
formula. Importantly, the level of n-3 LCPUFA
achieved by simply decreasing the LA level in the
formula from 13% to 3.5% and maintaining the ALA
at around 1% was as effective as increasing the ALA
to 3.3% but maintaining the high level of LA in the
fat. These results confirm the importance of the

LA : ALA ratio in determining the LCPUFA status
in human tissues.

LA also inhibits incorporation
of LCPUFA

In addition to the inhibition of n-3 LCPUFA synthe-
sis, there are data from both animals and humans that
diets containing high amounts of LA are associated
with reduced incorporation of preformed n-3
LCPUFA into tissue phospholipids (McMurchie et al.
1990; Lands et al. 1992). In one of these studies, pre-
formed EPA was given to non-human primates con-
suming a background diet containing either low (7%)
or high (33%) levels of LA, and incorporation of EPA
into tissue phospholipids was significantly lower in
the high-LA group (McMurchie et al. 1990). Similarly,
Anding and Hwang reported in 1986 that feeding rats
increasing amounts of ALA in the diet was associated
with a decrease in the AA content in brain phospho-
lipids (Anding & Hwang 1986). In vitro studies of the
enzyme kinetics of the key enzymes involved in the
incorporation of FAs into cell membrane glycero-
phospholipids have also shown competitive aspects of
n-3 LCPUFA incorporation into liver microsomes
when different concentrations of n-6 and n-3 PUFA
are added to the culture media (Iritani & Narita
1984).

High-ALA diets inhibit further
conversion of ALA to DHA

As indicated in the synthetic pathway for n-3 and n-6
FAs (Fig. 1), increasing the level of dietary ALA will
automatically provide more substrate for conversion
to EPA. However, unlike the accumulation of EPA,
the further metabolism of EPA to DHA is not simple,
and high levels of dietary ALA actually have the
capacity to inhibit one of the last steps in the synthesis
of DHA, namely, the desaturation of 24:5n-3. Support
for this concept came from a rat study we conducted
(Tu et al. 2010) in which the level of LA was held
constant at a low but adequate level (1%en), while
the level of ALA in the diet was increased from 0.1 to
2.8%en (Fig. 3). The data shown in the figure illus-
trate that while the relationship between dietary
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ALA content and EPA content in both plasma and
liver is linear, DHA status has a curvilinear relation-
ship with dietary ALA intake such that DHA status
increases up to a dietary level of ALA of around
1%en, after which DHA level plateaus and then
declines. Similar data have been reported in a piglet
study (Blank et al. 2002) in which the background diet
of LA was somewhat higher (~2%en), and the ALA
level was increased as high as 16%en. Accumulation
of DHA in plasma phospholipids in piglets showed a
similar trend as seen in rats, namely, that DHA accu-
mulation was maximal at around 2%en ALA, and at
higher concentrations, DHA accumulation was inhib-

ited. The ability of high-ALA diets to suppress DHA
synthesis is further supported by work by Cleland and
colleagues, which showed that the relative potencies
of dietary oils for increasing the content of DHA in
plasma and in heart tissues in rats actually increased
as their ALA content decreased (Cleland et al. 1992).

The same phenomenon has been demonstrated in
human studies. Chan and colleagues conducted a
dose–response study in which the ALA content of the
diet ranged from 0.8 to 13.4% energy and LA : ALA
ratio ranged from 0.3 to 27, and showed a dose-
dependent increase in the concentrations of EPA, but
not DHA (Chan et al. 1993). Mantzioris et al. reported
similar findings in earlier studies (Mantzioris et al.
1994).

Summary

These data suggest that both the total PUFA content
and the balance of LA to ALA consumed are critical
determinants of LCPUFA status, and it therefore
stands to reason that we need to pay close attention to
the complete FA profile of the diet, in particular, the
balance of n-6 and n-3 fats, when evaluating its poten-
tial health benefits. Furthermore, providing increasing
amounts of ALA is not an effective strategy for
increasing tissue DHA content. Counter-intuitively,
the data suggest that diets low in ALA are preferred
so long as the level of LA in the diet is also low.

Effect of FA balance during
pregnancy and infancy

The fetal and infant period is a particularly critical
developmental window, and there is evidence that
suggests that nutritional perturbations during this
period have long-term effects on metabolic and car-
diovascular health (McMillen et al. 2009). That the
FA supply during this time is important for the
optimal development of the brain and visual system
was established in studies in non-human primates,
which reported impaired cognitive function and
visual acuity in offspring of mothers who were defi-
cient in n-3 PUFA that could not be rescued by
post-natal n-3 LCPUFA supplementation even
though n-3 LCPUFA status was improved (Neu-
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Fig. 3. Effect of dietary ALA levels on (A) plasma and (B) liver
phospholipid fatty acid content in rats fed diets containing various levels
of ALA ranging from 0.2 to 2.9%en for 3 weeks. Fatty acids include EPA
(circles), DPA (open triangles), DHA (closed triangles) and AA (open
squares). Reprinted from Tu et al. (2010). AA, arachidonic acid; ALA,
alpha-linolenic acid; DHA, docosahexaenoic acid; DPA, Docosapen-
taenoic acid; EPA, eicosapentaenoic acid; LCPUFA, long-chain polyun-
saturated fatty acids.
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ringer et al. 1986; Anderson et al. 2005). More
recently, as we have become more aware of the
importance of n-3 and n-6 FAs in health in adults,
there has been a growing interest in how the balance
of FAs present during the perinatal period affects
the development of the systems regulating immune
function, fat deposition and metabolism (Makrides
& Gibson 2000, 2002; Carlson 2009). While there is
evidence from human studies that increasing the n-3
LPCUFA intake of preterm infants in the immediate
post-natal period is associated with improved cogni-
tive outcomes (Makrides et al. 2009), the potential
for maternal n-3 LCPUFA supplementation during
pregnancy to improve cognitive function in child-
hood is less well established, and there are several
clinical trials under way that are attempting to
address this question. What has been established in
existing studies, and in systematic reviews, is that
maternal n-3 supplementation is associated with a
small but significant increase in the length of gesta-
tion and a modest increase in infant birthweight
(Makrides et al. 2006).

Lactation

The FA composition of breast milk reflects that of
the maternal blood and, hence, maternal diet. Given
the increase in dietary LA and the low intake of
foods rich in n-3 LCPUFA, it is perhaps not surpris-
ing that the composition of breast milk in the USA
has undergone a marked shift in composition in par-
allel with the changes in the FA profile of typical

Western diets; the mean LA content has increased
from 6 to 15% of total FAs between 1944 and 1990,
and has since remained at ~16%, while the ALA
content has declined (Ailhaud et al. 2006). A similar
pattern has also been reported in the breast milk of
Australian women, with an increase in LA content
and decrease in DHA content between 1981 and
2000 (Fig. 4; Gibson & Kneebone 1981; Makrides
et al. 2000).

Thus, breastfed infants in 2010 will receive a quite
different nutrition to breastfed infants born in 1980.
What are the implications of this? One of the key
features of n-6 fats is that they give rise to pro-
inflammatory compounds, which have been impli-
cated in the development of allergies and asthma. In
addition, n-6 fats promote the differentiation of pre-
adipocytes, and exposure to excessive n-6 fats during
the period of fat cell formation (in utero and early
infancy) has the potential to promote excess fat depo-
sition in early life (Ailhaud et al. 1992). Ailhaud et al.
has subsequently published a series of studies that
have implicated the increasing dominance of n-6 to
n-3 fats in Western diets as a contributing factor to the
increased incidence of childhood obesity (Ailhaud
et al. 2006, 2007; Massiera et al. 2010).

Infant formulas around the world are modelled on
the composition of breast milk of US women, with
high-LA levels with small amounts of n-3 LCPUFA.
This is despite the fact that the breast milk of
women in developing countries has very different
FA profiles. A study conducted in Malaysian women
reported clear differences in the composition of
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breast milk between different ethnicities (Kneebone
et al. 1985). This study showed that the LA levels in
the breast milk of Chinese women are higher than
those in Indian and Malay women, while levels of
DHA are lower. Importantly, the composition is
markedly different to the typical breast milk compo-
sition in Western countries, with twofold to threefold
higher DHA levels than those seen in typical breast
milk in Australian women (Kneebone et al. 1985).
These differences reflect the different FA profiles of
the typical diets consumed by these ethnic groups.
For example, the lower LA levels in these breast
milks would suggest that all the women were con-
suming less LA in their diet than Australian or
American women.

Direct evidence for the relationship between
maternal n-3 LCPUFA intake and the level of these
FAs in breast milk comes from a randomized con-
trolled trial in which lactating mothers were provided
with either placebo or an oil containing DHA at a
dose of between 0.2 and 1.3 g day-1 (Makrides et al.
1996). This study demonstrated a highly significant
positive relationship between the maternal dose of
DHA and the content of DHA in the breast milk
(Fig. 5). Thus, the n-3 status of the mother is a major

determinant of the n-3 status of her milk and her
breastfed infants (Gibson et al. 1997).

If high-LA diets are to be avoided,
what is the alternative?

Mattson & Grundy (1985) demonstrated that replac-
ing saturated fats in human diets with monounsat-
urated fats was as effective at lowering CVD risk
factors as polyunsaturated fats. This result has been
confirmed by Ashton and co-workers, who have
shown the protective effect against CVD risk factors
of monounsaturated fat diets by demonstrating a sig-
nificant increase in low-density lipoprotein oxidation
lag phase and the significantly higher levels of plasma
high-density lipoprotein cholesterol (Ashton et al.
2001). The effectiveness of diets where the main oil
used is monounsaturated olive oil in conjunction with
other healthy foods has been clearly demonstrated in
the Lyon Heart Study (Kris-Etherton et al. 2001). In
addition, the advantages of highly monounsaturated
fats over polyunsaturated fats in food preparation are
many; monounsaturated fats are more stable because
of the reduced number of double bonds and can
attain a higher cooking temperature for longer
without oxidizing. Importantly, monounsaturated fats
can have very low levels of LA and thus do not inter-
fere with endogenous conversion of ALA to DHA.
Ideally, if we were trying to improve the n-3 status of
whole populations, cheap sources of a vegetable oil
for cooking would need to be available that were high
in monounsaturates and have low levels of total
PUFA and a low LA : ALA ratio. Some oils are
already available that meet some of the criteria. For
example, macadamia and sunola (hybrid sunflower)
oils have very high levels of monounsaturates and less
than 5% LA, but neither of the two oils has meaning-
ful amounts of ALA. Canola oil has a good balance of
LA : ALA (2:1), but the total level of PUFA is high
(~30%). Perhaps an oil blend would provide the best
alternative for meeting the criteria we have espoused,
namely, a blend of sunola and small amounts of both
linseed and canola oils to result in around 5% of the
total FAs as PUFA and with an LA : ALA ratio of
around 2:1 or less.

Fig. 5. The effect of dietary dose of DHA corrected for BMI on the
percentage of DHA in human breast milk (taken from Makrides et al.
1996).
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What is the effect of dietary fats
that meet the requirement of low
PUFA with a favourable LA :
ALA ratio?

There are natural fats that comply with the dietary
parameters indicated by the animal and human
experiments cited above. Interestingly, dairy fat has
very low levels of PUFA (~3%), and the LA : ALA
ratio would seem to be ideal (2:1) to allow maximal
endogenous synthesis of DHA. Sinclair et al. demon-
strated in butter fat-fed rats that the level of DHA
was high (Naughton et al. 1988). More important are
the findings of others who have shown that infants fed
formulas based on dairy fats (Sanders & Naismith
1979) or indeed evaporated milk (Courage et al. 1998)
have LCPUFA status midway between those fed for-
mulas enriched with LA-rich vegetable oils and those
fed breast milk. Finally, in their interesting monastery
study, Lasserre and co-workers (Baudet et al. 1984)
reported that the level of n-3 LCPUFA in nuns con-
suming a dairy fat-based diet was superior to the same
group when they consumed a sunflower oil-based
diet.

The use of cooking oils that are low in PUFA such
as dairy and highly monounsaturated oil blends may
confer some metabolic advantages in that they allow
better endogenous conversion of ALA from veg-
etables through to EPA and DHA. Naturally, there
may be negative consequences in terms of CVD risk if
fats with a high saturated fat content are used.
However, it is noted that there is increasing debate
about the association between saturated fat intake
and deaths from CVD (Siri-Tarino et al. 2010).

When dietary fats are important and
when they do not matter

The data from animal and human studies together
provide clear evidence that the balance of n-6 to n-3
fats in the diets can have major effects on the FA
profile of tissues. This has obvious relevance and
importance in the context of typical Western diets,
which are high in n-6 and relatively low in n-3
LCPUFA. The FA profile of dietary fats is less likely
to be of critical importance if the remainder of the

diets are rich in dietary sources of preformed EPA
and DHA, such as Japanese-style or traditional Inuit
diets. In addition, in societies where the total fat
content of the diet is less than that consumed in many
developed countries (>30%en), the level of total
PUFA in the major dietary fat can be higher. For this
reason, the total PUFA needs to be expressed in
terms of the total energy of the diet to have an appre-
ciation of their likely effects. It is clear that close
attention needs to be paid to not only the n-3 and n-6
levels of dietary fats but also the overall PUFA con-
tents of diets in order to assess their likely impact on
n-3 status of consumers.

Concluding comments

Ensuring an adequate n-3 FA status in individuals is
increasingly seen as important for optimizing long-
term health outcomes. High dietary intakes of n-6
FAs through vegetable oils and spreads in many
developed countries have made an intake of pre-
formed n-3 LCPUFA conditionally essential to large
numbers of people if they are to improve their n-3
LCPUFA status. Low n-3 LCPUFA status is particu-
larly evident in low-income groups, which tend to
consume poorer quality diets than the more socially
advantaged, and these low-income groups have the
highest incidence of diseases of affluence (obesity,
diabetes, CVD). In contrast, in some developing
countries with low fat diets and where a significant
proportion of the protein comes from fish, the n-3
LCPUFA status appears high. Care needs to be
taken when recommending dietary change to com-
munities, based on the dietary fat intake of many
developed countries.
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