
This is the author manuscript accepted for publication and has undergone full peer review but has 

not been through the copyediting, typesetting, pagination and proofreading process, which may 

lead to differences between this version and the Version of Record. Please cite this article as doi: 

10.1111/1440-1681.13244

This article is protected by copyright. All rights reserved

1

2 MR. NIRAJAN  SHRESTHA (Orcid ID : 0000-0003-1259-0661)

3 DR. OLIVIA J HOLLAND (Orcid ID : 0000-0002-5798-5264)

4 DR. DEANNE HELENA HRYCIW (Orcid ID : 0000-0003-1697-8890)

5

6

7 Article type      : Symposium Paper - AuPS

8

9

10 Review article

11

12 ROLE OFOMEGA-6 AND OMEGA-3 FATTY ACIDS IN FETAL PROGRAMMING

13

14 Nirajan Shrestha1, Simone L Sleep1, James SM Cuffe1, 2, Olivia  J Holland1, Anthony V Perkins1, 

15 Suk Yu Yau3,4, Andrew J McAinch5, 6, Deanne H Hryciw5, 7

16 1. School of Medical Science, Griffith University, Southport, QLD, Australia

17

18 2. School of Biomedical Sciences, The University of Queensland, St Lucia, QLD, Australia

19

20 3. Department of Rehabilitation Sciences, The Hong Kong Polytechnic University, Hong 

21 Kong, Hong Kong

22

23 4. University Research Facility in Behavioural and Systems Neuroscience, The Hong 

24 Kong Polytechnic University, Kowloon, Hong Kong

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

https://doi.org/10.1111/1440-1681.13244
https://doi.org/10.1111/1440-1681.13244
https://doi.org/10.1111/1440-1681.13244
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1440-1681.13244&domain=pdf&date_stamp=2020-01-28


2

This article is protected by copyright. All rights reserved

1

2 5. Institute for Health and Sport, Victoria University, Melbourne, VIC, Australia.

3

4 6. Australian Institute for Musculoskeletal Science (AIMSS), Victoria University, St. Albans, 

5 VIC, Australia

6

7 7. School of Environment and Science, Griffith University, Nathan, QLD, Australia 

8

9

10

11

12 Corresponding address: d.skelly@griffith.edu.au 

13 Phone: +61 737353601

14

15

16

17 Key words: Essential fatty acid, linoleic acid, maternal nutrition, fetal programming, sex ratio

18

19 ABSTRACT

20

21 Maternal nutrition plays a critical role in fetal development and can influence adult onset of 

22 disease. Linoleic acid (LA) and alpha- linolenic acid (ALA) are major omega-6 (n-6) and n-3 

23 polyunsaturated fatty acids (PUFA), respectively, that are essential in our diet. LA and ALA are 

24 critical for the development of the fetal neurological and immune systems. However, in recent 

25 years, the consumption of n-6 PUFA has increased gradually worldwide, and elevated n-6 PUFA 

26 consumption may be harmful to human health. Consumption of diets with high levels of n-6 

27 PUFA before or during pregnancy may have detrimental effects on fetal development, and may 
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1 influence overall health of offspring in adulthood. This review discusses the role of n-6 PUFA in 

2 fetal programming, the importance of a balance between n-6 and n-3 PUFAs in the maternal diet, 

3 and the need of further animal models and human studies that critically evaluate both n-6 and n-3 

4 PUFA content in diets.  

5 1 INTRODUCTION

6

7 The maternal condition during pregnancy is critical for fetal development, with adverse effects 

8 on maternal physiology associated with poor health of the offspring in adult life. This fetal 

9 programming hypothesis was first proposed by British epidemiologist David Barker and is now 

10 generally known as the developmental origins of health and disease (DoHAD).1 Many maternal 

11 perturbations can affect the growth and development of the fetus. A contributor to human health 

12 in pregnancy is maternal nutrition, which plays a major role in fetal development and may have 

13 long-term consequences to health in adult life.2 Emerging research has demonstrated that 

14 maternal circulating concentrations of essential fatty acids can modulate fetal growth and 

15 development. Essential polyunsaturated fatty acids (PUFA), linoleic acid (LA) and alpha- 

16 linolenic acid (ALA),   and their metabolites docosahexaenoic acid (DHA, 22:6n-3) and 

17 arachidonic acid (AA, 20:4n-6) are transferred across the placenta to the developing offspring via 

18 transporters and can have notable effects on the development of the central nervous system 

19 (CNS). 3,4  This review will focus on the mechanisms of placental transfer of essential fatty acids 

20 (EFA) to the fetus and the effects of maternal LA and ALA consumption on fetal programming.

21

22 2 ROLES OF MATERNAL NUTRITION DURING PREGNANCY

23

24 In humans and in animal models, maternal undernutrition increases the risk of developing 

25 diseases in the fetus that will manifest in adult life. Most notably, findings from the Dutch 

26 Hunger Winter study demonstrated that individuals who were small at birth have an increased 

27 risk of chronic heart disease in adulthood.5  Further extensions of this study demonstrated that 

28 prenatal exposure to famine is associated with increased adiposity6, metabolic syndrome7, 
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1 hyperglycaemia8 and hypertension9-11 in adulthood. These effects may be sex specific, as 

2 maternal malnutrition during early gestation increased body mass index (BMI) and waist 

3 circumference in 50-year old women but not in men.12 These findings have been replicated in 

4 rodent models showing that maternal undernutrition programs severe glucose intolerance and β-

5 cell dysfunction13, dysfunctional skeletal muscle energetics14, abnormal mitochondrial function 

6 in the heart15 and changes in the hypothalamus-pituitary-thyroid (HPT) axis in offspring.16

7

8 Human studies have also demonstrated adverse impacts of maternal over nutrition and obesity in 

9 fetal programming. A case-control study performed at Trondheim University Hospital, Norway, 

10 suggested that maternal obesity leads to myocardial dysfunction in offspring.17 The follow up 

11 study from the Aberdeen Maternity and Neonatal databank (United Kingdom) showed an 

12 increased risk of premature death in adult offspring of obese mothers compared with mothers 

13 with a normal BMI.18 Animal studies have supported these observations and demonstrated that 

14 maternal over nutrition during pregnancy is associated with adverse developmental outcomes in 

15 offspring.19,20 Despite multiple studies in animal models and humans that clearly show a link 

16 between maternal over nutrition and fetal programming, the exact underlying mechanisms are 

17 not well understood. Indeed, while increased fat content in the diet has likely contributed to 

18 many of the previously described pathologies in offspring21, the fatty acid profile of the high fat 

19 diet may also be important. 

20

21 3 POLYUNSATURATED FATTY ACIDS IN THE DIET

22

23 Fatty acids (FA) can be classified as monounsaturated fatty acid (MUFA) or classified as a 

24 PUFA.22 Two important groups of PUFAs include the fatty acids omega-3 (n-3) and omega-6 (n-

25 6) fatty acids. Among n-3 and n-6 PUFA, ALA and LA respectively, are essential fatty acids 

26 (EFA) as they cannot be synthesized by the human body, and EFA have to be supplied by our 

27 food. PUFAs have significant roles in a number of biological processes important to health.23 LA 

28 is the predominant n-6 PUFA in our diet. LA is a precursor of all n-6 PUFA, which can be 

29 elongated and desaturated to other n-6 longer chain PUFA (LCPUFA), namely γ-linolenic acid 

30 and AA (Figure 1). AA has a major role in development especially of the CNS and retina.24  AA 
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1 can be metabolised into prostaglandin (PGE2) and leukotriene (LTB4) that can contribute to 

2 inflammation when produced in excess.25 AA is also the precursor of endocannabinoids, 2-

3 arachidonoyl glycerol (2-AG) and anandamide.26 

4

5 n-3 LCPUFA have been reported to be beneficial to health as they possess anti-inflammatory and 

6 antithrombotic effects.27 n-3 LCPUFAs such as eicosapentaenoic acid (EPA) and DHA are 

7 important for cell membrane function, and are critical for fetal brain and retina development.28 

8 EPA also produces prostaglandin E3 (PGE3) and leukotriene B5 (LTB5), which have anti-

9 inflammatory properties.29 Eicosanoid products derived from n-6 PUFA (such as PGE2 and 

10 LTB4) synthesized from AA are more potent mediators of inflammation and thrombosis than 

11 those derived from EPA (such as PGE3 and LTB5).30 Hence, an unbalanced n-6/n-3 ratio with 

12 high n-6 PUFA is pro-inflammatory and pro-thrombotic, and may contribute to metabolic 

13 diseases.31  It is recommended that consumption of n-6 should be balanced with consumption of 

14 n-3 PUFA with ratio of n-6 to n-3 to be between 1:1 and 2:1, a pattern of consumption that has 

15 been followed by humans throughout evolution.32 However, currently in Australia the dietary 

16 ratio of n-6 /n-3 PUFA has increased to more than 10:1, resulting in elevated amounts of n-6 

17 PUFA consumption and possibly reduced n-3 PUFAs.33 This may be in part due to the increased 

18 dietary availability (food available for consumption by the population) of LA in Australia with 

19 an increase from 2.2% of total available energy in 1961 to 6.0% of total available energy in 

20 2009. 34 A similar trend was observed in the United States with an increase from 2.79% of 

21 energy in 1909 to 7.21% of energy in 1999. 35 Many studies have demonstrated that consumption 

22 of elevated LA during adult life is detrimental to health.36 Excess amounts of LA can reduce 

23 conversion of ALA to eicosapentaenoic acid (EPA, 20:5n-3) and DHA, which are anti-

24 inflammatory fatty acids. This is due to Δ6 desaturase and Δ5 desaturase being common 

25 enzymes for the metabolism of LA and ALA.37 Both desaturase enzymes prefer ALA to LA, 

26 however, a high intake of LA interferes the desaturation and elongation of ALA.30,38 The 

27 production of excess pro-inflammatory intermediates and interference on EPA and DHA 

28 synthesis from ALA is hypothesized to be the mechanism linking excess LA with inflammatory 

29 mediated diseases.38 Specifically, excess dietary LA increases expression of vascular cell 

30 adhesion molecule 1 (VCAM-1), intracellular adhesion molecule 1 (ICAM-1) and nuclear 
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1 factor–κB (NF-κB) in aortas, and increases cardiovascular disease (CVD) risk37 and causes 

2 behavioral changes39 in animal models. 

3

4 3.1 Transport of fatty acids through placenta

5 In pregnancy, the only source of PUFA for the developing fetus is from the mother via the 

6 placenta. Dietary intake of FAs during pregnancy and their subsequent transfer from mother to 

7 fetus is crucial for fetal growth and development, but little is known about how placental FA 

8 transport is impacted by changes to maternal FA concentrations. FA are thought to be 

9 transported from the maternal to the fetal circulation via members of several  transmembrane 

10 protein families; fatty acid transport proteins (FATP), fatty acid translocase (FAT/CD36), and 

11 intracellular FA binding proteins (FABP) (Figure 2).40 A current model proposes FA bound to 

12 intracellular FABPs have the capacity to alter various aspects of cellular function in the 

13 placenta.41 In addition, maternal FA that bind to FATPs in the placental microvillous membrane 

14 of the syncytiotrophoblast can be endocytosed and directly transcytosed to a second basolateral 

15 FATP.42 From there, FA binds to fetal FATPs in the transmembrane of the endothelial fetal 

16 capillary cell, where they enter the fetal circulation.42 Based on prior research, the specific 

17 proteins likely to mediate this transport across the syncytiotrophoblast include the plasma 

18 membrane FA binding protein (FABPpm), CD36 (FAT), FATP1, FATP4 and FATP6. Once 

19 internalized, FAs may be transported via FABP3 and FABP5.43 FA within the trophoblast cell 

20 have the capacity to translocate to the nucleus and alter gene expression44, be transported to lipid 

21 pools for storage45 or translocate to the mitochondria to modulate mitochondrial function.46 The 

22 preferential uptake of LCPUFA was first examined by Campbell FM et al using radiolabeled 

23 fatty acids (LA, ALA, AA and a non-essential FA, oleic acid (OA)) in human placenta.47 This 

24 study showed that the binding sites have a strong preference for LCPUFA and the order of 

25 competition is AA>>>LA>ALA>>>>OA.47 In-vivo studies in pregnant women have also shown 

26 the preferential LCPUFA transfer through placenta. This selective FA enrichment in the fetal 

27 circulation is known as biomagnification.48 The sodium dependent transporter Mfsd2a has been 

28 shown to mediate DHA delivery across the blood brain barrier, and there is evidence for its 

29 presence in the placenta.49 Low level of Mfsd2a is associated with lower DHA percentage in the 

30 cord blood in gestation diabetes mellitus.50  We have recently demonstrated that in human 
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1 trophoblast-like cells, exposure to elevated concentrations of LA upregulates FATP1 and FATP4 

2 expression, while downregulating FABP3 expression 51, which suggests that these proteins are 

3 important for the translocation of LA from the mother to her fetus when LA is in excess. 

4 Dysregulation in the supply of fatty acid transport through the placenta to the fetus may impact 

5 fetal growth and lead to an increased risk of chronic disease in later life.45

6

7 4 EFFECT OF OMEGA-6 AND OMEGA -3 FATTY ACIDS IN FETAL 

8 PROGRAMMING 

9

10 4.1 Maternal essential fatty acids and offspring body weight 

11

12 The essential nature of PUFA during pregnancy for the development of the fetal neurological and 

13 immune systems is well accepted.52,53 Of concern is the elevated consumption of n-6 PUFA now 

14 common in society30, with research demonstrating that this may be detrimental to birth outcomes 

15 and disease in offspring. A prospective cohort study conducted in South India identified an 

16 inverted U-shaped relationship between LA intake and birth outcomes, with lower birthweight 

17 infants reported in individuals with low as well as with high intake of LA during pregnancy.54 

18 Data from the Amsterdam Born Children and their Development (ABCD) study showed that a 

19 low concentration of n-3 FA and dihommo γ-linolenic acid (20:3n-6) in plasma phospholipids, 

20 but high concentrations of n-6 FAs, are associated with lower birth weight.55 This is supported 

21 by an additional study that demonstrated that maternal erythrocyte n-6 FA levels are higher in 

22 mothers delivering low birth weight offspring.56  Importantly, research has demonstrated a 

23 significant negative correlation between maternal red blood cell n-6 FA at 32 weeks of gestation 

24 and infant body mass index at 1 year of life.57 Collectively, these findings suggest a critical role 

25 for maternal n-6 FA in offspring birth weight and postnatal growth. This is important as growth 

26 restriction at birth and over the early postnatal period increases the risk of disease later in life.58 

27

28 Maternal diets high in n-6 FA are associated with the early origin of obesity, which has been 

29 reviewed extensively by Muhlhausler and Aihaud.59 Animal studies have shown the link between 
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1 maternal diets high in n-6 and adipogenesis in offspring (Table 1). In mice, pups from mothers 

2 fed with a diet containing a higher percentage of n-6 FA were heavier at weaning than those 

3 from mothers fed with a diet containing a lower percentage of n-6 FA.60 Increased body weight 

4 in the high n-6 group was associated with an elevated epididymal fat pad weight.60  Transgenic 

5 decrease in n-6/ n-3 FA ratio reduced maternal obesity-associated inflammation and protected 

6 against high fat diet (HFD) induced placental and fetal lipid accumulation, reducing adverse fetal 

7 programming in Fat-1 transgenic mice.61 Furthermore, mean body weight and fasting insulin 

8 levels were increased in adult rat offspring from dams fed with high n-6 FA during late gestation 

9 and throughout lactation.62 Inguinal white adipose tissue weight was increased in the pups of the 

10 mothers fed with high n-6 FA compared to high n-3 FA during whole suckling period in a rat 

11 model63, suggesting the important role of maternal diet with balanced n-6 and n-3 FA for adipose 

12 tissue growth in offspring. In white adipose tissue of dams fed with high linoleic acid for 10 

13 weeks before pregnancy and during pregnancy, the mRNA expressions of leptin and sterol 

14 regulatory binding transcription factor (SREBF-1) were downregulated at gestation day 20.64 

15 Leptin and SREBF-1 are regulated by nutritional condition, and play a central role in regulation 

16 of lipogenesis in the adipose tissue and the liver.65,66 Further, we have proposed that leptin is an 

17 important regulator of organogenesis.67,68 While research has predominantly focused on how 

18 exposure to n-6 FA in pregnancy can program alterations to lipid regulation in offspring, fewer 

19 studies have investigated programming of other physiological systems. 

20

21 4.2 Maternal essential fatty acids and offspring neurodevelopment

22

23 Maternal consumption of FAs is an important factor in normal fetal neuroendocrine 

24 development.69 Extensive research has demonstrated that an elevated maternal dietary n-6/ n-3 

25 FA ratio is negatively associated with aspects of child neurodevelopment, especially among 

26 children that were never breastfed.70 Specifically, children from mothers with elevated maternal 

27 n-6 FA intake had poor scores on the communicative development inventory (CDI) and Ages 

28 and Stages Questionnaire (ASQ) assessment.70 Further, in a population based birth cohort study 

29 in Spain, a higher n-6/ n-3 FA ratio in cord plasma was linked to a higher incidence of attention 

30 deficit and hyperactivity disorder (ADHD)  in children at 7 years of age.71 In addition, in mice, 
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1 offspring exposed to maternal diets rich in n-6 FA during gestation and lactation exhibited 

2 increased levels of anxiety and changes in sociability consistent with those observed in autism 

3 spectrum disorder (ASD).72 Mechanistically, the effect of n-6 FA on these programmed social 

4 behaviours was reported to be independent of prenatal stress. In mice, maternal consumption of a 

5 diet high in n-6 but low in n-3 impaired neocortical neurogenesis in offspring.73 In this study, 

6 even though the offspring were fed a well-balanced n-6/ n-3 diet after weaning, they exhibited 

7 abnormal anxiety-related behaviour in adulthood, suggesting the importance of a balanced n-6/ 

8 n-3 diet during pregnancy and lactation for mental health in offspring. Mechanistically, in rats, 

9 an imbalanced n-6/ n-3 FA diet early in life led to a persistent reduction in DHA levels in 

10 glycerophospholipids within the hypothalamus even after long term n-3 FA repletion. This 

11 demonstrates that there is dysfunction of the conversion of ALA to longer chain PUFAs by the 

12 Δ6 desaturase in these rodents.74 Together, these studies suggest a balanced n-6/n-3 diet during 

13 pregnancy and lactation could be a key regulator of mental health in offspring.

14

15 4.3 Maternal essential fatty acids and offspring cardiovascular disease

16

17 The optimal ratios of n-6 to n-3 essential FAs for the cardiovascular health of offspring is subject 

18 to debate due to insufficient studies investigating this relationship.75 Fetal development is rapid 

19 and requires both n-6 and n-3 from the maternal diet for heart development and normal 

20 function.76 Replacement of saturated fatty acids with PUFAs is recommended for the prevention 

21 of cardiovascular disease.77 However, individual fatty acids have distinct biological roles and 

22 there have been conflicting findings about the role of n-6 FA in cardiovascular health.78 Clinical 

23 trials observed a reduction in serum cholesterol by current intake of n-6 PUFA, but many studies 

24 failed to find significant reduction in the incidence of CVD.79  A deficiency of n-6 or n-3 can 

25 lead to abnormal function of vital organs. In non-pregnant individuals, the elevated ratio of n-

26 6/n-3 in Western diets is pathogenic, and increases the risk of developing CVD 80, potentially via 

27 platelet aggregation and inflammation.80  Furthermore, a reduced intake of n-6/n-3 has been 

28 shown to significantly decrease the risk of coronary heart disease.81  The possible link between 

29 maternal n-6 levels and offspring CVD risk has not yet been investigated; however, one study  

30 demonstrated an association between a high n-3 concentration in breast milk and low offspring 
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1 blood pressure (systolic and diastolic) at 4 months of age in males only.82 A recent study showed 

2 that the elevated maternal LA consumption altered endocannabinoid signalling in maternal and 

3 fetal heart.83 These data support the importance of maintaining a healthy balance between n-6 

4 and n-3 for offspring cardiovascular health. It is imperative that subsequent studies investigate if 

5 high levels of n-6 induce similar outcomes in offspring and increase the risk of CVD. 

6

7 5 EFFECT OF OMEGA-6 AND OMEGA-3 FATTY ACIDS ON OFFSPRING SEX 

8 RATIO

9

10 Multiple studies have demonstrated that perturbations in the maternal condition during 

11 pregnancy can impair fetal development in a sex specific manner in mice84 and rats.85 In 

12 response to certain exposures, embryonic/fetal loss can occur in one sex to a much greater degree 

13 than the other, seemingly resulting in a change to the sex ratio. Indeed, poor diet, stress, maternal 

14 body fat and hormonal factors such as androgen levels have all been shown to influence the sex 

15 ratio of offspring at birth.86 The Trivers and Willard hypothesis proposed that female mammals 

16 are able to adjust their offspring sex ratio based on their maternal conditions.87 This hypothesis 

17 proposed that as females deviate from the normal adult female condition before or during 

18 pregnancy they exhibit an increasing tendency to skew the sex ratio towards either male or 

19 female. Females with a more optimal environment have been shown to give birth to more males 

20 in red deer 88 and Barbary sheep.89 In mice, pregnant females maintained on a consistent low 

21 food diet produce a reduced proportion of male offspring compared to animals fed ad libitum.90 

22 Despite many studies investigating the impact of adverse maternal condition on sex specific fetal 

23 outcomes, the underlying mechanism behind an altered sex ratio is still unclear.91  However, 

24 studies have suggested that the expression of several stress responsive proteins within the 

25 placenta may escape X inactivation, meaning that females are better able to survive in response 

26 to a stressful stimulus while males may be lost.92 If this occurs early in pregnancy, before 

27 recognition of pregnancy, this may appear as though male fetuses were never conceived. 

28 Additional studies are underway exploring how such sex differences may impact survivability 

29 and programmed disease in offspring.93
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1

2 Studies have shown that the sex ratio of offspring is particularly sensitive to exposure to fatty 

3 acids in pregnancy.  In opossums, maternal diets supplemented with sardines resulted in the 

4 male-biased sex ratio.94 In this study, the female opossums consumed sardines to provide 

5 additional n-3 FAs, which resulted in more male than female conceptuses.95 Emerging research 

6 has investigated the role of maternal n-6 FA on sex ratios in offspring and as expected 

7 demonstrate the opposite of this previous work investigating elevated n-3 FA. In mice, dams fed 

8 with a higher content of n-6 FA (4.5 % of diet from n-6 and 0.03% from n-3 FA) produced more 

9 female than male offspring compared to dams fed with n-3 FA (2.5 % of diet from n-6 and 2.1% 

10 from n-3 FA) or control diet (2.48 % of diet from n-6 and 0.18% from n-3 FA).96 In this study, 

11 the females on the n-3 and n-6 diets weighed less than females on the control diet; however, 

12 researchers suggested that the maternal body weight did not influence the likelihood of 

13 producing more daughters. In sheep, ewes fed with a diet high in n-6 FA (ratio of LA to ALA 

14 was 13.03:1)  for 6 weeks before and 3 weeks following conception produced a higher 

15 proportion of female lambs.97 Recently, we investigated this in rats consuming a diet containing 

16 6.21% of energy as LA (ratio of LA to ALA was 20.7:1) for 10 weeks before pregnancy and 

17 during gestation.98 The findings from our study  suggests that a maternal diet high in LA for 10 

18 weeks before pregnancy and during gestation produced a higher proportion of female fetuses in 

19 our rat model. Mechanistically, it is proposed that this may be due to elevated concentrations of 

20 prostaglandin E or reduced leptin in the mother 98 early in pregnancy causing the loss of male 

21 embryos. The specific mechanism linking elevated n-6 FA to an altered offspring sex ratio is 

22 hypothesized to relate to prostaglandin-induced inflammation reducing survival of male 

23 embryos, thus producing more female offspring.91,97 Elevated levels of prostaglandin E 

24 metabolite in the circulation of pregnant rats fed with diet high in linoleic acid could be 

25 associated with reduced male fetal survival.98 These findings are applicable to the milk and meat 

26 production industry where sex ratio of offspring is a key factor, making the significant interest of 

27 these findings in agriculture and farming. 

28

29 6 DIETARY INTERVENTION  FOR ADULT ONSET OF DISEASE USING PUFA

30
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1 For many years, studies have shown the beneficial effects of n-3 FA for health and wellbeing. 

2 Large-scale epidemiological studies have demonstrated the significant reduction in 

3 cardiovascular risk in people consuming higher levels of n-3 FA.99 The protective mechanisms of 

4 n-3 FA involve its anti-inflammatory properties and reduction in oxidative stress.99 However, 

5 recent clinical trials have failed to replicate the protective effects of n-3 FA, potentially due to 

6 variables in the patient group and the content of other fatty acids in the diet which might limit the 

7 beneficial effects of n-3.100 As discussed throughout this review, n-6 FA are largely believed to 

8 induce negative outcomes101, although some studies have suggested limited benefits in CVD102 

9 which likely relate to their replacement of saturated FA. In the field of developmental origin of 

10 health and disease (DoHAD), much of the interest in maternal PUFA intake and fetal growth has 

11 focused on the potential beneficial effects of n-3 FA, particularly in DHA for ameliorating 

12 disease associated with other maternal insults.103,104 Postnatal dietary n-3 FA prevents 

13 programmed hyperleptinemia105, adiposity106 and hypertension105,106 in rats, suggesting that 

14 dietary supplementation with n-3 FA may provide a therapeutic intervention for adverse 

15 programming outcomes in human. A major concern is that there is a general lack of health 

16 knowledge within society about the fatty acid composition of the diet. It is therefore important to 

17 communicate the findings of research demonstrating that diets which contain high levels of 

18 PUFA can be beneficial to long term health, and specify which form of PUFA is of benefit, to 

19 prevent common misconceptions around what is a healthy fat that may then lead to inappropriate 

20 dietary trends.107

21

22 7 CONCLUSIONS AND FUTURE DIRECTIONS

23

24 It is well accepted that adverse maternal conditions during pregnancy can impair fetal 

25 development and program disease in offspring.11 Studies have demonstrated the detrimental 

26 effects of high n-6 FA intake in human health36, which is supported by a number of key animal 

27 studies.101 Limited data have demonstrated that elevated n-6 FA can impair brain development 

28 and metabolic outcomes in adulthood.59 Despite the increasing number of studies demonstrating 

29 a detrimental role of elevated n-6 FA on offspring health, the mechanisms underpinning these 

30 programmed outcomes are still poorly understood. While it is clear that an increase in the 
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1 absolute amount of n-6 fatty acids in the diet is detrimental, these outcomes are difficult to 

2 separate from increases to the n-6/n-3 ratio, which is similarly associated with programmed 

3 disease. Key animal studies have attempted to clarify this limitation but have used a range of 

4 different diets with various factors that have resulted in a broad range of outcomes. Hence, it is 

5 important to consider the absolute content of n-6 FA as well as the ratio of n-6 to n-3 in 

6 experimental studies to provide further evidence of the optimal content of n-6 and n-3 FA for 

7 long term maternal and offspring health.

8

9 Currently, an increased intake of PUFA is commonly promoted by the food manufacturing 

10 industry with little marketing aimed towards ensuring the optimal balance between n-6 and n-3 is 

11 achieved. The message to the general public needs to be made clearer and evidence that supports 

12 increasing n-6 intake in pregnancy needs to be further scrutinised. For example, while a meta-

13 analysis of prospective cohort studies has suggested that higher LA intake is associated with a 

14 lower risk of  coronary artery disease108, animal studies have demonstrated clear adverse health 

15 effects following high n-6 FA intake.109 Such public health messages are even more important 

16 when providing information to women when pregnant, as diet does not only impact the directly 

17 exposed individual but can have long lasting effects for the next generation. This highlights the 

18 importance of randomized control trials that investigate the role of maternal dietary intake of n-6 

19 fatty acids in relation to child health and adult onset of disease.
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Table 1. Studies showing the effects of maternal diet high in n-6 on offspring health

Experimental model % of n-6 n-6: n-3 ratio Duration of diet

Effect on 

offspring References

C57BL/6J mice  51.3:1 Gestation and lactation

Increased level of 

anxiety on 

offspring

72

C57BL/6N mice 
11.8% of energy 

(LA)

11.8% LA and 0.3% ALA 

of energy

Two weeks prior to 

mating, through 

gestation and first 10 

days of lactation

Impaired 

neocortical 

neurogenesis

73

Sprague-Dawley rats 72 % of fatty acids
72 % LA and 1% ALA of 

fatty acids

Throughout the 

gestation and until 

weaning

Irreversible 

changes in 

hypothalamic 

composition

74

C57BL/6J mice 59% of fatty acids
59% n-6 and 1%  n-3 of 

FA

Throughout mating, 

pregnancy and lactation

Increased fat 

mass, epididymal 

fat pad weight 

and adipocyte 

size

60
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Sprague-Dawley rats
65% LA of fatty 

acids

65% 18:2 FA and 0.3%  

18:3 FA

Last 10 days of 

gestation and 

throughout lactation

Increased weight 

of the inguinal 

white adipose 

tissue

63
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