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Abstract 1 

The prevalence of childhood obesity is increasing worldwide, and the children of 2 

women who are obese during pregnancy are at greatest risk. This may be mediated 3 

by exaggeration of the normal insulin resistance of pregnancy. Omega-3 fats are 4 

insulin sensitising. Supplementation during pregnancy may reduce metabolic risk 5 

and adiposity in the children. Though animal studies are encouraging, completed 6 

clinical trials have not demonstrated this benefit. However, previous studies have not 7 

targeted women who are overweight or obese while pregnant, the group at greatest 8 

risk and most likely to benefit. This narrative review discusses the importance of 9 

performing clinical trials restricted to women who are overweight or obese, as well as 10 

the potential importance of dose, oil source and quality, and the timing of the 11 

intervention. 12 

Introduction 13 

Obesity rates have risen markedly around the world, such that obesity related 14 

diseases are among the world’s most significant health problems.1 While the lifestyle 15 

of individuals is clearly of direct importance, elevated maternal BMI during pregnancy 16 

contributes to an increased risk for weight and metabolic problems in the offspring.2,3 17 

This acts to perpetuate obesity risk through multiple generations.4 It is of serious 18 

concern as up to 60% of women of fertile age are currently overweight or obese.5,6 19 

Therefore, the majority of pregnancies, and subsequently the majority of children 20 

now carry this multi-generational increased obesity risk. n-3 PUFA supplementation 21 

during pregnancy may have the potential to ameliorate this risk. Though clinical 22 

studies have yet to demonstrate the benefit identified in pre-clinical animal studies, 23 

the most important population (women who are obese or overweight) has not been 24 
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adequately studied.  Further focussed research is required to urgently determine the 25 

efficacy of n-3 PUFA supplementation during overweight or obese pregnancy. 26 

Changes in maternal metabolism during normal and obese pregnancy 27 

Maternal metabolism is a major determinant of availability and abundances of 28 

nutrients delivered to the fetus. Nutrient provision is dynamically regulated across 29 

pregnancy to benefit the developing fetus. However, when pregnancy is complicated 30 

by maternal obesity, there are important adverse short-term and long-term 31 

consequences.  32 

In early pregnancy there is an anabolic state where maternal body fat is laid down to 33 

store lipids to help meet the future needs of the fetus.7 However, by mid- to late- 34 

pregnancy this must change as the nutritional requirements of the rapidly growing 35 

fetus are greatly increased.8 There is a switch in maternal metabolism, such that 36 

there is a relative catabolic state that increases delivery of nutrients to the placenta.8 37 

A major contributor to this change is reduction of maternal insulin sensitivity.8 This is 38 

associated with greater hepatic glucose production,8 VLDL synthesis and release of 39 

free fatty acids from adipose tissue, plus reduced uptake of triglyceride into adipose 40 

tissue.7,9 While the initiating signals for these changes are not well understood, 41 

increasing estrogen concentration and changes in placental hormones such as 42 

human placental lactogen are likely to contribute.7,10 43 

In obese pregnant women, these metabolic shifts, including insulin resistance, occur 44 

earlier in the pregnancy and are exaggerated.11 This is due to the interaction 45 

between the (previously described) normal metabolic changes that occur in 46 

pregnancy and the metabolic derangements associated with obesity. Obesity itself 47 

leads to insulin resistance, through adipose tissue inflammation, inappropriate 48 
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lipolysis and subsequent impairment of insulin action in muscle and liver.12 As a 49 

result, in obese pregnancy, there is greater mobilization of maternal fuel stores 50 

earlier in gestation,11 with on average, greater circulating triglyceride13 and glucose 51 

levels.14 This is important as maternal glycaemia and triglyceride concentrations are 52 

both associated with infant adiposity.15,16 While transfer of glucose across the 53 

placenta is simple, achieved by facilitative diffusion,17 lipid transfer is more complex 54 

relying on hydrolysis by lipoprotein lipase and the action of specific transport 55 

proteins. In the placenta of obese women there is greater LPL activity,18 which is 56 

associated with newborn adiposity.19 Further, animal evidence shows that obesity-57 

associated placental inflammation20 increases expression of fatty acid transporter 58 

proteins.21 Together, this indicates that obesity is associated with greater circulating 59 

lipid and glucose levels and enhanced capacity for their transfer to the fetus.. 60 

Long term effects of maternal obesity in children 61 

It is now clear, that maternal obesity has long term effects on metabolism and body 62 

composition of the offspring.22,23 In fact maternal obesity is the strongest or one of 63 

the strongest factors predicting obesity in children.4 This greater adiposity has 64 

important metabolic implications: those born to an obese mother have alterations of 65 

DNA methylation in  genes involved in growth, development and metabolism24,25 in 66 

addition to poorer insulin sensitivity, greater triglycerides and nearly twice the risk of 67 

metabolic syndrome.3 Further, increasing maternal BMI is associated with greater 68 

blood pressure, leptin, CRP, IL-6, and reduced insulin sensitivity and adiponectin.26-69 

28 If the children of women who are obese, are programmed to become obese and 70 

have metabolic dysfunction themselves, then obesity can be expected to be 71 

perpetuated through the generational obesity cycle.4 Clearly there is a need for a 72 

strategy to prevent this from occurring and for a focus on the pregnancies of women 73 
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who are overweight or obese. Treatments that improve maternal insulin sensitivity 74 

may be particularly valuable, having the potential to limit the adverse changes in 75 

maternal metabolism that lead to fetal over-nutrition. 76 

Physiological effects of n-3 PUFAs 77 

The long chain omega-3 polyunsaturated fatty acids (n-3 PUFAs) eicosapentaenoic 78 

acid (EPA) and docosahexaenoic acid (DHA), are found in marine oils, such as 79 

those present in fish and algae.29,30 They have important metabolic effects, that 80 

could help to protect the fetus from the consequences of maternal obesity. This 81 

important area of research has as yet received insufficient attention. The available 82 

evidence, focusing on what is known in relation to mechanisms of action will be 83 

reviewed. These insights suggest that n-3 PUFA supplementation, a treatment with 84 

established insulin sensitising effects, may lower the risk of obesity and metabolic 85 

dysfunction in the children of women who are overweight or obese. 86 

While the dominant mechanisms are unknown, potential benefits of n-3 PUFA 87 

supplementation in pregnancy could be either mediated through effects on maternal 88 

metabolism that may reduce fetal overnutrition (indirect effects), or through direct 89 

effects on the developing fetus. It is not clear which of these potential mechanisms 90 

are of most importance.  91 

n-3 PUFAs have multiple complex signalling functions that may modulate maternal 92 

metabolism. Recently the anti-inflammatory effects of n-3 PUFAs in adipose tissue 93 

have been shown to be mediated by the activation of the cell surface receptor GPR-94 

12031 and the nuclear receptor PPAR-γ.32 Together these signalling responses have 95 

potent insulin sensitising effects in rodents.33,34 n-3 PUFAs reduce circulating 96 

triglycerides through inhibitory effects on transcription factors such as SREBP-1c35 97 
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and HNF4-α36 in liver. Given these direct mechanistic relationships with signalling 98 

mechanisms and transcription factors, its not surprising that increasing n-3 PUFA 99 

levels are associated with lower circulating triglyercides and greater insulin sensitivity 100 

in adults.37 Further, recent studies and a systematic review have confirmed the 101 

significance of the insulin sensitising effect of n-3 PUFA supplementation in adults 102 

with metabolic dysfunction.38-40  103 

The metabolic effects of n-3 PUFAs are likely to be important in obese pregnant 104 

women. A recent clinical trial has confirmed that n-3 PUFA supplementation reduces 105 

maternal adipose tissue inflammation in women with obesity.41 The effects on 106 

triglycerides during pregnancy are less while elucidated; while n-3 PUFA 107 

supplementation does not appear to blunten the adaptive rise of triglycerides that 108 

occurs in women of normal BMI,42 the potential for a supplement to reduce the 109 

exaggerated rise seen in obese pregnancy requires investigation. n-3 PUFA 110 

supplementation was also reported to reduce placental inflammation in obese 111 

pregnancy.41 As placental inflammation is associated with greater expression of fatty 112 

acid transport proteins,21 this anti-inflammatory effect could also contribute to 113 

reducing excess lipid delivery to the fetus. Thus, n-3 PUFAs supplementation in 114 

pregnancy could indirectly benefit the developing fetuses of overweight and obese 115 

women through their effects on maternal insulin sensivity, circulating lipids and 116 

placental inflammation.   117 

n-3 PUFAs might also have direct effects on the developing fetus and such effects 118 

could be more strongly affected by the ratio of n-6:n-3 PUFAs than the level of n-3 119 

PUFAs themselves. There is preferential transfer of n-3 LC-PUFAs such as DHA 120 

across the placenta compared to n-6 PUFAs such as arachadonic acid (AA).43 Long 121 

chain n-3 PUFAs and AA compete for production of eicosanoids and other signalling 122 
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molecules that act as inflammatory mediators44,45 and regulators of adipose tissue 123 

development.46,47 For example, prostacyclin is an AA derived eicosanoid that 124 

increases proliferation and differentiation of adipose tissue,46,47 while n-3 PUFAs 125 

effectively inhibit the production of prostacyclin.48 Hence, supplemental n-3 PUFAs 126 

might prevent unfavourable adipocyte expansion in the fetuses of women who are 127 

overweight or obese.  128 

Whether the dominant mechanism is mediated by the direct effects of fetal PUFA 129 

derived signalling molecules or is through benefits to maternal metabolism does 130 

matter. If PUFA derived signalling molecules are of most importance it may be 131 

necessary to reduce dietary n-6 PUFAs in addition to supplementing women with n-3 132 

PUFAs. However, in a large association study, prenatal dietary n-3 PUFAs and the 133 

n-6:n-3 ratios were correlated with adiposity at 3 years of age49 but n-6 PUFAs were 134 

not. This suggests absolute n-3 PUFA intake (or availability) may be of most 135 

importance for delivery of long term health benefits.  136 

Evidence from animal models 137 

Consistently, the preclinical evidence from animal studies of n-3 PUFA 138 

supplementation in pregnancy have demonstrated decreased fat mass and size in 139 

the offspring50-53 and improved metabolic profile in the offspring during 140 

adulthood.52,54,55 However, methodological heterogeneity (including differences in the 141 

duration and timing of the n-3 PUFA intervention and how adiposity is measured), 142 

makes it difficult to conclude that there are clear protective effects of maternal n-3 143 

PUFA supplementation on offspring fat mass.56 Importantly, these studies were in 144 

normal pregnancy, where the offspring are not at heightened obesity risk. More 145 

recent studies utilising high fat dietary models provide additional insight. 146 
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Feeding a maternal high fat diet (HFD), rich in saturated fat, induces a phenotype in 147 

the offspring of obesity and metabolic dysfunction (insulin resistance, leptin 148 

resistance, hyperphagia, dyslipidaemia and higher blood pressure),57-61 similar to 149 

that found in the offspring of obese mothers.23,62,63 Importantly, the mechanism for 150 

these effects appear to be similar, as the maternal HFD leads to maternal insulin 151 

resistance64 and adipose tissue inflammation,65 which are the underlying metabolic 152 

abnormalities in obesity.12  153 

Two important studies have assessed the effects of n-3 PUFA supplementation in 154 

the context of a maternal high fat diet. The Fat-1 mouse expresses n-3 fatty acid 155 

desaturase that converts n-6 to n-3 PUFAs, constitutively lowering n-6 and raising n-156 

3 PUFAs without any dietary manipulation. In this study, the adverse effects of the 157 

maternal high fat diet on offspring body composition and metabolism were prevented 158 

by these altered maternal PUFA levels.66 This finding is supported by a study in rats 159 

using the HFD model, where n-3 PUFAs where administered by gavage throughout 160 

pregnancy. This dietary treatment prevented the development of insulin resistance in 161 

the adult offspring although it did not prevent obesity.67 The lack of effect on 162 

adiposity could indicate the importance of lowering n-6 PUFAs (as the Fat-1 enzyme 163 

reduces n-6 as well as raising n-3 PUFAs). However, it could also be due to 164 

differences in the effective length of treatment which extended throughout lactation in 165 

the Fat-1 mouse model, but only until delivery in the supplementation study, or due 166 

to a confounding effect of stress induced by the daily gavage procedure. 167 

Nevertheless, both of these studies showed long term metabolic benefits to offspring 168 

suggesting increasing n-3 PUFAs could also be of benefit in pregnancies 169 

complicated by obesity. 170 
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The potential for delayed benefits was demonstrated in a study of Fat-1 mice fed a 171 

standard diet during pregnancy. The offspring of Fat-1 mothers had similar adiposity 172 

and markers of metabolism to those of control mothers.68 However, after nutritional 173 

challenge with a high fat/high sugar diet in adulthood, the offspring of Fat-1 mothers 174 

were protected from the obesity and metabolic dysfunction that developed in the 175 

control offspring. This suggests that the long-term benefits of supplementation in 176 

pregnant women of normal BMI might not be detectable if the offspring are assessed 177 

without a nutritional challenge. If this is also true in humans it suggests assessments 178 

of effects might need to be as late as adulthood, when the effects of puberty and the 179 

nutritional challenge posed by our current environment have had their effects. 180 

Together, the current evidence from the available studies in pre-clinical animal 181 

models shows that maternal n-3 PUFA supplementation is beneficial in the maternal 182 

HFD model suggesting there may be important benefits in the context of maternal 183 

obesity. A beneficial effect in normal pregnancy also seems likely, but effects may 184 

not be detectable until adulthood or after a sufficient nutritional challenge. This may 185 

have important implications for studies of mothers and children where final 186 

assessments are performed in infancy or childhood – as important long-term effects 187 

on metabolism might not yet be detectable. 188 

Can n-3 PUFAs during human pregnancy reduce the risk of obesity in 189 

children? 190 

While observational evidence suggests that greater maternal n-3 PUFAs are 191 

associated with a lower risk of  childhood obesity,49 evidence from human 192 

interventional trials69-75 and systematic reviews76-78 do not provide supportive 193 

evidence that n-3 PUFA supplementation during pregnancy reduces weight, BMI or 194 
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adiposity of the children. Insights from systematic reviews76-78 are limited by the 195 

heterogeneity in the published randomized trials, as there is major variation in key 196 

factors including study population, dosage, timing and duration of supplementation, 197 

different long-chain PUFA preparations (fish body oil,70-75,79 cod liver oil69 and  algal 198 

oil80), and different control treatments (corn oil,69 vegetable oil made of rapeseed, 199 

sunflower and palm,71 mixed vitamins and prebiotics70,79)(Table 1). Very recently, a 200 

clinical trial identified a growth promoting effect of maternal n-3 PUFAs as there was 201 

greater lean tissue mass and BMI at age 6. In this study there were no effects on 202 

adiposity, so that the metabolic consequences if any from these data are unclear.72 203 

Currently, despite many completed studies, it remains unclear whether there is any 204 

beneficial long-term effect of maternal n-3 PUFA consumption on the body 205 

composition and metabolism of children over their lifetime. 206 

With one exception,79 previous trials have recruited populations predominantly of 207 

normal weight women.69-71,73,74,80 This is important as normal-weight mothers have 208 

children with lower risk of obesity. There are four key reasons why studies are 209 

required that focus on women who are overweight or obese for the analysis of the 210 

effects of maternal n-3 PUFA supplementation on body composition and metabolism 211 

of the offspring. 1) Greater risk of obesity in their children means they are the group 212 

that would benefit most from an effective treatment. 2) Demonstrating an effect is 213 

easier in a high-risk group. 3) Maternal obesity is associated with exaggeration of the 214 

insulin resistance of pregnancy and subsequent fetal overnutrition, so if the key 215 

mechanism of action of n-3 PUFAs is as an insulin-sensitizing treatment,38,39 this 216 

would only be expected to be beneficial in overweight and obese women. 4) 217 

Maternal obesity is associated with increased suppression of IGF-2, a growth factor 218 

which has a role in fetal overgrowth81 and later risk of metabolic disease.82 Recently, 219 
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n-3 PUFA supplementation has been demonstrated to alter epigenetic regulation of 220 

IGF-283 but, the effects in normal weight and overweight pregnancies were opposite, 221 

with increased methylation in overweight pregnancies but reduced methylation in 222 

normal weight pregnancies.83 The only completed randomised trial that treated 223 

overweight and obese women found no effects of the supplement on maternal 224 

metabolism or birth weight of the babies,79 but the rate of macrosomia (fetal obesity) 225 

in the n-3 PUFA enriched groups was nearly halved.79 It must be recognised that this 226 

study was not powered to detect this difference and it did not reach statistical 227 

significance. Importantly, there were no assessments of body composition or 228 

metabolism in the offspring. Further clinical trials including detailed assessments of 229 

body composition and metabolism in the offspring of obese women are warranted 230 

and longer follow-up is essential. 231 

It is plausible that there is an interaction between gestational weight gain (GWG) and 232 

the effectiveness of n-3 PUFAs. Excess GWG is associated with metabolic 233 

abnormalities and greater adiposity in children independent of maternal BMI,28,84 so 234 

that in principle excess GWG might obscure a beneficial effect of n-3 PUFAs. This 235 

cannot be studied in a clinical trial solely made up of women with excess GWG, as 236 

gestational weight gain is calculated in retrospect. However, differences in GWG are 237 

unlikely to account for the negative results reported by previous studies in 238 

predominantly normal weight women, as where GWG has been considered it was 239 

either found to be balanced between groups75 or was adjusted for in the analysis.70If 240 

the key mechanism by which maternal n-3 PUFAs may reduce adiposity in children 241 

is through improving maternal insulin sensitivity, then it is critical that consideration is 242 

given to ensuring a sufficient dose is provided. The available evidence suggests that 243 

a daily dose of 3g of n-3 PUFAs is necessary to improve insulin sensitivity and lipid 244 
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profile in adults with metabolic dysfunction.38,39,85 There have been no completed 245 

clinical trials investigating effects of maternal n-3 PUFAs on body composition or 246 

metabolism in the children that used a dose of this magnitude.69-72,74,75,79,80 Previous 247 

studies have used doses of between 0.4-2.7g.69-75,79,80 As, n-3 PUFAs are known to 248 

have an anti-platelet effect, concern has been raised about the possibility that doses 249 

of n-3 PUFAs >1 g/day may increase the risk of clinically important bleeding.86 250 

However, a multitude of supplementation studies using higher doses have shown 251 

that they do not increase the risk of bleeding,86 including blood loss during 252 

pregnancy.87 Thus, in most women, such doses appear to be safe, although further 253 

consideration is required in women with concomitant anticoagulant therapy or a 254 

known bleeding diathesis. It remains likely that the lack of benefit observed in the 255 

completed clinical trials may be due to an insufficient daily dose of n-3 PUFAs.  256 

Another important factor that influences the n-3 PUFA dose delivered is having 257 

accurate knowledge of the oil composition. Multiple studies have shown that n-3 258 

PUFA products frequently have less n-3 PUFAs content than labelled.88-90 This 259 

raises the possibility that there could be inadvertent under dosing in clinical trials 260 

when content is not independently verified. One completed trial did report verification 261 

of content69 but the majority have relied on manufacturer’s data.70-75,79  262 

Biomarkers should be reported to demonstrate that n-3 PUFAs levels increase in 263 

response to supplementation. Those trials that reported plasma or red cell 264 

phospholipid n-3 PUFA levels demonstrated an increase with supplementation69-265 

71,75,80 however, some trials did not report biomarkers.72,79 Observing an increase is 266 

important as it indicates a degree of compliance and absorption of the supplement 267 

but currently there is insufficient evidence to determine a target level necessary to 268 

improve maternal metabolism in pregnancy. Thus, it is possible that even in studies 269 
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where the n-3 PUFA level has risen, the dose could still have been insufficient to 270 

have had an insulin sensitising effect. 271 

There is also the potential importance of the source of n-3 PUFAs supplied during 272 

pregnancy. Long chain n-3 PUFAs are usually provided in clinical trials in the form of 273 

supplementary fish oil, typically in capsules, but liquid preparations are available as 274 

are oils derived from krill, algae and calamari. Recently, krill oil supplementation was 275 

shown to induce insulin resistance91 indicating that it is potentially harmful. More 276 

generally this indicates that the source of n-3 PUFAs is important to their health 277 

effects, presumably due to the presence of other bioactive compounds in the oil. 278 

Further, fish oil is highly susceptible to oxidation.92 Antioxidants such as tocopherols 279 

(vitamin E) are frequently added to fish oil products to prevent their oxidation after 280 

manufacture, and to reduce in vivo oxidative stress. Addition of vitamin E does 281 

appear to enhance the beneficial effects of fish oil.93 However, despite this addition 282 

fish oil products are frequently oxidized at the time of purchase.89,90,94-96 Oxidation of 283 

n-3 PUFA rich oils may reduce their efficacy.94 In rats, supplementation with oxidized 284 

fish oil during pregnancy induced persistent maternal insulin resistance and 285 

increased neonatal mortality.97 As the level of oxidation of trial oils has not generally 286 

been reported, it is possible that this has contributed to the lack of efficacy. In a 287 

recent trial, the importance of chemical instability was recognised by the authors, 288 

and monitoring was performed, however, the specific results of measures of 289 

oxidation were not reported.79 Monitoring and reporting the level of oxidation in 290 

supplements used in trials would help in their interpretation. 291 

A key consideration is that the timing at which n-3 PUFA supplementation is 292 

commenced in pregnancy may also affect the response. The normal insulin 293 

resistance of pregnancy develops in the second half of pregnancy8 and adipose 294 
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tissue development in humans initiates between 14-16 weeks of pregnancy.98 295 

Therefore, it may be necessary for supplementation to commence at or before this 296 

time.99 It is notable that only two completed clinical studies have started their 297 

supplementaton before the 16th week of pregnancy.73,74 However, these studies were 298 

not confined to women who were overweight or obese and dosing may have been 299 

insufficient.  300 

There is a reciprocity in the functioning of n-3 and n-6 PUFAs. Currently it remains 301 

unknown if to achieve efficacy of n-3 PUFA treatment in pregnancy it is also 302 

necessary to reduce dietary n-6 PUFA intake. Decreasing the dietary n-6:n-3 ratio 303 

limits adiposity in the offspring of high fat fed rats,68 and an increased ratio in the 304 

maternal diet during pregnancy is associated with childhood obesity at 3 years of 305 

age.49 In practice, reducing n-6 PUFAs, requires a more complex dietary intervention 306 

than simply supplementing n-3 PUFAs. Only one clinical trial has actively reduced n-307 

6 PUFA intake in pregnant women in combination with n-3 PUFA supplementation. 308 

In this study there was no effect on adiposity in the children at 5 years of age.73,75 309 

However, this study did not specifically recruit obese pregnant women, so the 310 

question of efficacy remains unresolved. 311 

Conclusion 312 

The children of women who are overweight or obese have an increased risk of 313 

obesity and metabolic problems, and it is likely that this is at least in part mediated 314 

by exaggerated insulin resistance in the second half of pregnancy. n-3 PUFA 315 

supplementation is a safe and efficacious strategy to improve the insulin sensitivity of  316 

overweight and obese adults. Therefore, treatment with n-3 PUFAs in pregnancy 317 

may offer an approach to protect the offspring from the long term consequences of 318 
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maternal obesity. Animal studies using the high fat diet model, support this 319 

contention. Despite the wealth of studies examining n-3 PUFA supplementation in 320 

pregnancy, few data exist for women who are overweight and obese during their 321 

pregnancies. To date, the only study targetting this group suggested a reduction in 322 

macrosomia with n-3 PUFA treatment.79 Given the increasing prevalence of obesity, 323 

there is an urgent need to identify safe and efficacious strategies to alleviate the 324 

burden of ill-health in the next generation. Targetted n-3 PUFA supplementation has 325 

the potential to be an efficacious, inexpensive, acceptable and safe strategy, to lower 326 

the risk of obesity and metabolic dysfunction in children. There is a need for further 327 

studies targetted to pregnant women in the overweight and obese BMI range, 328 

utilising an adequate dose of n-3 PUFAs, proven to be unoxidised, and with detailed 329 

analysis of body composition, and metabolic assessments that extend into 330 

childhood.   331 

Acknowledgements 332 

Author contributions 333 

BBA and WC conceived of this narrative review, BBA and VVS conducted the 334 

literature review and wrote the draft manuscript. All authors contributed considerably 335 

to refinement of the manuscript and approved the final version. 336 

 Funding and Sponsorship 337 

BBA has received support from the Maurice Paykel Postdoctoral Fellowship and the 338 

Rutherford Fellowship. The funders had no input into conceiving, writing or editing 339 

this narrative review. 340 

Declaration of Interests 341 



 

15 
 

No conflicts of interests relevant to this article were declared. 342 

References 343 

1. Abarca-Gómez L, Abdeen ZA, Hamid ZA, et al. Worldwide trends in body-344 

mass index, underweight, overweight, and obesity from 1975 to 2016: a 345 

pooled analysis of 2416 population-based measurement studies in 128·9 346 

million children, adolescents, and adults. The Lancet. 2017;390(10113):2627-347 

2642. 348 

2. Godfrey KM, Reynolds RM, Prescott SL, et al. Influence of maternal obesity 349 

on the long-term health of offspring. Lancet Diabetes Endocrinol. 350 

2017;5(1):53-64. 351 

3. O'Reilly JR, Reynolds RM. The risk of maternal obesity to the long-term health 352 

of the offspring. Clin Endocrinol (Oxf). 2013;78(1):9-16. 353 

4. Dabelea D, Crume T. Maternal environment and the transgenerational cycle 354 

of obesity and diabetes. Diabetes. 2011;60(7):1849-1855. 355 

5. Flegal KM, Carroll MD, Ogden CL, Curtin LR. Prevalence and trends in 356 

obesity among US adults, 1999-2008. JAMA. 2010;303(3):235-241. 357 

6. Moody A. Health Survey of England 2012: Adult anthropometric measures, 358 

overweight, and obesity. Health Survey for England. 2014;1:1-39. 359 

7. Herrera E. Lipid metabolism in pregnancy and its consequences in the fetus 360 

and newborn. Endocrine. 2002;19(1):43-55. 361 

8. Lain KY, Catalano PM. Metabolic changes in pregnancy. Clin Obstet Gynecol. 362 

2007;50(4):938-948. 363 

9. Sivan E, Homko CJ, Chen X, Reece EA, Boden G. Effect of insulin on fat 364 

metabolism during and after normal pregnancy. Diabetes. 1999;48(4):834-365 

838. 366 



 

16 
 

10. De Hertogh R, Thomas K, Bietlot Y, Vanderheyden I, Ferin J. Plasma levels of 367 

unconjugated estrone, estradiol and estriol and of HCS throughout pregnancy 368 

in normal women. J Clin Endocrinol Metab. 1975;40(1):93-101. 369 

11. Heerwagen MJ, Miller MR, Barbour LA, Friedman JE. Maternal obesity and 370 

fetal metabolic programming: a fertile epigenetic soil. Am J Physiol Regul 371 

Integr Comp Physiol. 2010;299(3):R711-722. 372 

12. Barbara B. Kahn JSF. Obesity and insulin resistance. J Clin Invest. 373 

2000;106(4):473-481. 374 

13. Vahratian A, Misra VK, Trudeau S, Misra DP. Prepregnancy body mass index 375 

and gestational age-dependent changes in lipid levels during pregnancy. 376 

Obstet Gynecol. 2010;116(1):107-113. 377 

14. Harmon KA, Gerard L, Jensen DR, et al. Continuous glucose profiles in obese 378 

and normal-weight pregnant women on a controlled diet: metabolic 379 

determinants of fetal growth. Diabetes Care. 2011;34(10):2198-2204. 380 

15. Samsuddin S, Arumugam PA, Md. Amin MS, et al. Maternal lipids are 381 

associated with newborn adiposity, independent of GDM status, obesity, and 382 

insulin resistance: a prospective observational cohort study. BJOG. 2019. 383 

16. Aris IM, Soh SE, Tint MT, et al. Effect of maternal glycemia on neonatal 384 

adiposity in a multiethnic Asian birth cohort. J Clin Endocrinol Metab. 385 

2014;99(1):240-247. 386 

17. Knipp GT, Audus KL, Soares MJ. Nutrient transport across the placenta. Adv 387 

Drug Deliv Rev. 1999;38(1):41-58. 388 

18. Dubé E, Gravel A, Martin C, et al. Modulation of fatty acid transport and 389 

metabolism by maternal obesity in the human full-term placenta. Biol Reprod. 390 

2012;87(1):14, 11-11. 391 



 

17 
 

19. Heerwagen MJ, Gumina DL, Hernandez TL, et al. Placental lipoprotein lipase 392 

activity is positively associated with newborn adiposity. Placenta. 2018;64:53-393 

60. 394 

20. Challier JC, Basu S, Bintein T, et al. Obesity in pregnancy stimulates 395 

macrophage accumulation and inflammation in the placenta. Placenta. 396 

2008;29(3):274-281. 397 

21. Zhu MJ, Ma Y, Long NM, Du M, Ford SP. Maternal obesity markedly 398 

increases placental fatty acid transporter expression and fetal blood 399 

triglycerides at midgestation in the ewe. Am J Physiol Regul Integr Comp 400 

Physiol. 2010;299(5):R1224-1231. 401 

22. Kaar JL, Crume T, Brinton JT, Bischoff KJ, McDuffie R, Dabelea D. Maternal 402 

obesity, gestational weight gain, and offspring adiposity: the exploring 403 

perinatal outcomes among children study. J Pediatr. 2014;165(3):509-515. 404 

23. Oken E, Gillman MW. Fetal origins of obesity. Obes Res. 2003;11(4):496-506. 405 

24. Soubry A, Murphy S, Wang F, et al. Newborns of obese parents have altered 406 

DNA methylation patterns at imprinted genes. Int J Obes (Lond). 407 

2015;39(4):650-657. 408 

25. Soubry A, Schildkraut JM, Murtha A, et al. Paternal obesity is associated with 409 

IGF2 hypomethylation in newborns: results from a Newborn Epigenetics 410 

Study (NEST) cohort. BMC Med. 2013;11(1):29. 411 

26. Derraik JG, Ayyavoo A, Hofman PL, Biggs JB, Cutfield WS. Increasing 412 

maternal prepregnancy body mass index is associated with reduced insulin 413 

sensitivity and increased blood pressure in their children. Clin Endocrinol. 414 

2015;83(3):352-356. 415 



 

18 
 

27. Mingrone G, Manco M, Mora ME, et al. Influence of maternal obesity on 416 

insulin sensitivity and secretion in offspring. Diabetes Care. 2008;31(9):1872-417 

1876. 418 

28. Perng W, Gillman MW, Mantzoros CS, Oken E. A prospective study of 419 

maternal prenatal weight and offspring cardiometabolic health in 420 

midchildhood. Ann Epidemiol. 2014;24(11):793-800 e791. 421 

29. Ryckebosch E, Bruneel C, Muylaert K, Foubert I. Microalgae as an alternative 422 

source of omega-3 long chain polyunsaturated fatty acids. Lipid Technol. 423 

2012;24(6):128-130. 424 

30. Gruger EH. Fatty Acid Composition of Fish Oils. United States Bureau of 425 

commercial fisheries Circular 276. 1967;276. 426 

31. Oh DY, Talukdar S, Bae EJ, et al. GPR120 is an omega-3 fatty acid receptor 427 

mediating potent anti-inflammatory and insulin-sensitizing effects. Cell. 428 

2010;142(5):687-698. 429 

32. Chinetti G, Fruchart JC, Staels B. Peroxisome proliferator-activated receptors 430 

(PPARs): nuclear receptors at the crossroads between lipid metabolism and 431 

inflammation. Inflamm Res. 2000;49(10):497-505. 432 

33. Ahmadian M, Suh JM, Hah N, et al. PPARγ signaling and metabolism: the 433 

good, the bad and the future. Nat Med. 2013;19(5):557-566. 434 

34. Oh DY, Walenta E, Akiyama TE, et al. A Gpr120-selective agonist improves 435 

insulin resistance and chronic inflammation in obese mice. Nat Med. 436 

2014;20(8):942-947. 437 

35. Yoshikawa T, Shimano H, Yahagi N, et al. Polyunsaturated fatty acids 438 

suppress sterol regulatory element-binding protein 1c promoter activity by 439 



 

19 
 

inhibition of liver X receptor (LXR) binding to LXR response elements. J Biol 440 

Chem. 2002;277(3):1705-1711. 441 
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Table 1: Summary of randomised controlled clinical trials of n-3 PUFA supplementation during 656 

pregnancy where anthropometry, body composition or metabolic assessments of the offspring were 657 

reported.658 
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Author and country Population 
n  

Interventions and n-3 PUFA 
dose 

Timing of treatment Timing of Assessments 
 

Key Outcomes Results Changes in 
biomarkers 

Oil oxidative 
status 

Comments 

Olsen et al. 
(1992)87 & Rytter et 
al. (2011)74 
(Denmark) 

533 
 
Not restricted  
based on BMI 
 

 Fish oil 2.7g n-3 PUFAs 

 Olive oil 

 No supplement 
 
 

From 30w gestation 
to delivery 

At Birth and 19 years of 
age  

Primary outcome: Gestational length 
 
Relevant secondary outcomes: 
BW, BL, anthropometry and metabolic 
assessment at 19 years of age 

No differences in BW or BL. 
 
No differences in anthropometric 
or metabolic parameters at 19 
years. 

Not reported Not reported Longest duration of follow up, 
but >50% of participants were 
not included. 
No measures of body fat. 

Helland et al. 
(2001)69 (Norway) 

590 
 
Not restricted  
based on BMI 
 

 Cod liver oil ~2g n-3 PUFAs 

 Corn oil 

From 17-19w 
gestation to 3 
months post-partum 

Birth, and at multiple 
time points up to 12 
months of age 

Primary outcome: Gestational length and BW 
  
Relevant secondary outcomes:  Length, 
weight and HC 

No differences in BW. 
 
No differences in anthropometric 
parameters from birth to 12 
months. 

EPA and DHA in 
maternal plasma, 
infant cord blood 
and breast milk 

Not reported No measures of body fat. 

Bergmann et al. 
(2007)70  
(Berlin) 

144 
 
Not restricted  
based on BMI 
 

 Basic supplement (BS) 

 BS with prebiotic  

 Fish oil 0.26g n-3 PUFAs with 
BS and prebiotic 

From 21w gestation 
to 3 months post-
partum 

Birth, and at multiple 
time points up to 21 
months of age 

Primary outcome: Growth parameters in the 
first 21 months 
 
Including weight, length, BMI and HC 

No differences in any 
anthropometric measurements.  

DHA level in 
maternal RBC 
during pregnancy 

Not reported No measures of body fat. 
Primary outcome not explicitly 
defined, sample size 
calculation not reported. 
Low n-3 PUFA dose. 

Ramakrishnan et 
al. (2010)100 & 
Stein et al. (2011)80  
(Mexico) 

1094 
 
Not restricted  
based on BMI 
 

 Algal DHA 0.2g 

 Olive oil 
 

From 18-22w 
gestation to delivery 

Birth, and at multiple 
time points up to 18 
months of age 

Primary outcomes: Gestational age and size 
at birth and infant size and development at 18 
months of age 
 
Including length, HC, Weight and BMI 

No differences in any 
anthropometric measurements. 

DHA levels in infant 
cord blood and 
breast milk. 

Not reported No measures of body fat. 
Only study using Algal oil. 
Low n-3 PUFA dose. 

Makrides et al. 
(2010) & 
Muhlhausler et al. 
(2016)71,101  
(Australia) 

2399 
 
Not restricted 
based on BMI 
 

 Fish Oil 0.9g n-3 PUFAs 

 Vegetable oil (rapeseed, 
sunflower, palm) 

 

Prior to 21w 
gestation to delivery 

Birth, 3 years and 5 
years of age 
 

Primary outcome: Depressed post-partum 
maternal mood and early cognitive 
development in the infants at 18 months 
 
Relevant secondary outcomes: 
anthropometric measurements at birth, 3 and 
5 years, metabolic parameters and body fat 
percentage assessed by BIS at 3 and 5 years 
in children 

No differences in anthropometry 
at birth. 
 
No differences in BMI or body fat 
percentage at 3 or 5 years of 
infants age or in HOMA-IR at 5 
years. 

DHA level in 
maternal RBC 
during pregnancy 
and in infant cord 
blood 

Not reported Very large cohort. 
Low dose of n-3 PUFAs.  

Hauner et al. 
(2012)75 & Brei et 
al. (2016)73  
(Germany) 

208 
 
Not restricted  
based on BMI 
 

 Fish oil 1.2g n-3 PUFAs + 
dietary advice to reduce 
arachidonic acid intake  

 Standard dietary advice and 
no oil supplement 

From 15w gestation 
to 4 months post-
partum 

Birth and multiple time 
points up to 5 years of 
age 

Primary outcome: SFT at 4 months of age 
 
Relevant Secondary outcomes: SFT and US 
assessment of abdominal fat up to 12 months 
of age 
 
Follow-up: Between 2-5 years of age, annual 
assessment of SFT and US assessment of 
abdominal fat. A subgroup (44) had MRI 
assessment of abdominal body fat at 5 years. 

No differences in fat mass up to 
12 months of age (US and SFT). 
 
No differences in anthropometric 
parameters. 
 
No differences in body fat 
distribution in infants followed to 
5 years of age. 

EPA and DHA level 
in maternal RBC 
during pregnancy 

Not reported This is the only study to have 
reduced dietary n-6 PUFAs in 
addition to supplementing with 
n-3 PUFAs. 
Low dose of n-3 PUFAs 
Used a range of methods to 
measure adiposity. 
Open label, with no control 
supplement. 

Vinding et al. 
(2018)72  
(Denmark) 

736 
 
Not restricted  
based on BMI 
 

 Fish oil 2.4g n-3 PUFAs 

 Olive oil 
 
 

From 24w gestation 
to 1 week post-
partum 

1 week of age and 
multiple time points up to 
6 years of age 

Primary outcome: Persistent wheeze/ asthma 
in the infant 
 
Relevant secondary outcomes: 
anthropometric measurements at all time 
points and body composition by DXA scan 
(3.5 and 6 years) 

Greater BMI Z scores in the n-3 
PUFA group at all time points. 
 
A proportional increase in fat, 
bone and lean mass (DXA at 6 
years) i.e. greater BMI was not 
due to greater body fat 
percentage. 

Not reported Not reported Designed around a respiratory 
primary outcome. 
The results of DXA scans at 
3.5 years were not reported. 
This is the only study to 
suggest a growth promoting 
effect of maternal n-3 PUFA 
supplementation 

Pellonpera et al. 
(2019)79  
(Finland) 

439 
 
Restricted to 
BMI ≥ 25 
 

 Fish oil 2.4g n-3 PUFAs + 
probiotic 

 Fish oil 2.4g n-3 PUFAs + 
placebo probiotic 

 Medium chain triglycerides + 
probiotic 

 Medium chain triglycerides + 
placebo probiotic 

Prior to 18w 
gestation to 6 
months post-partum 

Birth 
 

Primary outcome: Incidence 
of GDM, and change in fasting plasma 
glucose from early to late pregnancy 
 
Relevant secondary outcomes: 
change in maternal insulin and HOMA-IR, BW 
and neonatal macrosomia 

No differences in incidence of 
GDM, or maternal glucose, 
insulin or HOMA-IR. 
 
The neonatal macrosomia rate 
was halved in the fish oil groups 
(not statistically significant). 

Not reported Oxidative 
state was 
monitored by 
the 
manufacturer   
(methodology 
and results 
not reported) 

This is the only study of n-3 
PUFA supplementation in 
pregnancy to have solely 
recruited women who were 
overweight or obese.  
Specific measures of body 
composition were not 
reported. 

n-3 PUFAs; omega-3 polyunsaturated fatty acids, BW; birth weight, BL; birth length, HC; head circumference, EPA; eicosapentaenoic acid, DHA; docosahexaenoic acid, BIS; 660 
bioimpedance spectroscopy, SFT; skin fold thickness, US; ultrasound, MRI; magnetic resonance imaging, DXA; dual x-ray absorptiometry, GDM; gestational diabetes mellitus. 661 


