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Abstract

The present review of determinants of infant fatty acid status was undertaken as part of a conference on ‘Fatty
acid status in early life in low-income countries: determinants and consequences’. Emphasis is placed on the
essential fatty acids, and particularly the physiologically important long chain polyunsaturated fatty acids
(LCPUFAs) of 20 and 22 carbons. We are unaware of any studies of determinants of infant fatty acid status in
populations with a cultural dietary pattern with low amounts of linoleic acid (LA, 18:2n-6) and a-linolenic acid
(ALA,18:3n-3). Many reports suggest that there may be adverse health effects related to the increased propor-
tion of LA in relation to ALA, which have occurred worldwide due to the increased availability of vegetable oils
high in LA. The issue of dietary n-6 to n-3 balance may apply to infant fatty acid status both during fetal and
post-natal life; however, this review focuses on the n-3 and n-6 LCPUFA, in particular, docosahexaenoic acid
(DHA, 22:6n-3) and arachidonic acid (AA, 20:4n-6), which are the predominant n-3 and n-6 LCPUFA found in
cell membranes. The evidence that these fatty acids are preferentially transferred from maternal to fetal
circulation across the placenta, and the sources and mechanisms for this transfer, are reviewed. We also address
the sources of DHA and AA for the newborn including human milk DHA and AA and the factors that influence
maternal DHA status and consequently the amount of DHA available for transfer to the fetus and infant via
human milk.
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Introduction

The dietary essential fatty acids (EFAs), linoleic acid
(LA, 18:2n-6) and a–linolenic acid (ALA, 18:3n-3),
are important for infant growth and development.
Fat-free diets fed to infants reduced the skin water
barrier and thus increased energy requirement and
reduced growth (Hansen 1986). The precursor EFA
and their long chain metabolites [long chain polyun-

saturated fatty acids (LCPUFAs)] also play important
roles in reproduction. There is currently no evidence
that the absolute amounts of EFA provided by any
cultural dietary pattern are inadequate to meet the
needs for growth of the placenta, the fetus or the
infant. Higher LA intake has been associated with
smaller birth size (Badart-Smook et al. 1997), but
tissue levels of LA and arachidonic acid (AA,
20:4n-6), a known growth mediator, are inversely
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related. Higher AA status has been associated with
both size at birth (Koletzko & Braun 1991) and first
year growth achievement in preterm infants (Carlson
et al. 1993a). In contrast to the paucity of data related
to the 18-carbon EFA, considerable evidence has
accumulated over the past 25 years to suggest that
infant and child development (Carlson et al. 1993b;
O’Connor et al. 2001; Clandinin et al. 2005; Henriksen
et al. 2008) and growth (Clandinin et al. 2005) can be
enhanced by including docosahexaenoic acid (DHA,
22:6n-3) and AA in the diet of preterm infants. A
growing body of literature, beyond the scope of this
article, provides a number of different mechanisms
for the role of DHA in brain development and func-
tion (for reviews, see McNamara & Carlson 2006 and
Innis 2008).

The last intrauterine trimester and the first year of
life are important for the accumulation of DHA in the
brain. The large number of observational studies that
link higher habitual maternal DHA intake to some
aspect of higher or more mature infant or child devel-
opment are considered relevant in relation to the
functional importance of LCPUFA transfer (Cheruku
et al. 2002; Colombo et al. 2004; Bakker et al. 2007;
Hibbeln et al. 2007; Jacobson et al. 2008; Kannass et al.
2009; Mendez et al. 2009) as well as postnatal random-
ized studies of supplemented term and preterm
infants (Makrides et al. 2009 and Birch et al. 2010a are
recent examples). Virtually all of the studies of devel-
opment have been conducted in Europe and North
America where most women have good access to
animal foods that are sources of protein, micronutri-
ents and n-3 and n-6 LCPUFA for the growing pla-
centa and conceptus. Despite that, because there are

few concentrated sources of DHA in foods, DHA
intake in the developed world is highly variable; and
women in the United States in particular have been
observed to have relatively low intakes of DHA
(Makrides et al. 2009).

It is reasonable to ask about the determinants and
consequences of fatty acids status in developing coun-
tries, where women may have limited or no access to
animal foods. Protein and micronutrients are required
for placental function, healthy pregnancy and optimal
fetal outcome. They are also required for n-3 and n-6
LCPUFA synthesis from the 18-carbon precursor
EFA, and for the fatty acid binding proteins (FABP)
and fatty acid transporters (FAT) that likely ensure
transfer from mother to offspring as well as the fetal
and neonate uptake of available n-3 and n-6
LCPUFA. Animal models link poor protein, energy
restriction and iron status to altered LCPUFA status
(Burdge et al. 2002, 2003; LeBlanc et al. 2009).

Most of the reported studies of development have
focused on brain development, because DHA and AA
are the major polyunsaturated fatty acids (PUFAs) in
the neuron-rich grey matter of the brain. LCPUFA
status, particularly DHA status, is linked to the
immune system (Pastor et al. 2006; Field et al. 2008;
Hamazaki et al. 2008; Furuhjelm et al. 2009; Thienpra-
sert et al. 2009;Minns et al. 2010;Birch et al. 2010b) and
the developing autonomic nervous system (Gustafson
et al. 2008; Lauritzen et al. 2008).These systems as well
as brain development could have long-term effects on
the health and chronic illness rates in the developing
world and should be kept in mind when considering
the potential physiological consequences of limited
fetal and infant LCPUFA status.

Key messages

• LCPUFA transfer from mother to her fetus/newborn during pregnancy and lactation is mainly dependent upon
maternal status, but genetic influences are also now recognized.

• Transfer is highly variable because there are large differences worldwide in dietary intake of LCPUFA,
particularly DHA.

• Most studies of maternal and infant LCPUFA have been conducted in Europe and North America.
• The evidence for effects of all forms of nutrient inadequacy is generally absent; however, animal models provide

some evidence for adverse effects of malnutrition on LCPUFA status.
• Studies in the developing world are few and needed; it is reasonable to assume that LCPUFA status is

influenced by poor nutritional status.
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Several major factors have the potential to influence
maternal transfer of precursor EFA and n-3 and n-6
LCPUFA to the fetus and infant. These include pla-
cental function, maternal LCPUFA status (adipose
storage, intake and circulating levels of fatty acids,
particularly DHA), and FATs and FABPs that are
likely involved in the apparent selectivity of DHA for
mobilization, placental transfer, uptake by the fetus
and further uptake into infant tissues (Larque et al.
2006; Ehehalt et al. 2008). After a brief explanation of
biomarkers used to determine LCPUFA status, we
focus on differences in maternal LCPUFA status and
the relationship to that of the fetus and infant. Subse-
quent sections address other factors that influence
LCPUFA status during pregnancy and lactation.

Biomarkers of LCPUFA status

All EFAs are derived from the diet; and the levels of
LA and DHA in various blood lipid pools and tissues
have been shown, in particular, to reflect dietary
intake and are therefore used as biomarkers of intake.
Many studies have furthermore employed such
markers in plasma, red blood cell (RBC) or adipose
tissue to estimate functional status in relation to
health in the absence of available tissue from more
specific organs of interest.The PUFA content in RBC
has been shown to reflect levels in the heart of adults
(Harris et al. 2004). The relative amount of DHA in
RBC has also been shown to correlate reasonably
well with the DHA content of the brain of animals
(Carlson et al. 1986; Ward et al. 1998) and human
infants (Makrides et al. 1994) fed a consistent intake
of EFA/LCPUFA. Thus, during early development
(fetal and infant life), both RBC and plasma lipid
DHA are assumed to reflect brain DHA accumula-
tion. However, DHA in blood lipids will not necessar-
ily reflect brain DHA during dynamic periods of
depletion and repletion. For example, RBC, plasma
and brain cortex of rhesus monkeys fed an ALA-
deficient diet were depleted of DHA; when fish oil
was introduced to the diet, the DHA in their blood
lipid compartments and brain recovered, but recovery
was faster in blood lipids than in the brain and the two
tissues accumulated different amounts of DHA
(Connor et al. 1990).

Connor et al. (1990) were the first to show that the
brain depleted of DHA during both prenatal and post-
natal developments could achieve apparently normal
DHA composition with later provision of DHA from
fish oil.In a later study,rhesus monkey infants depleted
only prenatally were given ALA for 15 weeks and
brain cortex n-3 LCPUFA was normalized; however,
at 3 years of age, retinal DHA remained at only
84% of controls and the repleted group continued to
have lower retinal function (Anderson et al. 2005).
Although there are functional effects of presumed
lower early brain DHA accumulation (for recent
examples, see Makrides et al. 2009 and Birch et al.
2010a), no human study has been designed to evaluate
recovery following n-3 LCPUFA remediation.

Maternal DHA status

As noted previously, DHA in maternal blood lipids is
an indicator of maternal DHA status as well as the
immediate source of DHA for transport to the fetus
and infant. Among the factors that determine mater-
nal DHA and AA status are the tissue stores and
dietary intake. Recent evidence suggests that mater-
nal DHA status is influenced as well by single nucle-
otide polymorphisms (SNPs) in the fatty acid
desaturases (FADS) (Schaeffer et al. 2006; Xie &
Innis 2008). An elegant study done by Hornstra’s
group (Otto et al. 1997) documented the changes in
plasma phospholipid (PL) DHA during pregnancy
among women from a number of countries consum-
ing different amounts of DHA. The study provides
insight into the combined effects of pregnancy and
presumed differences in tissue stores. Maternal
plasma PL-DHA concentration (mg L–1) and the rela-
tive percent of total fatty acids (wt/wt total fatty
acids) throughout pregnancy were determined.
Despite their variable DHA status, all groups experi-
enced an increase in DHA concentration after a
14-week gestation that was unrelated to DHA intake.
Only women from the country having the highest
DHA status at 14 weeks had a progressive increase in
the DHA concentration in plasma to term. It is pre-
sumed that the increase occurred in response to the
mobilization of DHA from adipose tissue stores
under the physiological influences of pregnancy.
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Oestrogen has been shown to increase DHA synthe-
sis (Pawlosky et al. 2003) and circulating oestrogen
levels increase dramatically during pregnancy.

In other studies, this group of investigators demon-
strated that relative percent of DHA (wt/wt of total
fatty acids) in maternal plasma decreased later in
pregnancy (Foreman van Drongelen et al. 1995; Al
et al. 1997) and declined further after parturition. The
decline was larger in women who breastfed and was
mitigated by intake of DHA (Otto et al. 1999), sug-
gesting that at least some of the decline could be
because of less than optimal maternal DHA status
and/or further depletion of DHA stores as well as
reduced mobilization of DHA from tissue. Multipa-
rous women have also been shown to have lower
plasma DHA during pregnancy than primiparous
women (both concentration and relative to total fatty
acids) (Al et al. 1997). Consistent with these observa-
tions, pregnancy number was inversely related to the
amount of DHA in maternal plasma (Al et al. 1997),
which suggests a depletion of maternal DHA stores
with an increase in the number of pregnancies.

LCPUFA transferred from the mother to her fetus
during pregnancy and to her infant during lactation are
incorporated into membranes in the growing tissues of
the fetus and infant. In the central nervous system, the
proportion of membrane fatty acids as DHA increases
even as the size of the brain increases; and the increase
in proportion of fatty acids continues for the second
year of life even as brain growth begins to plateau
(Martinez 1992). Brain cortical DHA is increased in
infants fed human milk compared with formula
without DHA (Farquharson et al. 1992; Makrides et al.
1994; Jamieson et al. 1999). If as has been presumed,
this is related to differences in DHA intake, it cannot
be assumed that brain DHA accumulation is optimal
in all circumstances. The factors that could influence
LCPUFA transfer to tissues, particularly to the devel-
oping brain, are a major point of this review.

Intrauterine fatty acid accumulation

Maternal and fetal blood and adipose LCPUFA

Between the 10th and 30th week of gestation, mater-
nal fat mass increases by ~7 lbs. The accumulation of

fat mass reaches a plateau at approximately 30-week
gestation, and maternal plasma non-esterified fatty
acids (NEFAs) increased because of maternal lipoly-
sis. Maternal NEFAs provide the fuel for fetal tria-
cylglycerol (TAG) synthesis, responsible for the
increase in fetal fat mass beginning at approximately
30-weeks gestatio (Haggarty 2004). Interestingly (and
of possible consequence to ultimate transfer of
maternal LCPUFA to the fetus), NEFA from mater-
nal intake and stores appear to be the major fuel for
the fetus during the first two trimesters, while it is
glucose that is mainly transferred across the placenta
and is the major fuel in the 3rd trimester (Haggarty
2004).

In contrast to maternal adipose tissue accumula-
tion, which plateaus at approximately 30 weeks of
gestation, the concentration of maternal plasma TAG
increases progressively throughout pregnancy (Hag-
garty 2004), and the PUFA in TAG of all lipoprotein
classes is higher in the 3rd trimester than post-
partum (Herrera 2002). Compared with the fetus, the
mother has a much higher absolute concentration of
all plasma lipids, including DHA and AA; however,
the relative proportion of DHA and AA in total
fatty acids of circulating lipids (PL, TAG and choles-
terol esters (CE)) is consistently higher in the
neonate (Haggarty 2010): the increases can be as
much as 16-fold for DHA and 90-fold for AA (Clan-
dinin et al. 1981; Haggarty 2004). Crawford and
coworkers (1976) defined this apparent preferential
transfer of DHA and AA to the infant from the
mother as ‘biomagnification’.

By combining data from a number of published
sources, Haggarty (2004) created a composite illustra-
tion of the mother and fetus for the proportion of
total fatty acids as DHA and AA in maternal and
infant plasma, adipose tissue, and brain lipids. His
composite data show that the per cent of total fatty
acids as DHA and AA is greatly elevated in the fetal
compared with maternal plasma lipid classes (PL,
TAG, CE and NEFA), supporting selective transfer to
the fetus (Haggarty 2004). In a later review, Haggarty
(2010) compared the PL concentration of DHA and
AA in maternal blood, intervillous spaces, microvillus
and basal membrane of the syncytiotrophoblast, and
fetal circulation, and concluded that the degree of
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enrichment at the microvillus border alone could be
responsible for the biomagnifications of DHA in fetal
circulation.

The DHA status of the neonate – whether mea-
sured in esterified blood lipids or in the umbilical
artery wall – increases with gestational age (Foreman
van Drongelen et al. 1995). In addition to the effects
of pregnancy and gestation on DHA status of the
fetus, maternal and newborn DHA status are highly
correlated at the time of delivery (Fig. 1), evidence
that higher maternal DHA status can increase the
DHA status of the newborn.

The absolute amount of DHA in fetal adipose
tissue exceeds that in the brain from around the 25th
week of gestation; and the last trimester increase in
the quantity of DHA in fetal adipose tissue greatly
exceeds the quantitative increase in brain DHA. It
has been suggested that fetal accumulation of DHA
in adipose tissue supports the need for fetal DHA
accumulation by various organs and serves as a pool
of DHA for growing organs and tissues after birth
(Haggarty 2004). Farquharson et al. (1993) found an
extremely low percentage of DHA in adipose tissue
by 2 months of age, possible evidence that the DHA
pool in adipose tissue is quite labile. The estimates
made by Haggarty (2004) suggest that maximal fetal
adipose DHA accumulation should occur with
usual maternal DHA intakes of approximately
325 mg day-1. Recent work suggests that differences
in SNPs for FADS 1/2 and phosphatidylethanolamine
methyl transferase could also influence both

LCPUFA-status (Xie & Innis 2008) and DHA con-
centration in brain phosphatidylcholine (da Costa
et al. 2010).

Intrauterine maternal to fetal fatty acid transfer

NEFAs are transported across the placenta. The
NEFA concentration in the plasma of pregnant
women during the last trimester is twofold higher
than in non-pregnant women (Campbell et al. 1998).
Plasma lipid concentrations of the fetus and neonate,
on the other hand, are low because of a limited fatty
acid transfer across the human placenta (Campbell
et al. 1997).Thus, at the fetal–maternal interface, there
is a large concentration difference to drive the trans-
port (Campbell et al. 1998). Placental lipid transport
has specificity for DHA and AA relative to other fatty
acids, but DHA is preferentially accumulated in the
fetal circulation compared with other PUFA (Crab-
tree et al. 1998). Maternal DHA is accumulated by the
fetus at a threefold higher rate than AA, but only 1.3
and 1.6 times higher rate than ALA and LA, respec-
tively (Crabtree et al. 1998). AA crosses the placenta
at higher rates but is retained in placental tissue
(Crabtree et al. 1998).

Placental plasma membrane fatty acid binding
protein (p-FABPpm) has a preference for AA and
DHA and is located on the maternal side of the syn-
cytiotrophoblast, favouring the unidirectional flow of
maternal LCPUFA to the syncytiotrophoblast
(Campbell & Dutta-Roy 1995; Dutta-Roy 1997). In a
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Fig. 1. Relationship between maternal and
cord blood plasma phospholipid docosa-
hexaenoic acid (DHA; weight percent) at
delivery – showing high degree of correlation
but also large individual variability (Carlson,
unpublished data). PL, plasma; PL PP, plasma
phospholipid.
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human placental cell line (BeWo) that expresses
p-FABPpm (Campbell et al. 1997), DHA was preferen-
tially incorporated into TAG whereas AA was prima-
rily esterified in PL (Campbell et al. 1997; Crabtree
et al. 1998). Differential esterification and retention
by the placenta could result in preferential transport
of DHA > AA, with greater AA accumulation in the
placenta. The most recent support for selective trans-
fer of DHA to the fetus comes from Gil-Sanchez et al.
(2010).These researchers used 13C-labelled fatty acids
and demonstrated elevated specific activity of DHA
(but not palmitic, oleic or LA) in cord compared with
maternal plasma 12 h after maternal oral application
of the fatty acid.

Many reports show a relationship between mater-
nal and newborn DHA status and it is evident that in
general higher maternal DHA intake can increase
infant DHA status.As shown in Fig. 1, a large amount
of the variance in infant plasma PL-DHA at birth
(25%) can be explained by knowing the maternal
plasma PL-DHA. As clearly illustrated by the figure,
however, the individual relationships demonstrate a
considerable variability. The variability may be
related to any of a number of factors including differ-
ences in placental quality, maternal to fetal transfer,
fetal uptake, fetal distribution into tissues and fetal
synthesis.

Fetal DHA and AA synthesis

Fetal hepatic microsomes and neonates demonstrate
significant D6- and D5-desaturase activities (Rodriguez
et al. 1998), and stable isotope technology has pro-
vided evidence that both term and preterm infants
convert LA to AA and ALA to DHA (Salem et al.
1996; Sauerwald et al. 1997; Szitanyi et al. 1999). It has
later been shown that this biosynthetic capacity
decreases with gestational age (Uauy et al. 2000).
Carnielli et al. (2007) did the first quantitative study of
DHA and AA synthesis in preterm infants, where
they capitalized on the natural abundance of 13C in
components of infant formula and used both time and
LCPUFA intake (DHA and AA) as variables. Not
only did they quantify synthesis, but they were also
able to determine the proportion of synthesized
DHA and AA in relation to the amount obtained

from the diet, which contained 0.64 FA% DHA and
0.84 FA% AA or none of these LCPUFA.At 1 month
of age (~32 weeks gestation equivalent), infants syn-
thesized ~40 mg AA per kg body weight per day and
approximately 13 mg DHA per kg per day or
approximately 40 and 65% of the total AA and DHA
(exogenous plus endogenous), respectively. By 3
months of age (~1 month past expected term), syn-
thesis of these same fatty acids had declined to
approximately 14 and 3 mg kg-1 per day. It cannot be
determined whether this was because of feedback
inhibition from dietary LCPUFA or related to devel-
opmental programming, but the biosynthesis capacity
of infants is significant compared with the estimated
fetal accretion rate of 45 mg kg-1 per day (Lin et al.
2010).Another very recent study dosed newborn term
infants with labelled ALA and labelled eicosapen-
taenoic acid (EPA, 20:5n-3), and showed that
although endogenously formed EPA was more effi-
ciently converted to DHA than the externally sup-
plied EPA, provision of EPA was almost four times as
effective as ALA with respect to maintenance of
DHA status (Lin et al. 2010). The investigators fur-
thermore estimated that the infant needed 5-mg pre-
formed DHA per kg per day in order to maintain
plasma DHA homeostasis (Lin et al. 2010).

Other factors that affect fetal DHA and
AA status

Haggarty (2004) illustrated a role for longer gestation
and higher maternal DHA intake in relation to the
final expected accumulation of DHA in fetal adipose
tissue. From this it may be inferred that infants born
before term or born to women on low DHA intakes
could accumulate suboptimal amounts to support
later development. He notes as well the potential for
post-natal dietary intake of DHA to mitigate a deficit
in DHA formed in utero. The relative adequacy of
DHA accumulated by the fetus likely depends on the
sum of adipose tissue accumulation in utero, the
infant’s capacity for biosynthesis and post-natal DHA
intake. The timing as well as the quantity of DHA
accumulation appears to be important; e.g. intrauter-
ine accumulation may be more favourable than post-
natal accumulation. Rats depleted of brain cortex
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DHA and repleted after weaning continued to have
abnormal dopaminergic function in adulthood
(Levant et al. 2004). Studies done by a different group
found that this was also the case for the serotoniner-
gic system (Kodas et al. 2004).

We also point out that estimates made by Haggarty
(2004) were based on LCPUFA analysis of tissues
from women consuming a self-selected diet (and their
infants). Consequently, his estimates reflect ongoing
intake and the LCPUFA stores supported by that
intake. It cannot be assumed that women consuming a
diet (whether low in DHA or inadequate in protein or
micronutrients, as might occur in women with poor
financial resources) can meet the DHA needs in preg-
nancy. Studies are currently under way in low-DHA
consuming groups, and it will be interesting to learn
what, if any, benefits will be found for infant develop-
ment. At present, the observational studies (Cheruku
et al. 2002; Colombo et al. 2004; Bakker et al. 2007;
Hibbeln et al. 2007; Jacobson et al. 2008; Kannass et al.
2009; Mendez et al. 2009) are suggestive evidence for
benefit of higher usual DHA intakes. Ramakrishnan
et al. (2010) followed the pregnancies of nearly 1000
women assigned randomly to placebo or a supple-
ment of 400 mg DHA per day beginning between the
18th and 22nd weeks of gestation. Mean baseline
DHA intake in the population was very low
(55 mg day-1). Neither gestational age nor infant size
at birth was influenced by supplementation, although
capsule compliance was excellent and the supple-
mented mothers and their infants had significantly
higher plasma DHA at delivery.

A number of high-risk pregnancy conditions can
influence placental function and could therefore
influence maternal to fetal transfer of LCPUFA.
These are considered in light of the present focus on
low maternal income or low intake of DHA. More
studies of diabetes mellitus [types I, II or gestational
diabetes mellitus (GDM)] have been reported com-
pared with other high-risk conditions although there
do not appear to be any studies that have made a
concerted effort to enroll large numbers of women
with diabetes mellitus. It is difficult to generalize
about the effects of diabetes mellitus on placental
transfer directly or as viewed from the perspective of
maternal and infant status, especially because there is

no uniformity in the measures of LCPUFA status
obtained among studies (a common situation during
the exploratory stages of investigation of a new area).
There is evidence of limited transfer to the fetus
based on several studies from Crawford’s group, who
have reported birth fatty acid status of infants born to
women with type I (Ghebremeskel et al. 2004; Min
et al. 2005), type II (Min et al. 2005) and GDM
(Thomas et al. 2005). In each case, the researchers
reported lower plasma DHA and AA in the offspring
and Ortega-Senovilla et al. (2009) found lower AA
and total n-6 fatty acids but not lower DHA in the
cord arterial blood (but not in cord venous blood, the
presumed source of cord blood in studies that
measure cord blood fatty acids). Some evidence exists
for reduced placental LCPUFA transfer based on
higher DHA and AA in the placenta of women with
GDM (Bitsanis et al. 2006), consistent with two
studies that found GDM to be associated with higher
DHA in PL as well as TAG of maternal plasma
(Wijendran et al. 1999; Thomas et al. 2004). On the
other hand, Min et al. (2006) reported lower DHA
and AA in the RBC-PC of Korean and British women
with GDM compared with population controls
without GDM, suggesting a non-placental effect such
as differences in maternal mobilization of DHA and
AA from tissue stores. A similar inability to mobilize
LCPUFA could be involved in lower milk LCPUFA
found in women with insulin-dependent diabetes mel-
litus (Jackson et al. 1994).

Maternal smoking, obesity, pre-eclampsia and
intrauterine growth retardation (IUGR) have been
mentioned in a more limited number of observational
reports related to LCPUFA status [although several
reports demonstrate that’ a high incidence of smoking
during pregnancy (Smuts et al. 2003; Magnusardottir
et al. 2009) may be a confounder in pregnancy
studies]. Agostoni et al. (2005) found lower DHA and
AA in whole blood of 4-day-old infants whose
mothers continued to smoke during pregnancy com-
pared with those who did not smoke and, in the case
of DHA, compared with those who stopped smoking
early in the pregnancy. One study (Magnusardottir
et al. 2009) implicates lower maternal DHA in
RBC-PL in smokers, but the effect was relatively
small compared with the effects of DHA intake. Only

Transfer of fatty acids from mother to child 47

© 2011 Blackwell Publishing Ltd Maternal and Child Nutrition (2011), 7 (Suppl. 2), pp. 41–58



one published study has compared maternal body
mass index (BMI) with maternal plasma PL-DHA:
Wijendran et al. (1999) found an inverse relationship
between obesity and maternal plasma PL-DHA in a
small sample. We (SE Carlson) compared maternal
plasma PL-DHA with enrollment BMI in 352 women
enrolled between 12 and 20-week gestation (see
Fig. 2) and found no relationship. It would be of inter-
est, however, to determine if maternal BMI affects
newborn DHA status.

Hypertensive disorders also appear to reduce
transfer of DHA and AA to the fetus (Wang et al.
1991; Velzing Aarts et al. 1999), with lower free fatty
acid DHA and AA in placental tissue (Wang et al.
2005). Women from a high DHA intake group who
developed pre-eclampsia had significantly reduced
DHA in the umbilical vein wall compared with
women without pre-eclampsia; however, the umbilical
artery wall (coming from the fetus) had higher DHA
in both groups compared with the vein wall and this
did not differ between groups (Huiskes et al. 2009).
These findings could be evidence of reduced maternal
to fetal transfer of DHA without adverse effects on
the DHA status of the fetus. Possible explanations
would include some kind of compensation through
fetal synthesis (the placenta does not make DHA) or
accumulation of maternal DHA by the fetus prior to
the development of pre-eclampsia. IUGR infants rep-
resent a possible fruitful group to study in relation to
the effects on LCPUFA transfer and newborn status.
We could not find any comparisons of newborn

LCPUFA status in relation to appropriate compared
with low intrauterine growth. Increased placental
lipolytic activity (Biale 1985) and up-regulation of
placental lipoprotein lipase (Tabano et al. 2006) have
been reported in pregnancies complicated by IUGR.

Maternal to infant transfer in milk

It is well known that levels of DHA in infant blood
correlate significantly with DHA in both maternal
blood and milk – which again are correlated with each
other (see Lauritzen et al. 2001 and Fig. 3). Curiously,
no such correlation is seen for AA (Fig. 3). In 17
mothers and their term breastfed infants over the first
4 months of lactation, Jørgensen et al. (2006) found a
decrease in maternal DHA status, which was not
accompanied by a decrease in the status of the infant.
Furthermore, the infant had a higher LCPUFA to
precursor EFA ratio, which could indicate specific
transfer of LCPUFA via the breast milk, but could
also be explained by an extra desaturation cycle in the
infant liver after ingestion of the LA and ALA from
the milk (Jørgensen et al. 2006).

Mammary fat excretion

Plasma TAG, predominately those from chylomi-
crons and very low-density lipoprotein in fed animals,
is the main source of fatty acids for milk secretion
(Shennan & Peaker 2000) and diet; hepatic metabo-
lism and adipose stores determine the fatty acid com-
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Fig. 2. Relationship between maternal body
mass index (BMI) and plasma phospholipid
docosahexaenoic acid (DHA) during pregnancy
(Carlson, unpublished data).
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position of the plasma TAG pool. Most of the milk
lipids (about 60%) seem to be derived from maternal
stores (Hachey et al. 1987). The exact adipose tissue
contribution may depend on the size of the fat stores
laid down during pregnancy, as the fat content of
human milk has been shown to be influenced by
maternal pregnancy weight gain (Michaelsen et al.
1994).

Lipoprotein lipase activity is abundant in the cap-
illary endothelium of the mammary tissue, but the

mechanism of NEFA uptake by the mammary epithe-
lial cells has not been identified (Shennan & Peaker
2000). Several groups have isolated and characterized
FAT and FABP-analogues from mammary tissue
(Barber et al. 1997). The FAT-homologous CD36,
which mediates fatty acid uptake, has been shown to
be up-regulated during lactation (Bionaz & Loor
2008). Intracellular FABP3 has also been shown to be
abundant in mammary tissue and has been suggested
to be one of the key components in the channelling of

Fig. 3. Correlations between intake and RBC status of DHA in mothers (A) and in infants (B) and between maternal and infant RBC status of DHA
(C) and AA (D) 4 months after delivery. The calculated correlation coefficients for each of the curves are: (A) r = 0.806 (P < 0.001, n = 148); (B)
r = 0.564 (P < 0.001, n = 115); (C) r = 0.712 (P < 0.001, n = 114); and (D) r = 0.086 (P = 0.352, n = 118). (Based on data from Lauritzen et al. 2004.)
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fatty acids towards milk fat globule synthesis in the
bovine mammary gland (Bionaz & Loor 2008). As far
as we know, no fatty acid specificity has been
described for any of these proteins.

The lipids of mammary epithelial cells are located
in small protein-coated lipid droplets (or lipid
bodies), which are secreted into the milk by exocyto-
sis (Olofsson et al. 2009), and a unique budding
process gives rise to the milk fat globules (McMana-
man & Neville 2003). Thus, milk fat globules have an
outer shell of PL originating from the epithelial cell
membrane, fractions of epithelial cell cytoplasm (and
whatever substances that were dissolved herein), the
original lipid droplet protein coat and a core of TAG.
Milk globule formation starts in the endoplasmic
reticulum and the primordial milk globule then fuse
to increase the size of the globules (Olofsson et al.
2009). As lactation continues, total milk fat content
increases and the ratio of PL to TAG decreases
(Jensen 1999), suggesting that the milk fat globules
increase in size.

Little is known about the regulation of lipid secre-
tion by human mammary cells. As in other lipogenic
tissues, mammary lipid secretion depends on the
abundance of gene transcripts encoding for key lipo-
genic regulatory factors, e.g. sterol response element
binding protein 1 (Shingfield et al. 2010) and PPARg
(Bionaz & Loor 2008). The expression of these tran-
scription factors as well as the controlled lipogenic
enzymes has been shown to vary during bovine lacta-
tion (Bionaz & Loor 2008) and to account for changes
in the relative contribution of diet and stores relative
to fatty acids synthesized by the mammary gland
itself. The involved transcription factors have in other
tissues been shown to be affected differentially by
LCPUFA (Schmitz & Ecker 2008) and could thus to
some extent play a role in the potential nutritional
effects on milk fat composition. FADS 1/2 genotype
has also been implicated in the DHA transfer from
maternal plasma to breast milk: plasma but not milk
DHA of women carrying the minor allele did not
respond to a fish oil supplement, whereas women with
the major allele (homo- or heterozygous) showed the
expected increase in DHA in plasma and milk
(Molto-Puigmarti et al. 2010). Verification of this
finding is needed as the number of subjects with the

minor allele was low. FADS genotype has been shown
to affect breast milk LCPUFA content, which in other
studies has been interpreted as an effect on LCPUFA
synthesis (Lattka et al. 2010)

The relative contribution of diet vs. stores to milk
fatty acid composition is dependent upon the timing
of food intake/duration of fasting. Fish or fish oil
intake has been shown to have an acute effect on the
content of DHA and total n-3 fatty acids in the milk
(Henderson et al. 1992; Francois et al. 1998; Lauritzen
et al. 2002), which has been shown to last for 1–2 days
(Francois et al. 1998). Dietary fat has been shown to
have the greatest effect on milk lipids approximately
10 h after consumption (Emken et al. 1989; Francois
et al. 1998), which fits with a peak in plasma TAG
approximately 4 h after a meal and a mean milking
frequency of around 4–5 h. At the peak of the
response, the DHA content of the milk increased up
to six times above the level of the unsupplemented
milk (Francois et al. 1998; Lauritzen et al. 2002). Daily
fish oil supplementation gradually increased morning
milk DHA content, with a steady state reached after 1
week (Henderson et al. 1992).

Human milk fatty acids

A rapid post-natal decline in infant adipose tissue
DHA concentration is suggestive evidence that
adipose DHA functions as a reservoir for DHA to
supply the quantitatively much larger post-natal
DHA accumulation in the brain (Farquharson et al.
1993). The LCPUFAs from breast milk are a major
source of infant tissue LCPUFA, but the relative con-
tribution will depend on the milk LCPUFA content.

With dietary intake being equal, the relative
LCPUFA composition of human milk declines during
lactation (Luukkainen et al. 1994; Makrides et al.
1995; Jensen 1996, 1999), although the quantity per
unit volume of milk may not decline (Marangoni et al.
2000). The ratio of ALA to LA in the milk correlated
with that of the adipose tissue (Martin et al. 1991),
although the relative content of n-6 fatty acids in the
stores was significantly higher than in the milk
(Martin et al. 1991, 1993). The fatty acid composition
of breast milk closely reflects the fatty acid composi-
tion in maternal plasma lipids (Young et al. 1997;
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Jensen et al. 2000), but the ratio of ALA to LA of
breast milk has also been shown to be higher (three to
sixfold) than in plasma (Mellies et al. 1979; Marangoni
et al. 2002). These observations could suggest that n-3
fatty acids are to some degree specifically transferred
to the milk. The ratio of LCPUFA to EFA (LA plus
ALA), on the other hand, has been shown to be much
lower (around 25%) in breast milk compared with
plasma (Marangoni et al. 2002), which does not
support the specific transfer of LCPUFA.

Marangoni et al. (2002) found significant correla-
tions between plasma and milk for LA, ALA and
DHA in Italian women, but a study in Indian women
found no such correlations and only weak correla-
tions between the overall content of n-6 and n-3
PUFA in milk and plasma (Kilari et al. 2009). Corre-
lations for milk LCPUFA including DHA seem to be
somewhat better with plasma PL (Jensen et al. 2000).
LCPUFAs are specifically incorporated into the sn-2
position of PL, the content of which decreases as milk
globules increase in size during maturation of the
milk. These changes could to some extent explain the
decrease in LCPUFA content in the breast milk.
The decline in milk LCPUFA could also be related
to the decline in maternal plasma DHA to pre-
pregnancy amounts (or lower) after pregnancy or to a
decline in maternal DHA status during lactation
(Otto et al. 1999; Jørgensen et al. 2006).

Specific issues in low-income countries

Based on their low fat intake, we might expect EFA
levels to be low in milk and in mothers and their
infants in most developing countries; however, the
fatty acid composition of human milk in developing
countries on the African continent has been shown to
be quite similar to that of samples of European
human milk (Koletzko et al. 1992). Comparisons of
the worldwide variation in breast milk fatty acid com-
position does demonstrate a large variation in
medium chain saturated fatty acids (MCFA) (e.g.
Koletzko et al. 1992); and a low fat intake in develop-
ing countries has been shown to be associated with a
milk MCFA > 10 FA% (Hachey et al. 1987). Low-fat
diets have been shown to result in increased
mammary MCFA synthesis (Insull et al. 1959; Sanders

& Reddy 1992). A study of milk fatty acid composi-
tion among tribes in Tanzania demonstrates a gener-
ally high amount of MCFA, AA and DHA, and low
levels of LA (Kuipers et al. 2007). A newer review
with focus on the breast milk content of DHA and
AA also indicates little difference in the average
content between high- and low-income countries,
although some values are outliers (e.g. Pakistan with
very low levels of both DHA and AA) (Brenna et al.
2007). Sanders & Reddy (1992) made the observation
that vegans and vegetarians have lower levels of
DHA in their breast milk than omnivores. Infants of
Hindu vegetarian mothers also have a lower DHA
and a higher mead acid (20:3n-9) relative to AA in
cord plasma and artery wall than infants of matched
omnivorous mothers (Sanders & Reddy 1992).

Conversion of ALA to DHA may be higher in a
moderately undernourished population compared
with a well-nourished one because of an overall lower
intake of fat and PUFA (e.g. see the paper by Gibson
et al. in this issue of MCN). However, it is also possible
that there will be less efficient utilization of EFA as
more of the fat is used as energy at a low fat intake
[e.g. EFA needs on fat-free vs. specific EFA-deficient
diet (Cunnane & Anderson 1997)]. Several studies
(e.g. Alessandri et al. 1996) have shown that the con-
version rate of LA to AA and ALA to DHA is higher
when the supply of LCPUFA is low, as LCPUFA
inhibit the D6-desaturase. De la Presa-Owens
and coworkers (1998) found a higher D5- and
D6-desaturase activity in liver microsomes from
piglets fed formula without LCPUFA compared with
a sow’s milk reference.The increased activity was only
evident with LA, whereas activity towards ALA
was not affected. In this study, D6-desaturation of
ALA was decreased by addition of DHA to the
formula, whereas addition of AA did not affect
D6-desaturation, but rather increased D5-desaturation
of n-6 as well as n-3 fatty acids. These findings are in
sharp contrast to what would be expected according
to the results of Emken and coworkers (1998),
showing that dietary AA depressed AA as well as
DHA formation in adult humans. The plasma fatty
acid composition of 18-month-old Cambodian chil-
dren has also indicated higher DHA and AA levels
compared with that of Italian children (Agostoni et al.
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2007), but this may be better explained by higher
seafood intake in Cambodian compared with Italian
children.

Beyond the first year of life, there is still a high rate
of brain growth and brain DHA accretion should con-
tinue; however, the supply of n-3 PUFA from comple-
mentary foods after weaning can be very low – this
may be even more so in some developing countries
depending upon the diet (see paper by Michaelsen
et al. in this issue of MCN). US toddlers consumed
only approximately 20 mg day-1 of DHA, and
consumption of a supplement of approximately
100 mg day-1 for 2 months reduced upper respiratory
infections dramatically (Minns et al. 2010). Few
studies have looked at functional consequences of n-3
LCPUFA supplementation later in childhood in
developing countries. One of the few studies that did,
the CHAMPION study (Muthayya et al. 2009), found
no functional effects on growth or cognitive perfor-
mance in 600 Indian schoolchildren after supplemen-
tation with a low dose of DHA (100 mg day-1 for 12
months). Other new studies have found indications of
beneficial effects of n-3 LCPUFA supplementation
on illness and immune function in children in
low- and high-income countries (Pastor et al. 2006;
Thienprasert et al. 2009; Minns et al. 2010).

Conclusion

Maternal DHA status is related to intrauterine and
post-natal (in human milk-fed infants) DHA trans-
fer. The supply of LCPUFA from the mother to the
infant and the status of the mother and infant
depend on the dietary intake of LCPUFA of the
mother and, we now suspect from several studies of
FADS alleles, the efficiency of metabolism and/or
transfer. The n-3 PUFA supplementation is more
effective with n-3 LCPUFA than ALA, but ALA
supplementation could be important at low total fat
intake. Some studies in the developing world indicate
very good maternal LCPUFA status while others
find very poor LCPUFA status. While much of the
difference could be because of differences in
LCPUFA intake, particularly n-3 LCPUFA intake,
there is also evidence that low (not deficient) intake

of LA and ALA could contribute to higher
LCPUFA status and transfer to the fetus/infant.

DHA and AA are preferentially transferred across
the placenta, and in general, newborn DHA status is
lower than maternal status. Nevertheless, when DHA
is compared in maternal and newborn plasma phos-
pholipids, the data suggest the existence of a factor or
factors that influence maternal/placental transfer to
the fetus or variable uptake by the fetus. Perhaps both
kinds of influences are operative. Based on data from
a recent trial (Fig. 2) that provided 600 mg day-1

DHA during the last half of pregnancy, it is clear that
the women and their infants do not fall neatly into
two distinct groups as randomized, indicating that
other factors than intake most likely contribute to the
variability.

There is currently no evidence of mechanisms of
selectivity in the post-natal supply of PUFA from the
mother to the infant, although selective uptake by
tissues would be anticipated based on what is known
about differences in fatty acid composition among
tissues regardless of dietary intake. AA levels in milk,
blood and tissues are less subject to dietary modifica-
tions and thus need less attention, whereas n-3
PUFA status may be the major problem in low-
income countries.
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