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Abstract: The role of ω3 alpha linolenic acid (ALA) in the maternal diet during pregnancy and
lactation, and its effect on the prevention of disease and programming of health in offspring, is largely
unknown. Compared to ALA, ω3 docosahexaenoic (DHA) and eicosapentaenoic (EPA) acids have
been more widely researched due to their direct implication in fetal neural development. In this
literature search we found that ALA, the essential ω3 fatty acid and metabolic precursor of DHA and
EPA has been, paradoxically, almost unexplored. In light of new and evolving findings, this review
proposes that ALA may have an intrinsic role, beyond the role as metabolic parent of DHA and EPA,
during fetal development as a regulator of gene programming for the prevention of metabolic disease
and promotion of health in offspring.
Keywords: alpha linolenic acid; maternal diet; fetal programming; metabolic syndrome; gene
expression; ω3 fatty acids

1. Introduction
More than 80 years ago, Burr et al. [1] described the essential fatty acids (EFA) linoleic acid (ω6
LA) and alpha linolenic acid (ω3 ALA) in animals. Their research contributed to the knowledge and
concept that normal growth, development and health in mammals depends on EFA nutritional supply.
Both EFA share enzymes like the ∆6 desaturase and elongases, and, thus, compete as substrates in
this metabolic pathway (Figure 1). The genetic variants of desaturases determine the nutritional
requirements for the supply of fatty acids and consequently, health and/or disease, as previously
reviewed [2,3].
During the course of mammalian development, fatty acids (FA) are transferred to the fetus through
the placenta [4] and their composition depends, to a great extent, on the maternal diet [5]. Maternal
nutrition during pregnancy-lactation can induce significant changes in body composition, physiology
and metabolism in offspring. Thus, the Fetal Origins Hypothesis was inspired by evidence showing that
adult cardiovascular disease begins through developmental activation of a set of genes and metabolic
pathways in the offspring in response to in utero under- or over-nutrition [6]. FAs play a primary role
in growth and development and it is now accepted that imbalances in their intake during pregnancy
and lactation may result in permanent changes that affect appetite control, neuroendocrine function
and energy metabolism in the fetus; thus, influencing the metabolic programming [7]. However, the
roles of EFAs and the mechanisms by which they impact the long-term health of the offspring remains
to be determined [8]. The importance of the FA composition in the diet and the significant differences
between ALA and its metabolic products DHA and EPA has been spotted both in adults [9] and in
maternal diets during pregnancy [10]. Some recent reviews even reinforce the importance of maternal
dietary FA quality for the health outcomes in offspring [7,8,11,12].
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triglycerides [18]. Similarly, they also confer cardio protection by lowering blood pressure and
resistance, hypertension and dyslipidemia by decreasing plasma triglycerides [18]. Similarly, they
also confer cardio protection by lowering blood pressure and through their benefits on vascular
and anti-inflammatory properties [19]. The efficacy of ω3 PUFA on reducing myocardial infarction,
arrhythmia, cardiac and sudden death, or stroke is, however, controversial [20]. Although it is now
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widely accepted that DHA and EPA have beneficial effects on CVD, it is not yet clear if these benefits
are directly or exclusively related to DHA and EPA [21,22]. Other benefits of DHA and EPA, such as
reversion of neuropathies, have also been described [23,24] for both plant and marine ω-3 FAs.
ALA: The relationship between ALA and chronic disease is unclear. As supported by human
studies [22–24], high intake of ALA is protective against fatal ischemic heart disease. In later years, the
use of ALA-rich oils deserved attention in the search for nutritional ways of preventing or ameliorating
cardiovascular disease and metabolic syndrome. Rodriguez-Leyva et al. reported that epidemiological
randomized studies using flaxseed oil as a preventive intervention in a healthy population or in
subjects identified as "at risk" for CVD are missing [25]. Baxheinrich et al. reported the beneficial
effects of ALA rich rapeseed oil on body weight, systemic inflammation and endothelial function in
patients with MS traits [26,27]. These past works showed that providing ALA significantly contributed
to reductions in systolic blood pressure, total cholesterol, LDL-cholesterol and insulin levels after six
months. Moreover, ALA was shown to significantly decrease body fat mass, as well as improve both
vascular function and inflammation.
The effects of ALA, as well as those of EPA and DHA, on the metabolic syndrome have been
further reviewed by Poudyal et al. [28]. They addressed ALA, DHA and EPA as individual entities,
and provided evidence of potentially independent effects for each of the ω3 FAs on cardiovascular
health. These same authors also reported that the three ω3 FA could each reduce inflammation in
cardiac fibrosis and hepatic steatosis in a high-fat diet induced model of metabolic syndrome in rats.
Those effects were associated to a complete suppression of Stearoyl CoA desaturase (SCD1) function.
In those studies, ALA induced comparatively different FA redistribution of retroperitoneal fat, skeletal
muscle and liver. Furthermore, it was suggested that the accumulation of the ω3 FA in adipose tissue,
as well as in skeletal muscle, may account for their crucial role in the reduction of abdominal fat,
inflammation, dyslipidemia and IR [28]. Conversely, recommendations for ALA intake in pregnant
women for the prevention of metabolic diseases in offspring are limited [29–33].
3. How Efficient Is ALA Conversion to EPA and DHA in Humans?
Dietary ALA is metabolically converted into acetate or CO2 through β-oxidation, or desaturated
and elongated into EPA, ω3 DPA and DHA [34]. ALA conversion to longer products in tracer
studies has been observed in nearly all humans studied from birth through late middle-aged men and
women [34,35].
It is clear that the metabolism of ω3 FA depends on other nutrients, in particular ω6 FAs, due to
their competition for the same enzymes and transport systems [2]. They also compete for incorporation
into more complex lipids that comprise mammalian tissues, where high levels of ω6 PUFA replace and
reduce ω3 PUFA levels. Early studies of rat liver microsomes showed that the ∆-6 desaturase activity
measured in vitro was subject to competitive inhibition by other substrates. In particular, desaturation
of ALA to ω3 eicosatrienoic acid was shown to be inhibited by LA and, conversely, LA conversion to
ω6 gamma linolenic acid was inhibited by ALA [36,37].
When studying the impact of ALA on the improvement of the metabolic syndrome, the following
question arises: is the conversion of ALA into EPA and DHA responsible for the observed effects?
This question was addressed by Truong et al. [32] in relation to genetic variants in the ∆6 desaturase
gene (Fads2). Adipose tissue was used as a biomarker of ALA intake in adult humans, and the authors
showed that high concentrations of ALA in adipose tissue were associated with lower prevalence
ratios of the metabolic syndrome compared to low ALA. Although an interaction between ALA and
Fads2 genotype (T-del) was borderline significant, it nevertheless suggested that genetic variation
may play an important role along with diet in the development of metabolic syndrome, at least in the
studied population. A variety of models have confirmed that ALA accumulates significantly and is
converted into longer ω3 FA in humans [34]. According to the ISSFAL official statement #5, studies
in healthy adults showed that supplementing ALA to Western diets containing LA raises DHA and
EPA levels in blood and breast milk [38]. In addition, these and other studies have provided evidence
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indicating that FA accumulation is tissue-dependent [38] suggesting that metabolism may be based
upon a tissue-selective need for longer ω3 FA, such as DHA.
As claimed by Anderson et al. [39], clarification of ALA’s involvement in health and disease is
essential. Indeed, it is insufficient to assume that ALA exerts its beneficial effects through conversion
to EPA and DHA. More thorough research is required to identify the differential effects of ALA on
metabolic disease like IR and CVD and to differentiate the possible heterogeneous effects of ALA
versus DHA and EPA. The use of developed animal models such as the ∆6 knockout mouse [40] that
inhibits the conversion of ALA into EPA, and EPA into DHA, could be highly useful in this regard.
No such work has been performed to date.
4. Adults
It has been observed that humans of all ages, from preterm and even fetuses to adults, convert
ALA to DHA. However, the efficiency of conversion seems to decrease as infants mature [35]. ALA
is partitioned to β-oxidation as energy source, for metabolic conversion to longer PUFA and for
incorporation into tissues [39,41,42]. Importantly, studies were also reported in which a significant
increase in plasma DHA levels was achieved by altering the oils in the diet and changing both ALA
and LA content [43].
There seems to be an agreement that the partitioning of ALA towards β-oxidation in humans
is lower in women than in men [44,45], an effect attributed to estrogen [34], which may explain the
higher conversion of ALA to longer-chain PUFA in women [32,41]. The explanation for the preferred
use of ALA for β-oxidation seems to be the greater affinity of carnitine palmitoyl transferase-1, the rate
limiting enzyme in mitochondrial β-oxidation, for this EFA compared to other PUFA [41]. Most studies
examining ALA have been performed in young men. The few studies focused specifically on women
of reproductive age showed that conversion of ALA to EPA and DHA is 2.5ˆ greater in women
compared to age-matched men [43–45]. This is ascribed not only to the differential partitioning
towards β-oxidation, but also to an up-regulation of the translocation of very long metabolic products
towards the peroxisome in women [34]. It has been suggested that ALA conversion increases in
pregnancy, which is supported by data in pregnant rats [44–46].
Clearly, gender differences exist and are of importance when recommending ω3 FA to men or
women and, in this case of the latter, whether they are pregnant or not [41]. Work performed by Childs
and others [46,47] have provided further support for this concept. The examination of whether there
are sex differences in the long-chain ω3 FA response to increased ALA intake in humans showed that
women have a higher increase than men in the EPA content of plasma phospholipids after six months.
The gender differences in ALA use, metabolism and destination, warrant further investigation.
5. Fatty Acids Quality and Early Life
Pregnancy is supposed to be a period of high requirement for DHA in humans due to the fetus’
need for rapid growth and neural development [34]. FA levels in the embryo and newborn babies are
directly associated with maternal FA levels and composition; therefore, any variation in the maternal
intake of FAs susceptible to genetic variability is pivotal for fetal growth, development and health [47].
There is some evidence suggesting that the influence of genetic variation in FADS genes on both
circulating and tissue FA profiles, which can influence disease risk, may have a trans-generational
effect [48,49]. Moreover, it has been shown that breastfeeding also exposes babies to the maternal
genetic Fads variations through their effects on milk quality and quantity of fatty acids that, in turn,
affect the baby health and intelligence quotient [50]. Consequently, these studies show that the
influence of FADS2 polymorphisms in the mother is of uttermost importance for the array of FAs
transferred from mother to child during uterine development and breastfeeding. This knowledge
reinforces the importance of a nutritional adjustment during the critical perinatal period.
DHA and EPA: The effects of different qualities of dietary FAs during pregnancy and/or
lactation on fetal development and offspring metabolism have been recently reviewed [7]. Maternal
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consumption of diets rich in ω3 PUFA in particular showed benefits for the development of offspring
and it was even suggested that they exert epigenetic regulation for the prevention of obesity, insulin
resistance and cardiovascular diseases [51,52]. The consumption of DHA and EPA during crucial
periods of fetal development has beneficial physiologic and metabolic effects on the health of offspring
by protecting them from the onset of metabolic diseases [7,11]. Nevertheless, results in the field are
controversial, and the independent effects of ALA have not been studied enough.
ALA: During pregnancy there is a reduction of DHA in maternal serum while, at the same
time, an increased requirement of DHA and EPA for fetal brain development [38,49]. The solution
to compensate for this supposed imbalance can be to either provide ALA, the precursor for DHA
and EPA, or these end products directly. Not enough scientific information exists comparing for the
benefits of either supplementation. From the clinical aspect, criticism is raised regarding the claim
of support for fetal cognitive health and brain function improvement associated with DHA and EPA
supplementation [53].
Larque et al. [12] reported a somewhat positive relationship between maternal or cord serum
DHA percentages and cognitive skills in young children. Unfortunately, valuable information was
missing from this study: ALA is not mentioned amongst ω3 FAs and the blood FA composition of
mothers and/or children was not described.
During the literature search described here, only one study was found indicating a negative effect
of maternal over-consumption of ω3 FAs on life span and auditory brainstem response in older adult
offspring. As in several papers, the term ω3 FA was broadly used, without specifying the dietary FA
composition and without mentioning the specific effects of ALA [54].
6. Perinatal Manipulation of ALA
In relation to perinatal metabolism, significant FA desaturase activities have been detected in
fetuses and preterm infants, indicating the existence of the molecular pathways at early stages of
life [55,56].
Published research regarding the positive effects of DHA and EPA has been reviewed showing
that they are essential for proper fetal development [57]. Supplementation of ω3 PUFA during
pregnancy has been linked to decreased incidence of allergies [58]. An interesting study using flaxseed
oil in mice questions whether ALA provision during gestation and lactation could induce epigenetic
changes in maternal and offspring livers [58]. In this study, the authors described an interaction
between ALA dietary content and the FA metabolism, through down-regulation of the expression
of enzymes involved in the elongation (Elovl2) and desaturation (Fads1) of FAs in maternal livers.
A positive correlation between Fads2 promoter methylation in maternal livers and offspring livers
with changes in the expression of DNA methyltransferases at day 19 of pregnancy was described.
Even though the work was inconclusive, the authors suggested that the maternal availability of ALA
during gestation-lactation could differentially alter the metabolism of ω3 and ω6 FAs, as well as the
epigenetic status of Fads2 in maternal and offspring’ livers.
Research focusing on ALA content in the maternal diet and the long-term side effects on metabolic
syndrome in the offspring is scarce. Our laboratory has begun focusing on those effects and showed
that maternal dietary enrichment of ALA, compared to SFA, led to lower body weight gain, liver fat
accumulation, and homeostasis model assessment (HOMA) index, as well as reduced SCD1 in the
adult offspring exposed to a high fat diet [59]. Those results suggested that the relative increase in
dietary ALA during pregnancy and lactation may have the potential to prevent obesity and insulin
resistance in the offspring. Furthermore, Shomonov-Wagner et al. [60] compared the effects of dietary
enrichment in ω3 ALA, DHA or EPA, compared to saturated fatty acids (SFA). That work showed that
SFA, independent of total fat amount or calories, induced liver lipid accumulation and IR in offspring
at weaning, while ALA was the most efficient ω3 FA to prevent the induced metabolic alterations.
That work proposed that not only ALA and SFA have divergent effects on IR and liver lipid levels, but
also that each of ALA, DHA and EPA behaved differently. Furthermore, ALA preventive effects were,
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apparently, unrelated to its conversion into DHA and EPA. Consequently, we conclude that ω3 ALA,
DHA and EPA should be studied and referred to individually and not as a group.
Recently published results seem to indicate that ALA, as opposed to SFA, up-regulates the
expression of genes involved in lipid oxidation and in the circadian rhythm [61].
7. Regulatory Mechanisms
The ω3 FA family seems to have distinct abilities to modulate metabolic functions and gene
expression [62]. Deckelman et al. [63] mentioned that the longer chain length and higher number of
double bonds give these FAs unique properties and suggested that they relate to modulation of enzymes
associated with signaling pathways/incorporation of EPA and DHA into membrane phospholipids and
direct effects on gene expression, amongst others. However, ALA has not been studied enough, and the
molecular interactions between ALA and genes, are only now beginning to be described [61].
Maternal dietary enrichment with ALA and the long terms effects on offspring susceptibility
to obesity and metabolic syndrome are an important and urgent subject waiting to be investigated.
Also important to consider are FA-gene interactions. Based on the literature found, we may assume
that ALA has beneficial effects during gestation, presumably on the prevention of obesity-associated
disease in offspring [61]. Ahmed [64] described a proteomics approach to examine the regulatory
roles of ω3 FAs. By using mice fed high or low ω3 FA containing diets, some affected proteins were
identified related to lipid, glucose and protein metabolism. Unfortunately their work excluded ALA,
but their information hints at the interaction between FAs and protein targets for the regulation of
metabolic pathways. These results, together with preliminary evolving information, warrant more
studies that would benefit from testing ALA, DHA and EPA separately.
8. Epigenetics
Environmental factors such as diet during fetal development can induce long-term modifications
in the genes of the fetus. Human epidemiological data and controlled animal studies corroborate the
impact of diet in the perinatal period and its lasting effect on gene expression and metabolism [65].
The question, “how do FAs influence the establishment of an epigenotype” [66], is intriguing and
stimulating. It is proposed that the peroxisome proliferator-activated receptor alpha (PPARa), an
abundant nuclear receptor transcription factor, may be a candidate to be regulated by maternal dietary
FAs in embryonic life. Wang et al. [67] described the way maternal and, possibly, paternal imbalanced
over- and under-nutrition may induce epigenetic modifications. Thus, DNA methylation, histone
modification and miRNAs, may regulate genome activity and gene expression leading to proteins
that affect fetal programming and organ physiology with lifelong consequences, sex-dependent in
some cases. The developmental adaptations that permanently change structure, physiology and
metabolism in offspring would thereby predispose for metabolic and cardiovascular risk later in adult
life. Vickers’s [68] analyzed not only the in utero, but also the trans-generational, possibilities for
epigenetic modifications and its consequences. Niculescu et al. [58] showed epigenetic modifications
induced specifically by ALA in an in vitro study. ALA was shown to alter the distribution of cells by
influencing cell cycle phases, apoptosis and gene and protein expression of DNA methyl transferases 1
and 3. However, no modifications in global DNA methylation were found.
Burdge et al. [69] reviewed the interaction between FAs and the epigenome to conclude that it is
not known, at present, how FAs modify the epigenome. Some of the existing limitations include the
lack of definition of the experimental diets and the susceptibility of histone deacetylases to inhibition
by short chain FAs present in most experimental diets. Nevertheless, the mechanisms underpinning
transmission of developmental programming urgently require further research.
9. Final Thoughts and Recommendations
The importance of ω3 FAs for the development and long-term health of offspring is widely
recognized. The importance of ALA, specifically, is only now beginning to be recognized; however,
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more thorough research is necessary in order to better understand its independent role in
developmental programming.
Based on ongoing research [28,61] we propose here the concept that ALA may have a role in the
programming of health. Specifically, it may have intrinsic regulatory properties on gene expression
during fetal development that extend beyond its simple metabolic conversion to DHA and EPA.
Although the human conversion of ALA to DHA and EPA is gender-related and relatively low
(up to 4%) [41], a higher consumption of ALA related to LA may increase it. Besides, individual DHA
and EPA are not easily available and expensive. Moreover, DHA- and EPA-rich fish oil has some health
disadvantages [22] due to contaminating factors such as heavy metals, teratogens, and others.
Due to the widespread use of the general term “ω3 FA”, that is sometimes misleading, we
propose that scientific publications apply a more precise nomenclature to identify the specific FAs
tested (i.e., ALA, DHA, and EPA).
In order to enlarge the understanding of ALA’s role in fetal development and programming, we
recommend to analyze the effects of a maternal diet enriched in each of the individual ω3 FAs, in
simple nutritional animal models that examine the tissue distribution, as well as gene expression and
metabolic outcomes, in offspring.
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gene of ∆6 desaturase enzyme
insulin resistance
linoleic acid
low density lipoproteins
peroxisome proliferative activated receptor gamma coactivator1a
enzyle and gene, respectively
polyunsaturated fatty acid
stearoyl-CoA desaturase 1 enzyme and gene, respectively
saturated fatty acid

References
1.
2.
3.
4.
5.
6.

Burr, G.O.; Burr, M.M. The nature and role of the fatty acids essential in nutrition. J. Biol. Chem. 1930, 86,
587–621. [CrossRef]
Sinopolus, A. Genetic variants in the metabolism of omega-6 and omega-3 fatty acids: Their role in the
determination of nutritional requirements and chronic disease risk. Exp. Biol. Med. 2010, 235, 785–795.
Merino, D.M.; Ma, D.W.L.; Mutch, D.M. Genetic variation in lipid desaturases and its impact on the
development of human disease. Lipids Health Dis. 2010, 9, 63. [CrossRef] [PubMed]
Innis, S.M. Essential fatty acid transfer and fetal development. Placenta 2005, 26, 570–575. [CrossRef] [PubMed]
Hornstra, G. Essential fatty acids in mothers and their neonates. Am. J. Clin. Nutr. 2000, 71, 1262S–1269S.
[PubMed]
Barker, D.J.P. Fetal origins of coronary heart disease. BJM 1995, 311, 171–174. [CrossRef]

J. Clin. Med. 2016, 5, 40

7.

8.
9.
10.

11.
12.
13.
14.
15.
16.
17.

18.
19.
20.

21.
22.
23.

24.

25.
26.

27.

28.

8 of 10

Mennitti, L.V.; Oliveira, J.L.; Morais, C.A.; Estadella, D.; Oyama, L.M.; Nascimento, C.M.D.; Pisani, L.P.
Type of fatty acids in maternal diets during pregnancy and/or lactation and metabolic consequences of the
offspring. J. Nutr. Biochem. 2015, 26, 99–111. [CrossRef] [PubMed]
Kabaran, S.; TanjuBesler, H.T. Do fatty acids affect fetal programming? J. Health Popul. Nutr. 2015, 33, 14.
[CrossRef] [PubMed]
Alfaradhi, M.; Ozanne, S.E. Developmental programming in response to maternal overnutrition. Front. Genet.
2011, 27, 1–13. [CrossRef] [PubMed]
Valenzuela, R.; Bascuñán, K.A.; Chamorro, R.; Barrera, C.; Sandoval, J.; Puigrredon, C.; Parraguez, G.;
Orellana, P.; Gonzalez, V.; Valenzuela, A. Modification of Docosahexaenoic Acid Composition of Milk from
Nursing Women Who Received Alpha Linolenic Acid from Chia Oil during Gestation and Nursing. Nutrients
2015, 7, 6405–6424. [CrossRef] [PubMed]
Swanson, D.; Block, R.; Mousa, S.A. Omega-3 fatty acids EPA and DHA: Health benefits throughout life.
Adv. Nutr. 2012, 3, 1–7. [CrossRef] [PubMed]
Larque, E.; Gil-Sanchez, A.; Prieto-Sanchez, M.T.; Koletzko, B. Omega 3 fatty acids, gestation and pregnancy
outcomes. Br. J. Nutr. 2012, 107, S77–S84. [CrossRef] [PubMed]
Fonseca, B.M.; Correia-da-Silva, G.; Teixeira, N.A. The rat as an animal model for fetoplacental development:
A reappraisal of the post-implantation period. Reprod. Biol. 2012, 12, 97–118. [CrossRef]
Brennan, R.O.; Mulligan, W.C. Nutrigenetics: New Concepts for Relieving Hypoglycemia; M Evans & Co.:
New York, NY, USA, 1975; p. 258.
Mutch, D.M.; Wahli, W.; Williamson, G. Nutrigenomics and nutrigenetics: The emerging faces of Nutrition.
FASEB. 2005, 19, 1602–1616. [CrossRef] [PubMed]
Dayton, S.; Pearce, M.L.; Goldman, H. Controlled trial of a diet high in unsaturated fat for prevention of
atherosclerotic complications. Lancet 1968, 16, 1060–1062. [CrossRef]
Lorente-Cebrián, S.; Costa, A.G.; Navas-Carretero, S.; Zabala, M.; Martínez, J.A.; Moreno-Aliaga, M.J. Role of
omega-3 fatty acids in obesity, metabolic syndrome, and cardiovascular diseases: A review of the evidence.
Physiol. Biochem. 2013, 69, 633–651. [CrossRef] [PubMed]
Gebauer, S.K.; Psota, T.L.; Harris, W.S.; Kris-Etherton, P.M. n-3 Fatty acid dietary recommendations and food
sources to achieve essentiality and cardiovascular benefits. Am. J. Clin. Nutr. 2006, 83, S1526–S1535.
Poudyal, H.; Panchal, S.K.; Diwan, V.; Brown, L. Omega-3 fatty acids and metabolic syndrome: Effects and
emerging mechanisms of action. Prog. Lipid Res. 2011, 50, 372–387. [CrossRef] [PubMed]
Abeywardena, M.W.; Patten, G.S. Role of ω3 Long chain Polyunsaturated Fatty Acids in Reducing
Cardio-Metabolic Risk Factors. Endocr. Metab. Immune Disord. Drug Targets 2011, 11, 232–246. [CrossRef]
[PubMed]
Larsson, S.C.; Orsini, N.; Wolk, A. Long-chain omega-3 polyunsaturated fatty acids and risk of stroke:
A meta-analysis. Eur. J. Epidemiol. 2012, 27, 895–901. [CrossRef] [PubMed]
Kris-Etherton, P.M.; Harris, W.S.; Appel, L.J. Fish Consumption, Fish Oil, Omega-3 Fatty Acids, and
Cardiovascular Disease. Circulation 2002, 106, 2747–2757. [CrossRef] [PubMed]
Coste, T.C.; Gerbi, A.; Vague, P.; Pieroni, G.; Raccah, D. Neuroprotective Effect of Docosahexaenoic
Acid-Enriched Phospholipids in Experimental Diabetic Neuropathy. Diabetes 2003, 52, 2578–2585. [CrossRef]
[PubMed]
Barceló-Coblijn, G.; Murphy, E.J. Alpha-linolenic acid and its conversion to longer chain n-3 fatty acids:
Benefits for human health and a role in maintaining tissue n-3 fatty acid levels. Prog. Lipid Res. 2009, 48,
355–374. [CrossRef] [PubMed]
Rodriguez-Leyva, D.; Bassett, C.M.C.; McCullough, R.; Pierce, P. The cardiovascular effects of flaxseed and
its omega-3 fatty acid, alpha-linolenic acid. Can. J. Cardiol. 2010, 26, 489–496. [CrossRef]
Baxheinrich, A.; Stratmann, B.; Lee-Barkey, Y.H.; Tschoepe, D.; Wahrburg, U. Effects of an energy-restricted
diet rich in plant-derived a-linolenic acid on systemic inflammation and endothelial function in
overweight-to-obese patients with metabolic syndrome traits. Br. J. Nutr. 2014, 112, 1315–1322.
Egert, S.; Baxheinrich, A.; Lee-Barkey, Y.H.; Tschoepe, D.; Wahrburg, U.; Stratmann, B. Effects of a rapeseed
oil-enriched hypoenergetic diet with a high content of α-linolenic acid on body weight and cardiovascular
risk profile in patients with the metabolic syndrome. Br. J. Nutr. 2012, 108, 682–691.
Poudyal, H.; Panchal, S.K.; Ward, L.C.; Brown, L. Effects of ALA, EPA and DHA in high-carbohydrate,
high-fat diet-induced metabolic syndrome in rats. J. Nutr. Biochem. 2013, 24, 1041–1052. [CrossRef] [PubMed]

J. Clin. Med. 2016, 5, 40

29.
30.

31.

32.

33.
34.
35.
36.
37.
38.

39.
40.

41.
42.
43.
44.
45.
46.

47.

48.

49.

9 of 10

Commor, W.E.; Bendich, A. Highly unsaturated fatty acids in nutrition and disease prevention. Am. J.
Clin. Nutr. 2000, 71 (Suppl. 1), 169S–398S.
Hu, F.B.; Stampfer, M.J.; Manson, J.A.E.; Rimm, E.B.; Wolk, A.; Colditz, G.A.; Hennekens, C.H.; Willett, W.C.
Dietary intake of a-linolenic acid and risk of fatal ischemic heart disease among women. Am. J. Clin. Nutr.
1999, 69, 890–897. [PubMed]
Truong, H.; di Bello, J.R.; Ruiz-Narvaez, E.; Kraft, P.; Campos, H.; Baylin, A. Does genetic variation in the
∆6-desaturase promoter modify the association between α-linolenic acid and the prevalence of metabolic
syndrome? Am. J. Clin. Nutr. 2009, 89, 920–925. [CrossRef] [PubMed]
Fleming, J.A.; Kris-Etherton, P.M. The evidence for α-linolenic acid and cardiovascular disease benefits:
Comparisons with eicosapentaenoic acid and docosahexaenoic acid. Adv. Nutr. 2014, 5, 863S–876S. [CrossRef]
[PubMed]
Decsi, T.; Koletzko, B. n-3 Fatty acids and pregnancy outcomes. Curr. Opin. Clin. Nutr. Metab. Care 2005, 8,
161–166. [CrossRef] [PubMed]
Brenna, J.T. Efficiency of conversion of α -linolenic acid to long chain n-3 fatty acids in man. Curr. Opin. Clin.
Nutr. Metab. Care 2002, 5, 127–132. [CrossRef]
Burdge, G.C. Metabolism of α-linolenic acid in humans. Prostaglandins Leukot. Essent. Fat. Acids 2006, 75,
161–168. [CrossRef] [PubMed]
Mohrhauer, H.; Holman, R.T. Effect of linolenic acid upon the metabolism of linoleic acid. J. Nutr. 1963, 81,
67–74. [PubMed]
Brenner, R.R.; Peluffo, R.O. Effect of saturated and unsaturated fatty acids on the desatu-ration in vitro of
palmitic, stearic, oleic, linoleic, and linolenic acids. J. Biol. Chem. 1966, 241, 5213–5219. [PubMed]
Brenna, J.T.; Salem, N., Jr.; Sinclair, A.J.; Cunnane, S.C. Alpha-Linolenic acid supplementation and conversion
to n-3 long-chain polyunsaturated fatty acids in humans. Prostaglandins Leukot Essent Fatty Acids. 2009, 80,
85–91. [CrossRef] [PubMed]
Anderson, B.M.; Ma, D.W. Are all n-3 polyunsaturated fatty acids created equal? Lipids Health Dis. 2009, 10,
33. [CrossRef] [PubMed]
Stoffel, W.; Holz, B.; Jenke, B.; Binczek, E.; Gunter, R.H.; Kiss, C.; Karakesisoglou, I.; Thevis, M.;
Weber, A.A.; Arnhold, S.; et al. Delta6-desaturase (FADS2) deficiency unveils the role of omega3- and
omega6-polyunsaturated fatty acids. EMBO J. 2008, 27, 2281–2292. [CrossRef] [PubMed]
Burdge, G. Alpha-linolenic acid metabolism in men and women: Nutritional and biological implications.
Curr. Opin. Clin. Nutr. Metab. Care 2004, 7, 137–144. [CrossRef] [PubMed]
DeLany, J.P.; Windhauser, M.M.; Champagne, C.M.; Bray, G.A. Differential oxidation of individual dietary
fatty acids in humans. Am. J. Clin. Nutr. 2000, 72, 905–911. [PubMed]
Burdge, G.C.; Jones, A.E.; Wootton, S.A. Eicosapentaenoic and docosapentaenoic acids are the principal
products of α-linolenic acid metabolism in young men. Br. J. Nutr. 2002, 88, 355–363. [CrossRef] [PubMed]
Burdge, G.C.; Wootton, S.A. Conversion of α-linolenic acid to eicosapentaenoic, docosapentaenoic and
docosahexaenoic acids in young women. Br. J. Nutr. 2002, 88, 411–420. [CrossRef] [PubMed]
Burdge, G.C.; Calder, P.C. Conversion of alpha-linolenic acid to longer-chain polyunsaturated fatty acids in
human adults. Reprod. Nutr. Dev. 2005, 45, 581–597. [CrossRef] [PubMed]
Childs, C.; Kew, E.S.; Finnegan, Y.E.; Minihane, A.M.; Leigh-Firban, E.C.; Williams, C.M.; Calder, P.C.
Increased dietary α-linolenic acid has sex-specific effects upon eicosapentaenoic acid status in humans:
Re-examination of data from a randomized, placebo-controlled, parallel study. Nutr. J. 2014, 13, 113–117.
[CrossRef] [PubMed]
Molto-Puigmarti, C.; Plat, J.; Mensink, R.P.; Muller, A.; Jansen, E.; Zeegers, M.P.; Thijs, C. FADS1 FADS2 gene
variants modify the association between fishintake and the docosahexaenoic acid proportions in human
milk. Am. J. Clin. Nutr. 2010, 91, 1368–1376. [CrossRef] [PubMed]
Xie, L.; Innis, S. Genetic variants of the FADS1 FADS2 gene cluster are associated with altered (n-6) and (n-3)
essential fatty acids in plasma and erythrocyte phospholipids in women during pregnancy and in breast
milk during lactation. J. Nutr. 2008, 138, 2222–2228. [CrossRef] [PubMed]
Caspi, A.; Williams, B.; Kim-Cohen, J.; Craig, I.W.; Milne, B.J.; Poulton, R.; Schalkwyk, L.C.; Taylor, A.;
Werts, H.; Moffitt, T.E. Moderation of breastfeeding effects on the IQ by genetic variation in fatty acid
metabolism. Proc. Natl. Acad. Sci. USA 2007, 104, 18860–18865. [CrossRef] [PubMed]

J. Clin. Med. 2016, 5, 40

50.
51.
52.
53.
54.

55.
56.

57.
58.
59.

60.

61.

62.
63.
64.
65.
66.
67.
68.
69.

10 of 10

Burdge, G.; Calder, P.C. Dietary α-linolenic acid and health-related outcomes: A metabolic perspective.
Nutr. Res. Rev. 2006, 19, 26–52. [CrossRef] [PubMed]
Arterburn, L.M.; Hall, E.B.; Oken, H. Distribution, interconversion, and dose response of n-3 fatty acids in
humans. Am. J. Clin. Nutr. 2006, 83, S1467–1476S.
Niculescu, M.D.; Lupu, D.S.; Craciunescu, C.N. Perinatal manipulation of α-linolenic acid intake induces
epigenetic changes in maternal and offspring livers. FASEB J. 2013, 27, 350–358. [CrossRef] [PubMed]
Koren, G. Polyunsaturated fatty acids and fetal brain development Unfulfilled promises. Can. Fam. Phys.
2015, 61, 41–42.
Church, M.W.; Jen, K.-L.C.; Anumba, J.I.; Jackson, D.A.; Adams, B.R.; Hotra, J.W. Excess Omega-3 Fatty Acid
Consumption by Mothers during Pregnancy and Lactation Caused Shorter Life Span and Abnormal ABRs
in Old Adult Offspring. Neurotoxicol. Teratol. 2010, 32, 171–181. [CrossRef] [PubMed]
Uauy, R.; Mena, P.; Wegher, B.; Nieto, S.; Salem, N. Long chain polyunsaturated fatty acid formation in
neonates: Effect of gestational age and intrauterine growth. Pediatr. Res. 2000, 47, 127. [CrossRef] [PubMed]
Rodriguez, A.; Sarda, P.; Nessmann, C.; Boulot, P.; Poisson, J.P.; Leger, C.L.; Descomps, B. Fatty acid
desaturase activities and polyunsaturated fatty acid composition in human liver between the seventeenth
and thirty-sixth gestational weeks. Am. J. Obstet. Gynecol. 1998, 179, 1063–1070. [CrossRef]
Miles, E.A.; Calder, P.C. Omega-6 and omega-3 polyunsaturated fatty acids and allergic diseases in infancy
and childhood. Curr. Pharm. Des. 2014, 20, 946–953. [CrossRef] [PubMed]
Niculescu, M.D. Alpha-Linolenic Acid Alters Cell Cycle, Apoptosis, and DNA Methyltransferase Expression
in Mouse Neural Stem Cells, but Not Global DNA Methylation. J. Hum. Nutr. Food Sci. 2014, 2, 1026.
Hollander, K.S.; TempelBrami, C.; Konikoff, F.M.; Fainaru, M.; Leikin-Frenkel, A. Dietary enrichment
with alpha-linolenic acid during pregnancy attenuates insulin resistance in adult offspring in mice.
Arch. Physiol. Biochem. 2014, 120, 99–111. [CrossRef] [PubMed]
Shomonov-Wagner, L.; Raz, A.; Leikin-Frenkel, A. Alpha linolenic acid in maternal diet halts the lipid
disarray due to saturated fatty acids in the liver of mice offspring at weaning. Lipids Health Dis. 2015, 14, 14.
[CrossRef] [PubMed]
Leikin-Frenkel, A.; Shomonov-Wagner, L.; Juknat, A.; Pasmanik-Chor, M. Maternal Diet Enriched with
alpha-Linolenic or Saturated Fatty Acids Differentially Regulates Gene Expression in the Liver of Mouse
Offspring. J. Nutrigenet. Nutrigenom. 2015, 8, 185–194.
Clarke, S.D. Polyunsaturated Fatty Acid Regulation of Gene Transcription: A Molecular Mechanism to
Improve the Metabolic Syndrome. J. Nutr. 2001, 131, 1129–1132. [CrossRef]
Deckelbaum, R.J.; Worgall, T.S.; Seo, T. n-3 Fatty acids and gene expression. J. Clin. Nutr. 2006, 83 (Suppl. 6),
1520S–1525S.
Ahmed, A.A.; Balogun, K.A.; Bykova, N.V.; Cheema, S.K. Novel regulatory roles of omega-3 fatty acids in
metabolic pathways: A proteomics approach. Nutr. Metab. 2014, 11, 6. [CrossRef] [PubMed]
Ong, T.P.; Ozanne, S.E. Developmental programming of type 2 diabetes: Early nutrition and epigenetic
mechanisms. Curr. Opin. Clin. Nutr. Metab. Care 2015, 18, 354–360. [CrossRef] [PubMed]
Waterland, R.A.; Rached, M.-T. Developmental establishment of epigenotype: A role for dietary fatty acids?
Scand. J. Food Nutr. 2006, 50 (Suppl. 2), 21–26. [CrossRef]
Wang, J.; Wu, Z.; Li, D.; Li, N.; Dindot, S.V.; Satterfield, M.C.; Bazer, F.W.; Wu, G. Nutrition Epigenetics and
Metabolic Syndrome. Antioxid. Redox Signal. 2012, 17, 282–301. [CrossRef] [PubMed]
Vickers, M.H. Early Life Nutrition, Epigenetics and Programming of Later Life Disease. Nutrients 2004, 6,
2165–2178. [CrossRef] [PubMed]
Burdge, G.C.; Lillycrop, K.A. Fatty acids and epigenetics. Curr. Opin. Clin. Nutr. Metab. Care 2014, 17,
156–161. [CrossRef] [PubMed]
© 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

